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Abstract
Background

The mitochondrial protease CIpP is frequently upregulated in multiple cancer types and has emerged as
a promising therapeutic target. However, the regulation of ClpP expression under cellular stress and the
biological consequences of elevated ClpP levels remain incompletely understood. We investigated how
metabolic, environmental, and therapeutic stressors influence ClpP expression and examined the impact
of elevated ClpP expression on cancer cell adaptation to adverse microenvironmental conditions.

Methods

ClpP expression was assessed in cancer cell lines exposed to nutrient deprivation, hypoxia, and
pharmacological stressors. Stable ClpP-overexpressing cell lines were established to evaluate the
effects of elevated CIpP expression on cell survival, mitochondrial respiratory enzyme activities, redox
status, ATP levels, extracellular acidification, and expression of genes involved in metabolic adaptation.

Results

ClpP expression was dynamically regulated by cellular stress. Cisplatin, LY294002, and 2-deoxyglucose
increased ClpP expression, whereas metformin, ONC201, and hypoxia reduced CIpP levels. CIpP
overexpression enhanced cell survival under nutrient-deprived and hypoxic conditions. Elevated ClpP
expression was associated with reduced mitochondrial respiratory enzyme activities, decreased
NAD+/NADH ratios, and maintenance of intracellular ATP levels. In addition, ClpP-overexpressing cells
exhibited reduced extracellular acidification during prolonged culture and increased expression of
mitochondrial carbonic anhydrase 5B (CA5B) together with genes involved in the serine-one-carbon-
folate pathway and uridine metabolism.

Conclusions

ClpP is a stress-responsive mitochondrial factor whose elevated expression is associated with enhanced
survival under nutrient and oxygen limitation. These effects are accompanied by coordinated changes in
bicarbonate homeostasis, one-carbon metabolism, and uridine utilization, suggesting a potential role for
ClpP in metabolic adaptation to adverse tumor microenvironmental conditions.

Background

ClpP is a critical component of the mitochondrial proteostasis machinery. Together with the ATP-

dependent unfoldase ClpX, CIpP forms the CIpXP complex, which selectively degrades misfolded or

damaged proteins and thereby preserves mitochondrial protein homeostasis [1-3]. Accumulating
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evidence indicates that ClpP is frequently upregulated across multiple cancer types [4-7], and elevated
expression has been associated with tumor progression and poor prognosis [6, 8, 9]. Intriguingly, both
inhibition and hyperactivation of ClpP can induce selective cancer cell death, underscoring the complex
role of ClpP in tumor biology and its potential as a therapeutic target [4, 10, 11]. Accordingly, ClpP
activators such as ONC201 and ONC212 are currently being evaluated in clinical and preclinical studies
[12-15]

Basal CIpP expression level appears to be an important determinant of the anticancer efficacy of ClpP
agonists [16—19]. However, the mechanisms that regulate ClpP expression remain poorly understood. It
is unclear whether microenvironmental and therapeutic stressors, such as nutrient deprivation, hypoxia,
anticancer drugs, modulate CIpP expression, and thereby influence cellular adaptation and treatment
response. Currently, the anticancer effects of ClpP-targeting agents have been attributed to disruption of
mitochondrial oxidative phosphorylation (OXPHOS), resulting in impaired ATP production and
mitochondrial dysfunction. Nevertheless, emerging evidence suggests that the role of ClpP extends
beyond the maintenance of mitochondrial bioenergetics. Perini, T. et al [7] reported that ClpP silencing
does not significantly affect oxygen consumption or ATP levels in multiple myeloma cells, but instead
alters anabolic pathways, including polyamine synthesis. Moreover, genetic disruption of CIpP promotes
browning of white adipose tissue, further supporting a broader role for CIpP in metabolic regulation [20].
Together, these observations suggest that ClpP regulates metabolism beyond its established role in
OXPHOS. Although CIpP is increasingly recognized as a therapeutic target, little is known about how
elevated ClpP expression contributes to cancer cell fitness and survival within hostile tumor
microenvironments

Tumor cells are continuously exposed to nutrient limitation, hypoxia and extracellular acidification.
Adaptation to these conditions requires extensive metabolic remodeling. Whether elevated ClpP
contributes to this adaptive response remains unknown. Here we tested the hypothesis that stress-
induced ClpP contributes to metabolic adaptation that improves cancer cell survival under nutrient and
oxygen limitation. We demonstrate that ClpP is dynamically regulated by distinct stressors and that
elevated ClpP expression is associated with enhanced survival under metabolically challenging
conditions and coordinated changes in bicarbonate metabolism, serine-one-carbon metabolism and
uridine utilization pathways.

