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Abstract

N-(3-oxododecanaoyl)-homoserine lactone (C12) is produced by Pseudomonas aeruginosato
function as a quorum-sensing molecule for bacteria-bacteria communication. C12 is also known to
influence many aspects of human host cell physiology, including induction of cell death. However,
the signaling pathway(s) leading to C12-triggered cell death is (are) still not completely known. To
clarify cell death signaling induced by C12, we examined mouse embryonic fibroblasts (MEFs)
deficient in “initiator” caspases or “effector” caspases. Our data indicate that C12 selectively
induces the mitochondria-dependent intrinsic apoptotic pathway by quickly triggering
mitochondrial outer membrane permeabilization (MOMP). Importantly, the activities of C12 to
permeabilize mitochondria is independent of activation of both “initiator” and “effector” caspases.
Furthermore, C12 directly induces MOMP /n vitro. Overall, our study suggests a mitochondrial
apoptotic signaling pathway triggered by C12, in which C12 or its metabolite(s) acts on
mitochondria to permeabilize mitochondria, leading to activation of apoptosis.
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INTRODUCTION

The gram-negative aerobic bacterium Pseudomonas aeruginosa is ubiquitously present in
soil, water, and vegetation, and is infectious to patients with cystic fibrosis, cancer, burns or
compromised immune systems (Cross et al., 1983). Pseudomonas aeruginosa often infects
the lungs of patients with cystic fibrosis, where they form biofilms and become antibiotic
resistant (Gaspar et al., 2013). Like many other bacteria, Pseudomonas aeruginosa control
these virulence properties by communicating with each other through quorum-sensing, by
which the bacteria constitutively generate, release, detect and respond to small diffusible
autoinducers (Miller and Bassler, 2001). The quorum-sensing molecule N-(3-
oxododecanoyl)-L-homoserine lactone (C12) is produced by Pseudomonas aeruginosato
regulate bacterial Lasl/rhll and lasR/rhIR gene networks and influence bacterial intercellular
communication (Hughes and Sperandio, 2008; Shiner et al., 2005).

As a small, lipid-soluble, diffusible molecule, C12 readily enters various types of cells in the
lungs of infected patients, including epithelial cells, endothelial cells, fibroblasts and
leukocytes (Irie and Parsek, 2008; Rumbaugh, 2007; Schuster and Greenberg, 2006). The
concentrations of C12 are believed to reach high micromolar levels in or adjacent to biofilms
formed in the lung airways (Chambers ef al., 2005; Charlton et al., 2000). C12 has been
reported to alter many aspects of human airway epithelial cell physiology, including
inhibition of proinflammatory cytokine secretion and activation of events commonly linked
with apoptotic cell death, such as plasma membrane blebbing, cell shrinkage, nuclear
condensation and fragmentation, caspase activation and mitochondrial membrane
permeabilization (Fu et al., 2007; Li et al., 2004; Oliver et al., 2009; Schwarzer et al., 2010;
Schwarzer et al., 2012).

Upon C12 exposure, activation of diverse signaling pathways associated with apoptosis is
observed in different mammalian cells. In breast carcinoma cells, C12 partially inhibits the
Akt/PKB pathway, and the JAK/STAT pathway likely mediates pro-apoptotic activities of
C12 (Li et al, 2004). Similarly, C12 suppresses Akt activation by blocking Akt
phosphorylation in undifferentiated intestinal epithelial cells, and overexpression of
constitutively active Akt is capable of partially reducing C12 cytotoxicity (Taguchi et al.,
2014).

Signaling from the endoplasmic reticulum (ER) has also been implicated in apoptosis caused
by C12. ER stress-responsive proteins inositol-requiring enzyme 1la (IREla) and X-Box
Binding Protein 1 (XBP1) are required for C12-induced killing of mouse embryonic
fibroblasts (MEF) (Valentine et al., 2013). Furthermore, apoptosis-like morphological
changes in the ER and mitochondria are observed in bone marrow-derived macrophages
upon C12 treatment (Kravchenko et af., 2006). Phosphorylation of p38 mitogen-activated
protein kinase (MAPK) and eukaryotic translation initiation factor 2a. (elF2a) are two
known biochemical markers that indicate cellular responses to C12.

Caspase activation is commonly observed in C12-exposed cells. Caspases are classified into
two major categories: “initiator” caspases and “effector” caspases (Li and Yuan, 2008), and
both of them are activated by C12. Serving as a marker for C12-triggered apoptosis,
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activation of the effector caspase-3 has been detected in airway epithelial cells (Schwarzer et
al., 2012), fibroblasts (Schwarzer et al., 2014a; Valentine et al.,, 2013), intestinal epithelial
cells (Taguchi et al,, 2014), breast carcinoma cells (Li et al,, 2004), lymphoma cells (Jacobi
et al., 2009), lung carcinoma cells (Zhao et al., 2016), colorectal carcinoma cells (Zhao et
al., 2016), and leukocytes (Horikawa et al., 2006; Kravchenko et al., 2006; Tateda et al.,
2003). Activation of the “initiator” caspases caspase-8 (Jacobi ef al., 2009; Schwarzer et al.,
2012; Schwarzer et al., 2014a; Tateda et al., 2003) and caspase-9 (Kravchenko et al., 2006;
Schwarzer et al., 2012) has also been reported. These data have suggested that both the
extrinsic pathway initiated at the plasma membrane and the intrinsic pathway initiated in
mitochondria may be activated.

However, the potential interplay between extrinsic and intrinsic pathways and “initiator” vs
“effector” caspases in C12-activated apoptotic signaling remain unclear. In this paper, MEFs
deficient in one or more caspases were investigated to elucidate the cell death signaling
induced by C12. Our data indicate that C12 selectively triggers an apoptotic signaling
pathway in which C12 appears to act by permeabilizing mitochondria, leading to activation
of apoptosis.

