1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Céll Cycle 2009 September 1; 8(17): 2692—-2696.

PUMA cooperates with direct activator proteins to promote
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Abstract

The BCL-2 family of proteins regulates apoptosis by controlling mitochondrial outer membrane
permeabilization (MOMP). Within the family there are numerous protein-protein interactions that
influence MOMP; however, defining the ultimate signal that commits a cell to apoptosis remains
controversial. We chose to examine the function of the BH3-only protein, p53 upregulated
modulator of apoptosis (PUMA), to define its contribution to MOMP and cooperation with the
direct activator proteins. PUMA is a potent regulator of MOMP and our data suggest that this
function is attributed to two distinct mechanisms which both rely on PUMA binding to the anti-
apoptotic BCL-2 proteins: de-repression and sensitization. Here we will define these interactions
and discuss our experiments that suggest PUMA cooperates with direct activator proteins to
efficiently induce MOMP and apoptosis.
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Introduction

During cellular respiration, the mitochondrial network is responsible for the production of
adenosine-5'-triphosphate (ATP) through a series of electron transport reactions that occur
between the inner and outer mitochondrial membranes (IMM and OMM, respectively).! For
mitochondrial ATP generation to be most efficient, the integrity of the mitochondrial
membranes must remain intact to promote the localization of mitochondrial proteins and
maintenance of the energy-producing electrochemical gradient across the IMM.
Accordingly, cellular survival is contingent upon preserving mitochondrial integrity to
sustain organelle function and cellular ATP levels.

Following irreparable cellular stress, the mitochondrial pathway of apoptosis commits the
targeted cell to apoptosis via compromising the integrity of the OMM by inducing
mitochondrial outer membrane permeabilization (MOMP) which leads to the release of
intermembrane space (IMS) proteins, such as cytochrome c¢.2 Once in the cytosol,
cytochrome c cooperates with apoptotic protease activating factor 1 (APAF-1) and
deoxyadenosine-5'-triphosphate (AATP) to promote dimerization and activation of
caspase-9.3 This induces the cleavage and activation of the executioner caspases (e.g.,
caspases-3 and -7) that are responsible for precipitating the morphological phenotypes of
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apoptosis (e.g., DNA fragmentation, plasma membrane blebbing) and rapid phagocytosis of
the dying cell.#

The BCL-2 family of proteins directly regulates cellular fate by integrating the cellular
environment to either preserve or compromise the OMM.2 The anti-apoptotic BCL-2
proteins (e.g., BCL-2, BCL-x, MCL-1) promote survival by actively sequestering the pro-
apoptotic BH3-only members (e.g., BAD, BID, BIM, PUMA) within the BCL-2 family (Fig.
1). The BH3-only proteins are expressed and activated following cellular stress scenarios
and are hypothesized to promote MOMP by interacting with the anti-apoptotic BCL-2
proteins (i.e., ‘de-repressor/sensitizer’ functions) or inducing the oligomerization and pore-
forming function of the pro-apoptotic BCL-2 effector proteins, BAK and BAX (i.e., ‘direct
activator’ function).> The dual action of the BH3-only proteins bifurcates this BCL-2
family subgroup into de-repressor/sensitizer and direct activator members (Fig. 2). Defining
these discrete functions and their relationship to MOMP and apoptosis were the focus of our
recent paper, “Mechanism of apoptosis induction by inhibition of the anti-apoptotic BCL-2
proteins.””

To explore the de-repressor/sensitizer and direct activator functions of the BH3-only
proteins, we studied the cooperation between p53 upregulated modulator of apoptosis
(PUMA) and other BH3-only proteins (i.e., BID and BIM) in the context of anti-apoptotic
(e.g., BCL-2, BCL-x_ and/or MCL-1) and effector BCL-2 proteins (i.e., BAK and/or BAX).
PUMA was chosen as the foremost BH3-only protein because of its essential role in
multiple apoptotic pathways, and ability to bind and inhibit all anti-apoptotic BCL-2
proteins (Table 1).58-12 Due to this promiscuous binding, it was possible to examine the
requirement and consequences for the de-repressor/sensitizer and direct activator BH3-only
proteins in the setting of a fully inhibited anti-apoptotic BCL-2 protein repertoire.

