
Selective involvement of BH3-only proteins and
differential targets of Noxa in diverse apoptotic
pathways
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The BH3-only proteins of the Bcl-2 family are known to mediate mitochondrial dysfunction during apoptosis. However, the
identity of the critical BH3-only proteins and the mechanism of their action following treatment by diverse apoptotic stimuli
remain to be fully resolved. We therefore used RNAi to screen the entire Bcl-2 family for their involvement in three major
apoptotic pathways in HeLa cells. We found that Bcl-xL and Mcl-1 are major inhibitors of apoptosis induced by TNF-related
apoptosis-inducing ligand (TRAIL), endoplasmic reticulum (ER) stress, and proteasome inhibition. Among the 10 BH3-only
proteins, Bid and Noxa were found to be critically involved in TRAIL-induced apoptosis, in which Noxa participates by
constitutively binding to Mcl-1. Bim and Noxa were found to be necessary for ER stress-induced apoptosis, in which Noxa
assisted Bim function by sequestering Mcl-1 and binding to Bcl-xL. As a critical BH3-only protein, Noxa was strongly upregulated
and became associated with both Mcl-1 and Bcl-xL during apoptosis induced by proteasome inhibition. In addition, we found that
Noxa became ‘Mcl-1 free’ following treatment by ER stress and proteasome inhibition, but not after TRAIL treatment. These
results defined the critical Bcl-2 network during apoptosis and suggested that Noxa participated in triggering mitochondrial
dysfunction in multiple apoptotic pathways through distinct mechanisms.
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Most stress signals induce apoptosis via a mitochondria-
dependent process, in which release of cytochrome c and
other apoptogenic factors from mitochondria leads to the
formation of apoptosome and activation of executioner
caspases.1,2 As major regulators and effectors of this
apoptotic pathway, the Bcl-2 family proteins control the
immediate steps leading to the mitochondrial dysfunction.3,4

Members of this family, sharing one or several Bcl-2 homology
(BH) domains, can be classified into the anti-apoptotic group,
for example, Bcl-2, Bcl-xL, and Mcl-1, which protect the
integrity of the mitochondria, and the pro-apoptotic members,
which can be further divided into the multi-BH domain
members, for example, Bax and Bak, and the BH3-only
proteins, for example, Bad, Bid, Bim, Noxa, and Puma. In
response to diverse apoptotic stimuli, activated BH3-only
proteins directly or indirectly activate the multidomain proteins
Bax and Bak, which in turn homo-oligomerize and permea-
bilize the mitochondrial outer membrane.5–10 It is believed that
the anti-apoptotic family proteins inhibit Bax/Bak activation
and mitochondrial dysfunction by sequestering either the
BH3-only proteins or the Bax/Bak proteins.7,11,12

Although it has been widely accepted that different
apoptotic signals activate distinct BH3-only proteins, which
in turn trigger the activation of the Bax/Bak proteins, in few
instances, in which the triggering BH3-only protein has been
unequivocally identified.13 For example, Bid and Bim have

been identified as the triggering proteins for mitochondrial
dysfunction in cell surface death receptor-mediated pathway
and in endoplasmic reticulum (ER) stress-induced pathway,
respectively.14–16 However, the triggering protein for mito-
chondrial dysfunction induced by most other apoptotic stimuli
remains less clear. In addition, even in the well-characterized
pathways, in which a triggering protein has been identified,
it remains unclear whether other BH3-only proteins are also
involved. Furthermore, for most apoptotic pathways, the exact
targets of the involved BH3-only proteins have not been fully
defined.

We used a combination of siRNA knockdown and biochem-
ical assays to screen the entire collections of BH3-only and
anti-apoptotic Bcl-2 proteins for their involvement in apoptosis
induced by the three apoptotic stimuli mentioned above.
Surprisingly, the BH3-only protein Noxa was found to be
critically involved in all three pathways. Noxa is a BH3-only
protein identified as a transcriptional target for p53.17 Other
studies found that Noxa can also be upregulated by DNA
damage, ER stress, and proteasomal inhibition in a p53-
independent manner,18–21 and that overexpression of Noxa
was sufficient to induce apoptosis in HeLa cells and other cell
types.17,22 Recent interaction studies have demonstrated that
Noxa preferentially binds to Mcl-1, or A1, but not to Bcl-xL and
Bcl-2.23 On binding to Mcl-1, Noxa was found to neutralize
its anti-apoptotic activity, and promote the degradation of
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Mcl-1.24 However, as inactivation of Mcl-1 is not sufficient
to induce apoptosis,25 the mechanism of how upregulated
Noxa induces apoptosis remains unclear. We recently
identified a DNA damage-induced interaction between Noxa
and Bcl-xL.26 In this study, we defined the Bcl-2 network and
the differential involvement of Noxa in three other apoptotic
pathways.