Apoptosis is the major form of cell death caused by C12

In multicellular organisms, cell death is a highly heterogeneous process in which several
distinct, in some cases partially overlapping, cell signaling cascades can be activated (Danial
and Korsmeyer, 2004). Although C12’s ability to trigger events commonly linked to
apoptosis has been reported (Horikawa et al., 2006; Li et al., 2004; Schwarzer et al., 2012;
Schwarzer et al., 2014a; Valentine et al., 2013), it is unclear whether other cell death
signaling is also involved. Caspase-3 and caspase-7 are two highly related “effector”
caspases, and MEFs deficient in expression of both caspases are markedly resistant to both
mitochondrial and death receptor-mediated apoptosis (Lakhani et al., 2006). To characterize
C12-induced signaling leading to cell death, we first investigated whether caspase-3 and
caspase-7 were essential to mediate cytotoxic effects of C12. Cytotoxicity of C12 was
examined in MEFs lacking caspase-3 (caspase-3-KO), caspase-7 (caspase-7-KO), or both
(caspase-3/7-DKO) as well as their wild-type (WT) counterparts (Figure 1A). While C12-
induced cell death was observed in wild-type, caspase-3-KO and caspase-7-KO MEFs,
caspase-3/7-DKO MEFs were completely resistant to C12 exposure (Figure 1B). Moreover,
less cell death was detected in caspase-3-KO or caspase-7-KO MEFs than their wild-type
counterparts (Figure 1B). Since the levels of C12-induced cell death in caspase-3-KO-MEFs
were lower than those observed in caspase-7-KO cells, caspase-3 appeared to play a more
prominent role than caspase-7. Importantly, cleavage of caspase-3 and caspase-7, one of the
hallmarks of apoptosis, was detected in wild-type MEFs treated with C12 (Figure 1C).
Furthermore, PARP, a known substrate of caspase-3 and caspase-7, was also cleaved in wild-
type MEFs upon C12 exposure, but not in their caspase-3/7-DKO counterparts. The essential
role of caspase-3 and caspase-7 indicates that cell death induced by C12 is largely attributed
to apoptosis.
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C12-induced MOMP is independent of caspase-3 and caspase-7

Mitochondrial outer membrane permeabilization (MOMP) has been recognized to be a “no-
return” step in both intrinsic and extrinsic apoptotic pathways (Newmeyer and Ferguson-
Miller, 2003; Tait and Green, 2010). Two key events of MOMP are depolarization of
mitochondrial membrane potential (Aymito) and release of cytochrome ¢ from mitochondria
into the cytosol. It is generally believed that MOMP occurs upstream of activation of
caspase-3/7 (Newmeyer and Ferguson-Miller, 2003; Tait and Green, 2010). However, the
involvement of caspase-3/7 activation in MOMP has been examined only for a limited
number of apoptotic stimuli. In the study where caspase-3/7-DKO MEFs was first reported,
UV irradiation evoked the apoptotic cascade by activating caspase-3/7 (Lakhani et al., 2006).
Unlike their wild-type counterparts, cells deficient in caspase-3/7 expression maintained
their Aymito Uupon UV irradiation, providing evidence that caspase-3/7 regulated the initial
phase of MOMP in certain apoptotic paradigms.

To explore C12-initiated apoptotic signaling, we studied the involvement of caspase-3/7 in
both Ay it depolarization and cytochrome c release. Depolarization of Ayt Was
evaluated by determining the changes in fluorescence with the voltage-dependent dye JC1
being released from mitochondria into the cytosol and nucleus. Within minutes of C12
exposure, mitochondrial Ayito in wild-type MEFs became almost completely depolarized
to a level close to the maximal depolarization induced by the ionophore carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone FCCP (Figure 2A), consistent with studies in other cell
types (Schwarzer et al.,, 2012; Schwarzer et al., 2014a; Zhao et al., 2016). Importantly, C12
triggered similar degrees of Ayt depolarization in both wild-type and caspase-3/7-DKO
MEFs (Figure 2B), indicating that MOMP induced by C12 occurs upstream of “effector”
caspase activation.

Furthermore, immunofluorescence studies were used to evaluate C12-evoked redistribution
of cytochrome ¢ from mitochondria to the cytosol and nuclei. As shown in representative
images of both wild-type and caspase-3/7-DKO MEFs under control conditions, cytochrome
¢ and the mitochondrial outer membrane protein Tom20 exhibited overlapping punctate and
perinuclear distribution that is typical of mitochondrial morphology (Figure 3A). In addition,
nuclei displayed characteristic oval shape with smooth boundaries that largely excluded
cytochrome ¢ and Tom20. Upon C12 treatment, distribution of cytochrome ¢ was diffuse in
the cytosol and nuclei in both wild-type and caspase-3/7-DKO MEFs, whereas Tom20
maintained its perinuclear distribution, demonstrating that mitochondria in wild-type and
caspase-3/7-DKO MEFs were permeabilized with cytochrome c released into the cytosol
and diffused into the nuclei. The redistribution of cytochrome ¢ was quantitated by
calculating the punctate/diffuse index. These quantitative measurements showed that C12
caused equivalent cytochrome c release in wild-type and caspase-3/7-DKO MEFs (Figure
3B), while Tom20 was still localized in mitochondria in the presence of C12 (Figure 3C).

Next, the levels of cytochrome c in the cytosol of MEFs exposed to C12 were determined by
a biochemical fractionation approach (Adlam et af., 2005; Childs et al.,, 2002; Wang et al.,
2011). Whole cell extracts and the cytosolic fractions from wild-type and caspase-3/7-DKO
MEFs with or without exposure to C12 were acquired. The absence of Tom20 in the
cytosolic fractions under all conditions indicated that the cytosolic fractions were free of
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mitochondria (Figure 3D). Importantly, C12 increased the amounts of cytochrome c in the
cytosolic fractions of wild-type and caspase-3/7-DKO MEFs to the similar levels (Figure
3E). Thus, immunofluorescence and biochemical fractionation data were consistent in
showing that C12 caused cytochrome c release from mitochondria into the cytosol regardless
of caspase-3/7 expression. Overall, these results provide more evidence that C12 triggers
MOMP independent of caspase-3 and caspase-7 activation.

