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Evasion of apoptosis is a significant problem affecting an array of cancers. In order to identify novel
regulators of apoptosis, we performed an RNA interference (RNAi) screen against all kinases and phospha-
tases in the human genome. We identified MK-STYX (STYXL1), a catalytically inactive phosphatase with
homology to the mitogen-activated protein kinase (MAPK) phosphatases. Despite this homology, MK-STYX
knockdown does not significantly regulate MAPK signaling in response to growth factors or apoptotic stimuli.
Rather, RNAi-mediated knockdown of MK-STYX inhibits cells from undergoing apoptosis induced by cellular
stressors activating mitochondrion-dependent apoptosis. This MK-STYX phenotype mimics the loss of Bax
and Bak, two potent guardians of mitochondrial apoptotic potential. Similar to loss of both Bax and Bak, cells
without MK-STYX expression are unable to release cytochrome c. Proapoptotic members of the BCL-2 family
(Bax, Bid, and Bim) are unable to trigger cytochrome c release in MK-STYX-depleted cells, placing the
apoptotic deficiency at the level of mitochondrial outer membrane permeabilization (MOMP). MK-STYX was
found to localize to the mitochondria but is neither released from the mitochondria upon apoptotic stress nor
proximal to the machinery currently known to control MOMP, indicating that MK-STYX regulates MOMP
using a distinct mechanism.

Evasion of apoptosis has long been known to be one of the
hallmarks of cancer (9). While the downregulation of proapop-
totic pathways is critical in the establishment of most primary
lesions, it is also crucial for tumor persistence through current
therapeutic strategies, such as chemotherapy and radiation.
Intrinsic apoptosis is a tightly regulated process in which a cell
undergoes a suicide program after a critical level of damage or
cellular insult, deemed irreparable, has occurred. The mito-
chondrion is intimately associated with intrinsic apoptosis, and
many of the proteins housed in the organelle are critical for the
initiation of and commitment to this process (8, 12). The Bcl-2
family of proteins, containing both proapoptotic and anti-
apoptotic members, are master regulators of the cellular deci-
sion to undergo apoptosis (3). Bax and Bak, two proapoptotic
Bcl-2 family members, are considered the “gatekeepers” of
mitochondrion-dependent apoptosis (2, 28). Upon sufficient
cellular insult, Bax and Bak are activated and proceed to de-
stabilize the outer mitochondrial membrane (OMM), allowing
the release of apoptotic proteins to the cytosol and triggering
a cascade of death-inducing events. The best-characterized of
these proapoptotic proteins, cytochrome c, interacts with the
adaptor protein Apaf-1 to trigger the formation of the apop-
tosome, a heptameric complex that recruits and facilitates the

activation of caspase 9, the initiator caspase of the intrinsic
apoptotic pathway (30). Activated caspase 9 is then able to
cleave effector caspases, such as caspase 3, which cleave cellu-
lar substrates, inducing the morphological hallmarks of apop-
tosis, such as membrane blebbing and DNA fragmentation.

During the sequence of events in the initiation and execution
of intrinsic apoptosis, there are numerous critical junctures
that could be regulated at the molecular level. Inactivation of
caspases is sufficient to block the apoptotic pathway, though
most cell types undergo what is known as “caspase-indepen-
dent cell death” after a sufficient cellular insult, even in the
presence of continuous caspase inhibition (24). Thus, the com-
mitment to cell death is a cellular decision upstream of caspase
activation. Bax and Bak, two proapoptotic proteins within the
Bcl-2 family, control a specific process termed mitochondrial
outer membrane permeabilization (MOMP), which is critical
in the initiation of apoptosis. During MOMP, homo-oligomer-
ization of Bax (or Bak) destabilizes the mitochondrial outer
membrane, allowing the release of proteins contained within
the mitochondria. Due to its disruptive cellular mechanism,
MOMP is considered to be the “point of no return” in the
apoptotic process (8). The simultaneous knockout of both Bax
and Bak prevents MOMP and results in a phenotype in which
cells are highly desensitized to a variety of death-inducing
agents (13, 28).

In an attempt to characterize novel signaling pathways that
contribute to the regulation of cellular survival and apoptosis,
we performed a high-throughput RNA interference (RNAi)
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screen against all of the known and putative kinases and phos-
phatases in the human genome (16). In this study, we identified
a small group of genes whose RNAi-mediated knockdown
caused cells to become largely desensitized to chemotherapeu-
tic agents. Of the enzymes assayed, the most striking resistance
to drug-induced cell death came from the knockdown of the
dual-specificity phosphatase (DUSP) MK-STYX, with almost
complete protection from apoptosis compared to control cells
when treated with chemotherapeutics, each having distinct
mechanisms of action. As the knockdown of MK-STYX leads
to dramatic protection from apoptosis, we hypothesized that
the expression of MK-STYX is required for cells to appropri-
ately respond to intrinsic apoptosis. Here, we have investigated
the function of MK-STYX as a protein required for intrinsic
apoptosis. Knockdown of MK-STYX is sufficient to block apop-
tosis in the presence of specific chemotherapeutics, as well as
cellular insults known to induce the intrinsic apoptotic path-
way. While the knockdown of MK-STYX phenocopies the
RNAi phenotype of both caspase 9 and Bax/Bak, we have
shown that the loss of MK-STYX inhibits cytochrome c release
in response to intrinsic cellular stressors and proapoptotic
Bcl-2 family members. In this study, we have identified a novel
protein whose downregulation phenocopies the dual loss of
Bax/Bak and have characterized MK-STYX as a gatekeeper of
mitochondrial cell death.

MATERIALS AND METHODS

Cells and reagents. HeLa cells (ATCC) and 293FT cells (Invitrogen) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Control and MK-STYX small interfering
RNAs (siRNAs) (Qiagen) and Bax, Bak1, caspase 8, and caspase 9 pooled
siRNAs (Dharmacon) were transfected into cells with oligofectamine (Invitro-
gen). Knockdown levels were determined using quantitative reverse transcrip-
tion-PCR (qRT-PCR) as previously described (16). MK-STYX cDNA was
cloned into pRK7 with an N-terminal V5 tag. Proapoptotic cDNAs were obtained
from different sources: mouse full-length Bax was purchased from Open Biosource,
tBid was a kind gift of Stanley Korsemeyer (Addgene 8780), and BimS was supplied
by Doug Green. Each plasmid was transfected into cells using FuGene 6 (Roche).
Paclitaxel (Taxol), actinomycin D, tunicamycin (Sigma-Aldrich), cisplatin (EMD/
Calbiochem), and tumor necrosis factor alpha (TNF-�) (Peprotech) were diluted
and used according to the manufacturer’s instructions. UV irradiation was induced
using a Stratalinker (Stratagene) according to the manufacturer’s instructions. En-
dogenous MK-STYX was probed with a mouse monoclonal antibody generated at
Van Andel Research Institute (VARI) (for immunofluorescence), and a rabbit
polyclonal antibody toward STYXL1 (Sigma-Aldrich) was used for Western blot-
ting. Other antibodies used were total caspase 9, phosphorylated ERK (p-ERK),
total ERK, p-p38, total p38, p-JNK, total JNK, human Bid, total Bim, apoptosis-
inducing factor (AIF), calnexin, total S6, Bcl-2, Bcl-xL, Smac, GRP75, and Hsp60
(Cell Signaling Technologies), as well as NDUFS3 (MitoSciences), V5 (Invitrogen),
AF555-conjugated cytochrome c (BD biosciences), tubulin (Sigma-Aldrich), and
total Bax (Millipore).