Results

Screening for critical suppressors to apoptosis induced
by TNF-related apoptosis-inducing ligand (TRAIL), ER
Stress, and MG-132 among the Bcl-2-like proteins. To
identify the rate-limiting steps in apoptosis pathways induced
by TRAIL, ER stress, and proteasomal inhibition in HeLa
cells, we first screened the anti-apoptotic Bcl-2 family
proteins for critical suppressors of apoptosis. SiRNA
duplexes were used to knockdown each of these proteins
individually (Figure 1a). Of note, we could not detect the
protein and mRNA of A1 in HeLa cells. Following siRNA

transfection, the cells were treated with TRAIL, thapsigargin
(TG, ER stress), or MG-132 (proteasome inhibitor;
Figure 1b–d), and monitored for apoptosis. The knockdown
of either Bcl-xL or Mcl-1, but not Bcl-2, greatly sensitized the
cells to TRAIL, suggesting that both Bcl-xL and Mcl-1 are
major inhibitors of TRAIL-induced apoptosis. The elimination
of Bcl-xL, but not any other members, greatly sensitized cells
to TG treatment, suggesting that Bcl-xL is a major inhibitor of
TG-induced apoptosis (Figure 1c). The knockdown of Mcl-1,
or to a lesser extent, Bcl-xL, but not others, sensitized cells
to MG-132 treatment, suggesting that Bcl-xL and Mcl-1,
especially Mcl-1, are major rate-limiting proteins in this
pathway (Figure 1d).

We next investigated the combined role of Bcl-xL and Mcl-1
in the survival of HeLa cells. As shown in Figure 1e, the
simultaneous knockdown of these two proteins resulted in
potent apoptosis without any apoptotic stimulus, indicating that
Bcl-xL and Mcl-1 together constitute a major survival mecha-
nism in HeLa cells. These results also suggest that inactivation
of both Bcl-xL and Mcl-1 may be a common rate-limiting step
during apoptosis induced by multiple apoptosis pathways.
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Figure 1 Selective involvement of anti-apoptotic Bcl-2 family proteins in TRAIL-, TG-, and MG-132-mediated apoptotic pathway. (a) HeLa cells were transfected with the
indicated pools of siRNA duplexes. Following siRNA transfection, cell lysates were generated in EBC buffer and subjected to western blot analysis. (b) At 60 h after siRNA
transfection, HeLa cells were treated with TRAIL (10 ng/ml) for 3 h, and apoptosis was quantified by Hoechst staining. (c) Similar to b, siRNA transfected HeLa cells were
treated with thapsigargin (TG, 5 mM) for 3 h before apoptosis was quantified by Hoechst staining. (d) Similar to b, siRNA transfected HeLa cells were treated with MG-132
(2mM) for 12 h before apoptosis was quantified by Hoechst staining. (e) At 24 h or 48 h following siRNA transfection by the indicated siRNA duplexes, apoptosis was quantified
by Hoechst staining. The results from (b–e) are mean±S.D. from at least three independent siRNA transfections
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Identification of Bid and Noxa as critical BH3-only
proteins involved in TRAIL-induced apoptosis. Next,
we examined the involvement of the BH3-only proteins
in TRAIL-induced apoptosis by a similar siRNA screening.
The knockdown of the target proteins was verified either
by western blot analysis or by RT-PCR (Figure 2a). As
expected, although knockdown of most of BH3-only proteins
individually had little effect, the knockdown of Bid essentially
abolished TRAIL-induced apoptosis (Figure 2b). Unexpec-
tedly, the knockdown of Noxa also conferred strong inhibition
of Bak activation and apoptosis (Figure 2b and Supplemen-
tary Figure S1). Of note, we also verified the involvement of
Noxa in TRAIL-induced apoptosis in H460 cells (Supplemen-
tary Figure S2).

To investigate the mechanism of involvement of Bid and
Noxa in TRAIL-induced apoptosis, we examined the changes
of these proteins following TRAIL treatment by western blot
(Figure 2c). Although no changes were observed for Bad,
Bim, Noxa, Mcl-1, and Bcl-xL, Bid was cleaved into tBid after
3 h of TRAIL treatment. As both Bcl-xL and Mcl-1 are critically
involved in suppressing apoptosis induced by TRAIL, we
examined the potential interaction between the involved BH3-
only proteins with Bcl-xL and Mcl-1 after TRAIL treatment.
Two stable cell lines were generated that overexpress a
polyhistidine-tagged Bcl-xL (Supplementary Figure S3) and
a similarly tagged Mcl-1, respectively. Following TRAIL treat-
ment, the cell extracts were passed through nickel affinity

