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ABSTRACT 

Emily M.J. Fennell: Profiling the Multi-omic Response to Mitochondrial Protease ClpP Activation in Triple-
Negative Breast Cancer Cells 

(Under the direction of Lee M. Graves) 

 

 ONC201 and structural analogs (TR compounds) have been recently discovered as novel 

pharmacological activators of the mitochondrial protease ClpP. We were the first to publish the target of 

these compounds, as well as the ClpP-dependent induction of the integrated stress response (ATF4, 

CHOP). We have shown that the novel TR compounds are more potent than ONC201 at both in vitro 

activation of ClpP and growth inhibition in triple-negative breast cancer (TNBC) cells. Identification of 

significant mitochondrial effects following ONC201 treatment led us to investigate the effects of ONC201 

and TR compounds on mitochondrial protein expression and oxidative phosphorylation, which we found 

to be significantly downregulated by pharmacological ClpP activation. Additionally, in vivo TR compound 

studies indicate a similar mechanism to effects observed in vitro (e.g., mtDNA and TFAM loss) while also 

being a well-tolerated treatment with optimized pharmacokinetic profiles, indicating potential for future 

clinical use. To investigate (1) the complete mechanism of action of ClpP activators leading to growth 

inhibition and (2) potential metabolic vulnerabilities generated by ClpP activation, multi-omic (proteomic, 

transcriptomic, and metabolomic) data was collected for TNBC cells following pharmacological ClpP 

activation. The multi-omic profile of these cells was analyzed using MetaCore, which revealed significant 

up- and downregulation across all three -omics datasets. Significantly perturbed pathways included amino 

acid, pyrimidine, citrulline, and heme biosynthesis, as well as tricarboxylic acid (TCA) cycle function. 

Identification of these perturbations confirms the multi-nodal effects of ClpP activation, as well as 

identifies potential metabolic vulnerabilities to be utilized in TR compound co-treatment development. This 

data can be further utilized in the future, as well as expanded upon, to elucidate the complete mechanism 

of action of ClpP activators on cell proliferation. 
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CHAPTER 1: INTRODUCTION 

1.1 Discovery of Imipridone Compounds 

Current Cancer Therapies 

Cancer is the second leading cause of death in the United States at an estimated 21% of total 

deaths in 20191. In women, breast cancer accounts for the most new cases (31%) and the second most 

cancer-related deaths (15%)2. The current first line therapies for many cancers include surgery, radiation, 

and traditional chemotherapies, though targeted treatments are becoming more widely used due to their 

increased selectivity and reduced systemic side effects3–5. Targeted therapies include antibodies 

conjugated to anticancer drugs (e.g., trastuzumab for HER2+ breast cancers), prodrugs that are 

converted to active forms by cancer cells, and small molecules with specific targets whose function are 

essential to cancer cell survival, and hormone therapies that inhibit estrogen receptor (ER) and 

progesterone receptor (PR) (e.g., tamoxifen)3,5–8. However, triple-negative breast cancer (TNBC), 

characterized by the lack of ER, PR, and HER2, is considered the most aggressive and difficult to treat 

subtype due to increased rates of metastasis and a dearth of available targeted treatments3,9.  

Identification and Proposed Mechanisms of Action 

 The structure of ONC201, the parent compound of the imipridone group, was first described by 

Stähle et al as an imidazolinopyrimidinone containing a linear tricyclic core in 197310. In 2013, as part of a 

TNF-related apoptosis-inducing ligand (TRAIL) induction screen by using the National Cancer Institute 

(NCI) Diversity Set II of small molecules, TIC10 was identified to significantly upregulate TRAIL 

induction11. TRAIL induction as an anti-cancer therapy has been of significant recent interest due to its 

ability to act as a Death Receptor 4/5 (DR4/DR5) agonist, inducing apoptosis12. TIC10 was selected for 

further investigation due to its ability to upregulate TRAIL expression independent p53, a positive 

regulator of TRAIL, due to the potential to avoid cancer cell resistance through inactivation of p5311. The 

proposed mechanism of ONC201 induction of TRAIL was through inhibition of Akt and ERK, which in turn 

prevents the phosphorylation of FOXO3a, allowing it to translocate to the nucleus to upregulate TRAIL 
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production (Fig. 1.1A). In 2014, Jacob et al. attempted to synthesize ONC201 to further investigate its 

effects on TRAIL induction. Interestingly, synthesis following methods reported for the linear structure of 

ONC201 rendered an inactive compound. However, ONC201 obtained from the NCI was able to induce 

TRAIL mRNA expression in RAW 264.7 cells. Heteronuclear multiple-bond correlation (HMBC) nuclear 

magnetic resonance (NMR) spectroscopy and X-ray crystallographic analysis of the active ONC201 

identified an angular tricyclic core13 (Fig. 1.1). 

 ONC201 was also predicted to be a dopamine receptor type D2/D3 (DRD2/DRD3) antagonist 

through in silico and in vitro experiments14 (Fig. 1.1B). This is further supported by the identification of 

prolactin stimulation in human clinical trial participants15. The mechanism by which ONC201-mediated 

DRD2 antagonism inhibits cell growth or induces apoptosis has been proposed to be through the 

observed inhibition of ERK and AKT16. However, dopamine receptor expression is variable across cell 

lines (including those responsive to ONC201 treatment), and knockout of DRD2/DRD3 did not alleviate 

effects of ONC201 in treated cells17. Further investigation into the mechanism of ONC201 revealed that 

ONC201 treatment somehow activates the integrated stress response (ISR), classified by the induction of 

activating transcription factor 4 (ATF4) and C/EBP homology protein (CHOP)18,19(Fig. 1.1C). Canonical 

activation of the integrated stress response (ISR) occurs through activation of eIF2α kinases (PERK, 

PKR, GCN2, HRI) and eIF2α20,21 and ONC201 treatment demonstrated activation of PKR and HRI activity 

in HCT116 cells18, however, activation of eIF2α was not observed in hematological malignancy cell 

lines19.  

 While these compounds showed evidence of mechanisms involving p53-independent TRAIL 

induction, evidence of a TRAIL and DR4/5-independent mechanism came to light in TNBC and HER2-

positive breast cancer cells22. Greer et al. demonstrated ONC201 treatment inhibited cell growth in 

multiple models of breast cancer, however, significant induction of TRAIL or DR4/5 mRNA was not 

detected following treatment, consistent with previously reported data in hematological malignancies19. 

While others have reported caspase-induction following ONC201 treatment, this study demonstrated that 

the pan-caspase inhibitor zVAD-FMK did not alleviate ONC201 induced toxicity22. However, ONC201 

treatment was identified to induce CHOP mRNA expression in TNBC cells. Further, Greer et al. showed 

DRD2 mRNA was not detected in tested breast cancer cells, indicating that DRD2 may not be the target 
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shared amongst ONC201-sensitive cancer types22. While evidence for some previously reported 

mechanisms was not evident in breast cancer models, Greer et al. showed ONC201 resulted in 

decreased mitochondrial respiration and increased sensitivity to drug when cultured in galactose, 

indicating that ONC201 treated TNBC cells were reliant on glycolysis for ATP generation. These cells 

showed significant loss of mitochondrial DNA (mtDNA), mitochondrial fragmentation, and loss of nuclear-

encoded mitochondrial (NEM) genes (e.g., TFAM) that are required for stabilization of mtDNA22. This 

demonstrates a clear disruption of mitochondrial function in cancer cells, however, these same 

phenotypes were not reported in normal fibroblast cells22.  

Efficacy in Clinical Trials 

Before the target of ONC201 was discovered, its potent anticancer activity resulted in an FDA fast-

track designation to clinical trials. The initial discovery of ONC201’s anticancer potential identified the 

compound as a surface TRAIL inducer in multiple cancer cell lines, including the p53-/- HCT116 colorectal 

cell line11. Additionally, this study identified an increase in sub-G1 DNA accumulation and decreased 

colony formation in cancer cell lines, but growth was not inhibited in normal fibroblasts, indicating that this 

anticancer effect is specifically targeting cancer cells11. Further, this study showed ONC201 as inducing 

tumor stasis or regression in in vivo models, while also observing little toxicity across multiple doses. This 

provided evidence of a therapeutic window for ONC201, increasing its validity as a clinical candidate.  

To date, ONC201 has been in several clinical trials for aggressive cancers including glioblastoma, 

breast, ovarian, and hematological malignancies23. The first published Phase I clinical trial data of 

ONC201 showed significant loss of tumor burden in participants with refractory solid tumors on a low-

frequency dosing schedule (once per 21 days) while also exhibiting few reported side effects. Additional 

clinical trial data for refractory solid tumors and neuroendocrine tumors confirm that ONC201 is well 

tolerated at multiple doses and in more frequent dosing schedules (up to twice per 7 days)23–26 while 

showing partial response to treatment in some patients. Clinical trials of ONC201 have also shown 

increased immune stimulatory activity in patients, as indicated by increases in markers such as infiltration 

of granzyme B+ and CD56+ cells, serum perforin, and circulating natural killer (NK) cells in refractory 

solid tumors malignancies23,27. Additionally, Phase II clinical trials of ONC201 in wildtype IDH1/2 
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glioblastoma have identified ONC201 as a potential efficacious treatment for H3 K27M-mutant 

glioblastoma, with one patient showing a 96% reduction in overall tumor size15,23. 

1.2 Discovery of Imipridone and Analog Compounds’ Target 

The development of ONC201 analogs (called TR compounds) by Madera therapeutics created 

more potent inhibitors of cell growth compared to ONC20128. Further, the development of the ONC201 

analog TR-80 enabled the immobilization of a structurally similar compound to an agarose bead that 

could be used to identify ONC201 binding partners. Mass spectral analysis of proteins from whole cell 

lysates identified to bind to TR-80 in the absence, but not presence, of free TR-80 lead to the discovery of 

mitochondrial caseinolytic protease P (ClpP) as the target of ONC201 and related analogs28 (Fig. 1.1D). 

ONC201 binding to and activating ClpP was further confirmed through a compound screen for in vitro 

ClpP activation29. Following the identification of ONC201 and TR compounds as ClpP binding partners, 

we investigated how these compounds affected ClpP and found that the proteolytic activity of purified 

recombinant human ClpP was activated by ONC201 or TR compound treatment, as measured by FITC28. 

Further, direct binding of ONC201 to ClpP was confirmed through co-crystallization of ONC201 and 

purified ClpP29. 

1.3 Role of ClpP 

Structure 

 ClpP is a mitochondrial serine protease that serves as the proteolytic subunit of the complex ClpXP, 

which also consists of the ATP-dependent unfoldase ClpX30–32. ClpX acts by opening the axial pore of ClpP 

and unfolding mitochondrial proteins that are misfolded for degradation before they enter the catalytic core 

of ClpP. The crystal structures of ClpP, ClpX, and ClpXP have been solved and it is widely understood that 

ClpX binds to hydrophobic pockets between ClpP monomers and facilitates the widening of the axial pore 

of ClpP from the compacted to the extended state, thus allowing unfolded proteins to interact with the 

catalytic domain30,31. Previously known pharmacological activators of ClpP, such as acyldepsipeptides 

(ADEPs) or D9, have been shown to bind to these same hydrophobic pockets in ClpP, thus activating ClpP 

in the absence of ClpX and allowing nonspecific entry of proteins into the axial pore of ClpP33–36.  
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Canonical Function 

 The canonical function of ClpP is widely understood to be regulation of mitochondrial protein 

homeostasis through degradation of misfolded proteins. Mitochondrial ClpP is also known to play a role in 

regulation of the electron transport chain (ETC), mitophagy, and mitochondrial dynamics36,37. Lists of 

putative substrates of ClpP have been identified and include mitochondrial proteins involved in 

bioenergetic processes (e.g., tricarboxylic acid (TCA) cycle, ETC), translation, protein import, and 

chaperones37–40. The ClpXP complex has also been implicated in the regulation of heme biosynthesis, 

mitophagy, and mitochondrial dynamics41. Interestingly, ClpP has also been shown to be involved in the 

UPRmt in C. elegans, and it has been hypothesized that the activation of ClpP proteolytic function results 

in increased peptide fragment release from the mitochondrial to the cytosol, resulting in UPRmt 

activation42,43.  

ClpP in Cancer 

 ClpP has been identified as overexpressed in multiple cancer types, including lung, breast, 

thyroid, and liver41. As a regulator of protein homeostasis, loss of ClpP proteolytic function has been 

shown to lead to accumulation of misfolded mitochondrial proteins, including the ETC Complex II38,41. 

Accumulation of misfolded proteins can lead to loss of OXPHOS, as well as an induction of oxidative 

stress. Loss of ClpP expression has been shown to reduce proliferation in some cell lines but not others, 

indicating a cancer and/or cell line specific dependence on ClpP expression38,44. Inhibition of ClpP 

proteolytic activity was identified as a potential anticancer therapy for cells dependent on ClpP for 

proliferation and has shown success in hematological cell lines highly expressing ClpP44. On the other 

hand, activation of ClpP was identified to have potent cell growth inhibitory activity across a wide variety 

of cell lines, indicating potential for anticancer effects regardless of whether cancer cells depend on ClpP 

for proliferation41. 

1.4 Metabolic Processes and Cancer 

Normal vs. Cancer Cell Metabolism 

 The Warburg effect, also known as aerobic glycolysis, was identified in the 1920s as increased 

glycolytic dependence of cancer cells in aerobic conditions45,46. The role of aerobic glycolysis has been 

highly debated through the years, however, it is frequently hypothesized that glycolysis not only provides 
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a rapid method of ATP synthesis but reserves mitochondrial biosynthetic intermediates (e.g., TCA cycle 

intermediates and NAD+) for anabolic processes required for rapid cell proliferation, including nucleotide 

and amino acid biosynthesis47–50. Cancer cell dependence on metabolic reprogramming has been heavily 

investigated and has identified dependencies including serine biosynthesis, glutaminolysis, and 

nicotinamide adenosine dinucleotide (NAD+) biosynthesis in cancer metabolism48,49,51–53. 

Metabolic Processes as Therapeutic Targets  

 Metabolic reprogramming in cancer cells has been classified into three categories: transforming, 

enabling, and neutral54. Transforming activities have been defined as directly contributing to cell 

transformation and that their inhibition may prevent tumorigenesis. Examples of these activities include 

IDH1/2 mutations that result in the formation of 2-hydroxyglutarate, an oncometabolite that contributes to 

epigenetic dysregulation in cancer. Enabling activities include those that are altered in cancer cells but do 

not drive transformation, including oncogenic KRAS and loss of arginine synthesis. These mutations do 

not necessarily contribute to tumorigenesis but result in metabolic reprogramming to increase cell 

proliferation. Neutral activities are those that are altered but not required for tumor growth and are not 

likely to be effective anticancer targets54. 

 Targeting metabolic reprogramming in cancer is not a novel idea—many current anticancer 

therapies target metabolic dependencies in cancer, including OXPHOS (e.g., metformin), TCA cycle (e.g., 

CPI-613), and glutaminolysis (e.g., CB-839)51,54. However, anticancer therapies must target the 

transforming or enabling activities to be as effective as possible. Targeting metabolic dependencies or 

vulnerabilities in cancer may also be dependent on interactions with the tumor microenvironment and 

immune system, providing increased complexity to identification of these enabling activities54.  

1.5 Multi-Omics as an Analytical Approach 

 Large omics datasets profiling vast numbers of changes following specific treatments or cellular 

state has been a valuable tool in identifying changes across the genome for decades55. More recently, the 

field of omics research has encompassed proteomics, transcriptomics, and metabolomics, and the 

integration of these datasets as a tool to identify causal relationships between protein-, transcript-, and 

metabolite-level changes has recently come to light as a challenge in the field of omics analysis55–58. Not 

only do these analyses provide information on the individual datasets, but they also allow for the potential 
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identification of relationships between changes in transcript and protein level, as well as the relationships 

between protein level of enzymes and the metabolites in those enzymatic pathways. This analytical 

technique can be used to identify potential metabolic vulnerabilities in cancer cells that can be further 

exploited for cancer treatment. In Chapter 4, the goal of the multi-omic study was to utilize proteomic, 

transcriptomic, and metabolomic changes in TNBC cells to identify potential metabolic vulnerabilities that 

arise following pharmacological activation of ClpP. These vulnerabilities could then be further studied to 

determine if they could be utilized to identify responders to treatment, as well as identify metabolic 

dependencies in ClpP-activated cancer cells that could be further disrupted to reduce cell proliferation 

and increase response to drug.  
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1.6 Figures 

 

Figure 1.1 Schematic of proposed mechanisms of ONC201 action. ONC201 has been proposed to 
(A) induce TRAIL through inhibition of ERK and AKT and subsequent ability of FOXO3a to translocate to 
the nucleus to induce TRAIL expression, (B) DRD2 antagonism and subsequent ERK and AKT inhibition, 
(C) activation of the ISR through eIF2α kinases and other atypical mechanisms, and (D) activation of 
ClpP activity to result in mitochondrial dysfunction and activation of the UPRmt.  
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CHAPTER 2: MITOCHONDRIAL PROTEASE CLPP IS A TARGET FOR THE ANTICANCER 
COMPOUNDS ONC201 AND RELATED ANALOGUES1 

 

2.1 Introduction 

ONC201 (also known as TIC10) was originally identified from an NCI chemical library screen for 

its ability to induce TRAIL (tumor necrosis factor-alpha-related apoptosis-inducing ligand) gene 

transcription in a human colon cancer cell line (HCT116)11. ONC201 has shown growth inhibitory effects 

in multiple cancer cell lines and antitumor activity in animal models of glioblastoma, colorectal, non-

Hodgkins lymphoma, and pancreatic cancer (reviewed in ref14). As a result of these promising preclinical 

studies, its drug-like properties, its low toxicity in animals, and its penetration of the blood–brain barrier, 

ONC201 has rapidly advanced and is currently in 15 clinical trials 

(ClinicalTrials.gov identifier: NCT02863991)14,15. In 2018, ONC201 was granted Fast Track Designation 

for the treatment of adult recurrent H3 K27 M mutant high-grade gliomas. 

Despite significant preclinical promise15,27,59, no defined mechanism of action for ONC201 has 

been established. While TRAIL was found to be induced by ONC201 in some cell types11,60, this was not 

consistently observed in all studies. Specifically, TRAIL was not increased in breast cancer cell lines even 

though ONC201 strongly reduced cell viability22. ONC201 was also effective against TRAIL-resistant 

breast cancer cells8 and hematological malignancies independently of TRAIL19. Although ONC201 has 

been reported to increase the DR5 death receptor14, Greer et al. did not observe increased DR4 or DR5 

expression after ONC201 treatment, nor did knockdown of DR4 or DR5 affect the inhibitory activity of 

ONC20122.  

ONC201 has been reported to inhibit Akt and ERK activity, potentially providing a mechanism to 

explain TRAIL induction through FOX3a14,61,62. Again, this was not observed by others despite significant 

 
1 This chapter has previously appeared as an article in ACS Chem. Biol. The original citation is as follows: Graves PR, Aponte-
Collazo LJ, Fennell EMJ, Graves AC, Hale AE, Dicheva N, Herring LE, Gilbert TSK, East MP, McDonald IM, Lockett MR, Ashamalla 
H, Moorman NJ, Karanewsky DS, Iwanowicz EJ, Holmuhamedov E, Graves LM. Mitochondrial Protease ClpP is a Target for the 
Anticancer Compounds ONC201 and Related Analogues. ACS Chem. Biol. 2019; 14(5) doi: 10.1021/acschembio.9b00222   
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effects of ONC201 on cell growth22. Finally, it was also reported that the dopamine receptors (DRD2 and 

DRD3) may be targets of ONC20117. However, direct evidence for this interaction has been sparse, and 

siRNA-mediated knockdown of these receptors did not reduce ONC201’s inhibitory effect17.  

Recently, ONC201 was shown to kill breast cancer cells by targeting mitochondria and 

mitochondrial metabolism22. Consistent with multiple previous reports14, Lipkowitz and colleagues 

reported that ONC201 induced an integrated stress response (ISR) as shown by the induction of ATF4 

and the C/EBP homology protein (CHOP)22. Although a specific mechanism was not elucidated, there 

was a direct correlation observed between the antiproliferative activity of ONC201, reduced oxidative 

phosphorylation, and the number of viable mitochondria. Moreover, ONC201 was shown to be ineffective 

in Rho0 cells (cells with impaired mitochondrial function due to chemical depletion of mitochondrial 

DNA)22.  

Taken together, these studies indicated the necessity to investigate and identify the potential 

targets for ONC201 and related compounds. The SAR of the ONC201 chemical series has been 

investigated though an iterative process of chemical optimization and subsequent testing in cell viability 

assays61. Importantly, the initial chemical structure for the compound was determined to be incorrect by 

Janda and colleagues13, spurring a series of synthetic efforts leading to the identification of novel 

chemical entities based on this newly discovered pharmacophore63. Madera Therapeutics created a 

series of novel highly potent analogues of ONC201 and defined a new chemical series collectively known 

as TR compounds64–66. To investigate potential targets for ONC201 and the related TR compounds, we 

applied an unbiased affinity proteomics approach to identify potential targets. In this study, we report 

human mitochondrial ClpP as a key protein that binds ONC201 and related compounds in a direct and 

specific manner. In addition, we show that pretreatment of isolated recombinant ClpP with ONC201 and 

the TR compounds significantly increases the activity of ClpP. We show that ClpP activation by ONC201 

and related compounds in vitro correlates directly with their biological potency in cells. Finally, we 

demonstrate that these compounds act through ClpP activation to induce the ISR, inhibition of protein 

synthesis, and mitochondrial events related to inhibition of cell growth. 
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2.2 Results 

ONC201 Analogues are Highly Potent Inhibitors of TNBC Growth 

Madera Therapeutics synthesized a number of novel chemical analogues of ONC201 known as 

the TR compounds. TR-31, first published by Nanjing Gator Meditech, is identical to 

ONC212.11,16−18 TR-42, TR-65, and TR-57 were designed to address limitations of ONC201, including 

modest cell activity and dose-dependent pharmacokinetics. Madera also synthesized additional amine-

containing analogues (TR-79, TR-80, and TR-81) for the purpose of creating affinity ligands to capture TR 

binding proteins (Fig. 2.1A).  

We compared ONC201 and the TR compounds for effects on growth inhibition of two established 

models of TNBC (MDA-MB-231, SUM159 cells). Cells were incubated with ONC201 or the TR 

compounds for 24–72 hours, and cell viability was measured using MTS assay. The TR compounds were 

all significantly more potent compared to ONC201, with IC50 values ∼100-fold lower than ONC201 in 

these cells (Fig. 2.1 B). Growth inhibition was confirmed by crystal violet colony formation assays (Fig. 

2.1C) and cell counting experiments (Fig 2.1D).  

ONC201 and analogues have been shown to induce an ISR in multiple cancer cell lines11,18,19,22. 

CHOP and ATF4 proteins are common markers of the ISR response and ER stress67, and we compared 

the ability of ONC201 and the TR compounds to induce CHOP and ATF4. Incubation of SUM159 or 

MDA-MB-231 cells with ONC201 or TR-57 strongly induced dose- and time-dependent increases in ATF4 

as measured by immunoblotting. The amount of ONC201 or TR-57 required to increase ATF4 closely 

reflected the IC50 values for growth inhibition in these cells. While the effects on CHOP were more modest 

and peaked earlier than ATF4 (Fig. 2.1E), these data confirmed the activation of the ISR by these 

compounds. Under the same conditions, we observed increased ERK and Akt phosphorylation (Fig. 

S2.1). 

ONC201 was shown to increase PARP cleavage and apoptosis in some cancer models14,68 but 

not others22. We tested the effects of ONC201 and select TR analogues on caspase activity in SUM159 

cells using a fluorogenic Ac-DEVD-AMC substrate. No significant increase in caspase activity was 

detected by either fluorogenic assays or immunoblotting for PARP cleavage, even at the highest 

concentrations of ONC201 or TR-57 tested. By contrast, staurosporine, an established apoptosis inducer, 
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increased Ac-DEVD-AMC cleavage as expected (Fig S2.1). Cell counting experiments confirmed that 

these compounds did not reduce the total number of cells below the initial value, even after 72 hours 

incubation (Fig. 2.1D). Thus, these compounds, at the concentrations tested, are having cytostatic effects 

but not increasing caspase-dependent cell death in SUM159 cells. 

Affinity Chromatography Identifies the Mitochondrial Protease ClpP as a Target of ONC201 and the TR 

Compounds 

To identify protein targets of ONC201, we coupled modified ONC201 analogues (TR-79, TR-80, 

and TR-81 (Fig. 2.1A) to agarose beads. Addition of the spacer arm and primary amine did not 

significantly reduce the potency of TR-79 to inhibit TNBC growth (Fig. 2.1B). To control for nonspecific 

interactions, we compared our TR-80 affinity column protein binding results to agarose alone or agarose 

coupled to an unrelated drug, PQ. HeLa cell lysates were mixed with control beads, PQ-beads, or TR-80 

beads in the absence or presence of excess free TR-80. Following incubation of beads with lysate, the 

beads were washed and boiled in sample buffer to release bound proteins, and the samples were 

resolved by SDS-PAGE and silver stained. A distinct protein band of ∼24 kDa was observed that did not 

bind the control beads or the PQ-beads and only bound TR-80 beads in the absence of free TR-80. The 

protein, indicated by the arrow (Fig. 2.2A), was excised, trypsin digested, and subjected to MALDI 

TOF/TOF mass spectrometry. MASCOT analysis identified this protein as the human mitochondrial 

protease, ClpP (Methods and Table S2.1). 

To confirm the mass spectrometry results, the experiment was repeated as above except the 

samples were immunoblotted with anti-ClpP antibodies. ClpP was only detected bound to TR-80 beads in 

the absence of free TR-80 (Fig 2.2B). Because total cell lysate was applied to TR-81 beads, we sought to 

determine if ClpP binding to TR-81 was direct or mediated by other proteins. To this end, TR-81 beads 

were charged with HeLa cell lysates, washed to remove nonspecific proteins, and eluted with 50 μM free 

TR-57. The eluant was resolved by SDS-PAGE and silver stained or immunoblotted with ClpP antibodies. 

A single protein band at 24 kDa was observed upon silver staining of the eluate (Fig. 2.2C), and 

immunoblotting confirmed the protein to be ClpP (Fig. 2.2D). Because ClpP was the only protein detected 

in the eluate (Fig. 2.2C), it suggests that ClpP binds directly to TR-81 and that TR-81 is highly specific for 
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ClpP. Confirmation of direct binding between TR-81 and ClpP was shown by incubation of pure 

recombinant human ClpP with TR-81 beads (Fig. 2.2E). 