Results

1. Stress regulates CIpP expression

To determine whether ClpP is influenced by cellular stress, we first examined ClpP protein levels in three
cancer cell lines (143B, A549, and HepG2) and a non-cancerous human lung fibroblast cell line (LF)
during prolonged culture without medium replacement, a condition associated with progressive nutrient
depletion and extracellular acidification. Under these conditions, ClpP levels gradually increased over
time in all cell lines examined (Fig. 1A). To further investigate the regulation of ClpP by specific stress
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stimuli, A549 cells were exposed to metabolic and genotoxic stressors. 2-deoxyglucose (2-DG),
LY294002, and cisplatin all increased CIpP protein expression (Fig. 1B). We next tested how ClpP
expression responds to metformin treatment because metformin enhances glycolysis and extracellular
acidification in cancer cell lines [21-23]. We found that metformin treatment accelerated extracellular
acidification in A549 cells (Supplementary Fig. 1A). Interestingly, metformin suppressed ClpP expression
in the three tested cancer cell lines in a dose-dependent manner (Fig. 1C and 1D). We observed that
ONC201, the first-in-class ClpP activator [24], also decreased ClpP protein levels in these cell lines

(Fig. 1C and 1D). Additionally, hypoxic growth condition (1% O,) also significantly decreased CIpP protein
levels in A549 cells (Fig. 1E). Moreover, hypoxia largely abolished the induction of ClpP elicited by 2-DG
and cisplatin (Fig. 1E). Collectively, these findings demonstrate that CIpP is regulated in a stress-specific
manner, with different stressors inducing opposite effects on protein abundance.

2. ClpP overexpression impairs respiratory enzyme activities and alters NAD * /NADH homeostasis
without affecting ATP levels

To assess the functional consequences of elevated CIpP expression, we established cell lines stably
expressing a ClpP-EGFP fusion protein (Supplementary Fig. 2A-2C). The ClpP-EGFP overexpressing cells
exhibited extremely high sensitivity to ONC201 (Supplementary Fig. 2D and Supplementary table 1).
However, ClpP overexpression did not affect cell proliferation under standard culture conditions in either
cell line (Supplementary Fig. 2E and 2F). We next analyzed the effects of CIpP overexpression on
activities of mitochondrial respiratory enzymes in 143B cells. All assessed enzymes showed a similar
pattern of decreased activity in CIpP overexpressing 143B cells (143B-ClpP) compared to control cells
143B-EGFP, only expressing EGFP (Fig. 2A-D). Consistent with impaired mitochondrial oxidative
metabolism, CIpP overexpression decreased the cellular NAD*/NADH ratio without affecting total
NAD(H) (Fig. 2E-2H). Surprisingly, despite the widespread reduction in respiratory enzyme activities and
the altered redox balance, intracellular ATP levels remained unchanged (Fig. 21), suggesting the
engagement of compensatory metabolic pathways. To explore whether enhanced glycolysis acts as
compensation, we assessed cellular sensitivity to the glycolytic inhibitor 2-DG. 143B-ClpP cells displayed
only slightly increased sensitivity to 2-DG compared with control cells (Fig. 2J). Together, these findings
demonstrate that elevated CIpP expression suppresses mitochondrial respiratory enzyme activity and
perturbs cellular redox balance while maintaining ATP homeostasis, suggesting metabolic adaptation to
compromised mitochondrial function.