column to examine for the endogenous BH3-only proteins
associated with either Bcl-xL or Mcl-1. Although Bad and Bim
bound to Bcl-xL constitutively, tBid was generated and bound
to Bcl-xL after 3 h (Figure 2d). In contrast, no Noxa was found
associated with His9-Bcl-xL before or after TRAIL treatment.
Using His9-Mcl-1 cells, we found that while Noxa and Bim
constitutively bound to Mcl-1, tBid associated with Mcl-1 3 h
after TRAIL treatment (Figure 2e), whereas Bad did not show
any association with Mcl-1, consistent with differential binding
of BH3-only proteins to Bcl-xL and Mcl-1.23 Thus, although
tBid is the triggering protein in this pathway, Noxa is passively
involved by constitutively binding to endogenous Mcl-1,
inhibiting its anti-apoptotic activity. Indeed, at least a fraction
of endogenous Mcl-1 is associated with endogenous Noxa
(Figure 5b), and the knockdown of Noxa increased the
concentration of active Mcl-1 (Supplementary Figure S4),
which was able to sequester more active Bak (Supplementary
Figure S5).

Bim and Noxa are critical BH3-only proteins during ER
stress-induced apoptosis. SiRNA against each of the 10
known BH3-only proteins was transfected into HeLa cells
individually. Although knockdown of most BH3-only proteins
individually failed to show any effect, the knockdown of either
Bim or Noxa showed strong protection against TG-induced
Bak activation and apoptosis (Figure 3a and Supplementary
Figure S6). Consistent with previous studies, we observed an
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Figure 2 Involvement of Bid (or tBid) and Noxa in TRAIL-induced apoptosis. (a) At 60 h following siRNA transfection, the six proteins on the left were examined by western
blot with their respective antibodies. The mRNAs of four genes on the right were amplified by RT-PCR and loaded on agarose gel. (b) At 60 h after siRNA transfection, HeLa
cells were treated with TRAIL (10 ng/ml) for 6 h before apoptosis was quantified by Hoechst staining. The results are the mean±S.D. from at least three independent siRNA
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upregulation and increase of mobility of BimEL (most likely
due to de-phosphorylation), and a modest upregulation of
Noxa following TG treatment (Figure 3b).14,27

Next, we examined the binding of the relevant BH3-only
proteins to either His9-Bcl-xL or His9-Mcl-1 following TG
treatment. As expected, a gradual increase of Bim bound to
Bcl-xL was observed. Surprisingly, a Noxa/Bcl-xL interaction
was detected after 6 h (Figure 3c). This TG-induced Noxa/
Bcl-xL interaction was also confirmed in cell extracts
generated in CHAPS (Supplementary Figure S7). In His9-
Mcl-1cells, while Bim increased its binding to Mcl-1 following
TG treatment, Noxa constitutively bound to Mcl-1 (Figure 3d).
These results suggest that while Bim serves as the major
triggering proteins for mitochondrial dysfunction, Noxa may
also be actively involved by binding to and inactivating
endogenous Bcl-xL and Mcl-1 in this pathway.

Noxa as a major BH3-only protein involved in protea-
some inhibition-induced apoptosis. SiRNA screening
was used to examine the involvement of the BH3-only
proteins in proteasomal inhibition-induced apoptosis. The
knockdown of Noxa, but not any of the other nine known
BH3-only proteins, potently inhibited MG-132-induced apop-
tosis, suggesting that Noxa is a major BH3-only protein
required for MG-132-induced Bak activation and apoptosis
(Figure 4a and Supplementary Figure S8). As expected,
while Bid, Bad, Bim, and Bcl-xL remained unchanged, we
observed a strong increase of both Noxa and Mcl-1 after MG-
132 treatment. This increase is consistent with a transcrip-
tional upregulation of Noxa and a blockade of degradation of
Mcl-1 due to proteasomal inhibition.25

We next examined the potential interaction between the
BH3-only proteins and Bcl-xL or Mcl-1 using His9-Bcl-xL
or His9-Mcl-1 cells. Surprisingly, while Bad and Bim bound
Bcl-xL constitutively, Noxa became associated with Bcl-xL
following MG-132 treatment. This MG-132-induced Noxa/
Bcl-xL interaction was also confirmed in cell extracts gene-
rated in CHAPS (Supplementary Figure S9). In the pulldown
analysis with His9-Mcl-1, while Bad did not show any binding,
Bim constitutively bound Mcl-1. A steady increase of binding
of Noxa to Mcl-1 was observed, presumably due to a conco-
mitant increase of both His9-Mcl-1 and Noxa. These results
suggest that Noxa is primarily responsible for MG-132-
induced Bax/Bak activation and apoptosis by inactivating
both Mcl-1 and Bcl-xL.