C12-induced apoptosis is independent of caspase-8

The “initiator” caspase-8 mediates extrinsic pathway initiated at the plasma membrane,
whereas the “initiator” caspase-9 is responsible for the mitochondria-dependent intrinsic
pathway (Li and Yuan, 2008). Activation of extrinsic and intrinsic apoptosis pathways has
been reported in cells treated with C12, but it is not clear to what degree each pathway
contributes to cell death (Jacobi et al,, 2009; Schwarzer et al., 2012; Schwarzer et al., 2014b;
Tateda et al., 2003). To systematically investigate which apoptotic pathway is involved, we
first examined MEFs deficient in caspase-8 and their wild-type counterparts (Supplementary
figure 1A). Consistent with previous reports (Beisner et al., 2005; Moujalled et a/., 2012),
MEFs lacking caspase-8 were resistant to the combined treatment of recombinant human
TNF-a protein and the Smac mimetic TL-32711 (Supplementary figure 1B). Upon treatment
with C12, similar levels of cell death (Figure 4A) and caspase-3/7 enzymatic activities
(Figure 4B) were detected in both wild-type and caspase-8-KO MEFs. It was discovered that
caspase-7 expression level in these particular wild-type MEFs was very low compared with
that in corresponding caspase-8-KO MEFs (Figure 4C). While C12 triggered cleavage of
caspase-3 and caspase-7 in caspase-8-KO MEFs, only cleavage of caspase-3 was observed in
wild-type cells, likely due to the lack of caspase-7 expression. With more caspase-3 cleaved
in wild-type MEFs exposed to C12, higher levels of caspase-7 activation were detected in
C12-treated caspase-8-KO MEFs. Similar levels of PARP cleavage was observed in both
wild-type and caspase-8-KO MEFs, in agreement with the cell death data (Figure 4A).

To validate the role of caspase-8 in C12-induced cell death, caspase-8 expression was stably
reduced in human colorectal carcinoma cell line HCT116 and human pancreatic carcinoma
cell line PANC-1 by shRNA (Supplementary figures 2A and 2D). As expected, HCT116 and
PANC-1 cells with reduced caspase-8 expression exhibited resistance to the combined
treatment of TNF-a and the protein synthesis inhibitor cycloheximide (Supplementary
figures 2B and 2E). In contrast, C12 caused similar levels of cell death in both HCT116 and
PANC-1 cells regardless of caspase-8 expression (Supplementary figures 2C and 2F),
providing more evidence that C12 induces apoptosis independent of caspase-8.

To further investigate the role of caspase-8 in C12-initiated apoptotic signaling, we studied
the involvement of caspase-8 in depolarization of Ay it induced by C12. Consistent with
its effects on cell viability and caspase-3/7 activation, deficiency in caspase-8 expression did
not affect the ability of C12 to induce rapid depolarization of Ayt (Figures 4D—E). These
data indicate that caspase-8-mediated extrinsic pathway dose not play a pivotal role in C12-
induced apoptosis.
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C12 primarily triggers mitochondria-dependent intrinsic apoptosis pathway

Next, we investigated whether the “initiator” caspase-9 was responsible for C12-induced
apoptosis. For this purpose, MEFs lacking caspase-9 expression and corresponding wild-
type MEFs were examined (Supplementary figure 3A). Chemotherapeutic drugs etoposide
and actinomycin D, two stimuli known to evoke mitochondria-dependent intrinsic apoptosis
pathway, induced cell death in wild-type but not in caspase-9-KO MEFs (Supplementary
figures 3B—C). Unlike their wild-type counterparts, MEFs deficient in caspase-9 were
completely resistant to C12 treatment (Figure 5A). Importantly, C12 failed to evoke any
caspase-3/7 enzymatic activities in MEFs lacking caspase-9 expression (Figure 5B).
Furthermore, cleavage of caspase-3 and caspase-7 was only observed in wild-type MEFs
treated with C12, but not in caspase-9-KO MEFs (Figure 5C). Importantly, reexpressing
caspase-9 in caspase-9-KO MEFs sensitized the cells to C12 (Supplementary figure 4).

To further examine the involvement of caspase-9 in C12-indcued apoptosis, caspase-9
expression in human pancreatic carcinoma cell line MIA PaCa-2 was stably decreased by
shRNA (Supplementary figure 5A). MIA PaCa-2 cells with reduced caspase-9 expression
were resistant to C12 treatment (Supplementary figure 5B). APAF1 plays a key role in
intrinsic apoptotic signaling by forming oligomeric apoptosomes along with cytochrome c
released into the cytosol, which leads to subsequent activation of caspase-9 (Shakeri et al.,
2017). Deficiency in APAF1 expression rendered MEFs completely resistant to C12
exposure (Supplementary figure 6). Overall, these data suggest that C12 induces apoptotic
signaling largely through activating the mitochondria-dependent intrinsic apoptotic pathway.

C12-induced MOMP is independent of caspase-9

It has been discovered that many apoptotic stimuli induce MOMP, leading to cytochrome ¢
release, apoptosome assembly and subsequent caspase-9 activation (Newmeyer and
Ferguson-Miller, 2003; Tait and Green, 2010). However, emerging evidence suggests that
caspase-9 activation also plays a role in MOMP in some apoptosis paradigms. For instance,
it has been shown that reducing caspase-9 expression or inhibiting caspase-9 activity is able
to block depolarization of Ay it (Eeva et al., 2009; Guerrero et al., 2012; Hakem et al.,
1998; Samraj et al., 2006; Samraj et al., 2007). To clarify the roles of caspase-9 in MOMP
mediated by C12, Ay o Was measured in wild-type and caspase-9-KO MEFs. Contrary to
its effects on cell viability and caspase-3/7 activation (Figure 5), deficiency in caspase-9
expression did not affect the ability of C12 to induce rapid depolarization of Ay it (Figure
6), indicating that caspase-9 was not involved in C12-induced MOMP.

To further validate this notion, we examined cytochrome c redistribution from mitochondria
to the cytosol and nuclei upon C12 exposure using immunofluorescence staining. While C12
evoked the release of cytochrome ¢ from mitochondria to the cytosol and nuclei regardless
of caspase-9 expression, Tom20 maintained perinuclear distribution following C12 treatment
(Figures 7A—C). Moreover, C12-induced subcellular redistribution of cytochrome ¢ in wild-
type and caspase-9-KO MEFs was examined using a biochemical fractionation approach.
Isolated cytosolic fractions were not contaminated with mitochondria, evident by the
absence of Tom20 in those fractions (Figure 7D). C12 induced equivalent redistribution of
cytochrome ¢ from mitochondria to the cytosol in wild-type and caspase-9-KO MEFs
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(Figure 7E). Thus, immunofluorescence microscopy and biochemical fractionation data have
demonstrated that C12 evokes cytochrome c release from mitochondria into the cytosol
regardless of caspase-9 expression. Taken together, these data indicate that C12 causes acute
MOMP independent of any “initiator” caspase, suggesting that the effects of C12 on MOMP
might be attributed to its direct action on mitochondria.

