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Abstract

In human cells CIpP and ClpX are imported into the mitochondrial matrix, where they interact to
form the ATP-dependent protease ClpXP and play a role in the mitochondrial unfolded protein
response. We find that reducing the levels of mitochondrial ClpP or ClpX renders human cancer
cells more sensitive to cisplatin, a widely used anti-cancer drug. Conversely, overexpression of
HCIpP desensitizes cells to cisplatin. Overexpression of inactive HCIpP-S97A had no effect.
Cisplatin resistance correlated with decreased cellular accumulation of cisplatin and decreased
levels of diguanosine-cisplatin adducts in both mitochondrial and genomic DNA. In contrast,
higher levels of cisplatin-DNA adducts were found in cells in which HCIpP had been depleted.
Changes in the levels of ClpP had no effect on the levels of CTR1, a copper transporter that
contributes to cisplatin uptake. However, the levels of ATP7A and ATP7B, copper efflux pumps
that help eliminate cisplatin from cells, were increased when HCIpP was overexpressed. HCIpP
levels were elevated in cervical carcinoma cells (KB-CP) and hepatoma cells (BEL-7404)
independently selected for cisplatin resistance. The data indicate that robust HCIpXP activity
positively affects the ability of cells to efflux cisplatin and suggest that targeting HCIpP or HCIpX
would offer a novel mechanism for sensitizing cancer cells to cisplatin.
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1. Introduction

The success of proteasome inhibitors in treating refractory cancers such as multiple
myeloma has spurred interest in the development of inhibitors that target other components
of the ubiquitin/proteasome system and other protein quality control enzymes in general [1,
2]. Recently inhibitors of p97/VCP used alone or in combination with proteasome inhibitors
have been shown to effectively kill cancer cells in vitro [3, 4] and at least one major effort is
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underway to develop p97 inhibitors for treating cancer [5]. In addition to the cytosolic
ubiquitin/ proteasome and protein quality control systems, mammalian cells have three other
families of ATP-dependent proteases located within the mitochondria; Lon [6], FtsH [7, 8],
and CIpXP [9-12]. These proteases are homologous to bacterial ATP-dependent proteases
that perform regulatory protein degradation and maintain protein quality control [13-17].
While numerous targets and functions have now been identified for the eukaryotic Lon and
FtsH homologs [18-23], relatively little has been known about the functions of human
ClpXP (HCIpXP). Recently mutations in human ClpP have been linked to Perrault’s
syndrome, an autosomal-recessive condition accompanied by ovarian and neurosensory
impairment [24], and knockout mice lacking ClpP have been shown to produce sick
offspring with male and female infertility and auditory defects [25]. Interestingly, CLPP—/—
mice have elevated levels (1.5-4-fold depending on the tissue) of mitochondrial DNA
(MtDNA), although whether that effect underlies the developmental defects or is a
compensatory mechanism to restore some degree of function is not yet known. Thus,
mitochondrial ClpXP clearly performs important functions and is required for robust growth
and development.

HCIpXP is a bipartite chaperone/protease complex composed of two proteins, a homolog of
the E. coli ATP-dependent protein unfoldase, ClpX, and a homolog of the self-
compartmentalized protease, ClpP [11, 12, 26]. Human cells have a single copy of HCLPP
located on chromosome 19p13.3 and a single copy of HCLPX located on chromosome
15922.31 [9, 11]. Both proteins are imported to the mitochondrial matrix. Recombinant
HClpX and HCIpP are similar in structure and biochemical properties to their E. coli
counterparts [12, 26, 27], although HCIpP has a proline-rich 28-residue C-terminal
extension that is absent in eCIpP [26] suggesting that it might have an additional functional
interaction either with HCIpX or with another cellular factor.

Because the Clp proteolytic systems are involved in stress responses in bacterial cells, we
investigated the effects of increased or decreased ClpP or ClpX expression on human cell
cultures subjected to various stresses. We observed that changing the levels of HCIpP in
HelL a cells affected their sensitivity to cisplatin (cis-diaminodichloroplatinum I1), a
commonly used chemotherapeutic agent. Although cisplatin is highly reactive and targets
many biological molecules, its effectiveness as a chemotherapeutic agent is undermined by
the development of resistant tumors and by toxic side-effects inclduing hearing loss and
infertility. Most cisplatin resistance is attributable to decreased uptake or increased efflux of
cisplatin, thus increasing the therapeutic dose to levels that are prohibitively toxic to normal
cells [28]. Cisplatin accumulates in mitochondria [29], which are thought to be the major
target for cisplatin in cancer cells [30]. Among its many targets, cisplatin cross-links to
DNA and interferes with transcription and replication. In human malignant melanoma cells,
cisplatin preferentially binds to mitochondrial DNA and blocks synthesis of ATP [31].
Alterations in mitochondrial function have been implicated in cancer cell resistance to other
chemotherapeutic agents [32, 33], and very recently studies have shown that lowering the
copy number of mitochondrial DNA sensitizes cells to cisplatin (Mei et al 2015).

Here we report that elevated levels of HCIpP result in lower sensitivity to cisplatin-induced
apoptosis, and conversely lower levels of HCIpP or HCIpX lead to increased cisplatin
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sensitivity. Further, we find that HCIpP is elevated in independently selected cisplatin-
resistant cells derived from KB cervical adenocarcinoma (KB-CP,) and hepatoma
BEL-7404-CP, cell lines. We propose that HCIpP activity contributes to robust cell growth
and protects cells by reducing accumulation of cisplatin thereby reducing damage to nuclear
and mitochondrial DNA. While these studies were underway, Dan et al (2015) reported that
inhibition of mitochondrial ClpP blocked oxidative phosphorylation and mitochondrial
metabolism and Kills human AML cells that require elevated levels of CIpP for viability.
Our findings that cells with lower HCIpP activity are more sensitive to cisplatin suggest that
ClpP might be an even more broadly efficacious target for anticancer therapy.

2. Materials and methods

2.1 Reagents and antibodies

The sources for various reagents and kits were: Cisplatin (Sigma, St. Louis, MO);
hygromycin B (Mediatech, Inc., Herndon, VA); ECL Western blotting detection reagents
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ); fetal bovine serum, DMEM, L-
glutamine, penicillin, streptomycin, Lipofectamine Plus reagent, Gibco trypsin-EDTA
reagent, PCR primers, and nitrocellulose membranes (Invitrogen, Carlsbad, CA); RIPA
buffer (Thermo Scientific, Rockford, IL); Mitochondria Isolation Kit and BCA protein assay
kit (Pierce, Rockford, IL); Protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN);
TRIzol reagent and methionine-free DMEM (Life Technologies, Grand Island, NY); Wizard
Genomic DNA purification kit (Promega, Madison, WI). Sources for antibodies were: anti-
Hsp60, (Chemicon International, Temecula, CA); anti-PARP, anti-cleaved caspase 3 and
cleaved caspase 7 (Cell Signaling, Beverly, MA); anti-cisplatin-modified DNA (Abcam,
Cambridge, MA); anti-ATP7A, anti-ATP7B, and anti-Ctrl (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). Anti-actin antibody was obtained from Sigma; the antibody recognizes an
identical 11-amino acid peptide at the C-terminus of the three major forms, a-, - and y-
actin. The proteins have identical mobility on SDS gels, and the band is labeled actin in all
blots.

2.2 Growth of HeLa cells and stable transfectants

All transfectants used in this study were constructed in a parental HeLa cell line obtained
from the American Type Culture Collection (Manassas, VA). For isolation of stable
transfectants, the HeLa cells were transfected with empty vector pTRE2 or with pTREZ2 into
which coding regions expressing wild type or mutated HCIpP proteins had been inserted
(see below). Transfection was performed in the presence of Lipofectamine Plus reagent
according to the manufacturer’s instructions. The single cell clones were maintained in
DMEM containing 350 pg/ml of hygromycin. Two transfectants that overexpress HCIpP
was selected for study and are designated HP7 and HP23. Additional stable transfectants
used in this study include: HP17, which expresses wild type HCIpP with tandem C-terminal
His and HA tags (protein referred to as HP-HA); HP5, which expresses the active site
mutant HCIpP-S97A with C-terminal His and HA tags; HP4, which expresses wild type
HCIpP from a doxycycline-inducible promoter.
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2.3 Other cell cultures

KB-3-1, KB-CP.5, and KB-CP20 were from Dr. Michael Gottesman in the Laboratory of
Cell Biology at the National Cancer Institute. KB-3-1 was originally derived from human
KB cervical carcinoma cells (a variant of HelL a) after two subclonings from the parental
cells. The cisplatin-resistant KB-CP.5 and KB-CP20 cells were selected for resistance to 0.5
ug/ml and 20 pg/ml cisplatin respectively [58]. KB-CP.5 cells were cultured in DMEM
medium containing 0.5 pg/ml cisplatin. KB-CP20 cells were cultured in DMEM containing
5 pg/ml cisplatin.