PUMA Functions within an Established BCL-2 Network

Here we define a BCL-2 network as a direct activator BH3-only protein (e.g., BID), an anti-
apoptotic BCL-2 protein (e.g., BCL-x| ) and a pro-apoptotic effector protein (e.g., BAX).
We propose that the BCL-2 network directly controls at least two fundamental aspects of
cellular fate. The first is to promote survival by inhibiting the direct activator proteins (e.g.,
BCL-x,_inhibits BID), which keeps the effector molecules monomeric and the OMM intact.
Secondly, when every member of the anti-apoptotic repertoire is associated with a direct
activator protein due to pro-apoptotic stimulation (e.g., every BCL-x,_ molecule is associated
with a molecule of BID), a subsequent direct activator molecule cannot be inhibited and is
readily able to activate effector molecules (e.g., BID activates BAX) leading to MOMP.
Experimentally, we were focused on observing the influence of PUMA within a BCL-2
network prior and subsequent to the presence of direct activator proteins.’

To begin investigations, we established a model system of continual cellular stress to probe
the impact of PUMA on the function of an endogenous direct activator protein, BID. In
response to tumor necrosis factor (TNF) treatment, BID is cleaved and activated by
caspase-8 (referred to as caspase-8 BID, C8-BID), which is a potent inducer of MOMP and
apoptosis. In our cellular stress model system, HeL a cells were routinely treated (6 hours
treatment, 42 hours recovery) with sub-lethal doses of TNF to promote the accumulation of
C8-BID. We speculated that multiple sub-lethal TNF treatments would allow for C8-BID
generation, but it would be bound and inhibited by the anti-apoptotic proteins. This model
system established a BCL-2 network that allowed us to test the consequences of subsequent
PUMA addition.

We confirmed the TNF treated cells accumulated C8-BID, and then introduced exogenous
PUMA via microinjection. The addition of PUMA caused the cells to undergo MOMP
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rapidly; it was not unusual for cells harboring C8-BID to release cytochrome ¢ within an
hour after PUMA addition suggesting that the anti-apoptotic repertoire can sequester
considerably high levels of C8-BID. Indeed, mitochondria isolated from these cells were
loaded with C8-BID on the anti-apoptotic repertoire (i.e., BCL-2 and MCL-1), which was
released by PUMA addition. In vitro using isolated mitochondria, the anti-apoptotic
repertoire-associated C8-BID also induced MOMP in the presence of PUMA. Throughout
our studies, we also evaluated ABT-737, a small molecule inhibitor to a subset of the anti-
apoptotic repertoire, which promoted C8-BID release, activity and MOMP, albeit to a lesser
degree.12 In these scenarios, MOMP was always dependent upon the presence of C8-BID as
cells and isolated mitochondria that did not harbor C8-BID were refractory to PUMA
treatment.

These observations suggest: (i) in cells, anti-apoptotic BCL-2 proteins on the OMM can
sequester substantial direct activator BH3-only protein function to inhibit MOMP,
cytochrome c release and apoptosis; and (ii) inhibition of the anti-apoptotic BCL-2
repertoire by PUMA can release these direct activator proteins to rapidly induce MOMP,
cytochrome c release and apoptosis.

Defining the De-Repressor and Sensitizer Functions of PUMA

Seminal papers in the BCL-2 literature demonstrated that BH3 domain peptides (16-25
amino acid peptides containing the canonical BH3 motif ‘leucine-x-x-x-x-aspartic acid’, x =
any amino acid) from distinct BH3-only proteins cooperate to promote MOMP and
apoptosis.>8 For example, BCL-x,_inhibited BID-dependent MOMP, which was reversible
by the addition of the BAD BH3 domain peptide.>6 The cooperative nature of distinct BH3
domain peptides suggests that BH3-only proteins are functionally distinguishable based on
their ability to either directly promote MOMP (i.e., activate BAK and/or BAX) or indirectly
by exclusively binding to the anti-apoptotic repertoire. The binding of non-activating BH3-
only proteins to the anti-apoptotic repertoire presents two mechanisms of action for this
BH3-only protein subclass: (i) if this subclass of the BH3-only proteins is present before the
direct activators proteins, then the anti-apoptotic repertoire cannot inhibit subsequent direct
activator proteins and MOMP will proceed—this is referred to as ‘sensitization’ as very little
direct activator BH3-only protein function is required to induce MOMP; and (ii) direct
activator proteins can readily be sequestered and inhibited by the anti-apoptotic repertoire
until displaced by a collateral non-activating BH3-only protein—this is referred to as ‘de-
repression’ as the collateral BH3-only protein coordinately liberates the direct activator
protein to promote MOMP while consequently inhibiting the anti-apoptotic repertoire. We
chose to evaluate and define the sensitization and de-repression functions of PUMA by
using biochemical and cellular model systems.

