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Chaperoning mitochondrial permeability transition:
regulation of transition pore complex by a J-protein,
DnaJC15

D Sinha1 and P D’Silva*,1

Mitochondria have a central role in the intrinsic pathway of apoptosis and involve activation of several transmembrane channels
leading to release of death factors. Reduced expression of a mitochondrial J-protein DnaJC15 was associated with the
development of chemoresistance in ovarian cancer cells. DnaJC15 was found to be a part of mitochondrial protein-transport
machinery, though its connection with cell death mechanisms is still unclear. In the present study, we have provided evidence
towards a novel function of DnaJC15 in regulation of mitochondrial permeability transition pore (MPTP) complex in normal and
cancer cells. Overexpression of DnaJC15 resulted in MPTP opening and induction of apoptosis, whereas reduced amount of
protein suppressed MPTP activation, upon cisplatin treatment. DnaJC15 was found to exert its proapoptotic function through the
essential component of MPTP, cyclophilin D (CypD). Our results reveal a specific role of DnaJC15 in recruitment and coupling of
CypD with mitochondrial permeability transition. In summary, our analysis provides first-time insights on the functional
connection between mitochondrial inner membrane protein translocation machinery-associated J-protein DnaJC15 and
regulation of cell death pathways.
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J-proteins serve as auxiliary factors in regulation of Hsp70
class of chaperones1 and have a central role in translocation
of precursor proteins into organelles, such as mitochondria.2,3

Human mitochondria consist of two J-proteins DnaJC19
(JC19) and DnaJC15 (JC15) governing the primary
protein import activity.4,5 JC19 is ubiquitously expressed in
all tissues, but the expression profile of JC15 is regulated by
the methylation status of the CpG islands at the promoter
region.6 Incidentally, JC15 was identified as a protein whose
loss of expression was associated with development of
chemoresistance in clinical samples of ovarian cancer.7,8

Ovarian and breast cancer patients exposed to sustained
chemotherapy showed lower levels of the protein and
enhanced resistance to the drugs, which was attributed to
methylation of the CpG islands of the gene.6,7 However, the
role of mitochondrial JC15 in modulation of apoptotic path-
ways is still enigmatic.
Mitochondria have a key role in activation of apoptosis in

mammalian cells,9 and dissipation of mitochondrial mem-
branes leads to release of various proapoptotic molecules.10

The compartmentalization of these proteins into the organelle
to spatially separate them from their interacting partners or
targets acts as a safeguard mechanism. A specific death
signal causing activation of transporter channels leading to
loss of the membranous partitioning promote the release of
the mitochondrial death inducers into the cytosol.11–15 One of
the major transporters that get activated upon apoptotic

stimuli is the mitochondrial permeability transition (MTP) pore
(MPTP) complex.
MPTP has a key role in cell death by opening up the inner

mitochondrial membrane through the formation of a non-
specific pore. Under physiological conditions, mitochondria
maintain a robust transmembrane potential and low con-
ductance state of MPTP channel.10 A prototypical MPTP is
composed of voltage-dependent anion channel (VDAC),
adenine nucleotide translocator (ANT) and a peptidyl-proline
isomerase cyclophilin D (CypD). Recently, it has been
proposed that MPTP complex is constituted by a dimer of
Fo–F1 adenosine triphosphate (ATP) synthase, which is
incorporated in the lipid bilayers to form Ca2þ -activated
channels.16 The regulator of MPTP, CypD associates with the
lateral stalk of ATP synthase and binds with the OSCP
(oligomycin sensitivity-conferring protein) subunit in a Pi
(inorganic phosphate)-dependent manner.16 In response to
pro-apoptotic stimuli, MPTP assumes a higher conductance
state that allows disregulated entry of small molecules
causing loss of potential, osmotic imbalance and organellar
disintegration.12 Recent reports have shown VDAC and ANT
to be dispensable for MPTP activation and mouse knocked
out for either of the proteins still undergo permeability
transition.17 Mouse lacking CypD show enhanced resistance
to cell death and activation of the MPTP, highlighting its
essential role at the channel.18 However, the exact molecular
details of the process are still not identified.
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We found that mitochondrial JC15 other than its primary
import function, has a critical role in modulation of cellular
sensitivity to chemotherapeutic agents. JC15 modulates the
activity of the MPTP complex by differentially recruiting CypD
and its matrix interacting partner TRAP1 to the MPTP channel
upon xenobiotic insult and induces apoptosis by channel
opening. Additionally, we have also identified the domain of
JC15 mediating its pro-apoptotic function. In summary, our
results identify an additional function of mitochondrial mem-
brane J-protein JC15 in regulation of the intrinsic pathways of
apoptosis upon chemotherapeutic treatment of cancer cells.