To compare the relative ability of ONC201 or TR compounds to bind ClpP in vitro, we used TR-81 

beads in a competition assay. Increasing concentrations of ONC201, TR-31 (ONC212),11 or TR-57 were 

mixed with HeLa cell lysates or added directly to HeLa cells in culture. These lysates were applied to TR-

81 beads and the amount of ClpP bound assessed by immunoblotting. ONC201, TR-57, and TR-31 all 

reduced ClpP binding to TR-81 beads in a dose-dependent manner whether mixed with HeLa cell lysates 

(Fig 2.2F,G) or added to cell culture media (Fig 2.2H). Importantly, both TR-57 and TR-31 exhibited a 

∼10-fold greater potency over ONC201 in reducing ClpP binding whether applied to cell lysates or cell 

cultures. To determine if TR-81 bound ClpP from other cancer cell lines, we generated cell lysates from 

breast cancer (SUM159, MCF7), lung (A549), prostate (PC3), or pancreatic (PANC1) cells and performed 

similar experiments. ClpP bound immobilized TR-81 from all cell lines tested, and this binding could be 

prevented with TR-57 (Fig. S2.2), indicating that the interaction between TR compounds and ClpP was 

not restricted to HeLa cells but was observed from multiple different cancer cell types. 

ONC201 and TR Compounds Activate ClpP Peptidase and Protease Activity 

We next tested the effects of these compounds on ClpP enzymatic activity. Using purified, 

recombinant human ClpP protein and a select ClpP peptide fluorogenic substrate (Ac-WLA-AMC), we 

measured the peptidase activity of ClpP in the presence or absence of ONC201 and TR compounds. As 

shown in Figure 2.3A, incubation of ClpP with ONC201 or TR-57 strongly increased ClpP peptidase 

activity in a dose- and time-dependent manner. We then compared the effects of other TR compounds on 

ClpP activity. TR-27, 65, 66, and 79 all activated ClpP in a dose-dependent manner similarly to that 

observed with TR-57 and ONC201. All of the TR compounds were observed to be more potent activators 

of ClpP than ONC201. We also tested the effects of the recently reported ClpP activator D935. D9 also 

increased ClpP activity albeit at much higher concentrations (EC50 ∼ 110 μM), compared to that observed 

for ONC201 or the TR compounds (Fig. S2.4). 

ONC201 and TR-57 were tested for their effects on ClpP protease activity. We preincubated 

recombinant ClpP with DMSO, ONC201, or TR-57 and then assayed for casein proteolysis. ONC201 and 

TR-57 increased ClpP activity toward casein proteolysis with an observed half maximal dose of ∼1.25 μM 
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and ∼200 nM for ONC201 and TR-57, respectively (Fig. 2.3B). These results demonstrate that ONC201 

and the TR compounds increase ClpP activity toward unstructured proteins (casein) and peptide 

substrates. 

ClpP Knockdown Reduces the Effects of ONC201 and TR-57 on the ISR and Cell Growth 

To investigate if ClpP was a biological target for ONC201 and the TR compounds, siRNA 

knockdown of ClpP was performed in SUM159 cells. ClpP knockdown was verified by immunoblotting, 

and ClpP expression was almost completely eliminated by this treatment (Fig. 2.4A). Next, the effect of 

ClpP knockdown on CHOP/ATF4 induction by ONC201 and TR-57 was examined. Incubation of WT 

SUM159 cells with ONC201 or TR-57, increased the amount of CHOP protein after 24 hours. By contrast, 

no increase in CHOP was observed after ONC201/TR-57 treatment of the ClpP knockdown cells (Fig. 

2.4A). Similar results were observed with ATF4 (Fig. S2.3). 

The mitochondrial transcription factor A (TFAM) was recently shown to be reduced by ONC201 

treatment22. From a global proteomics analysis, we observed that the mitochondrial protein elongation 

factor Tu (TUFM) and other mitochondrial proteins were strongly reduced by ONC201 and TR-57 

treatment of SUM159 cells (E.M.J. Fennell, unpublished observations). The effects of ONC201 and TR-57 

on the reduction of TFAM and TUFM were compared by immunoblotting control or ClpP knockdown cells. 

Interestingly, the ONC201/TR-57-stimulated reduction of these proteins was prevented in the ClpP 

knockdown cells (Fig. 2.4A). Moreover, the less potent ClpP activator D9, also decreased TFAM and 

TUFM in a ClpP-dependent manner (Fig. S2.3). 

ONC201 has been shown to activate the protein synthesis inhibitory eIF2a kinases18. Using 35S-

methionine incorporation into proteins69,70, we measured the effects of ONC201 and TR-57 on protein 

synthesis in SUM159 cells. Both compounds significantly inhibited total protein synthesis (>50%) after 24 

hours (Fig. 2.4B) with TR-57 much more potent than ONC201. Knockdown of ClpP strongly inhibited this 

response, consistent with activation of ClpP being required. Thus, these results support the importance of 

ClpP activation by ONC201 or TR-57 as essential for the inhibition of protein synthesis by these 

compounds. 

Lastly, the effects of ClpP knockdown on growth inhibition by ONC201 and TR-57 were 

examined. ClpP knockdown cells were incubated with or without ONC201 or TR-57, and cell proliferation 
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was measured. The results of these studies demonstrated that the growth inhibitory effects of ONC201 or 

TR-57 were significantly reduced in the ClpP knockdown cells as compared to WT cells. Thus, these 

studies demonstrate that the cytostatic effects of ONC201 and TR-57 are in part dependent on ClpP, 

providing further evidence that this protein is an important target for these compounds (Fig. 2.4C).  

2.3 Discussion 

In conclusion, the rapid clinical advance of ONC201 has preceded a detailed understanding of 

the molecular mechanism of drug action15. We now demonstrate that highly potent chemical agents 

related to ONC201 may be prepared and that the mitochondrial protein ClpP is a novel target for ONC201 

and the related TR compounds. Our data provide evidence for direct binding and activation of the peptide 

and protease activity of ClpP. Furthermore, through knockdown experiments, we demonstrate that ClpP 

is essential for the activation of the ISR and subsequent events, including protein synthesis inhibition and 

ultimately mitochondrial changes initiated by these compounds (Fig. 2.5). 

While multiple mechanisms of ONC201 action have been proposed, our results support the 

importance of ClpP activation to the ISR and subsequent mitochondrial events. This includes ClpP-

dependent reduction of the mitochondrial proteins TFAM and TUFM in cells treated with ONC201 or the 

TR compounds. In this way, our findings are in agreement with Greer et al., who identified reduced TFAM 

and mitochondrial metabolism as part of the ONC201 response. Interestingly, they observed TFAM 

protein levels decreased prior to a change in RNA levels22. Our data showing inhibition of protein 

synthesis by ONC201 and TR-57, in a ClpP-dependent manner, further supports this observation (Fig. 

2.4).  

The ATP-dependent CLP protease (ClpP) is a highly conserved serine protease found in species 

ranging from bacteria to humans32,71,72. In humans, ClpP is localized to the mitochondrial matrix and is 

important for regulating responses to cell stresses, including heat shock, nutrient deprivation, and other 

cellular insults73,74. ClpP has been linked to the mitochondrial unfolded protein response (UPR), where it 

is involved in the regulation of protein homeostasis42. ClpP is overexpressed in some leukemias, and 

human ClpP has recently been recognized as a potential target for cancer chemotherapy75,76. Activators 

of ClpP, including the acyldepsipeptides (ADEPs) and other compounds, are currently being investigated 

as novel anticancer or antimicrobial treatments33,35,76.  
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The mechanism of ClpP activation by ONC201 and TR compounds remains to be established. In 

cells, the ClpP complex is composed of two components, the ATP-binding chaperone protein (ClpX) and 

the barrel-shaped ClpP peptidase77. Other known activators of human and bacterial ClpP (i.e., ADEPs) 

are believed to displace ClpX and open the central substrate cavity. Elegant structural studies 

demonstrated that opening this cavity may increase the peptidase activity of ClpP independently of the 

protein unfolding activity of ClpX78. Wong et al. demonstrated that the ADEPs bound to a hydrophobic 

cleft between the monomers in the heptamer structure of purified ClpP33.  

Our data are consistent with the effects of ONC201 and the TR compounds being mediated 

through direct binding to ClpP. This thesis is supported by affinity column binding assays and biochemical 

assays where we used isolated, purified ClpP in the absence of ClpX to assess the effects on enzyme 

activity. While we only tested activity on peptides and a protein lacking significant structure (casein), the 

effects on intact proteins remains to be determined. However, our proteomics analysis after ONC201 or 

TR-57 treatment indicates a significant reduction in multiple mitochondrial proteins, suggesting that ClpP 

activation in cells is leading to the degradation of intact mitochondrial proteins (E.M.J. Fennell, 

unpublished observations). 

In all studies, we observed that the TR compounds were more potent binders and activators of 

ClpP than ONC201 or the recently reported compound D9. While we were unable to prevent binding of 

ClpP to TR-81 beads with ADEP or D9 (Fig. S2.2), whether or not ONC201 or the TR compounds bind to 

the same pocket as these compounds or compete with ClpX binding in intact cells remains to be 

determined. Importantly, the potent effects of the TR compounds on ClpP directly paralleled the effects of 

these compound on ISR induction, protein synthesis, and growth inhibition. 

The mechanisms by which ONC201 and the TR compounds inhibit cell growth or induce cell 

death also remains to be determined. The ADEPs affect mitochondrial morphology and inhibit oxidative 

phosphorylation after extended exposure. We confirmed that ONC201 and the TR compounds induce 

changes in mitochondrial morphology, inhibition of oxidative phosphorylation, and increased lactic acid 

formation as reported by others (E. Holmuhamedov, unpublished observations). While we observed 

primarily cytostatic responses in our studies, these results may be cell type-dependent, as others have 

observed apoptotic responses. We also did not observe a complete elimination of the cytostatic effects of 
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these compounds in ClpP knockdown cells, suggesting that additional mechanisms of action may also 

contribute to the growth inhibitory effects of these compounds. 

In summary, ONC201 as an unoptimized screening hit has displayed remarkable clinical activity 

in a range of difficult-to-treat cancers. We propose that the clinical response observed by treatment with 

ONC201 underscores the importance of a common biological mechanism of action that explains its broad 

efficacy against multiple cancer types. Our studies demonstrate that ClpP is the common target for both 

ONC201 and the TR compounds, and activation of ClpP results in modulation of the integrated stress 

response pathway. Thus, the TR compounds, based on the pioneering work of Janda and colleagues13, 

are novel and highly potent activators of ClpP and represent the future direction of ClpP activators as 

anticancer agents. 

2.4 Materials and Methods 

Chemical Compounds 

ONC201 was obtained from SelleckChem (S7963). The TR compounds and D9 were supplied by 

Madera Therapeutics, LLC and Nanjing Gator Meditech, Ltd. ADEP was obtained from Cayman Chemical 

(A-54556A). All compounds were dissolved in DMSO unless otherwise stated. 

Synthetic Chemistry 

 The compounds were prepares as described previously64–66. For additional clarity, we have 

provided synthetic details below for TR-79, TR-80, and TR-81. 2-(3-iodopropyl)isoindoline-1,3-dione is 

available from multiple vendors including Sigma-Aldrich (CPR-R465674). In addition, 2-(4-

iodobutyl)isoindoline-1,3-dione is available from multiple vendors, including Sigma Aldrich (CPR-

R260312).  

Example 1 

Synthesis of TR-79 

3-((1-(3-aminopropyl)-2,4-dioxo-3-(4-(trifluoromethyl)benzyl)-1,2,3,4,7,8-  

hexahydropyrido[4,3-d]pyrimidin-6(5H)-yl)methyl)benzonitrile  
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Step 1: A mixture of 1-(3-cyanobenzyl)-4-oxopiperidine-3-carboxylate 1 (8.55 g, 31.4 mmol), and 

ammonia solution (7 mL, 25%) in ethanol (110 mL) was heated at 70°C for 5 hours. The solution was 

concentrated, extracted with DCM (2 x 300 mL) and washed with brine. The extracts were dried over 

Na2SO4 and evaporated under reduced pressure to give 8 g of 2-((4-amino-3-(methoxycarbonyl)-5, 6-

dihydropyridin-1(2H)-yl) methyl)-4- cyanobenzen-1-ide 2 (oil), which was directly used for next step.  

Step 2: To a solution of 2-((4-amino-3-(methoxycarbonyl)-5, 6-dihydropyridin-1(2H)- yl) methyl)-4- 

cyanobenzen-1-ide (2, 2 g, 7.4 mmol) in toluene 20 mL was added 1-(isocyanatomethyl)-4-

(trifluoromethyl)benzene (1.6 g, 7.5 mmol) and triethylamine (1.1 g, 10.4 mmol). The solution was heated 

to 80°C for 8 hours. The reaction solution was cooled to RT and concentrated in vacuo. The formed white 

solid was filtered and dissolved in MeOH (20 mL). NaOMe (350 mg) was added and the mixture was 

refluxed overnight. Then ca 10-15mL of methanol was removed and the precipitate was filtered. The 

desired product 3-((2,4-dioxo-3-(4-(trifluoromethyl)benzyl)-1,2,3,4,7,8-hexahydropyrido[4,3-d]pyrimidin-

6(5H)-yl)methyl)benzonitrile (3) was obtained as a pale yellow solid (0.8 g, 25%).  

Step 3: To a solution of 3-((2,4-dioxo-3-(4-(trifluoromethyl)benzyl)-1,2,3,4,7,8- hexahydropyrido[4,3-

d]pyrimidin-6(5H)-yl)methyl)benzonitrile (3, 200 mg) in DMF (2 mL) was added potassium carbonate (150 

mg) and 2-(3-iodopropyl)isoindoline-1,3-dione (150 mg). The mixture was heated at 100°C for 12 hours. 

Water (ca 3 mL) was added and the solution was extracted with EtOAc (3 x 5 ml). The combined extracts 

were washed with brine 3 times (ca 5 mL), dried over Na2SO4, filtered, and concentrated in vacuo to yield 

the crude product. The purified product (4) was obtained by preparative TLC, 100 mg, Yield 35%.  

Step 4: To a solution of product (4) (100 mg) in EtOH (3 mL) was added methylamine solution (0.25 mL, 

30%). The mixture was heated at 80°C for 4 hours. The water was added and the solution was extracted 
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with DCM (3 x 3 mL). The combined organic extracts were dried over Na2SO4, filtered, and concentrated 

in vacuo to yield the crude product, TR-79. The final product (TR-79) was obtained by preparative HPLC, 

15 mg, Yield 19%.  

1HNMR (400MHz, CD3OD) 2.03 (t, J = 7.2Hz, 2H), 2.99 (t, J = 6.8Hz, 2H), 3.18 (s, 2H), 3.67 (s, 2H), 4.01 

(t, J = 6.8Hz, 2H), 4.07 (s, 2H), 4.62 (s, 2H), 5.17 (s, 2H), 7.5-7.57 (m, 4H), 7.69 (t, J = 8Hz, 1H), 7.86-

7.93 (m, 2H), 7.99 (s, 1H); LC-MS: m/z = 498.1(M+1).  

Example 2 

Synthesis of TR-80 

3-((1-(4-aminobutyl)-2,4-dioxo-3-(4-(trifluoromethyl)benzyl)-1,2,3,4,7,8-  

hexahydropyrido[4,3-d]pyrimidin-6(5H)-yl)methyl)benzonitrile  

 

 TR-80 is prepared in a similar fashion as Example 1. 1HNMR (400MHz, CD3OD) 1.7 (s, 4H), 2.95 

(s, 2H), 3.16 (s, 2H), 3.64 (s, 2H), 3.9 (s, 2H), 4.03, (s, 2H), 4.59 (s, 2H), 5.15 (s, 2H), 7.49-7.57 (m, 4H), 

7.67-7.7 (m, 1H), 7.88 (t, J = 8Hz, 2H), 7.98 (s, 1H); LC-MS: m/z 5.12.2(M+1).  

Example 3 

Synthesis of TR-81 

3-((1-(4-aminobutyl)-3-(4-chlorobenzyl)-2,4-dioxo-1,2,3,4,7,8-  

hexahydropyrido[4,3-d]pyrimidin-6(5H)-yl)methyl)benzonitrile  
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 TR-81 is prepared in a similar fashion as Example 1. 1HNMR (400MHz, CD3OD) 1.72 (s, 4H), 

2.98-2.99 (d, 2H), 3.15-3.17 (d, 2H), 3.61 (t, J=5.6Hz, 2H), 3.91-3.93(d, 2H), 4.01 (s, 2H), 4.57 (s, 2H), 

5.08 (s, 2H), 7.28-7.3 (d, 2H), 7.35-7.37 (d, 2H), 7.71 (t, J=7.6Hz, 1H), 7.9-7.92 (d, 2H), 7.99 (s, 1H).  

Preparatory HPLC conditions 

Column Waters T3 Prep C18, 5 μm 19*100mm 

PREP Gilson 215 

Mobile Phase (A) 0.1% FA/Water 

Mobile Phase (B) Acetonitrile 

Flow Rate 20 mL/minute 

Detection 220 nm 

Run Time 12 minutes 

Injection Volume 100 μL 

Dilutant Methanol 

Gradient 

Time A (%) B (%) 
0.00 90 10 
8.00 50 50 
8.50 5 95 
10.00 5 95 
10.50 90 10 
12 stop  

 

 

Cell Culture 

Human Triple Negative Breast Cancer (TNBC) cell lines SUM159 and MDA-MB-231 were a 

generous gift from Dr. Gary Johnson at UNC CH. SUM159 cells were cultured in Dulbecco’s modified 

Eagle’s medium: Nutrient Mixture F-12 (DMEM/F12, 0565-018, Thermo Fisher Scientific) supplemented 

with 5% fetal bovine serum (FBS, TMS-013-B, Millipore), 5 μg/mL insulin, 1 μg/mL hydrocortisone, and 

1% mixture of antibiotic–antimycotic (15240062, Thermo Fisher Scientific). MDA-MB-231 cells were 

cultured in RPMI 1640 media (11875-093, Thermo Fisher Scientific) supplemented with 10% FBS and 1% 

antibiotic–antimycotic. Cells were incubated at 5% CO2 and 37°C. HeLa, A549, Panc1, PC3, and MCF-7 

cells were obtained from ATCC and maintained in DMEM with 10% FBS and 1% antibiotic. 
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Viability Assays 

Resazurin Assay 

Cell viability assays were performed by plating SUM159 (1000 cells/well) on a Cellstar 96-well 

plate (655-180, Griener) in supplemented DMEM:F12 and allowed to incubate/adhere overnight. After 

adherence, the media in each well was aspirated and replaced with 50 μL of pure media and 50 μL of 

media containing the drug at twice the final concentration. The concentrations of drugs used are shown in 

the figure legends and discussed in the text. Cells treated with DMSO (vehicle only) were used as a 

negative control in all experiments. The final concentration of DMSO (vehicle) was kept under 1% in all 

experiments. 

Cells treated with appropriate concentrations of selected compounds for 72 hours in 100 μL of 

incubation media were supplemented with 20 μL of resazurin (0.6 mM, Acros Organics 62758-13-8) and 

incubated for 30 minutes at 37°C. Cells were incubated to allow metabolism to resorufin, at which point 

75 μL of each sample was transferred to a Costar black 96-well plate (CLS3915, Millipore Sigma), and 

the relative fluorescence of resorufin across samples was determined using a PHERAstar (BMG Labtech) 

with fluorescent module FI: 540-20, 590-20. The results were analyzed using GraphPad Prism 7 software 

which was used to generate the dose-dependence curves and to calculate IC50 values. 

Total Cell Counting 

Total cell counting assays were performed by plating SUM159 (50 cells/well) on a 96-well Greiner 

plate in supplemented DMEM:F12, allowing them to incubate/adhere overnight, and treating with drug as 

described above. At a predetermined time point (0, 24, 48, or 72 hours), media was aspirated, and 100 μL 

of Hoechst stain (1 μg/mL, H3570, Thermo Fisher Scientific) was added to each well and then allowed to 

incubate for 30 minutes at 37 °C. Total cell number was then quantified using the Celigo Imaging 

Cytometer (Nexcelom). 

Crystal Violet Assays 

Crystal violet assays were performed by plating SUM159 (1000 cells/well) on a 6-well Costar 

plate (CLS3506, Millipore Sigma) and allowing them to incubate/adhere overnight. Media was aspirated 

and replaced by media containing the drug at the desired concentration. Cells were allowed to incubate 

for 48 h, and the media was either replaced by fresh media with drug or media without drug. Cells were 
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then allowed to incubate until one well was 100% confluent, changing media as needed. Once confluent, 

cells were stained using 0.5% crystal violet in 20% methanol, allowed to incubate for 10 minutes at RT, 

then rinsed 3 times and allowed to dry overnight. Staining was quantified by dissolving crystal violet stain 

in Sorenson’s buffer (0.1 M sodium citrate, 50% ethanol, pH 4.2) and measuring the absorption of 

dissolved crystal violet at 570 nm using a BMG Polarstar Omega. 

Immunoblotting 

For Western blotting, SUM159 or MDA-MB-231 cells were plated and treated with compounds as 

described above for cell viability assays. Following treatment, cells were rinsed 3 times with 2 mL of cold 

PBS and lysed using RIPA buffer (no SDS) supplemented with 2 mM Na(VO3)4, 10 mM NaF, 0.0125 μM 

calyculin A, and complete protease inhibitor cocktail (11873580001, Roche Diagnostics). Cell lysates 

were clarified and immunoblotted as described earlier79. Membranes were incubated with the following 

primary antibodies: [TUFM (PA5-27511), IDH2 (PA5-79436) from Invitrogen]; [ClpP (CS-14181), ATF4 

(CS-11815), LONP (CS-28020), Aconitase (CS-6922s) from Cell Signaling Technologies]; [β-actin (SC-

47778), CHOP (SC-575), TFAM, (SC-376672), ClpP (SC-271284) from Santa Cruz Biotechnologies] 

diluted 1:1000 in 5% TBST/BSA + 0.02% NaN3) overnight at 4°C, removed, washed 3 x 5 minutes in 

TBST, and placed in their respective 2° antibodies (1:10 000 dilution in 5% milk/TBST) for 1 hour. 

Membranes washed 3 x 5 minutes in TBST were embedded in 2 mL of each ECL reagent and imaged 

using a Chemidoc MP (BioRad) or developed with film. Acquired images were processed/quantified using 

Image Lab software (BioRad). 

siRNA Transfections 

 Approximately 5 x 104 SUM159 cells were seeded in 6-well plates and allowed to adhere 

overnight. Cells were then mock transfected or transfected with human ClpP siRNA (siGENOME, 

Dharmacon, 8192, GAAGGACCUGUAGAAGCA) at a final concentration of 33 nM according to the 

standard Dharmacon protocol. Dharmafect was used at a dilution of 1:50. Cells were incubated with 

siRNA for 48 hours and then additional 24 hours in the presence of drug before harvesting.  

Reverse Transfection 

All siRNA stocks were ordered from Dharmacon at 2 nmol/siRNA and resuspended in 100 μL 1X 

siRNA reconstitution buffer (Dharmacon) to create a 20 μM stock. Dharmafect I was diluted 1:266 in 
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OptiMEM media and divided into 250 μL aliquots. Individual siRNAs were added to Dharmafect aliquots 

for a final concentration of 125 nM, incubated at RT for 30 minutes, and then added to 6-well or 96-well 

plates. SUM159 cells were washed with PBS and trypsinized at 37 °C for 5 minutes. Cells were 

resuspended to a final concentration of 1 x 105 cells/mL (6-well) or 1 x 104 cells/mL (96-well) in 1:1 

DMEM:F-12 supplemented with 5% FBS, 5 μg/mL insulin, and 1 μg/mL hydrocortisone. Cells (1.0 

mL/well, 100 μL/well) were added to each well containing siRNA and incubated for 24 hours. 

Caspase and Apoptosis Assays 

Caspase 3/7 activity was analyzed using a fluorescent peptide substrate (7-amido-4-

methylcoumarin)79. The cells were plated at 8 x 105 cells per plate (6 cm plate) and treated for 24 hours 

with 3, 30, and 300 nM TR57 and TR31; 300 nM, 3 μM, and 30 μM ONC201, as well as 0.1% DMSO and 

10 nM staurosporine (IC25 on SUM159 cells determined by MTS cell viability assay (data not shown)). 

The samples were harvested by mechanical scraping of the cells into 400 μL of lysis buffer (50 mM 

HEPES (pH: 7.4), 5 mM CHAPS, and 5 mM DTT), and caspase activity was measured as described 

earlier79.  

Affinity Capture of Protein Targets 

To generate TR-80 or TR-81 affinity resins, we coupled free TR-80 or TR-81 to NHS-activated 

agarose (Thermo Scientific catalog #26200). Briefly, NHS-agarose beads were allowed to react with TR-

80 or TR-81 at a final concentration of 5 mM in coupling buffer (PBS with 20% DMSO) for 4 hours at RT. 

Following washing with PBS to remove unbound ligand, the beads were blocked for an additional hour 

with 1 M Tris-HCl, pH 7.5. Control agarose beads were generated by blocking uncoupled NHS-agarose 

beads with 1 M Tris-HCl, pH 7.5. Primaquine (PQ)-agarose was generated by coupling NHS-agarose with 

20 mM primaquine in phosphate buffered saline, pH 8.0. 

To identify TR-80 interacting proteins, approximately 50 x 106 HeLa cells were homogenized in 

cell lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% NP-40) and clarified by 

centrifugation (15 min at 13 000g). The resultant supernatant was divided into 1 mL aliquots and mixed 

with ∼50 μL packed beads of control agarose, PQ-agarose, or TR-80 agarose in the presence of 2% 

DMSO or 1.25 mM free TR-80 and rotated for one hour at RT. Beads were then collected by 

centrifugation and washed 3 times, 1 mL each wash, with cell lysis buffer. Beads were boiled in SDS 
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sample buffer, resolved by SDS-PAGE using 11% polyacrylamide gels, and silver stained as described80. 

A protein band, indicated by the arrow, was excised, destained, trypsin digested, and subjected to mass 

spectrometry for identification (see below). 

TR-81 Elution 

To determine the specificity of protein interactions with TR-81 beads, ∼ 30 μL of TR-81 agarose 

was mixed with 1 mL of HeLa cell lysate generated as described above. After washing the beads to 

remove nonspecific interactions, the beads were incubated with 100 μL of elution buffer (50 mM Tris-HCl, 

pH 7.5, 150 mM NaCl) containing 2% DMSO or 50 μM TR-57 for 30 minutes at RT. The eluant was 

collected, resolved on an 11% polyacrylamide gel and silver stained or immunoblotted with ClpP 

antibodies. 

In Vitro Drug Competition Assays 

To compare the relative binding ability of different compounds to ClpP, ∼200–400 μL of HeLa cell 

lysate (generated as described above) was mixed with vehicle (2% DMSO final) or different 

concentrations of ONC201 or TR compounds. After mixing for 15 minutes, the lysate was combined with 

∼20 μL packed TR-80 beads and rotated for 1 hour at RT. The supernatant was discarded, and beads 

were washed briefly 3 times, 1 mL each wash, with cell lysis buffer before boiling in SDS sample buffer. 

Samples were then resolved by SDS-PAGE and immunoblotted with ClpP antibodies. To compare the 

ability of the compounds to compete for ClpP binding within live cells, HeLa cells in culture were treated 

with DMSO (final concentration 0.1%) or various concentrations of ONC201 or TR compounds for 30 

minutes. Cells were then snap frozen, and lysates were subsequently prepared and analyzed in a similar 

manner as described above. 