Generation of ‘Mcl-1 free’ Noxa and its binding to Bcl-xL
at the endogenous level following TG or MG-132, but not
TRAIL treatment. The apparent involvement of Noxa in all
three apoptotic pathways examined prompted us to investi-
gate the status of endogenous Noxa during apoptosis
induced by these treatments. As shown in Figures 2, 3,
and 4, before any treatment, Noxa is associated with Mcl-1.
We, therefore, examined the availability of ‘Mcl-1 free’
Noxa following these treatments. In our recent study, we
developed an assay to detect the potential excess amount
of Noxa free from endogenous Mcl-1.26 In this assay, at
different time points following treatment by different stimuli,
HeLa cells extracts were generated and incubated with
GST-Mcl-1 or GST at 41C to detect any free Noxa that is
not associated with the endogenous Mcl-1. GST-Mcl-1 was
unable to pulldown any Noxa from lysates from untreated or
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TRAIL-treated cells, indicating that Noxa remained asso-
ciated with endogenous Mcl-1 (Figure 5a). In contrast, 6 h
after TG treatment, GST-Mcl-1 was able to pulldown a
significant amount of endogenous Noxa, indicating that Noxa

became free from endogenous Mcl-1 during TG treatment.
Similarly, at later time points after MG-132 treatment, we
observed the appearance of ‘Mcl-1 free’ Noxa. However,
because of the superior affinity between Mcl-1 and Noxa as
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compared with that between Bcl-xL and Noxa, we would
expect that GST-Mcl-1 may compete Noxa away from Bcl-xL
even from the Bcl-xL/Noxa complex in the in vitro association
assay carried out at 41C.26 The status of Noxa after apoptotic
stimulation was also examined by immunoprecipitation by
an antibody against Mcl-1. As shown in Figure 5b, in extracts
depleted of Mcl-1, we were able to detect Noxa after TG and
MG-132 treatments, but not after TRAIL treatment. These
results show the generation of ‘Mcl-1 free’ Noxa during
TG- and MG-132-, but not TRAIL-induced apoptosis.

Next, we tested whether the induced Noxa/Bcl-xL inter-
action after TG or MG-132 can occur at the endogenous
level. HeLa cells were treated with TRAIL, TG, or MG-132,
and harvested at different time points after each treatment.
The cell extracts were subjected to immunoprecipitation by
either a control IgG or an antibody against Bcl-xL. As shown in
Figure 6, Noxa was found associated with Bcl-xL following
treatment by TG or MG-132, but not by TRAIL, suggesting that
Noxa may be able to neutralize endogenous Bcl-xL in an
inducible manner.

Apoptosis in HeLa cells induced by overexpression of
Noxa. The generation of ‘Mcl-1 free’ Noxa and the induced
Noxa/Bcl-xL interaction following either TG or MG-132
treatment prompted us to examine the effects of Noxa
upregulation in HeLa cells. Tetracycline inducible cell lines of
wild-type Noxa, a BH3 domain mutant, and GFP were

established (Figure 7a). After induction, cell extracts were
generated and subjected to immunoprecipitation by either
the control IgG or the Bcl-xL antibody. As expected, the
Bcl-xL antibody was able to pulldown the wild-type Noxa, but
not the BH3 mutant, suggesting the BH3 dependence of this
interaction (Figure 7b). Furthermore, as shown in Figure 7c,
the induced expression of Noxa, but not its BH3 mutant or
GFP caused significant apoptosis in HeLa cells. To further
determine the specificity of apoptosis induced by Noxa
upregulation, we established HeLa cells that inducibly
express mouse Bad (Figure 7d). In contrast to Noxa induc-
tion, the inducible expression of Bad failed to induce apop-
tosis in HeLa cells. However, the induction of Bad greatly
sensitized the cells to TRAIL, TG, or MG-132 treatment
(Figure 7e–g). As inactivation or neutralization of both Bcl-xL
and Mcl-1 is necessary for apoptosis (Figure 1e), these
results support the notion that, while Bad targets mostly
Bcl-xL, Noxa is able to target both Mcl-1 and Bcl-xL in vivo.

Discussion

In this study, we used a loss-of-function approach to system-
atically screen the Bcl-2 family proteins for their critical
involvement in mitochondria-dependent apoptosis in HeLa
cells. Combined with interaction and functional studies, this
approach enabled us to define the unique Bcl-2 networks
necessary for apoptosis induced by DNA damage in our
recent study26 and by three other major apoptosis stimuli in
this study. Importantly, our results suggest the involvement of
selective Bcl-2 networks and differential mechanisms of how
BH3-only protein Noxa in triggering mitochondrial dysfunction
in response to different apoptotic stimuli (Figure 8).