3. CIpP overexpression is associated with increased survival under prolonged culture and hypoxic
conditions

During prolonged culture, we observed that medium of A549 cells only expressing EGFP (A549-EGFP)
became progressively more acidic from day 3 onwards, whereas the medium of ClpP-EGFP-expressing
A549 cells (A549-ClpP) maintained a relatively stable pH (Fig. 3A). A similar, although less pronounced,
trend was also observed in 143B cells (Fig. 3B). To investigate whether these differences were
associated with altered extracellular lactate levels, we measured lactate concentrations in the culture
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medium. Interestingly, lactate levels were comparable between 143B-ClpP cells and their corresponding
control cells after 3 days of culture (Fig. 3C). In contrast, A549-CIpP cells exhibited significantly higher
lactate levels than A549-EGFP cells on day 3 after seeding; however, this difference was no longer
evident by day 6 (Fig. 3D). Notably, A549-ClpP and A549-EGFP cells displayed similar proliferation rates
during the first 5 days of culture. Thereafter, A549-ClpP cells continued to proliferate and remained viable
for up to 16 days without medium replacement. In contrast, A549-EGFP cells exhibited a marked
reduction in proliferation after day 5 and lost viability after day 8 under the same conditions (Fig. 3E and
3F).

(A, B) Representative images showing culture medium color changes in A549 (A) and 143B (B) cells
after 4 days of culture. (C) Lactate concentrations in conditioned medium collected from 143B cell lines
on 3 days of culture. (D) Lactate concentrations in conditioned medium collected from A549 cell lines at
the indicated time points following seeding. (E) Growth curves of A549-ClpP and A549-EGFP cells
cultured under normoxic conditions without medium replacement. Data are presented as mean cell
number + SD from triplicate wells of a 24-well plate. (F) Representative images of A549-ClpP and A549-
EGFP cells after 10 days of culture without medium replacement. Data are presented as mean * SD.
Statistical significance was determined using a two-tailed Student's t-test or one-way ANOVA test. *: P <
0.05;**: P<0.01.

Moreover, A549-CIpP cells displayed substantially higher proliferation rates and survival than control
cells when cultured under hypoxic conditions (1% 0,) (Fig. 4A and 4B), despite marked acidification of
culture medium (Supplementary Fig. 1B). To further evaluate whether extracellular acidification
contributes to the reduced survival of control cells, we increased the buffering capacity of the culture
medium. Enhanced buffering significantly improved the viability of A549-EGFP cell in a dose-dependent
manner after 10 days of culture under normoxic conditions, whereas no additional proliferation or
survival benefit was observed in A549-ClpP cells (Fig. 4C). Together, these findings suggest that ClpP
overexpression enhances survival under prolonged culture and hypoxic conditions, at least in part by
protecting cells from the detrimental effects of extracellular acidification.

1. (A) Growth curves of A549-ClpP and A549-EGFP cells under hypoxic conditions (1% 0,) without
medium replacement. Data are presented as mean cell number + SD from triplicate wells of a 24-
well plate. (B) Representative images of A549-ClpP and A549-EGFP cells cultured under hypoxic
conditions. A549-EGFP cells underwent a pronounced morphological transition from a cobblestone-
like epithelial phenotype to an elongated, spindle-shaped morphology. In contrast, A549-ClpP cells
largely retained their epithelial morphology and reached confluency. (C) Effect of enhanced medium
buffering on the viability of A549-ClpP and A549-EGFP cells cultured under normoxic conditions.
Cells were cultured in medium supplemented with the indicated concentrations of HEPES. Data are
represented as mean * SD of three independent experiments. Statistical significance was
determined by student t test or one-way ANOVA. *:P < 0.05; *** P < 0.001.