Results

Variable expression of JC15 results in differential
cellular sensitivity to cisplatin. Loss of JC15 expression
has been previously implicated in the development of
chemoresistance in ovarian carcinoma.6–8 Indeed, prolonged
exposure of ovarian cancer-derived OVCAR-3 and breast
cancer MCF7 cells to cisplatin led to progressive reduction of
JC15 expression together with an increase in cell viability
(Supplementary Figures S1A–D). However, loss of the
protein expression was not limited to cisplatin alone. In
support to previous observations on clinical samples,8,19

exposure of both OVCAR-3 and MCF7 cells to doxorubicin
had a similar effect on the JC15 protein levels and
led to development of chemoresistance in these cells

(Supplementary Figures S1E–H). Therefore, to adjudge the
role of JC15 in cell death, we altered JC15 expression in
HEK293T and assayed for sensitivity to the drug. We
observed that loss of JC15 expression in the cells resulted
in increased chemoresistance (Figure 1a). The cells showed
suppression of apoptosis as suggested by lower annexinV–
PI-stained population and activity of effecter caspases 3 and
7 (Figures 1b and d). JC15-depleted cells also showed better
maintenance of mitochondrial membrane potential under
treated conditions as compared with controls (Figure 1c).
This shows that depletion of JC15 protects the cells from
cisplatin-mediated apoptotic cell death.
In contrast, overexpression of the protein (Supplementary

Figure S2A) promoted cellular sensitivity to the drug and
induced apoptosis as indicated by enhanced accumulation of
annexinV–PI-stained cell population and increased caspase
3/7 activity (Figures 1a, b and d). Consistently, JC15-
overexpressing cells showed increased amounts of cytosolic
cytochrome c and complete depolarization of mitochondrial
inner membrane potential (Supplementary Figure S6A and
Figure 1c). To extend our findings in cancer cells, a similar
observation was found in OVCAR-3 andMCF7 cells presenting
elevated amounts of JC15, in terms of cell viability
(Supplementary Figures S3A–D and S4E–H) and mainte-
nance of membrane potential (Supplementary Figure S5A–B).
To further validate the involvement of JC15 in the

chemosensitive phenotype and to identify the domain

Figure 1 Overexpression of JC15 leads to enhanced chemosensitivity. (a) Relative viability of cells variably expressing JC15 or JC15V133W were either left untreated or
treated with cisplatin (þCpl) and measured using MTT assay. Data are represented as mean±S.E.M. n¼ 8, *P (two tailed) o0.0001, **P (two tailed) o0.001. (b and c)
Cisplatin-treated cells with altered levels of JC15 or JC15V133W mutant were dual stained with AnnexinV–AlexaFlour 488/propidium iodide (PI) (b) or AnnexinV–AlexaFlour
488/MitoTracker Red CMXRos (c). Bars represent mean±S.E.M. n¼ 3, *P (two tailed) o0.0001, **P (two tailed) o0.001; UnT, untreated untransfected cells;
T, untransfected cells treated with cisplatin. (d) Fold caspase 3/7 activity of cells with altered wild-type or mutant JC15 expression over untransfected cells represented as
mean±S.E.M. n¼ 3, *P (two tailed) o0.0001, **P (two tailed) o0.001; NT, non-targeting siRNA control; UT, cisplatin-treated untransfected cells. (e and f) Isolated
mitochondria overexpressing JC15 and JC15V133W were induced to swell in the absence (e) or presence (f) of 1 nM cyclosporin (CsA) and represented as mean±S.E.M.
n¼ 3, Po0.0001 with reference to UT
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responsible for the function, we overexpressed the loss of
function V133W mutant of JC15 with a defective J-domain
(Supplementary Figure S2A). Overexpression of JC15V133W
exerted a partial dominant-negative effect on cell viability and
induction of apoptosis (Figures 1a, b and d). The cells
showed a fractional decrease in mitochondrial potential
loss (Figure 1c) and subsequent cytochrome c release
(Supplementary Figure S6A). This highlights that the
J-domain of JC15 has an essential role in the development
of chemosensitive phenotype.

JC15 modulates the activity of MPTP complex. As
overexpression of JC15 is associated with complete dissipa-
tion of mitochondrial membrane potential and loss of the
protein protects the membrane potential gradient, we
hypothesized that JC15 might be regulating the activity of
channels, such as MPTP complex. MPTP complex is known
to get activated under high ROS conditions and Ca2þ

overload,13 leading to increase fluid uptake due to MPT; thus
resulting in potential loss, organellar swelling and induction of
cell death.13,17 As compared with control and JC15V133W,
elevated levels of JC15 resulted in increased mitochondrial
swelling upon exposure to Ca2þ due to activation of MPT
(Figure 1e). Therefore, we hypothesized that matrix-oriented
JC15 may be involved in the remodeling of MPTP activity
through its matrix constituent CypD upon cisplatin treatment.
CypD deletion or its inactivation by inhibitor cyclosporine A
(CsA) leads to development of cellular resistance to
MPT.10,13,18 To test our hypothesis, we subjected JC15-
overexpressing cells to two alternative assays: first, pre-
treating the cells with CsA before cisplatin exposure; and
second, depleting CypD followed by the drug treatment.
Upon pre-treatment with CsA, we observed 450% sup-