Distinct Bcl-2 network in a given cell is responsible for
apoptosis induced by different stimuli. By screening the
anti-apoptotic Bcl-2 members, we found Bcl-xL and Mcl-1 are
two major components of the cell survival machinery in these
cells. This result is consistent with a synergy in apoptosis
induction between Bad and Noxa, which preferentially target
Bcl-xL and Mcl-1, respectively.23 Similarly, ABT-737, a BH3
peptidomimetic compound that most closely resembled Bad
BH3, showed strong synergistic killing together with a loss of
Mcl-1,28,29 suggesting that apoptosis signaling pathways
converge on the functional inactivation of both Bcl-xL and
Mcl-1. The lack of effect of Bcl-2 knockdown on apoptosis
(Figure 1) is consistent with an earlier finding in HeLa and
mouse embryonic fibroblasts (MEFs).24 It is possible that
the endogenous Bcl-2 is differentially inhibited in HeLa cells or
MEFs, although overexpression of Bcl-2 was able to suppress
apoptosis in HeLa cells (Supplementary Figure S3).

It has been well accepted that the mitochondrial pathway is
initiated during cell surface death receptor-mediated apop-
tosis after the generation of tBid by caspase-8.15,16 The
involvement of Noxa suggests that at least in some cells,
generation of tBid alone is not sufficient to initiate the
mitochondrial pathway. Similarly, it is somewhat surprising
that knockdown of Noxa impeded ER stress-induced apop-
tosis, indicating that although Bim is a potent apoptosis
inducer, it is not sufficient for apoptosis in certain cells. These

Lysate
(1:20)

0 6 12 0 6 12 0 12

Pulldown

IgG

IgG

αBcl-xL

Lysate
(1:20)

0 12 24 0 12 24 0 12

Pulldown

WB:

Bcl-xL

Noxa

Bcl-xL

WB:

Noxa

αBcl-xL

Lysate
(1:20)

0 12 24 0 12 24 0 24

Pulldown

lgGαBcl-xL

Time (h) after
TRAIL (10 ng/ml)

WB:

Bcl-xL

Noxa

Time (h) after
TG (5 μM)

Time (h) after
MG-132 (10 μM)

Figure 6 Endogenous interaction between Noxa and Bcl-xL following
TG or MG-132, but not TRAIL treatment. HeLa cells were treated with (a) TRAIL
(10 ng/ml), (b) TG (5mM), or (c) MG-132 (10 mM) for the indicated time points.
Cells lysates were then subjected to immunoprecipitation using Bcl-xL antibody or
IgG control antibody as described in the Material and Methods. The lysates and
immunoprecipitates were loaded onto SDS-PAGE. Western blots were probed by
anti-Noxa and anti-Bcl-xL antibodies

Differential roles of Noxa in multiple apoptosis pathways
L Zhang et al

869

Cell Death and Differentiation



results highlight the critical role of in vivo cooperativity among
the BH3-only proteins during apoptosis.

Noxa constitutively suppresses Mcl-1 function before
apoptotic signaling. The role of Noxa in TRAIL pathway
is unexpected because Noxa is normally considered an
inducible BH3-only protein that functions only when it is
upregulated.21 It seems that Noxa is involved in TRAIL-
induced apoptosis through Mcl-1, a potent inhibitor of this
pathway. As Noxa was found to be associated with Mcl-1
constitutively, it is reasonable to suggest that Noxa functions
as a constitutive inhibitor for Mcl-1, which is known to
sequester both tBid and Bak.30,31 The elimination of Noxa
would, therefore, effectively cause an increase of free/active
Mcl-1, which in turn inhibits mitochondrial damage and
apoptosis at least in part by sequestering more active Bak
(Supplementary Figures S4 and S5). Consistent with this
notion, knockdown of Mcl-1 by siRNA greatly sensitized

HeLa cells to TRAIL (Figure 1). It is interesting that among
the 10 BH3-only proteins, only Noxa was identified as a
helper for tBid. It can be speculated that other BH3-only
proteins, for example Bad, BimEL, or Puma, are not involved
because of the to differential compartmentalization, lower
in vivo affinity for Mcl-1, lower in vivo concentrations, or
differential post-translational modification in this setting.

Noxa as an induced inactivator of Bcl-xL in ER stress-
and proteasomal inhibition induced-apoptosis. Follow-
ing ER stress and MG-132 treatment, Noxa became ‘Mcl-1
free’ and associated with Bcl-xL. What is the mechanism
of this induced interaction? In response to ER stress, Noxa
level seemed to have a modest increase in HeLa cells
(Figure 3b). In addition, a modest downregulation of Mcl-1
was also observed (Figure 3b). Both changes would be
expected to help generate ‘Mcl-1 free’ Noxa, which may
interact with endogenous Bcl-xL (Figure 6). Similarly, ‘Mcl-1
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free’ Noxa was generated during MG-132 treatment,
presumably because of a continuous increase of level of
Noxa, exceeding that of Mcl-1.