To determine if PUMA could sensitize mitochondria to direct activator proteins, freshly
isolated liver mitochondria were pre-treated with PUMA protein allowing it to bind the anti-
apoptotic repertoire. All unbound PUMA was washed away and then mitochondria were
treated with picomolar concentrations of C8-BID. In the absence of PUMA pre-treatment,
these doses of C8-BID were inhibited by the anti-apoptotic repertoire thus preserving OMM
integrity. However, PUMA pre-treatment promoted MOMP for all doses of C8-BID tested
(5-25 pM), which yielded a sensitization of 100-200 fold (normally 1 nM C8-BID was
required for complete MOMP). These results were extended to the PUMA BH3 domain
peptide and other biochemically defined direct activators (i.e., BIM and cytosolic p53) with
similar sensitization effects.>6:14

De-repression of direct activator function is demonstrated to be of clinical significance for
anti-tumor strategies, such as in the treatment of chronic lymphocytic leukemia (CLL).15.16
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Due to high affinity binding between PUMA and the anti-apoptotic repertoire, we proposed
that PUMA would be a potent de-repressor BH3-only protein. To examine this hypothesis,
HeLa cells were microinjected with recombinant proteins to establish an intracellular BCL-2
network and analyzed for MOMP. Introduction of C8-BID promoted the rapid release of
cytochrome ¢ which was inhibited by co-treatment with BCL-x_ ; and the inhibitory activity
of BCL-x,_ was reversed by the addition of PUMA. We also tested freshly isolated liver
mitochondria to observe PUMA-mediated de-repression. Mitochondria were pre-treated
with low concentrations of direct activators (i.e., C8-BID, BIM or cytosolic p53) that do not
induce MOMP due to association and inhibition by the anti-apoptotic repertoire. The
‘primed’ mitochondria were then treated with PUMA, which promoted potent de-repression
of direct activator function from the anti-apoptotic repertoire and cytochrome c release.
Finally, using a biochemically defined large unilamellar vesicle (LUV) system, we were also
able to demonstrate PUMA-mediated de-repression of C8-BID from BCL-x,_and MCL-1 to
promote BAX activation and LUV permeabilization.’

Our data suggest PUMA is a potent sensitizer and de-repressor BH3-only protein, as
PUMA-dependent MOMP proceeded with doses of direct activators that would normally be
inhibited by the anti-apoptotic repertoire. Importantly, the sole addition of PUMA to the
described model systems did not induce BAK and/or BAX activation or MOMP in the
absence of direct activator function. We contend that synergy between the distinct direct
activator and de-repressor/sensitizer functions of the BH3-only proteins efficiently engage
BAK and/or BAX activation, MOMP and apoptosis.

PUMA Reveals Covert Direct Activator BH3-Only Protein Function

Due to the potent de-repressor and sensitizer functions of PUMA, we speculated that basal
and/or inducible expression of PUMA begets cells that are highly sensitive to future direct
activator function and apoptosis. Indeed, initial studies described that exogenous PUMA
expression was sufficient to induce apoptosis; however, the requirement for direct activator
function in these contexts was not addressed.8-10 To identify if synergy between PUMA and
endogenous direct activator proteins was responsible for PUMA-induced apoptosis, we
transiently transfected wild type, bid 7=, bim 7~ and bid 7 ~bim~~ mouse embryonic
fibroblasts (MEFs) with PUMA cDNA. Exogenous expression of PUMA promoted
apoptosis that was primarily dependent upon the presence of BIM; however, hyper-
physiological levels of exogenous PUMA promoted apoptosis that was BIM-independent.
The requirement for BIM in PUMA-mediated apoptosis suggested that either basal levels of
BIM were sufficient to cooperate with PUMA, or the transient transfection of MEFs induced
endogenous BIM activation that synergized with exogenous PUMA to promote apoptosis.