Page 5/16



1. 4. Elevated ClpP expression accompanies changes in bicarbonate and serine-one-carbon-folate
metabolism

To investigate the metabolic adaptations associated with the enhanced survival of ClpP-overexpressing
cells under nutrient deprivation and acidic microenvironmental conditions, we examined the expression
of genes involved in lactate metabolism, bicarbonate homeostasis, and alternative nutrient utilization.
Consistent with elevated extracellular lactate levels (Fig. 3D), A549-ClpP cells exhibited increased
expression of genes associated with lactate production and transport (Fig. 5A). Given the increased acid
burden associated with lactate accumulation, we next examined genes involved in bicarbonate
homeostasis. Mitochondrial carbonic anhydrase 5B (CA5B) and the bicarbonate transporter SLC4A4
were markedly upregulated, whereas cytosolic carbonic anhydrase 2 (CA2) was downregulated (Fig. 5B).
In the serine-one-carbon-folate (SOCF) pathway, key enzymes including SHMT1, SHMT2, and MTHFD1
were significantly upregulated in A549-ClpP cells (Fig. 5C). In addition, UPP1 and PGM2, which
participate in uridine metabolism, were increased, whereas GLS, the rate-limiting enzyme in
glutaminolysis, was downregulated (Fig. 5D and 5E). To determine whether these expression patterns
were influenced by hypoxia, we analyzed gene expression under 1% O,. CA5B, SHMT2, MTHFD1, and
MTHFD2 remained upregulated under hypoxic conditions, while SLC4A4, despite being elevated under
normoxia, was reduced under hypoxia (Fig. 5F-H). Notably, CA5B, SHMT2, and MTHFD1 were
consistently elevated under both normoxic and hypoxic conditions, suggesting that activation of these
pathways is a stable feature of the ClpP-associated metabolic phenotype. The increase in MTHFD1
expression was further confirmed at the protein level by western blotting. PHGDH, the rate-limiting
enzyme in de novo serine biosynthesis, was also upregulated. Consistent with these findings,
pharmacological activation of ClpP with ONC201 increased PHGDH and MTHFD1 protein expression in
A549-EGFP cells (Fig. 5I). Collectively, these findings indicate that elevated ClpP expression is
associated with coordinated remodelling of bicarbonate homeostasis, serine-one-carbon-folate
metabolism, and uridine metabolism. These metabolic adaptations may contribute to cellular survival
and persistence in acidic and hypoxic microenvironments.

Discussion

In this study, we demonstrate that ClpP expression in cancer cells is dynamically regulated in response
to metabolic and environmental stress. While ClpP is well recognized for its role in mitochondrial
proteostasis and oxidative phosphorylation, our findings reveal a previously unappreciated role for CIpP
involving in adaption of cancer cells to nutrient limitation, extracellular acidification, and hypoxia.
Specifically, we show that CIpP expression is bidirectionally regulated depending on the stress
conditions encountered by the cells, and that increased CIpP expression is associated with metabolic
remodeling that supports cellular fitness under adverse microenvironmental conditions. The principal
finding of this study is that elevated ClpP is associated with metabolic adaptation and survival in
response to nutrient limitation, extracellular acidification, and hypoxia. These findings expand the
established role of CIpP beyond mitochondrial proteostasis and identify ClpP as a potential mediator of
cancer cell metabolic plasticity in the stressed tumor microenvironment.
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Although the primary focus of this study was the functional consequence of elevated CIpP expression,
our data also reveal that ClpP is dynamically regulated by environmental and therapeutic stress.
Metabolic stress induced by 2-DG and LY294002, and genotoxic stress induced by cisplatin elevated
ClpP expression, whereas metformin, ONC201 and hypoxia down-regulated CIpP expression. Although
these agents impose distinct forms of metabolic stress, existing evidence indicates that 2-DG [25, 26]
and LY294002 [27, 28] restrict glucose utilization, while cisplatin has been reported to reduce glucose
uptake in cisplatin-sensitive cancer cells [29, 30], while metformin and hypoxia generally enhance
glucose consumption via increased glycolysis [21-23, 31]. The observed inverse relationship between
ClpP expression and glucose utilization is further supported by findings in ClpP knockout mouse models,
which exhibit increased glucose homeostasis [20, 32]. These findings suggest that ClpP forms part of a
broader mitochondrial stress-adaptation program. A central finding of this study is the apparent link
between CIpP expression and cellular acid-base homeostasis. Although ClpP-overexpressing cells
accumulated extracellular lactate, they displayed markedly reduced medium acidification and survived
substantially longer under prolonged culture conditions than control cells. Despite comparable lactate
levels between control and ClpP-overexpressing A549 cells, the extracellular pH was significantly altered,
suggesting the activation of buffering mechanisms capable of mitigating the detrimental effects of
prolonged metabolic acid generation. In support of this idea, the mitochondrial CA5B was consistently
among the most strongly induced genes in ClpP-overexpressing cells under both normoxic and hypoxic
conditions. CA5B, unlike its liver-specific isoform CA5A, is broadly expressed but remains relatively
understudied [33—35]. However, existing evidence shows that CA5B plays a critical role in ammonia
detoxification and glucose metabolism and that overexpression of CA5B contributes to acid-base
homeostasis and resistance to acidic microenvironment and hypoxia [36—40]. Altered expression of the
bicarbonate transporter SLC4A4[41] further suggests coordinated remodeling of bicarbonate
metabolism. Because bicarbonate represents the principal buffering system in the culture conditions
used here, enhanced mitochondrial bicarbonate production may contribute to the preservation of
intracellular pH homeostasis and the improved survival phenotype observed in ClpP-overexpressing
cells. Although it remains unclear whether CA5B is a direct substrate of CIpP or is regulated indirectly
through mitochondrial remodeling, our findings raise the possibility that ClpP contributes to adaptation
to hostile microenvironments not only through metabolic rewiring but also through maintenance of acid-
base balance. This potential CIpP—CA5B axis may represent a previously unrecognized connection
between mitochondrial proteostasis and metabolic adaptation in cancer cells.