As our results do not exclude the possibility that multiple
BH3-only proteins, in addition to Noxa and Bim, are involved in
neutralizing Bcl-xL, we also screened for BH3-only proteins
that inducibly interact with the Bcl-xL following TG or MG-132
treatment (Supplementary Figure S10A). Interestingly, Bmf
and Puma showed increased binding to His9-Bcl-xL after TG
treatment. Therefore, we carried out the double knockdown of
Bmf and Puma, and tested its effect on TG-induced apoptosis
in HeLa cells (Supplementary Figures S10B and C). Similar to
the single knockdowns, the double knockdown did not have
any effect on apoptosis, making a simultaneous involvement
of these two proteins in TG-induced apoptosis unlikely.
Similarly, Bik and tBid also showed an increase in binding to
His9-Bcl-xL following MG-132 treatment (Supplementary
Figure S11A). However, the double knockdown of Bik and
Bid failed to block apoptosis (Supplementary Figures S11B
and C), suggesting that the combined actions of these two
proteins are not necessary for MG-132-induced apoptosis.

What is the consequence of the induced interaction bet-
ween Noxa and Bcl-xL? Although mouse Noxa has originally
been reported to interact with Bcl-xL when both Noxa and
Bcl-xL are overexpressed,17 it has been subsequently
demonstrated that human Noxa interacted with only Mcl-1,
but not Bcl-2 or Bcl-xL.23,24 However, this stringent selectivity

is not fully consistent with the observation that overexpression
of Noxa was sufficient to induce apoptosis (Figure 7). As
shown in Figure 1, only the simultaneous elimination of both
Bcl-xL and Mcl-1 was sufficient to induce apoptosis, suggest-
ing that the triggering protein(s) need to inactivate both Bcl-xL
and Mcl-1 to effect mitochondrial damage in HeLa cells.
Although the induced Noxa/Bcl-xL interaction seemed weak in
the in vitro experiments (Figures 3, 4, 6, and 7), the apoptosis
induced by Noxa upregulation (Figure 7) strongly suggests
that this interaction happens in vivo, and that Noxa is able to
neutralize both Mcl-1 and Bcl-xL.

How does Noxa induce mitochondrial dysfunction and
Bax/Bak activation? Inactivation of both Mcl-1 and Bcl-xL
may trigger mitochondrial dysfunction through either direct or
indirect pathways leading to the activation of Bax/Bak.5–7,27

According to the direct activation model, once Mcl-1 and Bcl-
xL are neutralized, the direct activator BH3-only proteins, for
example, tBid, Bim, or PUMA, may be released and they in
turn directly activate Bax or Bak.8 Although the knockdown of
these three factors individually had no effects in the MG-132-
induced pathway (Figure 4), it remains possible that all three
of these proteins were simultaneously released from Mcl-1
and Bcl-xL, and either one of them may directly activate Bax/
Bak. On the other hand, the indirect model would suggest
that the inactivation of Mcl-1 and Bcl-xL by Noxa may cause
these two proteins to release Bax or Bak, allowing homo-
oligomerization and activation of Bax/Bak, which would
subsequently damage the mitochondria.11,24 FRET analysis
on the outer membrane of the mitochondria may be used in
future studies on these interactions.12 Alternatively, Bax/Bak
activation may be facilitated by other means, for example, the
remodeling of the outer mitochondrial membrane by Drp1.32

It is, therefore, possible that the neutralization of active
Bcl-xL by Noxa can somehow affect Drp1-mediated
membrane remodeling.

Overall, this study used a loss-of-function analysis of the
entire Bcl-2 family and a biochemical analysis to define
components of the Bcl-2 network and their actions respon-
sible for the mitochondrial pathway following multiple apop-
totic stimuli. The approach used and the concept of relevant
Bcl-2 network in a given cell should be widely applicable for
the study of apoptotic signaling in different cell types in
response to various stimuli.