2.4 Construction of plasmids expressing HCIpP and HCIpPS97A

A gene encoding HCIpP was amplified by PCR from pVEX11HCIpP [12] using the forward
primer, 5’ AGTCGGATCCACCACCATGTGGCCCGGAATATTG-3’ and the back primer
5-AGTCACGCGTTCAGGTGCTAGCTGGGAC-3’ creating a BamHI site at the 5" and an
Mlul site at the 3’ end of the coding region. The PCR fragment was digested and inserted
between BamHI and Mlul sites in the plasmid pTRE2 (BD-Biosciences, Clontech, Mountain
View, CA), creating pTRE2-HCIpP, which expresses HCIpP under a mini CMV promoter.
Additional clones expressing HCIpP variants were constructed in pTRE2 in a similar
manner using appropriate PCR products and engineered BamHI and Mlul sites. pTRE2-
HClpP-His encoding His-tagged wild type HCIpP was amplified by PCR from pTRE2-
HCIpP using the above forward primer and the back primer 5’-
AGTCACGCGTTCAATGGTGATGGTGATGGTGATGGTGGGTGCTAGCTGGGAC-3’
which added eight histidine residues to the C-terminus of HCIpP. We created pTRE2-
HCIpP-HA expressing tandemly His and HA tagged HCIpP by PCR from pTRE2-HCIpP-
His using the above forward primer and the back primer 5’-
GCTAGCACGCGTTCATGCATAGTCTGGCACATCGTAAGGGTAGCTGCCATGGTG
GGATGGTG GTGGTGGTGGGTGCTAGCTGG-3’. For catalytically inactive HCIpP, we
used primers 5’-AGTCGGATCCACCACCATGTGGCCCGGAATATTG-3’, 5’-
CGGCGGCGAGAAGCAGGGAGCCCATGGCGGCGGCCTGGCCCACGCACCAGGTG
-3",5°-
CACCTGGTGCGTGGGCCAGGCCGCCGCCATGGGCTCCCTGCTTCTCGCCGCCG-3’
,and 5’AGTCG GATCCACCACCATGTGGCCCGGAATATTG-3’ to change Ser97 to Ala
by over lapping PCR. We used 5’-
AGTCGGATCCACCACCATGTGGCCCGGAATATTG-3’ and 5°-AGT
CACGCGTTCAATGGTGATGGTGATGGTGATGGTGGGTGCTAGCTGGGACS’ to
obtain pTRE2-HCIpP-SA-His from pTRE2HCIpP-SA and primers 5’-
AGTCGGATCCACCACCATGTGGCCCGGAATATTG-3" and 5’-
GCTAGCACGCGTTCATGCATAGTCTGGCACATCGTAAGGGTAGCTGCCATGGTG
GTGATGGT GGTGGTGGTGGTGCTAGCTGG-3’ to get pTRE2HCIpP-SA-His-HA from
pTRE2HCIpP-SA-His. For all constructs, DNA sequencing confirmed the presence of the
desired coding regions of HCIpP variants including its native mitochondrial targeting
sequence.
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2.5 Human ClpP and ClpX depletion

2.6 Western

Human CLPP and human CLPX siRNAs and non-silencing control siRNA (siGenome No-
Targeting control #3) were purchased from Thermo Scientific (Lafayette, CO). To
completely deplete HCIpP, 100 nM of a mixture of four siRNAs or 50 nM individual
SIRNAs (HCLPP-siRNA#3 or #1) were used. Cultures were treated for 24 h with siRNAs
introduced in the Dharmacon siRNA reagent, Fectl (Thermo Scientific, Lafayette, CO),
according to the manufacturer’s instructions. For partial depletion of HCIpP, cells were
treated with 10 nM HCLPP-siRNA#3 or #1 for 5-8 h and the medium was changed to
remove unabsorbed siRNA. Cells were incubated in fresh medium without siRNA for 16-19
h prior to further treatment. Partial depletion of HClpX was obtained using 50 nM of a
mixture of siRNAs for 24 h after which the siRNA was removed and replaced with fresh
medium.

blotting and detection of proteins

After removing growth medium and washing the cells with phosphate buffered saline (PBS),
cells were detached by treating with Gibco trypsin-EDTA reagent, collected by
centrifugation, and washed three times with PBS. Cell lysates were prepared on ice with
buffer containing 10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 0.5% Nonidet P40, 100 mM NaF, 10 mM sodium pyrophosphate, 10 mM
sodium orthovanadate, and a protease inhibitor cocktail (Cat No. 11873580001 Roche). The
lysates were centrifuged at 700 x g for 30 min at 4 ° C, and the insoluble fraction was
discarded. Extracts were mixed with an equal volume of 2x SDS sample buffer (100 mM
Tris/HCI, pH 7.5, containing 2 mM EDTA, 4% SDS, 10% [-mercaptoethanol, and 30%
glycerol) and heated at 95 °C except for detection of ATP7A, ATP7B, and Ctrl, in which
case the samples in SDS were heated at 37 C. For 30 min. Protein concentrations were
determined using the Pierce xxx assay and equal amounts of proteins (usually 25 or 50 ug)
were loaded into the lanes and separated by SDS-PAGE. Proteins were electrophoretically
transferred to a 0.2-u nitrocellulose membrane, and the membranes were blocked with 5%
non-fat dry milk in Tris-buffered saline containing 0.1 % Tween-20. The membranes were
incubated at room temperature for 2 h or overnight at 4 °C in the same solution to which
appropriate antibodies had been added. After incubation, the membrane was washed
extensively, and immunoreactive proteins were detected by chemiluminescence after
incubation with secondary antibodies conjugated to horseradish peroxidase. To reprobe blots
for additional proteins, membranes were treated with Restore Western Blot Stripping Buffer
(Pierce, Rockford, IL), blocked, and incubated with fresh antibodies as above.

Initially antibodies were added at the dilutions recommended by the supplier; the dilutions
were adjusted as needed. A ladder of proteins was applied to lanes of all gels, and blots were
aligned with the standards to verify that the sizes of the immunoreactive bands corresponded
to the reported sizes of the protein species recognized by the antibodies.

2.7 Isolation and quantification of mRNA

Total RNA was isolated from cells using the TRIzol reagent (Invitrogen) according to the
supplier’s protocol. For each sample, RNA (1 pg in 50 pl reaction) was converted to cDNA
using the TagMan reverse transcriptase from Applied Biosystems. After diluting the mixture
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to 100 ul, 5 pl-aliquots of the cDNA along with 15 nM of each appropriate primer were used
for quantitative real-time PCR with the LightCycler RNA Amplification PCR kit with
SYBR Greenl (Applied Biosystems, Foster City, CA) as recommended by the supplier. For
HCLPP message, the sense primer was 5’-CAGCTCCTCTTCCTGCAATCC-3’ and the
anti-sense primer was 5’-CACACCACCAGGGCTGTTG-3’. For HCLPX message, the
sense primers 5’-GTCCTAAATGTGGCGACTTGTG-3’ and the anti-sense primer was 5’-
CACTTGACAAAACGGGTGGAT-3’. Control GAPDH mRNA (1:100 dilution) was
amplified with the primers, 5’-ATGGAATCCCATCACCATCTT-3’ and 5’-
CCAGCATCGCCCCACTT-3’. To validate amplification across the GAPDH concentration
range, a standard curve was constructed using the Cp values obtained with a serial dilution
of cDNA amplified from 0.005-5 ng mRNA isolated from cells treated with 50 nM control
si-RNA for 5 h. For HCLPP and HCLPX, standard curves were constructed amplification of
serial dilutions of pTRE2-HCIpP or pTRE2-HCLPX mRNA (0.001-10 pg). The relative
amounts of MRNA in each sample were determined from the respective standard curves, and
the ratio of HCLPP or HCLPX mRNA to GAPDH mRNA was calculated.

2.8 Cisplatin treatment

Cisplatin was dissolved in PBS, frozen rapidly, and stored in small aliquots at —80 °C. To
test the sensitivity of cells to cisplatin, an aliquot of cisplatin was added directly to culture
medium, and cell visibility was measured after 16-48 h. The concentration of cisplatin used
and the length of time of exposure are indicated in the figure legends.

