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Abstract
Apoptosis is a cellular suicide program that can be initiated by various genotoxic
and cytotoxic stimuli. In many cases, such cell damaging agents promote cell death
through the intrinsic apoptotic pathway by triggering mitochondrial cytochrome c release
and subsequent caspase activation. Cytosolic cytochrome c is directly responsible for
initiating formation of the caspase-activating apoptosome, which plays a crucial role in
the apoptotic process. Given the importance of cellular fate, apoptosis is tightly
controlled by a balance between survival and death signals. It has been shown that
activated cell survival pathways, including the mitogen-activated protein kinase (MAPK)
cascade and the PI3K/Akt signaling, enhance cell viability by conferring resistance to
apoptotic cell death. However, the underlying mechanism(s) that lead to inhibition of
functional apoptosome formation (and caspase activation) has yet to be elucidated. In the
studies that are described in this dissertation, I have investigated the regulation of
apoptosis downstream of mitochondrial cytochrome c release with the goal of
understanding how survival signaling can alter the apoptotic program, contributing to
human malignancies.
First, we describe a mechanism for the inhibition of cytochrome c-induced
caspase activation by MAPK signaling, identifying a novel mode of apoptotic regulation
exerted through Apaf-1 phosphorylation by the 90-kDa ribosomal S6 kinase (Rsk). We
have found that recruitment of 14-3-3ε to phosphorylated Ser268 impedes the ability of
cytochrome c to nucleate apoptosome formation and activate downstream caspases. High
endogenous levels of Rsk in PC3 prostate cancer cells or Rsk activation in other cell
iv

types promoted 14-3-3ε binding to Apaf-1 and rendered the cells insensitive to
cytochrome c, suggesting a role for Rsk signaling in apoptotic resistance of prostate
cancers and other cancers with elevated Rsk activity. These results identify a novel locus
of apoptosomal regulation wherein MAPK signaling promotes Rsk-catalyzed Apaf-1
phosphorylation and consequent binding of 14-3-3ε, resulting in decreased cellular
responsiveness to cytochrome c.
In the second part, we examine how apoptosis is inhibited by oncogenic tyrosine
kinase signaling by using leukemogenic tyrosine kinase-induced leukemia model
systems. We have demonstrated that protein phosphatase 5 (PP5) is responsible for
Hsp90β hypophosphorylation, which can contribute to impaired cell death in leukemia
expressing oncogenic tyrosine kinases. Loss of PP5 results in an increase of Hsp90β
phosphorylation, raising leukemic cells’ responsiveness to imatinib, a BCR-ABL kinase
inhibitor. Further we have discovered that acetylation regulates PP5 activity on Hsp90β.
Mutational study showed that K144 acetylation on PP5, which was diminished in
leukemic conditions, inhibited PP5 binding to Hsp90β, causing Hsp90β
hyperphosphorylation and subsequently potentiating cells to apoptosis. These studies
reveal a molecular mechanism by which agents enhancing PP5 acetylation may be a
potential treatment for leukemias. Collectively, this work provides new insight into
mechanisms of regulation of apoptosome formation/function, helping us understand how
the evasion of apoptotic cell death contributes to cancer cell survival. Further, this finding
implicates cytochrome c-induced apoptotic signaling in the context of cancer cell
responsiveness to chemotherapeutic treatments.
v
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1. Introduction
1.1 Paths for Physiological and Pathophysiological Cell Death
Cell death can be classified into several distinct types; among them, apoptosis and
necrosis are two major forms that are intensively studied. Necrosis has been traditionally
considered an “accidental cell death”, resulting from the additive effect of independent
biochemical events that are activated by a bioenergetic catastrophe. This path leads
exclusively to the death of the cell: Once begun, the cell cannot recover (Edinger and
Thompson, 2004). The morphological characteristics of necrotic death include
vacuolization of the cytoplasm, breakdown of the plasma membrane, and the release of
cellular contents including pro-inflammatory molecules (Figure 1.1). Such released
cellular contents are thought to induce the host immune response leading to inflammation
around the dying cell. Necrotic cells also show changes in their nuclear morphology, but
these changes are distinct from those seen during apoptosis, a form of “programmed” cell
death which will be described below: Chromatin condensation and DNA fragmentation
are not observed in necrotic death. Interestingly, recent studies suggest a new concept of
cell death, “programmed necrosis” or “necroptosis”; upon inhibition of apoptosis, cells
that would normally undergo apoptosis die, exhibiting all the necrotic features. Although
the physiological meaning of necroptosis remains unclear, programmed necrosis might
have some important physiologic roles, especially in response to microbial or viral
infection (Lockshin and Zakeri, 2004; Fiers et al., 1999; Jäättelä and Tschopp, 2003;
Proskuryakov et al., 2003; Kitanaka and Kuchian, 1999).
1

Figure 1.1: Morphological Features of Normal, Autophagic, Apoptotic, and
Necrotic cells
Figure 1.1: (a) Normal, (b) autophagic (not discussed in this dissertation), (c) apoptotic, and (d) necrotic
cells. The bioenergetic catastrophe culminating in necrosis stimulates autophagy (autophagocytosis) since
the cell tries to correct the reduction in ATP levels by catabolizing its cellular components. Therefore,
vacuolation of the cytoplasm is observed in necrotic cell (d) like the cell undergoing autophgy (b).
Apoptotic cell (c), however, maintains normal ATP levels, thus showing only limited number of vacuoles
in the cytoplasm like normal cell (a). Adapted from Edinger and Thompson, C.B.(2004), with permission
from ELSEVIER.
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Apoptosis, as opposed to necrosis, is devoid of perturbation of surrounding tissue.
It is activated by various pro-death signals such as DNA damage, oxidative stress, and/or
nutrient deprivation (Figure 1.1). These signals activate a group of cysteine dependent
aspartate-directed proteases known as caspases, which results in altered morphological
features (Bao and Shi, 2007). Nuclear condensation and fragmentation, processing of
chromosomal DNA into internucleosomal fragments, cell shrinkage, and plasma
membrane blebbing are required for the death to be attributed to apoptosis (Janicke et al.,
1998; Edinger and Thompson, 2004). In contrast to the release of cytoplasmic contents
that characterizes necrotic cell death, apoptosis results in membrane-enclosed packages
of dead cells (apoptotic bodies) that are engulfed and disposed of by phagocytic cells.
Since the cellular contents (potentially including pro-death stimuli) are carefully captured
without being released into the extracellular environment, apoptosis does not cause a host
immune or inflammatory response around the dying cell. Thus, apoptosis is a cellautonomous process of “programmed suicide” dictated by the cellular response to prodeath stimuli.
Under normal physiologic conditions, apoptosis of damaged or unnecessary cells
is balanced by cellular regeneration and is critical for maintaining tissue homeostasis and
function (Gilbert, 2000). For instance, as a tadpole changes into a frog, the cells in the
tadpole tail die by apoptosis; consequently, a tail that is no longer needed disappears
(Figure 1.2). Apoptosis also plays a central role in proper development (HernándezMartínez et al., 2009). The digits of the hands and feet are carved by apoptotic cell death
during embryogenesis (Figure 1.2). The digits start as webbed structures. When the cells
3

I)

II)

Figure 1.2: Apoptotic Processes in Normal Development

Figure 1.2: Apoptosis during the metamorphosis of a tadpole into a frog (I) and during interdigital
formation (II). (I) As a tadpole changes into a frog, the cells in the tadpole tail are induced to undergo
apoptosis, thus the tail disappears. (II) During normal development, cells of interdigital zones (A. mouse,
B. Chick) undergo apoptosis, as confirmed by TUNEL staining(C). Adapted from Gilbert, S.F. (I) and
Hernández-Martínez, R.(2009) (II), with permission from Sinauer Associates, and
permissions@biologists.com, respectively.
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that comprise the interdigital webbing undergo apoptosis, separated, individual digits are
formed (Mirkes, 2001). The role of apoptosis in neuronal development emphasizes the
essential nature of this process: A loss of certain caspases, such as caspase-9, causes
severe brain tissue expansion (Figure 1.3), leading to the death of the entire organism
(Cecconi et al., 1998; Kuida et al., 1998).
Given the critical role in normal physiology and tissue homeostasis, inappropriate
apoptosis is associated with many pathophysiologic conditions. While aberrant activation
of apoptosis contributes to diseases related to excessive cell death such as
neurodegeneration and immunodeficiency, loss of apoptosis may manifest as
inappropriate cell survival. Indeed, many cancers show resistance to apoptosis even upon
death-inducing stimuli (chemotherapeutics, DNA damage). Therefore, understanding
how the apoptotic program is regulated will give us valuable information that can be
applied to the design of improved targeted therapies for cells with disrupted apoptotic
signaling.

1.2 Apoptosis Signaling Pathways and Caspase Activation
The apoptotic program is carried out by the activation of proteases called
caspases, as mentioned in section 1.1. Caspases are synthesized as inactive precursors, or
procaspases, which consist of a prodomain, a large subunit, and a small subunit. Upon
various death stimuli, these procaspases become activated in one of two ways. Caspases
can be activated by cleavage at aspartate residues by other caspases. Alternatively,
procaspases can become activated by association with a pro-death platform (Garcia5

Figure 1.3: The Essential Role of Apoptosis in Development of the Central
Nervous System.
Figure 1.3: Gross morphological examination of Caspase 9 heterozygous (+/-) and homozygous knockout
(-/-) fetuses. Embryos were isolated from heterozygotes (left) and knockouts (right) at E10.5 (A and B),
E13.5 (C and D), and E16.5 (E and F), respectively. At E10.5 and E13.5, a defect at the midbrain/hindbrain
junction is evident in the (−/−) mutants (arrowhead). At E13.5, the retraction of interdigital webbing caused
by morphogenetic cell death is completed in both Casp9−/− mutant and control littermates (insets in C and
D). By E16.5, there is protrusion of the larger and morphologically abnormal brain in knockouts. Bar, 1
mm. Adapted from Kuida, K. et al., (1994), with permission from ELSEVIER.
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Calvo et al.,1999). Extensive in vitro and in vivo studies have demonstrated the
requirement of caspase activity for the execution of most apoptotic events. Genetic
studies in nematode Caenorhabditis elegans first showed that the pro-caspase gene ced-3
is necessary for normal development: Functional loss of ced-3 results in the survival of
almost all cells that should undergo apoptosis for appropriate development of the mature
nematode (Yuan and Horvitz, 1990). Ced-3 has been found to be closely related to a
mammalian cysteine protease, interleukin-1 beta (β)-converting enzyme (ICE), now
known as caspase-1 (Yuan et al., 1993). Currently, fourteen caspases have been identified
in mammalian systems; based on structural similarities, twelve are CED-3 subfamily and
two are ICE subfamily (Bao and Shi, 2007; Lavrik et al., 2005). While the primary role of
some caspase proteins, such as caspase-1 and -11, is to mediate inflammatory responses
(ICE subfamily), others (e.g., caspase-2,-3,-6,-7,-8, and -9) are involved in orchestrating
programmed cell death (Nicholson and Thornberry, 1997). Individual caspases have
variable effects on development. While some caspases do not appear to have any
discernible effect on development (e.g., caspase-1, -2, -6, -11 in mouse development), the
loss of caspase-3,-8, and -9 results in perinatal (caspase-3 and -9) and embryonic lethality
(caspase-8). Interestingly, a caspase-8 null embryo succumbs with impaired heart
development and abdominal hemorrhage whereas both caspase-3 and -9 null mice die
with severe brain malformations, suggesting their tissue-specific requirement during
development (Zheng et al., 1999).
Caspases can be stratified into two types, depending on their role in the apoptotic
signaling cascade: initiator (apical) or executioner (effector), as shown in Figure 1.4.
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Figure 1.4: Apoptotic Caspase Proteins

Figure 1.4: Apoptotic caspases. Six initiator caspases and four effector caspases in three model species are
drawn to scale. The position of the first intrachain cleavage (between the large and small subunits) is
highlighted by a large arrow whereas additional cleavages are represented by medium and small arrows.
The prodomains in initiator caspases invariably contain homotypic interaction motifs, such as the CARD
and the DED. The four surface loops, labeled L1 through L4, form the active site of a caspase. The catalytic
cysteine residue is shown as a red line at the beginning of loop L2. The p20 and p10 subunits together form
a caspase monomer. Adapted from Bao, Q. and Shi, Y. (2007), with permission from Nature Publishing
Group.
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Initiator caspases (e.g., caspase-2,-8, and -9) trigger the apoptotic signaling cascade by
interacting with adaptor proteins through their prodomains and then forming a pro-death
complex. Once activated by dimerization, initiator caspases cleave and activate
downstream executioner caspases (e.g. caspases-3 and -7) which can amplify the death
signal by cleaving cellular substrates to eventually dismantle the doomed cell (Danial and
Korsmeyer, 2004). Depending on the source of the apoptotic stimuli (extrinsic or
intrinsic), only certain initiator caspases are selectively activated, which will be described
in sections 1.2.1 and 1.2.2. So far, about four hundred caspase substrates have been
identified as targets for protease-dependent cleavage (Luthi and Martin, 2007). The
database of putative caspase substrates is now available online for public access (The
Casbah; www.casbah.ie). Although the functional relevance or the actual contribution of
the cleaved products remains to be explored, collectively, caspase activation is absolutely
necessary for transducing pro-death signals and executing apoptosis.