MALDI TOF/TOF Analysis 

The resultant tryptic peptides obtained from the silver-stained band were desalted using a C18 

Zip-Tip and applied to a MALDI target plate with α-cyano-4-hydroxycinnamic acid as the matrix. The 

sample was analyzed on an AB Sciex 5800 MALDI TOF/TOF mass spectrometer. MS/MS spectra were 

searched against a Uniprot human database using Mascot version 2.3 (Matrix Science) within ProteinPilot 

software version 3.0 (AB Sciex). A significance score threshold was calculated in Mascot, and an ion 

score above 36 was considered a significant identification (p < 0.05). 
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Measurement of Human ClpP Activity 

Measurement of in vitro activity of recombinant human caseinolytic peptidase ClpP (Cat # 

MBS204060, MyBioSource) was based on monitoring the release of fluorescent coumarin from the 

fluorogenic substrate Ac-WLA-AMC (Cat #S330, Boston Biochem, Inc.) as described previously81–83 with 

minor modifications. Briefly, the activity of recombinant ClpP proteolytic subunit (1 μg/mL) was measured 

in assay buffer composed of 50 mM Tris, 10 mM MgCl2, 100 mM KCl, 1 mM DTT, 4 mM ATP, 0.02% 

Triton X-100, and 5% glycerol, pH 8.0 (HCl) using 10 μM of fluorogenic Ac-WLA-AMC substrate as 

described83,84. Two different protocols were used to investigate the effects of ONC201 and the TR 

compounds on ClpP activity. Using the first protocol (Protocol #1), the reaction was initiated instantly by 

direct mixing of ClpP enzyme and substrate in the presence of indicated concentrations of compounds. 

Applying a second protocol (Protocol #2), the enzyme and compounds were mixed and incubated in 

assay buffer for 60 min before initiating the reaction by adding Ac-WLA-AMC substrate. The kinetics of 

the free coumarin fluorescence was monitored using black, μ-CLEAR 96-well flat bottom plates (Cat # 

655090, Greiner), and the fluorescence of released coumarin was recorded at 350 nm excitation and 460 

nm emission using BMR PHERAstar plate reader equipped with appropriate FI module (BMG LABTECH). 

The slope of the linear portion of the fluorescence signal over time used as a measure of the activity of 

ClpP. Measurements were carried out in triplicate and presented as the rate of fluorescence change at 

given concentrations of ClpP and substrate in the presence or absence of ONC201 or the TR 

compounds. Dose-dependence of ClpP activation with different compounds was used for determination of 

EC50 for each compound, and the activity of samples treated with DMSO (vehicle) measured as 

background and subtracted from experimental data and the activity of ClpP expressed as RFU/μg of 

ClpP/h. 

To measure ClpP protease activity in vitro, assays were conducted using Protocol #2 as 

described above. Recombinant ClpP was preincubated for 1 hour at 37 °C with DMSO or the indicated 

compounds in assay buffer and then an additional hour at 37 °C in the presence of substrate. The 

reaction volume was 50 μL with a final concentration of 10 ng/μL ClpP, 5 μM α-casein, and 1% DMSO. 

Samples were boiled in SDS sample buffer, resolved by 12% SDS-PAGE, and silver stained80.  
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Metabolic Labeling of Nascent Proteins 

Nascent proteins were metabolically labeled and quantified as described previously69,70. Briefly, 

cells were incubated in methionine- and cysteine-free medium (Sigma) containing relevant concentrations 

of compounds tested for 15 minutes. 35S-labeled methionine and cysteine (125 μCi; PerkinElmer EasyTag 

Express Labeling Mix) were added and allowed to incorporate for 30 minutes. Cells were then washed 

twice in ice-cold PBS, scraped, and collected by centrifugation. Cell pellets were lysed in RIPA medium 

containing protease inhibitors (Roche), and protein concentrations were determined by the Bradford 

assay (Amresco). Trichloroacetic acid (TCA) was added to a final concentration of 20%, and precipitated 

proteins were captured on glass microfiber filters by filtration under vacuum. The filters were washed 

twice with 20% TCA and once with 100% ethanol and allowed to air-dry. The filters were then transferred 

to vials containing scintillation fluid (EcoScint), and radioactivity was quantified using a scintillation 

counter. The amount of radioactivity was normalized to the protein concentration for each sample. 
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2.5 Figures 

 

Figure 2.1 ONC201 and TR analogs inhibit cell growth and induce ATF4 and CHOP activation. A) 
Chemical structures of ONC201 and TR compounds B) Cell viability of ONC201 and TR compounds 
using MTS assay in SUM159 cells. IC50 values are shown in table to the left (A). Values represent mean ± 
SEM, representative of N=4. C) Growth of SUM159 cells determined by crystal violet assay, 
representative of N=3. D) Changes in cell number determined by Hoechst stain, representative of N=2. E) 
Immunoblots of SUM159 lysates for ATF4, CHOP, and β-actin.  
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Figure 2.2. Identification of ClpP as an ONC201 and TR compound binding protein. A) HeLa cell 
lysate was mixed with the indicated beads in the presence or absence of free TR-80. A Silver-stained gel 
is shown, and the band indicated by the arrow was excised and subjected to mass spectrometry for 
identification. B) Replicate samples from panel A were immunoblotted with anti-ClpP antibody. TR-81 
beads were charged with HeLa lysate and eluted with 50 μM TR-57. A portion of the eluant was silver 
stained (C) or immunoblotted for ClpP (D). (E) Pure, recombinant human ClpP was mixed with the 
indicated beads in the presence or absence of 50 μM TR-57 and immunoblotted for ClpP. (F,G) HeLa cell 
lysates were mixed with TR-81 beads in the presence of the indicated compounds and immunoblotted for 
ClpP. (H) HeLa cell lysates were treated with the indicated compounds for 30 minutes and lysates were 
mixed with TR-81 beads and immunoblotted for ClpP.  
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Figure 2.3 Activation of ClpP by ONC201 and the TR Compounds. A) Purified recombinant human 
ClpP was incubated with the indicated concentrations of each compound and ClpP peptidase activity was 
measured. B) Recombinant human ClpP was pre-incubated for 1 hour at 37°C with the indicated 
compounds and then for an additional 1 hour at 37°C in the presence of casein. Reaction products were 
resolved by SDS-PAGE and silver stained.  
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Figure 2.4 Effects of ONC201 and TR-57 are prevented by ClpP knockdown in SUM159 cells. A) 
Immunoblot of lysates from SUM159 cells transfected with a nontargeting siRNA (siCTRL) or siRNA 
targeting ClpP (siClpP) and treated with either 10 μM ONC201, 150 nM TR-57, or 0.1% DMSO for 24 
hours. Representative of N=3. B) Total protein synthesis measured in SUM159 cells transfected with 
siCTRL (black circles) or siClpP (white squares) using Hoechst stain for total cell counting after 48 hour 
treatment with OCN201 or TR-57 at indicated concentrations. Graphs shown in (B) and (C) are 
representative of N=2. Values represent mean ± SEM.   
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Figure 2.5 Model for the regulation of ClpP and the ISR by ONC201 and TR compounds. ClpP, a 
mitochondrial protease, is activated by ONC201 and TR analogues to degrade mitochondrial proteins. 
Protein fragments are exported from the mitochondria and activate the unfolded protein response (ATF4, 
CHOP), decrease TFAM activity, and inhibit protein synthesis. ClpP-mediated changes in ATF4, CHOP, 
and TFAM leads to alterations in metabolism.  
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Figure S2.1 ONC201 and TR-57 do not activate caspase or inhibit ERK/AKT in SUM159 cells. A) 
Measurement of caspase-3/7 activity in SUM159 cells after 24 hour treatment with 20 nM staurosporine 
(STS), 10, 30, or 100 nM of TR-57, or 0.1% DMSO. Values indicate mean ± SEM, N=2. B) Immunoblot 
showing changes in phosphorylation of indicated proteins in SUM159 cells following 24 hour treatment 
with either 0.1% or indicated concentrations of ONC201 or TR-57.  
 

 

Figure S2.2 TR-57, but not D9 and ADEP compete for ClpP binding. A) Lysates from indicated cell 
lines were mixed with Control or TR-81 beads in the presence or absence of TR-57 and ClpP was 
detected by immunoblot. B) SUM159 cell lysates were incubated in TR-81 beads in the presence or 
absence TR-57 or indicated concentrations of D9 and ClpP was detected by immunoblot. C) HeLa cell 
lysates were incubated with Control or TR-81 beads in the presence or absence of TR-57 or indicated 
concentrations of ADEP and ClpP was detected by immunoblot.  
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Figure S2.3 ATF4 induction by ONC201 and TR-57 is prevented by ClpP knockdown. A) SUM159 
cells were mock or ClpP siRNA transfected and treated with 0.1% DMSO, 10 μM ONC201 or 150 nM TR-
57 for 24 hours and immunoblotted for indicated proteins. Representative of N=3.  
 
 

 
Figure S2.4 Effects of D9 are prevented by ClpP knockdown in SUM159 cells. A) Purified 
recombinant human ClpP was incubated with indicated concentrations of D9 and ClpP peptidase activity 
was measured. B) Immunoblot of lysates from SUM159 cells transfected with siCTRL or siClpP and 
treated with 0.1% DMSO or indicated concentrations of D9 for 24 hours. Representative of N=3.  
 
 
Table S2.1 Identification of ClpP through PID Analysis. Mass spectrometry protein identification from 
HeLa cell lysate after incubation with TR-80 beads and TR-57 elution.  
 

Protein Name Database Accession 
ID 

MW (Da) Peptide 
Count 

Ion 
Score 

ATP-dependent Clp protease 
proteolytic subunit OS=Homo 
sapiens GN=CLPP PE=1 SV=1 

CLPP_HUMAN 30161 8 435 

Peroxiredoxin-1 (Fragment) 
OS=Homo sapiens GN=PRDX1 

PE=1 SV=1 

A0A0A0MSI0_HUMAN 18964 2 47 
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CHAPTER 3: CHARACTERIZATION OF TR-107, A NOVEL CHEMICAL ACTIVATOR OF THE HUMAN 
MITOCHONDRIAL PROTEASE CLPP2 

 

3.1 Introduction 

Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subtype and is 

associated with poor prognosis, shorter progression-free and overall survival compared to other breast 

cancer subtypes9,85,86. Unlike other subtypes, targeted therapies (e.g., tamoxifen and trastuzumab) are 

ineffective against TNBC leaving patients with limited options of systemic chemotherapy, surgery or 

radiation85 or more recently immunotherapy87,88. As an alternative, considerable interest has developed in 

targeting mitochondrial metabolism as a potential approach to treat recalcitrant cancers89,90. Multiple 

studies now support the feasibility of targeting essential mitochondrial processes such as oxidative 

phosphorylation (OXPHOS), mitoribosomal activity and TCA cycle function as a unique strategy to inhibit 

cancer cell proliferation91,92. This has led to the development of small molecule inhibitors of OXPHOS, 

TCA cycle enzymes (isocitrate dehydrogenases (IDH1/2), a-ketoglutarate dehydrogenase), as well as 

modifiers of mitochondrial transcription (POLRMT) and lipid metabolism93,94. Included in this class of 

molecules are metformin and other clinical agents (BAY 87-2243, IACS-010759) designed to inhibit 

mitochondrial multimeric complex I enzyme that comprises the first step in the electron respiratory 

chain95–97. While these have shown promising activities in preclinical studies, the clinical application of 

these agents has yet to be realized92.  

The small molecule imipridone ONC201 was initially identified in a screen for TRAIL inducers and 

later shown to have antagonistic effects on the dopamine receptors D2/D360,98. While the direct target was 

unresolved, multiple studies showed that ONC201 exhibited anti-cancer responses in diverse cancer 

models including breast, pancreatic, leukemia and others11,14,16,18,19,99–101 leading to the clinical 

 
2 This chapter has previously appeared as an article in Pharmacol. Res. Perspect. The full citation is as follows: Fennell EMJ, 
Aponte-Collazo LJ, Wynn JD, Drizyte-Miller K, Leung E, Greer YE, Graves PR, Iwanowicz AA, Ashamalla A, Holmuhamedov E, 
Lang H, Karanewsky DS, Der CJ, Houry WA, Lipkowitz S, Iwanowicz EJ, Graves LM. Characterization of TR-107, a novel chemical 
activator of the human mitochondrial protease ClpP. Pharmacol. Res. Perspect. 2022; 10(4) doi: 10.1002/prp2.933.  
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advancement of ONC201. The unexpected finding that ONC201 potently affected OXPHOS and 

mitochondrial metabolism in models of TNBC suggested an alternative mechanism of action22. 

Importantly, the development of the chemically-related TR compounds, (Madera Therapeutics), including 

immobilizable analogs, facilitated the discovery of the mitochondrial matrix protease ClpP as the major 

target28. Additional studies confirmed these findings and demonstrated that activation of ClpP was 

essential for the anti-cancer properties of ONC201 and related analogs29,102.  

Modifiers of ClpP activity have previously shown anti-cancer properties35,103, with both inhibitors 

and activators of ClpP demonstrating anti- tumor efficacy for acute myelogenous leukemia41,44. Chemical 

activators of ClpP include diverse chemical structures such as the macrocyclic acyldepsipeptides 

(ADEPs) and D9 (Fig S3.1A). ADEP and D9 were both described in 2018 as human ClpP activating 

agents prior to the discovery of a similar mechanism of action for ONC201 and the TR compounds35. 

Madera was the first to prepare a number of highly potent, cell permeable ClpP activators through 

modifications of peripheral functionality on the chemical core of ONC201, and later through changes to 

the chemical core28. Detailed crystal structure analysis of ClpP and ONC201 further validated ClpP as a 

direct and specific binding partner29.  

ClpP is a component of the ClpXP protein complex localized in the mitochondrial matrix. ClpP is a 

tetradecameric serine protease that forms a complex with hexameric AAA+ ClpX, an ATP-dependent 

protein unfoldase that enables substrate recognition and unfolding prior to its degradation by 

ClpP37,38,41,71. The crystal structure of ClpXP has been solved from a number of species providing detailed 

insight into how this proteolytic protein complex is regulated. ClpX binds to a hydrophobic pocket in ClpP 

thereby facilitating the opening of the axial pore and passage of unfolded proteins into the central barrel 

of ClpP. Pharmacological activators of ClpP, such as the ADEPs, were the first small molecules shown to 

bind to this hydrophobic pocket and open the axial pore of ClpP in the absence of ClpX, allowing for 

nonspecific entry of proteins into the active site of ClpP103–105. 

As part of the mitochondrial unfolded protein response, ClpXP canonically targets misfolded 

proteins to prevent formation of protein aggregates in the mitochondria43,71. ClpXP also has regulatory 

roles in heme biosynthesis106–108, mitophagy109,110, and reduction in reactive oxygen species levels 

following mitochondrial depolarization38. ClpP is overexpressed in breast cancer111, providing the potential 
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for utilizing highly selective and potent ClpP activators as a novel approach to disrupt mitochondrial 

metabolic processes required for TNBC proliferation.  

In this study, we present data on the characterization of a novel class of highly potent and 

selective ClpP activators. We focused on one compound, TR-107, and show that it induces the 

downregulation of select mitochondrial proteins, impairs OXPHOS and inhibits TNBC growth in a ClpP-

dependent manner, with markedly improved potency compared to the imipridones (ONC201, 206, 212). 

Analysis of the pharmacokinetic properties of TR-107 demonstrated high systemic drug levels following 

oral administration. Furthermore, the efficacy of TR-107 in mouse xenograft models of MDA- MB-231 

TNBC cells showed that TR-107 was well tolerated, and inhibited tumor growth and increased animal 

survival in a manner consistent with ClpP activation. In summary these studies identify TR107 as one of 

the most potent and selective ClpP activators with anti-cancer potential.  

3.2 Results 

New TR Chemical Scaffolds are Highly Potent Inhibitors of TNBC Growth 

 Madera Therapeutics synthesized multiple small molecules containing modifications to the multi-

ring core system using the optimized peripheral functionality from TR-65 and similar analogs. This 

included modification of the core imipridone structure with the appropriate addition of nitrile, halide and 

trifluoromethyl groups to the two benzyl moieties. The structures of these compounds and other 

established ClpP agonists (i.e. ADEPS and D9) are shown in Fig. 3.1A, Fig. S3.1A, or a previous 

publication28.  

We tested the TR compounds’ ability to inhibit the growth of two commonly studied TNBC cell 

lines. Many of these new compounds showed significantly enhanced potency of cell growth inhibition in 

the MDA-MB-231 and SUM159 cell models compared to ONC201 and ONC206. Of these, TR-98 and TR-

107 demonstrated the greatest growth inhibitory potency, comparable to the previously reported TR-57 

and TR-6528. For example, TR-107 inhibited cell growth with an IC50 of 12 nM and 23 nM in SUM159 and 

MDA-MB-231 cells, respectively (Fig. 3.1B). By contrast, TR-109 and TR- 122, devoid of a key nitrogen 

atom of the 6 membered 3-piperideine system (X in structure A, Fig. 3.1A), were less potent, suggesting 

the importance of a reported hydrogen bond interaction with tyrosine 118 of ClpP29. This hydrogen bond 

is one of three hydrogen bonds observed in the human ClpP-ONC201 complex structure, involving 
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glutamate 82 and glutamine 107 (through a bridging water molecule) that anchor the molecule to the 

hydrophobic site of ClpP29. Taken together, our data with TR-97, TR-98 and TR-107 show that significant 

chemical modification of the imipridone core is tolerated and that the imidazoline moiety of the imipridone 

core is not required for high potency.  

To confirm the ClpP dependence of the new TR compounds, the growth inhibitory effects of these 

compounds were compared in matched pairs of wild-type (WT) and ClpP- KO MDA-MB-231 and SUM159 

cell lines. Compared to the dose-dependent inhibition observed in the WT cells, no significant growth 

inhibition was observed in the ClpP-KO cells, providing evidence that ClpP is the major target for these 

molecules (Fig. 3.1C). To compare the response to TR-107 in another model of TNBC, we examined the 

effects of TR-107 on C3(1)-Tag cells and compared the potency of growth inhibition to the tubulin inhibitor 

paclitaxel, an established therapeutic. The C3(1)-Tag model is a transgenic murine model of TNBC that 

shares many of the essential characteristics of human TNBC112. TR-107 potently inhibited C3(1)-Tag cell 

proliferation with an IC50 value (22 nM), similar to paclitaxel (14 nM) (Fig. 3.1D), which was also similar in 

potency to that observed with the MD-MBA-231 and SUM159 cells (23 and 12 nM, respectively).  

Characterization of Novel Activators of ClpP  

We examined the ability of the new TR compounds to bind and activate ClpP. Select TR 

compounds were incubated with purified recombinant human ClpP and ClpP proteolytic activity was 

determined using the in vitro activity assay described in Materials and Methods. All compounds showed 

dose-dependent increases in ClpP activity with the greatest potency of ClpP activation observed with TR-

107, followed by TR-98 and TR-97 (EC50 = 140, 310, and 340 nM respectively). Consistent with reduced 

effects on cell growth, TR-109 and TR-122 were also weaker activators of ClpP in vitro (Fig. 3.2A). Direct 

binding of TR-107 to purified ClpP was also examined. Surface plasmon resonance (SPR) measurement 

of TR-107 binding to ClpP, revealed values equivalent to that observed for ClpP activation (Kd ~180 nM) 

(Fig. 3.2B). Higher concentrations of compound were required for ClpP activation or binding in vitro, 

compared to cell growth inhibition. However, compounds that potently activate ClpP in vitro also potently 

inhibited cell growth as observed above (Fig. 3.1) and as previously reported28.  
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TR-107 Inhibits TNBC Growth without a Significant Increase in Apoptosis  

Since TR-107 showed excellent potency in these assays, this compound was selected for further 

testing on cell growth inhibition and apoptosis. MDA-MB-231 or SUM159 cells were incubated with TR-

107 and total cell counts determined every 24 hours for up to 72 hours following treatment at the 

indicated concentrations. As shown in Fig. S3.1B, TR-107 potently (at concentrations >10 nM), inhibited 

the increase in cell number compared to vehicle control in both cell lines. By comparison, cell growth was 

not inhibited in the ClpP- KO cells with TR-107 concentrations as high as 1 μM (Fig. S3.1B). Because the 

highest concentration of TR-107 tested in MDA-MB-231 or SUM159 cells did not reduce the total cell 

number below the initial seeded number, we tested for evidence of apoptosis.  

Caspase-3/7 assays were performed on lysates from the MDA-MB-231 or SUM159 cells following 

24-hour compound treatment at indicated concentrations. Caspase activity was quantified as described in 

Materials and Methods. Staurosporine (STS)-treated cells showed a strong increase in caspase-3/7 

activity as expected, whereas no increase in caspase-3/7 activity was detected in lysates from ONC201, 

TR- 57, or TR-107 treated cells (Fig. S3.1C). Similarly, no increase in PARP cleavage after ONC201, TR-

57 or TR-107 treatment was observed (data not shown). Taken together, these findings indicate that the 

TR compounds show growth inhibitory effects without substantially increasing apoptosis, consistent with 

previously reported results for ONC201 in MDA-MB-231 cells22.  

TR-107 Induces Time- and Dose-dependent Reduction of Multiple Mitochondrial Proteins 

We and others reported that treatment of MDA-MB-231 or SUM159 cells with ONC201 or TR-57 

resulted in the reduction of the mitochondrial proteins elongation factor Tu (TUFM) and transcription 

factor A (TFAM)22,28. Since ClpP is a mitochondrial matrix protease, we compared the time and dose-

dependent effects of TR-107, TR-57 and ONC201 on additional mitochondrial proteins in MDA-MB-231 

and SUM159 cells. As determined by immunoblotting, both TUFM and TFAM protein levels began to 

decline ~6 hours after treatment with 100 nM TR-107, 150 nM TR-57 or 10 μM ONC201 and showed a 

complete or near-complete loss by 24 hours (Fig. 3.3A-B; Fig. S3.2A).  

We also observed the time- and dose-dependent loss of aconitase (ACO2) and isocitrate 

dehydrogenase (IDH2), two key TCA cycle enzymes beginning at ~12-24 hours following treatment (Fig. 

3.3A-D; Fig. S3.2A-B). Succinate dehydrogenase A (SDHA) and complex I subunit NDUFS3, both 
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OXPHOS proteins, were observed to decline by 12 to 24 hours (Fig. 3.3A-B; Fig. S3.2A-C). ClpX, the 

ATPase subunit of the ClpXP complex, was previously observed to decline after 24 hours ONC212 

treatment in pancreatic cancer models113. We observed ClpX to decline rapidly (~3 hours) after TR 

compound addition (Fig. 3.3A-B; Fig. S3.2A). The loss of all these proteins was dose- dependent and 

occurred at concentrations at or above the respective growth inhibitory (IC50) value for each compound 

with TR-107 showing the most potent effects (Fig. 3.3C-D; Fig. S3.2B). By comparison, the levels of these 

proteins were not affected in the ClpP-KO cell lines, even at the highest concentration of compound 

tested (Fig. 3.3, Fig. S3.2).  

Heat shock protein 60 (HSP60) is mitochondrial matrix chaperone required for maintaining the 

folding of imported proteins and HSP60 inhibitors are being investigated as potential anti-cancer 

compounds114. Immunoblotting for HSP60 protein after TR-107 treatment of MDA-MB-231 cells showed 

that HSP60 levels were significantly reduced in a time-dependent manner (Fig. S3.2D). DNA-directed 

RNA polymerase, mitochondrial (POLRMT) is a TFAM interacting protein involved in the replication of 

mitochondrial DNA. Recent studies have shown the efficacy of inhibiting POLRMT as a potential anti-

cancer approach93. Because of the observed decline in TFAM, we investigated whether POLRMT was 

similarly affected by these treatments. Immunoblotting data showed that POLRMT followed a dose-

dependent decline in full length protein level following TR compound treatment (Fig. S3.2E). Together, 

these results demonstrate significant effects of TR-107 on mitochondrial proteins involved in energetic 

and homeostatic processes in a time-, dose-and ClpP-dependent manner. 

TR-107 Inhibits OXPHOS in MDA-MB-231 Cells  

Because previous studies showed inhibition of OXPHOS by ONC20122,29 and ADEP33, we 

examined the effects of TR-107 on mitochondrial oxygen consumption and respiration using a Seahorse 

XF Analyzer. Incubation of MDA-MB-231 cells with TR-107 (25, 50 nM), resulted in a dose-dependent 

decline in oxygen consumption rate (OCR) (Fig. 3.4A). By contrast, this was not observed in ClpP-KO 

MDA-MB-231 cells (Fig. 3.4B). We observed significant dose-dependent decline in basal mitochondrial 

respiration, ATP production-linked oxygen consumption, maximal respiration, and spare respiratory 

capacity following TR-107 treatment in WT but not ClpP-KO cells (Fig. 3.4C). Correspondingly, TR107 

incubation caused a dose- dependent increase in extracellular acidification (ECAR, Fig. 3.4C). Taken 
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together, our results demonstrate substantial disruption of OXPHOS by TR107 in a dose and ClpP- 

dependent manner.  

As shown by Greer et al., ONC201 treatment resulted in a greater dependence on glycolysis for 

cell survival and switching media carbon sources from glucose to galactose enhanced cell growth 

inhibition by ONC20122. We similarly compared the effects of incubating cells in galactose instead of 

glucose on cell growth inhibition by TR-107. As expected for ONC201, galactose shifted the dose 

response curve for growth inhibition by ~5-fold (IC50 = 1.7 μM (glucose) and 350 nM (galactose)). While 

the effects on TR-107 on growth inhibition after galactose substitution were much less marked (~2- fold 

change; IC50 = 19 nM (glucose) and 9.8 nM (galactose)) (Fig. 3.4D), these results are consistent with 

OXPHOS inactivation and an increased reliance on glycolysis after TR- 107 treatment. 

Pharmacokinetic Properties of TR-107  

With TR-107 and other leading TR compounds showing significantly enhanced potency over 

ONC201 and functional effects indicative of specific ClpP activation, we compared the PK properties of a 

set of TR compounds, ONC201 and ONC212/TR-31. The PK studies were conducted by tail vein injection 

or oral gavage in ICR mice as described in Materials and Methods. Based on the enhanced potency of 

this set of TR compounds we anticipated an effective oral dose to be ~10 mg/kg or less in a murine model 

of breast cancer. Therefore, we chose to evaluate the oral exposure of these agents with a single dose of 

10 mg/kg and in many cases a 2 mg/kg i.v dose allowing for a F% determination. Importantly, the results 

of our studies showed significant differences in PK properties among these compounds (Table 3.1).  

Of the impridone analogs closely related to ONC201, TR-27, ONC212/TR-31 and TR-65 showed 

enhanced exposure over ONC201, increased F%, and half-lives ranging from ~0.95-1.68 hours. Our 

initial studies of ONC201 using either an intravenous dose of 2 mg/kg or oral dose of 10 mg/kg showed 

markedly different results than what has been previously reported for higher doses. Both arms of our 

study showed a short t1/2 (0.26- 0.31 hours) and poor oral bioavailability (F% = 1.2%) vs. a reported t1/2 of 

6.4 hours in mouse11. Notably, a 25 mg/kg oral dose of ONC201 showed a 46X increase in exposure 

(AUC) vs the 10 mg/kg study. In addition, ONC212/TR-31 displayed a terminal half-life of 1.49 hours (10 

mg/kg) whereas the reported t1/2 of an oral dose of 125 mg/kg was 4.3 hours61 (Table 3.1).  
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TR-57 and TR-107 displayed the highest exposure (AUC) of the tested agents when administered 

at 10 mg/kg orally (2710 and 2360 hr*ng/mL respectively, Table 3.1). Both compounds showed rapid 

absorption via oral administration with an F% of 61% (TR- 57). In addition, protein binding studies for TR-

107 shows a serum free fraction of 10% (mouse, Fig. S3.3C). Because of the favorable PK characteristics 

observed with TR-107 and its efficient molecular design, this compound was selected for advancement 

into animal xenograft studies described below.  