2.9 Measurement of apoptosis and cell killing

Several assays were used to assess cell killing or induction of apoptosis as a result of
exposure to cisplatin. Cells were collected by trypsinization and stained with trypan blue.
Cells were counted using a hemocytometer, and the percentage of non-viable cells was
determined as the number of trypan blue-stained cells divided by the total number of cells.
Cell viability was also measured using the Cell Counting Kit-8 (Dojindo Laboratories,
Gaithersburg, MD) and following the procedure recommended by the manufacturer. About
5000 cells were seeded into each well of a 96-well plate, grown for one day, and treated in
triplicate with different concentrations of cisplatin. The percentage of viable cells remaining
was indicated by the remaining dehydrogenase activity determined by reduction of a
tetrazolium dye. Lethal cell damage was also measured by monitoring the progress of
apoptosis using the Annexin V-PE Apoptosis Detection Kit | (BD Biosciences, San Jose,
CA). Briefly, after treating cells with cisplatin, both floating and adherent cells released by
trypsin were collected and washed twice with cold PBS. Cells were suspended in binding
buffer at a concentration of 1 x 10° cells/ml, and 1 x 10° cells were transferred to a 5 ml
culture tube, treated with amounts of Annexin V-PE recommended by the manufacturer, and
incubated at room temperature in the dark. After 15 min, 400 pl of binding buffer was added
and samples were processed by flow cytometry. Data acquisition and analysis were
performed using a Becton Dickinson FACScan flow cytometer using the CellQuest software
(Becton Dickinson, Mountain View, CA).
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2.10 Cell lysis and western blotting

Harvested cells were washed twice in PBS and suspended in RIPA buffer (20 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM sodium vanadate, 1 pg/ml
leupeptin) containing a protease inhibitor cocktail to lyse the cells to give a protein
concentration of 1-2 mg/ml. After 30 min on ice, the lysates were centrifuged for 30 min at
4 ° C, and the insoluble fraction was discarded. Extracts were mixed with an equal volume
of 2x SDS sample buffer (100 mM Tris/HCI, pH 7.5, containing 2 mM EDTA, 4% SDS,
10% B-mercaptoethanol, and 30% glycerol) and heated at 95 °C. Proteins (25 or 50 ug) were
separated by SDS-PAGE, and transferred to a 0.2-micron nitrocellulose membrane. The
membranes were blocked with 5% non-fat dry milk in Tris-buffered saline containing with
0.1 % Tween-20 and then incubated overnight at 4 °C with antibody diluted in the same
solution. The membrane was washed extensively, and immunoreactive proteins were
detected by chemiluminescence after incubation with secondary antibodies conjugated to
horseradish peroxidase. To reprobe blots for additional proteins, membranes were treated
with Restore Western Blot Stripping Buffer (Pierce, Rockford, IL), blocked, and incubated
with fresh antibodies as above.

2.11 Fractionation of mitochondria and cytosol

Mitochondria were fractionated according to the manufacturer’s instructions using a
Mitochondria Isolation Kit (Pierce Cat. No. 89874). The protease inhibitor cocktail
described above was added to all solutions. Briefly, 20 x 107 cells were collected by
centrifugation, to which 800 ul of Mitochondria Isolation Reagent A was added. After 2 min
of incubation on ice, 10 pl of Mitochondria Isolation Reagent B was added and incubation
was continued on ice for 5 min followed by addition of 800 pl of Mitochondria Isolation
Reagent C. Nuclei and other large particles were removed by centrifugation at 700g for 10
min at 4°C. The solution was then centrifuged at 12, 000 x g for 15 min at 4°C to separate
the mitochondria in the pelleted fraction from the supernatant cytosolic fraction.
Mitochondria were suspended in 500 pl Mitochondria Isolation Reagent C and collected
again by centrifugation at 12,000 x g for 5 min at 4° C.

2.12 Platinum uptake and incorporation into DNA

Uptake and incorporation of platinum was measured by atomic absorption or by
immunochemical detection with a specific antibody. For cisplatin uptake, the cells were
incubated with different amounts of cisplatin for the indicated times, after which ~10° cells
were suspended in 200 pl PBS and 400 pl HNO3 and placed in an ultrasonic bath for 5 min.
Platinum was measured by flameless atomic absorption on an PerkinElmer 4100ZL atomic
absorption spectrometer. To measure cisplatin uptake into mitochondria, cells were lysed
and mitochondria were isolated as described above. Mitochondria were dissolved in 1.5 ml
of 5 M nitric acid and incubated for 24 h at room temperature. Platinum was quantitated by
inductively coupled plasma mass spectrometry. For measurement of platinum adducts in
DNA, the cells were incubated with cisplatin for 5 and 16 h. Genomic DNA was extracted
from the cells using the Wizard Genomic DNA Isolation kit as directed by the supplier. For
mitochondrial DNA isolation, mitochondria were first prepared using the Mitochondria
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Isolation Kit described above and DNA was prepared from the mitochondria using the
Wizard kit mentioned above. Equal aliquots of DNA were spotted onto nitrocellulose
membranes and cross-linked by UV irradiation. Diguanosine-cisplatin adducts were detected
immunochemically with a monoclonal antibody and HRP-conjugated secondary antibodies
(Abcam).

2.13 Measurement of mitochondrial DNA

The mitochondrial DNA copy number was measured according to the procedure used by
Dan et al (2015). HelLa cells were transfected with 10 nM HCLPP-siRNA for 5 hours, cells
were transferred to fresh DMEM medium and grown for 16 h, after which they were treated
with 2.5 pg/ml cisplatin for 0 or 24 h. The cells were harvested and total DNA was isolated
using a Wizard Genomic DNA Purification Kit (Promega, San Luis Obispo, CA). The
mitochondrial CYTB and the nuclear p-actin gene copy numbers were measured by
quantitative PCR using the SYBR Green CFX96 Real-Time System (Bio-Rad Laboratories,
Hercules, CA). Each reaction contained 100 ng DNA for CYTB and 250 ng DNA for actin.
PCR amplification was performed under the following condition: denaturation at 95 C for 10
min, followed by 40 two-step cycles (95 C for 15 s and 60 C for 1min). The primers for
CYTB were: upper 5’-ACTATCCGCCATCCCATAC-3’; Lower 5’-
GCAAGAATAGGAGGTGGAG-3’. The primers for B-actin were: Upper 5’-
ACCTTCTACAATGAGCTGCG-3’; Lower 5’-CCTGGATAGCAACGTACATGG-3".
Three independent cultures of each cell line were grown and duplicate DNA samples from
each culture were analyzed. For each sample delta delta Cq measurements were used to
obtain the ratio of the CYTB and ACTB copy humbers in the reaction. The average CYTB
copy numbers per cell were calculated to obtain mitochondrial DNA copy number. Standard
among the six samples from each cell line were <10% of the measured values; P was <0.01
for calculated values of the cellular copy numbers.

2.14 Statistical analysis

3. Results

In most cases experimental data were obtained in triplicate, and data are expressed as the
standard error of the mean of the measurements (SEM). Where data from single experiments
are reported, the error bars represent the standard deviation (SD) of the data obtained in the
three measurements. When statistical analysis was performed to compare two values, a two-
tailed T-test was applied to calculate a P value at 95% confidence. In the graphs, P values <
0.01 are indicated by double asterisks and P <0.1 by a single asterisk.

3.1 Mitochondrial overexpression of HCIpP protects HelLa cells from killing by cisplatin

To investigate biological pathways affected by HCIpXP, we monitored changes in growth
rates and responses to various forms of stress in cultured human cells when HCIpP
expression was increased or decreased. HeL a cells were transfected with pTRE2-HCLPP1,
which encodes full-length HCIpP including its mitochondrial targeting sequence. Two stable
hygromycin-resistant cell lines, HP7 and HP23, were selected for further study. Control cell
lines, V3 and V4, which had been transfected with the unmodified pTRE2 vector, were also
selected. HCIpP levels determined by Western blotting were 6-8-fold higher in HP7 and
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HP23 than in non-transfected HelL a cells but were unchanged in control V3 and V4 cells
(Fig. 1A and Supplementary Fig. S1A). Overexpressed HCIpP was found only in the
mitochondrial fraction (Fig. 1B). We then treated HP7, HP23, and V4 cells with different
concentrations of cisplatin for 16 h and counted viable cells. More then 60% of V4 cells died
after 16 h of exposure to 5 pg/ml cisplatin, whereas killing was decreased in cells with
overexpressed HCIpP (30% for HP7 and 32% for HP23 (P <0.01)) (Fig. 1C).

Cisplatin damages DNA and induces an apoptotic response leading to cell death. The
terminal stages of apoptosis can be monitored by the appearance of a truncated form of
PARP, a 116-kDa nuclear poly (ADP-ribose) polymerase needed for DNA repair in
response to environmental stress [34, 35]. In V4 cells, cleavage of PARP was obvious
between 8 and 10 h after addition of cisplatin; PARP cleavage occurred much later in the
HP7 and HP23 cell lines (Fig. 1D). This result further establishes that high levels of HCIpP
act to slow initiation or progression of apoptosis following exposure to cisplatin.

To rule out the possibility that the effects on cisplatin sensitivity were due to a host mutation
picked up during selection of stable HCLPP transfectants, we obtained a stable transfectant
of HCLPP (HP4) in which HCIpP expression is under control of the tetracycline promoter
and requires an inducer for high level expression of HCIpP. HCIpP levels were increased
about 5-8-fold after 48 induction with doxycycline (Fig. 2A, inset). Uninduced HP4 cells
were sensitive to cisplatin (Fig. 2A, diamonds) showing a dose response similar to that seen
in Fig. 1C for V4 control cells. When HCIpP was induced for 48 h prior to addition of
cisplatin, HP4 cells showed increased resistance to cisplatin (Fig. 2A, squares). After 12 and
24 h in the presence of 5 pg/ml cisplatin (Fig. 2B), cultures in which HCIpP had been
induced had far fewer dead cells (20% without induction compared to 8% with induction at
12 h and 50 % without induction and 20 % after induction at 24 h (P < 0.01)).