pression in drug sensitivity along with reversal of mitochon-
drial depolarization as indicated by the maintenance of
potential (Figures 2a and b), cytochrome c release and
caspase activity observed (Figure 2c and Supplementary
Figure S6B) in JC15-overexpressing HEK293T cells and
cancer cells (Supplementary Figures S3A–D, S5A and B).
However, the significant release of cytochrome c in

cisplatin-treated cells even after CsA pre-treatment might
probably be attributed to lower cellular retentive nature of
CsA (o3h) and its non-specific binding to other cytosolic
cyclophilins;20 hence, releasing CypD from its inhibited state
and activating MPTP channel. To support our above
observation, treatment of mitochondria with CsA attenuated
the elevated swelling of the organelle under high JC15 levels,
signifying restoration of membrane potential and integrity of
the inner mitochondria membrane (Figure 1f).
We revalidated our above results using the second

approach by depleting CypD under elevated JC15 levels in
both non-cancerous and cancer-derived cells (Figure 3a).
Downregulation of CypD exhibited rescue of cell viability in
HEK293T (Figures 3b and c), OVCAR-3 (Supplementary
Figures S4A and C) and MCF7 (Supplementary Figures S4B
and D) cells expressing higher levels of JC15 upon cisplatin
treatment. The cells also showed reduced levels of effecter
caspase 3/7 activity (Figure 3d) and a decline in the release
of cytochrome c (Figure 3g), indicating suppression of
apoptosis. Concurrent to enhanced cell viability, JC15-over-
expressing cells depleted for CypD showed mitochondrial
repolarization by restoration of potential, demonstrated by
inhibition of mitochondrial swelling (Figure 3f) and uptake of
potential-sensitive MitoTracker dye (Figure 3e, Supplementary
Figures S5A and B). The demonstration of a similar
suppression of apoptosis phenotype by reduced expression
of both JC15 and CypD suggested a possible functional
connection in the common pathways.

Prevention of gain-of-function phenotype of CypD-over-
expressing cells by JC15 knockdown. CypD overexpres-
sion is associated with consecutive MPTP opening and
profound organellar swelling. Hence, to further substantiate
the possible role of JC15 in activating MPTP through CypD,
we contemplated whether lower levels of JC15 could rescue
deleterious effects of elevated CypD. We overexpressed
CypD alone or under reduced JC15 levels and analyzed for
MPTP activation. Overexpression of CypD (Supplementary
Figure S2B) resulted in gain-of-function effects on MPTP
by promoting constitutive MPT18 even under untreated

Figure 2 CsA inhibits chemosensitive phenotype of JC15-overexressing cells. (a) Cells were left untreated, treated with cisplatin (þCpl) alone or supplemented with 1 nM
CsA (þCplþCsA) and subjected to MTT assay. Data shown as mean±S.E.M. n¼ 8, *P (two tailed) o0.0001. (b) Cells expressing wild-type JC15 were left untreated
(UnT), pre-treated with CsA followed by cisplatin exposure (þCplþCsA) or treated with cisplatin alone (þCpl). The opening of mitochondrial transition pore was adjudged
by staining with potential-sensitive MitoTracker Red CMXRos dye. UT, untransfected cells; UnT, untreated cells. Data are represented as mean±S.E.M. n¼ 3, *P (two tailed)
o0.0001, **P (two tailed) o0.001. (c) Relative caspase activity of cisplatin-treated JC15-expressing cells pre-exposed to CsA represented as mean±S.E.M. n¼ 3,
*P (two tailed) o0.0001, **P (two tailed) o0.001
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conditions. Exposure of cells with increased CypD levels to
cisplatin resulted in reduced cell viability (Figures 4a and b;
Supplementary Figures S4E–H), cytochrome c release
(Figure 4e) and an increase in caspase activity (Figure 4f).
The cells also showed a significant degree of mitochondrial
potential loss (Figure 4c) and pronounced intrinsic baseline
swelling of mitochondria even in the absence of Ca2þ

(Figure 4d) in both 293T and cancer cells (Supplementary
Figures S5C and D). The pro-apoptotic phenotype of elevated
CypD was significantly nullified by downregulating JC15.