TR-107 Inhibits Tumor Growth in an MD-MBA-231 Mouse Xenograft Model  

To determine the in vivo anti-tumor efficacy of TR-107, we examined dose-dependent responses 

using an MDA-MB-231 mouse xenograft model. MDA-MB-231 cells in Matrigel were orthotopically 

injected into the flank mammary fat pad of female NCr nu/nu mice (10/group) as described in Materials 

and Methods and Supplemental Information. Vehicle control (Group 1) and TR-107 treatments (4 mg/kg 

(Group 2), 8 mg/kg (Group 3)) were administered by oral gavage at frequencies described in Table S3.1.  

The results of these studies demonstrated a dose- and time-dependent reduction in tumor 

volume. The mean tumor volume decreased for both treatment groups (G2, G3) with ~50% reduction in 

tumor volume observed at day 26 (Fig. 3.5A). Comparing the two different groups over the course of the 

study did not reveal significant advantages of one dosing regimen over the other in tumor volume 

reduction (Fig. 3.5A, B) or survival (Fig. 3.5C). A ~35% increase in median survival was also observed in 

mice treated with TR-107 for both groups (Fig. 3.5C). Consistent with ClpP activation, analysis of the 

tumor lysates from control and treated animals (G3), showed a substantial loss of mitochondrial DNA (Fig. 

3.5D). TR-107 treatment was well tolerated and less than 5% weight loss was observed even at the 

highest dosing regimen (Fig. S3.3). Effects of ONC201 and TR compounds on ClpP activation in vivo 

were further interrogated through immunoblot of xenograft tumor lysates (Fig. 3.5E). These analyses 

demonstrated significant loss of TFAM consistent with our cell culture studies. Additionally, mitochondrial 

pyrroline-5-carboxylate reductase 2 (PYCR2) and 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) 

protein levels were significantly reduced in these tumor lysates. Taken together, TR-107 showed 

significant efficacy in prevention of tumor growth, consistent with ClpP activation, in the MDA-MB-231 

mouse xenograft model.  
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3.3 Discussion 

ONC201, a screening hit with previously described CNS activity16, was the first imipridone 

molecule shown to be effective against a variety of cancer models14,16,18,59,98,113. Chemically similar 

derivatives of ONC201 (ONC206 and ONC212/TR-31) were recently identified and both ONC201 and 

ONC206 are under evaluation in clinical trials. Despite evidence suggesting that ONC201 acts through 

effects on the dopamine receptor17, the discovery of the mitochondrial protease ClpP as the target for 

ONC201 and chemically related compounds28,29,102 has redefined our understanding of the anticancer 

mechanism of these agents. Moreover, the identification of ClpP as the major target has enabled the 

design and characterization of highly potent and specific ClpP activators. In this study, we describe the 

advancement of the chemically diverse TR compounds as selective ClpP activators, which includes 

molecules of different chemical scaffolds from which agents for preclinical assessment were selected. We 

characterize one of these compounds, TR-107, for effects on mitochondrial metabolism and protein 

turnover, PK properties and TNBC growth inhibition both in vitro and in vivo. Importantly, these studies 

further demonstrate the pivotal role for ClpP activation in the mechanism of TR-107 action.  

From the collection of TR compounds, we were able to perform initial structure activity 

relationship (SAR) studies using cell growth inhibition and ClpP activation as determinants. Nanjing Gator 

Meditech was the first to accurately determine that for the imipridone scaffold, substitution at the V- and 

Z- positions by small lipophilic moieties was preferential to substitution at the W- position, yielding nM 

activity in cancer cells64. Our survey of residues for the other benzyl ring determined that the nitrile 

residue at position Y- was preferred. The combination of these two optimized benzyl residues on the 

imipridone scaffold (TR-65) resulted in markedly improved potency with regards to both ClpP activation 

and growth inhibition28 compared to ONC201 and ONC206.  

Two key chemical features of the imipridone chemical core are a basic nitrogen of the 3-

piperidine moiety and an imbedded acylguanidine. The importance of the basic nitrogen of the piperidiene 

residue to activity is demonstrated through substitution of the nitrogen atom with carbon atom (e.g., X 

position, TR-109 and TR-122, Fig. 3.1A). Both TR- 109 and TR-122 are significantly less potent than TR-

65 displaying μM IC50 values for TNBC cells. We previously reported the modification of the 

acylguanidine moiety to prepare TR-57 and the homologated analogs TR-79 and TR-80 for target 
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identification studies28. We now report that further modification of TR-57 removing the carbonyl oxygen 

and methyl residue (R group) gives TR-107, a compound of equal potency. In addition, expansion of the 

5-membered ring of the imipridone scaffold by one methylene unit yields TR-98, a compound that is 

equipotent to TR-65. In summary, the additional modifications described here resulted in two of the most 

potent ClpP activators (TR-98 and TR-107) so far reported and further support that the imipridone 

chemical scaffold is not a requirement of potent ClpP activation.  

Because of high potency in cell growth and ClpP activation assays, TR-107 was selected for 

further mechanistic, pharmacokinetic and animal model studies. Other attributes include a low molecular 

weight (<400 amu), highly potent and defined ClpP dependence, excellent PK properties and efficacy 

against TNBC models both in vivo and in vitro. Using two independent ClpP-KO cell lines, our studies 

confirm the mitochondrial protease ClpP as the key target for TR-107 and related compounds. This 

includes effects on cell growth, OCR, and mitochondrial protein level as determined by immunoblotting. 

While ONC201, at concentrations far higher than that is necessary to activate ClpP or inhibit cell growth, 

has shown effects on dopamine receptors D2/D317,115, our data28 and that of others22,29 strongly argues 

against a major role of the dopamine receptors in growth inhibition.  

In strong support of a mitochondrial mechanism of action, we observed TR-107 treatment results 

in reduction of multiple mitochondrial proteins. Some of the most significantly affected proteins, in addition 

to TFAM and TUFM, included ACO2 and IDH2, which catalyze essential reactions in the TCA cycle. 

Similarly, respiratory chain proteins NDUFS3 and SDHA declined strongly. Lastly, we observed the ClpP-

dependent loss of other essential mitochondrial proteins including POLRMT and HSP60, both of which 

are predicted to have significant effects on mitochondrial function through regulation of mitochondrial 

gene replication and protein chaperone functions. Both POLRMT and HSP60 have been shown to be 

viable drug targets for cancer research93,114, and provide potential further explanation for the anticancer 

properties of these compounds. While this is a partial list of all mitochondrial proteins observed to decline 

following TR-107 treatment, based on these results we propose that inactivation of key mitochondrial 

functions is, in part, responsible for the growth inhibition observed in these studies.  

Mitochondrial dysfunction and metabolic reprogramming are accepted hallmarks of cancer47,90,116–

118. Inhibiting mitochondrial processes such as OXPHOS has gained interest as an alternative approach 
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to combatting cancer51,96,119–123. Our studies confirm the original findings of Greer et al. that ONC201 

targets mitochondrial metabolism. In addition to TCA cycle enzymes, we observed proteins with essential 

roles in OXPHOS that were reduced after ONC201 and TR-107 exposure. The inhibition of OXPHOS was 

confirmed by mitochondrial respiration analysis and galactose experiments. Interestingly, substituting 

media glucose for galactose had a much greater effect on the IC50 values of ONC201 compared to TR-

107. These data further illustrated the superior potency of TR-107 and suggests that the effects of TR-

107 may be less dependent of nutritional conditions (e.g., glucose availability) compared to ONC201. 

Taken together, the results of our studies demonstrate an increased reliance on glycolysis as 

compensatory response to inhibition of mitochondrial metabolism by ClpP activation.  

Previous attempts to inhibit OXPHOS or specific enzymes in the TCA cycle have met with limited 

success for cancer treatment. The repurposing of metformin [1,1- dimethylbiguanide] as an anticancer 

agent has been investigated in both research and clinical settings119,122,124. As a weak inhibitor of 

mitochondrial complex I, metformin appears to lack the potency and specificity to effectively treat cancer 

as a single agent or in combination via complex I inhibition. The complex I inhibitor, BAY 87-2243 is a 

highly potent inhibitor of complex I with a more complex chemical structure than metformin featuring 

lipophilic pharmacophores absent in metformin. Notably, clinical evaluation of BAY 87-2243 was 

terminated after treatment of patients (NCT01297530). A focused contemporary approach by Stuani et al. 

to target mutant forms of IDH 1 and 2 and thereby reducing the oncometabolite (R)-2- hydroxyglutarate 

(2-HG), led to agents that showed initial efficacy but lost their effectiveness with established disease125.  

As single agents, we observed that ONC201 and the TR compounds induced a growth stasis 

response in these TNBC models. Even at the highest concentrations tested, little evidence for apoptosis 

was observed. In this way our results are consistent with earlier studies in TNBC that showed a similar 

absence of apoptosis after treatment with ONC20122,99. Recent studies suggest that addition of TRAIL or 

TRAIL receptor agonists induces an apoptotic response in cells that have previously displayed a growth 

stasis response to ONC201126–128. Moreover, combination of imipridones with BCL-2 inhibitors has shown 

promise for increased cancer cell apoptosis19,23. Given the greatly improved potency of the TR 

compounds, it will be important to determine if low concentrations of TR compounds more effectively 
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sensitize cells to TRAIL treatment or synergize with TRAIL ligand or other agents to increase 

apoptosis129.  

Lastly, the development of potent and selective ClpP agonists addresses a key limitation for 

ONC201, ONC206, and ONC212/TR-31 series of compounds regarding the requirement of high doses 

(50-130 mg/kg) to achieve in vivo efficacy61. The enhanced potency of ONC206 and TR-31/ONC212 in 

cellular growth assays did not result in lower in vivo efficacious doses. The pharmacokinetic data reported 

herein, coupled with previously reported results, points to a complex picture of pharmacokinetic behavior 

of ONC201 and ONC212/TR-31 at therapeutically relevant doses.  

TR-107 at an oral dose of 10 mg/kg results in similar t1/2 and serum exposure (AUC) to an 

equivalent oral dose of TR-57. In addition to improved PK properties, TR- 107 effectively reduced tumor 

volume and increased median survival in vivo at 4 and 8mg/kg dosages. Further analysis of xenografts 

revealed decrease of TFAM protein levels and mitochondrial DNA following TR-107 administration. 

Similar results were observed with additional mitochondrial proteins (PYCR2), confirming ClpP activation 

in vivo and providing additional evidence for mitochondrial mechanism of action.  

In summary, our studies show chemical optimization of ONC201 has resulted in novel ClpP 

activators with increased potency in both in vitro and in vivo studies. TR-107 showed excellent potency in 

TNBC cell growth inhibition and provide further evidence that ClpP activation inhibits growth through loss 

of mitochondrial metabolic functions. Our in vivo studies show that these compounds are highly orally 

bioavailable, well-tolerated, and effective at reducing tumor burden in an MDA-MB-231 murine xenograft 

model. In total, our observations support the clinical evaluation of TR-107 for the treatment of TNBC. 

There are a number of limitations in our studies that should be mentioned. The characterization of 

the direct effects of these compounds on purified recombinant ClpP may not accurately replicate the ClpP 

activation kinetics in vivo. This may be a factor of the concentration of ClpP, the artificial substrates or the 

assay conditions used that underestimate the potency of ClpP activation by these compounds. In fact, our 

data from the cell-based analysis of dose-dependent ClpP activation, very closely parallels the effects 

observed on growth inhibition, for both ONC201 and the TR compounds. Therefore, we believe that the 

cell-based assays are a better indicator of ClpP activation efficacy and further reflect potential differences 

in compound cell permeability as well. While there are potential limitations with CRISPR-CAS generation 
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of knockouts, the fact that we obtained similar results with two completely different CLPP knockout lines, 

strongly supports the specificity of the compound effects on ClpP. As with any animal study, there are 

also limitations to our animal studies. We performed our analysis with the least number of animals to 

achieve a statistically-powered result. Given the fact that ONC201 has been extensively examined in 

other animal models, we only tested the effects of the TR compounds in these studies. While female mice 

were used exclusively in our experiments, we acknowledge that a similar study in male mice could be 

valuable. However, since the focus of our study was breast cancer, we believe that our rationale for this 

initial study was logical. Lastly, we acknowledge the limitations of studying a single xenograft model. 

Ideally additional studies will be performed in syngeneic models of breast cancer to fully characterize 

these important new compounds.  

3.4 Materials and Methods 

Cell Culture 

 Human TNBC cell line SUM159 was a generous gift from Dr. Gary Johnson (University of North 

Carolina at Chapel Hill). MDA-MB-231 (WT and CLPP-KO) cells were provided by Dr. Stanley Lipkowitz 

(National Cancer Institute). MDA-MB-231 cells were cultured in RPMI 1640 media (Gibco, 11875-093) 

supplemented with 10% fetal bovine serum (FBS; VWR-Seradigm, 97068-085), and 1% antibiotic–

antimycotic (anti/anti; ThermoFisher Scientific, 15240062). SUM159 cells were cultured in Dulbecco’s 

modified Eagle’s medium: Nutrient Mixture F-12 (DMEM/F12; Gibco, 11330-032) supplemented with 5% 

FBS, 5 μg/mL insulin (Gibco, 12585014), 1 μg/mL hydrocortisone, and 1% anti/anti. Cells were 

maintained at 5% CO2 and 37°C and periodically tested for mycoplasma.  

CRISPRi Cell Lines  

 sgRNA against human ClpP (Eurofins Genomics) was annealed and ligated into vector VDB783. 

This vector was transformed into DH5a cells and the presence of sgRNA was confirmed by colony PCR. 

Lentivirus was produced in HEK293T cells following transfection with plasmid and jetPRIME (PolyPlus) as 

previously described130. Clonal populations of SUM159 cells infected with dCas9-KRAB lentivirus were 

clonally isolated to ensure dCas9-KRAB expression. Isolated SUM159 cells were infected with ClpP 

sgRNA lentivirus followed by additional selection passage in growth media supplemented with 2.5 mg/ml 

puromycin.  
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Synthesis of Compounds  

All TR compounds were prepared by Madera Therapeutics, LLC as previously described in the 

patent literature131. ONC201, ONC206, and ONC212/TR-31 were purchased from Selleck Chemicals, 

LLC (S7963, S6853, S8673, respectively).  

Viability Assays  

Total cell counting assays were performed by seeding MDA-MB-231 cells (WT and ClpP- KO; 

4000 cells/well) or SUM159 (WT and ClpP-KO; 1000 cells/well) in a 96-well plate (Perkin Elmer, 6005050) 

and allowed to adhere overnight. Growth medium was then aspirated and replaced with 100 μL of growth 

medium supplemented with drug at concentrations indicated in the figure or figure legends. Cells treated 

with vehicle control (0.1% DMSO, Sigma-Aldrich D2650) were used as a negative control in all 

experiments and cells were incubated with drug-containing media for 24, 48, or 72 hours as indicated in 

figure legends. Media was then aspirated and replaced with 100 μL Dulbecco’s phosphate buffered saline 

(DPBS Gibco, 14190-144) containing 1 μg/mL Hoechst stain (ThermoFischer Scientific, H3570) and 

allowed to incubate at 37°C for 30 minutes. Total cell number was then quantified using the Celigo 

Imaging Cytometer (Nexcelom).  

Immunoblotting  

MDA-MB-231 or SUM159 cells were plated (100,000 cells/well) on a 6-well Costar plate (Corning, 

3516) and incubated with compounds as described above for cell viability assays. Following treatment, 

cells were rinsed three times with 2 mL of cold DPBS and lysed using RIPA buffer (20 mM Tris (pH 7.4), 

137 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.5% deoxycholate, 2 mM EDTA) supplemented with 2 

mM Na3VO4, 10 mM NaF, 0.0125 μM calyculin A, and complete protease inhibitor cocktail (Roche 

Diagnostics, 11873580001). Cell lysates were clarified and immunoblotted as described earlier79. 

Membranes were incubated with primary antibodies obtained from Cell Signaling Technologies (SHDA 

(5839), ClpP (14181), ACO2 (6922), TFAM (8076), HMGSC2 (36877)), Invitrogen (TUFM (PA5-27511), 

IDH2 (PA5-79436), POLRMT (PA5-28196)), Abcam (ClpX (168338), NDUFS3 (183733)), BD 

Transduction Laboratories (HSP60 (611562)), Sigma Aldrich (PYCR2 (HPA056873)), and Santa Cruz 

Biotechnologies (TFAM (sc-376672), Vinculin (sc-73614), HSC70 (sc-7298)), diluted 1:1000 in 1% fish 

gelatin (Sigma Aldrich, G7041)/TBST overnight at 4°C, removed, washed 3 x 5 minutes in TBST, and 
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placed in their respective 2° antibodies (Promega, W401B and W402B, 1:10,000 dilution in 5% 

milk/TBST) for 1 hour. Membranes washed 3 x 5 minutes in TBST then incubated in ECL reagent 

(BioRad, 170-5061) and imaged using a Chemidoc MP (BioRad) or Odyssey Fc (LI-COR). Acquired 

images were processed/quantified using Image Lab software (BioRad) or Image Studio Lite (LI-COR).  

Caspase Activity Assay  

Caspase-3/7 activity was analyzed using a fluorescent peptide substrate (Ac-DEVD- AMC, 

Cayman Chemical, 14986) as previously described79. Briefly, cells were plated at 1 x 105 cells per well (6 

cm2 plate, Corning, 430166) and treated for 24 hours with 10 μM ONC201, 150 nM TR-57, 100 nM TR-

107 (10X IC50) as well as 0.1% DMSO or 100 nM staurosporine. The samples were collected in lysis 

buffer (50 mM HEPES (pH: 7.4), 5 mM CHAPS, and 5 mM DTT), and caspase activity was measured by 

monitoring fluorescence (ex/em: 360 nm/ 460 nm) using a SpectraMax i3x (Molecular Devices).  

ClpP Activity Assay  

Measurement of in vitro activity of purified recombinant human ClpP was performed with a slight 

modification to the method previously described34. Briefly, ClpP activity was measured through 

degradation of casein-FITC (Sigma-Aldrich, C0528) in the presence of indicated compounds. The activity 

of ClpP proteolytic subunit (41 μg/mL (1.4 μM)) was measured in assay buffer (20 mM HEPES (pH 8.0), 

100 mM KCl, 1 mM DTT, and 100 μM ATP) using 235 μg/mL fluorogenic casein-FITC substrate. Enzyme 

and compounds were mixed and incubated in assay buffer for 30 minutes before adding casein-FITC 

substrate. The kinetics of substrate degradation fluorescence was monitored in 96-well plates 

(PerkinElmer, 8059-21401), and fluorescence was recorded at 490 nm/ 525 nm (ex/em) using 

SpectraMax i3x (Molecular Devices). Linear slope of fluorescence signal was used to measure ClpP 

activity and normalized to DMSO control, expressed as RFU/hour.  

Surface Plasmon Resonance (SPR)  

For the SPR experiments, recombinant human ClpP was purified as previously described34. SPR 

measurements were performed on a Biacore X100 instrument (Cytiva Life Sciences, Marlborough, MA, 

USA) at 25°C in buffer (25 mM sodium phosphate, pH 7.5, 200 mM KCl, 0.05% Tween-20, and 0.004% 

DMSO). ClpP was immobilized onto flowcell 2 of a CM5 chip (Cytive Life Sciences, Marlborough, MA, 

USA) using the amine coupling wizard using Biacore X100 Control Software. A pulse of a mixture of NHS 
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and EDC activated the CM5 chip surface. ClpP was diluted to 100 μg/ml in 10 mM sodium acetate, pH 

4.5 immediately prior to use and injected over the activated surface for 180 seconds. Remaining activated 

sites were blocked with a pulse of ethanolamine. 12000 RU of ClpP was captured using this procedure. 

Flowcell 1 was unmodified and served as a reference. For TR-107 binding to ClpP, a concentration series 

of TR-107 in DMSO was diluted into buffer to achieve 0.004% final DMSO concentration in all samples. 

Three replicates were injected for each concentration. Data were blank subtracted and analysis was 

performed in Biacore X100 Evaluation Software (Cytiva Life Sciences, Marlborough, MA, USA). The 

steady state response was calculated at 15 seconds before the end of injection with a window of 15 

seconds. Data were fitted to a one-site Langmuir binding model.  

Mitochondrial Respiration Analysis  

Cellular oxygen consumption and extracellular acidification rates (OCR and ECAR, respectively) 

were measured using Seahorse XFe96 (Agilent, Santa Clara, CA, USA). MDA-MB-231 cells were plated 

(15,000 cells/well) in Seahorse XF96 plates (Agilent, 102416-100) and allowed to adhere overnight. Cells 

were then treated with 25 or 50 nM TR-107 for 24 hours. On the day of Seahorse XF analysis, growth 

medium was replaced with XF base medium (Agilent, 103575-100) supplemented with appropriate 

concentrations of TR-107. After measurement of basal OCR/ECAR, 1 μM Oligomycin, 1 μM FCCP, 1 μM 

Rotenone/Antimycin A (Agilent, 103015-100) were added at indicated timepoints. OCR/ECAR were 

measured every 6.5 minutes for 73 minutes.  

Mitochondrial DNA (mtDNA) Copy Number Analysis  

Mitochondrial DNA copy number was determined as previously described22. Briefly, genomic 

DNA was isolated from tissue lysate with DNeasy Blood & Tissue kit (Qiagen, 69504). mtDNA copy 

number was determined by quantitative PCR with Human mitochondrial to nuclear DNA ratio kit (Takara 

Bio USA, 7246).  

Pharmacokinetic Analysis  

The compounds were evaluated for pharmacokinetic properties in ICR mice (Sino-British 

SIPPR/BK Lab Animal Ltd, Shanghai, China) by Shanghai Medicilon, Inc. The compounds were 

administered either intravenously (tail vein) or orally (oral gavage) in vehicle (5% DMSO, 10% Solutol 

[Kolliphor HS 15, Sigma Aldrich, 42966] in sterile DPBS, 85% water) to three male mice per study arm. 
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Blood was taken via the orbital venous plexus (0.03 mL/timepoint) at 0.083, 0.25, 0.5, 1, 2, 4, 8 and 24 

hours, unless otherwise noted. Samples were placed in tubes containing heparin sodium and stored on 

ice until centrifuged. Blood samples were centrifuged at 6800 x g for 6 minutes at 2-8°C within 1 hour 

following sample collection and stored at -80°C. Proteins from plasma sample aliquots (20 μL) were 

precipitated by the addition of MeOH (400 μL) containing an internal standard (tolbutamide,100 ng/mL), 

vortexed for 1 minute, and centrifuged at 18,000g for 7 minutes. Supernatant (200 μL) was transferred to 

96 well plates for analysis.  

Analysis of samples was conducted as follows. An aliquot of supernatant (1 μL) was analyzed for 

parent compound by LC-MS/MS using a Luna Omega C18 column (2.1 x 50 mm, 1.6 μm; Phenomenex, 

00B-4747-B0) with 0.1% formic acid/water and 0.1% formic acid/acetonitrile gradient system, and a 

TQ6500+ triple quad mass spectrometer (positive ionization mode). In the case of TR-107, the parent 

compound and internal standard (IS) were detected with electrospray ionization in positive mode (ESI+) 

using multiple-reaction monitoring (MRM) of mass transition pairs at m/z of 391.2/247.2 (TR- 107) and 

271.1/172.0 (IS, tolbutamide) amu. The calibration curve was obtained by spiking known concentrations 

(2 to 2000 ng/mL) of TR-107 into blank mouse plasma. The PK parameters including Area Under the 

Curve (AUC(0-infinity)) elimination half-life (t1/2), maximal plasma concentration (Cmax), and oral 

bioavailability (F%) were analyzed by non- compartmental methods.  

Protein Binding Studies to Plasma Proteins  

Protein binding studies were performed by Eurofins Panlabs, Inc. This assay utilizes equilibrium 

dialysis in a microplate format, as previously described132. Briefly, this analysis is used to determine the 

bound and unbound fraction of the drug and calculate the percentage of the test compound binding to 

murine plasma proteins.  

Mouse Xenograft Studies 

Mice 

 Female athymic nude mice (Crl:NU(Ncr)-Foxn1nu, Charles River) were eight weeks old with a 

body weight (BW) range of 19.0 to 27.0 grams on Day 1 of the study. Animals were fed ad libitum water 

(reverse osmosis, 1ppm Cl) and NIH 31 Modified and Irradiated Lab Diet® consisting of 18.0% crude 

protein, 5.0% crude fat, and 5.0% crude fiber. Mice were housed on irradiated Enrich-o’cobsTM Laboratory 
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Animal Bedding in static microisolators on a 14-hour light cycle at 20-22°C and 40-60% humidity. Charles 

River Discovery Services North Carolina (CR Discovery Services) specifically complies with the 

recommendations of the Guide for Care and Use of Laboratory Animals with respect to restraint, 

husbandry, surgical procedures, feed and fluid regulation, and veterinary care. Animal care and use 

program at CR Discovery Services is accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International. 

Tumor Cell Culture 

 MDA-MB-231 human breast adenocarcinoma cells were grown to mid-log phase in RPMI-1640 

supplemented with 10% FBS, 2 mM glutamine, 100 units/mL sodium penicillin G, 25 μg/mL gentamicin, 

100 μg/mL streptomycin sulfate, 0.075% sodium bicarbonate, 10 mM HEPES, and 1 mM sodium 

pyruvate. Cells were cultures in 37°C and 5% CO2. 

In Vivo Implantation and Tumor Measurement  

MDA-MB-231 cells were harvested during exponential growth and resuspended in cold, sterile 

DPBS. Each animal received an orthotopic injection of 5 x 106 cells (0.05 mL volume) into the mammary 

fat pad. Tumor growth was monitored as the average tumor size approached target range of 60-100 mm3. 

Tumors were measured in two dimensions via caliper and volume was calculated using the following 

formula:  

𝑇𝑢𝑚𝑜𝑟 𝑉𝑜𝑙𝑢𝑚𝑒 = !
!	#	$
%

 

Where w =width and l= length (mm) of the tumor. Tumor weight was estimated based on the 

assumption that 1 mg = 1 mm3. Fourteen days later (Day 1), animals were sorted into groups (n=10 per 

group) with a mean tumor volume of 70-73 mm3. 

Treatment 

 Mice began dosing on Day 1 as summarized in Table S3.1. Compounds were administered orally 

(p.o.) in a dosing volume of 10 mL/kg. Twice daily doses (B.I.D) were administered at least 6 hours apart. 