The MEF studies were extended to liver mitochondria derived from untreated wild type,
bid 7=, bim ™~ and bid 7 ~bim 7~ animals. Interestingly, PUMA protein and BH3 domain
peptide could induce modest, but appreciable levels of MOMP and cytochrome c release
that was dependent upon the presence of BID and/or BIM. These results suggested that
mitochondria from healthy primary tissues actively sequester direct activator proteins, which
possibly result from previous cellular stress, and that additional direct activator expression is
not necessarily required to observe PUMA function. The sequestered direct activator
molecules may be a mechanism to record accumulated stress, which upon a certain threshold
provide a rapid means to induce BAK and/or BAX activation. These scenarios highlight the
importance and fidelity of the anti-apoptotic proteins at the OMM to inhibit unwarranted
MOMP. Likewise, when PUMA is present, its de-repression activity rapidly liberates the
sequestered direct activators from the anti-apoptotic repertoire to efficiently promote BAK
and/or BAX activation.
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Perspectives on PUMA-Mediated Regulation of Cellular Fate

The focus of our paper was to test the current hypotheses regarding BH3-only protein
function, i.e., understanding the contribution of de-repression and sensitization to MOMP
and apoptosis. We established several model systems to explore BH3-only protein function
and utilized PUMA (protein and BH3 domain peptide) because of its ability to inhibit the
entire anti-apoptotic repertoire. In the context of our model systems, PUMA displayed a
distinct contribution to MOMP compared to direct activator BH3-only proteins. We propose
that synergy between the distinct direct activator (e.g., BID or BIM) and de-repressor/
sensitizer (e.g., PUMA) functions of the BH3-only proteins efficiently engage BAK and/or
BAX activation, MOMP and apoptosis.

Cooperation between PUMA and BID/BIM is not undisputed as cytokine deprivation-
induced apoptosis has recently been described to be dependent on puma and not bid and/or
bim in HoxB8-immortalized myeloid progenitor cells.2® These data insinuate either: (i)
PUMA may have additional pro-apoptotic functions that are distinct from mediating
MOMP; or (ii) BID and BIM are not the only direct activator proteins (several non BCL-2
family proteins are already described to have direct activator function, e.g., cytosolic p53).14
The evidence for the latter stems from comparing the sensitivity of puma ™~ and

bak 7 “bax 7~ HoxB8-immortalized myeloid progenitor cells to cytokine deprivation-
induced apoptosis. Specifically, bak 7 ~bax 7~ cells displayed complete resistance whereas
the majority of puma ™~ cells still underwent apoptosis.18 It is possible for cytokine
deprivation-induced apoptosis to be engaged most efficiently PUMA is required, but
sustained pro-apoptotic signaling may promote the accumulation of direct activator function
and eventual MOMP despite PUMA-mediated de-repression and sensitization function. We
have observed similar dosage effects of direct activator proteins in the absence of PUMA
expression.19

However, in the literature there are several notions that PUMA is not only capable of de-
repression and sensitization, but also the direct activation of BAX.20-21 From a BAX peptide
scan, it was determined that the carboxyl terminus region of BAX alpha helix 1 could
directly interact with the PUMA BH3 domain. Recent structural investigations between
BAX and the BIM BH3 peptide revealed a similar region of interaction; furthermore,
cytosolic p53 has also been suggested to bind to a similar site on BAK.14:22.23 Although
biochemical studies using LUVs combined with recombinant BAX and PUMA (protein or
BH3 domain peptide) have not yielded similar results, these studies focused exclusively on
BAX-mediated permeabilization and could not reveal PUMA-BAX interactions that did not
induce BAX activation.®’

While the fundamental components of PUMA-regulated MOMP are generally defined (anti-
apoptotic, effectors and BH3-only proteins are involved), our continual challenge is to
discover the mechanism(s) of action for individual members within the BCL-2 network that
dictate cellular fate. When PUMA is expressed, what protein-protein interaction is the key
event that leads to BAK and/or BAX activation? Our data suggest that PUMA regulates
MOMP by interactions within the anti-apoptotic BCL-2 repertoire leading to de-repression
and/or sensitization, but the initiating signal to induce MOMP and apoptosis is dependent
upon direct activator function.
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Abbreviations