3.2 Sensitivity to cisplatin is increased in cells with lower levels of HCIpP or HCIpX

We next tested whether reducing HCIpP had the opposite effect on cell killing by cisplatin.
Treatment of HeLa cells with 50-100 nM siRNA specific for HCLPP results in a rapid
depletion of HCLPP mRNA and a rapid reduction of HCIpP protein levels (Supplementary
Fig. S1B and C). Because depletion of HCIpP by =90% for extended periods led to growth
arrest and cell death (Y. Zhang and M. R. Maurizi, manuscript in preparation), we adopted a
milder treatment to partially deplete HCIpP. Transfection of HeLa cells with 10 nM HCLPP-
siRNA#3 for 5 h followed by washing and suspension in fresh medium resulted in a 50-60%
drop in HCIpP levels (Fig. 3A) without loss of cell viability (Fig. 3B, no cisplatin). To
assure that mitochondria integrity was maintained under these conditions, we monitored the
levels of COX2, a subunit of the cytochrome C oxidase complex, as well as the a and
subunits of ATP synthase in cells treated with 10 nM HCLPP-siRNA. No changes were seen
in any of these essential mitochondrial proteins in cells with partially depleted HCIpP
(Supplementary Fig. S2A and B). Cells with reduced HCIpP were, however, were killed by
lower concentrations of cisplatin than cells that had been treated with control siRNA (Fig.
3B). The cells with reduced HCIpP also died much faster than control cells when both were
treated with the same amount of cisplatin (Supplementary Fig. S3). Visual inspection of
cells treated with cisplatin for 24 h revealed obvious shrinking, blebbing, and breaking of
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the cells with reduced HCIpP, whereas the cells with normal HCIpP levels had no abnormal
morphology (data not shown). The above experiment was repeated with HCIpP-siRNA#1,
which targets a different region of the HCLPP mRNA, and the same results were obtained
(Supplementary Table 1), making it highly unlikely that the acquired cisplatin sensitivity
was due to off targeting by the HCIpP siRNA. These data together with the data showing
that increased expression of HCIpP protect cells from killing by cisplatin indicate that
HCIpP performs a cellular function that helps cells avoid, repair, or resist the damage caused
by cisplatin.

We have not been able to establish stable transfectants expressing significantly higher levels
of HCIpX and thus have not investigated whether increased HCIpX is also protective against
cisplatin. However, treatment of HeLa cells with HCLPX-siRNA reduces HCIpX levels in
cells over a period of 24-48 h (Fig. 3C), and we asked whether cells with lower levels of
HCIpX are sensitive to cisplatin. HeLa cells were transfected with 50 nM HCIpX siRNA
(gray bars) or control siRNA (black bars) for 24 h and washed to remove the siRNA. Cells
were then incubated in DMEM medium with different concentrations of cisplatin for an
additional 48 h and trypan blue staining was used to monitor cell killing. Cells with partially
depleted HCIpX were killed by significantly lower concentrations of cisplatin (Fig. 3D). To
ensure that cisplatin did not affect the level of HCIpX, extracts of cells treated with 2.5
pg/ml cisplatin were run on an SDS gel and probed for HCIpX by western blotting. HCIpX
levels were essentially the same with and without cisplatin addition for cells treated with
either HCLPX-siRNA or control siRNA (Fig. 3C, four right lanes). These results indicate
that increased sensitivity to cisplatin results from loss of a function or functions that are
dependent on both ClpP and ClpX.

3.3 Overexpression of catalytically inactive HCIpP (HCIpP-S97A) does not protect HelLa
cells from killing by cisplatin

To confirm that the activity of HCIpP is needed for protection from cisplatin, we selected a
HeLa cell line (referred to as HP5) that overexpresses catalytically inactive HCIpP-S97A-
His1o-HA, in which the catalytic serine is replaced by alanine; the protein also carries
tandem C-terminal Hisyg and HA tags. We also selected HelL a cells that overexpress wild
type HCIpP with the same C-terminal tags (HP17). Western blots (Fig. 4A) showed that
HCIpP-His;g-HA and HCIpPS97A-His;g-HA were expressed in similar amounts. We
treated both stable transformants with 2.5 pg/ml cisplatin for 16 h and monitored cell death
with trypan blue. As before, cells overexpressing active HCIpP exhibited increased
resistance to cisplatin, but HP5 cells with high levels of inactive HCIpP did not exhibit
resistance and appeared to be even more sensitive to cisplatin than vector control cells (Fig.
4B). To confirm that cells expressing inactive HCIpP were more sensitive to cisplatin, we
again treated HP5 cells with cisplatin and measured the appearance of apoptotic cells by
Annexin V staining. After 24 h, there were twice as many Annexin V positive cells in the
HP5 cultures as in control cell cultures (P >0.01) (Fig. 4C).

3.4 HCIpP acts upstream of caspases in protecting cells from killing by cisplatin

Cisplatin-induced apoptosis proceeds through a caspase-dependent pathway as well as a
caspase-independent pathway involving release of the mitochondria-associated protein, AlF
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[36, 37]. To assess the stage at which HCIpP was acting to delay killing, we treated cells
with cisplatin and monitored activation of caspases 7 and 3 using antibodies specific for the
cleaved activated forms of the caspases. Following addition of cisplatin to control V4 cells,
activated caspase 3 accumulated in high amounts between 16 and 24 h; however, in HP7 and
HP23 cells, activated caspase 3 accumulated more slowly and reached much lower levels
(Fig. 5A). Activation of caspase 7 was also delayed in both HP7 and HP23 cells (Fig. 5A).
To confirm that the slower rate of caspase activation was dependent on overexpressed
HCIpP and not a result of a second-site mutation in HP7 or HP23, we monitored caspase 3
and caspase 7 activation in cisplatin-treated HP4 with and without prior induction HCIpP.
Caspase 3 and caspase 7 were both activated to lesser extents in the HP4 cells with elevated
levels of HCIpP (Fig. 5B). AIF is a pro-apoptotic protein that is processed and released from
mitochondria in response to DNA damage and other stress [38, 39]. We monitored the total
cellular level of AIF and observed no change in the size or the amount of AIF following
cisplatin addition to either HP7 or HP23 cells or to control V4 cells (Fig. 5C), suggesting
that AIF does not play a role in cisplatin toxicity in HeLa cells under these conditions. These
results suggested that HCIpP acts upstream of permeabilization of the mitochondrial
membrane and caspase activation, which prompted us to ask whether HCIpP might exert its
effect by reducing the rate or extent of DNA damage caused by cisplatin.

3.5 Cisplatin accumulation and DNA-bound platinum are reduced in HClpP-overexpressing
cells and elevated in cells when HCIpP is knocked down

One mechanism by which tumors become resistant to cisplatin is through reduced cellular
accumulation of cisplatin [40, 41]. Because HCIpP appeared to act upstream of the cell
death signaling pathway, we examined whether the levels of HCIpP affected the uptake of
cisplatin into whole cells and into mitochondria. Cells were treated with cisplatin for 16 h or
24 h and washed to remove excess cisplatin. Total platinum in whole cells or mitochondria
was measured by atomic absorption (Fig. 6A) or by mass spectrometry (Fig. 6B). HP7 and
HP23 cells overexpressing wild type HCIpP showed significantly lower cellular
accumulation of cisplatin than the control cells, V3 and V4. HP5 cells, which express
catalytically inactive HCIpP-S97A, accumulated cisplatin to levels similar to those in
control cells. Isolated mitochondria from cells treated with cisplatin for 24 h followed a
similar pattern. Mitochondria from control cells and cells expressing inactive HCIpP had
similar levels of platinum, whereas mitochondria from cells expressing wild type HCIpP
accumulated significantly lower levels. That reduced cisplatin accumulation was detectable
at the level of total cellular uptake suggested that HCIpP overexpression affected a major
target of cisplatin or a fundamental process such as transport of cisplatin.

As DNA is a major target of cisplatin, we asked whether DNA modification by cisplatin is
affected by HCIpP. Total cellular DNA was isolated and spotted onto nitrocellulose, and
cisplatin in DNA was detected with an antibody specific for diguanosine-cisplatin adducts.
Figure 6C shows that DNA from control cells gave a strong signal for cisplatin adducts,
whereas DNA from HP23 cells gave a much weaker signal. HP5 cells also gave a strong
signal, indicating that inactive HCIpP does not reduce cisplatin uptake into DNA. Because
knockdown of HCIpP made cells more sensitive to cisplatin, we expected that cisplatin
uptake into DNA would be higher after cells were treated with HCLPP-siRNA. Figure 6D
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shows that signal from cisplatin-DNA adducts was much stronger with DNA from cells in
which HCIpP had been knocked down. Densitometry was performed using spots from serial
dilutions of DNA at each time point. The level of cisplatin incorporated into DNA was twice
as high in HCIpP-depleted cells as in control cells (P <0.01) (Fig. 6E). These data
demonstrate that HCIpP activity is important to reduce the extent of DNA damage caused by
cisplatin.