Endpoint and Tumor Growth Delay (TGD) Analysis 

 Tumors were measured using calipers biweekly and animals were euthanized upon reaching 

tumor volume >1500 mm3 or on the final study day (Day 36), whichever came first. Time to endpoint 
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(TTE) for analysis was calculated for animals that exited the study due to tumor volume using the 

following equation:  

𝑇𝑇𝐸 =	
𝑙𝑜𝑔&'(𝑒𝑛𝑑𝑝𝑜𝑖𝑛𝑡	𝑣𝑜𝑙𝑢𝑚𝑒) − 𝑏

𝑚  

Where TTE is expressed in days, endpoint volume is expressed in mm3, b is the y- intercept, and 

m is the slope of the line obtained by linear regression of a log- transformed tumor growth data set. This 

dataset consisted of the first observation that exceeded 1500 mm3 and the preceding three consecutive 

measurements. Animals that did not reach the tumor volume threshold were assigned a TTE value of 36 

days (equivalent to study end). In instanced where this equation yields a TTE day preceding the day prior 

to reaching endpoint or exceeded the day of reaching endpoint, a linear interpolation was performed to 

approximate TTE. Animals documented as having died of non-treatment-related causes due to accident 

or unknown etiology were excluded from TTE calculations and all further analysis. Animals documented 

having died due to treatment-related deaths or non-treatment-related due to metastasis were assigned a 

TTE value equivalent to day of death. Treatment outcome was evaluated from tumor growth delay (TGD) 

defined as the increase in the median TTE. In the treatment group compared to the control group.  

Sampling  

On Day 36, all animals in all groups were sampled. Tumors were excised, divided into two parts, 

and weighed. Part 1 was preserved in 5 mL fixative solution (4% formaldehyde, 2% glutaraldehyde in 

0.1M cacodylate buffer) and stored at 4°C. Part 2 was trimmed to be less than 0.5 cm in at least one 

dimension, submerged in 5 volumes of RNAlater solution, and stored at -20°C.  

Statistical Analysis  

Statistical analysis for viability, mitochondrial respiration, ClpP activity assays, and animal studies 

was performed using Prism 9 (GraphPad, San Diego, CA, USA). Analysis of pharmacokinetic data was 

performed using FDA certified pharmacokinetic program Phoenix WinNonlin 7.0 (Pharsight, Mountain 

View, CA, USA). In the mouse xenograft study, study groups experiencing toxicity beyond acceptable 

limits (>20% group mean BW loss or >10% treatment-related deaths) or having fewer than five evaluable 

observations were not included in statistical analysis. Survival was analyzed by Kaplan- Meier method 

and logrank (Mantel-Cox) test was used to determine significance between overall survival experiences 

based on TTE values.  
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Statistical Analysis 

Statistical analysis for viability, mitochondrial respiration, ClpP activity assays, and animal studies 

was performed using Prism 9 (GraphPad, San Diego, CA, USA). Analysis of pharmacokinetic data was 

performed using FDA certified pharmacokinetic program Phoenix WinNonlin 7.0 (Pharsight, Mountain 

View, CA, USA). In the mouse xenograft study, study groups experiencing toxicity beyond acceptable 

limits (>20% group mean BW loss or >10% treatment-related deaths) or having fewer than five evaluable 

observations were not included in statistical analysis. Survival was analyzed by Kaplan- Meier method 

and logrank (Mantel-Cox) test was used to determine significance between overall survival experiences 

based on TTE values.  
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3.5 Figures and Tables 
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Figure 3.1. New TR compound analogs potently inhibit breast cancer cell growth in a ClpP-
dependent manner. A) Comparison of novel TR compound chemical structures to ONC201 and analogs. 
Cell viability assays of (B) Wildtype (WT) and (C) ClpP knockout (ClpP-KO) MDA-MB-231 and SUM159 
cells. Cells were treated with indicated drug concentrations for 72 hours and imaged following addition of 
Hoechst stain as described in Materials and Methods. Values represent mean ± SEM normalized to 
DMSO control, representative of N=3. D) IC50 values in WT cells for compounds represented in panel B. 
Values represent mean IC50 value (nM), N=3. *ONC201 IC50 in MDA-MB-231 cells obtained from data 
shown in Figure 4D, and IC50 of ONC201 in SUM159 cells was previously published28. E) Cell viability 
assay of C3Tag cells following TR-107 and paclitaxel treatment. Cells were treated with drug 
concentrations as indicated for 72 hours and imaged following Hoechst stain addition. Representative of 
N=2. Average IC50 values indicated to the left and right of the graph for paclitaxel and TR-107, 
respectively.  
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Figure 3.2. New TR compounds are potent activators of mitochondrial ClpP. A) In vitro ClpP activity 
assays were performed as described in Materials and Methods using fluorescent casein-FITC. Increase in 
fluorescent intensity relative to DMSO controls is shown; values represent mean ± SEM for technical 
replicates. EC50 values are presented in the table to the right. B) Left panel- surface plasmon resonance 
(SPR) sensorgrams for TR-107 binding to recombinant human ClpP coupled on the chip. Right panel- 
binding curves are shown as response units (RU) vs. ligand concentration at steady state and fitted to a 
one-site Langmuir binding model. The apparent Kd value obtained from the fit is shown.  
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Figure 3.3. TR-107 induces loss of mitochondrial proteins in TNBC cells in a ClpP-dependent 
manner. Triple-negative breast cancer cells MDA-MB-231 (A, C) and SUM159 (B, D) were treated with 
10 µM ONC201 or 100 nM TR-107 for indicated time points (A, B) or indicated doses (C, D) of ONC201 
and TR-107 for 24 hours and immunoblot was performed for various mitochondrial proteins. 
Representative of N=3. 
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Figure 3.4 TR-107 reduces mitochondrial metabolic functions in MDA-MB-231 cells. Oxygen 
consumption rate (OCR) of MDA-MB-231 cells treated with DMSO or TR-107 at indicated concentrations 
for 24 hours was measured by Seahorse XK Analyzer as described in Materials and Methods. Traces of 
oxygen consumption data following TR-107 treatment in (A) WT and (B) ClpP-KO MDA-MB-231 cells, 
representative of N=3 experiments. Indicated compounds were added at concentrations described in 
Materials and Methods. C) Bar charts of data shown in (A) and (B), values represent mean ± SEM, N=3. 
P-value < 0.05 (*), 0.001 (**). D) Cell viability assays (Hoechst stain, 72 hours) of MDA-MB-231 cells 
treated with ONC201 (left) or TR-107 (right) at indicated concentrations in media containing either 
glucose (black) or galactose (red). Values represent mean ± SEM, N=3. Average IC50 values are 
presented in table (right).  
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Table 3.1 Pharmacokinetic analysis of select compounds in mice. Each arm of pharmacokinetic 
studies were performed as described in Materials and Methods. Blood collection for ONC201 at 25 mg/kg 
(oral) was 0.083-4 hours. The TR compounds were administered intravenously (“i.v.”) (2.0 mg/kg) or by 
oral gavage (“oral”) (10 mg/kg) in vehicle, described in Materials and Methods. *A 2.5X increase in oral 
gavage dose gave a 46X increase in exposure (AUC). Three male ICR mice were utilized per study arm.  
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Figure 3.5. TR-107 prevents tumor growth in MDA-MB-231 xenograft model. A) Box-and-whisker plot 
of tumor volume (mm3) of MDA-MB-231 xenografts following TR-107 treatment at indicated 
concentrations at Day 26 (Table S3.1). N=8 (Group 1) and 10 (Groups 2, 3). B) Average tumor volume 
following TR-107 administration as described in Methods. The tumor volume threshold (1500 mm3) is 
indicated by dashed line. N=10 per group. Values represent mean ± SEM. C) Kaplan-Meier graph of 
mouse survival following TR-107 administration as described in Methods and Table S3.1. Long-rank 
(Mantel-Cox) p-value of 0.0163. Individual mice were recorded as leaving the study following death, 
tumor volume exceeding threshold (1500 mm3), or end of study period. D) Box-and-whisker plot of 
relative mitochondrial DNA (mtDNA) copy number present in mouse xenograft lysate following conclusion 
of mouse study. N=9 (Group 1) and N=10 (Group 3). E) Immunoblot (top) from tumor lysates of mouse 
xenografts following administration of vehicle control or 8 mg/kg TR-107. Each animal ID represented an 
individual mouse. Two images are shown for HMGCS1 representing a short exposure (“short exp”) and 
long exposure (“long exp”).  Quantification of these blots is shown in the box-and-whisker plot (bottom) 
with indicated p-values (<0.05 (*) and 0.01 (**)).  
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Figure S3.1 TR compounds do not induce cell death in breast cancer cell lines. A) Chemical 
structures of ClpP activators ADEP28 and D9. B) Total cell count assay in SUM159 and MDA-MB-231 
cells (WT and ClpP-KO). Cells were treated with indicated drug concentrations for 0, 24, 48, and 72 hours 
and counted using Hoechst stain. Values represent mean cell count ± SEM, Representative of N=2. C) In 
vitro caspase-3/7 activity assay in SUM159 and MDA-MB-231 cells (WT and ClpP-KO). Cells were 
treated with 10 µM ONC201, 150 nM TR-57, 100 nM TR-107 or 100 nM staurosporine for 24 hours and 
caspase activity was measured via fluorometric caspase activity assay. Values represent mean 
fluorescence value ± SEM, N=3, p-value < 0.05 (*), 0.01(**), 0.0001 (****) 
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Figure S3.2. ONC201, TR-107 and TR-57 induce loss of mitochondrial proteins in TNBC cells in a 
ClpP-dependent manner. MDA-MB-231 and SUM159 cells were treated with 150 nM TR-57, for 
indicated timepoints (A) or with indicated doses for 24 hours (B) and immunoblot was performed for 
mitochondrial metabolic proteins. MDA-MB-231 cells were treated with 10 µM ONC201, 150 nM TR-57, or 
100 nM TR-107 for indicated timepoints and immunoblotted for (C) NDUFS3 and (D) HSP60. (E) MDA-
MB-231 cells treated with indicated concentrations of ONC201 or TR-107 for 24 hours were 
immunoblotted for POLRMT. N=3 (A, B) and N=2 (C-E).  
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Figure S3.3. TR-107 inhibits tumor growth in MDA-MB-231 mouse xenograft model. A) Graphs of 
individual tumor volume measurements at indicated time points. Each color represents a single mouse 
participating in the study, N=10 per group. B) Average change in body weight compared to initial 
measurement of mice receiving vehicle (Group 1) or TR-107 treatment (Group 2 (4 mg/kg) or Group 3 (8 
mg/kg)) at indicated time points. Values represent average ± SEM. N=10 per group. C) Murine plasma 
protein binding profile of TR-107 and control compounds (Warfarin, acebutolol, and quinidine). Values 
represent mean of N=2 replicates.  
  



 
 
 
 

65 

Table S3.1. TR-107 dosing and treatment protocol for murine MDA-MB-231 xenograft study. All 
compounds were dissolved in vehicle as described in Methods and were administered orally (P.O.) to 10 
mice per group on schedules indicated.   
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CHAPTER 4: MULTI-OMICS ANALYSIS OF CLPP ACTIVATION IN TRIPLE-NEGATIVE BREAST 
CANCER CELLS3 

 

4.1 Introduction 

 Metabolic reprogramming was first characterized in cancer cells in the 1920s following the 

identification of increased glycolytic dependence under aerobic conditions45,46,49. Known as the Warburg 

effect, aerobic glycolysis has been confirmed in many rapidly proliferating cell types, but is widely debated 

as cancer cells often retain functional mitochondria and exhibit sensitivity to mitochondria-targeting 

compounds49,133–135. It has been proposed that the observed upregulation in glycolysis serves to increase 

adenosine triphosphate (ATP) as well as production of glycolytic intermediates required for anabolic 

processes, including the tricarboxylic acid (TCA) cycle, amino acid, nucleotide, and lipid 

biosynthesis49,54,136. Cancer dependencies on other metabolic processes have been identified, including 

glutaminolysis, serine biosynthesis, and nicotinamide adenosine dinucleotide (NAD+), and this hypothesis 

continues to be investigated54. The identification of metabolic pathways as vulnerabilities in cancer cells 

has led to the development of numerous metabolism-specific anticancer approaches (approved or in 

trials) which target mitochondrial metabolic pathways, including oxidative phosphorylation (OXPHOS) 

(e.g., metformin), TCA cycle (e.g., CPI-613), and glutaminolysis (e.g., CB-839)51,54. 

 ONC201 was initially discovered in a TRAIL induction screen60 and while showing anticancer 

efficacy in multiple cancer models, its mechanism of action was largely undefined when it entered 

into Phase I clinical trials14,16,59. Greer et al. were the first to demonstrate specific effects of ONC201 

on mitochondrial function 22. Recently, ONC201 and its structural analogs (the TR compounds) were 

identified as highly specific activators of the mitochondrial protease ClpP28,29,137. ClpP forms a 

complex with ClpX, an ATP-dependent unfoldase that facilitates proteins insertion into the 

 
3This chapter has previously appeared as an article in Front. Pharmacol. The original citation is as follows: Fennell EMJ, Aponte-
Collazo LJ, Pathmasiri W, Rushing BR, Barker NK, Partridge MC, Li YY, White CA, Greer YE, Herring LE, Lipkowitz S, Sumner 
SCJ, Iwanowicz EJ, Graves LM. Multi-omics Analyses Reveal ClpP Activators Disrupt Essential Mitochondrial Pathways in Triple-
Negative Breast Cancer Cells. Front. Pharmacol. 2023; 14. doi: 10.3389/fphar.2023.1136317   
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tetradecameric core of ClpP where they are subsequently degraded31,33,76. The proteolytic activity of 

ClpP not only serves to maintain protein homeostasis within the mitochondria, but is known to induce 

the mitochondrial unfolded protein response (UPRmt) and integrated stress response (ISR), leading 

to further transcriptional regulation of metabolic and mitochondrial quality control-related 

genes21,42,43,138,139. In mammalian cells, activating transcription factor 4 (ATF4) has been identified as 

the key regulator of ISR67 , and we and others have shown ClpP-dependent induction of ATF4 in 

TNBC cells following ClpP activation137. 

 Activation of ClpP in multiple cancer cell models leads to nonspecific degradation of 

mitochondrial proteins, including OXPHOS subunits29,140,141. We have shown the more potent 

activators of ClpP (TR compounds) result in depletion of mtDNA in vivo, as well as a ClpP-

dependent loss of oxygen consumption rate (OCR) and protein-level expression of many 

mitochondrial metabolic, transcriptional, and homeostatic proteins in triple-negative breast cancer 

(TNBC) cells137. Further investigation into the mechanism of the TR compounds revealed a ClpP-

dependent dysregulation of metabolic pathways including one-carbon metabolism, proline 

biosynthesis, and the mevalonate pathways in TNBC cells, leading to inhibition of breast cancer 

stem cell function142. 

 The paradigm of the UPRmt involves increased mito-nuclear signaling, protein-level changes, 

and metabolic remodeling21,42,43,138. Consistent with this, multiple studies have reported protein- and 

transcript-level perturbations following ONC201 or TR compound treatment in multiple cancer 

models18,19,22,28,29,137,141,142. The dysregulation of mitochondrial metabolic activity, protein level, and 

transcriptomic profiles in a wide variety of cancer cell models indicates the need to investigate the 

full scope of perturbations occurring in cancer cells following ClpP activation. Multi-omics data 

analysis approaches are a valuable tool for interrogating pathways altered by drug exposures, 

genetic variation, and disease states55,58. Utilization of a multi-omics approach to analyze the 

proteomic, transcriptomic, and metabolomic landscapes of TNBC cells treated with ONC201 or TR-

57 provides the opportunity to achieve a broad understanding of cellular processes altered by ClpP 

activation. 



 
 
 
 

68 

 The objective of this study was to complete a multi-omics profile of TNBC cells following 

pharmacological ClpP activation. We performed individual analyses of proteomic, transcriptomic, 

and metabolomic data, as well as multi-omics data analysis using MetaCore pathway analysis 

software. The data presented herein demonstrates a comprehensive analysis of proteomic, 

transcriptomic, and metabolomic perturbations in wildtype (WT) and ClpP knockout (ClpP-KO) TNBC 

cells. Our multi-omics analysis identified significant alterations in mitochondrial metabolic processes, 

including TCA cycle, (S)-citrulline metabolism, amino acid metabolism, ATF4 induction, and heme 

biosynthesis. 

4.2 Results 

Multi-omic Analyses Reveal Loss of Mitochondria-specific Functions Following ClpP Activation in TNBC 

Cells 

 To gain a better understanding of the biological consequences of ClpP activation in cancer cells, 

we compared the effects of 2 well characterized ClpP activators in a model of TNBC. Wildtype SUM159 

(WT) and SUM159 ClpP-knockout (ClpP-KO) cells were treated with 10 μM ONC201 or 150 nM TR-57 

(~10 fold higher than the respective IC50 value previously determined for each compound28) for 24 hours. 

Following extraction, LC-MS analysis and protein/metabolite identification were performed to obtain the 

proteomics and metabolomics datasets as described in Methods. In parallel, RNAseq was performed on 

mRNA isolated from treated cells to obtain the transcriptomics data (Fig. 4.1). From these studies, 

approximately 8000 proteins and 7700 transcripts were quantified in each condition. Approximately 4100 

metabolites were measured, 3218 which were matched to specific metabolites using an in-house library 

or public databases, and 588 were utilized for metabolomics analysis (ontology levels OL1, OL2a/2b, and 

PDa; see Materials and Methods and Supplemental Data 6). Additionally, phosphoproteomics analysis 

was performed on these samples, which yielded ~17,000 phosphopeptides (Fig. S4.1). 

Proteomics 

 Analysis of the total proteomics revealed significant differences between WT and ClpP-KO 

SUM159 cells treated with either ONC201 or TR-57 (Fig. 4.2A). Of the ~8000 proteins quantified, many 

proteins were significantly downregulated (Log2(fold change) ≤ -0.5 and p-value ≤0.05) in ONC201 and 

TR-57 treated cells compared to DMSO control (572 and 686 proteins for ONC201 and TR-57 treated 
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cells, respectively). In comparison, only 113 and 191 (ONC201 and TR-57, respectively) proteins were 

found to be significantly upregulated (Log2(fold change) ≥0.5 and p-value ≤0.05). Overall ClpP activation 

with ONC201 or TR-57 influenced protein changes in a highly similar manner, with 55 upregulated and 

380 downregulated proteins in common (Fig. 4.2B). By contrast, very few proteins were significantly 

affected by either ONC201 or TR-57 treatment in ClpP-KO cells, suggesting the proteome changes 

observed in WT cells upon treatment are a direct result of ClpP activation. ONC201 treated ClpP-KO cells 

showed only 19 significantly upregulated and 0 significantly downregulated proteins, whereas TR-57 

treated ClpP-KO cells showed only 1 significantly perturbed protein in either direction (Fig. 4.2A).  

 Gene ontological (GO) analysis of this data indicated a significant downregulation in 

mitochondrial proteins as expected for activation of a mitochondrial matrix protease (Fig. S4.2A). In 

addition to proteins involved in mitochondrial translation, GO analysis of significantly downregulated 

proteins revealed enrichment in the oxidative phosphorylation pathway, consistent with previous data that 

ONC201 and TR compounds reduce OXPHOS in TNBC and other cells22,29,137,142. Proteins significantly 

downregulated by ONC201 and TR-57 treatment included ATPase Inhibitor (ATPIF1), mitochondrial 39S 

ribosomal protein L12 (MRPL12), and mitochondrial elongation factor Tu (TUFM) (Fig. S4.2B). GO 

analysis of the upregulated proteins demonstrated increases in mainly nuclear, cytosolic, and membrane 

proteins following ClpP activation, including the proteins Niban 1 (NIBAN1), peroxisome proliferator-

activated receptor delta (PPAR-δ), growth/differentiation factor 15 (GDF15) and others (Fig. S4.2A,B). 

 Analysis of the phosphoproteomics dataset identified changes in protein phosphorylation and 

kinase activity (Fig. S4.1A). From our dataset of ~17,000 phosphopeptides, we identified >800 

significantly upregulated and >1000 significantly downregulated phosphopeptides across both ONC201 

and TR-57 treatments in WT SUM159 cells. Between both treatments, 245 upregulated and 477 

downregulated phosphopeptides were observed (Fig. S4.1B). Conversely, only 54 significantly 

upregulated phosphopeptides and 109 significantly downregulated phosphopeptides were found in ClpP-

KO SUM159 cells across both treatments.  

Using RoKAI143 to identify patterns of kinase activity from our phosphoproteomics data, we found 

evidence for activation of multiple kinases in WT SUM159 cells treated with either ONC201 or TR-57 (Fig. 

S4.1C), including ATM, ATR, AMPK, CK2, MAPKAPK2 and others. Similarly, RoKAI predicted the 
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kinases CDK2, CDK4, and AurB to be inactivated under these same conditions. Many of these 

predictions were determined to be ClpP-dependent, as ClpP-KO cells treated with ONC201 or TR-57 

showed few predicted changes in kinase activity following treatment (Fig. S4.1C).  

Further, Multiplexed kinase inhibitor beads (MIBs)144 were utilized to profile the effects of ClpP activation 

on kinase expression in WT SUM159 cells following 30 minutes, 3 hours, and 24 hours of treatment with 

ONC201 or TR-57. We observed a high degree of similarity between ONC201 and TR-57 treatments (Fig. 

S4.1D). Consistent with RoKAI analysis, we observed a decline in CDK2, CDK4, and AurB. 

Transcriptomics 

 RNAseq was performed on mRNA isolated from both WT and ClpP-KO cells following a 24-hour 

treatment with either 0.1% DMSO, 10 μM ONC201, or 150 nM TR-57. Volcano plots of the processed 

data showed significant changes in the WT cells following ONC201 and TR-57 treatment (Fig. 4.2C). 

Specifically, >700 and >1000 transcripts were significantly altered in ONC201 or TR-57 treated WT cells, 

respectively. Of these, 501 upregulated transcripts were identical between both treatments, whereas 492 

downregulated transcripts were common (Fig. 4.2D). Again, ClpP-KO cells showed greatly reduced 

statistically significant changes, with <220 upregulated and <130 downregulated transcripts following 24-

hour treatment. To investigate short-term effects of ClpP on the transcriptome, we performed 

transcriptomic analysis following 1 hour of ONC201 or TR-57 treatment in WT and ClpP-KO SUM159 

cells (Fig. S4.3). In these early timepoints, we observed significant upregulation of 80 and 115 genes in 

WT cells treated with ONC201 and TR-57 respectively, as well as significant downregulation of 174 and 

200 genes in these same samples. ClpP-KO SUM159 showed significant changes in 83 upregulated and 

94 downregulated genes following ONC201 treatment, and 115 upregulated and 113 downregulated 

genes in TR-57 treated cells. Significant overlap of changes occurring in WT cells treated with both drugs 

was seen; however, significant overlap was not observed between WT and ClpP-KO treated cells (Fig. 

S4.3B,C). GO analysis of 1 hour transcript changes reveals significant downregulation of cytosolic 

transcripts in both ONC201 and TR-57 treated WT cells. Additionally, significant upregulation of cytosolic 

and nucleoplasmic transcripts was observed in ONC201 and TR-57 treated WT cells, respectively (Fig. 

S4.3D). Comparison of the 1 hour and 24 hour treatments with either ONC201 or TR-57 in WT cells did 

not reveal significant overlap of transcriptional changes (data not shown). Further investigation into 
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transcriptomic changes following ClpP activation with additional timepoints is necessary to better 

characterize the temporal regulation of transcription following ClpP activation in TNBC cells.  

 GO analysis of the significantly up- and downregulated transcripts from WT cells revealed that 

many these transcripts are nuclear or cytosolic. In contrast to our proteomics results, the most 

significantly downregulated transcripts were those encoding proteins localized to the cytoplasm, cell 

membrane, nucleus and other non-mitochondrial organelles (Fig. S4.2C, D). Additionally, these same 

subcellular localizations were significantly enriched in the analysis of upregulated transcripts (Fig. S4.2C), 

including transcripts for FLRT1, SKIL, SLC25A6, SLC6A9, and ASNS (Fig. S4.2D). Transcriptomic results 

also showed significant downregulation of some nuclear-encoded transcripts for mitochondrial proteins; 

however, this was not observed to the same extent as the proteomics data (Fig. S4.2A, C). 

Metabolomics 

 Individual analysis of the metabolomics data (specifically, ontology levels OL1, OL2a/b, PDa; see 

Materials and Methods) showed significant ClpP-dependent downregulation of specific metabolites 

related to mitochondrial function (Fig. 4.2E). Metabolomics data from WT cells showed a high degree of 

overlap between ONC201 and TR-57 treatment conditions, with 30 upregulated metabolites and 46 

downregulated metabolites consistent across conditions (Fig. 4.2F). We observed decreases in ascorbic 

acid, propionylcarnitine, and ureidosuccinic acid (Fig. S4.2E), metabolites which are involved in redox 

balance, acylcarnitine metabolism, and aspartic acid catabolism, respectively. Our metabolomics analysis 

also showed a significant upregulation in a-ketoglutarate and 2-hydroxyglutaric acid, two key metabolites 

linked to TCA cycle dysfunction and epigenetics regulation54,145. Significant changes in multiple di- and 

tripeptides was also observed. 

Multi-omics Comparative Analysis Reveals Significantly Altered Mitochondrial Metabolism in TNBC Cells 

 To further evaluate the effects of ClpP activation on TNBC cells, MetaCore pathway analysis 

software was used to perform multi-omics analysis of all the data from ONC201 and TR-57 treated WT 

and ClpP-KO SUM159 cells. Each cell line and treatment group were analyzed in comparison to their 

respective DMSO control, and observations meeting significance criteria from all three datasets 

(proteomics, transcriptomics, and metabolomics) were used for each analysis when available. From this 

analysis, the top 50 significantly altered endogenous metabolic networks (EMNs) were identified by 
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MetaCore software, with 42 of these 50 EMNs occurring in both ONC201 and TR-57 treated WT SUM159 

cells (Fig. 4.3). From this analysis we detected significant perturbations in pathways involving amino acid 

metabolism and transport, TCA cycle, glycosphingolipid, citrulline, and sucrose metabolism (Table 4.1). 

To determine ClpP-dependence of these EMN perturbations, we performed the same MetaCore analysis 

for ClpP-KO cells treated with ONC201 or TR-57. This yielded no significant EMNs for ONC201 treated 

ClpP-KO SUM159 cells. Additionally, proteomics observations meeting the significance criteria for TR-57 

treatment did not occur in ClpP-KO SUM159 cells. For these reasons, MetaCore analysis of ClpP-KO 

SUM159 cells was performed using only transcriptomic and metabolomic datasets (Fig. S4.4, Table 

S4.1).   

Within these pathways, multiple proteins, transcripts, and metabolites were identified as 

significantly up- or downregulated in WT cells through MetaCore EMN analysis (Fig. 4.3). Analysis of 

these pathway changes showed that significant perturbations in all three datasets contributed to their 

enrichment (Fig. 4.4). Within the TCA cycle, proteomic downregulation was observed for citrate synthase 

(CS), isocitrate dehydrogenase 2 (IDH2), α-ketoglutarate dehydrogenase (αKGDH), succinyl-CoA 

synthetase (CSC), succinate dehydrogenase A (SDHA), fumarate hydratase (FH), and malate 

dehydrogenase (MDH) (Fig. 4.4A), consistent with previous observations by immunoblot137 and BioID29. 