Cell viability and apoptosis assays. The Cell Titer Blue reagent (Promega)
was used to detect cellular viability according to the manufacturer’s directions.
Real-time cell viability was determined using the xCelligence system, which
utilizes an electric current to determine cellular attachment to an electrode-
containing plate. The electrical impedance, caused by cell adhesion to the plate,
is directly proportional to cellular viability and is what is numerically reported.
Data from the xCelligence was collected using software provided with the system,
and values were normalized at the point of treatment with compounds for all cell
lines. DNA fragmentation was determined by an enzyme-linked immunosorbent
assay (ELISA) as previously described (16). Propidium iodide (PI) positivity was
determined after collection of total cell populations following apoptotic stimulus.
Cells were collected, washed, and incubated in PI for 10 min in the absence of
light. PI positivity was determined with a FACSCalibur flow cytometer using the
FL2 channel to determine PI fluorescence, with at least 10,000 events captured.
Data were analyzed with CellQuest software. Caspase 3/7 activity was assayed

using the Caspase Glo assay (Promega) according to the manufacturer’s direc-
tions. Crystal violet staining was performed as previously described (16). Termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) analysis was performed using the Apo-BrdU TUNEL assay kit (In-
vitrogen) according to the manufacturer’s instructions. TUNEL positivity was
gauged on a FACSCalibur flow cytometer as indicated above.

Microscopy and image analysis. Mitochondria were stained using Mitotracker
Red CMXRos (Invitrogen), which was added to cells at 20 nM for 30 min prior
to fixation. The cells were fixed with 4% paraformaldehyde (methanol free),
washed, and permeabilized with 0.5% Triton X-100. The cells were then blocked
in 3% bovine serum albumin (BSA) and stained with primary antibodies accord-
ing to the manufacturer’s recommended dilutions. When necessary, Alexa Fluor-
conjugated secondary antibodies (Invitrogen) were used at 1:1,000. Hoechst dye
was used to visualize nuclei. For cytochrome c release assays, cells were prein-
cubated with 20 �M zVAD (EMD-Calbiochem) for 2 h before treatment with
death-inducing agents. The cells were treated with compound for 20 to 24 h
before being fixed as described above. AF-555-conjugated cytochrome c antibody
(BD Biosciences) was used at 1:100 for 1 h. Imaging was performed on an
epifluorescence microscope (Nikon Eclipse Ti), and images were captured and
analyzed using the NIS Elements AR 3.10 software. To quantify cytochrome c
release, plates were scored as punctate (0) or diffuse (1) for at least 100 different
cells in random fields, and the mean percentage of diffusely stained cells is
reported. Quantitation is representative of at least three independent experi-
ments.

Fractionation and mitochondrial purification. Cells were fractionated as pre-
viously described (6). Briefly, HeLa or HeLa S3 cells were pelleted and resus-
pended in homogenization buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10
mM KCl, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride
[PMSF]). The cells were allowed to swell for 10 min on ice and were then
homogenized using 30 to 50 strokes in a standard glass Dounce homogenizer. A
nuclear fraction was collected through centrifugation at 800 � g for 10 min at
4°C. The supernatant was collected and spun at 16,000 � g for 30 min at 4°C. The
resulting pellet, the heavy membrane fraction (HMF), contained endoplasmic
reticulum (ER), as well as mitochondria. To further isolate pure mitochondria,
the crude pellet was soaked in 0.25% trypsin-EDTA for 10 min at 30°C and
placed on a density gradient of 31% and 17% Histodenz overlaid with 6%
Percoll. The fraction was spun at 100,000 � g for 3 h at 4°C, and pure mito-
chondria were isolated from the 31%-17% interface.

Digitonin permeabilization and proteinase K (PK) digestion. Pure mitochon-
dria were isolated as described above. For digitonin permeabilization experi-
ments, mitochondria were resuspended and divided into equivalent fractions.
Digitonin was added to the mitochondria to the indicated concentrations, and
this mixture was incubated on ice for 10 min before being spun down at 16,000 �
g at 4°C. The supernatants were collected and run on an SDS-PAGE gel, trans-
ferred to nitrocellulose, and probed with appropriate antibodies. For proteinase
K digestion, mitochondria were isolated, resuspended, and divided as described
above. Proteinase K (Sigma-Aldrich) was added to the mitochondria to the
indicated concentrations, and fractions were placed at 16°C for 30 min. Protein-
ase K was inactivated through heat inactivation (95°C; 5 min) before samples
were prepared and run on SDS-PAGE gels as described above.

Gene set enrichment analysis (GSEA). Gene expression data generated by the
Expression Project for Oncology from a variety of tumors and data from non-
diseased tissue samples were obtained from the Gene Expression Omnibus
(GSE2109 and GSE3526). All subsequent data processing and analysis were
performed using software available from the BioConductor Project (version 2.5)
and the R statistical environment v. 2.10.1. Expression values were generated
using the robust multichip average (RMA), as implemented in the Affy package
(1.24.2) using updated probe set mapping. Gene sets (n � 5,120) were obtained
from the Molecular Signatures Database (MsigDB; Broad Institute), and the
parametric gene set enrichment method as implemented in the PGSEA package
was used to generate enrichment scores for each gene set using corresponding
nondiseased tissue as a reference. Gene set enrichment scores that associated
with STYXL1 were identified using Spearman’s rank correlation. To visualize the
fraction of genes that overlapped between the identified gene sets, we calculated
a pairwise dissimilarity (D) score between each pair of identified gene sets. The
dissimilarity score was used to compute a hierarchical-clustering dendrogram
using Euclidean distance with average linkage.