C12 directly induces MOMP in vitro

Since C12 depolarized Ay it Starting within 1 minute and achieving complete effect within
10-20 minutes independent of both “initiator” caspases and “effector” caspases (Figures 2, 4
and 6), we reasoned that C12 could possess activities that directly permeabilize
mitochondria. To this purpose, we examined the effects of C12 on mitochondrial outer
membrane integrity /n vitro. Mitochondria isolated from wild-type MEFs were exposed to
DMSO (control) or to 30 or 300 uM C12. We assessed the amount of cytochrome c released
from mitochondria using western blot analysis (Figure 8A). In a manner dependent on C12
concentrations, less cytochrome ¢ was detected in mitochondrial fractions, with concomitant
increase of cytochrome c in released fractions (Figure 8B). Furthermore, C12’s ability to
cause cytochrome c release /n vitroreached its maximal level within 20 minutes of
incubation, consistent with the time frame of depolarization of Ayt in cells
(Supplementary figure 7). These data indicate that C12 is able to permeabilize mitochondria
directly /n vitro. Overall, our data suggest that C12 evokes a mitochondrial apoptotic
signaling pathway in which C12 directly permeabilizes mitochondria, leading to activation
of apoptosis (Figure 8C).

DISCUSSION

The quorum-sensing molecule C12 evokes apoptosis in a variety of mammalian cells (Fu et
al,, 2007; Li et al., 2004; Oliver et al., 2009; Schwarzer et al., 2010; Schwarzer et al., 2012).
Several signaling pathways leading to apoptosis have been associated with C12 cytotoxicity.
In addition to activating the intrinsic apoptosis pathway, C12 has also been shown to activate
caspase-8, implicating a role of the extrinsic apoptotic cascade in C12-induced apoptosis
(Jacobi et al., 2009; Schwarzer et al., 2012; Schwarzer et al., 2014a; Tateda et al., 2003).
One possible scenario is that C12 functions as a ligand that is recognized by receptors on the
plasma membrane. However, the interplay between the intrinsic and extrinsic pathways as
well as the functions of key molecules involved had not been clearly elucidated previously.
In this study we present evidence that caspase-3/7 and caspase-9 but not caspase-8 are
essential for C12-induced apoptotic cell death in fibroblasts, indicating that C12 selectively
triggers the mitochondria-dependent intrinsic apoptotic pathway. Therefore, the events
associated with activating a plasma membrane receptor are likely secondary responses to
MOMP at least in fibroblasts. However, it is possible that in other cell types intrinsic and
extrinsic pathways might be equally involved or one pathway plays a more prominent role in
mediating C12-induced apoptosis. The dispensable roles of both the “initiator” caspases and
“effector” caspases in C12-indcued MOMP suggest that C12 may exert its pro-apoptotic
effect without the involvement of signaling upstream of mitochondria.
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Several signaling pathways linked to apoptosis initiation, including JAK/STAT (Li et al.,
2004), MAPK and elF2a pathways (Kravchenko et al., 2006) have been implicated in C12-
evoked cell death. In breast carcinoma cells, C12 induces apoptosis by partially inhibiting
the Akt/PKB pathway and abolishing STAT3 activity (Li et al,, 2004). These apoptosis-
associated signaling pathways are normally involved in multiple steps of signal transduction,
and the biological events reflective of these signaling cascades are largely observed hours
following C12 incubation. In contrast, depolarization of Ay pmito, the earliest step of MOMP
(Chipuk and Green, 2008; Goldstein et al., 2000), is always detected within minutes
following C12 exposure and reaches its maximal levels in 20 minutes (Figures 2, 4 and 6;
also see (Schwarzer et al.,, 2012; Schwarzer et al., 2014b; Schwarzer et al., 2015; Zhao et al.,
2016)). Therefore, Akt/PKB pathway and STAT3 signaling are unlikely responsible for C12-
indcued depolarization of Ay itoe. In a variety of mammalian cell types, phosphorylation of
elF2a and p38 MAPK has been observed 5 minutes following C12 treatment. It has been
shown that elF2a phosphorylation induces apoptosis through activating the unfolded protein
responses (Holcik and Sonenberg, 2005), which does not appear to be accountable for the
quick effect of C12 on depolarization of Ay nito. Likewise, apoptosis triggered by p38
MAPK phosphorylation is largely attributed to phosphorylation and modulation of anti- and
pro-apoptotic Bcl-2 proteins (Cai et al., 2006; Grethe et al., 2004). Previous studies indicate
that C12 evokes depolarization of Ayito independent of both anti- and pro-apoptotic Bcl-2
proteins in various cellular systems (Schwarzer et al., 2014a; Zhao et al., 2016). Thus, it is
unlikely that MAPK signaling is directly involved in C12-mediated depolarization of

Ay mito- Overall, it appears that activation of JAK/STAT, elF2a and MAPK signaling
pathways may be secondary to MOMP initiation in C12-triggered apoptosis cascade.