In addition to the apparent association with acid-base adaptation, ClpP overexpression was
accompanied by extensive remodeling biosynthetic and nutrient-utilization pathways. Consistent with
previous studies of ClpP [4, 10, 11, 20], elevated ClpP reduced electron transport chain (ETC) activity and
decreased the NAD+/NADH ratio, indicating impaired oxidative metabolism. Despite these changes,
intracellular ATP levels remained largely unchanged, suggesting engagement of compensatory
metabolic programs [42].

Among the most prominent metabolic adaptations was the upregulation of enzymes involved in the
SOCF metabolism, including SHMT1, SHMT2 and MTHFD1. This pathway plays a central role in
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nucleotide synthesis, redox balance, and stress adaptation in cancer cells [43, 44]. The induction of
these enzymes under both normoxic and hypoxic conditions suggests that increased SOCF metabolism
is a consistent feature of the ClpP-associated phenotype. Increased expression of MTHFD1 and PHGDH
at the protein level, together with their induction following ONC201 treatment, further supports a link
between ClpP activity and metabolic pathways involved in biosynthesis and cellular maintenance.

Enhanced expression of UPP1 and PGM2 further suggests altered nucleotide salvage and uridine
utilization in ClpP-overexpressing cells. Previous studies have shown that uridine metabolism can
support glycolytic carbon utilization under nutrient-limited conditions [45]. Ribose-1-phosphate from
uridine catabolism bypasses hexokinase to enter glycolysis, which probably explains the slightly
increased sensitivity to 2-DG observed in CIpP overexpressing cells with impaired ETC function. Although
the functional significance of these changes remains to be determined, the coordinated regulation of
one-carbon and uridine metabolism is consistent with an adaptive response aimed at maintaining
biosynthetic capacity under conditions of mitochondrial dysfunction.

From a therapeutic perspective, our findings suggest that the metabolic state of cancer cells may
influence responses to ClpP-targeting therapies. Previous studies have reported enhanced activity of
ClpP agonists when combined with cisplatin or glycolytic inhibition with 2-DG [46, 47], whereas hypoxia
reduces sensitivity to ONC212, a second generation of ONC201[47]. Consistent with these observations,
we found that cisplatin and 2-DG increased ClpP expression, whereas hypoxia reduced it. Although the
underlying mechanisms remain unclear, these findings raise the possibility that stress-dependent
regulation of ClpP contributes to therapeutic responsiveness and highlights the importance of
considering metabolic context when evaluating ClpP-directed strategies.