RESULTS

MK-STYX modulates the cellular response to chemothera-
peutics. In an effort to identify enzymes that play a critical role
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in cell survival, we performed an RNAi screen that targeted all
known and putative kinases and phosphatases in the human
genome (16). In this screen, we identified a small group of
phosphatases whose siRNA-mediated knockdown caused can-
cer cells to become desensitized to multiple chemotherapeutic
agents, each with three different modes of action (paclitaxel,
cisplatin, and etoposide). The top hit from this screen was a
dual-specificity phosphatase, mitogen-activated protein kinase
(MAPK) phosphatase-like serine threonine tyrosine interac-
tion domain (MK-STYX). MK-STYX knockdown was
achieved using three unique, nonoverlapping siRNAs, with two
of three siRNAs providing effective knockdown of �90% at
the mRNA level (Fig. 1B). Each of these three siRNAs was
tested for the ability to protect cells from death after treatment
with the microtubule inhibitor paclitaxel, and all three siRNAs
provided significant protection against cell death compared to
cells transfected with a control siRNA (Fig. 1D). Importantly,
the amount of protection from cell death correlates with MK-
STYX knockdown; siRNA1 yields only a 60% knockdown and
results in approximately 40% cell death in response to pacli-
taxel (10 nM), while siRNA2 and -3 are more effective at
knocking down MK-STYX (96% and 90%, respectively) and
promote maintenance of over 90% viability in the presence of
paclitaxel (Fig. 1D and E).

To further characterize the chemoresistance induced by
knocking down MK-STYX, we determined the 50% inhibitory
concentrations (IC50s) of two chemotherapeutics in HeLa cells
transfected with a control or MK-STYX-specific siRNA. In
control cells, the IC50 for paclitaxel is 25 nM, and that for
cisplatin is 20 �M (Fig. 2A and B). Loss of MK-STYX in HeLa
cells confers striking chemoresistance at high doses of chemo-
therapeutics, with substantial cell viability maintained in doses
of chemotherapeutics exceeding 10 times the IC50 for both
paclitaxel and cisplatin (Fig. 2A and B). These data demon-
strate that loss of MK-STYX imparts a highly chemoresistant
phenotype.

While having distinct mechanisms of action, both paclitaxel
and cisplatin are effective anticancer agents due to their abil-
ities to induce intrinsic apoptosis (1, 26). As MK-STYX knock-
down cells fail to respond to each of these chemotherapeutics,
we predicted that the RNAi-mediated knockdown diminishes
the apoptotic response. To confirm that these drugs were in-
ducing apoptosis, we looked at distinct hallmarks of the pro-
cess, such as DNA fragmentation and caspase activation. In
control cells, paclitaxel and/or cisplatin induce both DNA frag-
mentation and caspase 9 activation, characteristic of apoptotic
induction (Fig. 2C and D). In comparison, cells transfected
with MK-STYX siRNAs fail to induce caspase 9 activation and
do not undergo DNA fragmentation in response to high doses
of paclitaxel and cisplatin. These data demonstrate that knock-
down of MK-STYX inhibits the apoptotic response in cells
treated with chemotherapeutics.

Due to the striking phenotype seen with MK-STYX knock-
down, we predicted that the overexpression of MK-STYX
would sensitize cells to chemotherapeutic agents. We found
that overexpression of MK-STYX is sufficient to induce cell
death, as determined by propidium iodide positivity (Fig. 2E
and F). Additionally, MK-STYX overexpression is sufficient to
induce the activation of caspase 3, an effector caspase critical
for the progression of apoptosis (Fig. 2G). Thus, as MK-STYX

knockdown inhibits apoptosis in response to paclitaxel and
cisplatin, the overexpression of MK-STYX is sufficient to in-
duce an apoptotic program. To address our original hypothesis
that the overexpression of MK-STYX could sensitize cells to

FIG. 1. Knockdown of MK-STYX promotes chemoresistance.
(A) HeLa cells were transfected with siRNAs against all human ki-
nases and phosphatases. The cells were treated with chemotherapeu-
tics, and apoptosis was measured by a DNA fragmentation ELISA.
Blue dots represent genes whose RNAi knockdown sensitized cells to
apoptosis, red dots represent those that decreased the apoptotic re-
sponse, and purple dots represent no change. MK-STYX is highlighted
in teal. (B) Quantitative RT-PCR analysis of MK-STYX mRNA levels
after knockdown with three siRNAs targeting unique regions of MK-
STYX. The error bars indicate standard deviations. (C) MK-STYX
siRNA2 provides potent knockdown of endogenous MK-STYX in the
mitochondrial fraction of HeLa cells at the protein level. A nonspecific
band serves as a loading control. (D and E) HeLa cells were trans-
fected with control siRNA or three unique MK-STYX siRNA du-
plexes and assayed for cell viability using the cell titer blue assay (D) or
the xCelligence real-time cell viability assay (E) after 10 nM paclitaxel
treatment.
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chemotherapeutics, we moved to the more chemoresistant 293
cell line, which has an IC50 of approximately 125 nM paclitaxel
and 125 �M cisplatin. Overexpression of MK-STYX sensitized
293 cells to both paclitaxel and cisplatin (Fig. 2H and I), drop-
ping the IC50 4-fold for each of these drugs. These data further
support a role for the expression levels of MK-STYX in the
modulation of the cellular response to chemotherapeutics.

MK-STYX is a catalytically inactive phosphatase with a
unique function. We have shown that the knockdown of MK-
STYX provides strong desensitization to a variety of chemo-
therapeutics. As a preliminary attempt to understand its cel-
lular function, we looked to proteins with homology to its
coding sequence as a starting point for characterization. MK-
STYX was first identified bioinformatically due to its sequence
similarity to the MAP kinase phosphatases (MKPs) (29). Like
the MKPs, MK-STYX contains both an N-terminal CH2 do-
main, which is thought to act as a protein-protein interaction
motif, and a C-terminal DUSP domain, which carries out the
catalysis of dephosphorylation. All DUSPs are characterized
by a signature motif, DXnCX5R, in which the cysteine is the
critical residue for catalytic activity (25). Interestingly, MK-
STYX lacks this critical cysteine and instead contains a con-
servative substitution of a serine residue within its active site,
rendering MK-STYX catalytically inactive. The field of phos-
phatase biology has exploited this C-to-S substitution as a
method for the identification of phosphatase substrates (5).
This point mutation converts a phosphatase into a “substrate-

trapping mutant” that binds to its appropriate substrates due
to conservation of the binding pocket but is unable to dephos-
phorylate its substrate because of the absence of the catalytic
cysteine residue. Due to the natural occurrence of the C-to-S
substitution in MK-STYX, we hypothesized that MK-STYX
could function as an endogenous substrate-trapping mutant,
binding to and altering the activities of phosphoproteins that
modulate cell survival pathways.