3.6 Overexpressed HCIpP reduces cisplatin uptake into MtDNA

Cisplatin preferentially targets mitochondrial DNA, and MtDNA copy number influences
the sensitivity of cells to cisplatin and other DNA damaging drugs (Mei H 2015). Dot blots
with total cellular DNA (e. g., Fig. 5C and D) are dominated by nuclear DNA, which is 100-
200 times more abundant than mitochondrial DNA. To determine if HCIpP affected cisplatin
incorporation into MtDNA, we blotted MtDNA and probed for cisplatin adducts. When
equal amounts of MtDNA from control cells or HCIpP-overexpressing cells were blotted,
cisplatin adducts were readily detected in MtDNA from V4 and V3 cells but gave
significantly lower signals in HP7 or HP23 cells (Fig. 7A). MtDNA from HP5 cells elicited
a signal comparable to that from control cells (Fig. 7A). Densitometry of the dot blots
showed that MtDNA from cells with overexpressed HCIpP took up 40-70% as much
cisplatin as MtDNA from control cells (Fig. 7B) (P <0.01). Cisplatin levels in HP5 MtDNA
were not different from those found in control cells.

Studies with homozygous knockout mice lacking any functional mitochondrial ClpP
revealed that surviving animals have significantly increased copy numbers of MtDNA,
which, depending on the tissue source, can vary from 1.5- to 4-times that found in control
animals [25]. To ask whether the differences in cisplatin uptake (or the sensitivity of cells to
killing by cisplatin) could reflect differences in the copy number of mitochondrial DNA in
cells when HCIpP is decreased under our experimental conditions, we measured MtDNA
after knocking down HCIpP with either moderate or high levels of SiRNA. MtDNA copy
number was measured by Q-PCR using CYTB as a marker for MtDNA and compared to
ACTB as the nuclear DNA marker. MtDNA copy numbers were within 8-10% of one
another both in cells treated with high levels of HCLPP-siRNA for 24 h to reduce HCIpP by
290% and in cells treated with lower levels of HCLPP-siRNA for 8 h to reduce HCIpP
~50% (Fig. 7C). Thus the sensitivity and resistance to cisplatin observed under our
conditions is not a function of changes in MtDNA copy numbers. Interestingly, cisplatin
treatment alone produced a small increase in MtDNA, which was amplified when HCIpP
was partially depleted. Addition of 3.5 ug/ml cisplatin for 24 h to cells previously treated
with control RNA resulted in 30-40% increase in MtDNA (P <0.01). Cisplatin addition to
cells previously treated with HCLPP-siRNA to reduce HCIpP by ~50% resulted in a 70—
80% increase in MtDNA (Fig. 7C) (P <0.01). As the copy number of MtDNA was not
increased by knockdown of HCIpP alone, our interpretation of this result is that cisplatin
damage results in up-regulation of MtDNA synthesis and that the increased damage caused
by cisplatin when HCIpP levels are low amplifies this response.

We also measured MtDNA levels in cells that overexpress either active or inactive HCIpP.
Figure 7D shows that there were no significant differences in MtDNA in V4, HP7, and HP5
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cells. When these cells were treated with cisplatin for 24 h, neither control cells or HP7 cells
showed a consistent different in MtDNA, however HP5 cells expressing inactive HCIpP-
S97A had slightly elevated levels of MtDNA (Fig. 7D). As HP5 cells are more sensitive to
cisplatin than control or HP7 cells, the increase in MtDNA might reflect the effect of
increased DNA damage as seen in

3.7 Levels of the copper efflux pump, ATP7A, are higher in cells that overexpress HCIpP

Changes in HCIpP correlated with changes in cellular accumulation of platinum, and thus
we asked whether HCIpP might affect the ability of cells to take up or release cisplatin.
Biological and biochemical data have established a tight association between cisplatin and
copper transport pathways. For example, cisplatin-resistant ovarian carcinoma cell lines
accumulate less copper and are cross resistant to copper [42], and copper-resistant cell lines
are cross resistant to cisplatin [43]. The copper transporters, Ctrl and Ctr2, have been shown
to catalyze cisplatin uptake, and the copper efflux pumps, ATP7A and ATP7B, promote its
release from cells. We first measured expression of Ctrl in HeLa cells with either increased
or reduced expression of HCIpP. The levels of Ctrl in the HClpP-overexpressing HP7 or
HP23 cells were similar to those in V4 cells as well as in SA-HADS cells that overexpress
inactive HCIpP-S97A (Fig. 8A). We next measured Ctrl levels in cells with reduced
amounts of HCIpP. The levels were unchanged after partial knockdown of HCIpP (Fig. 8B,
no cisplatin). Ctrl was shown to be degraded in cells after addition of cisplatin [44]. In our
experiment, there was no change in Ctrl levels during the first 8 h in cells treated with
cisplatin (Fig. 8B), but the levels decreased after 24 h. The decrease was similar in cells
treated with control or HCLPP-siRNA (Fig. 8B). These and other experiments in which
HCIlpP was knocked down to very low levels (data not shown) establish that Ctrl is not
affected by changes in HCIpP activity.

We next assayed the level of the copper efflux pumps, ATP7A and ATP7B, in cells that
overexpress HCLPP. ATP7A levels were higher in HP7 and HP23 than in the V4 control
cells but were not elevated in HP5 cells that overexpress inactive HCIpP-S97A (Fig. 8C). In
multiple experiments the basal level of ATP7A has been found to be consistently higher by
30-70% in cells that overexpress active HCIpP. A more pronounced difference was seen
after treating cells with cisplatin. ATP7A levels declined following treatment with cisplatin,
but the levels declined more slowly in cells with overexpressed HCIpP (Fig. 8D).
Consequently, after 24 h with 4 pg/ml cisplatin, the ATP7A levels in HP7 or HP23 cells
were 4-5-fold higher than in control cells (Fig. 8D). To confirm that ATP7A levels were
responsive to the change in HCIpP and not to extraneous effects of transfection with siRNA,
we treated induced and uninduced HP4 cells with cisplatin. ATP7A levels were higher in
cells after induction of HCIpP (Supplementary Fig. S3). When the cells were treated with
cisplatin, the levels of ATP7A decreased in all the cells but declined significantly more
slowly in the cells in which HCIpP had been induced (Supplementary Fig. S3).

ATP7B levels were higher in cells that overexpress active HCIpP but not in cells that
overexpress inactive HCIpP (Supplementary Fig. S4, lanes with no cisplatin addition).
However, in contrast to ATP7A, ATP7B levels increased in cells treated with cisplatin and
remained relatively more abundant in cells with overexpressed active HCIpP
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(Supplementary Fig. S4). The increase in ATP7A and ATP7B in cells that overexpress
HCIpP is consistent with the decreased accumulation of cisplatin in those cells.

Because knockdown of HCIpP made cells more sensitive to cisplatin we expected that
ATP7A levels might be lower in cells treated with HCLPP-siRNA. However, we did not
consistently observe lower levels of ATP7A under HCIpP knockdown conditions. We
conclude that overexpression of HCIpP and knockdown of HCIpP might not act on the same
pathway to affect cisplatin sensitivity. Because higher levels of the HCIpP protease led to
higher levels of ATP7A it was clear that HCIpP did not degrade ATP7A but more likely
acted on an upstream pathway that affects expression or stability of ATP7A. To determine
whether ATP7A is degraded in vivo, we added cycloheximide to growing cells to block new
protein synthesis and measured the ATP7A remaining during the subsequent 24 h. There
was no change in the intracellular levels of ATP7A after cycloheximide addition in control
cells or in HCIpP overexpressing cells (Supplementary Fig. S5), indicating that ATP7A is
not subject to rapid degradation in the presence or absence of excess HCIpP.

3.8 HCIpP is elevated in spontaneous cisplatin-resistant cells

Cultured human cells selected for resistance to cisplatin have complex genotypes and
display altered expression of genes associated with DNA damage repair, energy metabolism,
apoptosis, and stress responses [45, 46]. Because our data showed a positive correlation
between HCIpP expression and cisplatin resistance, we measured the levels of HCIpP in
several cell lines selected for growth in either low or high levels of cisplatin. Compared to
the levels in parental cell lines, HCIpP levels were elevated in KB-CPg 5 cells previously
selected for growth in 0.5 pug/ml cisplatin and HCIpP levels were even higher in KB-CPyq
cells selected for growth in 20 pg/ml cisplatin (Fig. 9A). As controls for changes in the
number of mitochondria or expression of mitochondrial proteins, we also probed the same
blot for Hsp60, a marker for the mitochondria matrix, Cox4, which resides in the outer
mitochondrial membrane, and prohibitin, a protein that undergoes transient association with
the mitochondrial membrane under stress conditions. Only HCIpP was found to be higher in
the cisplatin-resistant cell lines. Hsp60, Cox4, and prohibitin remained the same or were
reduced in KB CP0.5 and KB CP20 cells (Fig. 9A). To further test the correlation between
HCIpP expression and cisplatin resistance we also examined BEL-7404 cells, another
spontaneously cisplatin resistant cell line, for HCIpP expression. HCIpP expression was also
elevated in BEL-7404 cells compared to the parental cisplatin-sensitive cell line (Fig. 9B).