1.2.1 Intrinsic Pathway
Initiation of apoptosis is mediated via two principle pathways: extrinsic and
intrinsic. When cells are damaged or stressed from both internal and external sources
(e.g., chemotherapeutic agents, radiation), apoptotic cell death is induced through an
intrinsic pathway (Figure 1.5). This pathway is dependent on the release of the electron
transfer protein, cytochrome c from the mitochondria (Reed and Kroemer, 2000;
Kroemer et al., 2007; Danial and Korsmeyer, 2004). The cell tightly regulates
mitochondrial cytochrome c release through the balance of Bcl-2 family member
9

Figure 1.5: The Extrinsic and the Intrinsic Pathways
Figure 1.5: The extrinsic pathway activates caspase-8/-10 and is initiated at the plasma membrane by the
binding of death ligands to death receptors. This forms the DISC, which recruits and activates procaspase8. Following activation, caspase-8 can directly cleave effector caspases (caspases -3,-7) and/or the BH3only protein Bid, which promotes cytochrome c release from the mitochondrial intermembrane space. The
intrinsic apoptotic pathway signals either through activation of caspase-2 by the PIDDosome (PIDD and
RAIDD adaptor proteins), or by changes in the balance between pro- and anti-apoptotic Bcl-2 family
members. The intrinsic pathway impinges on the mitochondria to promote cytochrome c release. Once
cytosolic, cytochrome c initiates nucleation of the apoptosome activation complex, which consists of
cytochrome c, Apaf-1, and procaspase-9. Oligomerization of procaspase-9 promotes its autoactivation, and
active caspase-9 can directly activate effector caspases. Activated effector caspases process host of cellular
substrates to dismantle the doomed cell. Adapted from Olsson, M. and Zhivotovsky, B. (2011), with
permission from Elsevier.
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proteins, which are either pro-apoptotic (e.g., Bax, Bak, or the BH3-only proteins Bid,
Bim, Bad, PUMA) or anti-apoptotic (Mcl-1, Bcl-2, Bcl-XL) (See Figure 1.6 for details).
Bcl-2 family members are pivotal proteins in this pathwayin that they help regulate the
activation of pro-caspases by controlling the mitochondrial outer membrane
permeabilization (Danial and Korsmeyer, 2004; Youle and Strasser, 2008). Pro-apoptotic
Bcl-2 family members are further categorized based on Bcl-2 Homology (BH) domains.
Bax and Bak contain all 3 BH domains (BH1,2, and 3), while Puma, Noxa, Bid, Bad, and
Bim contain only BH3. BH3-only proteins function by binding and sequestering the antiapoptotic Bcl-2 proteins, therefore preventing inhibition of apoptosis. In contrast, Bax
and Bak can proactively stimulate the release of pro-apoptotic molecules from the
mitochondrial inter-membrane space by initiating mitochondrial outer membrane
permeabilization (Danial and Korsmeyer, 2004).
Another important regulating protein family in the intrinsic apoptotic signal is the
inhibitor of apoptosis (IAP) family. So far, six IAP relatives have been identified in
humans: X-chromosome linked IAP (XIAP), c-IAP-1/HIAP-2/hMIHB, c-IAP-2/HIAP1/hMIHC, survivin, BRUCE, and NAIP. These proteins inhibit apoptosis by directly
binding and hindering the activity of the caspases (Chai et al., 2001; Deveraux et al.,
1997; Huang et al., 2001; Riedl et al., 2001; Sun et al., 1999; Wang, 2001). Upon
mitochondrial outer membrane permeabilization, however, pro-apoptotic molecules
(Smac/Diablo and Omi/Htra2) are released into the cytosol, inactivating IAPs (Chai et al.,
2000; Du et al., 2000; Verhagen et al., 2000; Wu et al., 2000). Smac/Diablo binds to IAPs
and sterically hinders interaction between IAPs and caspases, while the serine protease
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Omi/Htra2 interacts with and cleaves IAPs, thus aiding the rapid execution of apoptosis
(Figure 1.6). Other mitochondrial pro-death components released in response to MOMP
are apoptosis-inducing factor (AIF) and endonuclease G (Endo G). These proteins are
able to translocate to the nucleus to promote chromatin condensation, high-molecular
weight DNA fragmentation (AIF), and internucleosomal DNA fragmentation (Endo G)
(Joza et al., 2001; Li et al., 2001). The effects mediated by AIF and Endo G are
independent of caspase activation, implying that apoptosis can still proceed without
caspase activity when the mitochondria are damaged.
Once cytosolic, cytochrome c binds to the apoptotic protease activating factor,
Apaf-1, an adaptor protein in the cell death-inducing platform. Cytochrome c binding
triggers a conformational change and dATP hydrolysis of Apaf-1. Subsequent nucleotide
exchange (dADP to dATP) promotes further assembly of Apaf-1 into a platform structure
that can then recruit and engage the zymogenic form of the initiator caspase, caspase-9:
This results in the formation of a heptameric cell-death complex known as the
apoptosome (Kluck et al., 1997; Liu et al., 1996; Ow et al., 2008). The interaction
between caspase-9 and Apaf-1, mediated by their respective caspase recruitment domains
(CARDs), triggers dimerization and subsequent activation of caspase-9 (Pop et al., 2006;
Riedl and Salvesen, 2007). Activated caspase 9, in turn, activates by cleavage the effector
caspases-3 and -7. These activated caspases cleave a host of cellular proteins, leading to
cell shrinkage, chromatin condensation, and membrane blebbing; characteristic of
apoptotic cell death (Inoue et al., 2009; Li et al., 1997). A more detailed mechanism of
apoptosome formation and function will be discussed in section 1.3.
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Figure 1.6: The Bcl-2 Family Member Proteins

Figure 1.6: A diagrammatic representation of the mammalian B-cell lymphoma 2 (BCL-2) family is
shown. The pro-survival family members [BCL-2, BCL-XL, BCL-W, A1, MCL1 (myeloid-cell leukaemia
sequence 1) and BOO (BCL-2 homologue of ovary)] each have two or four distinct BCL-2-homology (BH)
domains. The pro-apoptotic members of the BCL-2 family can be subdivided into at least two groups: the
BAX /BAK-like proteins [BAX, BOK (BCL-2-related ovarian killer), BCL-XS and BAK]which contain
two or three distinct BH domains; and the BH3-only proteins [BAD (BCL-2-antagonist of cell death), BIK
(BCL-2-interacting killer), BID (BH3-interacting-domain death agonist), HRK (harakiri), BIM (BCL-2interacting mediator of cell death), NOXA, PUMA (p53-upregulated modulator of apoptosis) and BMF
(BCL-2-modifying factor) ]which share with each other and other members of the BCL-2 family only the
short (9–16 amino acid) BH3 domain. Adapted from Strasser, A. (2005), with permission from Nature
Publishing Group.
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1.2.2 Extrinsic Pathway
The extrinsic pathway is triggered from the outside of cells by the association of
an extracellular ligand (e.g., FasL/APO-1/CD95, TNF) with a member of the tumor
necrosis factor (TNF) family of death receptors (e.g., Fas, TNFR) on the plasma
membrane (Ogasawara et al., 1993; Suda et al., 1993;Tartaglia et al., 1993; Trauth et al.,
1989). The ligand-receptor complex (for example, FasL-Fas) then forms a trimeric
cluster, recruiting intracellular adaptor proteins, such as Fas-associated death domain
(FADD), to produce the death-induced signaling complex (DISC). This death signaling
complex, in turn, binds the zymogenic form of initiator caspase, caspase-8, through its
death effector domain (DED). Thus, caspase-8 becomes activated within the DISC via
induced-proximity and/or conformational change (Kischkel et al., 1995).
Once active, caspase-8 can promote apoptosis in two ways, depending on the
engagement of mitochondria (Figure 1.7). In type I cells, extracellular signal-induced
apoptosis is independent of the mitochondria because the large amount of activated
caspase-8 from the DISC can directly cleave and activate the effector caspases, caspase-3
and -7, leading to the cell’s demise. In type II cells, however, DISC formation is
significantly reduced. Therefore, apoptosis needs a mitochondrial signaling cascade for
complete cell execution. In this cell type (type II), death receptor-mediated apoptosis can
be impeded by stalling mitochondrial outer membrane permeabilization. In other words,
the extrinsic pathway requires the engagement of cytochrome c- induced caspase
activation (intrinsic pathway), which is triggered by an apoptotic-promoting member of
14

Figure 1.7: Extrinsic Apoptotic Pathways

Figure 1.7: In type I cells, Fas stimulation leads to activation of caspase-8 (C-8) followed by activation of
the effector caspases-3 and -7 (C-3/7). The intrinsic apoptotic pathway is not involved (dotted lines), and
XIAP-mediated inhibition of caspases-3, -7 must be relieved before apoptosis can proceed. Under the
influence of activated caspase-3, XIAP levels rapidly decrease in response to Fas engagement. In type II
cells, the caspase cascade is amplified by caspase-8-mediated cleavage of BID to give tBID, which
activates the intrinsic pathway. tBID induces the mitochondria to release both cytochrome c (Cyt c) and
SMAC, and levels of XIAP increase in the presence of activated caspase-3. This differential regulation of
the XIAP level represents a key marker discriminating between type I and type II cells. In the diagram, the
thickness of a line indicates the strength of signaling. Adapted from Hao, Z. and Mak, T. (2010), with
permission from Oxford University Press.
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the Bcl-2 family, Bid. Caspase-8 cleaves and activates Bid, which promotes cytochrome
c release from mitochondria and subsequent activation of downstream caspases, leading
to cell death (Li et al., 1998; Luo et al., 1998). Thus, despite the relatively lesser reliance
on mitochondrial signaling in the extrinsic pathway, cytochrome c-mediated caspase
activation is still important for maximal cell death in certain cell types.