Early characterization of the MKPs utilized the C-to-S mu-
tation to infer the biological function of these enzymes in the
regulation of MAPK signaling. The C-to-S mutation in MKP-1
is sufficient to reverse its role in MAPK regulation; while
wild-type MKP-1 counteracts MAPK signaling through the
dephosphorylation of ERK1/2 (22), C-to-S-mutated MKP-1
promotes sustained MAPK activation and subsequent down-
stream MAPK signaling, even in the absence of serum (22).
Constitutive ERK1/2 activation is a potent survival signal that
is often dysregulated in cancers (21) and has been previously
implicated in chemoresistance (15, 18). Given the homology to
the MKPs, we sought to determine whether MK-STYX could
act in a fashion similar to that of the C-to-S-mutated MKP-1,
asking whether MK-STYX could sustain the phosphorylation
and activation of ERK1/2 and lead to increased survival and
chemoresistance. To test this, HeLa cells were transfected with
control or MK-STYX siRNAs and assayed for ERK activation
in the presence or absence of epidermal growth factor (EGF).
Surprisingly, we found that siRNAs to MK-STYX had little

FIG. 2. MK-STYX expression regulates the cellular response to chemotherapeutics. (A and B) HeLa cells transfected with control or
MK-STYX-specific siRNA were treated with a dose response of paclitaxel (A) or cisplatin (B), and cell viability was measured 24 h posttreatment
using the cell titer blue assay. The error bars indicate standard deviations. (C) Control or MK-STYX siRNA-transfected HeLa cells were treated
with 100 nM paclitaxel or 50 �M cisplatin for 24 h, and apoptosis was assayed by a DNA fragmentation ELISA. (D) Control or MK-STYX
siRNA-transfected HeLa cells were treated with 100 nM paclitaxel or 50 �M cisplatin for 24 h, and caspase 9 activation was assayed through the
appearance of cleaved isoforms via immunoblotting, indicating the initiation of the intrinsic apoptotic cascade. The asterisk indicates a constitutive
form of cleaved caspase 9 found even in healthy cells. (E and F) HeLa cells were transfected with MK-STYX cDNA for 24 h. Cell death was
measured by propidium iodide uptake (E) and quantified (F). (G) Introduction of exogenous MK-STYX drives caspase 3/7 activation in HeLa
cells. (H and I) Introduction of MK-STYX in 293FT cells increases cell death in the presence of both paclitaxel (H) and cisplatin (I), as measured
using the cell titer blue assay.
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effect on the activation of ERK1/2 (Fig. 3A). As EGF stimu-
lation of ERK1/2 is also known to modulate cellular prolifer-
ation, we sought to determine whether MK-STYX knockdown
affected basal proliferation or acute proliferation in response

to serum stimulation. Real-time cell proliferation measure-
ments demonstrated no difference in cellular proliferation be-
tween control and MK-STYX knockdown cells, either under
basal growth conditions (Fig. 3B) or following acute-phase
serum stimulation (Fig. 3C). To confirm similar proliferation
rates between control and MK-STYX knockdown cells, we
measured bromodeoxyuridine (BrdU) incorporation, which re-
mained unchanged (Fig. 3B and C) in cells with loss of MK-
STYX.

In addition to signaling in response to growth factor stimu-
lation, MAPKs are known to be important regulators of apop-
totic induction. Due to the strong association of MK-STYX
knockdown and cellular apoptotic potential, we sought to de-
termine whether MK-STYX knockdown affects the phosphor-
ylation and activation of the stress response kinases p38 and
JNK. We first looked at p38 and JNK activation in the context
of paclitaxel and cisplatin treatment, using conditions similar
to those in our apoptotic assays. In response to either paclitaxel
or cisplatin, p38 is activated in similar fashions in control and
MK-STYX knockdown cells (Fig. 3D). Although both pacli-
taxel and cisplatin treatments have been shown in the literature
to induce JNK activation (19, 27), we found no significant
activation of JNK in our experimental system concentrations
similar to those used to activate p38. To determine whether
JNK activation changes in the presence of MK-STYX knock-
down, we UV irradiated cells, a well-characterized and potent
activator of JNK signaling. As MK-STYX knockdown protects
against UV irradiation-induced apoptosis (Fig. 4C), we pro-
pose that this apoptotic stimulus is a relevant context in which
to study JNK activation. Importantly, knockdown of MK-
STYX does not change the induction of p38 or JNK phosphor-
ylation in response to UV, demonstrating that these proapop-
totic signaling pathways are still intact. Thus, despite
significant homology to the MAPK phosphatases, knockdown
of MK-STYX does not significantly alter MAPK signaling in
growth factor or stress signaling.

MK-STYX protects against intrinsic, not extrinsic, apop-
totic signals. Our data suggest that MK-STYX modulates the
chemoresistance potential of cancer cells, but through a mech-
anism that is distinct from the modulation of prosurvival and
proapoptotic MAPK pathways. While we have shown that MK-
STYX knockdown protects against three distinct chemothera-
peutic agents, we realized that this panel of death-inducing
agents had a relatively limited breadth in its ability to uncover
mechanism. We predicted that if we could find a specific cy-
totoxic agent against which MK-STYX knockdown does not
protect, this would give us valuable insight into how the loss of
this single gene could have such a striking phenotype. To
examine this, we sought to determine the viability profile of
cells treated with death-inducing agents with distinct and well-
characterized mechanisms. We utilized a real-time cell viability
assay to determine the kinetics of death in cells treated with a
variety of death-inducing agents, including a high dose of pa-
clitaxel, a microtubule-stabilizing agent that induces intrinsic
apoptosis; actinomycin D, a transcriptional inhibitor that acti-
vates the intrinsic pathway; UV irradiation, which induces sin-
gle-strand DNA breaks and causes intrinsic apoptosis; growth
factor deprivation through extended serum starvation; tunica-
mycin, an agent that promotes ER stress through the inhibition
of N-linked glycosylation; and TNF-�, which activates the ex-

FIG. 3. MK-STYX does not modulate MAPK signaling in response
to growth factors or apoptotic stress. (A) HeLa cells were transfected
with the indicated siRNAs for 48 h, serum deprived for 6 h, and treated
with EGF (100 ng/ml) for the indicated times. Cell extracts were then
subjected to immunoblotting with phospho-ERK1/2 and total ERK
antibodies. (B) Proliferation rates of control and MK-STYX knockdown
cells are similar under basal conditions (10% serum) via a real-time
viability assay (xCelligence) and by BrdU incorporation (immunofluores-
cence). The error bars indicate standard deviations. (C) Similar experi-
ments were performed, but after 6 h, the cells were serum deprived,
followed by addition of 10% FBS to the growth medium. (D and E) HeLa
cells transfected with the indicated siRNAs were exposed to 100 nM
paclitaxel, 50 �M cisplatin, or 80 J/m2 of UV for 4 h. The cells were then
lysed and immunoblotted with phospho-p38, total p38, phospho-JNK, and
total JNK antibodies.