3.9 Knockdown HCIpP increases cisplatin sensitivity in cisplatin-resistant KB-CP5q cells

KB-20 cells grow well in DMEM containing 20 pg/ml cisplatin. To ask whether HCIpP
levels affected the ability of these cells to grow in the presence of cisplatin, we used sSiRNA
to reduce the levels of HCIpP, removed the siRNA, and continued growth of the cells with
or without the addition of 10 or 20 pg/ml cisplatin. Cell viability was monitored by
Annexin-V-PE staining. After 36 h of growth in the absence of cisplatin, 11-12% of the
cells were Annexin-V positive with a mean of ~30 for Annexin-V fluorescence (Table 1).
Cells treated with cisplatin showed increased Annexin-V staining and the increases were
greater for cells with reduced HCIpP. For cells treated with 10 pug/ml of cisplatin, HCIpP
depletion increased Annexin-V positive cells from 15 to 26 + 2 % and mean fluorescence
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from 32 to 62 £ 4. (P < 0.01) For cells treated with 20 pg/ml of cisplatin, HCIpP depletion
increased Annexin-V positive cells from 17 to 28 + 2 % and increased mean Annexin-V
fluorescence from 37 to 61 + 4 (Table 1). Thus, HCIpP does not appear to directly impinge
on the major pathway(s) conferring spontaneous resistance to cisplatin, but reducing HCIpP
in these cells shifts the sensitivity to cisplatin to a similar degree (2—4 fold) as observed in
wild type cells. These results are consistent with a model in which HCIpP reduces the dose
of cisplatin felt by the cell.

4. Discussion

Our results establish a link between mitochondrial HCIpP activity and the sensitivity of cells
to cisplatin. We find that high levels of HCIpP correlate with increased cisplatin resistance,
whereas decreased levels of HCIpP render cells more sensitive to cisplatin. Reduced levels
of HCIpX also confer sensitivity to cisplatin suggesting that the function reflected in the
altered sensitivity to cisplatin requires the HCIpXP complex. Our stable transfectants that
constitutively overexpress HCIpP produce 6-10-fold the endogenous levels of HCIpP, but
we see similar protective effects with just 2-fold higher levels obtained with the
doxycycline-inducible HCIpP transfectant. The continuum of responses to HCIpP from
partial knockdown to modest overexpression argues against the effects on cisplatin
sensitivity representing an off-target activity or other artifact. Further support for this
conclusion comes from the unexpected finding that three cell lines independently selected
for cisplatin resistance all had elevated levels of HCIpP and became more sensitive to
cisplatin when the levels were reduced following knockdown with HCLPP-siRNA. Our
results suggest that HCIpP is limiting in cell lines grown in culture under our conditions and
that HCIpP plays an important role in maintenance of a pathway affecting cisplatin
accumulation or metabolism in the cell.

Many mechanisms of cisplatin resistance have been described, the pathway is altered by
changes in HCIpP appears to involve the uptake or export of cisplatin. Total cellular
accumulation of cisplatin and incorporation of cisplatin into both chromosomal and
mitochondrial DNA varied inversely with the level of active HCIpP, suggesting that HCIpP
directly or indirectly regulates the uptake or retention of cisplatin. Cells take up cisplatin by
several mechanisms including import by the copper transporters, Ctrl and Ctr2, and efflux
by copper efflux pumps ATP7A and ATP7B. Mutations in many of the genes for
components of the copper transport and utilization systems or changes in their expression
levels have been shown to confer cisplatin resistance. We found that treatments that alter the
level of active HCIpP lead to changes in the level of the copper efflux pumps, ATP7A and
ATP7B, but that levels of the copper transporter Ctrl were largely unaffected. Although the
changes in ATP7A we observe are rather modest, it is noteworthy that small changes in
ATP7A expression in an ovarian cancer cell line were sufficient to confer >5-fold resistance
to cisplatin [47]. Our finding that the cisplatin-resistant cell line BEL7404-CP20 remain
responsive to changes in HCIpP expression is consistent with our model that the effects of
HCIpP are mediated though effects on cisplatin efflux, because BEL7404-CP20 cells were
reported to have reduced rates of cisplatin import but normal cisplatin efflux activity [48].
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Cisplatin interacts with a multitude of cellular components, including DNA, RNA, proteins,
lipids, and many small molecules. The ability of excess HCIpP to reduce total cellular
retention of cisplatin by as much as 70% is thus quite remarkable and suggests that elevated
levels of ATP7A or ATP7B are only a part of the story. Moreover, the effect of HCIpP on
efflux itself is almost certainly indirect. Neither ATP7A not ATP7B is expected to be a
direct substrate for HCIpXP, which is localized to the mitochondrial matrix even under
conditions in which it is overexpressed, whereas both pumps are distributed among the
Golgi, small vesicular bodies, and the plasma membrane. Could HCIpP affect other factors
that control degradation of ATP7A? We observed that ATP7A was stable in HeLa cells for
at least 24 h (Fig. 8D) with or without over expression of HCIpP, indicating that homeostasis
of ATP7A in the absence of stress or other perturbations does not occur at the level of
protein turnover. However, ATP7A levels did decrease in response to cisplatin treatment,
which suggests that the protein is degraded either in response to damage or through a
regulatory pathway that is perturbed by cisplatin treatment. Overexpressing of HCIpP affects
the rate at which ATP7A declines in cisplatin-treated cells. One explanation for this effect
could be that HCIpP alters a regulatory response affecting ATP7A and ATP7B The copper
efflux pumps are highly regulated, and their levels and/or subcellular distribution responds
to changes in copper availability and utilization communicated by a plethora of copper
chaperones and sensing proteins [49]. These factors and sensors are in turn regulated in
response to cellular conditions, such as iron availability and redox potential, and
extracellular conditions, such as nutrient sources and hormone signaling. HCIpP could target
a component of the copper utilization or signaling pathway or indirectly target a protein
involved in redox regulation or metal ion homeostasis, both of which affect copper
utilization and sensing. At least two mitochondria-associated proteins, PET191 and COX19,
are known to affect the distribution of ATP7A between the endosomal vesicles and the
plasma membrane [50, 51], however we did not detect any change in the levels of either of
these proteins by western blotting (data not shown). An alternative explanation is that
HCIpP affects cisplatin uptake by a mechanism independent of the efflux pumps and that the
effects on ATP7A or ATP7B are the result rather than a cause of altered cisplatin uptake.
The slowed degradation of ATP7A observed when HCIpP is overexpressed could reflect a
specific mechanism, such as less direct damage to ATP7A and consequently slower
degradation, or more general consequences, such as an reduced cellular stress response to
cisplatin-induced damage, resulting in reduced levels of autophagy or other degradative
pathways.

The effects of HCIpP on cisplatin sensitivity should originate through its action on one or
more mitochondrial proteins. No direct mitochondrial targets of ClpP have been identified,
although recent data have linked loss of HCIpP function to two human diseases, Perrault
syndrome [24] and spastic paraplegia [52], and HCIpP has been shown to undergo a
progressive increase in a mouse heart model of Friedrich ataxia [53]. Interestingly, frataxin
deficiency, a condition that underlies Friedrich ataxia, results in elevated HCIpP and Mtcp1,
a homolog of the copper-binding protein Cox23, providing another link between
mitochondrial ClpP and copper sensing [54]. Human and other eukaryaotic ClpPs have also
been shown to play a role in protein quality control. ClpP is needed for a mitochondria-
specific unfolded protein response [55], and unfolded proteins in the mitochondria up-
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regulate expression of ClpP [56]. In our studies, we find that down-regulation of HCIpP
induces Hsp60 and Lon protease, both stress-response proteins, and preliminary proteomics
analysis of mitochondrial proteins show that the primary proteins affected by changes in
ClpP levels are other stress response proteins (Y. Zhang, J. H. Kang and M. R. Maurizi, in
preparation), suggesting that ClpP is needed to maintain protein quality control in
mitochondria. Knockdown of HCIpP in HEK2093T cells was reported to result in decreased
oxygen consumption (A. W. Greene et al.), which implies that HCIpP or HCIpXP is needed
for integrity of some component of the electron transport chain or ATP synthase complex.
However, we saw no change in COX2 a component of the cytochrome C oxidase complex
synthesized in the matrix nor in either the alpha or beta subunits of ATP synthase, the
integrity of which is dependent on the activity of other mitochondrial ATP-dependent
proteases (data not shown). Recently, HCIpX was found to play a role in mitochondrial
chromosome segregation, possibly by acting on the essential mitochondrial transcriptional
regulator, TFAM [57]. Although HCIpP was not required for the effects mediated by
HClIpX, the data suggest that HCIpXP is required for stability or integrity of mitochondrial
DNA, which could underlie the increased sensitivity of MtDNA to cisplatin when HCIpXP
levels are reduced. Mice with homozygous deletion of ClpP were found to have elevated
MTDNA copy number in all tissues tested, although the fold-change varied between 4-fold
and 1.5-fold depending on the tissue [25]. We find that the copy number of MtDNA is
unchanged in HelLa cells with increased or decreased HCIpP. One possibility is that short-
term or modest decreases in HCIpP affects other structural or functional properties of
MtDNA. In our hands HeLa cells cannot be maintained in culture when HCIpP is reduce
>90%, and thus we are unable to reproduce the observations made in the knock-out mouse,
which apparently has adapted to the loss of ClpP function in the mitochondria.