1.3 Apopsotome Assembly and Function
1.3.1 Apoptosome Component Proteins
1.3.1.1 Apaf-1
The apoptosome is a multimetric complex assembled on a backbone of Apaf-1
molecules. As the central element of the apoptosome, Apaf-1 is an approximately
130kDa protein consisting of three distinct regions; an N-terminal CARD domain, a
central nucleotide-binding and oligomerization domain (NB-ARC), and a C-terminal
regulatory domain composed of multiple WD40 repeats. Importantly, the central region
shows a significant sequence similarity (48% similarity and 22% identity) to the C.
elegans Ced-4, a protein that is believed to initiate apoptosis in the nematode (Zou et al.,
1997). The identification of Apaf-1 as the first mammalian homologue of Ced-4 was
discovered by Xiaodong Wang and colleagues using a biochemical approach. Currently,
six transcript variants of Apaf-1 have been found in human (Figure 1.8), and five out of
six (the exception being the non-functional variant Apaf-1 ALT in a prostate cancer cell
line, having only N-terminal CARD and a partial middle domain) include these three
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Figure 1.8: Apaf-1 Domain Organization and Isoforms

Figure 1.8: Human Apaf1 can be divided into three functional regions. Top. A CARD domain, a NB-ARC
region and a WD40 region. The NB-ARC region is formed by the NOD region followed by the HD2
domain. The NOD region contains an ATPase region and a WDH domain. The ATPase region contains the
NBD domain and the HD1 domain. The WD40 region is organized into two domains: the first one contains
seven WD40 repeats (separatd by the magenta colored regions), whereas the C-terminal region contains six
WD40 repeats. However, recent structural study revealed that Apaf-1 has fifteen WD40 repeats organized
into seven- and eight-bladed β-propellers (Yuan et al., 2010). Bottom. Six isoforms of Apaf1 are depicted.
Apaf1XL is considered the canonical sequence. In Apaf1L amino acids 99-109 (orange) are missing. In
Apaf1M amino acids 824-866 are missing. In Apaf1S amino acids 99-109 and 824-866 are missing. In
Apaf1XS amino acids E575 changes in ETLGFESKK (in yellow) and 824-866 and 1113-1154 are missing.
In Apaf1-ALT 319-338 change from GSPLVVSLIGALLRDFPNRW to VVERCHWGILTDLLHKWNQS
(colored in cian) and amino acids 339-1248 are missing. Adapted from Ferraro, E. et al., (2010), with
permission from Springer.
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functional domains, implying that their roles are essential (Ferraro et al., 2010; Ogawa et
al., 2003)
The CARD is comprised of a six-membered alpha (α)-helical bundle that was
initially found in some caspases, such as Ced-3, and adaptor proteins (Hofmann et al.,
1997). It is responsible for interaction of Apaf-1 with procaspase-9, and thus is critical for
recruitment and activation of caspase-9 within the apoptosome. The CARD in Apaf-1 is
normally buried and cannot bind caspase-9 until Apaf-1 becomes activated by
cytochrome c and dATP and undergoes a conformational change. The NB-ARC region
can be divided into two regions, a nucleotide oligomerization domain (NOD) and a
second helical domain (HD2). NOD can subsequently be separated into three parts. It
contains a putative ATPase domain (AAA+ superfamily of ATPase) with conserved
Walker’s A (P-loop) and B boxes forming a nucleotide binding domain (NBD), a small
helical domain (HD1), and a winged helix domain (WHD) that is involved in
oligomerization. Exactly which nucleotide is bound to the NBD region in monomeric,
inactive Apaf-1 is controversial. A biochemical study from Xiaodong Wang’s laboratory
has shown that monomeric Apaf-1 exists in the cytosol bound to dATP (Kim et al.,
2005), whereas similar studies using a truncated Apaf-1 protein lacking the C-terminal
domains have noted that the nucleotide bound to Apaf-1 is ADP (Riedl et al., 2005). It is
clear, however, that subsequent nucleotide exchange to dATP following cytochrome c
binding is critical for functional apoptosome formation. dATP hydrolysis and nucleotide
exchange during the apoptosome formation will be discussed in greater detail in section
1.3.2. The WD40 repeats in the C-terminal region consist of about forty amino acid
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sequences ending in Trp-Asp (WD) and are known to be involved in protein-protein
interactions. In Apaf-1, they are thought to be responsible for cytochrome c binding. It
had previously been widely accepted that Apaf-1 has thirteen WD40 repeats arranged as
two asymmetric (seven and six bladed) β-propellers (Yu et al., 2005), but a more recent
study using electron cryo-microscopy (cryo-EM) has revealed that Apaf-1 actually
contains fifteen WD40 motifs organized into seven- and eight-bladed β-propellers (Yuan
et al., 2010).
1.3.1.2 Cytochrome c
Cytochrome c is an approximately 12kDa protein that was initially identified as
an electron carrier protein required for shuttling electrons between complexes III
(cytochrome bc1) and IV (cytochrome c oxidase) of the electron transport chain in
mitochondria (Skulachev, 1998). It is encoded by a nuclear gene, as many mitochondrial
proteins are, that is translated in the cytosol, and then transported into the mitochondria
(Skulachev, 1998; Dumont et al., 1998; Dumont et al., 1991; Mayer et al., 1995). Inside
the mitochondria, it is tethered to the inner membrane through association with a
phospholipid called cardiolipin (Ott et al., 2007). The translated precursor protein
(apocytochrome c) gains its redox activity by incorporation of a prosthetic heme group.
This heme group is covalently attached at two cysteine residues by the enzyme
cytochrome c heme lyase in the mitochondrial intermembrane space. Once the heme
group becomes associated, the precursor becomes functional cytochrome c
(holocytochrome c) (Tong and Margoliash, 1998). Cytochrome c has a compact, globular
structure, with the heme group located centrally and many surface-exposed lysine
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residues. This particular protein structure and the negative charge generated by the lysine
residues is critical for its role in mediating apoptosis (Yu et al., 2001), which will be
described later in section 1.4. Although the heme group is critical for cytochrome c’s
apoptotic role, given the inability of apocytochrome c to activate Apaf-1, it remains
unclear whether its redox capacity is indispensable for the apoptosome assembly (Ow et
al., 2008; Kluck et al., 1997; Brown and Borutaite, 2008). Thus, further studies are
needed to determine the specific mechanistic effect of the heme group on the
apoptosome.
1.3.1.3 Caspase-9
Caspase-9 is the most intensively characterized initiator caspase. This zymogenic
form of caspase-9 (procaspase-9) is a 416 amino acid protein consisting of a long Nterminal CARD prodomain, a large catalytic subunit, a small subunit, and two linker
regions between the domains. Two isoforms generated by alternative splicing have been
identified in humans (caspase-9L and caspase-9S, Figure 1.9: see the details in section
1.4.1.1). While the long isoform of caspase-9 mediates cell death, the short isoform
inhibits apoptosis. Due to the absence of a catalytic subunit, the short form acts as a
dominant-negative inhibitor of the apoptosome by competitively binding the Apaf-1
CARD, thus hindering the recruitment of procaspase-9 (Ferraro et al., 2010). Typically,
caspase activation (executioner caspases) occurs by cleavage at a specific motif between
the large and small subunits. However, caspase-9 does not require processing for its
activation. The non-cleavable mutants of caspase-9 (D315A, D330A, and D315/330A)
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Figure 1.9: Isoforms of Caspase-9

Figure 1.9: Short and long isoforms of caspase-9 are shown. A detailed mechanism of alternative splicing
is described in section 1.4.1.1. ESS, exonic splicing silencer. Adapted from Shankarling, G. and Lynch, K.
(2010), JCI.
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are still able to process caspase-3 when incubated with Apaf-1, cytochrome c and dATP.
In agreement with this in vitro result, a three-dimensional study showed that the active
form of caspase-9 is a dimer in which only one catalytic site is active (Stennicke et al.,
1999). Collectively, caspase-9 needs Apaf-1 to induce the allosteric changes for active
formation. The detailed mechanism of apoptosome assembly and caspase-9 activation
will be described in the next section.

1.3.2 Assembly and Structure of the Apoptosome
Apoptosome formation is triggered by cytochrome c binding to monomeric Apaf1. In the inactive form of Apaf-1, CARD and the WD40 repeats fold over and mask the
NB-ARC region. Cytochrome c binding to Apaf-1 facilitates an important conformational
change that is a prerequisite for assembly of the cell death platform. The WD40 repeats
are thought to bind to cytochrome c, although the exact regions responsible for the Apaf1-cytochrome c interaction remain to be explored. Structural studies on the apoptosome
have revealed that one cytochrome c molecule fits between the two β propellers that are
formed by the WD40 regions of Apaf-1 (Acehan et al., 2002; Yu et al., 2005; Yuan et al.,
2010).
For functional apoptosome formation, cytochrome c binding should be followed
by dATP hydrolysis and nucleotide exchange on Apaf-1. Elegant in vitro reconstitution
assays to characterize the apoptosome formation were conducted by Xiaodong Wang and
colleagues (Liu et al., 1996; Zou et al., 1997; Zou et al., 1999); they noticed a dATP
requirement for caspase activation together with cytochrome c, but a precise role for
dATP has only recently been proposed. This work has shown that monomeric Apaf-1
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contains dATP as a cofactor, which is hydrolyzed to dADP upon cytochrome c binding
(Kim et al., 2005). Subsequent exchange of dADP for a new dATP (given sufficient
cytosolic levels of dATP) must occur for active apoptosome formation; without this step,
the cytochrome c- Apaf-1 complex (Apaf-1 apoptosome) becomes a non-functional
aggregate that cannot activate caspases. Another study using a truncated Apaf-1 protein
lacking the WD40 repeats has demonstrated that Apaf-1 is bound to ADP, rather than
dADP (Riedl et al., 2005), but Apaf-1 remains in its auto-inhibited (closed) conformation.
Based on their study, ADP appears to serve as an organizing center to bring the four
domains (CARD, α/β fold, HD1 and WHD) together, and keeps Apaf-1 in a closed
conformation. The finding that Apaf-1 is in its inactive conformation also with ADP
implies that ATP hydrolysis may be insufficient but that nucleotide exchange is a
necessary step for releasing Apaf-1 from auto-inhibition.
Following these conformational changes and the nucleotide exchange, one Apaf-1
monomer is brought together with six others to form the wheel-like heptameric
foundation of the apoptosome; the exposed CARDs in the center of the structure recruit
procaspase-9, initiating the caspase cascade. In the suggested structure of the mature
apoptosome, the Apaf-1 CARD and NB-ARC domains shape the central part of the
apoptosome (central hub) while the C-terminal WD40 repeats form seven spokes (Figure
1.10). In the earlier structural studies, CARD had been thought to be the main unit in the
apotosome assembly, but a more recent study using cryo-EM at 9.5 Å resolution showed
that the critical parts for hub formation are an NBD-HD1 pair and a WHD in the NBARC region (Yuan et al., 2010). Apaf-1 CARDs are positioned on top of the hub, flexibly
23

Figure 1.10: Assembly of the Human Apoptosome

Figure 1.10: A. Conformational changes are shown that may occur in the transition from a closed to an
open Apaf-1 conformation. The position of the NBD has been fixed during the modeling and the CARDNBD linker is shown as a dashed line in both states. B. A bottom view is shown of the NBD to highlight
changes that occur during nucleotide exchange which include large movements of HD1, the HD1-WHD
linker and WHD. Adapted from Yuan, S. et al., (2010), with permission from ELSEVIER.
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I)

II)

Figure 1.11: The Apoptosome Structure and the Position of CARD in the
Apoptosome
Figure 1.11: (I) The global fit of Apaf-1 and cytochrome c within active and ground state apoptosomes.
Individual domains are shown as ribbons and are colored coded as indicated. (II) Apaf-1 CARDs are
positioned on top of the hub, tethered to the central platform via the linker between CARD and NBD.
Adapted from Yuan, S. et al., (2010), with permission from ELSEVIER.
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linked to the central platform via the linker between CARD and NBD (Figure 1.11).
Together, the interplay of all of these specialized/activated components is required for the
progression of apoptosis, providing ample opportunities for regulation of this
programmed cell death process.