ER stress-induced apoptosis is a well-described cellular process, which is associated with
the compromise of ER membrane permeability to luminal Ca* and proteins as well as
activation of ER-specific caspase-12 and probably downstream caspase-9 (Mekahli et af.,
2011; Morishima et al., 2002; Nakagawa et al., 2000; Wang et al., 2011). C12 has been
demonstrated to trigger the ER stress pathway (Horke et al,, 2015; Schwarzer et al., 2012,
Schwarzer et al,, 2015; Valentine et af, 2013). Release of ER Ca?* into the cytosol is
observed within minutes of C12 exposure, which is implicated in C12-induced apoptosis
(Horke et al., 2015; Schwarzer et al., 2012; Schwarzer et al., 2015). Since the effects of ER
stress on Aymito 0ccurs several hours following ER Ca2* pool depletion (Wang et af., 2011),
the likelihood that C12-induced ER Ca?* release directly causes depolarization of Ayt is
low. Furthermore, recent research indicates that ER stress-mediated apoptosis requires the
pro-apoptotic Bcl-2 proteins Bak and Bax to permeabilize mitochondria (Wang et a/., 2011,
Wei et al., 2001; Zong et al., 2003), which is inconsistent with the evidence that C12 triggers
depolarization of Ayt independent of Bak and Bax in various cellular systems
(Schwarzer et al.,, 2014a; Zhao et al., 2016). Thus, it is unlikely that ER stress signaling is
directly involved in C12-mediated depolarization of Ay it. Conceivably, C12 or its
metabolite(s) acts directly on mitochondria and permeabilizes them. In support of this
notion, our /n vitro studies demonstrate that C12 directly permeabilizes mitochondria
(Figure 8). These data suggest that C12 directly affects mitochondrial outer membrane
integrity probably by physically inserting into the membrane or interacting with
mitochondrial protein(s) that serves as C12 receptor(s).
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As a lactone, C12 is known to be hydrolyzed into a carboxylic acid /n vitro by paraoxonase
2 (PON2), an enzyme with lactonase and arylesterase activities (Draganov et al., 2005).
Intracellular PON2 has been demonstrated to hydrolyze C12 and cause subsequent
intracellular acidification, which is thought to mediate biological responses to C12, such as
triggering stress signaling (Horke et al., 2015). However, the association between C12-
evoked intracellular acidification and depolarization of Ayt remains unclear. Our
previous studies have demonstrated that PON2 promotes C12-induced apoptosis in various
cellular systems (Schwarzer et al., 2015; Tao et al., 2016; Zhao et al., 2016). C12 fails to
induce MOMP in MEFs lacking PON2 expression, showing that C12 alone is insufficient to
trigger MOMP but requires expression of PON2 (Schwarzer ef al., 2015). In addition to its
localization on the ER membrane and plasma membrane (Hagmann et a/., 2014), PON2 has
also been shown to reside in mitochondria (Devarajan et al., 2011). One possibility is that
PON2 cleaves C12 into a pro-apoptotic metabolite(s) that permeabilizes mitochondria. A
previous study reports that a C12 derivative with its lactone ring broken open exhibits little
cytotoxicity when incubated with the cultured cells, suggesting that the structural integrity of
C12 lactone ring is essential for C12-evoked apoptosis (Kravchenko et al., 2006). However,
it is unclear whether the carboxylic acid derivative of C12 is able to pass through the plasma
membrane to enter cells as easily as C12. Another possible scenario is that C12 or a PON2-
mediated derivative might also react with other molecules (e.g. phosphorylation) in cells to
generate secondary metabolite(s) with stronger pro-apoptotic activities. Alternatively, PON2
has anti-oxidant properties that modulate peroxidation of membrane lipids (Hagmann et af.,
2014) and may regulate intracellular lipid biogenesis (Meilin et al., 2010; Rosenblat et al.,
2009), which might affect mitochondrial outer membrane lipid composition in such a way
that C12 preferentially inserts into mitochondria.

Whatever the molecular details of C12 action on mitochondria, our study has shown that
C12 induces a unique apoptotic signaling pathway in which C12 or C12 metabolite(s) acts
as a mitolytic molecule that directly permeabilizes mitochondria, releasing cytochrome c to
activate caspase-9, caspase-3/7 and subsequent downstream apoptosis cascade.

EXPERIMENTAL PROCEDURES

Reagents

N-(3-oxododecanoyl)-homoserine lactone (C12), cycloheximide, etoposide and actinomycin
D were purchased from Sigma (St. Louis, MO). Propidium iodide (PI) was obtained from
Thermo (Waltham, MA). Recombinant human TNF-a was purchased from Peprotech
(Rocky Hill, NJ). The Smac mimetic TL-32711 was purchased from Active Biochem
(Maplewood, NJ). Unless otherwise stated, all reagents were dissolved in dimethyl sulfoxide
(DMSO0). C12 was dissolved in DMSO to generate a stock solution of 100 mM, which was
aliquoted and stored at —20°C. Before applied to the cells, C12 was diluted to various
concentrations in the appropriate medium or buffer with the final concentration of 0.2%
DMSO, unless otherwise stated. Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin/
streptomycin, trypsin, and L-glutamine were obtained from Mediatech (Manassas, VA), and
fetal bovine serum (FBS) was purchased from Gemini (Broderick, CA). Caspase-Glo assay
3/7 kit was purchased from Promega (Madison, WI1). Antibodies (Abs) used for western blot

Cell Microbiol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neely et al.

Page 10

analysis were anti-p-actin mAb (Sigma), anti-full-length-caspase-3 pAb; anti-full-length-
caspase-7 pAb; anti-full-length-caspase-8 pAb; anti-full-length-caspase-9 pAb; anti-cleaved-
caspase-3 pAb; anti-cleaved-caspase-7 pAb; anti-PARP pAb (Cell signaling; Danvers, MA),
anti-cytochrome ¢ mAb for western blot (Santa Cruz; Dallas, TX), anti-cytochrome ¢ mAb
for immunofluorescence staining (BD Transduction Laboratory; San Jose, CA), anti-Tom40
pAb; anti-SOD2 pAb (Santa Cruz), anti-Tom20 pAb (a gift from Dr. Brian Wattenberg),
anti-APAF1 pAb (Abcam; Cambridge, MA), peroxidase-conjugated goat anti-mouse 1gG
(Thermo), peroxidase-conjugated goat anti-rabbit 1gG (Thermo), AlexaFluor488-conjugated
goat anti-mouse IgG (Thermo), AlexaFluor594-conjugated goat anti-rabbit 1IgG (Thermo).

Cell lines and cell culture

Immortalized mouse embryonic fibroblasts (MEFs) deficient in the expression of caspase-8
and their wild-type counterparts were provided by Professor David Vaux (Walter and Eliza
Hall Institute of Medical Research, Parkville, VIC Australia). MEFs lacking caspase-9 and
their wild-type counterparts were obtained from Professor Jerry Adams (Walter and Eliza
Hall Institute of Medical Research). MEFs lacking caspase-3, caspase-7, caspase-3 and
caspase-7, or their wild-type counterparts were obtained from Professor Richard Flavell
(Yale University). Primary MEFs deficient in APAF1 and their wild-type counterparts were
provided by Professor Tak Mak (University Health Network, Toronto, Canada). Human
colorectal carcinoma HCT116, human pancreatic carcinoma PANC-1 and human pancreatic
carcinoma MIA PaCa-2 were purchased from ATCC (Manassas, VA). To generate HCT116
and PANC-1 cells with reduced caspase-8 expression or vector control, cells were first
infected by caspase-8 ShRNA lentiviral particles or control ShRNA lentiviral particles (Santa
Cruz) with 10 pug/ml polybrene. Stable cells were obtained by culturing the cells in the
medium with 5 pg/ml puromycin. Similarly, MIA PaCa-2 cells with stably decreased
caspase-9 expression or vector control were acquired by infection with caspase-9 shRNA
lentiviral particles or control ShRNA lentiviral particles (Santa Cruz) in the presence of 10
ug/ml polybrene and 5 pug/ml puromycin. The lentivrial plasmid expressing murine
caspase-9 (pReceiver-Lv105-murine-caspase-9) and its empty vector control were purchased
from GeneCopoeia (Rockville, MD). To acquire MEFs reexpressing caspase-9 or vector
control, caspase-9-KO MEFs cells were infected by caspase-9 lentiviral particles or control
lentiviral particles with 5 pg/ml polybrene and 5 pg/ml puromycin in the medium. All of the
cell lines were grown and maintained in DMEM supplemented with 10% FBS, 100 units/ml
penicillin, and 100 ug/ml streptomycin. Cells were all cultured in a 5% CO, humidified
incubator at 37°C.