Significant proteomic downregulation of aconitase (ACO2) was observed in both ONC201 and TR-57 

treated WT SUM159 cells (Fig. 4.4A). Additionally, transcriptomic downregulation was observed for many 

of these TCA cycle enzymes, including significant downregulation of CS in TR-57 treated cells and 

αKGDH and SDHA in ONC201 treated cells (Fig. 4.4A). Suggesting potential compensation towards 

glycolysis, β-enolase (ENO3) showed significant proteomic upregulation following both ONC201 and TR-

57 treatment. Similarly, phosphoenolpyruvate carboxykinase (PEPCK) showed significant transcriptomic 

upregulation following both treatments. Metabolites including citrate, succinate, and 3-phosphoglycerate 

were significantly decreased following both ONC201 and TR-57 treatment in WT cells while α-

ketoglutarate was significantly upregulated. Glucogenic amino acids tryptophan and glutamic acid were 

both significantly upregulated while serine was significantly downregulated. The ketogenic amino acid 

leucine was significantly upregulated (Fig. 4.4A). While also identified as a significant EMN for TR-57 



 
 
 
 

73 

treated ClpP-KO SUM159 cells, this was on the basis of one transcript and one metabolite being present 

in the data (Fig. S4.4).  

Pyrimidine Metabolism 

Our data analysis identified that the de novo pyrimidine synthesis and scavenging pathway, a 

cytoplasmic and mitochondrial metabolic pathway, was significantly downregulated (Fig. 4.4B). We 

observed the trend of proteomic downregulation amongst most enzymes involved in this pathway and 

significant transcriptomic downregulation of cytidine deaminase (CDA). Substrates and metabolites of de 

novo pyrimidine biosynthesis, including aspartic acid, ureidosuccinic acid, and dihydroorotate, were 

downregulated as well as uridine and cytidine.  

Citrulline Pathway 

The (S)-citrulline pathway/urea cycle, another mitochondrial and cytosolic pathway, showed many 

significant changes following ONC201 or TR-57 treatment (Fig. 4.4C). A consistent protein-level 

downregulation was observed with delta-1-pyrroline-5-carboxylate synthase (P5CS) and ornithine 

decarboxylase (ODC) following TR-57 and ONC201 treatment, respectively. P5CS and ODC are part of 

the glutamine catabolic pathway leading to citrulline biosynthesis. Moreover, pyrroline-5-carboxylate 

reductase (PYCR2), part of the proline biosynthesis pathway was strongly downregulated consistent with 

a previous report in TNBC cells142. Mitochondrial arginase 2 (ARG2) was significantly increased at the 

proteomic level following both compound treatments. In comparison, upregulation of PYCR2 and 

argininosuccinate synthetase (ASS1) was observed at the transcriptomic level, whereas significant 

transcriptomic downregulation was also observed with guanidinoacetate N-methyltransferase (GAMT) 

and P5CS following ONC201 treatment. Glutamic acid and homocitrulline were both significantly 

upregulated in the metabolomic data following compound treatment, while argininosuccinic acid (ARS) 

was significantly decreased. S-adenosylmethionine, the methyl-donor in the reaction catalyzed by GAMT, 

was also significantly upregulated following both compound treatments. The S-citrulline pathway was also 

identified as significant in the EMN analysis of ClpP-KO SUM159 cells treated with TR-57. However, 

similar to the TCA cycle, this was due to the presence of one metabolite and three transcripts (Fig. S4.4). 
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ClpP Activation Induces ATF4 Expression and Affects ATF4-dependent Gene Expression 

 MetaCore pathway analysis revealed significant changes in amino acid metabolism following 

pharmacological ClpP activation (Fig. 4.3B, Table 4.1). EMN analysis showed significant perturbations in 

proteins and transcripts including ASNS, SHMT2, GPT2, and phosphoserine aminotransferase (PSAT1), 

genes whose expression have been previously reported to be ATF4-dependent67,146,147. Further 

investigation of the proteomic and transcriptomic data revealed that many ATF4-dependent genes were 

significanwtly upregulated at both the transcript- and protein-level following activation of ClpP with 

ONC201 or TR-57 (Fig. 4.5A). Consistent with these data, the induction of ATF4 and ASNS was validated 

at the protein level by immunoblotting (Fig. 4.5B). ASNS protein expression was induced in WT SUM159 

but not ClpP-KO SUM159 cells following 24-hour treatment with either 10 μM ONC201 or 150 nM TR-57. 

Additionally, increases in ASNS were not observed in WT SUM159 cells treated with an ATF4 siRNA prior 

to ONC201 or TR-57 incubation, indicating that expression of these proteins was ATF4-dependent (Fig. 

4.5B). ATF4 regulates a number of processes, and further investigation into potential additional ATF4 

substrates146 identified multiple significantly upregulated enzymes involved in metabolic processes (e.g., 

PEPCK2), autophagy (e.g., p62), and redox homeostasis (e.g., HMOX) (Fig. 4.5C). 

MetaCore Pathway Analysis Identifies Multiple Amino Acid Metabolic Pathways Affected by ONC201 or 

TR-57 

 MetaCore pathway analysis identified amino acid metabolism, including serine metabolism, as 

significantly affected by ONC201 and TR-57 treatment (Table 4.1). Significant upregulation of PSAT1 

(Fig. 4.5A,C) through ATF4 indicates a potential upregulation of the serine biosynthetic pathway (Fig. 

S4.5A). We observed significant upregulation of phosphoglycerate dehydrogenase (PHGDH), and PSAT1 

at both the proteomic and transcriptomic level and phosphoserine phosphatase (PSPH) at the proteomic 

level. Additionally, we observed significant loss of 3-phosphoglycerate and serine following ONC201 and 

TR-57 treatment. Recently, Pacold et al. identified a novel PHGDH inhibitor, NCT-503148, and 

demonstrated its ability to inhibit cell growth in TNBC cells highly expressing PHGDH, but not in TNBC 

cells expressing low levels of PHGDH. Because ONC201 and TR-57 induce PHGDH expression in 

SUM159 cells, we investigated whether NCT-503 would further sensitize SUM159 cells to TR-57 or vice 

versa. Despite using relatively high levels of NCT-503 (up to 50 μM), SUM159 cells were not inherently 
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sensitive to NCT-503 (Fig. S4.5B). Additionally, treatment of SUM159 cells with 150 nM TR-57 did not 

alter the IC50 of cells to NCT-503, nor did 10 μM NCT-503 affect the IC50 of cells to TR-57 (Fig. S4.5B). 

ONC201 and TR-57 Affect the Heme Biosynthetic Pathway in TNBC Cells 

 MetaCore pathway analysis also revealed significant changes in glycine pathways and cellular 

transport following ClpP activation. Glycine and succinyl-CoA are substrates required for heme 

biosynthesis through the rate-limiting enzyme ALAS1. Our proteomics data revealed that ALAS1, PPO, 

and FECH, three key enzymes required for heme biosynthesis, were downregulated following ONC201 

and TR-57 treatment. By contrast, the transcript levels of ALAS1, PPO, and FECH, were not significantly 

changed following ONC201 or TR-57 treatment, suggesting that loss of these proteins is due to 

degradation caused by ClpP activation (Fig. 4.6A). Immunoblot analysis validated ONC201 and TR-57 

mediated ALAS1 decline in WT, but not in ClpP KO SUM159 cells (Fig. 4.6B), consistent with previous 

reports of ClpP degrading ALAS141,149,150. The downregulation of ALAS1 occurred as early as 30 minutes 

of treatment with TR-57 in WT, but not knockout SUM159 cells (Fig. 4.6D).  

Since LonP, another mitochondrial matrix protease, has also been reported to degrade ALAS1149–

151, we investigated whether the loss of ALAS1 was due to ClpP or LonP activation. To accomplish this, 

bortezomib (10 nM) was used to inhibit both LonP and the proteasome, whereas epoxomicin (1 μM) was 

used as an inhibitor of only the proteasome152–154. Neither of these co-treatments with ONC201 or TR-57 

prevented the loss of ALAS1 (Fig. 4.6B). LonP siRNA was also used to examine whether LonP was 

responsible for the observed loss of ALAS1 in WT SUM159 cells (Fig. 4.6C). Transient knockdown of 

LonP did not prevent the degradation of ALAS1 in WT SUM159 cells following treatment, indicating that 

the effect of ONC201 or TR-57 on ALAS1 was due to activation of ClpP.  

 Because our data identified components of the heme metabolic pathway as being significantly 

down-regulated by ONC201 and TR-57 treatment at the protein level, we next investigated whether 

inhibition of heme biosynthesis was required for growth arrest in response to these compounds. To 

accomplish this, we supplemented the cell media with hemin, a cell-permeable form of heme and 

examined the effects on cell growth inhibition following ONC201 or TR-57 treatment. Cell proliferation 

assays (72-hour) did not show restoration of cell growth following hemin supplementation (Fig. S4.6A). 

However, to further determine if hemin supplementation over an extended exposure would prevent 
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growth inhibition, we used long-term hemin exposure in crystal violet assays (Fig. S4.6B, S4.7). These 

results demonstrated that extended hemin supplementation did not counteract cell growth inhibition 

following ONC201 or TR-57 treatment in either WT SUM159 or MDA-MB-231 cells. 

4.3 Discussion  

 The mechanism of action of ONC201 has been proposed as dopamine receptor 

antagonism14,15,17, atypical activation of the ISR14,18,19, and more recently, ClpP agonism28,29. We and 

others have shown that ONC201 and the related TR compounds affect mitochondrial metabolic function 

(e.g., OXPHOS, TCA cycle) and mitochondrial protein levels in cancer models22,29,137,141,142. The current 

study utilized a comprehensive multi-omics approach to identify protein, transcript, and metabolite-level 

changes to further elucidate the specific mechanism of action of these compounds and identify potential 

cancer cell vulnerabilities resulting from ClpP activation.  

We identified many protein, transcript, and metabolite perturbations occurring in TNBC cells 

following a brief (24-hour) exposure to ONC201 or TR-57. These perturbations were determined to be 

largely ClpP dependent as most were not observed in ClpP-KO cells (Fig. 4.2). We previously showed 

ONC201 and TR compound treatment result in similar phenotypic responses in TNBC cells137,142 and 

comparisons of the responses to these structurally distinct ClpP activators in WT SUM159 cells 

demonstrated highly similar responses to these compounds. Thus, our data further illustrates the high 

degree of specificity of these compounds for ClpP and confirm that this is the major target protein for 

these molecules in cancer cells. 

 GO analysis of significantly downregulated proteins revealed multiple mitochondrial proteins, 

including mitochondrial matrix and inner membrane proteins, in both treatments. Mitochondrial translation 

and mitochondrial protein transport were identified as significantly downregulated at the proteomic level 

(Fig. S4.2A). Significant decreases in nuclear-encoded mitochondrial transcripts were also identified (Fig. 

S4.2C), however, the number of identified transcripts does not fully account for the overall observed 

decline in mitochondrial proteins, supporting the loss of mitochondrial protein as due to direct proteolysis. 

In agreement with activation of the ISR or UPRmt, upregulated proteins and transcripts showed a strong 

enrichment for nuclear and cytosolic components, as well as non-mitochondrial organelles (e.g., 
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endoplasmic reticulum and Golgi apparatus) and membrane components, as a likely compensatory 

response to this stress. 

 Multi-omics analysis using MetaCore pathway analysis identified multiple metabolic networks that 

were significantly altered by ClpP activation in WT SUM159 cells, including amino acid biosynthesis and 

the (S)-citrulline pathway (Table 4.1, Fig. 4.3, 4.4). We also found that the TCA cycle was significantly 

downregulated at both the proteomic and transcriptomic level following ClpP activation. Additionally, we 

observed significant downregulation of TCA cycle intermediates citrate and succinate, and upregulation of 

α-ketoglutarate (Fig. 4.4A). Loss of succinate dehydrogenase (SDH), isocitrate dehydrogenase (IDH2), 

and ACO2 were previously reported following treatment with ONC201 or TR compounds29,137. The TCA 

cycle serves as a source for both anabolic metabolism intermediates as well as NADH and TR-57 has 

been reported to reduce NAD+ and NADH in a ClpP-dependent manner and induce redox imbalance in 

TNBC cells142. Decreased flux through the TCA cycle, as well as loss of SDH (complex II of the electron 

transport chain), could explain the observed loss of OXPHOS following ClpP activation22,137,141. 

 The citrulline pathway, including the urea cycle, was identified as a significantly perturbed 

pathway from our multi-omics analysis (Fig. 4.4C). We observed downregulation of arginosuccinate 

synthase 1 (ASS1) on a proteomic level, which is proposed to preserve aspartate levels in cancer cells for 

use in biosynthetic pathways. This proteomic decline was accompanied by a significant transcriptomic 

upregulation of ASS1 in WT cells following both ONC201 and TR-57 treatment. We also observed 

significant proteomic upregulation of arginase (ARG2) following ClpP activation. Additionally, we 

observed a significant decrease in both aspartate and argininosuccinate (Fig. 4.4C), which may be due to 

the significant upregulation of ASNS (Fig. 4.5), which depletes aspartate through conversion to 

asparagine. Loss of arginine synthesis was reported to suppress transcription of genes including those 

involved in OXPHOS, glycolysis, and nucleotide biosynthesis, and alterations in mitochondrial 

morphology155–157, potentially explaining some phenotypes previously observed following ClpP 

activation22,137,142. 

 Aspartate is also required for de novo pyrimidine biosynthesis, and further analysis of de novo 

and scavenging pathways of pyrimidine biosynthesis showed significant downregulation of metabolites 

including aspartate, dihydroorotate, uridine, and cytosine. We observed a proteomic downregulation of 
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CAD protein, a trifunctional enzyme facilitating the conversion of carbamoyl-phosphate to dihydroorotate. 

Interestingly, the key mitochondrial enzyme (DHODH) and 4th enzyme in the pyrimidine biosynthetic 

pathway, was not reduced in our proteomics analysis. Inhibition of de novo nucleotide biosynthesis has 

been widely investigated as an anticancer therapy and as a metabolic vulnerability to be exploited in co-

treatment development50,51. As pyrimidine nucleotides are required for continued cell proliferation, the 

observed downregulation of pyrimidine biosynthetic metabolites and enzymes could play a critical role in 

the mechanism by which ClpP activation leads to cell growth inhibition. 

 Dependence on serine biosynthesis was previously identified as a metabolic vulnerability in 

cancer models, including breast cancer51. We identified significantly decreased serine levels with 

significant proteomic and transcriptomic upregulation of the serine biosynthetic pathway in cells treated 

with ONC201 or TR-57 (Table 4.1, Fig. S4.5A). This is indicative of cells potentially upregulating this 

pathway to synthesize more serine for utilization by other pathways (e.g., tetrahydrofolate cycle, glycine 

synthesis, glutathione synthesis). Inhibition of PHGDH was reported to inhibit cell growth in cells highly 

expressing PHGDH148. We hypothesized that if dependence on serine biosynthesis is a metabolic 

vulnerability in cells treated with ClpP activators, that a combination treatment with NCT-503, a novel 

PHGDH inhibitor148, would sensitize cells to ClpP activators. We did not observe sensitization of WT 

SUM159 cells to TR-57, nor did TR-57 co-treatment sensitize cells to NCT-503. However, despite 

induction of PHGDH following TR-57 treatment, SUM159 may not express PHGDH to the extent required 

for cells to be sensitive to NCT-503 treatment alone148. Importantly, while our metabolomics data provided 

a snapshot of the metabolome following 24-hour treatment with ClpP agonists it cannot not reflect the 

actual flux through the serine biosynthetic pathway or the use of serine in other metabolic pathways, or 

the uptake of serine from cell growth media. Future studies involving more detailed analysis of metabolic 

flux using stable isotope approaches, could be applied to investigate differences in pathway flux. 

 Consistent with perturbations in amino acid biosynthesis, analysis of significantly upregulated 

proteins and transcripts identified many ATF4-dependent genes, including ASNS, GDF15, and PSAT1 

(Fig. 4.5). ATF4 has been widely shown to be induced by ClpP activation18,28,61,158. ATF4, a key regulator 

of the cellular response to the ISR/UPRmt, is known to regulate transcription of genes involved in amino 

acid uptake and biosynthesis, metabolic enzymes, and redox homeostasis67,146. We identified 
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upregulation of ASNS following ClpP activation in both proteomic and transcriptomic data, and this was 

confirmed by immunoblotting (Fig. 4.5). Additionally, we showed that the upregulation of ASNS was 

prevented in ATF4-knockdown SUM159 cells treated with ONC201 and TR-57. The observed activation 

of ATF4 and ATF4-dependent genes may explain metabolic perturbations observed following ClpP 

activation, including upregulation in the serine biosynthetic pathway and loss of cellular aspartate pools. 

 ALAS1, the rate limiting step of heme biosynthesis, has previously been identified as a ClpP 

substrate41,149,159 and loss of heme biosynthesis has been implicated as a metabolic vulnerability in acute 

myeloid leukemia160. Our data clearly showed significant and rapid downregulation of ALAS1 in response 

to ClpP activators. Because LonP has also been reported to degrade ALAS1149,151, we additionally utilized 

bortezomib co-treatment and LonP siRNA to determine the role of LonP in ALAS1 stability following 

treatment with ONC201 or TR-57 (Fig. 4.6). We found ALAS1 was stabilized in ClpP-KO SUM159 cells, 

but not in either bortezomib-treated or LonP knockdown SUM159 cells, suggesting that loss of ALAS1 is 

due to ClpP activation in these experiments. We attempted to investigate whether loss of the heme 

biosynthetic pathway was essential for ClpP activation-mediated cell growth inhibition. However, 

supplementation with hemin, a cell permeable form of heme, did not restore cell growth in treated WT 

SUM159 cells, suggesting loss of the heme biosynthetic pathway may be one of many consequences of 

ClpP activation that leads to reduced cell growth. Inability to sensitize or desensitize cells to ONC201 or 

TR-57 treatment could be due to ClpP activation broadly affecting a number of metabolic pathways in 

cancer cells. Therefore, interrupting or restoring single metabolic pathways may not be sufficient to 

increase or decrease sensitivity to ClpP activators. 

 In summary, this study has identified significant proteomic, transcriptomic, and metabolomic 

perturbations occurring following ClpP activation by two chemically distinct ClpP agonists. We have 

shown that the vast majority of these changes are ClpP-dependent, including induction of ATF4-

dependent genes and protein-level loss of the heme biosynthetic pathway. Applying multi-omics analysis 

identified 42 significantly perturbed pathways following treatment with ONC201 or TR-57, including amino 

acid biosynthesis, TCA cycle, and the citrulline pathway. The identification of the broad effects of ClpP 

activation on cancer cell metabolism provides critical insight into the mechanism by which 



 
 
 
 

80 

pharmacological activation of ClpP inhibits cancer cell growth and suggest a response that is both multi-

nodal and dependent on the dysregulation of multiple pathways. 

4.4 Materials and Methods 

Cell Culture 

 The human triple-negative breast cancer (TNBC) cell line SUM159 was cultured in Dulbecco’s 

modified Eagle’s medium: Nutrient Mixture F-12 (DMEM/F-12, Gibco, 11330-032) supplemented with 5% 

fetal bovine serum (VWR-Seradigm, 97068-085), 1% antibiotic/antimycotic (ThermoFisher Scientific, 

15240062), 5 μg/mL insulin (Gibco, 12585014), and 1 μg/mL hydrocortisone. CRISPRi was used to 

generate CLPP-knockout SUM159 cells as previously described137. WT MDA-MB-231 cells were cultured 

in RPMI 1640 media (Gibco, 11875-093) supplemented with 10% FBS and 1% antibiotic/antimycotic. 

Cells were incubated at 5% CO2 and 37°C and periodically tested for mycoplasma. 

Cell Viability 

Total Cell Counting 

 WT and ClpP-KO SUM159 cells were seeded at 1000 cells/well in a 96-well plate (Perkin Elmer, 

6005050) and allowed to adhere overnight. Media was replaced by 100 μL of media supplemented with 

drugs at concentrations indicated in figures and figure legends. 0.1% DMSO treatment was used a 

negative control. Following treatment, media was aspirated and replaced with 100 μL Dulbecco’s 

phosphate buffered saline (DBPS, Gibco, 14190-144) with 1μg/mL Hoechst stain (ThermoFischer 

Scientific, H3570) and allowed to incubate at 37°C for 30 minutes. Cell number was quantified using 

Celigo Imaging Cytometer (Nexcelom). 

Crystal Violet Assays 

 Crystal violet assays were performed by plating WT or ClpP-KO SUM159 or WT MDA-MB-231 

cells (1000 cells/well) in a 6-well plate (Corning) and allowing them to adhere overnight. Media was 

aspirated and replaced by 2 mL of media containing desired compound treatments. Media was replaced 

with growth media containing the same drug treatments every 48 hours until one well was 100% 

confluent. Once confluent, cells were stained (0.5% crystal violet, 20% methanol) for 10 minutes at RT, 

rinsed 3 times and allowed to dry overnight. 
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RNAi 

 All siRNA stocks were purchased through Horizon Discovery at 2 nmol/siRNA and resuspended 

in 100 uL 1X siRNA reconstitution buffer (Horizon Discovery) to create a 20 μM stock. Dharmafect I was 

diluted 1:266 in OptiMEM media and separated into the appropriate number of 250 μL aliquots. Individual 

siRNAs were added to OptiMEM:Dharmafect aliquots for a final concentration of 125 nM, incubated at RT 

for 30 minutes, and then added to a 6-well plate. SUM159 cells were washed with DPBS and trypsinized 

and 37°C for 5 minutes. Cells were resuspended to a final concentration of 1 x 105 cells/mL in 1:1 

DMEM:F-12 supplemented with 5% FBS, 5 μg/mL insulin, and 1 μg/mL hydrocortisone. Cells were added 

to each well (1.0 mL/well) containing siRNA and incubated for 24 hours. Cells were then treated with 10 

μM ONC201 or 150 nM TR-57 for the timepoints indicated in the figure legends and harvested as 

described above. 

Proteomics 

Sample Preparation 

 For whole cell and phosphoproteomics, SUM159 (WT and ClpP-KO) cells were plated in a 10 

cm2 dish (Corning) and allowed to adhere overnight. Cells were then treated with 0.1% DMSO, 10 μM 

ONC201, or 150 nM TR-57 for 24 hours. Cells were washed with 3 x 5 mL ice-cold Dulbecco’s Phosphate 

Buffered Saline (DPBS, Gibco, 14190-144) and lysed in 8M urea buffer [8M urea, 50 mM Tris (pH 7.4), 

2.5 mM Na3VO4, 1 mM NaF, 1X protease inhibitor cocktail, 1X phosphatase inhibitor cocktail 2, 1X 

phosphatase inhibitor cocktail 3]. Lysates were clarified by centrifugation and protein concentration 

quantified by Bradford Assay (BioRad). Protein lysates (400 μg) were reduced with 5 mM DTT at 56ºC for 

30 minutes, then alkylated with 15 mM iodoacetamide at RT in the dark for 45 minutes. Protein was 

precipitated using 4-times the volume of cold acetone and stored overnight at -20ºC. The next day, 

samples were centrifuged at 15,000 x g for 15 minutes at 4ºC, then the protein pellets were reconstituted 

in 1M urea. Samples were digested with LysC (Wako) for 2 hours and trypsin (Promega) overnight at 

37ºC at a 1:50 enzyme:protein ratio. The resulting peptide samples were acidified, desalted using Thermo 

desalting spin columns, then the eluates were dried via vacuum centrifugation. Peptide concentration was 

determined using Pierce Quantitative Fluorometric Peptide Assay. 
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 Samples were split into two TMTpro 16plex sets based on drug treatment (ONC201 or TR-57). In 

TMT set 1, the samples included: SUM159 WT cell line with 3 DMSO controls (n=3) and ONC201 treated 

samples (n=4), and SUM159 ClpP KO cell line with 3 DMSO controls (n=3) and ONC201 treated samples 

(n=4), along with two pooled samples to assess technical variability. TMT set 2 included the same 

experimental design except with TR57 treatment instead of ONC201. A total of sixteen samples per set, 

which were labeled with TMTpro 16plex (Thermo Fisher); a sample key can be found in the PRIDE 

submission (PXD038990). 125 µg of each sample was reconstituted with 50 mM HEPES pH 8.5, then 

individually labeled with 250 µg of TMTpro reagent for 1 hour at room temperature. Prior to quenching, 

the labeling efficiency was evaluated by LC-MS/MS analysis of a pooled sample consisting of 1ul of each 

sample. After confirming >98% efficiency, samples were quenched with 50% hydroxylamine to a final 

concentration of 0.4%. Labeled peptide samples for each set were combined 1:1, desalted using Thermo 

desalting spin column, and dried via vacuum centrifugation. The dried TMT-labeled samples (two TMT 

sets total) were fractionated using high pH reversed phase HPLC161. Briefly, the samples were offline 

fractionated over a 90 minute run, into 96 fractions by high pH reverse-phase HPLC (Agilent 1260) using 

an Agilent Zorbax 300 Extend-C18 column (3.5-µm, 4.6 × 250 mm) with mobile phase A containing 4.5 

mM ammonium formate (pH 10) in 2% (vol/vol) LC-MS grade acetonitrile, and mobile phase B containing 

4.5 mM ammonium formate (pH 10) in 90% (vol/vol) LC-MS grade acetonitrile. The 96 resulting fractions 

were then concatenated in a non-continuous manner into 24 fractions and 5% of each were aliquoted, 

dried down via vacuum centrifugation and stored at -80ºC until further analysis. 

 The remaining 95% of each fraction was further concatenated into 3 fractions and dried down via 

vacuum centrifugation. For each fraction, phosphopeptides were enriched with a two-step method, where 

High Select Fe-NTA kit (Thermo) was first used, and from that enrichment step the flow-through and 

eluates were collected. Then, with the flow-through of each fraction, the High Select TiO2 kit (Thermo) 

was used to further enrich for phosphopeptides. Manufacturer protocols were followed for both 

enrichments. Fe-NTA and TiO2 eluates were dried down via vacuum centrifugation and stored at -80ºC 

until further analysis.  

 For kinome profiling, WT SUM159 cells were plated on 15 cm2 dishes (Corning) and allowed to 

adhere overnight. Cells were treated with 0.1% DMSO, 10 μM ONC201, or 150 nM TR-57 for 30 minutes, 
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3 hours, or 24 hours. Samples were then prepared as previously described162. Briefly, cells were washed 

3 x 5 mL with ice-cold DPBS and lysed [50 mM HEPES (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 1.0 

mM EDTA, 1.0 mM EGTA, 10 mM NaF, 2.5 mM NaVO4, Complete protease inhibitor cocktail (Roche), 

complete phosphatase inhibitor cocktail 2 and 3 (Roche)]. Samples were sonicated, clarified by 

centrifugation (14,000g, 10 minutes), and filtered with 0.2 μm surfactant-free cellulose acetate membrane 

filters. Protein concentration was determined by Bradford assay and salt concentration adjusted to 1M 

NaCl. Poly-prep chromatography columns (BioRad) were prepped with MIBs resin and equilibrated with 

high-salt wash buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 1.0 mM EDTA, 1.0 mM 

EGTA] via gravity flow. Lysates were then passed over equilibrated columns, then columns were washed 

with high-salt buffer followed by low-salt buffer [50 mM HEPES (pH 7.5), 1.0 mM NaCl, 0.5% Triton X-

100, 1.0 mM EDTA, 1.0 mM EGTA] then SDS wash buffer [50 mM HEPES (pH 7.5), 1.0 mM NaCl, 0.5% 

Triton X-100, 1.0 mM EDTA, 1.0 mM EGTA, 0.1% SDS]. Proteins were eluted from the column via boiling 

in elution buffer [100 mM tris-HCl (pH 6.8), 0.5% SDS, 1% β-mercaptoethanol]. Eluates were then 

reduced, alkylated, and concentrated, followed by extraction with chloroform-methanol precipitation and 

digested overnight with sequencing grade porcine trypsin (Promega). Peptides were then extracted with 3 

washes of ethyl acetate and desalted using Pierce C-18 spin columns (Thermo Fisher Scientific).  