The cells showed better survivability (Figures 4a and b),
reduced caspase activity (Figure 4f) and contained significant
amounts of repolarized mitochondria (Figure 4c), together
with marked reduction in mitochondrial swelling (Figure 4d)
and inhibition of cytochrome c release (Figure 4e) in
HEK293T and cancer cells (Supplementary Figures S4E–H,
S5C and D). This demonstrates the existence of a functional
interaction between CypD and JC15. CypD overexpression
leads to its disregulated recruitment to the MPTP channel
causing constitutive pore opening and dynamic swelling of
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Figure 3 Modulation of JC15-mediated chemosensitivity by CypD. (a) Expression blot of HEK293T cells transfected with siRNA pool against CypD. (b) Mortality of
cisplatin-treated cells with variable levels of CypD, and JC15 was determined using MTT assay. Bars represent mean±S.E.M. n¼ 8, *P (two tailed) o0.0001. (c) Cell
mortality of cisplatin-treated cells as mentioned in panel (b), was determined by propidium iodide (PI) uptake. Data shown as mean±S.E.M. n¼ 3, **P (two tailed) o0.001.
(d) Relative caspase activity of cisplatin-treated JC15-expressing cells depleted for CypD, represented as mean±S.E.M. n¼ 3, *P (two tailed) o0.0001, **P (two tailed)
o0.001. (e) The opening of mitochondrial transition pore was determined by staining with potential-sensitive dye MitoTracker Red. Acquired data are represented as fold
mean florescence intensity (MFI) over unstained cells and shown as mean±S.E.M. n¼ 3, *P (two tailed) o0.0001, **P (two tailed) o0.001. (f) Mitochondria isolated from
CypD-depleted cells under normal or JC15-overexpressed conditions was subjected to swelling. The absorbance is shown as mean±S.E.M. n¼ 3, Po0.0001 with reference
to UT. (g) HEK293T cells differentially expressing JC15 and CypD were exposed to cisplatin treatments for the indicated time intervals. Post treatment, the isolated
mitochondria (P) along with the cytosolic supernatant (S) were subjected to immunoblot analysis using an anti-cytochrome c (Cytc) antibodies. For all the above experiments,
untreated (UnT), untransfected cells (UT) and non-targeting siRNA-treated cells (NT) were used as internal negative control. (k—denotes mRNA downregulated by dsiRNA,
m—denotes overexpression)
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the mitochondria, which can be further assessed by PEG-
dependent mitochondrial shrinkage. PEG treatment alle-
viated the pronounced baseline swelling of unsilenced
mitochondria and partially swelled condition of mitochondria
with reduced levels of JC15 (Figure 4g), which was, however,
inhibited by pre-treatment with CsA (Figure 4h). This
indicates that swelling was specifically induced due to
recruitment of CypD to MPTP, which is largely governed by
the expression levels of JC15. In summary, the above results
indicate that JC15 might be involved in maturation of MPTP
complex through association of CypD in both normal and
cancer cells.

Interdependence of JC15 and CypD in MPTP activation
and its consequent effects in live cells. To demonstrate a
similar CypD-dependent modulation of MPT by JC15 in live
cells, we subjected MCF7 cells, differentially expressing
JC15 and CypD, to CoCl2–calcein fluorescence quenching
assay.21–23 Upon cisplatin treatment, the calcein fluorescence
in JC15-overexpressing cells was found to be significantly
lower than untransfected controls, suggesting an increase in
MPTP opening (Figure 5b). In contrast, both JC15-depleted
and JC15V133W-overexpressing cells had higher calcein
fluorescence than control cells (Figures 5a and b). Depletion
of CypD or its inhibition by CsA in JC15-overexpressing

Figure 4 Suppression of elevated CypD phenotypes by JC15 depletion. (a) Relative cell viability measurement of cisplatin-treated cells under differential levels of CypD
and JC15 by MTT assay. Data are represented as mean±S.E.M. n¼ 8, *P (two tailed) o0.0001. (b) Relative cell death of cisplatin-exposed cells differentially expressing
CypD and JC15 was assayed through PI staining. Bars represent mean±S.E.M. n¼ 3, **P (two tailed) o0.001. (c) Cisplatin-treated cells overexpressing CypD under
normal or reduced JC15 protein levels were stained with MitoTracker and represented as fold mean florescence intensity (MFI) over unstained cells. Data shown as
mean±S.E.M. n¼ 3, *P (two tailed) o0.0001, **P (two tailed) o0.001. (d) Mitochondria expressing altered levels of indicated proteins was subjected to swelling, and the
decrease in absorbance was represented as mean±S.E.M. n¼ 3, Po0.0001. (e) Untransfected (UT) or transfected cells with altered amounts of CypD or JC15 were treated
with cisplatin for the indicated time periods and assayed for Cytc release as described in Figure 2g. (f) Relative caspase activity of cisplatin-treated cells containing altered
levels of CypD and JC15 represented as mean±S.E.M. n¼ 3, *P (two tailed) o0.0001, **P (two tailed)o0.001, ***Po0.01. UnT, untreated cells; UT, untransfected treated
cells. (g and h) Mitochondria overexpressing CypD alone or with reduced amounts of JC15 were induced to shrink with 5% PEG-3340 after pre-treating with 1 nM cyclosporin A
(h) or were left untreated (g). Data are shown as mean±S.E.M. n¼ 3, Po0.0001
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background restored the calcein signal, indicative of the fact
that JC15 might be mediating MPTP opening through CypD
(Figures 5b and c). Finally, we quantified the calcein
fluorescence in CypD-overexpressing cells, which was
considerably lower than the controls. This decrease in
fluorescence was, however, reversed upon depletion of
JC15 (Figure 5d). The calcein fluorescence, in the absence