Cell death assays

The indicated cells were plated in a 48-well tissue culture plate with 10,000 cells in each
well and cultured for 24 hours. Unless otherwise stated, medium containing 0.2% DMSO
with or without the indicated agents was incubated with the cells. Following treatment with
the indicated agents, cells were harvested in the presence of 1 pg/ml propidium iodide (PI).
Cell viability was measured by PI exclusion using flow cytometry (FACScalibur, Beckon
Dickinson; San Jose, CA). The percentage of cell death was determined as100 minus the
value of cell viability measurement.
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Caspase-3/7 activity

Caspase-3/7 activities were measured using a Caspase-Glo assay kit (Promega, Madison,
WI1). In this assay, the proluminescent substrate containing the amino acid sequence Asp-
Glu-Val-Asp (DEVD) is cleaved by activated caspase-3/7, resulting in the release of a
luciferase substrate (aminoluciferin) and the production of luminescent signal. 24 hours
before the treatment, cells were plated in white-walled 96-well plates. At the indicated time
points following treatment with various agents, cells were mixed with CellTiter-Glo reagent,
and luminescence was quantified by a Gemini EM microplate spectrofluorometer
(Molecular Devices; Sunnyvale, CA) according to the manufacturer’s protocol. Data were
presented as relative luminescence units (RLUS).

Western blot analysis

Equal amounts of proteins (30 pg) were separated on a 4-12% Bis-Tris gel (Bio-Rad;
Hercules, CA) and transferred onto PVDF membrane (Millipore; Billerica, MA). The
membrane was incubated with appropriate primary or secondary antibodies either overnight
at 4°C or at room temperature for 3 hours in 1X phosphate-buffered saline (PBS) containing
5% (w/v) nonfat dry milk (Bio-Rad) and 0.2% (v/v) Tween 20. Protein levels were detected
using the enhanced chemiluminescent detection system (Thermo) as described previously
(Zhao et al., 2015).

Measuring Ay mite USiNg imaging microscopy of JC1
For imaging experiments to measure mitochondrial membrane potential (Aymito), Cells were
incubated with growth media containing the Ay it probe JC1 (10 uM) for 10 minutes at
room temperature, and then washed three times with Ringer’s solution to remove the extra
dye. JC1-loaded cells were placed onto a chamber on the stage of a Nikon Diaphot inverted
microscope. Cells were maintained at room temperature during the course of the
experiments. Treatments were made by diluting stock solutions into Ringer’s solution at the
concentrations stated in the text. Fluorescence imaging evaluation of Ayt Was carried out
using equipment and methods that have been reported previously (Schwarzer et al., 2014a;
Zhao et al., 2016). Briefly, a Nikon Diaphot inverted microscope with a Fluor 20 X objective
(0.75 numerical aperture) was used. A charge coupled device camera acquired JC1 emission
images (green: 510-540 nm; red: 580-620 nm) during excitation at 490 +/- 5 nm using filter
wheels (Lambda-10, Sutter Instruments; Novato, CA). Axon Imaging Workbench 5.1 (Axon
Instruments; Foster City, CA) controlled filters and collection of data. Images were corrected
for background using regions without cells. In cells under control conditions, mitochondria
displayed red and green fluorescence of JC1. C12 induced-depolarization of Ayt resulted
in a decrease in JC1 red fluorescence and an increase in JC1 green fluorescence. The
protonophore FCCP caused maximal depolarization of Ay o With JC1 red fluorescence
decreasing to very low levels and JC1 green fluorescence reaching maximal levels. All
green / red JC1 fluorescence ratios were normalized to minimal JC1 ratios obtained at the
beginning of each experiment and maximal JC1 ratios acquired following 10 uM FCCP
treatment at the end of each experiment: Normalized JC1 Ratio = (ratio at a given time -
minimal ratio recorded at the start) / (maximal ratio obtained with FCCP - minimal ratio
recorded at the start) * 100%. For time course experiments (shown in Figures 2A, 4D, and
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6A) an initial red/green JC1 ratio baseline was recorded before the addition of 50 uM C12.
After JC1 ratios reached a stable plateau, 10 uM FCCP was added to achieve maximal
mitochondrial membrane depolarization (= Max JC1 ratio). Normalized JC1 ratios at plateau
(before FCCP treatment) from at least three different experiments have been averaged for
summary graphs (shown in Figures 2B, 4E, and 6B).

Immunofluorescence microscopy

MEFs plated onto cover glasses 24 hours earlier were rinsed with Ringer’s solution and
incubated for 4 hours with either vehicle (DMSO) or 50 uM C12 in Ringer’s solution. The
immunofluorescence staining of cytochrome ¢ and Tom20 were carried out as described
previously (Zhao et al.,, 2016). Images were captured using a Nikon Eclipse Ti confocal
microscope (Nikon; Melville, NY) equipped with a PlanApo 60x, 1.42 NA oil immersion
objective. To minimize variability for quantitative assessment, the same microscope settings
were used across vehicle control and C12-treated samples for three individual experiments.
Fields of view were captured to acquire a sample size of at least 100 cells for each individual
experiment. Intracellular distribution of cytochrome ¢ and Tom20 was analyzed using
ImageJ (NIH). Cytochrome c release from mitochondria was quantified by determining the
standard deviation (SD) of the average pixel intensity (brightness) of cytochrome ¢ signals in
the image of individual cells - this is named as the punctate/diffuse index following an
established protocol (Bouchier-Hayes et al., 2008; Goldstein et al., 2000; Goldstein et al.,
2005; Munoz-Pinedo et al., 2006; Wang et al., 2011). Briefly, when cytochrome c is highly
localized within mitochondria, it will display a punctate distribution pattern, leading to high
SD of the average pixel intensity, but when cytochrome c is distributed throughout the cell,
the SD will be low. Therefore, a decrease in the SD (punctate/diffuse index) is an index of
cytochrome c redistribution from mitochondria to the cytosol.