Materials and Methods
Antibodies and reagents. Antibodies used were as follows: Bmf antibody
(Alexis Biochemicals, Lausen, Switzerland, ALX-804-343); Anti-Puma (Sigma,
St. Louis, MO, USA, P4743); anti-Bik (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA, SC-1710); anti-Bcl-xL (Cell Signaling Technology, Inc., Danvers, MA,
USA, 2762 and 2764), anti-Bcl-xL (Sigma, B9429), anti-Mcl-1 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA, S19), anti-Bcl-2 (Santa Cruz
Biotechnology, Inc., Sc-509), anti-Bcl-w (Stressgen Biotechnologies, Inc., San
Diego, CA, USA, AAP-050), anti-Bax (Santa Cruz Biotechnology, Inc., Sc-493,),
anti-Bak (Upstate, Lake Placid, NY, USA. 04-433), Bak Ab-1 (Calbiochem, San
Diego, CA, USA, AM03T), anti-Bad (Cell Signaling Technology, Inc., 9292), anti-
Bim (Millipore, Billerica, MA, USA), anti-Noxa (Imgenex, San Diego, CA, USA, IMG-
349A), anti-Bnip3 (Sigma, B7931), anti-Bid,16 anti-FLAG (Sigma, F7415), b-Actin
(Sigma, A5441). TG was purchased from Santa Cruz Biotechnology, Inc. MG-132
was purchased from Sigma. Human recombinant TRAIL was generated as
previously described.33
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Figure 8 Model for selective involvement of BH3-only Proteins in multiple
apoptosis pathways. Bcl-xL and Mcl-1 are the major inhibitors of apoptosis induced
by TRAIL, TG, and MG-132 in HeLa cells. The neutralization of both Mcl-1 and
Bcl-xL is sufficient to induce apoptosis. During TRAIL-induced apoptosis, tBid is the
major trigger for mitochondrial dysfunction by neutralizing both Mcl-1 and Bcl-xL,
and/or directly activating Bax/Bak. Noxa facilitates TRAIL-induced apoptosis by
constitutively sequestering a fraction of Mcl-1. During ER stress-induced apoptosis,
Bim becomes upregulated and is the major triggering protein by binding to Bcl-xL
and Mcl-1, and/or Bax/Bak. Noxa facilitates apoptosis triggering by sequestering
Mcl-1 and binding to Bcl-xL following ER stress. During proteasome inhibition, Noxa
becomes upregulated and has a major role in triggering mitochondrial dysfunction
by binding to and inactivating both Mcl-1 and Bcl-xL
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Cell lines and cell culture. The parental HeLa cells and the pools of HeLa
cells stably expressing His9-Bcl-xL, His9-Mcl-1, or the pools of HeLa cells with
inducible expression of GFP, Noxa, NoxaL29E, were maintained in DMEM
supplemented with antibiotics and 10% fetal calf serum. Stable cell lines were
generated by retroviral infection followed by selection in puromycin.

siRNA transfection. siRNA transfections were carried out in 35-mm culture
dishes using 2.0� 105 cells per plate and DharmaFECT1 transfection reagent
(Dharmacon, Inc., Lafayette, CO, USA) in antibiotic-free DMEM supplemented with
10% serum. All siRNA duplexes used were ON-TARGET plus siRNA pools of four
oligos purchased from Dharmacon. The final siRNA concentration used was 20 nM
unless otherwise specified. At 60 h after transfection, cells were either harvested for
mRNA and protein analysis, or treated by apoptotic stimuli.

Plasmid construction and retrovirus production. pMaRX-His9-
Bcl-xL and pMaRX-His9-Mcl-1 were constructed by cloning the human Bcl-xL and
human Mcl-1 cDNAs into the XhoI–EcoRI-digested pPURO MaRX II retroviral vector
(a gift from Dr. Jing Wang, University of Nebraska Medical Center). Human Noxa,
NoxaL29E, and GFP were PCR-amplified and cloned into the BamHI and EcoRI sites of
the pRetroX-Tight-Puro retroviral vector (Clonetech, Mountain View, CA, USA) following
the protocol described above. All retroviruses were produced by transfecting the plasmid
DNA of interest into the 293GP packaging cell line.

RT-PCR. RT-PCR was carried out as previously described.26

Apoptosis quantification. To quantify apoptosis according to nuclear
morphology after siRNA knockdown, cells were transfected with the siRNA oligo of
interest and treated with TRAIL, MG-132, or TG 60 h after siRNA transfection.
At different time points after treatment by different drugs, cells were stained with
Hoechst 33342 at 1 mg/ml (Molecular Probes, Eugene, OR, USA). Two different
viewing areas were randomly chosen for each transfection. Pictures for Hoechst
staining were taken for each viewing area, which contained between 300 and 600
cells. The percentage of cells undergoing nuclear condensation was calculated for
each viewing area. At least three independent transfection experiments were
performed for each oligo of interest.