1.3.3 Caspase-9 Activation in the Apoptosome
Although the process of apoptosome formation has been resolved, the exact
mechanism for caspase-9 activation within the apoptosome remains inconclusive. There
are currently two main models for the underlying mechanism, an induced-proximity
model and an induced-conformation model (Figure 1.12). According to the inducedproximity model, initiator caspases (caspase-9) “autoprocess” and become active when
they are in close proximity, which can be achieved by the platform structure (the
apoptosome) (Salvesen and Dixit, 1999). The main problem with this model is that it
cannot fully explain how the initiator caspases are activated at the molecular level,
especially given the fact that initiator caspases do not need cleavage to be active. Thus an
updated model has been proposed, the proximity-driven dimerization model (Boatright et
al., 2003). In this model the activation is driven by “dimer-formation”. This is facilitated
by adaptor protein complexes that increase the local concentrations of initiator caspases.
The apoptosome can recruit multiple procaspase-9s in close proximity. Indeed, a recent
structural study supports this model; as described above; cryo-EM structure suggests that
a disk engendered by Apaf-1 CARD-procaspase-9 CARD interaction on top of the central
hub could enhance the proximity-induced dimerization of procaspase-9 (Yuan et al.,
2010). However, the observation that the engineered homo-dimer caspase-9 exhibits
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Figure 1.12: Caspase-9 Activation Models

Figure 1.12: a. The induced proximity model: the initiator caspases auto-process themselves when brought
into close proximity of each other. The primary supporting evidence was obtained using a fusion protein
between the target caspases and a heterologous dimerization domain, such as tandem FKBPs shown here.
Binding to the dimeric ligand FK1012 brings together the tethered caspases, resulting in their activation. b.
Proximity-driven dimerization model: dimer formation drives the activation of initiator caspases and the
adaptor protein complexes serve to promote dimerization by increasing the local concentrations of initiator
caspases. c. Induced conformation model: the activated conformation of the active site for a given initiator
caspases is attained through direct interaction with the adaptor protein complex or through homooligomerization facilitated by the adaptor protein complex. Adapted from Bao, Q. and Shi, Y. (2007), with
permission from Nature Publishing Group.
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much less catalytic activity than apoptosome-activated caspase-9, as well as the more
recent structural study from Yigong Shi’s laboratory showing that only two procaspase9s are bound to the Apaf-1 apotosome, pose challenges to this model (Renatus et al.,
2001; Qi et al., 2010).
The induced conformation model emphasizes the requirement of conformational
change in the active site of the apoptosome-bound caspase-9. Based on this model,
caspase activation is accomplished via either direct interaction with the platform or
homo-oligomerization facilitated by the adaptor protein complex. This model places
more emphasis on the role of the apoptosome, as compared with the first model. The
model describes three possible mechanisms of caspase activation: i. apoptosomemediated direct modification, ii. stabilization of the active conformation through the
apoptosome, or iii. forced dimerization “within” the apoptosome (Shi, 2002; Shi, 2004).
Neither of these models can fully explain all the phenotypes of the apoptosome and/or
caspase activation. Thus, more research will be required to understand the structure of the
caspase-9 and Apaf-1 apoptosome.

1.4 Modulation of Apoptosome Formation and Function
Formation of the apoptosome is tightly regulated by a number of factors, most of
which function to inhibit or reduce caspase activation (Allan and Clarke, 2009;
Kurokawa and Kornbluth, 2009). Perhaps heat shock proteins (HSPs), a highly conserved
molecular chaperone protein family, may be the most active protein group that can inhibit
apoptosome formation. Both Hsp90 and Hsp27 have been shown to hamper functional
apoptosome formation, but they appear to have different targets. While Hsp27 prevents
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the interaction between cytochrome c and Apaf-1 by directly binding to cytochrome c in
the cytosol (Bruey et al., 2000), Hsp90 binds Apaf-1 and inhibits its oligomerization
(Pandey et al., 2000). Our laboratory has recently elucidated the mechanism underlying
Hsp90-mediated regulation of apoptosome formation. The phosphorylation status of β
isoform of Hsp90 (Hsp90β) is critical for the interaction between Hsp90β and Apaf-1
(only the hypophosphorylated form can strongly bind to Apaf-1). This contributes
significantly toward the reduced caspase activation that is detected in tyrosine kinaseinduced leukemias (Kurokawa et al., 2008). Unlike the two HSPs described above, the
anti-apoptotic role of Hsp70 is somewhat controversial. It had been reported to bind
Apaf-1 through CARD, thereby inhibiting procaspase-9 recruitment into the cytochrome
c-Apaf-1 pro-death platform (Pandey et al., 2000; Beere et al., 2000; Saleh et al., 2000).
However, Xiaodong Wang and colleagues found Hsp70 to be a component of the
nucleotide exchange factor, together with PHAP1 and CAS, thus aiding in maturation of
the apoptosome (Kim et al., 2008). Such contradictory roles for Hsp70 in apoptosis could
be explained in different cellular contexts. Hsp70 seems to block apoptosome formation
at higher concentrations, as it does when it encounters Apaf-1 before cytochrome c.
Together, these Hsp70 data highlight the necessity for more comprehensive studies to
understand the sophisticated control of apoptosis by intracellular factors.
Non-protein factors, such as some cations, can also prevent apoptosome assembly.
Normal intracellular levels of potassium (K+) suppress the formation of the functional
apoptosome by competing for the same binding region on Apaf-1 as cytochrome c (Cain
et al., 2000; Karki et al., 2007). Similarly, calcium ions (Ca2+ ) negatively regulate the
29

assembly of the apoptosome by directly binding Apaf-1 and impeding nucleotide
exchange in Apaf-1 (Bao et al., 2007). Such apoptosome inhibition by cations agrees with
the observations that cytochrome c- Apaf-1 interaction is mediated by electrostatic
forces; surface-exposed lysine residues (positively charged amino acids) on cytochrome c
are critical for Apaf-1 binding (Yu et al., 2001). In terms of electrostatic force on
apoptosome formation, physiological levels of nucleotides (NTPs and dNTPs) directly
interfere with Apaf-1 binding to cytochrome c through electrostatic interaction,
consequently hindering Apaf-1 oligomerization (Chandra et al., 2006). Collectively, these
observations strongly suggest that these intracellular factors act as safeguards against
inappropriate apoptosome formation when a small amount of cytochrome c is
inadvertently leaked from the mitochondria.

1.4.1 Regulation of Apoptosome Core Proteins
1.4.1.1 Transcriptional Regulation
Alterations in the apoptosome formation can be attributed to the changes in gene
expression of the apoptosome core proteins. As mentioned in section 1.3.1.3, caspase-9S
generated by alternative splicing has been shown to inhibit apoptosis (see Figure 1.9).
Interestingly, this event appears to be regulated by ceramides. Ceramides induce the
dephosphorylation of SR proteins, a protein family of RNA that regulates alternative
splicing via PP1 activation, leading to preferential production of caspase-9L (Chalfant et
al., 2002). This finding is in agreement with the pro-apoptotic roles of ceramides
suggested by many studies (Chipuk et al., 2012). Alternative splicing also occurs in Apaf1, and one of the splice variants (Apaf-1 ALT) found in the LNCaP human prostate
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cancer cell line has been proposed to retard apoptosis upon DNA damage (Ogawa et al.,
2003). Given the absence of WD40 repeats in Apaf-1 ALT, the C-terminal region is
apparently imperative for apoptosome function, in addition to its auto-inhibitory role
under non-apoptotic conditions. Apaf-1 activity can be disrupted by another
transcriptionally regulated mechanism. Promoter methylation-induced silencing of the
Apaf-1 gene has been reported in various types of cancers including melanoma, acute
leukemia, chronic myeloid leukemia (CML), and non-small cell lung cancer (NSCLC)
(Baldi et al., 2004; Dai et al., 2004; Fu et al., 2003; Furukawa et al., 2005; Krepela et al.,
2006; Soengas et al., 2001). It should be noted that mutations in Apaf-1 or caspase-9
genes have rarely been found, except for the Apaf-1 frameshift mutation observed in
gastro-intestinal cancer (the mutation rate is only about 13%), suggesting that these
apoptosome components are more likely controlled by either alternative
splicing/silencing or even beyond the transcriptional level, by post-translational
modification (Yamamoto et al., 2000).
1.4.1.2 Post-translational Modification
A number of elegant studies have been published recently examining the
consequences of post-translational modifications in the apoptosome proteins, primarily
focusing on caspase-9. The most intensively-studied post-translational modification is
phosphorylation on caspase-9, which is known to reduce its activation and/or cleavage.
Phosphorylation of threonine 125 (T125), initially identified as an Erk modification,
decreases caspase-9 activation and processing (Allan et al., 2003). More recently, other
kinases, such as the cyclin dependent kinases cdk1, DYRK1A, and p38α have also been
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shown to phosphorylate caspase-9 at this site, reducing its activity and the downstream
activation of caspase-3 (Allan and Clarke, 2007; Laguna et al., 2008; Seifert et al., 2008;
Seifert and Clarke, 2009). The inhibition of caspase-9 activity by T125 phosphorylation
can be relieved by protein phosphatase 1α (PP1α)-mediated dephosphorylation
(Dessauge et al., 2006). In addition to T125 modification, PKCζ phosphorylates caspase9 at threonine 144 (T144) in response to hyperosmotic stress, reducing its activity (Brady
et al., 2005). Three different serine residues (S99, S183, and S195) have been
characterized as PKA phosphorylation sites on caspase-9, but the functional relevance of
these sites in PKA suppression of caspase activity remains unclear: Mutating those
serines failed to render the apoptosome resistant to PKA (Martin et al., 2005). While Akt
and CK2 also have been reported to phosphorylate caspase-9 at serine 196 (S196) and
serine 348 (S348), respectively (Cardone et al., 1998; McDonnell et al., 2008), the overall
relevance of these sites is inconclusive; the residue is only present in the initially chosen
model organism (human and mouse, respectively), and does not appear to be otherwise
conserved. In contrast to serine/ threonine phosphorylation, which serves to protect the
cell from caspase activation, tyrosine phosphorylation on caspase-9 seems to positively
modulate its enzymatic activity. c-Abl tyrosine kinase phosphorylates caspase-9 at
tyrosine 153 (Y153) following DNA damage, enhancing caspase activity (Raina et al.,
2005). Post-translational modifications other than phosphorylation can also affect the
activity of caspase-9. Oxidative modification at cysteine 403(C403) by reactive oxygen
species (ROS) enhances caspase-9 activation by disulfide-mediated caspase-9- Apaf-1
interaction (Zuo et al., 2009)
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Post-translational modifications of cytochrome c have also been investigated,
although there are fewer studies than for caspase-9. Phosphorylation of cytochrome c at
tyrosines 48 and 97 (Y48 and Y97) has been found, but the apoptotic consequences of
these modifications have yet to be elucidated (Lee et al., 2006; Yu et al., 2008).
Interestingly, cytochrome c is regulated by heme nitrosylation during apoptosis
(Schonhoff et al., 2003). Although in vitro experiments imply that this modification
increases cytochrome c-induced caspase activation, further research (e.g., cell
experiments or in vivo studies) will be needed to determine its specific mechanistic effect
on the apoptosome.
With regard to Apaf-1, no specific and functional post-translational modifications
have been reported. Paul Clarke and colleagues reported that PKA can phosphorylate the
truncated GST-tagged Apaf-1 1-543 in vitro, but there was no functional significance
reported for this modification (Martin et al., 2005). Another report demonstrated c-Jun Nterminal kinase (JNK) interaction with Apaf-1, which appeared to impair apoptosome
formation and caspase-9 activation, but there was no evidence that JNK phosphorylated
an apoptosome component (Tran et al., 2007). The research reported here notes the Rsk
phosphorylation of Apaf-1, which we believe to be one of the first reported posttranslational modifications for Apaf-1 (Kim et al., 2012). The apoptotic resistance to
chemotherapeutics in ovarian cancers has been proposed to correlate with defective
activity of Apaf-1 (Wolf et al., 2001). Most ovarian cancer cell lines used in those studies
showed defects in cytochrome c-induced caspase activation, although most ovarian
cancer cell lines, if not all, express comparable levels of Apaf-1 and have no mutation in
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Apaf-1 gene. Apparently, the puzzle has been solved at least partially by the very recent
work from Liu’s laboratory (Tan et al., 2011). They demonstrated that dysfunctional
apoptosome activation in ovarian carcinoma is associated with abnormal Apaf-1 activity,
possibly mediated by acetylation of Apaf-1(an in vitro acetylation result). Although
further experiments will be critical for confirming their finding in more physiological
settings, this study introduces important new insight into the acetylation-mediated control
of Apaf-1 activity and its therapeutic potential for ovarian cancers. The modifications
discussed in this section are summarized in Table 1.1.