Because of its role in protein quality control and DNA maintenance, HCIpP is needed for
robust functioning of mitochondria and thus can influence many cellular functions that are
affected by mitochondria. Mice with a homozygous knockout of CIpP survive but show
severe loss of hearing as well as infertility [25]. ClpP thus appears to be dispensable for
survival of most cells but plays a vital role in survival of specialized cells. In this light it is
interesting that one of the major side effects of cisplatin chemotherapy is hearing loss,
suggesting that some auditory cells are especially sensitive to cisplatin. One possibility is
that such cells are more sensitive because they have reduced levels of ClpP. This question is
under investigation. Conversely, HCIpP can be overexpressed 5-25 times the endogenous
levels without adverse effect; moreover, overexpression of HCIpP conveys resistance to
cisplatin. An implication of this finding is that endogenous levels of HCIpP in cultured HeLa
cells are suboptimal. These results are consistent with a dual role for HCIpP as both a stress
sensor and as an enzyme needed for a robust stress response in mitochondria. Thus it is
possible that HCIpP amplifies the response to mitochondrial protein damage caused by
cisplatin. Because cisplatin has a broad range of targets and HCIpP is likely to act in
multiple pathways the effects of both will be pleiotropic. The pleiotropic effects of changing
HCIpP expression made it difficult to obtain consistent results when ATP7A levels were
measured following knockdown of HCLPP. We cannot rule out that the increased sensitivity
caused by HCIpP depletion and the reduced sensitivity caused by HCIpP overexpression
operate by different mechanisms. Additional studies will be needed to identify in vivo
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targets of HCIpXP, which should provide insight regarding the essential functions of
HCIpXP and the mechanism(s) by which the direct targets of HCIpXP affect cisplatin
sensitivity.
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Highlights

e Acquired resistance to cisplatin is a major obstacle to effective treatment of
many cancers.

»  Knockdown of HCIpP and HCIpX in human cervical carcinoma cells sensitizes
them to cisplatin.

«  Formation of cisplatin-mitochondrial DNA adducts is correlated with the levels
of active HCIpP.

e  Targeting HCIpP or HCIpX will sensitize cancer cells to lower doses of cisplatin
and might reduce the development of resistance.
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Fig. 1. Excess of HCIpP protects HeLa cells from killing by cisplatin
A. HCIpP expression in stable transfectants. Proteins were extracted from stable

transfectants of pTRE2-HCIpP (HP7 and HP23) or the pTRE2 vector (\VV4) and separated by
SDS-PAGE. HCIpP was detected by western blotting with anti-HCIpP antibodies. Actin was
monitored as a loading control using an antibody against the C-terminal peptide common to
a, B, and vy actins. B, Subcellular distribution of HCIpP in stable transfectants.
Mitochondrial and cytosolic fractions were prepared from HP7, HP23, and V4 cells. Protein
aliquots (25 pg) from each fraction were separated by SDS-PAGE, and HCIpP was
measured by western blotting with antibodies to HCIpP. Separation of mitochondria and
cytosol was confirmed with antibodies to Cox4 as a mitochondrial marker or actin as a
cytosolic marker. C, Sensitivity of transfectants to cisplatin. V4, HP7, and HP23 cells
were treated with 0-5 pg/ml cisplatin (CP) for 16 h, and cell viability was measured by
CCK-8 as described in "Materials and Methods". The viability of cells without cisplatin
treatment was normalized to 100%. Results from a single experiment are shown. Error bars
represent the standard error of measurements made in triplicate, and significant differences
between overexpression and control cells determined by a two-tailed T-test are noted with
asterisks. Similar results were obtained in at least three independent experiments. D,
Delayed apoptotic response in HCIpP-transfectants treated with cisplatin. Apoptotic
cell death of cells treated with cisplatin was monitored by western blotting to detect the
cleavage product of PARP, a marker for late stages of apoptosis. Aliquots (25 ug protein)
from V4, HP7, and HP23 cells that had been treated with 5 pg/ml cisplatin were separated
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by SDS-PAGE and probed with an antibody specific for the proteolytically processed form
of PARP. Actin served as the loading control.
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Fig. 2. Increased resistance to cisplatin following induction of HCIpP
Cultures of HP4 cells, a stable transfectant with multiple copies of HCLPP under control of

a tetracycline promoter, were grown in parallel. Doxycycline was added to one culture to
induce expression of HCIpP; DMSO was added to the other. A, Cisplatin dose response of
cells with increased HCIpP. After 48 h of continued growth, HCIpP levels were monitored
by western blotting following SDS-PAGE (inset). Induced (squares) and uninduced
(diamonds) HP4 cells were treated with 0-5 pg/ml cisplatin for 24 h, and the percentage of
cells that were not stained with Annexin V antibody was measured by fluorescence flow
cytometry. B, Reduced rate of killing in cells with induced HCIpP. HP4 cells were
incubated with (gray bars) or without (black bars) doxycycline for 48 h, after which cells
were treated with 5 pg/ml cisplatin for 12 or 24 h. Apoptotic cell death was monitored by
Annexin V staining. Measurements were made in triplicate, and significance was estimated
using a 2-tailed T-test. In A and B, results of single experiments are shown. Similar results
were obtained in two independent experiments.
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Fig. 3. Cells with decreased levels of HCIpP or HCIpX are more sensitive to cisplatin
A, HCIpP levels after siRNA transfection. HeLa cells were transfected with 10 nM HCIpP

siRNA or control siRNA for 5 h. The cells were washed to remove the siRNA and then
incubated in DMEM medium for 16 h, after which they were treated with the indicated
concentrations of cisplatin for an additional 24 or 48 h. The time shown is the time after
addition of cisplatin. Equal aliquots of cell extracts were separated by SDS-PAGE, and
HCIpP was detected by western blotting with anti-HCIpP antibodies. Actin was monitored
as a loading control. B, Cisplatin sensitivity of cells with reduced levels of HCIpP. Cells
pre-treated as in panel A with control siRNA (black bars) or HCLPP-siRNA (white bars)
were grown for 48 h in the presence of different amounts of cisplatin. The fraction of live
cells is shown. C, HCIpX levels after siRNA transfection. HeLa cells were transfected
with 50 nM HCIpX-siRNA or control siRNA for 24 h. The cells were washed to remove the
SiRNA and then incubated in DMEM medium with 2.5 pg/ml cisplatin (CP) for an
additional 24 or 48 h. HCIpX was detected by western blotting with anti-HCIpX antibodies.
Actin was monitored to confirm uniform protein loading. D, Cisplatin sensitivity of cells
with reduced levels of HCIpX. Cells pre-treated with control siRNA (black bars) or
HCLPX-siRNA (white bars) were grown for 48 h in the presence of different amounts of
cisplatin. In B and D, dead cells were counted after staining with trypan blue, and the
percentage of live cells was calculated. The results of single experiments are shown. The
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error bars represent the standard error of measurements made in triplicate. Significance was
estimated using a 2-tailed T-test. Similar results were obtained in several independent
experiments.
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Fig. 4. Overexpression of the active site mutant HCIpP-S97A does not protect cells from Killing
by cisplatin

A, Levels of catalytically inactive HCIpP-S97A. HP5 is a stable transfectant of HeLa that
expresses a tagged form of the catalytically inactive mutant, HCIpP-S97A. HP17 expresses
an identically tagged form of active HCIpP. Extracts (25 ug protein) from HP5, HP17, and
control V4 cells were separated by SDS-PAGE. The wild type and mutated HCIpP variants
run slightly above endogenous HCIpP in the gel and are labeled HCIpP-HA. HCIpP proteins
were detected by Western blotting with anti-HCIpP antibodies. Actin was monitored to
confirm uniform loading. B, Inactive HCIpP does not have protective effect against
cisplatin. The number of V4 (black), HP17 (dark gray), and HP5 (light gray) transfectants
killed following treatment with 5 ug/ml cisplatin for 16 h was determined by staining with
trypan blue. The percentage of live cells is shown. Error bars represent the standard error of
measurements made in triplicate. Significance was estimated using a 2-tailed T-test. The
results were reproducible in at least three separate experiments. C, Cell killing by cisplatin
is faster in cells overexpressing catalytically inactive HCIlpP. Control V4 cells (black
bars) or the HP5 cells (gray bars) were treated with 2.5 pg/ml cisplatin for 24 h, and
apoptotic cell death was monitored by Annexin V staining. Results of a single experiment
are shown. Error bars represent the standard error of measurements made in triplicate.
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Fig. 5. HCIpP acts upstream of caspase activation and apoptosis to protect cells from cisplatin
A, Delayed activation of caspases 7 and 3 in HCIpP overexpressing cells treated with

cisplatin. HP7, HP23, and V4 control cells were treated with 5 pg/ml cisplatin. At the
indicated times cells were collected, and proteins were separated by SDS-PAGE. Western
blotting was performed using antibodies that recognize either the activated form of caspase 7
or the activated forms (19K and 17K) of caspase 3. The increase in apoptotic cells after
cisplatin addition was monitored by the accumulation of cleaved PARP. Actin served as a
loading control. Results were reproducible in three separate experiments. B, Delayed
activation of caspase 3 and caspase 7 by cisplatin treatment of transfectants with
induced levels of HCIpP. HCIpP was induced by doxycycline addition to HP4 cells for 48
h. HCIpP levels increased 2—3-fold as indicated by western blotting. Cisplatin (CP) (0, 2,
and 4 pg/ml) was added to the cultures for 24 h, and cells were collected for analysis of
activated caspase 3 and 7 by western blotting as above. Uninduced HP4 cells were treated
with cisplatin and processed in parallel. The experiment was repeated with similar results.
C, Total AIF levels are not affected by overexpression of HCIpP. The blot used for
detection of caspases in HP7 and control cells was probed with antibody against AIF. The
actin control is the same as that shown in panel A. The experiment has been repeated several
times with similar results.
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Fig. 6. Cisplatin accumulation and DNA-bound platinum are lower in cells over-expressing
active HCIpP and higher in cells with reduced HCIpP