of Co2þ , was similar in both control and depleted cells,
indicating equivalent calcein loading (Supplementary
Figure 7). This shows that JC15 mediates MPTP activation
through CypD and thus promotes increased sensitivity of
cells to chemotherapeutic drugs.
Dynamic changes in the intracellular calcium levels in

response to various stimuli are known to regulate different

Figure 5 JC15 induces permeability transition through CypD in live cells. (a) MCF7 cells depleted for JC15 were exposed to cisplatin treatment and subjected to CoCl2-
calcein quenching assay. The amount of calcein fluorescence was quantified by flow cytometry and is represented in the form of bar chart as mean±S.E.M. n¼ 3,
*Po0.0001, **Po0.001. (b and c) JC15 overexpressing cells either pre-treated with CsA (B) or depleted for CypD (C) were loaded with calcein dye before quenching by
CoCl2. The relative calcein emission was quantified by flow cytometry and represented as fold fluorescence with respect to cisplatin-untreated cells. Data denote
mean±S.E.M. n¼ 3, *Po0.0001, **Po0.001. (d) The opening of MPTP under elevated CypD in the presence of normal or downregulated levels of JC15 was quantified by
relative quenching of calcein dye and plotted as mean±S.E.M. n¼ 3, *Po0.0001, **Po0.001. (e–g) Time-dependent increase in cytosolic calcium levels due to MPTP
opening, following cisplatin treatment of MCF7 cells with differential protein expressions, was measured by spectrofluorometric analysis of Fura-2 excitation. Data denote
mean±S.E.M. n¼ 3, Po0.01 with reference to UnT cells. (h–j) Time course analysis of the relative propensity of membrane potential loss due to MPT in cells with variable
levels of JC15 and CypD was performed using TMRE uptake. The line graphs represented mean values from three independent experiments. (UnT, untransfected untreated
cells; UT, untransfected treated cells; NT, cells transfected with non-targeting siRNA; k—denotes downregulation by siRNA; m— denotes overexpression; Valinomycin (Val)
and FCCP were used as validation controls for dissipation of membrane potential and intracellular calcium increase)
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cellular processes, including apoptosis.24 Elevated mitochon-
drial calcium levels are known to induce opening of the MPTP,
leading to release of pro-apoptotic factors.25,26 Therefore, we
performed real-time measurements of mitochondrial calcium
levels under depleted conditions when the cells were exposed
to cisplatin. Opening of MPTP will allow the cations to freely
redistribute across the membranes according to their con-
centration gradients, which can be monitored through Fura-2
stain. Cells overexpressing JC15 showed higher enhance-
ment in Fura-2 signal comparatively earlier than untransfected
controls. On the other hand, cells expressing JC15 mutant
showed resistance to mitochondrial calcium release
(Figure 5e). The increment in a Fura-2 ratio observed in case
of JC15 upregulation was substantially reduced upon deple-
tion of CypD, highlighting an association of JC15 with MPT
upon cisplatin treatment (Figure 5f). Overexpression of CypD
made the cells susceptible to MPTP activation, resulting in a
sharp increase in cytosolic calcium levels, which was
alleviated upon depletion of JC15 (Figure 5g), underlying
the dependence of CypD on JC15 for opening of MPTP
channel. As a control, the specificity of calcium discharge due
to pore formation was determined by treating the cell with
protonophore FCCP, which is known to cause enhancement
in intracellular calcium release.
To further validate that the observed calcium flux is due to

MPTP channel opening, we monitored the alterations in
mitochondrial potential real-time by utilizing tetramethylrho-
damine ethyl ester (TMRE) fluorophore, which reversibly
diffuses into mitochondria in a potential-dependent manner.
Conceivably, upregulation of both JC15 and CypD resulted in
a sharp decrease in membrane potential, which overlapped
with the mitochondrial calcium release (Figures 5h–j). The
decline in membrane potential was, however, found to be
protected under CypD or JC15 depletion, respectively
(Figures 5i and j). Similarly, cells expressing JC15 mutant
showed higher membrane potential than untransfected cells
(Figure 5h). FCCP as a positive control completely dissipated
the membrane potential, thus adding specificity to the
reaction. In summary, our results emphasize the interplay
between JC15 and CypD in regulation of MPT, thereby
modulating cellular resistance to cisplatin treatment.
Loss-of-membrane selectivity across the mitochondrial