BAD BCL-2 antagonist of cell death
BAX BCL-2 associated x protein
BAK BCL-2 antagonist killer 1
BCL-2 B-cell CLL/lymphoma 2
BCL-x_ BCL-2-related protein long isoform
BID BH3-interacting domain death agonist
BIM BCL-2 interacting mediator of cell death
C8-BID caspase-8 cleaved BID
CLL chronic lymphocytic leukemia
IMM inner mitochondrial membrane
LUVs large unilamellar vesicles
MCL-1 myeloid cell leukemia 1
MOMP mitochondrial outer membrane permeabilization
MEFs mouse embryonic fibroblasts
OMM outer mitochondrial membrane
PUMA p53 upregulated modulator of apoptosis
TNF tumor necrosis factor
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Figure 1.

The BCL-2 family of proteins is divided into three functional groups based on their
composition of BCL-2 homology (BH) domains. The anti-apoptotic members (e.g., BCL-2,
BCL-x_and MCL-1) contain four BCL-2 homology domains (designated BH1-4). The pro-
apoptotic effectors (BAK and BAX) contain BH1-3 domains. The BH3-only proteins are
structurally diverse and contain only one conserved region, the BH3 (leucine-x-x-x-x-
aspartic acid, x = any amino acid). The BH3-only proteins are subdivided into direct
activators (BID and BIM) and de-repressors/sensitizers (e.g., PUMA). The alpha helices of
each protein are designated, and the regions contained within each BH domain are illustrated
by bold lines under each protein. The hydrophobic carboxyl terminal transmembrane
domain (TM) of each protein is based on in silico predictions and/or structural data and is
not necessarily present in each member.
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Figure 2.

Mechanisms of pro-apoptotic effector activation by the BH3-only proteins. (A) Central to
MOMP is the activation and oligomerization of BAX or BAK. These proteins, once
activated by a BH3-only protein, create oligomeric proteolipid pores in the OMM that
permit the release of IMS proteins to the cytosol (e.g., cytochrome c). Through a transient
interaction with BAX or BAK, the direct activator BH3-only proteins (C8-BID and BAX are
shown in this example), induce MOMP and cytochrome c release. (B and C) A subset of
BH3-only proteins, the de-repressors/sensitizers, cannot induce the activation of BAX or
BAK alone. In this scenario (B), a direct activator BH3-only protein is sequestered by an
anti-apoptotic BCL-2 protein. Following stress, a de-repressor/sensitizer BH3-only protein is
induced, either by transcriptional upregulation or post-translational modification, and this
protein then binds to an anti-apoptotic BCL-2 protein promoting the release of a
sequestered, direct activator BH3-only protein. In this example, C8-BID is tonically
sequestered by BCL-x,_ and the induction of PUMA allows for the release of C8-BID to
engage MOMP (B). (C) Cells are sensitized to undergo MOMP when de-repressor/sensitizer
BH3-only proteins are constitutively inhibiting anti-apoptotic BCL-2 proteins and any future
induction of BID or BIM cannot be tolerated. In this example, BCL-x, is inhibited by
PUMA and the induction of C8-BID engages MOMP; in the absence of PUMA expression,
the MOMP signal would have been inhibited by BCL-X, .
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PUMA binds to the anti-apoptotic BCL-2 repertoire with nanomolar affinity

Anti-apoptotic

Al
BCL-2
BCL-x_
BCL-w
MCL-1

PUMA Kp (reported range)

28.6 nM (5.7- 59 nM)
10.7 nM (3.3-18 nM)
6.1 nM (3-10 nM)
15.1 nM (5.1-25 nM)
16.5 "M (5-31.9 nM)

Page 10

The dissociation constant (Kp) between the PUMA BH3 domain peptide and recombinant anti-apoptotic proteins has been evaluated using several
model systems. Listed here are the average Kp values for the PUMA BH3 domain peptide and each anti-apoptotic protein, including published and
unpublished (personal communication with Richard W. Kriwacki, Ph.D. and John C. Fisher at St. Jude Children’s Research Hospital, Memphis,

TN, USA) ranges in parentheses.ﬁwllv16
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