Subcellular fractionation

MEFs (4 x 10"%) were plated onto 15-cm tissue culture dishes for 24 hours and washed with
Ringer’s solution and cultured for 4 hours with either vehicle (DMSO) or 50 uM C12 in
Ringer’s solution. Subcellular fractionation was carried out as described previously with
some modification (Wang et a/., 2011). MEFs were collected and washed with 1 x PBS, and
resuspended in 200 pl buffer containing 5 mM Tris-HCI (pH 7.5), 210 mM mannitol, 70 mM
sucrose, and 1 mM EDTA and protease inhibitors (Complete, Roche Diagnostics;
Indianapolis, IN). The cells were broken open by passing through a homogenizer. The whole
cell lysate was centrifuged at 400 x g using a Sorvall Legend RT centrifuge (Thermo) for 10
minutes at 4 °C to eliminate large cellular debris and nuclei. The supernatants were
centrifuged in a TLA 100.2 rotor using a TL-100 tabletop ultracentrifuge (Beckman;
Fullerton, CA) at 10,000 x g for 10 minutes at 4 °C. The supernatants were subsequently
centrifuged at 350,000 x g for 2 hours at 4 °C to obtain the cytosolic fractions. Protein
concentrations in the isolated fractions were evaluated by BCA assays (Thermo). Equivalent
amounts of whole cell extract and the cytosolic fractions (5 jug) were electrophoresed. The
presence of cytochrome ¢, Tom20 and actin was detected by western blot. The protein
intensity was determined using ImageJ software (NIH). To normalize sample loading
variation, the relative levels of cytochrome c in the whole cell extracts and the cytosolic
fractions were first calculated by dividing the cytochrome ¢ value into the corresponding
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value for actin. The normalized values of cytochrome c levels in the cytosolic fractions were
calculated as a percentage of relative cytochrome c levels in the corresponding whole cell
extracts.

Detection of the release of cytochrome ¢ from mitochondria in vitro

Mitochondria were purified from MEFs as described previously (25). Isolated mitochondria
were resuspended in buffer containing 12 mM HEPES (pH 7.5), 1.7 mM Tris-HCI (pH 7.5),
100 mM KCI, 140 mM mannitol, 23 mM sucrose, 2 mM KHyPOy4, 1 mM MgCl,, 0.67 mM
EGTA, and 0.6 mM EDTA supplemented with protease inhibitors (Complete; Roche
Diagnostics, Indianapolis, IN). After one hour incubation with C12 at 30°C, mitochondrial
vesicles were centrifuged at 10,000xg for 10 min and then dissolved in 1xSDS-PAGE
loading buffer. Proteins in the supernatant and pellet fractions were detected by Western
blotting.

Statistical analysis

All experiments were performed at least three times. Results are presented as mean +
standard deviation. Statistical analysis was performed using Student's two tail t-test. A p
value < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Caspase-3 and caspase-7 are essential for C12-induced apoptosis
(A) The expression of caspase-3 and caspase-7 in the indicated MEFs was examined by

western blot. The molecular weight markers are labeled on the left (kD). (B) MEFs were
treated with C12 for 48 hours, and cell viability was measured by propidium iodide
exclusion. All data are presented as means + standard deviations of three independent
experiments with duplicate samples measured in each independent experiment. Asterisks
indicate P < 0.05 (*); Student's unpaired t test. (C) Cleavage of caspase-3 and caspase-7 was
determined by western blot. Whole cell extracts of wild-type (WT) and caspase-3/7-DKO
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MEFs were acquired following 16 hour-treatment of C12. The data shown is typical of three
independent experiments. The molecular weight markers are labeled on the left (kD).
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Figure 2. Caspase-3 and caspase-7 are not required for mitochondrial depolarization induced by
C12
(A) MEFs from wild-type and caspase-3/7-DKO mice were loaded with the mitochondrial

potential dye JC1, and fluorescence was measured using imaging microscopy during
sequential treatment with 50 uM C12 and 10 uM FCCP. JC1 fluorescence increase
(equivalent to depolarization of Ayito) Was observed in both cell lines upon C12 exposure.
The data are plotted as the percentage of maximal JC1 fluorescence increase caused by
FCCP. Typical results from three independent experiments are shown. (B) Addition of C12
caused equivalent depolarization of Ayt in wild-type and caspase-3/7-DKO MEFs. The
data shown in (A) were summarized. The magnitude of steady-state depolarization of

Ay it induced by C12 was normalized as the percentage of the value of maximal
depolarization of Ayt caused by FCCP. All data are shown as means + standard
deviations of three independent experiments. Student's unpaired t test. ns, no significance.
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Figure 3. C12-induced mitochondrial outer membrane permeabilization occurs upstream of
caspase-3/7 activation

(A) Representative confocal images of MEFs treated with either DMSO (control) or 50 pM
C12 for 4 hours (typical of three independent experiments). The mitochondrial marker
Tom20 is shown in red, cytochrome c in green, and DAPI in blue. Following treatment with
C12, staining of cytochrome c became diffuse and lost its co-localization with Tom20. WT,
wild-type. Scale bar, 10 um. (B—C) The intracellular distribution of cytochrome ¢ (B) and
Tom20 (C) was evaluated by determining the punctate/diffuse index, defined as the standard
deviation of the mean pixel intensity of cytochrome ¢ or Tom20 staining for each cell.
Summary data show the means + standard deviations of the punctuate/diffuse index
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calculated from three independent experiments with more than 100 cells in each independent
experiment. Asterisks indicate P < 0.05 (*), ns, no significance. Student's unpaired t test. (D)
Following incubation with either DMSO or 50 pM C12 for 4 hours, WT or caspase-3/7-
DKO MEFs were fractionated, and the cytosolic fractions were obtained. The amounts of
cytochrome ¢, Tom20 and actin in the whole cell extracts (WCE) and the cytosolic fractions
were determined by western blot (typical of three independent experiments). The molecular
weight markers are labeled on the left (kD). DKO, caspase-3/7-DKO. (E) The summary of
normalized cytochrome c levels in the cytosolic fractions shown in (D). The intensities of
cytochrome ¢, Tom20 and actin were quantified using ImageJ software (NIH). As described
in Materials and Methods, the normalized values of cytochrome c levels in the cytosolic
fractions were calculated as a percentage of relative cytochrome c levels in the
corresponding whole cell extracts. The data are shown as means * standard deviations of
three independent experiments. Asterisks indicate P < 0.05 (*); Student's unpaired t test.
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Figure 4. Caspase-8 activation is not involved in C12-induced apoptosis
(A) The cytotoxicity of C12 on wild-type (WT) and caspase-8-KO MEFs was assessed 24