1.4.2 Regulation of Apoptosome-associated Proteins
Similarly to regulation of the apoptosome core constituents, apoptosome
regulating factors are also controlled both transcriptionally and post-translationally. Overexpression of proteins regulating apoptosome formation, such as HSPs, has been
suggested to play a role in carcinogenesis. For example, elevated expression of Hsp70 is
associated with poor prognosis in some forms of human cancers (Ciocca et al., 1993a;
Kaur and Ralhan, 1995; Ralhan and Kaur, 1995; Santarosa et al., 1997). Likewise,
expression of other HSPs, including the α and β isoforms of Hsp90, Hsp27 and Hsp60,
has been shown to be upregulated in a number of cancers, including breast tumors, lung
cancer, and hematological malignancies (e.g., leukemias and Hodgkin’s disease) (Hsu
and Hsu, 1998; Jameel et al., 1992; Yufu et al., 1992; Wong and Wispe, 1997). The
enhanced expression of these proteins seem to be related to gene amplification (Hsp90),
hormonal induction (Hsp27), or adenovirus protein E1A-mediated transactivation
(Hsp70), but a more comprehensive analysis will be needed to fully understand the
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Table 1.1: Post-translational Modifications and the Apoptosome.
Substrate

Kinase/Phosphatase Sites

Cytochrome c
Cytochrome c
Cytochrome c
Full length
Apaf‐1
Full length
Apaf‐1

ND
ND
n/a; nitrosylation
Rsk

Y48
Y97
ND
S268/S357

Effect
(+/‐)
ND
ND
+
‐

PP1

ND‐Rsk sites

‐?

Full length
Apaf‐1

Calcineurin

ND‐Rsk sites

Caspase‐9
Caspase‐9

Erk1/2
CDK1

T125
T125

Caspase‐9
Caspase‐9

DYRK1A
p38α

T125
T125

Caspase‐9
Caspase‐9
Caspase‐9
Caspase‐9

PP1α
PKCζ
c‐Abl
PKA

Caspase‐9

Akt

Caspase‐9

CK2

T125
S144
Y153
S99, S183,
S195
S196
(human)
S348
(mouse)

Reference
(Yu et al., 2008)
(Lee et al., 2006)
(Schonhoff et al., 2003)
(Kim et al., 2012)

(Chapter 3,
Kim‐dissertation,
unpublished data)
‐?
(Chapter 3,
Kim‐dissertaion,
unpublished data)
‐
(Allan et al., 2003)
‐
(Allan and Clarke,
2007)
‐
(Seifert et al., 2008)
‐
(Seifert and Clarke,
2009)
‐
(Dessauge et al., 2006)
‐
(Brady et al., 2005)
+
(Raina et al., 2005)
Unclear (Martin et al., 2005)
‐

(Cardone et al., 1998)

‐

(McDonnell et al.,
2008)

The effect of phosphorylation at specific residues is listed as activating (+) or inactivating (-). ND= not
determined.
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mechanism(s) (Gabai et al., 1997; Hollstein et al., 1991; Oesterreich et al., 1997). The
linkage between increased levels of HSPs and poor prognosis and/or metastasis will
require further investigation, although a plausible explanation is that overexpression of
HSPs may modify the activities of key regulatory proteins. Hsp90 interacts with
oncogenic tyrosine kinases like Bcr-Abl and pp60-v-src to stabilize them; Hsp70 forms
complexes with proteins (e.g. c-myc, adenovirus E1A protein, and p53), altering their
protein conformation or association with other binding proteins (Ziemiecki et al., 1986;
Xu et al., 1993; Xu et al., 1999; Whitesell et al., 1992; Pinhasi-Kimhi et al., 1986; Sawai
et al., 1989; Koskinen et al., 1991). Besides the changes in protein levels, cell signaling
events also regulate the post-translational modification patterns of some Hsp family
members. For instance, the phosphorylation pattern of Hsp27 is distinct and characteristic
in tumors, representing a potentially useful tumor marker (Ciocca et al., 1993b). The
activity of Hsp90 is regulated by both phosphorylation and acetylation. Hsp90β activity is
controlled by phosphorylation through leukemogenic tyrosine kinase signaling, as
mentioned above. In addition, hyperacetylation of Hsp90 can also play a role by
reducing its chaperone activity (Scroggins et al., 2007).
Expression of PHAPI, a key component of the nucleotide exchange factor
required for Apaf-1 activation, appears to be differentially regulated, depending on the
cancer type. While the loss of normal PHAPI expression has been observed in prostate
cancer, when compared with normal primary cells, malignant mammary epithelial cells
have been reported to have higher PHAPI expression levels (Bai et al., 2001; Schafer et
al., 2006b). Such increased protein levels correlate with hypersensitivity to cytochrome c
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and caspase activation. This raises the intriguing possibility that breast cancer cells could
be selectively killed by the introduction of cytosolic cytochrome c, or a chemotherapeutic
mimicking its action.

1.5 Apoptotic Suppression in Human Malignancies
Tissue malignancies result from a disruption in the balance between cell
proliferation and cell death. The loss of pro-apoptotic signals upon appropriate apoptotic
cues can lead to aberrant cell growth, whereas the overexpression of anti-apoptotic
components can prevent cell death when pro-death signaling would normally transduce
the apoptotic cascade. During recent decades it has been shown that defects in the
intrinsic apoptotic pathway are heavily involved in the pathogenesis of numerous human
cancers. Furthermore, these alterations arise at multiple steps along the intrinsic pathway.
This section will focus on post-translational modification (phosphorylation and
acetylation)-mediated apoptotic suppression in human neoplasm.

1.5.1 Survival Kinase Signaling
Serine/threonine kinase Akt/PKB negatively regulates apoptotic processes by
either directly phosphorylating pro-apoptotic proteins (e.g. some BH3-only proteins), or
by modulating the transcription of these genes. Given its anti-apoptotic features, it is not
surprising that Akt levels are elevated in many cancer types, including breast, ovarian,
pancreatic, prostate and thyroid carcinomas (Cheng et al., 1992; Cheng et al., 1996;
Ringel et al., 2001; Sun et al., 2001). For instance, Akt phosphorylates the BH3-only
protein Bad on serine 136 (S136), generating the docking site for 14-3-3 proteins, thus
triggering release of Bad from its target proteins (Datta et al., 1997; delPeso et al., 1997;
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Datta et al., 2000). Akt also can inhibit the expression of BH3-only proteins through
effects on transcription factors such as FOXO and p53. An important pro-apoptotic, BH3only protein target of FOXO is Bim. Additionally, FOXO factors can induce the
expression of FasL. This pro-apoptotic cytokine activates the extrinsic pathway by
engaging the cell surface receptor, Fas, when FOXOs are unphosphorylated and active.
However, when Akt phosphorylates FOXO1, FOXO3a and FOXO4 in the nucleus (T24,
S256, and S319 for FOXO1 and three equivalent sites for FOXO3a and FOXO4), two of
the phosphorylated residues on FOXO proteins (T24 and S256) provide a 14-3-3 binding
site, thus displacing FOXOs from target genes and triggering their export from the
nucleus (Figure 1.13). Consequently, Akt inhibits FOXO-mediated transcription of target
genes that would normally promote apoptosis, cell cycle arrest and metabolic processes
(Ouyang et al., 2011). As mentioned in the previous section, Akt has been reported to
directly phosphorylate human caspase-9 and decrease its enzymatic activity, but this
phosphorylation site is not conserved in all mammals and appears to be primate-specific
(Cardone et al., 1998). Therefore, further studies are needed to determine the
physiological relevance of Akt-mediated inhibition of caspase-9 activity. Furthermore,
Akt can hamper apoptotic signaling through crosstalk with other pathways. It directly
phosphorylates serine 83 (S83) on the apoptosis signal-regulated kinase 1
(ASK1/MAPKKK5), an upstream activating kinase in the stressed-activated MAPKs,
p38, and JNK pathways (Kim et al., 2001). Hence, aberrant activation of Akt survival
signaling, that would otherwise be counterbalanced by apoptotic signaling through such
crosstalk, can contribute to the aetiology of cancer.
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Figure 1.13: Regulation of FOXO Proteins by Phosphorylation and 14-3-3
Binding
Figure 1.13: Foxo protein phosphorylation at three conserved residues by growth factor-activated Akt
through PI3K–PDK1 and mTORC2 kinases (not described in this dissertation) promotes the release of
Foxo proteins from DNA, and their subsequent cytoplasmic translocation in a complex with 14-3-3
proteins. By contrast, phosphorylation by stress-activated JNK or Mst1 kinases promotes nuclear
translocation of FOXOs and activation even in the presence of Akt-dependent phosphorylation (not
discussed in thie dissertation). Adapted from Ouyang, W., and Li, M.O. (2011), with permission from
ELSEVIER.
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Another family of serine/threonine kinases, the extracellular signal-related kinases
(Erk1/2, referred to as Erk), is the best understood of the mammalian mitogen-activated
protein kinase (MAPK) pathways. In contrast to the other two MAPK routes (p38 and
JNK) which can either promote or inhibit apoptosis depending on the stimulus, cell type,
and/or tumor stage, Erk more consistently functions to inhibit cell death and stimulate
proliferation (Das et al., 2007; Wagner and Nebreda, 2009). The ERK pathway is
activated via a signaling cascade (that is, sequential phosphorylation) from the upstream
activator Ras and MAPKKK Raf to MEK1/2 (MAPKK), then to the MAPK Erk. This
Ras-Raf-MEK-ERK pathway is dysregulated in about one-third of all human cancers,
most frequently due to mutations in these upstream signaling effectors (Dhillon et al.,
2007). Erk enhances cell survival in both direct and indirect ways. It has been shown to
phosphorylate Bim at three sites (S55, S65, and S100), reducing its interaction with Bax
(Harada et al., 2004) and thus inhibiting pore formation on the mitochondrial outer
membrane. In addition, Erk restricts apoptosis downstream of the mitochondrial apoptotic
pathway by inhibiting caspase activation through direct phosphorylation of caspase-9, as
was previous discussed in section 1.4.1.2. Erk can also drive cell proliferation by
activating (phosphorylating) the downstream effector kinases. Under certain
circumstances, Erk activates the p90 kDa ribosomal S6 kinase (Rsk) through
phosphorylation. Like Erk, Rsk has direct substrates that are involved in the regulation of
cell survival; Rsk1 can phosphorylate Bad at serine 112 (S112), inhibiting Bad-mediated
apoptosis upstream of mitochondria, while Rsk1 and Rsk2 have both been shown to
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suppress the pro-apoptotic activity of DAPK through phosphorylation at serine 289
(S289) (Anjum et al., 2005; Shimamura et al., 2000).