VOL. 31, 2011 MK-STYX IS REQUIRED FOR MITOCHONDRIAL CELL DEATH 1361



trinsic or death-receptor-linked apoptotic pathway. While cells
transfected with a control siRNA were sensitive to all of these
treatments (Fig. 4A to F, red data points), knockdown of
MK-STYX was sufficient to protect against each of the death-
inducing agents that induced intrinsic, or mitochondrion-de-
pendent, apoptosis (Fig. 4A to E, blue data points). Interest-
ingly, however, the knockdown of MK-STYX does not protect
against treatment with TNF-�, which is unique in this group, as
it is the only experimental condition that triggers the extrinsic
apoptotic pathway (Fig. 4F). As inducers of extrinsic apoptosis
are the sole experimental condition that is able to trigger cell
death in MK-STYX knockdown cells, we sought to further
characterize this phenotype.

MK-STYX phenocopies the loss of Bax/Bak and caspase 9
by preventing intrinsic apoptosis. The results of the intrinsic
and extrinsic apoptosis processes are comparable due to the
activation of effector caspases, caspases 3 and 7. However,
critical upstream processes differ in the activation of these
caspases, distinguishing them as two distinct forms of apopto-
sis. Caspase 8, the mediator of extrinsic apoptosis, is activated
by the death-inducing signaling complex (DISC), which is as-
sembled in response to the binding of extracellular proapop-
totic ligands to membrane-associated death receptors (10).
Caspase 9, the mediator of intrinsic apoptosis, is activated in
response to the formation of the apoptosome (cytochrome c
and Apaf-1). Importantly, for intrinsic apoptosis to occur, the
integrity of the mitochondrial outer membrane must be com-
promised to allow the release of cytochrome c from within the
mitochondrion to the cytosol (8). The proapoptotic proteins
Bax and Bak are responsible for the destabilization of the
outer mitochondrial membrane and thus act as a regulatory
point upstream of initiator caspases during intrinsic apoptosis.

As Bax/Bak, caspase 9, and caspase 8 are critical proteins
that control key steps in carrying out either intrinsic or extrin-
sic apoptosis, we predicted that the RNAi-mediated knock-
down of these proteins would be able to differentially inhibit
cell death induced by paclitaxel, an intrinsic apoptotic initiator,
or TNF-�, an extrinsic apoptotic initiator. Due to the striking
protection against intrinsic apoptotic stimuli but sensitivity to
extrinsic stimuli, we predicted that loss of MK-STYX would
phenocopy the increased cellular viability seen in the Bax/Bak
and caspase 9 knockdowns but not that of the caspase 8 knock-
down. As shown in Fig. 5A, paclitaxel (10 nM) treatment
causes significant death in cells transfected with a control
siRNA. Strikingly, the knockdown of MK-STYX or caspase 9
or the dual knockdown of Bax and Bak was sufficient to com-
pletely inhibit this process (Fig. 5A), reaffirming their critical
importance in the intrinsic apoptotic pathway. Importantly, the
siRNA-mediated knockdown of caspase 8 was not sufficient to
inhibit cell death in the presence of paclitaxel, demonstrating
its dispensable nature in intrinsic apoptosis. However, RNAi-
mediated knockdown of caspase 8 completely protects against
cell death caused by TNF-� treatment (Fig. 5B). As expected,
the knockdown of caspase 9 did not protect against this inducer
of extrinsic apoptosis. Additionally, the knockdown of Bax/Bak
or MK-STYX provided only slight, if any, protection against
this death-inducing stimulus. These data support a specific role
for MK-STYX as a regulator of intrinsic apoptosis and dem-
onstrate that loss of MK-STYX phenocopies the inhibition of
cell death provided by both caspase 9 and Bax/Bak knockdown.

MK-STYX knockdown prevents cytochrome c release. While
knockdown of MK-STYX resulted in sustained viability similar
to both Bax/Bak and caspase 9 knockdowns, these proteins
have critically different roles in the onset of apoptosis. We
sought to determine whether the loss of MK-STYX performed
a role similar to that of Bax/Bak, by inhibiting apoptosis at the
level of cytochrome c release, or similar to that of caspase 9,
through the inhibition of apoptosome formation and/or the
activation of downstream caspases. This is a critical distinction,
as the release of cytochrome c is considered the “point of no
return” in the apoptotic process.

We initially hypothesized that the loss of MK-STYX blocks
cytochrome c release. To test this, we examined the localiza-

FIG. 4. Knockdown of MK-STYX protects against intrinsic, but
not extrinsic, apoptosis. (A, B, D, E, and F) Control or MK-STYX-
specific siRNAs were transfected into HeLa cells for 24 h, and the cells
were then plated onto an electrode-containing plate (e-plate), where
they adhered for 24 h and were then treated with 100 nM paclitaxel
(A), 10 ng/ml actinomycin D (B), 0.5% serum (growth factor depriva-
tion) (D), 10 �g/ml tunicamycin (E), and 10 ng/ml TNF-� cotreated
with cycloheximide (F). (C) For UV irradiation, cells were transfected
with siRNAs for 24 h before exposure to 80 J/m2 of UV irradiation.
The cells were immediately collected and plated onto an e-plate, where
they were allowed to adhere and proliferate. Cell viability was tracked
using the xCelligence real-time viability system. The error bars indicate
standard deviations.
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tion of endogenous cytochrome c using immunofluorescence.
We transfected cells with a control or MK-STYX-specific
siRNA for 48 h and followed this with treatment of a cisplatin
dose response. We followed the release of cytochrome c in
both control cells kinetically at 0, 4, 8, 16, and 24 h posttreat-
ment. No significant release of cytochrome c was seen in either
control or MK-STYX knockdown cells at 4 or 8 h after cispla-
tin treatment at any dose (data not shown). However, 16 h
after cisplatin (25 �M) treatment, a significant population of
control cells had released cytochrome c (Fig. 6A), whereas the
majority of MK-STYX knockdown cells (Fig. 6B) had not
undergone cytochrome c release (54% versus 8% of cells,
respectively). This result was extended to 24 h posttreatment,
with 74% of control cells releasing cytochrome c compared
with only 17% of MK-STYX knockdown cells (Fig. 6C). Sig-
nificant protection from cisplatin-induced cytochrome c re-
lease was also observed in MK-STYX knockdown cells in
response to increasing doses of cisplatin (Fig. 6D). The popu-
lation of control cells undergoing cytochrome c release grew in

response to increasing cisplatin doses from a basal rate of 11%
release to 24%, 71%, and 87% of cells releasing cytochrome c
in response to 10, 25, and 50 �M cisplatin, respectively. MK-
STYX knockdown cells had a lower basal rate of cytochrome c
release, near 5%, with only modest increases in cytochrome c
release in response to chemotherapeutics: to 8% after 10 �M
treatment, 17% after 25 �M treatment, and 21% after 50 �M
treatment. Similar inhibition of cytochrome c release was
found in the presence of multiple inducers of intrinsic apop-
tosis (Fig. 6D), suggesting that the knockdown of MK-STYX
phenocopies the loss of prosurvival proteins Bax and Bak by
inhibiting mitochondrial outer membrane permeabilization.