hours after treatment. Data are presented as means * standard deviations of three
independent experiments with duplicate samples measured in each independent experiment.
(B) Caspase-3/7 activities were evaluated 24 hours after C12 treatment. Data are shown as
means + standard deviations of three independent experiments with duplicate samples
measured in each independent experiment. (C) Upon the treatment of C12 for 12 hours,
cleavage of caspase-3 and caspase-7 in WT and caspase-8-KO MEFs was evaluated by
western blot. The data shown are typical of three independent experiments. The molecular
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weight markers are labeled on the left (kD). (D) Mitochondrial membrane potentials of WT
and caspase-8-KO MEFs loaded with JC1 were determined by fluorescence microscopy
upon treatment with 50 uM C12 and 10 uM FCCP. The increase in JC1 fluorescence was
equivalent to depolarization of Ay ite, Which was observed in both WT and caspase-8-KO
MEFs upon C12 exposure. The data are normalized as the percentage of maximal JC1
fluorescence increase evoked by FCCP. Typical results from three independent experiments
are shown. (E) C12 caused equivalent mitochondrial depolarization in WT and caspase-8-
KO MEFs. The summary of the data shown in (D) is presented. The value of steady-state
depolarization of Ayt caused by C12 in WT and caspase-8-KO MEFs was plotted as the
percentage of the value of maximal depolarization of Ayt Caused by FCCP. Data are
presented as means + standard deviations of three independent experiments. ns, no
significance. Student's unpaired t test.
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Figure 5. C12-induced apoptosis is dependent on caspase-9
(A) Cell viabilities of wild-type (WT) and caspase-9-KO MEFs were measured 48 hours

after treatment with different doses of C12. The data are shown as means + standard
deviations of three independent experiments with duplicate samples measured in each
independent experiment. Asterisks indicate P < 0.05 (*), Student's unpaired t test. (B)
Caspase-3/7 activities were determined for wild-type and caspase-9-KO MEFs treated with
different doses of C12 for 24 hours. The data are means + standard deviations of three
independent experiments with duplicate samples measured in each independent experiment.
Asterisks indicate P < 0.05 (*), Student's unpaired t test. (C) Cleavage of caspase-3 and
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caspase-7 was evaluated by western blot following 16 hour-exposure of C12. The data are
typical of three independent experiments. The molecular weight markers are labeled on the
left (kD).
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Figure 6. C12-induced mitochondrial potential decrease is independent of caspase-9
(A) Wild-type (WT) and caspase-9-KO MEFs were loaded with JC1, and fluorescence was

measured using imaging microscopy during sequential treatment with 50 uM C12 and 10
UM FCCP. Depolarization of Ay mito, €quivalent to the increase in JC1 fluorescence, was
observed in both WT and caspase-9-KO MEFs following C12 treatment. The data are
depicted as the percentage of maximal JC1 fluorescence increase evoked by FCCP. Typical
results from three independent experiments are shown. (B) Summary of depolarization of
Ay mito In WT and caspase-9-KO MEFs. The level of steady-state depolarization of Ay pmito
induced by C12 in WT and caspase-9-KO MEFs was presented as the percentage of the
value of maximal depolarization of Ayt caused by FCCP. The data are shown as means +
standard deviations of three independent experiments like those in (A). Student's unpaired t
test. ns, no significance.
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Figure 7. C12-induced caspase-9 activation occurs downstream of mitochondrial membrane
permeabilization

(A) Representative confocal images of wild-type (WT) and caspase-9-KO MEFs treated
with either DMSO (control) or 50 uM C12 for 4 hours. Tom20 is shown in red, cytochrome
c in green, and DAPI in blue. Scale bar, 10 um. (B—C) Summary data showing the
intracellular distribution of cytochrome ¢ (B) and Tom20 (C) upon C12 exposure. The
punctate/diffuse indexes of intracellular cytochrome ¢ and Tom20 were calculated
respectively. The data are the means + standard deviations of three independent experiments
with at least 100 cells calculated in each experiment. Asterisks indicate P < 0.05 (*), ns, no
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significance. Student's unpaired t test. (D) WT and caspase-9-KO MEFs were treated with
either DMSO or 50 pM C12 for 4 hours. The cytosolic fractions were acquired.
Representative western blot images of isolated fractions were shown (typical of three
independent experiments). The molecular weight markers are labeled on the left (kD). (E)
The amounts of cytochrome c in the whole cell extracts and the cytosolic fractions shown in
(D) were quantified using ImageJ software (NIH). As described in Materials and Methods,
the normalized values of cytochrome c levels in the cytosolic fractions were calculated as a
percentage of relative cytochrome c levels in the corresponding whole cell extracts. Means +
standard deviations of three independent experiments are shown. Asterisks indicate P < 0.05
(*); Student's unpaired t test.
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Figure 8. C12 directly induces mitochondrial outer membrane permeabilzation in vitro
(A) Mitochondria were isolated from wild-type MEFs and incubated with C12 for 1 hour.

Each sample contained 1% DMSO. Release of cytochrome ¢ from mitochondria was
determined by western blot. The molecular weight markers are labeled on the left (kD). (B)
The intensities of cytochrome c in the mitochondrial (P) and the cytosolic (S) fractions
shown in (A) were quantified using ImageJ. Cytochrome c release is represented as a
percentage of the sum of the protein intensity in mitochondrial and released fractions. Mean
+ standard deviation for four independent experiments are shown. Asterisks indicate P <
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0.05 (*) by Student's unpaired t test. (C) C12 permeabilizes mitochondria, subsequently
activating apoptotic signaling pathway.
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