In conclusion, our findings identify ClpP as a stress-responsive regulator associated with metabolic
adaptation in cancer cells. Elevated ClpP expression enhances survival under nutrient deprivation and
hypoxic conditions and is accompanied by coordinated changes in bicarbonate metabolism, serine-one-
carbon metabolism, and uridine utilization. Although the mechanistic contribution of these pathways
requires further investigation, the observed metabolic alterations provide a framework for understanding
how elevated CIpP may support cellular fitness under adverse microenvironmental conditions. These
findings expand the role of ClpP beyond mitochondrial proteostasis and highlight its potential
importance in the metabolic adaptation of cancer cells.

Methods
Reagents, antibodies and kits

Metformin (Sigma, cat#PHR1084); 2-Deoxy-D-glucose (Sigma, cat# D8375); Cisplatin (Sigma,
cat#PHR1624-200MG); LY294002 (Sigma, Cat#L9908-1MG); ONC201 (Sigma, SML1068). DMEM
(ThermoFisher, cat# 31966047); Primary antibodies for western blot including: ClpP (Abcam; ab124822);
SDHA (Abcam; ab14715); COXI (Abcam; ab14705); PHGDH (Abcam; ab240744); MTHFD1 (Abcam;
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ab70203); B-actin (Sigma; A5441), and secondary antibodies: rabbit anti-mouse IgG (Dako P0260) and
donkey anti-rabbit IgG (Santa Cruz; SC2313). For immunofluoressence: ClpP antibody (Thermo Fisher
Scientific, cat. no. PA5-79051) and Alexa Fluor 488 goat anti-rabbit secondary antibody
(MedChemExpress, cat. no. HY-P8002) as secondary antibody. Cell proliferation was determined with
Cell Proliferation Kit Il (XTT) kit (Sigma, cat#11465015001)

Cell lines

The human cell lines 143B, A549, and HepG2 were obtained from the American Type Culture Collection
(ATCC). Primary lung fibroblasts were generated in our laboratory. All cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1x penicillin—
streptomycin (Thermo Fisher Scientific, cat. no. 15140122). Cells were maintained at 37°Cin a
humidified incubator with 5% CO,. For hypoxic growth condition, the cels were cultured in a humidified
incubator with 1% 0O, level.

Establishment of stable cell lines overexpressing human ClpP

Human CLPP was cloned into pcDNA3.1-C-eGFP vector to generate a ClpP—EGFP fusion protein.
Because the mitochondrial targeting sequence of ClpP is located at its N-terminal [3], EGFP was fused to
the C- terminal of ClpP. Cell lines stably expressing CIpP—EGFP or EGFP were maintained in DMEM
supplemented with 10% FBS and 1x penicillin—streptomycin in the presence of 200 pg/mL G418 (Sigma,
cat. no. G8168).

Compound Treatments in Different Cancer Cell Lines Under
Normoxia and Hypoxia

For compound treatment experiments, cells were seeded in 60-mm dishes. After 24 h, cells were treated
with metformin, ONC201, cisplatin, 2-DG, or LY294002 under normoxic or hypoxic conditions. The
specific cell types and compound concentrations are provided in the corresponding figures. After 2 days
of treatment, cells were directly lysed in RIPA buffer (150 mM sodium chloride, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris, pH 8.0)

Western blot, Immunofluorescence, and Mitotracker staining

ClpP-EGFP expression was confirmed by Western blotting and immunofluorescence. For Western blot
analysis, proteins were separated by SDS-PAGE, transferred to PVDF membranes, and analyzed using
antibodies against ClpP and the indicated proteins. Signals were detected by enhanced
chemiluminescence. For immunofluorescence, cells were fixed, permeabilized, stained with anti-ClpP
antibody and fluorescent secondary antibody, counterstained with DAPI. Mitochondrial localization of
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ClpP-EGFP was assessed by mitochondrial staining with MitoTracker® Red CMXRos (Thermo Fisher,
M7512). Images were acquired using a ZEISS Observer 2.1 microscope.