1.5.2 14-3-3 Proteins
As was briefly mentioned in the previous section, the 14-3-3 proteins serve to
modulate cellular processes influencing apoptosis, in most cases by binding to protein
ligands that are phosphorylated on a serine/threonine in a defined motif (RSXpSXP or
RXY/FXpSXP). 14-3-3 proteins consist of acidic polypeptides of 28-33 kDa, and are
highly conserved. So far, at least two different 14-3-3 genes have been identified in all
the eukaryotes examined. In humans, seven genes have been shown to encode different
14-3-3 isoforms (β, γ, ε, η, σ, τ, and ζ) (Hermeking et al., 2003). Out of the seven human
14-3-3 isoforms, only 14-3-3σ has been clearly linked to cancer as a tumor suppressor:
However, circumstantial evidence has implicated the remaining six isoforms as potential
proto-oncogenes. 14-3-3 proteins form dimers that provide two docking sites for
phospho-serine motifs in protein ligands, therefore functioning as adaptor proteins by
bringing two proteins into close-proximity. Structural studies using a 14-3-3 dimer bound
to serotonin N-acetyltransferase (SNAT) have revealed that this dimer binding causes a
significant conformational change in the ligand proteins, although the 14-3-3 dimer itself
displays few changes (Obsil et al., 2001). Additionally, 14-3-3 binding to the ligands
impedes the access of other proteins by steric hindrance (Tzivion and Avruch, 2002;
Yaffe et al., 2002), resulting in a variety of functional consequences, including
cytoplasmic sequestration, alteration of enzymatic activity, or modification of the bound
proteins.
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In terms of 14-3-3-mediated apoptotic suppression, the best-characterized cellular
ligand is Bad (Figure 1.14, Datta et al., 2000; Gross et al., 1999; Zha et al., 1996). 14-3-3
proteins associate with Bad following Akt-phosphorylation of Bad at S136. This binding
is reinforced by additional phosphorylation on Bad (S112) mediated by Rsk. 14-3-3
binding is thought to induce a conformational change in Bad that allows access of PKA
to serine 155 (S155). S155 is located in the BH3 domain of Bad, which is responsible for
Bcl-2 binding, and its phosphorylation plays a critical role in Bad inactivation by
disrupting the interaction between Bad and anti-apoptotic Bcl-2 family proteins (Bcl-2
and Bcl- XL). Farther downstream in the apoptotic pathway, we recently discovered that
14-3-3 proteins regulate apoptosome formation by inhibiting the access of cytochrome c
to Apaf-1 in situations in which activated Rsk phosphorylates Apaf-1 (This novel finding
will be discussed below in Chapter 3). 14-3-3 proteins also inhibit apoptosis, albeit
unconventionally by interacting with another pro-apoptotic protein, Bax, independent of
serine/threonine phosphorylation. This direct association prevents Bax from the
mitochondrial translocation. Collectively, in most cases if not all, the anti-apoptotic roles
of 14-3-3 proteins mediate the survival signaling cascade by inhibiting appropriate cell
death mediators.
Regarding cancer development, 14-3-3σ is the only isoform that has yet been
directly implicated in human malignancies. As mentioned above, it has tumor suppressive
activity, which contrasts with the anti-apoptotic functions demonstrated by the rest of the
family members. Downregulation of 14-3-3σ expression has been observed in numerous
cancer types, including breast, lung, and ductal carcinomas. Studies have demonstrated
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Figure 1.14: Bad Inhibition by Phosphorylation and 14-3-3 Binding

Figure 1.14: Activation of the AKT protein kinase by survival signals leads to phosphorylation of BAD,
which allows its association with 14-3-3 proteins. On 14-3-3 binding, Ser155 becomes accessible for
phosphorylation by protein kinase A (PKA). This residue is located within the BH3 domain of BAD, which
mediates BCL2 binding, and its phosphorylation leads to the release of BCL2. Adapted from Hermeking,
H. (2003), with permission from Nature Publishing Group.

43

that such reduction results from aberrant methylation in the promoter region of the gene
(Ferguson et al., 2000; Gasco et al., 2002; Osada et al., 2002). Notably, this appears to be
an early event during carcinogenesis. 14-3-3σ was methylated in epithelial cells from
breast cancer patients in tissues that were histologically non-cancerous yet adjacent to
tumors, whereas the promoter was found to be completely methylation-free in non-breast
cancer patients. Along with methylation of other tumor suppressor genes (e.g., the CDK
inhibitor INK4A), the frequent promoter methylation of 14-3-3σ could be used as a
biomarker, for early tumorigenesis, although further analysis will be required to confirm
its pathophysiological meaning.
The molecular mechanism by which 14-3-3σ can act as a tumor suppressor may
involve the tumor suppressor p53. The 14-3-3σ gene was found to be elevated in a serial
analysis of gene expression screen (SAGE screen) for genes that are differentially
regulated during G2/M DNA damage checkpoint in colorectal cancer cells (Hermeking et
al., 1997). This induction of 14-3-3σ upon DNA damage is reliant on p53. 14-3-3 σ has a
functional p53 binding site upstream of its transcription start site, and indeed, Hermeking
et al. have confirmed that 14-3-3σ is induced by ectopic expression of p53. Recently, the
BRCA1 tumor suppressor has also been implicated in the induction of 14-3-3σ in
response to DNA damage. Apparently, BRCA1 and p53 work together to activate 14-33σ expression (Chan et al., 1999; Hermeking et al., 1997; Yarden et al., 2002). A defect
in the G2/M checkpoint by disruption of 14-3-3σ and restoration of G2/M arrest by
ectopic expression of 14-3-3σ, both indicate that 14-3-3σ is an important mediator of
tumor suppressive activity. Given the relationship between 14-3-3 proteins and
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tumorigenesis, the possibility of exploiting 14-3-3 for cancer diagnosis and treatment
becomes more promising.

1.5.3 Histone Acetyltransferases (HATs) and Deacetylases (HDACs)
Histone acetyl transferases (HATs) and deacetylases (HDACs) are a class of
enzymes that add (HATs) and remove (HDACs) acetyl groups from an ε-N-acetyl lysine
residue on a histone. The chromatin changes mediated by acetylation-deacetylation of
histones serve to tune transcription as well as other nuclear events (e.g., DNA-protein
interactions, protein-protein interactions, protein stability, enzymatic activity, and subnuclear localization). However, intensive studies that have been conducted over the past
several years have revealed that HDACs can also modify non-histone proteins (both
cytoplasmic and nuclear). Thanks to a recent large-scale acetylome study, a more
comprehensive list of (de)acetylation target proteins is now available for public access
(Chaundhary et al., 2010). Currently, four HDAC classes have been identified and are
structurally related, except class III HDAC (the sirtuin family) that requires nicotinamide
adenine dinucleotide (NAD) as a co-factor. A schematic representation of HDACs is
shown in Figure 1.15 (Minucci and Pelicci, 2006). For HATs, three major groups have
been identified so far; GNATS [GCN5 (general control non-derepressible 5)-related Nacetyltransferases], p300/CBP [an E1A-associated protein of 300 kDa (p300)/CREB
(cAMP-responsive element binding protein)-binding protein (CBP)], and MYST proteins
(Allis et al., 2007; Lee and Workman, 2007). While the GNAT and MYST families are
evolutionarily conserved from yeast to humans, the p300/CBP group is unique to
metazoans (Roth et al., 2001). HATs and HDACs have been suggested to work as multi45
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Figure 1.15: HDAC and HAT Family Proteins
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Figure 1.15: HDAC and HAT Family Proteins. (I) The classical HDACs are categorized into class 1
(HDAC1, 2, 3 and 8), class IIa (HDAC4, 5, 7 and 9), class IIb (HDAC6 and 10) and class IV (HDAC11:
not discussed in this dissertation) on the basis of their homology to yeast proteins. The deacetylase catalytic
domain (pink), nuclear localization signal (purple), myocyte enhancer factor 2 binding domain (light blue),
serine binding motif (orange). SE14=serine–glutamate tetradecapeptide, ZnF=zinc finger protein binding
domain and leucine rich domain are depicted. Subcellular localization is shown. Adapted from Karagiannis,
T.C., Maulik, N. (2012), Mary Ann Liebert, Inc. (II) HAT can be divided into three major groups based on
their conserved structural motifs. A table was modified from Marks et al., (2001), Nature Publishing
Group.
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subunit protein complexes wherein non-catalytic subunits tend to regulate the specific
activity and substrate specificity of the catalytic subunits (Sun et al., 2012).
Like phosphorylation, acetylation of a protein can have many different effects. It
can impact protein stability, because both ubiquitylation and acetylation occur on lysine
residues. Thus the two modifications may compete; HDACs can reduce the half-life of
the target proteins while HATs can increase protein stability (Giandomenico et al., 2003;
Grönroos et al., 2002; Jin et al., 2004). Acetylation also affects protein-protein
interaction. For example, the cytosolic association of the DNA damage-response protein
Ku70/XRCC6 with Bax is a process related to apoptosis (Cohen et al., 2004).
Deacetylated Ku70 holds Bax, inhibiting its mitochondrial translocation. Upon cellular
stresses, however, this damage-response protein becomes acetylated, resulting in Bax
releasing from Ku70 and translocating to the mitochondria, where Bax causes MOMP, as
described in section 1.2. Additionally, acetylation can serve to regulate the activity of the
target protein. HDAC6 has been shown to deacetylate Hsp90, enhancing its chaperone
activity (Kovacs et al., 2005; Scroggins et al., 2007). Our laboratory has also recently
discovered that acetylation inhibits the activity of protein phosphatase-5 in leukemic
cells, which will be described below (see Chapter 4).
1.5.3.1 HDACs in Cancer
Disruption of the balance between HAT and HDAC activity can be associated
with cancer development. Alterations of HAT genes, such as reciprocal chromosomal
translocation, gene amplification, and mutation, have been observed in various cancers.
Two related HATs, p300 and CBP, have been shown to be altered in several epithelial
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cancers (e.g., gastric and colorectal tumors) by missense mutations and mutations that
create truncated proteins (Gayther et al., 2000; Bryan et al., 2002). The gene products of
such mutations are enzymatically inactive. Because the active form is essential for
programmed cell death, cancer risk is increased in individuals who have these alterations.
In addition, loss of heterozygosity (LOH) of p300 and CBP has been found in 80% of
glioblastomas and in some hepatocellular carcinomas (Giles et al., 1998). Hematological
malignancies seem to be more closely related to chromosomal translocation of HATs,
rather than mutations, which are frequently associated with solid tumors. Both CBP and
p300 have been reported to be fused to monocytic leukemia zinc finger protein (MOZ) in
subtypes of leukemia and in myelodysplastic syndromes (MDS), a disease prone to
developing into acute myeloid leukemia (AML) (Kitabayashi et al., 2001; Terui et al.,
2008). Collectively, these studies suggest that the inactivation of HATs plays a negative
regulatory role in apoptosis, leading to oncogenesis.
HDACs are also involved in human malignancies. However, as opposed to HATs,
HDACs tend to positively regulate cancer development by associating with other
transcription repressors repressors. This is especially true for hematologic neoplasms. For
instance, the oncoprotein PML-RARα, a fusion gene product created by chromosomal
translocation in acute promyelocytic leukemia (APL), suppresses transcription by
associating with a co-repressor complex that has HDAC activity (Lin and Evans, 2000;
Minucci et al., 2000). Non-Hodgkin’s lymphoma displays abnormally high expression
levels of the transcriptional repressor LAZ3/BCL6 (lymphoma-associated zinc finger-3/
B cell lymphoma 6), leading to aberrant transcriptional repression through recruitment of
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HDACs, and resulting in lymphoid oncogenic transformation (Migliazza et al., 1995; Ye
et al., 1995). Similarly, AML-M2 (a subtype of AML) expresses an AML-ETO1 fusion
protein by t(8;21) chromosomal translocation (He et al., 2008). This potent dominant
transcriptional repressor blocks expression of numerous genes through its recruitment of
HDAC activity. In these examples, transcriptional repression seems to be mediated by the
recruitment of HDACs and provides a mechanistic rationale for the treatment of these
leukemias with HDAC inhibitors.