inner membrane for solutes leads to ionic imbalance and
dissipation of the potential gradient. This results in uncoupling
of electrons from electron transport chain complexes, which in
turn react with molecular oxygen to give rise to free radicals.
As both JC15 and CypD overexpression cause activation of
MPTP channel, we assessed whether they are associated
with concomitant increase in ROS levels. The overall ROS
was quantified in the cells by DCFDA-H2 staining and
mitochondrial superoxide levels by labeling the cells with
MitoSOX. Cisplatin treatment of cells containing elevated
levels of JC15 or CypD showed intense staining of both
DCFDA and MitoSOX (Figures 6a–d). The relative fluores-
cence of the dyes was, however, reduced upon down-
regulating JC15 under CypD-overexpressed conditions
(Figures 6c and d). Similar observation was recorded for
JC15-overexpressing cells that were silenced for CypD, and
the cells depicted lesser oxidation of both DCFDA and
MitoSOX dyes (Figures 6a and b). These observations further

validate coupling of JC15 and CypD functions in the activation
of MPTP complex.

Recruitment of CypD to the MPTP channel is mediated
by JC15. The inhibition of gain-of-function effects of
elevated CypD leading to constitutive MPTP activation by
JC15 depletion suggested a role of JC15 in recruitment of
CypD to the MPTP channel. To prove direct recruitment of
CypD into translocase in JC15-overexpressed condition, we
performed CoIP analysis utilizing HEK293T mitochondria
under cisplatin-treated and -untreated condition. Upon
cisplatin treatment, we observed increased recruitment of
CypD along with its matrix interacting Hsp90 class protein,
TRAP127,28 as compared with untransfected controls
(Figure 6f; panel 1) when CoIP was performed using anti-
JC15 antibodies. Similarly, CoIP using anti-CypD antibodies
under high JC15 levels resulted in increased immunopreci-
pitation of JC15 and mitochondrial heat-shock protein 70
(mtHsp70) but reduced levels TRAP1 in immunoprecipitated
complexes as compared with untransfected cells (Figure 6f;
panel 2). However, no pull-down of either CypD/TRAP1 or
mtHsp70/JC15 was observed in case of untreated cells
(Figure 6f) and JC15 or CypD downregulated cells for
respective CoIP experiments (Figure 6f). To further validate
our point, we subjected JC15V133W-overexpressing mito-
chondria to CoIP analysis under cisplatin-treated and
untreated conditions. Absence of the co-immunoprecipitating
band of CypD and TRAP1 in mutant cells is indicative of the
specific role played by JC15 in recruiting CypD to MPTP
complex and critical role of a functional J-domain in
mediating such interaction (Figure 6e). The recruitment of
CypD to the MPTP channel through its interaction with JC15
was further verified in cancer-derived MCF7 cells. Consistent
with above results, overexpressed JC15 was associated with
increased amounts of CypD (Figure 6g), and the interaction
was mediated by its J-domain (Figure 6h). In summary, our
results highlight the importance of JC15 in recruitment of
CypD to the MPTP complex and thereby inducing apoptosis
through permeability transition.

Discussion

Mitochondrial J-proteins have been primarily known to have a
critical role in protein translocation and folding reaction in the
organelle. JC15, belonging to type III class of J-protein, is an
ortholog of yeast Pam18 and have an important role in
transport of precursor proteins in the mitochondria. At the
translocation channel, JC15 is involved in stimulation of
mtHsp70 ATPase activity for efficient import of precursor
proteins. However, the lower expression of JC15 associated
with chemorefractory cancer cells is indicative of its potential
role in regulation of apoptosis. The percentage of the CpG
island methylation induced by chemotherapeutic drugs not
limited to cisplatin, taxols and doxorubicin, directly co-related
with the relative JC15 gene expression and cellular drug
response in tumor sub-population.29 These results suggest
JC15 expression profile to be a key determinant of cell death
mechanism. However, further work is needed to elucidate the
molecular mechanism of drug-induced methylation of JC15
promoter in tumor samples. In the present study, we propose
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an additional function of JC15 in regulating cell death
effectors, thereby modulating the sensitivity of cells to
chemotherapeutic drugs.
Although many of the components of human presequence

translocase such as Tim17a, Magmas and JC15 are variably
expressed in the subset of cancer cells,7,8,29–31 obtaining a
direct link between dynamic restructuring of translocation
machinery leading to stimulation of cellular death machinery

was obscure. Here, for the first time, we provide evidence in
favor of specific activation of translocase upon xenobiotic
treatment. JC15 as a part of translocase alters the apopto-
genic stimuli by modulating the functionality of MPTP complex
through CypD. CypD belongs to cyclophilin class of immuno-
philins and localizes in the mitochondrial matrix where it has
an essential role in activating MPTP channel to cause
MPT.10,18 Short-circuiting of ionic balance due to MPT results
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in increased organellar swelling leading to outer membrane
disruption and release of pro-apoptotic factors.10,13 However,
the exact mechanistic details of the overall process are still
unknown. Our data suggest that elevated JC15 cause MPTP
activation, thereby resulting in enhanced calcium levels,
mitochondrial potential loss, organellar swelling and release
of death effectors. On the other hand, reduced amounts of
JC15 protects against MPT and mitochondrial depolarization
even under high levels of CypD, which is known to cause
constitutive opening of MPTP. This indicates toward the
definitive role of JC15 in coupling of CypD to the MPTP
channel. Besides, our results also demonstrate the critical role
of JC15’s J-domain in its association with CypD and induction
of MPT. It is as well possible that, apart from interacting with
CypD, a functional J-domain carrying out proper import
activity is essential for mounting a chemosensitive response,
as previous studies have hypothesized loss of import motor
activity in the development of oncocytic tumors.32