Loss of MK-STYX blocks BH3-only-induced apoptosis.
Though Bax and Bak are the main effector molecules regulat-
ing mitochondrial outer membrane permeabilization, regula-
tion of Bax/Bak homo-oligomerization is tightly controlled
through the induction of proapoptotic Bcl-2 family members
known as BH3-only proteins. Although there is some contro-
versy as to how, on a molecular level, BH3-only proteins are
able to trigger Bax and Bak activation, there is little disagree-
ment about their proapoptotic effects. It is well known that two
distinct BH3-only proteins, Bim and Bid, can directly interact
with and potently trigger MOMP through activation of Bax and
Bak (7, 14). Additionally, overexpression of Bax itself is suffi-
cient to trigger cytochrome c release through self-activation
and homo-oligomerization (4).

As with all regulatory networks, there is some specificity as
to which BH3-only proteins are activated in different apoptotic
contexts. While Bim is activated in response to mostly intrinsic
apoptotic stimuli (20, 23), Bid is activated only in the presence
of an extrinsic apoptotic stimulus. Specifically, upon activation
at the DISC, caspase 8 is able to cleave full-length Bid, allow-
ing the release of its C-terminal fragment, cBid, which then
translocates to the mitochondria to activate Bax and Bak and
induce MOMP. Bid activation is required for extrinsic cell
death only in certain cell types; in some cells, caspase 8 acti-
vation alone is capable of inducing a full apoptotic program
through the direct activation of effector caspases, such as
caspase 3.

MK-STYX knockdown cells are sensitive to extrinsic-apop-
tosis-inducing stimuli from the panel of death-inducing agents
that were tested. Since MK-STYX knockdown cells are pro-
tected against cytochrome c release, we predicted that MK-
STYX knockdown cells could be selectively sensitive to Bid-
induced apoptosis, as this is a specific control point in the
extrinsic apoptotic process at which MOMP is involved. To test
this, we overexpressed three proteins known to induce apop-
tosis: BimS (a constitutively apoptotic isoform of Bim) and
tBid (a truncated mutant equivalent to cBid), as well as Bax
itself. Cells transfected with control siRNAs were highly sen-
sitive to overexpression of each of these three proteins, as
demonstrated by a striking loss of crystal violet staining relative
to a vector-only control (Fig. 7A, middle), as well as significant
TUNEL positivity (Fig. 7D, black bars). Conversely, 48 h after
knockdown of MK-STYX, HeLa cells had virtually no cell
death after overexpression of any of the three prodeath mol-
ecules (Fig. 7A, right, and D, white bars). To ensure that these
three proteins were still expressed, we blotted for Bax, Bid, and
Bim after overexpressing these constructs in HeLa cells. MK-
STYX knockdown cells showed equivalent, if not higher, ex-

FIG. 5. MK-STYX knockdown phenocopies Bax/Bak and caspase
9 knockdown. (A and B) HeLa cells were transfected with control or
MK-STYX, Bax plus Bak1, caspase 8, or caspase 9 siRNA for 24 h.
The cells were plated onto a 96-well e-plate and allowed to adhere
and proliferate for 24 h. The cells were treated with either 10 nM
paclitaxel (A) or 1 �g/ml TNF-� and cycloheximide (B) to induce
intrinsic or extrinsic apoptosis, respectively. Cell viability was
tracked in real time using the xCelligence system. The error bars
indicate standard deviations.
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pression levels of all three proteins. Surprisingly, a significantly
higher level of Bax was found in MK-STYX knockdown cells,
even at the endogenous level (Fig. 7B, top), suggesting that the
apoptotic resistance provided to these cells by knockdown of
MK-STYX allows higher expression of classically proapoptotic
proteins.

As BH3-only proteins ultimately function to activate Bax
and Bak and thus trigger MOMP, we had two main hypotheses
as to how MK-STYX knockdown could protect cells against
the overexpression of proapoptotic Bcl-2 family members. As
MK-STYX knockdown cells blocked cytochrome c release in
response to chemotherapeutic agents, we first predicted that,
despite high expression levels, BimS and tBid would be insuf-
ficient to induce MOMP in MK-STYX knockdown cells, and
thus, cytochrome c would not be released. Additionally, it is
known that BH3-only proteins, as well as Bax itself, are re-
quired to translocate to the mitochondrial outer membrane
upon apoptotic stimulus. Thus, one potential outcome is that
these BH3-only proteins would be unable to translocate to the
mitochondrial outer membrane. To determine both the sub-
cellular localization of the expressed BH3-only proteins and
cytochrome c localization, we tagged tBid and BimS with green
fluorescent protein (GFP) and expressed them in cells. As

expected, GFP-positive cells expressing tagged tBid underwent
cytochrome c release and had condensed chromatin indicative
of cells undergoing apoptosis (Fig. 7C, top). Notably, the un-
transfected GFP-negative cells had intact mitochondrial stain-
ing (red), indicating mitochondrion-retained cytochrome c,
and appeared nonapoptotic. Similarly, MK-STYX knockdown
cells had a tubular network of cytochrome c staining that over-
lapped with GFP-tBid, resulting in yellow merged staining
(Fig. 7C, bottom). This illustrates two important findings: first,
MK-STYX knockdown cells do not release cytochrome c in
response to overexpression of BH3-only proteins, and second,
GFP-tagged tBid seems fully competent to localize to the mi-
tochondria. Upon translocation to the outer mitochondrial
membrane, it has been shown that tBid binds to Bax, leading to
conformational changes in Bax that allow its insertion into the
membrane, subsequent homo-oligomerization, and MOMP to
proceed (14). The mitochondrial localization of GFP-tBid in
MK-STYX knockdown cells suggests that a molecular event in
this process is being disrupted, preventing the release of cyto-
chrome c.