A, Cellular accumulation of cisplatin. Cultures were treated with 3.5 pg/ml cisplatin for 16
h, after which the cells were washed and platinum levels in total cell lysates were measured
in triplicate by atomic absorption. Error bars represent the SEM in two independent
experiments. Platinum levels in HP7 and HP23 cells were between 50-60% of control V3 or
V4 levels in two separate experiments (P < 0.01; noted with asterisks). Levels in HP5 were
not significantly different from those in control cells (P >0.1). B, Mitochondrial
accumulation of cisplatin. Cells were treated with 2.5 pg/ml cisplatin for 16 h, collected by
centrifugation and washed. Mitochondria were isolated by differential centrifugation,
washed, and dissolved in nitric acid. Platinum in the mitochondrial fraction was quantitated
by ICP mass spectrometry. Error bars represent the SEM of the values obtained in two
independent experiments. Levels in HP7 cells were 65 + 2 of those in V4 cells (P < 0.01). C,
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V4, HP23, and HP5 cells were treated with 3.5 pg/ml cisplatin for 16 h. Total cellular DNA
was isolated and 10 pg-aliquots of DNA were spotted and probed for platinum modified
DNA using a monoclonal antibody that recognizes diguanosine-cisplatin-adducts. D and E,
Accumulation of platinum in total cellular DNA after knockdown of HCIpP. Parallel
cultures of HelLa cells were transfected with 10 nM HCIpP siRNA (siP) or control sSiRNA
(siC) for 5 h, washed to remove the siRNA, and then incubated in DMEM medium for 16 h.
Cisplatin (CP) (2.5 pg/ml) was added and individual cultures were harvested at different
times. Total DNA was extracted from the cells and purified. D, Equal aliquots (12 pg) from
each sample were spotted on a nitrocellulose membrane, and cisplatin adducts were detected
as above. Spots contain < 0.1 ng MtDNA, and the signal reflects primarily modification of
nuclear DNA. E, Serial dilutions of each DNA sample (12, 6, and 3 pug) were spotted and
cisplatin adducts were detected immunochemically. The blots were scanned, and the
densities for each sample were normalized for loading and averaged. The error bars
represent the SEM of the normalized densities from the diluted samples.
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Fig. 7. Decreased cisplatin damage to MtDNA in cells overexpressing HCIpP
A, HelLa cells were treated with 3.5 pg/ml of cisplatin (CP) for 16 h. DNA was purified from

isolated mitochondria, equal aliquots of DNA were spotted, and cisplatin incorporation was
detected immunochemically using antibody against diguanosine-cisplatin adducts. Similar
results were obtained in two other separate experiments. B, The blot was scanned and the
densities from two control cultures and two HCIpP overexpressing cultures were averaged.
Error bars represent the SEM. HP7 levels were 40-50% of control levels (P <0.01). C,
Mitochondrial DNA copy number in cells with reduced HCIpP. DNA was purified from
HelLa cells treated with control or HCLPP-siRNA. Cells treated for 24 h received 50 nM
SiRNA to deplete >90% of the HCIpP. Cells treated for 8 h received 10 nM siRNA, which
reduces HCIpP by ~50% (e. g. see Fig. 3A). Cells partially depleted of HCIpP were
transferred to fresh medium and subsequently treated with 2.5 pg/ml cisplatin (CP) (dark
gray bars) or left untreated (light gray bars) for 24 h. Mitochondrial CYTB copy number
was measured relative to the nuclear ACTB gene encoding p-actin by Q-PCR as described in
Materials and Methods. DNA was isolated from three independent cultures for each
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condition. Copy numbers were calculated from duplicate measurements for each sample.
The averages of the copy numbers and the SEM are shown; values significantly different
from those obtained with DNA from cells not treated with cisplatin are noted with asterisks.
D, Mitochondrial DNA copy number in cells with elevated levels of HCIpP. DNA was
purified from stable transfectants (V4, HP7, and HP5) that had been left untreated (light
gray bars) or had been treated with 2.5 pg/ml cisplatin (CP) for 24 h (dark gray bars). Copy
numbers were calculated from duplicate measurements made with DNA isolated from nine
independent cultures. To simplify the comparisons, the copy number for the untreated V4
cells was set to 100 and the copy numbers fore the other cells are expressed relative to that
for V4. The error bars represent the SEM for the calculated copy numbers.
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Fig. 8. The levels of the copper transporter Ctrl and the copper efflux pump ATP7A in cells with
increased or decreased HCIpP

A. Ctrl levels are unchanged in cells overexpressing active or inactive HCIpP. Ctrl was
detected by western blotting following SDS-PAGE separation of proteins. The major band is
mature Ctrl, a multiple-pass integral membrane protein that undergoes N-terminal
truncation. The minor band above mature Ctrl is the unprocessed precursor. No consistent
differences in intracellular levels Ctrlwere seen in cells with endogenous levels of HCIpP
(V3 and V4), with >8-fold overexpression of HCIpP (HP7 and HP23), or with >8-fold
overexpression of the mutant HCIpP-S97A (HP-SA). C-terminal HA and His tags cause HP-
SA to run just above endogenous HCIpP on SDS gels. B. Ctr1 levels are not affected by
partial knock down of HCIpP. HeLa cells were treated with HCIpP-50 nM siRNA#3 or
control siRNA for 5 h (see Materials and Methods) after which the cells were washed in
PBS and transferred to fresh medium. Cisplatin (CP) was added as indicated prior to
removing samples to measure the levels of Ctrl. C. Increased expression of HCIpP is
accompanied by an increase in ATP7A. ATP7A was detected by western blotting with
anti-ATP7A antibodies following SDS-PAGE separation of proteins from HCLPP
transfectants, HP7 and HP23, V4 control cells, and HP5 transfectant expressing catalytically
inactive HCIpP-SA. D. Following cisplatin treatment, ATP7A levels persist at higher
levels in cells that overexpress HCIpP. HP7, HP23, and V4 control cells were treated with
0, 2, or 4 ug/ml cisplatin (CP) for 24 h and the levels of ATP7A were measured by western
blotting with anti-ATP7A antibodies.
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Fig. 9. HCIpP levels are elevated in cisplatin-resistant KB-CP cells
A. Extracts were prepared from parental KB-3-1 cells and cisplatin-resistant KB-CP.5 and

KB-CP20 cells, and aliquots (25 g of protein) from each extract were separated by SDS-
PAGE. Individual proteins were detected by western blotting with antibodies specific for
mitochondrial proteins HCIpP, Hsp60, Cox4, and prohibitin. The identical blot was used to
probe each of the proteins to facilitate quantitative comparisons. Actin served as a protein
loading control. B, The blots in panel A were scanned and analyzed by densitometry to
estimate the protein levels in KB3.1 (black), KB CP0.5 (dark gray), and KB CP20 (light
gray) cells. C, Protein (25 pg) from parental BEL-7404-CPQ cells and cisplatin-resistant
BEL-7404-CP20 cells were separated on an SDS gel and probed by western blotting with
antibodies specific for HCIpP. Results of a single experiment are shown. A 2-5-fold
increase in HCIpP was observed in two separate experiments. Actin was used as a loading
control.
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Table 1
Knockdown of HCIpP partially restores cisplatin sensitivity to KB CP20 cells

KB CP20 cells were treated with si-HCLPP or control si-RNA for 8 h, placed in fresh medium for 16 h, after
which they were incubated with 10 or 20 pg/ml cisplatin for 36 h. Apoptotic cell death was measured by flow
cytometry of Annexin V-stained cells. Averages of the mean of the distribution of stained cells and the
percentage of stained cells (apoptotic or dead) are reported. Significance was evaluated in Excel using the
TTEST; siC vs. siP at 10 and 20 ug/ml CP): P <0.01; mean and % dead cells for O vs. 20 pg/ml CP): P <0.01.

Annexin V staining

Cisplatin Treatment” si-Control si-HCLPP
(ng/ml) Mean % dead Mean % dead
staining cells staining cells
0 30+2 11+1 30+2 12+1
10 32+2 15+2 62+4 26+2
20 37+£3 17+2 61+4 28+3

*
Cisplatin-treated cultures were harvested at 36 h. Cells without cisplatin were taken at the time of cisplatin addition to the other cultures.
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