Data Acquisition and Processing 

 Two sets of 24 fractions for the proteome analysis and two sets of 6 fractions (FeNTA and TiO2 

eluates) for the phosphoproteome analysis were analyzed by LC/MS/MS using an Easy nLC 1200 

coupled to an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific). Samples were 

injected onto an Easy Spray PepMap C18 column (75 μm id × 25 cm, 2 μm particle size) (Thermo 

Scientific) and separated over either a 120-minute method for the proteome fractions or a 150-minute 

method for the phosphoproteome fractions. For the proteome fractions, the gradient for separation 

consisted of 5–40% mobile phase B at a 250 nl/min flow rate, where mobile phase A was 0.1% formic 

acid in water and mobile phase B consisted of 0.1% formic acid in 80% ACN. 

 For the proteome fractions, the Lumos was operated in SPS-MS3 mode163 with a 3s cycle time. 

Resolution for the precursor scan (m/z 400–1500) was set to 120,000 with a AGC target set to standard 

and a maximum injection time of 50 ms. MS2 scans consisted of CID normalized collision energy (NCE) 
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32; AGC target set to standard; maximum injection time of 50 ms; isolation window of 0.7 Da. Following 

MS2 acquisition, MS3 spectra were collected in SPS mode (10 scans per outcome); HCD set to 55; 

resolution set to 50,000; scan range set to 100-500; AGC target set to 200% with a 100 ms maximum 

inject time. Dynamic exclusion was set to 30 seconds. 

 For the phosphoproteome fractions, the Lumos was operated in MS2 mode164,165 with a 3s cycle 

time. Resolution for the precursor scan (m/z 400–1500) was set to 60,000 with a AGC target set to 

standard and a maximum injection time of 50 ms. For MS2 scans, HCD was set to 35; AGC target set to 

200%; maximum injection time of 120 ms; isolation window of 0.7 Da; resolution set to 50,000. Dynamic 

exclusion was set to 30 seconds. Peptides isolated from MIB enrichment were analyzed by LC-MS/MS 

using a Thermo Fisher Q Exactive HF mass spectrometer. Peptides were analyzed as described below. 

Identification and Annotation 

 For proteome and phosphoproteome data, all raw files were processed using Proteome 

Discoverer version 2.5. ‘TMTpro 16plex’ was used as the quantitation method, and the two TMTpro 

16plex datasets (Set 1: ONC201; Set 2: TR-57) were analyzed separately. Peak lists were searched 

against a reviewed Uniprot human database (downloaded Feb 2020 containing 20,350 sequences), 

appended with a common contaminants database (from MaxQuant, containing 245 sequences), using 

Sequest HT within Proteome Discoverer. Data were searched with up to two missed trypsin cleavage 

sites and fixed modifications were set to TMTpro peptide N-terminus and Lys, and carbamidomethyl Cys. 

Dynamic modifications were set to N-terminal protein acetyl and oxidation Met. Percolator node was used 

to calculate peptide false discovery rates (FDR). 

 For phosphoproteome data, additional dynamic modification was set to phosphorylation Ser, Thr, 

Tyr. TMT quantitation was set to MS2, precursor mass tolerance was set to 10 ppm and fragment mass 

tolerance was set to 0.02 Da. Peptide FDR was set to 1%. The ptmRS node was used to localize 

phosphorylation sites within peptides. Reporter abundance based on intensity and co-isolation threshold 

was set to 50. Normalization was enabled (‘use all peptides’). 

 For proteome data, quantitation was set to MS3, precursor mass tolerance was set to 20 ppm 

and fragment mass tolerance was set to 0.5 Da. Peptide FDR was set to 1%. Reporter abundance based 
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on intensity, SPS mass matches threshold set to 50, and razor and unique peptides were used for 

quantitation. Normalization was enabled (‘use all peptides’).  

 For kinome data, raw data was processed using MaxQuant software for identification of label-free 

quantification (LFQ). Peptides were aligned to proteins using the UniProt human database using global 

normalization. Kinases were identified and Argonaut was used for further analysis, removing proteins with 

<1 unique+razor peptide and >50% missing values, and calculating Log2(fold change) of LFQs compared 

to DMSO controls. Data was visualized using GraphPad. 

Transcriptomics 

Sample Preparation 

 SUM159 (WT and ClpP-KO) cells were plated and treated as described for Proteomics. Cells 

were washed 3 x 5 mL ice-cold DPBS and RNA was extracted using a Qiagen RNeasy Kit (74104) 

following manufacturer’s directions. RNA samples were sent to Novogene Co. for RNAseq analysis. 

Identification and Annotation 

 Raw reads for each sample were obtained as FASTQ files from Novogene Co. and was indexed 

and quantified in alignment-based mode through Salmon using reference transcriptome [Transcript 

Sequences v. 27] from GENCODE. Resulting quantification files were imported to R and DESeq2 was 

used to normalize samples and analyze differential expression. Significance cutoffs including a base 

mean exceeding 50 and p value equal to or exceeding 0.5 were applied to the dataset. 

Metabolomics 

Sample Preparation 

 SUM159 (WT and ClpP-KO) cells were plated as described for proteomics analysis. Cells were 

washed 3 x 5 mL ice-cold DPBS and metabolites were extracted as previously described166,167. Briefly, 1 

mL -20°C acetonitrile and 750 μL ice cold H2O were added to washed plates and cells were mechanically 

scraped and transferred to 15 mL conical tubes and stored at -80°C until extraction was performed. To 

extract metabolites, ~five 2mm zirconia beads were added to each 15 mL conical followed by 500 μL 

chloroform (-20°C) and samples were vortexed 3 x 30 seconds. Samples were then centrifuged in a 4°C 

swing-bucket centrifuge (3,700g, 60 minutes). The aqueous layer was then transferred to a 2 mL Lo-Bind 

tube and the organic layer to a glass vial. Remaining samples were transferred to a 1.5 mL Lo-Bind tube 
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and 15 mL conicals were washed with 300 μL 2:1 chloroform:methanol solution (-20°C) and transferred to 

corresponding 1.5 mL Lo-Bind tube and centrifuged at 4°C (15,000g, 20 minutes). Aqueous and organic 

layers were transferred to corresponding 2 mL Lo-Bind tube and glass vial for each sample and frozen at 

-80°C.  

 Aqueous fractions of cell extracts were dried by speed vac and reconstituted using 200 μL of 

reconstitution solution (95:5 water:methanol), and 150 μL of the reconstituted extract was transferred to 

new tubes. An aliquot of 20 μL was taken from each extract and combined to make a total study pool 

(SP). All samples and the SP were centrifuged at 4 °C and 16,000 x g for 10 minutes, and the 

supernatants were transferred to LC-MS vials. An injection volume of 5 μL was used for LC-MS analysis. 

Data Acquisition and Processing 

 Metabolomics data were acquired on a Vanquish UHPLC system coupled to a Q Exactive™ HF-X 

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, San Jose, CA). Metabolites 

were separated via an HSS T3 C18 column (2.1 × 100 mm, 1.7 µm, Waters Corporation) at 50 °C with 

binary mobile phase of water (A) and methanol (B), each containing 0.1% formic acid (v/v). The UHPLC 

linear gradient started from 2% B, and increased to 100% B in 16 min, then held for 4 min, with the flow 

rate at 400 µL/min. The untargeted data was acquired from 70 to 1050 m/z using the data-dependent 

acquisition mode. Method blanks and SP injections were placed after every 6 samples (n=3 each). 

Progenesis QI (version 2.1, Waters Corporation) was used for peak picking, alignment, and 

normalization. Background signals were filtered out by removing peaks with a fold change less than 3 in 

the total SP vs the blank injections. Samples were then normalized in Progenesis QI using the “normalize 

to all” feature168. Coefficient of variation (CV) values were calculated across the total SP replicates for 

each peak and those with CV >30% were removed. Filtered, normalized data was exported and 

multivariate analysis was performed using SIMCA 16. 

Identification and Annotation 

 Metabolites were identified in Progenesis QI using an in-house physical standards library of 

>2400 reference standards. All reference standards were analyzed under the same instrument conditions 

used to analyze the study samples. Peaks were matched to metabolites in the in-house library by exact 

mass (MS), fragmentation pattern (MS/MS), and retention time (rt). An ontology system was provided for 
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each peak match to indicate the evidence basis for each identification. A peak was considered to have a 

match by rt if the peak eluted within 0.5 min compared to the reference standard, an MS match was 

defined as <5 ppm error compared to the theoretical mass based on the metabolite chemical formula, and 

an MS/MS match was defined as a similarity score >30% to a reference standard (calculated using 

MS/MS match algorithms in Progenesis QI). Peaks were also annotated to additional metabolites by 

matching signals to public mass spectral databases (NIST, METLIN, HMDB). OL1 refers to an in-house 

metabolite match by rt, MS, and MS/MS; OL2a refers to an in-house match by rt and MS only; OL2b 

refers to an in-house match by MS and MS/MS only; PDa refers to a public database match by MS and 

experimental MS/MS, PDb refers to a public database match by MS and theoretical MS/MS, PDc refers to 

a public database match by MS and isotope similarity (>90%); PDd refers to a public database match by 

MS only. 

Immunoblotting 

 SUM159 cells (WT and ClpP-KO) were plated (1 x 105 cells/well) on a 6-well plate (Corning, 

3516) and incubated with compounds at concentrations as indicated in figure legends. Following 

treatment, cells were rinsed 3x with 2 mL of ice-cold DPBS and lysed using RIPA buffer (20 mM Tris [pH 

7.4], 137 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.5% deoxycholate, 2 mM EDTA) supplemented with 

10 mM NaF, 2 mM Na3VO4, 0.0125 μM calyculin A, and complete protease inhibitor cocktail (Roche 

Diagnostics, 11873580001). Lysates were clarified and immunoblotted as previously described. 

Membranes were incubated with primary antibodies [ATF4 (Cell Signaling Technologies, 11815), ASNS 

(Cell Signaling Technologies, 20843), ALAS1 (Abcam, ab154860), LonP (Cell Signaling Technologies, 

28020), ClpP (Cell Signaling Technologies, 14181), Vinculin (Santa Cruz Biotechnology sc-73614)] 

diluted 1:1000 in 1% fish gelatin (Sigma Aldrich, G7041)/TBST overnight at 4°C, then washed 3 x 5 

minutes in TBST and incubated at room temperature in the appropriate secondary antibody (1:10,000 in 

5% milk/TBST) for 1 hour. Membranes were then washed 3 x 5 minutes in TBST and incubated in ECL 

reagent (BioRad, 170-5061) and imaged using Chemidoc MP (BioRad). Acquired images were processed 

using ImageLab software (BioRad). 
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Statistics and Software 

 ImageLab (BioRad) was used to process immunoblot images. Prism 9 (GraphPad) was used to 

generate bar charts. BioVenn169 was used to generate Venn diagrams and VolcanoseR170 was used to 

generate volcano plots. Proteome Discoverer was used to perform statistical analysis on proteomics and 

phosphoproteomics data. Protein and phosphopeptide p-values for each pairwise comparison was 

calculated using Student’s t-test, and p-value <0.05 was considered significant. Log2(Fold Change) was 

calculated for each pairwise comparison using the normalized TMT intensities averaged across 3 

replicates. Salmon and DESeq were used to process transcriptomics data. P-values for each pairwise 

comparison was calculated using Student’s t-test, and p-value <0.05 was considered significant. P-values 

were not adjusted for multiple comparisons for use in volcano plots due to the exploratory, rather than 

confirmatory, nature of this study171. Adjusted p-values are shown for proteomic and transcriptomic data 

in Figure 5, 6, and S2. Log2(Fold Change) was calculated for each pairwise comparison using normalized 

counts averaged across 3 replicates ProgenesisQI was used to process UPLC-MS metabolomics data 

and SIMCA (Sartorious) was used to calculate variable importance to projection (VIP) scores. Log2(Fold 

Changes) of means (proteins, transcripts) or medians (metabolomics) and their respective -log10(p-value) 

were determined for significant proteins, transcripts, and metabolites using Excel (Microsoft). Proteomic 

and transcriptomic observations meeting the fold change and significance threshold (Log2(Fold 

Change)≥|0.5| and -log10(p-value) ≤-1.3) and metabolomic observations meeting the fold change 

threshold, significance threshold, or SIMCA VIP score ≥ 0.95 were used for multi-omics analysis. These 

thresholds were chosen to due frequent use in -omics studies. MetaCore pathway analysis software 

(Clarivate Analytics) was used for multi-omics data analysis. DAVID172 (v. 2021) was used for gene 

ontology analysis. Specifically, data was analyzed using GO terms for biological processes 

(GOTERM_BP_DIRECT), cellular components (GOTERM_CC_DIRECT), molecular functions 

(GOTERM_MF_DIRECT), and KEGG pathways. Data collected from DAVID is available in Supplemental 

Data files. BioRender was utilized to generate all schematics and pathways. 

Data Availability 

Proteomics data is available on the Proteomics Identification Database (PRIDE, 

https://www.ebi.ac.uk/pride/; Project ID: PXD038990). Transcriptomics data is available at the NCBI’s 
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Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/; Series accession number: 

GSE221327). Metabolomics data is available at the NIH Common Fund’s National Metabolomics Data 

Repository (NMDR) website (Metabolomics Workbench, https://www.metabolomicsworkbench.org; 

Project ID: PR001550; DOI: http://dx.doi.org/10.21228/M8BM6G).  
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4.5 Figures and Tables 
 

 

Figure 4.1. Schematic of multi-omic data collection and analysis of triple-negative breast cancer 
cells. SUM159 cells were treated with 10 µM ONC201 or 150 nM TR-57 and samples were collected and 
prepared for transcriptomics, metabolomics, and proteomics analyses using appropriate methods. 
Datasets were then analyzed individually using standard methods and as a combined multi-omics dataset 
using MetaCore.  
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Figure 4.2. Analysis of omics data reveals significant and similar ClpP-dependent effects of 
ONC201 and TR-57 on triple-negative breast cancer cells. Wildtype (WT) and ClpP knockout (ClpP-
KO) SUM159 cells were treated with 10 μM ONC201 or 150 nM TR-57 for 24 hours and analyzed for 
proteomic (A, B), transcriptomic (C, D), and metabolomic (E, F) perturbations. Volcano plots of each 
dataset are shown in A, C, and E. Axes are Log2(Fold Change) and -Log10(unadjusted p-value). Vertical 
dashed lines indicate fold change threshold (Log2(FC) >|0.5|) and horizontal dashed lines indicate 
significance threshold (-Log10(p-value) >1.3), N=3. Venn diagrams of significantly perturbed proteins (B), 
transcripts (D), and metabolites (F) were generated from small molecules meeting the fold change and 
significance thresholds previously mentioned. Red: ONC201; blue: TR-57; purple: Both drug treatments.  
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Figure 4.3. MetaCore analysis reveals multiple pathways affected at the proteomic, transcriptomic, 
and metabolomic level with potential for further investigation in triple-negative breast cancer 
cells. A) Venn diagram of group classification. Values represent number of pathways found in each group 
using data from Figures 1-3. B) MetaCore Endogenous Metabolic Network analysis from proteomic (blue), 
metabolomic (orange), and transcriptomic (red) datasets for Wildtype (WT) SUM159 cells treated with 10 
uM ONC201 or 150 nM TR-57. 
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Table 4.1. ClpP activation perturbs many metabolic pathways across proteomic, transcriptomic, 
and metabolomic landscapes in triple-negative breast cancer cells. Representative top endogenous 
metabolic networks (EMN) identified using MetaCore for each group, as outlined in Figure 4.3. Number of 
hits (perturbed EMN members) and p-value are listed for each dataset in the order they appear in the 
group name. 

Group Metabolic Networks Hits P value 

ONC201 1-acyl-glycerol, 3-phosphocholine pathway 6/88 1.08 x 10
-1

  

Glycine pathway 10/90 1.14 x 10
-1

 

1-oleoyl-sn-glycerol-3-phosphocholine pathway 8/121 3.56 x 10
-1

 

TR-57 Sphingomyelin pathway 17/97 6.77 x 10
-6

 

Carbohydrate metabolism, Glycolysis, Glucogenesis, and 
glucose transport 

7/134 4.00 x 10
-1

 

D-glucuronic acid pathway 10/77 9.53 x 10
-3

 

ONC201 and 
TR-57 

Amino acid metabolism: Ala, Ser, Cys, Met, His, Pro, Gly, Glu, 
Gln metabolism and transport 

26, 24/190 5.92 x 10
-6

,  
7.14 x 10

-5
 

Glutamic acid pathway 14, 16/103 2.72 x 10
-5

,  
7.47 x 10

-6
 

Tyrosine pathway 11, 14/90 2.69 x 10
-3

,  
7.57 x 10

-4
 

Lipid Metabolism, Glycosphingolipid metabolism 26, 24/190 5.92 x 10
-6

,  
7.14 x 10

-5
 

Amino acid metabolism: Asn, Asp metabolism and transport 15, 14/112 5.33 x 10
-5

,  
5.58 x 10

-4
 

Amino acid metabolism: Ala, Gly, Cys metabolism and transport 22, 23/115 6.56 x 10
-5

,  
6.66 x 10

-4
 

Steroid metabolism, Cholesterol biosynthesis 17, 14/88 3.84 x 10
-5

, 
1.05 x 10

-3
 

Vitamin, mediator, and cofactor metabolism: CoA biosynthesis 
and transport 

12, 7/81 3.77 x 10
-2

,  
1.59 x 10

-1
 

Sucrose pathway 9, 11/90 2.92 x 10
-1

,  
1.44 x 10

-2
 

(L)-leucine pathways and transport 13, 17/85 1.96 x 10
-2

,  
1.87 x 10

-4
 

(L)-proline pathways and transport 17, 16/118 8.04 x 10
-5

, 
3.75 x 10

-6
 

(S)-citrulline pathway 12, 10/75 9.65 x 10
-3

, 
5.04 x 10

-2
 

Carbohydrate metabolism: TCA and tricarboxylic acid transport 15, 13/101 9.38 x 10
-4

, 
1.50 x 10

-3
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Figure 4.4. Multi-omics analysis reveals significant mitochondrial metabolic pathway 
perturbations following ONC201 or TR-57 treatment in SUM159 cells. In all schematics, rectangles 
represent metabolites and ovals represent enzymes. Directionality of change is indicated by color 
(downregulation (red), upregulation (green), not detected (white)) and * denotes significant change in at 
least one dataset. Dual-colored enzymes represent those with different directional changes in proteomics 
(left side) and transcriptomics (right side) while dual-colored metabolites indicate different directional 
changes in ONC201 treatment (left side) and TR-57 treatment (right side). A) Schematic of the 
tricarboxylic acid (TCA) cycle. CIT: citrate; ISO: isocitrate; αKG: α-ketoglutarate; GLU; glutamic acid; HIS: 
histidine; SCoA: succinyl-CoA; SUC: succinate; FUM: fumarate; MAL: malate: OAA: oxaloacetate; ASP: 
aspartic acid; ACoA: acetyl-CoA; PYR: pyruvate; PEP: phosphoenolpyruvate: TRP: tryptophan; SER: 
serine; LEU: leucine; 2PG: 2-phosphoglycerate; 3PG: 3-phosphoglycerate; 1,3BPG: 1,3-
bisphopshoglycerate; GA3P: glyceraldehyde-3-phosphate; ACO2: aconitase 2; IDH2: isocitrate 
dehydrogenase 2; αKGDH: α-ketoglutarate dehydrogenase; SCS: succinyl-CoA synthetase; SDHA: 
succinate dehydrogenase A; FH: fumarase: MDH: malate dehydrogenase; PC: pyruvate carboxylase; 
PEPCK: phosphoenolpyruvate carboxykinase; PDH: pyruvate dehydrogenase; PKM: pyruvate kinase; 
ENO2: enolase 2; PGM1: phosphoglycerate mutase 1; PGK1: phosphoglycerate kinase 1; GAPDH: 
glyceraldehyde phosphate dehydrogenase. B) Schematic of de novo and scavenging pathways of 
pyrimidine synthesis. GLN: glutamine; ASP: aspartic acid; URS: ureidosuccinic acid; DiHO: 
dihydroorotate; ORO: orotate; ORO-P: phospho-orotate; UMP: uridine 5’-monophosphate; UDP: uridine 
5’-diphosphate; UTP: uridine 5’-triphosphate; CMP: cytidine 5’-monophosphate; CDP: cytidine 5’-
diphosphate; CTP: cytidine 5’-triphosphate; URI: uridine; CYT: cytidine; CAD: carbamoyl-phosphate 
synthetase 2, aspartate trasncarbamylase, and dihydroorotase; DHODH: dihydroorotate dehydrogenase; 
UMPS: uridine 5’-monophosphate synthase; CMPK: UMP-CMP kinase; NDPK: nucleoside diphosphate 
kinase; CTPS: CTP synthase; UCK: uridine-cytidine kinase; CDA: cytidine deaminase. C) Schematic of 
urea cycle and citrulline pathway. CIT: citrulline; ARS: argininosuccinate; FUM: fumarate; ARG: arginine; 
ORN: ornithine; CP: carbamoyl phosphate; LYS: lysine; HCIT: homocitrulline; GLY: glycine; GIA: 
guanidinoacetate; CRE: creatine; PUT: putrescine; SPD: spermidine; SPM: spermine; P5C: 1-pyrroline-5-
carboxylic acid; PRO: proline; GLU: glutamic acid; OTC: ornithine transcarbamylase; SLC25A15: 
mitochondrial ornithine transporter 1; ASS1: argininosuccinate synthase; ASL: argininosuccinate lyase; 
ARG2: arginase-2; ODC: ornithine decarboxylase; SRM: spermidine synthase; SMS: spermine synthase; 
AGAT: glycine amidinotransferase; GAMT: guanidinoacetate N-methyltransferase; OAT: ornithine 
aminotransferase: P5CS: 1-pyrroline-5-carboxylic acid synthase; P5CD: 1-pyrroline-5-carboxylic acid 
dehydrogenase; PYCR2: Pyrroline-5-carboxylate reductase 2. 
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Figure 4.5. Pharmacological ClpP activation leads to ATF4 induction and induction of ATF4 target 
genes in TNBC cells. A) Table of selected ATF4-dependent genes/proteins and their measured 
Log2(Fold Change) and p-value from proteomics and transcriptomics data from WT SUM159 cells treated 
with 10 μM ONC201 and 150 nM TR-57 for 24 hours. B) Immunoblot of SUM159 cells treated with 0.1% 
DMSO, 10 μM ONC201, or 150 nM TR-57 for 24 hours. Cells were either treated with a non-targeting 
siRNA or an ATF4 siRNA. Representative of N=2. C) Schematic of ATF4 target genes and their 
involvement in diverse cellular processes. Green: transcripts and protein were upregulated in WT 
SUM159s treated with either ONC201 or TR-57. Red: transcripts and protein were downregulated in WT 
SUM159s treated with either ONC201 or TR-57. White: not detected in our datasets. Items in two colors 
indicate direction of change in proteomics (left) and transcriptomics (right). *At least one dataset is 
significant (p value <0.05); αTR-57 treated SUM159 cells showed decreased proteomic values; βTR-57 
treated SUM159 cells showed decreased transcriptomic values; ΔTR-57 treated SUM159 cells showed 
decreased proteomic and transcriptomic values; δ Not detected in TR-57 treated SUM159 cells 
(proteomics).  
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Figure 4.6 ClpP activation induces loss of major components of the heme biosynthetic pathway in 
TNBC cells. A) Schematic of heme biosynthetic pathway (left). Directionality of change is indicated by 
color (downregulation (red), upregulation (green), not detected (white)). * indicates significant in at least 
one dataset, conflicting αproteomic, βtranscriptomic, or Δboth datasets for one treatment. δNot detected in 
TR-57 proteomics dataset. Dual-colored enzymes represent those with different directional changes in 
proteomics (left side) and transcriptomics (right side) while dual-colored metabolites indicate different 
directional changes in ONC201 treatment (left side) and TR-57 treatment (right side). ALAS1: 5’-
aminolevulinate synthase 1;  ALAD: aminolevulinate dehydratase; PBGD: porphobilinogen deaminase; 
UROS: uroporphyrinogen III synthase; UROD: uroporphyrinogen decarboxylase; CPO: 
coproporphyrinogen oxidase; PPO: protoporphyrinogen oxidase; FECH: ferrochelatase. WT and ClpP-KO 
SUM159 cells were immunoblotted for ALAS1 following 24 hours of 10 μM ONC201 or 150 nM TR-57 fin 
the presence or absence of  B) 10 nM bortezomib (Bort) or 1 μM epoxomicin (Epox) or C) LonP siRNA 
knockdown (LonP si). Cells were reverse transfected with either non-targeting or LonP1-targeting siRNA 
for 48 hours before ClpP activator treatment. D) Time-dependent immunoblot of 150 nM TR-57 treatment 
in WT and ClpP-KO SUM159 cells. All blots are representative of N=2. 
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Figure S4.1. Pharmacological ClpP activation induces significant changes in the 
phosphoproteome of SUM159 cells. A) Volcano plots of phosphoproteomic data of SUM159 (WT and 
ClpP-KO) treated with 10 μM ONC201 or 150 nM TR-57 for 24 hours. Volcano plots show log2(Fold 
Change) (x-axis) and -log10(p-value) (y-axis) for each collected datapoint. Dashed lines indicate fold 
change threshold (log2(Fold Change)>|0.5|) and significance threshold (-log10(p-value)>1.3). Phospho-site 
changes meeting fold change and significance thresholds were used to generate Venn diagrams (B) and 
used in (C) RoKAI analysis for predicted changes in kinase activity. D) Multiplex inhibitor beads (MIBs) 
were utilized to identify changes in kinase expression following ONC201 or TR-57 treatment at 30 
minutes, 3 hours, and 24 hours. N=1.  
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Figure S4.2. Gene ontological analysis reveals significant mitochondrial downregulation at the 
proteomic and transcriptomic level. Gene ontological analysis of proteomic (A) and transcriptomic (C) 
data was performed using proteins and transcripts meeting fold change and significance thresholds using 
DAVID, as described in Methods. The top 25 significant GO terms (or fewer if fewer were identified) are 
shown. Select significant up- and downregulated proteins and transcripts are shown in (B) and (D), 
respectively. E) Select significantly up- and downregulated metabolites. *Indicates detection in ONC201 
only. 
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Figure S4.3. Early event transcriptomics reveals significant changes following ONC201 and TR-57 
treatment in triple-negative breast cancer cells. SUM159 cells (WT and ClpP-KO) were treated with 
0.1% DMSO, 10 μM ONC201, or 150 nM TR-57 for 1 hour. RNAseq was performed as described in 
methods and Log2(mean Fold Change) of drug treatment compared to DMSO control was calculated for 
each detected transcript. Data was used to generate (A) volcano plots. Transcripts meeting significance 
thresholds (log2(Fold Change)>|0.5| and -log10(p value)>1.3) were used to generate Venn diagrams 
comparing (B) WT ONC201 and TR-57 treatments and (C) responses in WT and ClpP-KO cells. (D) Gene 
ontological analysis of significant transcripts in WT SUM159 cells. N=3. 
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Figure S4.4 MetaCore endogenous metabolic network (EMN) analysis reveals multiple pathways 
affected in a ClpP-dependent manner at the proteomic, transcriptomic, and metabolomic level A) 
Venn diagram of group classification. Values represent number of pathways found in each group using 
data from Figures 2. Groups with no values listed had 0 significant EMNs. B) Top ten EMNs from 
MetaCore Endogenous Metabolic Network analysis using proteomic (blue), metabolomic (orange), and 
transcriptomic (red) datasets for WT SUM159 cells treated with 10 μM ONC201 or 150 nM TR-57. 
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Table S4.1. Triple-negative breast cancer cells show significant pathway perturbations across the 
proteomic, transcriptomic, and metabolomic level following ClpP activation. Representative list of 
top endogenous metabolic networks (EMN) identified using MetaCore for each group, as outlined in 
Figure S4.4. Number of pathway hits (identified EMN members) and p-value are listed for each dataset in 
the order they appear in the group name. MetaCore output for datasets including proteomics, 
transcriptomics, and metabolomics for ONC201 treated ClpP-KO SUM159 cells yielded no EMNs due to 
lack of significant changes. ClpP-KO SUM159 cells treated with TR-57 lacked significant changes in 
proteomics data. For these reasons, only transcriptomic and metabolomic data were used for EMN 
analysis for ClpP-KO cells.  