MK-STYX localizes to the mitochondria. To gain insight
into how, on a mechanistic level, MK-STYX could be modu-
lating the apoptotic potential of a cancer cell, we looked at its

FIG. 6. Knockdown of MK-STYX blocks cytochrome c release under intrinsic apoptotic conditions. (A and B) HeLa cells were transfected with
control (A) or MK-STYX (B) siRNA and preincubated with zVAD (20 �M) for 2 h before exposure to 25 �M cisplatin for the indicated times.
Cytochrome c release was visualized by loss of punctate red fluorescence within the mitochondria, as indicated by the arrows. (C, D, and E)
Quantification of cytochrome c-releasing cells in response to a kinetic time course of 25 �M cisplatin treatment (C; visualized in panels A and B);
cytochrome c release in response to dose responses of 0, 10, 25, and 50 �M cisplatin for 24 h (D); and in response to 100 nM paclitaxel, 25 �M
cisplatin, 10 ng/ml actinomycin D (act D), or 80 J/m2 UV (E) for 24 h. In all three panels, cytochrome c release was quantified through blind scoring
of the number of cells per field (�100 cells). The error bars indicate standard deviations.
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subcellular localization. Based on our data showing that MK-
STYX knockdown blocks mitochondrial outer membrane per-
meabilization, we predicted that MK-STYX may localize
within or translocate to or from the mitochondrion. To test
this, we expressed a V5 epitope-tagged MK-STYX cDNA in
HeLa cells and isolated crude mitochondrial fractionations. As
shown in Fig. 8A, V5–MK-STYX specifically localizes to the
mitochondrion-enriched fraction of cells. As the overexpres-
sion of MK-STYX promotes apoptosis, we predicted that MK-
STYX may be able to translocate. To examine this, we again
overexpressed V5–MK-STYX in HeLa cells and determined
its subcellular localization 24 h after UV irradiation. After UV
irradiation, most of the cells had undergone morphological
changes associated with apoptosis (data not shown). Addition-
ally, Bax, a protein located in the cytosol in healthy cells, had
translocated to the mitochondria of the cells, where it presum-
ably induced MOMP (Fig. 8A). V5–MK-STYX is retained in
the mitochondrion-rich fraction of the UV-irradiated cells,
suggesting that while MK-STYX localizes to the mitochondria,
cytosolic translocation upon the induction of MOMP is not its
proapoptotic mechanism of action.

To confirm that MK-STYX is localized to the mitochondria,
we performed an immunofluorescence assay with an antibody
specific to MK-STYX. Figure 8B confirms the mitochondrial
localization of MK-STYX, with almost complete overlap of the
endogenous antibody (green) with Mitotracker, a mitochon-
drion-specific dye (red; the overlap is yellow). Additionally, we
performed density gradient purification to gather a pure mito-
chondrial fraction. Endogenous MK-STYX can be detected in
the crude mitochondrially enriched fraction and is also en-
riched in a pure fraction of mitochondria devoid of microsomal
contamination (Fig. 8C). Further, we utilized GSEA to deter-
mine whether a significant correlation exists between MK-
STYX expression and over 1,850 previously curated gene ex-

pression signatures across over 30 different tissue types. We
found that the gene sets associated with MK-STYX expression
are positively correlated with mitochondrial function and bio-
genesis (R � 0.68; P � 0.00001) (Fig. 8D), suggesting that
MK-STYX could be coregulated with mitochondrial gene sets.

The mitochondrial association of MK-STYX, along with its
potent inhibition of chemotherapeutics- and BH3-only-in-
duced cytochrome c release, suggested that MK-STYX may
directly modulate the actions of Bax and/or Bak at the outer
mitochondrial membrane. To further understand the submito-
chondrial compartment in which MK-STYX could localize, we
performed biochemical experiments exploiting digitonin, a
lipid that preferentially solubilizes the outer mitochondrial
membrane at low concentrations. In the presence of 0.1 mg/ml
digitonin, soluble intermitochondrial membrane space (IMS)
proteins rapidly begin to release the mitochondria, with OMM-
associated proteins solubilizing at 0.5 mg/ml (Fig. 8E). Nota-
bly, proteins contained within the mitoplast, defined as the
inner mitochondrial membrane (IMM) and its internal matrix
(M) compartment, are not released until very high levels of
digitonin (2 mg/ml) are reached. MK-STYX is not released
from mitochondria at low to mid-range digitonin levels, sug-
gesting that it is neither localized in the OMM nor a soluble
IMS protein.

To further confirm the internal mitochondrial localization of
MK-STYX, we performed PK digestion, which degrades pro-
teins in each mitochondrial compartment relative to its con-
centration. At low concentrations of PK, the enzyme is suffi-
cient only to digest OMM proteins that are readily accessible.
As concentrations increase, PK gains access to and digests
proteins of the IMS, IMM, and matrix. As demonstrated by
molecular markers of these compartments, the OMM protein
Bcl-2 is digested at 50 ng/�l PK, while IMS and matrix com-
ponents are preserved. At 100 ng/�l PK, the soluble IMS

FIG. 7. Knockdown of MK-STYX protects against BH3-only-induced apoptosis. (A) HeLa cells were transfected with control or MK-STYX
siRNA for 48 h before transfection with vector, Bax, tBid, or BimS cDNA. Twenty-four hours after transfection, crystal violet was used to stain
only viable cells. (B) The cell lysates detailed in panel A were collected and immunoblotted for expression levels of each overexpressed protein;
tubulin served as a loading control. (C) GFP-tagged tBid was transfected into control and MK-STYX knockdown HeLa cells for 24 h. Cytochrome
c was visualized by immunofluorescence (red); loss of punctate cytochrome c staining is indicated by the arrows. (D) Cells transfected with siRNAs
and the indicated cDNAs were assayed for apoptosis through TUNEL positivity. The error bars indicate standard deviations.
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protein Smac is digested, but the matrix-associated protein
Hsp60 is protected from digestion. Only at the highest concen-
tration of PK used, 500 ng/�l, are both Hsp60 and MK-STYX
completely digested (Fig. 8F).

The digitonin permeabilization data, as well as the protei-
nase K data, thus suggest that MK-STYX resides within the
mitochondria, probably associated with the mitoplast (IMM
plus matrix) fraction. While we cannot conclude that MK-
STYX exclusively resides within either the IMM or the matrix,
these data suggest that MK-STYX likely does not reside within
the OMM or the IMS of the mitochondria.