1.6 Leukemia
Leukemia is a type of cancer of the blood or bone marrow. The term “leukemia”
covers a broad spectrum of diseases; hematological malignancies that affect the blood,
bone marrow, and even the lymphoid system are often considered leukemia. It is
characterized by the widespread uncontrolled proliferation of abnormal white blood cells
called “blasts”, which usurp the bone marrow and quickly spread to the bloodstream.
Other organs, including lymph nodes and spleen, also may be affected. Leukemia is
diagnosed ten times more often in adults than in children, although it can affect any age,
any race, and any gender. In 2000, around 256,000 children and adults worldwide
developed some type of leukemia, and 209,000 succumbed to it (Mathers et al., 2001),
and in 2012 in the U.S., leukemia is predicted to pose over 47,000 new cases and 23,000
deaths (NCI statistics, 2012: http://www.cancer.gov/cancertopics/types/leukemia).
Clinically and pathologically, leukemia can be stratified into several subgroups. First, it
can be subdivided into ‘acute’ and ‘chronic’ forms, depending on how fast the immature
blood cells can crowd. These groups can be further classified depending on the cell types
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affected, e.g. ‘lymphoblastic’ or ‘myeloid’ leukemias. While the root cause of most
leukemia cases is unknown, somatic mutations (e.g., chromosomal translocations leading
to constitutive activation of tyrosine kinases) often drive tumorigenesis, which will be
discussed as below.

1.6.1 Aetiology of Leukemia and Leukemogenic Tyrosine Kinases
As for the etiology of leukemia, no single known factor for the various types of
leukemia exists, there are genes known to be frequently mutated in leukemias. The
frequent t(8;21) translocation occurs in approximately 15% of adult AML patients, which
produces a chimeric protein, AML1-ETO, in which the C-terminus of AML1 is replaced
by an unrelated ETO (MTG8) protein (Erickson et al., 1992; Miyoshi et al., 1993; Le et
al., 1998). The normal AML1 protein consists of an N-terminus containing a runt
homology DNA-binding domain (Daga et al., 1992) and a multifunctional C-terminus
that supports transactivation, repression, and intranuclear targeting (Chen et al., 1998; Lu
et al., 1995; Zeng et al., 1997). The fusion protein, however, lacks the AML1
multifunctional C-terminal region, including its nuclear importing signal. As a
consequence, the AML1-ETO fusion protein acts as a dominant-negative factor; AML1ETO blocks myeloid differentiation (Kitayabashi et al., 1998; Westendorf et al., 1998),
and may also prevent apoptosis by activating the Bcl-2 promoter (Klampfer et al., 1996)
and causes cellular transformation of NIH 3T3 cells (Frank et al., 1999).
The reciprocal chromosomal translocations that have been directly implicated in
leukemogenesis seem to occur more often within genes encoding tyrosine kinases.
Translocation t(9;22) creates the Philadelphia chromosome, a BCR-ABL fusion gene
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created by juxtaposing the ABL1 tyrosine kinase gene (on chromosome 9) to a part of the
"breakpoint cluster region"(BCR) gene (on chromosome 22) (Kurzrock et al., 2003;
Melo, 1996). Importantly, this Philadelphia chromosome (and the gene product) is
observed in 95% of chronic myeloid leukemia (CML) and 10-25% of AML. The
molecular weight of the fusion protein can range from 185 to 210 kDa, depending on the
breakpoint of BCR (Advani and Pendergast, 2002). So far, three clinically important
variants have been identified, the p190, p210 and p230 isoforms. p190 is generally
associated with acute lymphoblastic leukemia (ALL), while p210 is generally associated
with CML as well as about 30% of Bcr-Abl positive ALL cases (Pakakasama et al.,
2008). p230 is associated with a very rare Bcr-Abl positive, chronic neutrophilic
leukemia (Pakakasama et al., 2008). Another translocation can be present in the plateletderived growth factor receptor (PDGFR) gene. t(5;12) generates a Tel-PDGFRβ fusion
transcript in which the tyrosine kinase domain of the PDGFRβ on chromosome 5 is
conjugated to a novel ets-like gene, tel, on chromosome 12. This fusion gene is found in
AML, some forms of CML, and chronic myelomonocytic leukemia (CMML) (Sawyers
1999; Golub et al., 1994). More importantly, patients diagnosed with t(5;12)-positive
CMML frequently progress to AML with the t(8;21) that generates AML-ETO (Golub et
al., 1994; McNeil et al., 1999), implying that expression of Tel-PDGFRβ may represent
an early event in the pathogenesis of AML, and the two fusion protein AML-ETO and
Tel-PDGFRβ may cooperatively induce AML. Mutations in the PDGFR family receptor
tyrosine kinase FLT-3 have also been found in AML (about 30%) and MDS. However,
the mutations in this kinase are different from the other two kinases described above.
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These include an activating length mutation, such as internal tandem duplication of the
juxtamembrane domain (ITD mutation), and a point mutation that occurs in aspartate
835(D835Y) within the kinase domain. The ITD mutation is more frequently observed
(25% in AML) than the D835Y mutation (7% in AML) (Choudhary et al., 2005).
The consequence of these mutations in tyrosine kinases is to produce
constitutively active and leukemogenic kinases. Importantly, these oncogenic tyrosine
kinases increase cellular proliferation and inhibit apoptosis via a common mechanism.
Leukemogenic tyrosine kinases inhibit mitochondrial cytochrome c release by promoting
the inhibitory phosphorylation of Bad through Akt signaling, as was described in section
1.5. Additionally, they augment expression of anti-apoptotic Bcl-2 family members
through the transcription factor STAT5 (Amarante-Mendes et al., 1998; Horita et al.,
2000; Sanchez-Garcia et al., 1995; Shuai et al., 1996). The leukemogenic tyrosine kinases
phosphorylate STAT5, inducing its dimerization, which would otherwise occur only upon
activation of JAK tyrosine kinase. Activated STAT5 dimers translocate into the nucleus
and transactivate the target genes, including proto-oncogene c-myc as well as antiapoptotic genes. Our laboratory recently identified an underlying mechanism that
contributes to apoptotic resistance in tyrosine kinase-induced leukemias. As discussed in
previous sections, Hsp90β loses phosphorylation on S226 and S255 in leukemic settings,
which promotes binding to Apaf-1, leading to cytochrome c resistance (Kurokawa et al.,
2008). Furthermore, manipulation of Hsp90β’s phosphorylation status (nonphosphorylatable mutant S226/255A) showed stronger resistance to cytochrome c-
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induced caspase activation, providing insight into ways of circumventing apoptotic cell
death under conditions where oncogenic signaling is hyper-active.

1.6.2 Treatment for Leukemias
1.6.2.1 Standard Treatment
While leukemogenic tyrosin kinases are found in many forms of leukemia and
inhibit apoptosis via a common mechanism, multiple molecular aberrations can result in
leukemia. For this reason, no single effective treatment for all the various types of
leukemias exists. However, there are some common strategies for treatment. For several
forms of leukemia, such as ALL, AML and MDS, general treatment is divided into
several phases: induction chemotherapy, consolidation therapy, CNS prophylaxis,
maintenance treatment, and allogeneic bone marrow transplantation (Hoffbrand et al.,
2006). While allogeneic bone marrow transplantation is suitable for high-risk or relapsed
patients, as a starting point, induction chemotherapy generally is considered “standard” to
achieve bone marrow remission. It is basically a combination treatment of drugs, which
includes prednisone, vincristine and anthracycline (ALL), or cytarabine and anthracycline
(AML). The purpose of consolidation therapy is to eradicate any remaining leukemic
cells; if no further therapy were given following induction chemotherapy, almost all
patients would eventually relapse. Although this treatment, as with induction therapy, is
commonly a (high-dose) multidrug treatment that contains antimetabolite drugs, bone
marrow transplantation is also recommended in individuals having a high risk of relapse.
Most CML patients, as opposed to patients with other types of leukemia, are not
eligible for allogeneic transplantation, thus alternative therapies should be given to those
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individuals. Historically, despite limited therapeutic choices, treatment of CML has been
relatively effective compared with other types of leukemia, because CML cells are
sensitive to several oral chemotherapeutic drugs. Based on research from 1983 to 1991,
approximately 90% of patients treated with conventional chemotherapies for CML
(hydroxyurea or busulfan) have hematological remissions (Hehlmann et al., 1994). Due
to the severe toxicity of these drugs, they were subsequently replaced with interferonalpha (INF-α), either alone or in combination with cytarabine (Goldman and Druker,
2001). However, IFN-α also is associated with a wide range of side effects, including flulike symptoms, lethargy, depression, and weight loss (Baccarani et al., 2002). For this
reason, extensive research has been conducted to develop more successful treatments
(with less toxicity and a better remission rate), and today most hematologists would
regard tyrosine kinase inhibitors (e.g., imatinib mesylate) as the standard treatment for
CML.
1.6.2.2 Treatment for Tyrosine Kinase-mediated Leukemias
As mentioned in the previous section, the vast majority of CMLs as well as a
perceptible portion of other types of leukemias (e.g., AML, CMML, and preleukemic
disease MDS), expresses oncogenic tyrosine kinases. Therefore, these leukemogenic
tyrosine kinases are suitable drug targets. Extensive research on these oncogenic proteins
(starting with Bcr-Abl), resulted in the development of imatinib (STI-571, market name:
Gleevec®), which is currently the frontline treatment in CML. It is remarkably specific to
Bcr-Abl, though it can also target PDGFR and Kit albeit weak (Apperley et al., 2002).
Imatinib works by binding close to the ATP binding site of the Bcr-Abl kinase domain,
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locking it in a closed or auto-inhibited conformation. This impedes the enzyme activity of
Bcr-Abl and subsequently shuts down all downstream signaling cascades. Because this
activity requires binding to ATP pocket, many Bcr-Abl mutations, including a mutation
in the“gatekeeper” threonine residue (T315I), can cause resistance to imatinib by
stabilizing its active conformation. Another potential problem with imatinib treatment is
poor response or intolerance to the drug. In a recent report with 216 patients by Hamdan
et al. (Hamdan et al., 2007), about 29% of patients with chronic phase CML do not
achieve a complete cytogenetic response (CCyR) at the standard dose, and 26% of these
were discontinued due to imatinib intolerance. To improve the efficacy for patients
having these problems with imatinib (resistance or intolerance), second generationtyrosine kinase inhibitors were developed. Among them, nilotinib and dasatinib, have
shown excellent efficacy in all clinically relevant imatinib-resistant CMLs (Hantschel et
al., 2008). Moreover, the new inhibitors may be used in a variety of tyrosine kinaseinduced leukemias since they can inhibit a wider array of kinases. But again, these drugs
are unable to cure those patients with a gatekeeper mutation (T315I), highlighting the
need for more effective therapeutic regimens for patients having the least treatable mutant
kinase. The next generation of tyrosine kinase inhibitors is currently under development,
and of these, an Aurora kinase inhibitor MK-0457 (VX-68) has demonstrated efficacy in
patients with a T315I mutation (Ramirez and DiPersio, 2008).
In addition to the tyrosine kinase inhibitors, HDAC inhibitors (HDACI) have been
demonstrated to have antileukemic activity. HDACIs induce growth arrest,
differentiation, and apoptosis both in vitro and in vivo, and cancer cells (both solid and
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leukemic) are almost always more sensitive to these drugs than normal cells are
(Johnstone, 2002). By modulating the acetylation status of Ku proteins (discussed in
section 1.5.3.1), HDACIs inhibit DNA repair responses, increasing the chance of DNA
damage in cancerous cells by chemotherapy or radiation-therapy. Additionally, HDACIs
lead to G1-S cell cycle arrest by activating the targets of tumor suppressor retinoblastoma
(RB) (Siddiqui et al., 2003). Regarding HDACI-induced apoptosis, the production of
reactive oxygen species (ROS) appears to play an important role. Normal, but not
cancerous cells have been shown to cumulate a ROS scavenger protein, thioredoxin
(TXN), following HDACI treatment (Ungerstedt et al., 2005). As a result, only tumor
cells undergo apoptosis since they are unable to neutralize the accumulated ROS.
Apparently, HDACIs can also selectively kill the tumor cells (leukemic cells) through the
extrinsic apoptotic pathway. HDACIs result in promoter hyperacetylation of some death
ligands, such as the TNF-related apoptosis-inducing ligand (TRAIL) and FasL, and their
receptors (death receptor 5 (DR5) and Fas), thus activating gene expression (Insinga et
al., 2005; Nebbioso et al., 2005). Additional studies using RNAi have revealed that these
genes are exclusively required for apoptosis induction in leukemic cells. Given that the
effects of HDACIs are tumor-specific but not necessarily reliant on tyrosine-kinase
signaling, these preclinical studies imply a potential efficacy of HDACI therapy in those
patients with the kinase inhibitor resistance mutations. In a cell culture system, HDACI in
combination with either imatinib or Hsp90 inhibitors (e.g., geldanamycin and its
derivatives) have shown enhanced antileukemic activity (Gorre et al., 2002;
Nimmanapalli et al., 2003). Results reported here provide additional evidence of a
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molecular mechanism for HDAC involvement in the suppression of apoptosis in
leukemia, and suggest that HDACI can accelerate cell death.