Determination of IC50 of ONC201 in 143B Cell Lines

The 143B-ClpP1 and 143B-EGFP cell lines were used for IC50 determination. Briefly, 2,000 cells in 100 pL
of DMEM were seeded in triplicate into 96-well plates. After 24 h, cells were treated with a 1:4 serial
dilution of ONC201, with the highest concentration of ONC201 set at100 pM. Following 48 h of drug
exposure, cell proliferation was accessed using XTT assay. The experiment was performed three times
independently. IC50 values were calculated using GraphPad Prism (San Diego, USA).

Assessment of mitochondrial Cl, Cll, Clll and CIV activity in CIpP-EGFP overexpressing and EGFP-
overexpressing 143B cells

Mitochondria were isolated from cells using the Mitochondrial Isolation Kit (Sigma; CatMITOIS02).
Activities of mitochondrial complexes I-1V were assessed as described [48]. Briefly, complex | activity
was measured using NADH as the electron donor and decylubiquinone as the intermediate electron
carrier to reduce the colorimetric dye 2,6-dichloroindophenol (DCIP). Complex Il activity was determined
using succinate as substrate to reduce decylubiquinone and subsequently DCIP. Complex Il activity was
quantified by monitoring antimycin A and myxothiazol-sensitive reduction of cytochrome c using
decylubiquinol as the electron donor. Complex IV activity was measured spectrophotometrically by
monitoring cyanide-sensitive oxidation of reduced cytochrome c. All enzymatic assays were performed
at 37°C.

Extraction of Polar Metabolites and Proteins from ClpP-
EGFP overexpressing and EGFP overexpressing 143B Cells

A total of 2 x 10° 143B- EGFP or 143B-ClpP1cells were seeded in 60-mm dishes and harvested three
days later at confluence. Polar metabolites and total protein were extracted using a methanol-
chloroform—water partitioning method. Briefly, cells were washed with ice-cold PBS, rapidly quenched
with 80% methanol, scraped on ice, sonicated for 12 s, and sequentially mixed with chloroform and water
to induce phase separation (4:3:2 v/v mixture of MeOH, CHCl; and H,0). After centrifugation (18,000 g, 3
min, 0—4°C), the upper aqueous phase was collected, re-centrifuged, vacuum dried, and stored at - 80°C.
The protein fraction was recovered from the interphase by addition of excess methanol and pelleting by
centrifugation, dissolved in 2% SDS, sonicated, and quantified using a Bradford reagent containing 2.5
mg/ml a-cyclodextrin [49]. The polar metabolite fraction was used for ATP and NADH/NAD*
measurements, and protein concentrations were used for normalization.

Enzymatic assays for ATP and NAD(H)

ATP levels and NAD(H) were quantified using published protocols [50, 51], respectively.
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Measurement of the lactate concentrations in cell culture
supernatants

Lactate concentrations in cell culture supernatants were quantified using a lactate assay kit (Sigma,
MAK329). Briefly, 2 x 104 ClpP-EGFP-expressing A549 cells and their corresponding control cells, or 5 x
103 ClpP-EGFP-expressing 143B cells and their controls, were seeded in 24-well plates in 1T mL complete
DMEM. Culture supernatants were collected on days 3, 6, and 10 for lactate measurement following the
instruction of the kit. In parallel, cell numbers were determined using a Biirker chamber to assess cell
proliferation, and cell pellets were harvested and stored at - 80°C for subsequent RNA isolation.

Gene expression determined with real-time PCR

Cellular total RNA was purified with RNeasy Mini Kit (Qiagen: 74106) and cDNA was synthesized with
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific: 4368814). Gene expression
levels were analyzed with KAPA SYBR Fast Universal Kit (Sigma: KK4602). The human housekeeping
gene 18s rRNA was used as a loading control. The primer sequences were listed in supplementary table
2

Statistics

Statistical differences were tested by one-way ANOVA or Student t Test. P < 0.05 were considered
statistically significant.

Abbreviations

2-DG

2-deoxyglucose

ATCC

American Type Culture Collection
ClpP

Caseinolytic peptidase P
OXPHOS

Oxidative Phosphorylation
ETC

Electron Transport Chain
Cl

Complex |

Cll

Complex Il

Cll

Complex Il

CIv
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Complex IV
CAS5SB
Carbonic Anhydrase 5B
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