Nickel beads pulldown. Treated cells were harvested at different time
points, and were washed once with PBS. The pellet was re-suspended in EBC
buffer (0.5% NP-40, 120 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1 mM EDTA) followed
by rotation for 45 min at 41C. The lysate was centrifuged at 22 000 g for 20 min, and
the supernatant was incubated with 20 ml of Ni-NTA agarose (Qiagen, Valencia, CA,
USA). After 3 h of rotation at 41C, the beads were washed twice by EBC buffer
containing 10 mM of imidazole. SDS loading dye with 250 mM imidazole was used
to elute proteins from Ni2þ -NTA beads.

Immunoprecipitation of endogenous Bcl-xL. After washing in PBS,
cells were pelleted and resuspended in lysis buffer (20 mM Tris-HCl, pH 7.4,
135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 2% CHAPS, 0.1 mM
PMSF, 5 mg/l pepstatin A, and 10 mg/l leupeptin). The resuspended cell pellet was
rotated gently for 1 h at 41C. The lysate was centrifuged at 22 000 g for 20 min.
Supernatant was collected and the concentration of total protein was adjusted to
10 mg/ml by lysis buffer. In the mean time, 10 ml of anti-Bcl-xL antibody (54H6 Cell
signaling, 2764) was incubated with 20 ml of protein A agarose (Santa Cruz Biotech,
sc2001) by gentle rotation in 500ml of PBS containing 5 mg/ml of bovine serum
albumin for 2 h at room temperature. After washing the beads with lysis buffer twice,
800ml of cell lysates were added to the tube containing pre-coupled beads, followed
by incubation overnight at 41C. The next day, beads were washed with lysis buffer
twice and the immunoprecipitates were eluted into 1� SDS loading buffer by
heating to 1001C on a heating block. For immunoprecipitation of Bcl-xL in lysates
from Noxa inducible cells, after the overnight incubation, the protein A agarose
beads were washed with lysis buffer containing additional 300 mM NaCl, and
proteins were eluted off the beads with IgG elution buffer (Thermo Scientific,
Rockford, IL, USA) at room temperature. The elution was immediately neutralized
by 1/20 volume of 1 M Tris-HCl, pH 9.4.

Bak activation assay by immunoprecipitation. HeLa cells before and
after treatments with TRAIL, TG, or MG-132 were harvested and lysed in CHAPS
lysis buffer containing: 50 mM of Tris-HCl, pH7.4, 135 mM of NaCl, 1.0 mM of EDTA,
1.5% CHAPS supplemented with protease inhibitors (0.1 mM PMSF, 5 mg/l

pepstatin A, and 10 mg/l leupeptin). The cell lysates were normalized with lysis
buffer to 3.0 mg/ml of protein concentration. The anti-Bak antibody Ab-1 was
coupled to protein A agarose beads and added to 600ml of the cell lysates. After an
overnight incubation at 41C, the beads were washed twice with lysis buffer, and the
proteins on the beads were eluted into 1�SDS loading buffer by heating to 1001C
on a heating block.

Immunoprecipitation of Bak in EBC buffer. To prepare the cell lysate,
HeLa cells were lysed by EBC buffer. The lysates were normalized with lysis buffer
to 3.0 mg/ml of total proteins. A volume of 8.0ml of Bak antibody (Ab-1) was used for
immunoprecipitation using the same procedure for the Bak activation assay.

In vitro pulldown by GST-Noxa and GST-Noxa L29E. HeLa cells were
transfected with control siRNA or siRNA targeting Noxa. At 48 h after siRNA
transfection, cell lysates (1.0 mg) were incubated with GST, GST-Noxa, or GST-
Noxa L29E (100 nM) at 41C for 2 h, followed by the addition of 10ml of Glutathione
beads. The mixture was rotated at 41C for another 3 h and then washed with EBC
buffer three times. Beads were then heated to 1001C in 50ml of 1� SDS loading
buffer to elute the bound proteins.

Free Noxa assay by GST-Mcl-1. Whole-cell lysates generated in EBC
buffer (total protein 1.0 mg) were incubated with GST (100 nM) or GST-Mcl-1
(100 nM) at 41C for 1 h. The mixtures were subjected to GST pulldown with gentle
rotation at 41C for another hour. After washing with EBC buffer twice, glutathione
beads were boiled in 1� SDS loading solution to elute the bound proteins.

‘Mcl-1 free’ Noxa with immuno-depletion. HeLa cells were treated with
TRAIL (12.5 ng/ml), MG-132 (10 mM), or TG (5 mM) and harvested at the different
time points in EBC buffer. Whole-cell lysates (1.0 mg) were mixed with 5mg rabbit
polyclonal anti-Mcl-1 antibodies pre-bound to protein A-agarose beads. After
rotation at 41C overnight, the beads were precipitated by centrifugation and washed
three times in EBC buffer. The bound and unbound proteins were analyzed by
SDS-PAGE and western blotting using Mcl-1 and Noxa antibody.
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