DISCUSSION

Here, we report that MK-STYX is a mitochondrial dual-
specificity phosphatase critical for controlling the apoptotic
potential of the mitochondria. Our results show that the
RNAi-mediated loss of MK-STYX provides a specific block
during mitochondrion-dependent apoptosis, allowing cells to
survive high doses of chemotherapeutics. Our data further
demonstrate that the MK-STYX knockdown phenotype mir-
rors the knockdown of proapoptotic proteins critical to carry-

ing out intrinsic apoptosis, such as Bax/Bak and caspase 9.
Bax/Bak and caspase 9 are known to modulate different con-
trol points of apoptosis, specifically, the release of cytochrome
c and the activation of effector caspases, respectively. This is an
important distinction, as cells are able to recover from apop-
totic stimuli only if they have not yet undergone MOMP; even
in the continuous presence of caspase inhibitors, cells will
undergo a nonclassical form of cell death, often referred to as
caspase-independent cell death, if MOMP has occurred (24).
This has important implications for chemoresistance: in order
to maintain clonogenicity and retain the capacity to divide, the
block in apoptosis would have to be at or above the level of
MOMP. The knockdown of MK-STYX protects against UV
irradiation for at least 5 days after initial insult (Fig. 4E),
supporting the notion that these cells have, in fact, maintained
their ability to grow and divide well after apoptotic insult,
demonstrating that they retain their clonogenicity. This con-
firms that the knockdown of MK-STYX inhibits the release of
cytochrome c and thus mechanistically phenocopies the dual
knockdown of Bax/Bak. As the downregulation of apoptosis,
specifically through the blocking of cytochrome c release, has

FIG. 8. MK-STYX localizes to the mitochondria. (A) V5–MK-STYX was transfected into HeLa cells, and cellular compartments were isolated
using differential centrifugation: WCL, whole-cell lysate; HMF, heavy membrane fraction/mitochondrion enriched; MEF, microsome-enriched
fraction; and S100, cytosol. The fractions were probed with specific markers of each cellular compartment: AIF (mitochondria), calnexin
(microsomes), and S6 (cytosol). MK-STYX localization was examined basally (top four gels) and in the context of UV irradiation (bottom two
gels). Apoptotic stress is indicated by the translocation of Bax from the cytosol (S100) to the mitochondria (HMF) (bottom gel). (B) The
mitochondrial localization of MK-STYX was confirmed using an endogenous antibody raised against MK-STYX (green), which was overlaid with
Mitotracker (red; overlay, yellow). (C) Mitochondria were purified from the heavy membrane fraction using a density gradient. DPM, density-
purified mitochondria. Pure fractions were probed with calnexin (microsomes) and NDUFS3 (mitochondria) and an antibody against endogenous
MK-STYX. (D) Plot of gene set enrichment statistics and STYXL1 expression across tumor gene expression data. MK-STYX has a significant
correlation (P � 0.00005) with the “upregulated with PPAR� agonist” gene expression set (R � 0.68), which is highly enriched in mitochondrial
genes. (E and F) MK-STYX sublocalization was assayed using increasing digitonin concentrations to differentially release mitochondrial proteins
from different compartments (E) and using a dose response of proteinase K, which can access different mitochondrial compartments as
concentrations increase (F).
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been characterized as a mechanism of acquired drug resistance
in tumors (11), this phenotype provides a mechanistic expla-
nation of how loss of MK-STYX can render cells unresponsive
to a variety of apoptosis-inducing stimuli and suggests that loss
of MK-STYX in tumors could provide a potent mechanism to
evade apoptosis.

The cellular decision to undergo MOMP is controlled at the
level of Bcl-2 family members. Bax and Bak are the proapop-
totic effectors of the Bcl-2 family, and their activation (or lack
thereof) is the ultimate determination of whether a cell will
undergo MOMP, thus committing to cell death. Whether these
effector proteins are engaged depends mainly upon activation
of the proapoptotic BH3-only proteins. The BH3-only pro-
teins, Bim and Bid, have been demonstrated to be able to
directly interact with Bax, initiating its translocation to the
mitochondria and subsequent activation (7, 14). Elegant work
utilizing fluorescence markers has demonstrated that tBid in-
teracts with and activates Bax in an ordered manner (14). tBid
first binds the outer mitochondrial membrane and, in doing so,
recruits soluble Bax to the mitochondria. This is followed by
Bax insertion into the membrane and homo-oligomerization,
forming pores within the membrane to facilitate MOMP. We
have shown that expression of tBid in MK-STYX knockdown
cells is insufficient to cause cell death. Importantly, tBid is
mitochondrion associated in these cells, but cytochrome c has
failed to release. Given the mechanistic studies outlined above,
this suggests that a deficiency in Bax recruitment, insertion into
the membrane, and/or homo-oligomerization is responsible for
this block in apoptosis.

Upon uncovering these data, we predicted that MK-STYX
lay on or proximal to the outer mitochondrial membrane, and
directly acted on the membrane and/or these proapoptotic
Bcl-2 family members to facilitate MOMP. Biochemical assays,
such as digitonin permeabilization and proteinase K digestion,
suggest that MK-STYX is in neither the OMM nor the IMS,
but rather, is contained in or tightly associated with the inner
mitochondrial compartment.

It is unclear how a protein associated with the inner mito-
chondrial compartment could modulate such a specific block in
the permeabilization of the outer mitochondrial membrane.
To our knowledge, no proteins associated with the mitoplast
have been definitively demonstrated to control the apoptotic
process. Interestingly, a few studies have implicated proteins
within the oxidative phosphorylation cascade, such as the F0F1-
ATPase, as critical for the induction of apoptosis (4, 17). While
the mechanisms by which these inner mitochondrial membrane
proteins could be modulating the apoptotic process remain to
be elucidated, it is interesting to speculate that MK-STYX
could affect the apoptotic program of the cell in a similar
fashion.

Overall, we have used a systems biology approach to identify
a novel regulator of mitochondrion-dependent apoptosis. We
initially performed a high-throughput RNAi screen against all
kinases and phosphatases in the human genome. The gene
with the most significant phenotype, MK-STYX, was charac-
terized for its molecular function. Although the literature sug-
gested that MK-STYX could function to regulate MAPK sig-
naling, we have shown that this is unlikely. Rather, we have
characterized MK-STYX as a mitochondrial gene that is es-
sential for mitochondrial outer membrane permeabilization,

and thus, a master regulator of cellular apoptotic potential.
This collection of biological approaches highlights the poten-
tial for high-throughput experiments to identify and elucidate
the functions of uncharacterized proteins in the genome. In the
human genome postsequencing era, it is easy to appreciate the
significant fractions of genes with no known cellular function.
We propose that RNAi screens, combined with biochemical
and cell biological methods, will allow elucidation of the func-
tions of many of these uncharacterized genes.
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