Based on our results, we provide a model illustrating the
specific role played by JC15 in conjunction with mtHsp70 to
promote membrane pore transition by activating MPTP
complex through CypD (Figure 7). In cancer cells, CypD
remains in the inactive state by directly interacting with
chaperones, such as TRAP1 (mitochondria localized Hsp90
class of protein).27 Overexpression of TRAP1 in tumor cells
and its increased mitochondrial localization lead to CypD
inactivation, thus causing the cells to propagate with a
suppressed MPTP function.27,33 In our model, we demon-
strate stress-responsive recruitment of CypD and its
concomitant release from TRAP1 by JC15–mtHsp70
complex. Release of CypD from TRAP1 results in its
activation and is, in turn, coupled with the MPTP complex by
JC15–mtHsp70 machinery (Figure 7). This results in pore

opening and induction of cell death; partly explaining the
chemoresistant phenotype observed in JC15-depleted cancer
cells.7,8,19,29

In general, mitochondria have a central role in apoptosis
and cancer and have been one of the prime therapeutic
targets to control cancer progression. Mitochondrial multi-
chaperone interactor network has evolved as nodal points in
key regulatory circuits, generating an interesting grid for
neoplastic studies. Identification of protein translocase com-
ponent JC15’s association with oncocytic development is one
of the cornerstones of the mitochondrial cell death pathways.
This will provide a directed approach in understanding the
dynamic scheme of interaction in carcinogenesis and the role
of mitochondrial chaperones in the process. The current work
presents a unique connection between human presequence
translocase and apoptosis regulator MPTP complex. Our
study provides the first evidence for the involvement of
translocation machinery in regulation of apoptotic pathways in
cells subjected to chemotherapeutic treatment.

Materials and Methods
Cells and cell culture. HEK293T, OVCAR-3 and MCF7 cells were cultured
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum and 1%
penicillin–streptomycin. Transfection of the cells with the expression constructs was
carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as per the
manufacturer’s instructions and allowed to express for 48 h. All the cell lines were
obtained from National Center of Cell Science, Pune, India repository. The cell lines
were authenticated through standard STR-based profiling before the experiments.

Plasmids. The expression of DNAJC15 or CYCLOPHILIN D in human cell lines
was carried out by amplification of the C-terminal FLAG-tagged ORF of DnaJC15
or CypD and cloning it in pCI-Neo vector. The loss-of-function J-domain mutant
was subsequently generated through QuikChange site-directed mutagenesis
protocol (Stratagene, La Jolla, CA, USA).
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Antibodies and immunoblotting. For expression analysis of DnaJC15 in
yeast, equivalent amounts of cells were lysed and analyzed by western blotting
using anti-DnaJC15 antibodies. The expression analysis of proteins in human
mitochondria was performed by analyzing 50 mg of mitochondrial protein by
immunodecorating with specific antibodies. The following antibodies were used for
primary detection: anti-Tim23 (1 : 5000), anti-CypD (1 : 1000) (Pierce Thermo
Scientific, Rockford, IL, USA), anti-cytochrome c (1 : 1000) (Cell Signaling
Technology, Danvers, MA, USA); anti-DnaJC15 antibodies generated by injecting
their corresponding J-domain fragments; anti-mortalin (mtHsp70) antibodies were
developed against the C-terminal region; and anti-Hep1 was raised against
the full-length protein at Imgenex Biotech (Bhubaneshwar, India). Anti-TRAP1
antibodies were a kind gift from Professor Didier Picard, Department of Cell
Biology, University of Geneva, Geneva, Switzerland. For co-immunoprecipitation
analysis, antisera were affinity purified and cross-linked to either Protein A or
Protein G beads (GE Healthcare, Amersham, UK). Secondary immunodecoration
was performed using HRP-conjugated anti-rabbit or anti-mouse IgG (GE
Healthcare).

RNAi knockdown experiments. HEK293T, OVCAR-3 or MCF7 cells were
seeded in Opti-MEM media (Invitrogen) and transfected with 5 mM of DsiRNA
duplexes pools; ON-TARGETplus SMART pool (Dharmacon, Lafayette, CO, USA)
for DNAJC15; HSC.RNAI.N005038.12.1 and HSC.RNAI.N005038.12.2 (IDT) for
CYCLOPHILIN D. Transfection was performed using Lipofectamine 2000
(Invitrogen) using the manufacturer’s instructions.