Group Endogenous Metabolic Networks Hits P value 

A 1-acyl-glycerol, 3-phosphocholine pathway 6/88 1.08 x 10-1  

Glycine pathway 10/90 1.14 x 10-1 

1-oleoyl-sn-glycerol-3-phosphocholine pathway 8/121 3.56 x 10-1 

B Sphingomyelin pathway 17/97 6.77 x 10-6 

Carbohydrate metabolism, Glycolysis, Glucogenesis, and 
glucose transport 

7/134 4.00 x 10-1 

D-glucuronic acid pathway 10/77 9.53 x 10-3 

D L-carnitine pathway 2/90 2.10 x 10-1 

Vitamin, mediator, and cofactor metabolism: Nitric oxide 
biosynthesis and transport 

6/51 1.50 x 10-3 

L-lysine pathways and transport 5/107 2.99 x 10-2 

AB Amino acid metabolism: Ala, Ser, Cys, Met, His, Pro, Gly, 
Glu, Gln metabolism and transport 

26, 24/190 5.92 x 10-6, 7.14 x 10-5 

Glutamic acid pathway 14, 16/103 2.72 x 10-5, 7.47 x 10-6 

Tyrosine pathway 11, 14/90 2.69 x 10-3, 7.57 x 10-4 

Lipid Metabolism, Glycosphingolipid metabolism 26, 24/190 5.92 x 10-6, 7.14 x 10-5 

Amino acid metabolism: Asn, Asp metabolism and 
transport 

15, 14/112 5.33 x 10-5, 5.58 x 10-4 

Amino acid metabolism: Ala, Gly, Cys metabolism and 
transport 

22, 23/115 6.56 x 10-5, 6.66 x 10-4 

Steroid metabolism, Cholesterol biosynthesis 17, 14/88 3.84 x 10-5,1.05 x 10-3 

Vitamin, mediator, and cofactor metabolism: CoA 
biosynthesis and transport 

12, 7/81 3.77 x 10-2, 1.59 x 10-1 

Sucrose pathway 9, 11/90 2.92 x 10-1, 1.44 x 10-2 

(L)-leucine pathways and transport 13, 17/85 1.96 x 10-2, 1.87 x 10-4 

ABD (L)-proline pathways and transport 17, 16, 10/118 8.04 x 10-5,3.75 x 10-6,1.59 x 10-5 

(S)-citrulline pathway 12, 10, 4/75 9.65 x 10-3, 5.04 x 10-2,8.01 x 10-4 

Carbohydrate metabolism: TCA and tricarboxylic acid 
transport 

15, 13, 4/101 9.38 x 10-4,1.50 x 10-3, 7.74 x 10-2 
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Figure S4.5 ClpP activation perturbs serine biosynthesis but does not synergize with the PHGDH 
inhibitor NCT503 in SUM159 cells. A) Schematic of serine biosynthesis. Rectangles represent 
metabolites and ovals represent enzymes. Directionality of change is indicated by color (downregulation 
(red), upregulation (green), not detected (white)) and * denotes significant change in at least one dataset. 
Dual-colored enzymes represent those with different directional changes in proteomics (left side) and 
transcriptomics (right side) while dual-colored metabolites indicate different directional changes in 
ONC201 treatment (left side) and TR-57 treatment (right side). PEP: phosphoenolpyruvate; 2PG: 2-
phosphoglycerate; 3PG: 3-phosphoglycerate; 3PHP: 3-phosphohydroxypyruvate; 3PS: 3-phosphoserine; 
SER: serine; GLY: glycine; GLU: glutamate; αKG: alpha-ketoglutarate; ENO2: enolase 2; PGM1: 
phosphoglycerate mutase 1; PHDGH: phosphoglycerate dehydrogenase; PSAT1: phosphoserine 
aminotransferase 1; PSPH: phosphoserine phosphatase; SHMT1: serine hydroxymethyltransferase 1. B) 
Hoechst stain viability assays of SUM159 (WT and ClpP-KO) cells treated with indicated concentrations 
of the PHGDH inhibitor NCT503 in the presence or absence of 150 nM TR-57 (left) or indicated 
concentrations of TR-57 in the presence or absence of 10 μM NCT503 (right). Values represent mean ± 
SEM, representative of N=3 (left), N=2 (right).   
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Figure S4.6 Hemin supplementation does not restore cell viability in TNBC cells following ONC201 
or TR-57 treatment. A) 72-hour cell viability assays of WT SUM159 and MDA-MB-231 cells following 
treatment with ONC201 or TR-57 at indicated concentrations, co-treated with 0, 10 nM, 1 μM, or 10 μM 
hemin supplementation. B) Long-term crystal violet assays of SUM159 cells treated continuously with 
indicated concentrations of ONC201 or TR-57, with and without 2 μM hemin supplementation. All 
experiments are representative of N=2. 
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Figure S4.7 Hemin supplementation does not affect cell sensitivity to ClpP activators in ClpP-KO 
SUM159 cells or WT MDA-MB-231 cells. Long-term crystal violet assays of A) ClpP-KO SUM159 cells 
and B) WT MDA-MB-231 cells with and without 2 μM hemin supplementation. All experiments 
representative of N=2.   
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CHAPTER 5: FINAL DISUCSSION, CONCLUSIONS, AND FUTURE DIRECTIONS 

5.1 Final Discussion and Conclusions  

 In Chapter 1, I provided an overview of the history of the discovery of ONC201 as a TRAIL 

inducer and the development of the TR compounds. When I joined the Graves Lab, the direct binding 

partner of ONC201 and the TR compounds had yet to be determined, but I demonstrated that TR 

compounds more potently inhibited cell growth than ONC201 (Fig. 2.1). As a lab that frequently 

implements proteomics methods in drug target identification, we performed whole-cell proteomics on 

SUM159 cells treated with ONC201 and TR-57 and found a drastic decline in mitochondrial proteins, 

leading us to believe that these drugs somehow affected mitochondrial function. The proteomics method 

of affinity chromatography utilizing kinase inhibitors bound to beads (Multiplexed Inhibitor Beads 

(MIBs))144 to identify changes in kinase expression and/or activity following compound treatment was also 

utilized for ONC201 and TR-57 at 30 minutes, 3 hours, and 24 hours of treatment (Fig. S4.1D). While the 

kinase profiles of both compounds are similar, there was no significant pattern identified in these 

experiments, leading us to believe that ONC201 and TR compounds were not directly inhibiting a specific 

kinase. To determine the target of ONC201 and the TR compounds, we utilized TR-80 (because of its 

long linker region) bound to agarose beads in an affinity chromatography experiment, as described in 

Chapter 2. Cell lysates treated with and without free TR-80 were passed through the TR-80 columns and 

proteins bound to the columns were analyzed via silver stain and by mass spectrometry (Fig 2.2). Of 

particular interest in this experiment were proteins that bound to the column in the absence of free TR-80, 

but not in the presence of free TR-80, indicating that the TR-80 present in the lysate had bound to this 

protein and prevented its binding to the column. Given the significant downregulation of mitochondrial 

proteins identified from preliminary proteomics data, it was unsurprising that the protein identified as the 

target from this experiment was a mitochondrial protein. More surprisingly, this protein was the 

mitochondrial protease ClpP.  
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 Proteases are involved in many biological processes, but it is estimated that only 5-10% of 

targets being pursued for drug development are proteases173 . The majority of compounds showing 

efficacy against proteases are protease inhibitors (e.g., bortezomib, ACE inhibitors) due to the 

upregulation of these proteases and their increased activity contributing to disease progression173–175. 

However, utilization of protease activity has gained popularity in designing pro-biologics that require 

highly active proteases in the target tissues175 and in development of antibacterial agents33,34,36,41,105.  

Because protease inhibition had previously been successful as an anticancer treatment (e.g., 

bortezomib)173, we performed in vitro ClpP activity assays expecting to observe declined activity following 

ONC201 or TR compound treatment. In actuality, we observed that these compounds activate ClpP 

activity (Fig. 2.3, Fig. 3.2), similar to ClpP activating antibiotics33,34,103,104. Further analysis by our lab and 

others29,40 demonstrated that ONC201 and TR compounds directly bind to ClpP (Fig. 3.2).  

 Despite being discovered during a TRAIL induction screen11,60, ONC201 and its structural 

analogs (including TR compounds) are now widely accepted as ClpP activators. Our publication on the 

effects of ONC201 and TR compounds in triple-negative breast cancer (Chapter 2) was the first published 

study identifying ClpP as the direct binding partner of ONC201 and structural analogs. This study not only 

identified ClpP as the direct binding partner through affinity chromatography (Fig. 2.2), but also showed 

that siRNA-mediated knockdown of ClpP prevented the growth inhibitory effects of ONC201 and TR-57 in 

TNBC cells (Fig. 2.4). Activation of the ISR, specifically ATF4 induction, had previously been reported 

following ONC201 activation in acute myeloid leukemia (AML), mantle cell lymphoma (MCL) and colon 

cancer cell models18,19. Our study confirmed the induction of the ISR in TNBC cells following both 

ONC201 and TR-57 treatment and demonstrated that this induction is a ClpP-dependent response (Fig. 

2.4, Fig. S2.3).    

 Shortly after our publication, Ishizawa et al. confirmed ClpP as the direct binding partner of 

ONC201, identified through a compound screen for ClpP activators29. Additionally, they showed that 

ONC201 binds the hydrophobic pocket between ClpP subunits, opening the axial pore of apo-ClpP and 

thus activating it in the absence of ClpX. Since, we have published an additional paper demonstrating that 

TR compounds are more potent ClpP activators and better TNBC cell growth inhibitors than ONC201 and 

other ONC201 structural analogs (e.g., ONC206) (Chapter 3). Having tested the growth inhibitory 
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capacity of many TR compounds, we have been able to perform structure-activity relationship (SAR) 

assessments to determine locations and substitutions in the TR compound scaffold that confer potency. 

Nanjing Gator Meditech determined lipophilic moiety substitution is preferred at the V- and Z- positions as 

opposed to the W-position on one benzyl ring64 (as labeled in Fig. 2.1 and Fig. 3.1). Our studies have 

shown that substitution of a nitrile reside at the Y-position on the other benzyl ring is preferred (Fig. 2.1). 

Optimization of both benzyl rings results in compound TR-65, which demonstrated nM IC50 values (growth 

inhibition) and EC50 values (ClpP activation) compared to the μM values of ONC201 (Fig. 2.1, Fig. 2.3). 

The importance of the basic nitrogen located in the 3-piperidine moiety (X-position, Fig. 3.1) is 

demonstrated by μM IC50 values of TR-109 and TR-122, where both compounds have a carbon 

substituted in place of the basic nitrogen. TR-57 contains a modified acylguanidine moiety (Fig 2.1) and 

shows improved potency over ONC201. Additional modification resulting in the removal of the R group 

(Fig. 3.1), resulting in TR-107, yields an equipotent compound, indicating that the multi-ring imipridone 

structure is not necessary for potent ClpP activation. The understanding of the structure-activity 

relationships of these compounds is highly valuable for the development of the next generation of ClpP 

activators.  

 Following the identification of ClpP as the target of ONC201 and TR compounds, we generated 

ClpP-KO SUM159 cells using CRISPR-Cas9, and our colleagues in the Lipkowitz Lab at the NCI 

generated a ClpP-KO MDA-MB-231 cell line. We tested the growth inhibitory effects of TR compounds 

and other ONC201 scaffold analogs on both ClpP-KO cell lines and found no inhibitory effects, confirming 

that these compounds act through ClpP activation (Fig. 3.1). After previously observing loss of 

mitochondrial proteins (Chapter 2, proteomics data (unpublished)), we investigated whether the loss of 

these proteins is ClpP-dependent, as well as the time- and dose-dependence of protein loss (Fig. 3.3, 

Fig. S3.2). We found that the loss of these mitochondrial proteins was both time- and dose-dependent, 

with proteins lost at various timepoints, but doses near the observed IC50 was sufficient to result in protein 

loss in WT cells. Additionally, the loss of these proteins did not occur in ClpP-KO cells, confirming their 

loss to be ClpP-dependent. Previous studies reported a loss in mitochondrial function as assessed 

through oxygen consumption rate (OCR) in MDA-MB-231 cells22. We assessed the effects of TR-107 on 

both WT and ClpP-KO MDA-MB-231 cells (Fig. 3.4) and observed a dose-dependent decline in OCR in 
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WT cells, indicating TR-107 inhibits OXPHOS. In ClpP-KO cells, we did not observe this same decline, 

demonstrating OXPHOS decline is ClpP-dependent. Additionally, we observed a ClpP-dependent 

increase in extracellular acidification rate (ECAR), a measurement of glycolytic function. Consistent with 

an increase in glycolytic function, culturing cells in galactose containing media increased the potency of 

ONC201 and TR-107.   

 Due to the abundance of data that ClpP activators are causing loss of both mitochondrial proteins 

and metabolic function, my dissertation project focused on completing a multi-omic profile of ClpP 

activation in TNBC cells. This multi-omic analysis was intended to provide increased clarity on (1) the 

mechanism by which ClpP activation inhibits cell growth and (2) metabolic vulnerabilities (significant, 

ClpP-dependent perturbations) that could be further exploited for additive or synergistic co-treatments. 

From this data, we have demonstrated significant ClpP-dependent up- and downregulation at the 

proteomic, transcriptomic, and metabolomic level (Fig. 4.1). Proteomics data revealed significant, ClpP-

dependent downregulation of mitochondrial proteins, including those previously identified (Chapters 2 and 

3) as well as mitochondrial OXPHOS, transcription, and translational machinery. Transcriptomic data 

revealed significant upregulation of many ATF4-dependent genes, confirming previously observed ATF4 

induction. Metabolomic data revealed significant, ClpP-dependent perturbations in many mitochondrial 

metabolites, indicating perturbations in additional mitochondrial metabolic pathways. Additionally, 

transcriptomics data did not consistently match significant proteomic downregulation, suggesting that the 

loss of many proteins following ClpP activation are due to degradation by ClpP.  

 Multi-omic analysis revealed significant changes to mitochondrial metabolic processes. Amino 

acid metabolism was significantly altered, consistent with the loss of amino acids at the metabolite level, 

as well as the upregulation of ATF4-dependent genes (e.g., ASNS, PSAT1), and the protein-level 

changes of many enzymes involved in amino acid synthesis. Multi-omic profiling identified significant, 

ClpP-dependent downregulation in the tricarboxylic acid (TCA) cycle, further confirming the previously 

observed loss of OCR (Fig. 3.4). Additional downregulated pathways identified by multi-omic profiling 

include pathways required for cell proliferation, including pyrimidine synthesis, and (S)-citrulline 

metabolism (Fig. 4.4). The identification of these pathways not only identifies potential metabolic 

vulnerabilities, but also demonstrates the multi-nodal activity of ClpP activation.   
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 Anticancer treatments that target a single metabolic pathway in cancer (e.g., trametinib) have 

frequently found successful combination treatments with drugs that target a different regulatory node in 

the same pathway (e.g., dabrafenib) or other cellular processes (e.g., nivolumab, paclitaxel)176,177, 

resulting in decreased tumor burden and reduced resistance development. Metabolic reprogramming has 

been known to play a role in cancer biology since the 1920s following the work of Warburg and the 

Cori’s45,178. The Warburg effect, or the reliance of cancer cells on glycolysis to generate ATP, has been a 

common example of metabolic reprogramming in cancer since its identification. Since this discovery, 

many other metabolic pathways (including those reliant on glycolytic or TCA cycle intermediates) have 

been shown to be significantly altered in cancer cells, including heme metabolism179, glutaminolysis120, 

serine dependence51, and (S)-citrulline metabolism51, nucleotide biosynthesis51,122. Identification of which 

pathways cancer cells rely on for continued proliferation has since aided in identifying potential anticancer 

compounds51,89,118,122. 

 I have often hypothesized many potential synergistic co-treatments for TR compounds in TNBC 

cells based off the -omics data that we have collected. Drugs targeting enzymes that are lost after ClpP 

activation have, as expected, had no additive or synergistic effects when combined with TR-57 treatment. 

I have also tried inhibitors that target enzymes and pathways upregulated following ClpP activation (e.g., 

autophagy, pAKT, LDH (unpublished data)), as the upregulation of these pathways likely indicates a 

dependence on these pathways to stay alive following TR-57 treatment. However, these treatments have 

also failed to demonstrate a synergistic effect when combined with ONC201 or TR-57. Interestingly, we 

do see a shift in IC50 when cells are cultured in galactose containing media (as opposed to glucose 

containing media), suggesting that an overall inability to generate OXPHOS-related intermediates further 

exacerbates the effects of ClpP activators (Fig. 3.4). Our collaborators in the Lipkowitz Lab at the National 

Cancer Institute have also performed compound screens to identify potential synergistic partners with 

ClpP activators and have largely found that many compounds, particularly those involved in apoptosis 

regulation, do not synergize with ClpP activators.  

 From the data gathered from our multi-omic analysis of ONC201 and TR-57, we hypothesized 

that ClpP activators upregulate the ATF4-dependent enzyme phosphoglycerate dehydrogenase 

(PHGDH), an enzyme essential for serine biosynthesis from glycolytic intermediates, and a pathway 
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cancer cells are often dependent on for increased proliferation51. L-serine levels were significantly 

declined following 24-hour ONC201 and TR-57 treatment, leading to the hypothesis that ClpP activation 

induced serine depletion, which in turn lead to ATF4-dependent upregulation of PHDGH in order to 

compensate for the loss of L-serine. Co-treatment with the PHGDH enzymatic inhibitor NCT-503 did not 

lead to significant additive or synergistic effects in SUM159 cells when treated in normal culture 

conditions. However, it is possible that these culture conditions were not ideal for this experiment, as L-

serine is a nonessential amino acid that could be (1) synthesized from other pathways (e.g., from glycine 

via serine hydroxymethyltransferase (SHMT) or via one carbon metabolism) or (2) taken up from serine 

provided in cell culture media. Removing serine from cell culture media could potentially provide 

increased strain on treated cells that are dependent on serine biosynthesis for survival.  

 In conclusion, the data presented in this dissertation provides ample evidence that ONC201 and 

TR compounds bind to and activate ClpP, leading to ClpP’s multi-nodal effect of perturbation of multiple 

mitochondrial metabolic pathways at the proteomic, transcriptomic, and metabolomic levels. Observed 

inhibition in cell growth is likely due to the multi-nodal nature of ClpP activation, due to the subsequent 

downregulation of many mitochondrial proteins and loss of mitochondrial metabolites requires for the 

biosynthesis of amino acids and nucleotides. This multi-omic data can be further utilized to identify 

additional metabolic perturbations whose exploitation may have additive or synergistic effects with TR 

compounds. Expansion of this multi-omics data to include additional timepoints or isotopic labeling of 

glucose (metabolomics) would result in the ability to monitor proteomic and transcriptomic changes over 

time and metabolic flux, leading to further elucidation of the mechanism of action of the TR compounds.  

5.2 Future Directions 

 ClpP activators had previously been investigated as potential antibiotic compounds33,34,103 and 

had shown anticancer activity in ClpP-overexpressing AML37. ONC201 and TR compounds have since 

shown anticancer activity in a wide variety of cancer models, including cell lines that do not over express 

ClpP. Through work with our colleagues at many universities, I know that these compounds are in 

continued testing in many cancer cell models. In the coming years, I hope the mechanism of action of 

these compounds is fully elucidated. The role of ClpP has been relatively well characterized in C. elegans 

and is known to play a role in ISR/UPRmt  activation42,43. Additionally, putative direct substrates of human 
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ClpP have been recently published109 and the functions of human ClpP, canonical and following activation 

by TR compounds continues to be elucidated by the Graves Lab and our colleagues. Our collaborators at 

the University of Toronto have recently published an exciting paper on identification of novel N-termini 

generation following ClpP activation40, which will undoubtedly advance the field’s understanding of ClpP 

substrates. In the future, I envision the identification of direct ClpP substrates effected by pharmacological 

activation will allow for the identification of peptides released (if any) from mitochondria and whether 

these contribute to the mito-nuclear crosstalk that occurs following ONC201 and TR-57 treatment 

evidenced by ATF4/CHOP induction (Chapters 2 and 4). I believe that the proteomic, transcriptomic, and 

metabolomic data presented in this dissertation can be utilized and expanded upon to further elucidate 

this mechanism.   

 The multi-omic profiling presented herein (Chapter 4) to identify metabolic reprogramming and 

vulnerabilities can be utilized and expanded upon to (1) generate hypotheses regarding potential co-

treatments for TR compound treatment and (2) identify additional metabolic vulnerabilities not discussed 

in this dissertation. This data demonstrated a significant downregulation in amino acid metabolism in 

treated cells, indicating a potential need to investigate the autophagic flux in these cells and whether 

drugs targeting autophagy have additive or synergistic effects when combined with TR compounds. 

Targeting the pentose phosphate pathway (PPP), which is an important source of ribose and NADPH180, 

may also be a viable strategy for identifying synergy with ClpP agonism. In collaboration with Stanley 

Lipkowitz’s Lab at NCI, we demonstrated loss of proline biosynthesis following ClpP activation, which 

relies on NADPH generation from the PPP142. This study also found significant downregulation (~50%) of 

NADPH levels following ClpP activation. Additionally, the PPP is required for nucleotide biosynthesis, 

which we found to be downregulated following ClpP activation (Chapter 4). We found de novo synthesis 

of pyrimidines, a process connected to mitochondria through dihydroorotate dehydrogenase50, to be 

dysregulated following ClpP activation (Chapter 4). We observed the downregulation of multiple 

metabolites in this pathway, including dihydroorotate and aspartate (Fig. 4.4B). Pyrimidines can also be 

made through the pyrimidine salvage pathway181, and inhibition of this pathway may serve as an 

additional potential co-treatment strategy. Nutritional interventions, or metabolic vulnerabilities that can be 

exploited by changes in diet or supplements, would be an interesting topic for the field to explore. 
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Nutritional interventions could be used in vivo to exploit metabolic vulnerabilities identified by multi-omic 

studies, by either (1) adding nutrients that improve response to drug (e.g., galactose (Chapter 3)) or (2) 

removing nutrients from the diet to improve response.   

 The loss of mtDNA following ONC201 or TR compound treatment has been observed in our 

studies (Chapter 3) and by Greer et al. both in vitro and in vivo. The mechanism by which mtDNA is lost 

following ClpP activation are not yet known, but may involve the observed loss of TFAM, a mitochondrial 

transcription factor also involved in mtDNA stability, TUFM, and other mitochondrial nucleoid 

proteins182,183. Additionally, ONC201 and TR compounds result in a significant loss in mitochondrial 

transcription and translational machinery (e.g., POLRMT, MRPL12) observed in the proteomics data 

(Chapter 4) and there is a significant observed loss of overall protein synthesis (Chapter 2). Expansion of 

this research to investigate the role of ClpP in regulation of mitochondrial transcription and translation will 

help to elucidate (1) ClpP substrates, (2) the mechanism by which these compounds induce mtDNA loss, 

and (3) whether this mtDNA loss plays a role in the significant observed loss of OXPHOS function.   

 Loss of TFAM and mtDNA, and the subsequent release of mtDNA into the cytosol, may also be 

implicated in the activation of the cGAS-STING pathway184–186, an immune response known to promote 

de novo interferon and cytokine synthesis and initiate an anti-viral response187. We have observed that 

TR compounds induce an immune response in TNBC cells measured by significantly increased mRNA of 

multiple cytokines, including the IRF3-dependent IL-12. Additionally, we have observed increased IL-10 

levels in cell culture media following TR-57 treatment (Aponte-Collazo et al., In Submission). Clinical data 

of patients with refractory solid tumors demonstrate increased immune cell recruitment to tumor sites188, 

and we have preliminary data indicating that treated TNBC cells can recruit natural killer (NK) cells, 

further supporting the hypothesis that these cells induce an immune response. Additionally, cell surface 

expression of the ER protein calreticulin has demonstrated to increase cell clearance by 

macrophages189,190, and we have observed an increased level of calreticulin on the cell surface of TR-57 

treated TNBC cells using cell surface proteomics methods(unpublished). Further investigation into 

whether these compounds (1) induce mtDNA release into the cytosol and subsequently (2) activate the 

cGAS-STING pathway and (3) whether this activation is involved in the observed induction of cytokines, 

as well as (4) the role of calreticulin cell surface expression affects immune recruitment would have a 
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significant impact on the field’s understanding of how these compounds regulate an immune 

response/immune recruitment to treated cells.   

 My greatest hope for the TR compounds is to enter clinical trial for difficult to treat cancers based, 

in part, on the in vitro and in vivo evidence collected during my graduate career. ONC201 has previously 

been used in multiple clinical trials, and published data indicates ONC201 is well tolerated with minimal 

side effects while being administered on a low-frequency schedule16,59. Our studies presented in Chapters 

2 and 3 of this dissertation have demonstrated that TR compounds act similarly to and more potently than 

ONC201 in vitro. Further, xenograft models of TNBC have shown TR-107 is well tolerated while also 

reducing tumor burden in mice, suggesting it is a potential candidate for clinical trials of TNBC, and 

potentially other aggressive cancers, moving forward. I also hope that the identification of metabolic 

vulnerabilities from data presented in Chapter 4 and any data collected in the future can provide potential 

therapeutic combination treatments with other anticancer agents or nutritional interventions.   
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