Analysis of cellular sensitivity in human cell lines. Untransfected
and transfected HEK293T cells were exposed to 10mM cisplatin for 3 h unless
otherwise mentioned. Relative cell death coupled with mitochondrial dysfunction
was determined by AnnexinV–-AlexaFlour 488/propidium iodide and AnnexinV–
AlexaFlour 488/MitoTracker Red CMXRos (Invitrogen) staining. The loss of
membrane potential alone was determined by loading the cells with MitoTracker
Red CMXRos at 37 1C. The relative fluorescence was analyzed by BD FACS
Canto II flow cytometer (San Jose, CA, USA) using the BD FACS Diva software.
The time lapse analysis of membrane potential loss was performed by staining the
cells by TMRE (Molecular Probes; Invitrogen, Eugene, OR, USA) and measuring
the relative variation in fluorescence at 580 nm using Tecan Infinite M1000 PRO
spectofluorometer (Männedorf, Switzerland).

Cell viability and cell proliferation. The percentage of viable cells was
determined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
(MTT assay) (Invitrogen) as instructed in the manufacturer’s manual. The MTT
assay data were further verified by flow cytometric analysis of relative propidium
iodide uptake by the cells. The cells with positive propidium iodide staining
signified the dead cells. The induction of apoptosis was determined by measuring
the relative effecter caspase activity using the Caspase-Glo 3/7 Assay kit
(Promega, Madison, WI, USA) following the manufacturer’s instructions.

Mitochondrial swelling and cytochrome c release assay. The
opening of mitochondrial transition pore complex was determined by mitochondrial
swelling and shrinking assay.18 In all, 130mg mitochondria was resuspended in
500ml of assay buffer and subjected to swelling induced by 250mM CaCl2.
Mitochondrial shrinkage was promoted by incubating the mitochondria in buffer
containing 5% (w/v) PEG-3340. Temporal variation in light scattering was
measured at 540 nm. For cytochrome c release assay, cells were exposed to
cisplatin for different time intervals, and the corresponding mitochondrial and
cytosolic fractions were assayed for the presence of cytochrome c through
immunoelectrophoresis. In all, 120 mM KCl, 10 mM Tris pH 7.6 and 5 mM KH2PO4

was used as the assay buffer for both swelling and cytochrome c release
experiments.

Assaying MPTP opening in live cells. The determination of MPT in live
cells was carried out using CoCl2–calcien quenching assay. Calcein-AM is a
membrane permeable fluorophore that diffuses to all subcellular compartments,
including mitochondria. The cells are then loaded with divalent cobalt cation
(Co2þ ), which can quench calcein fluorescence from all subcellular compartments
except mitochondrial matrix owing to the impermeability of inner mitochondrial
membrane to Co2þ cations. However, opening of MPTP causes Co2þ to diffuse
inside mitochondria and quench the mitochondrial calcein fluorescence. Cisplatin-
treated or -untreated MCF7 cells were loaded with 1 mM Calcein-AM dye and

100 nM MitoTracker Deep Red for 30 min at 37 1C. The calcein fluorescence was
quenched by adding 1 mM CoCl2 for 10 min and subjected to flow cytometric
analysis using BD FACS Canto II. Data were analyzed using the BD FACS Diva
software. Valinomycin treatment was used as a positive control.

Analysis of mitochondrial calcium release. The analysis of mitochon-
drial calcium release was performed by adapting the previously described
method.34 Briefly, MCF7 cells were stained with Fura-2 AM (Molecular Probes;
Invitrogen) for 45 min at 37 1C before cisplatin treatment. The temporal variation in
Fura-2 fluorescence at 340/380 nm excitation upon mitochondrial calcium release
was quantified using Tecan Infinite M1000 PRO spectofluorometer. Trifluor-
ocarbonylcyanide phenylhydrazone (FCCP) was used as a positive control.

Measurement of cellular ROS levels. The elevation of cellular ROS
levels, owing to MPT, was quantified by staining the cells with MitoSOX or DCFDA
(Molecular Probes; Invitrogen) after 3 h cisplatin treatment. MitoSOX provided a
measure of mitochondrial superoxide levels, and DCFDA quantified the overall
cellular ROS levels. The relative fluorescence of the dyes was quantified by flow
cytometry.

Co-immunoprecipitation analysis. The interaction between JC15 and
CypD was determined by co-immunoprecipitation analysis using isolated
mitochondria. Mitochondria from HEK293T cells were isolated using Cell
Mitochondria Isolation Kit (Sigma, St. Louis, MO, USA). Mitochondria were lysed
using 0.5% digitonin in a lysis buffer (20 mM MOPS–KOH pH 7.4, 250 mM
sucrose, 80 mM KCl and 1 mM PMSF) containing 5 mM EDTA. Lysates were
subjected to immunoprecipitation analysis using antibodies specific to JC15, CypD
or FLAG-tag as per requirement.
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