1.7 Studying Apoptosis Using Xenopus laevis Egg Extract System
Egg extract from the African clawed frog Xenopus laevis provides a useful tool
for studying complex cellular processes in vitro. This extract contains the full
complement of factors involved in cellular signaling pathways. It is easily amenable to
biochemical manipulations as well as the in vitro reconstitution of many cellular events.
Eggs from Xenopus laevis are arrested in metaphase of Meiosis II, and fertilization
triggers a spike of cytosolic calcium that causes eggs to undergo rapid and synchronized
division. Lysis of eggs in vitro by centrifugation leads to calcium (Ca2+) release from
internal stores, mimicking fertilization and promoting cyclical degradation and synthesis
of M-cyclin (cyclin B), which, together with mitotic cdk (Cdc2), allows the cell-free
extract to repeatedly enter and exit mitosis (Murray, 1991). This property makes the
Xenopus extract a unique model system for study of the the biochemical changes that
occur during a cell division cycle. By adding sperm nuclei and ATP, the cell-free mitotic
cycle can be examined; the extract form nuclei, replicate DNA, and enter mitosis
following nuclei disassembly. The process of nuclear assembly can also be studied in the
absence of cycling by adding cycloheximide. This makes the extracts unable to
synthesize new cyclin B, and the resultant cell free extract stays in interphase without
“cycling” (Smythe and Newport, 1991). Furthermore, by supplementing a recombinant,
non-degradable cyclin B, one can manipulate the cell cycle stage of the extract into a
mitotic status to investigate the signaling pathways in each cell division phase.
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In addition to studying cell division, the Xenopus egg extract is also a powerful
system in which to examine the molecular mechanism(s) of apoptosis signaling. It was in
this interphase extract that apoptosis was first recapitulated in a test tube. Newmeyer and
colleagues found the extract underwent apoptosis after being aged at room temperature,
characterized by irregular chromatin condensation and nuclear fragmentation. Subsequent
studies further suggested that the spontaneous induction of apoptosis that is seen in the
extract results from mitochondrial cytochrome c release, followed by caspase activation
(Blow and Laskey, 1986; Kluck et al., 1997; von Ahsen and Newmeyer, 2000). More
recently, our laboratory discovered the upstream signaling of this phenomenon; nutrient
deprivation over time resulted in activation of the initiator caspase, caspase-2,
downstream cytochrome c release and executioner caspase activation (Nutt et al., 2005).
The interphase, or mitosis-arrested extract described above (generated by a single
centrifugation) is called a “crude” egg extract, which contains cytoplasmic, membrane
and nuclear components. This cell-free lysate can be further separated into cytosolic, light
membrane (endoplasmic reticulum), heavy membrane (mitochondria and rough
endoplasmic reticulum), and insoluble (glycogen, ribosomes, assembled cytoskeletal
proteins, and large protein complexes) fractions by additional high-speed centrifugation.
Because it is devoid of mitochondrial contamination, this cytosolic extract provides a
synchronous and biochemically tractable system in which to study apoptosome
regulation; cytochrome c addition mimics cytochrome c release from the mitochondria.
Extract can be supplemented with various pharmacological compounds and recombinant
proteins, and/or depleted of specific proteins using immunoprecipitation in order to
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identify and characterize regulators of caspase activity. Caspase activation, induced by
the addition of exogenous cytochrome c (in the presence of an energy-regenerating
system), can be simply assayed by immunoblot analysis or even quantified by monitoring
the cleavage of a colorimetric caspase substrate. By using cytosolic fractions from
different cell cycle stages (interphase or mitosis), one can address how the regulation of
apoptosis changes during the cell cycle. This, in turn, could help us better understand
how highly-proliferative cancer cells escape apoptotic cell death. Finally, apoptotic
pathways are evolutionarily well conserved, and our laboratory has further confirmed
through the use of mammalian cells, that our discoveries in the Xenopus egg extract
system are general events (not simply restricted to the Xenopus system). Collectively, in
the Xenopus egg extract, complex cellular processes including apoptosis can be studied
under highly simplified and well controlled conditions.
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2. Materials and Methods
2.1 In vitro Assays
2.1.1 In vitro Kinase Assay with Apaf-1
Nickel-agarose bound, His-Apaf-1 protein (His-Apaf-1 beads) was incubated in
kinase buffer (10 mM Tris-HCl, pH 7.5, 0.1 mM ATP, 10 mM MgCl2, 1 mM
dithiothreitol (DTT), pH 7.2) with 2 μCi γ-32P-ATP and the active recombinant Rsk2,
Erk, and heat-inactivated Rsk2. Heat-inactivated Rsk2 was generated by incubating the
kinase for 4 minutes at 95°C. The reaction proceeded for 30 minutes at 30°C, at which
point, the beads were washed three times with washing buffer (1 mM Hepes-KOH, pH
7.5, 1 mM β-glycerophosphate, 15 mM KCl, 0.1% NP-40, 14.8 mM imidazole, 500 mM
NaCl, 1 mM NaVO3, and 5 μg/mL aprotinin/leupeptin). Analysis for kinase assays was
performed using SDS-PAGE and autoradiography.

2.1.2 In vitro Kinase Assay with Caspase-9 Prodomain
Glutathione-sepharose bound GST-tagged wildtype caspase-9 prodomain (proC9
WT) or T125A mutant (proC9 T125A) was incubated in kinase buffer, as described in
2.1.1, with γ-32P-ATP and active Erk, Rsk1, or Rsk2 for in vitro phosphorylation. Beads
were washed three times with washing buffer, as in 2.1.1, and phosphorylation of
caspase-9 was examined via autoradiography.

2.1.3 In vitro Dephosphorylation Assay with PP1
His-Apaf-1 beads were pre-phosphorylated in vitro by Rsk2 as described in 2.1.1.
The pre-treated protein was then washed twice with washing buffer, as described in
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2.1.1,followed by additional washing with protein purification buffer (20 mM Hepes, pH
7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF,
5 µg/mL leupeptin/aprotinin). The dephosphorylation assay proceeded that the prephosphorylated Apaf-1 was incubated for the indicated time with nickel-agarose bound
His-PP1, which had been either pre-incubated in interphase extract for 1 hour, or left
untreated. Upon retrieval, beads were washed three times with washing buffer as above,
and subjected to SDS-PAGE. Phosphorylation of Apaf-1 was examined via
autoradiography.

2.1.4 In vitro Dephosphoylation Assay with PP5
Nickel-agarose bound His-Hsp90β (His- Hsp90β beads) was pre-phosphorylated
in vitro by CK2 in the presence of 2 μCi γ-32P-ATP for 15 minutes at 30 oC, then washed
twice with protein purification buffer with 1 M NaCl followed by washing twice with
buffer alone. The beads were incubated with FLAG-PP5 immune complexes for the time
indicated. Upon retrieval, beads were washed in protein purification buffer with 1 M
NaCl and 14.8 mM imidazole, and phosphorylation was examined via autoradiography.

2.1.5 Radiolabled, In Vitro Translated Proteins
To produce radiolabeled in vitro translated protein, 5 μg of pcDNA3 caspase-9
T125A cDNA was added to rabbit TNT reticulocyte lysate (Promega) with 0.4 μCi/μL
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S-Translabel and additional components in accordance with the manufacturer's

protocol.
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2.2 Recombinant Protein Purification
2.2.1 GST-tagged Caspase-9 Prodomain
The GST-tagged caspase-9 prodomain (along with all subsequently listed GST
proteins) was produced using the Kornbluth standard GST protocol previously described
(Evans et al., 1997). In summary, the GST-caspase-9 prodomain was produced in BL21
DE3 bacteria induced at 18oC overnight with 0.5 mM IPTG (Deming et al., 2004).
Bacteria were lysed in 2.5 mL of buffer A (2.3 M sucrose, 5 mM Tris, pH 7.5, 1 mM
EDTA) with 1 mM PMSF. Then, 10 mL of buffer B (50 mM Tris, pH 7.5, 10 mM KCl, 1
mM EDTA, 1 mM DTT), 4 mg lysozyme, and 100 μL of 100 mM PMSF were added to
the pellet. The bacteria were incubated on ice for 1 hour, at which point 175 μL of 10%
sodium deoxycholate, 263 μL of 1 M MgCl2, 25 μL of DNase I (5 mg/mL) were added.
The mixture was centrifuged at 12,000 rpm for 30 minutes. The supernatant was then
pooled and incubated with glutathione-sepharose beads for ~3 hours at 4°C. Beads were
washed ten times with buffer C (10 mM Hepes, pH 8.0, 1 mM DTT) and 1 M NaCl,
followed by five times of additional washing with buffer C alone.

2.2.2 GST-tagged Inhibitor-2
Recombinant GST-inhibitor-2 (GST-I2) was made from bacteria induced with 0.5
mM IPTG while incubating at 37oC for 4-6 hours. Protein purification proceeded as
described in 2.2.1 except that GST-I2 proteins were eluted with 5 mM Glutathione in
buffer C, pH 8 and dialyzed into protein purification buffer as above in 2.1.3.
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2.2.3 His-tagged Protein Phospatase 1
Recombinant rabbit PP1 (wildtype and T320A) were produced as previously
described (Wu et al., 2009). Briefly, bacteria were induced with 0.5 mM IPTG and 1 mM
MnCl2 overnight at 25oC. Cells were harvested and lysed as indicated above for the GST
proteins. After addition of the DNase, the pellet was sonicated. The cleared supernatant
was incubated with 1 mL nickel-agarose beads for 2 hours at 4oC. The column was
washed with buffer C, including 30 mM imidazole and 300 mM NaCl. PP1 was eluted
with buffer C and 200 mM imidazole. Eluted fractions were dialyzed into ELB with 1
mM MnCl2.

2.2.4 His-tagged non-degradable Cyclin B1
His-tagged, non-degradable cyclin B1 (cyclin B1Δ13) was produced in sf9 cells.
2x106 sf9 cells were infected with 10 mL of cyclin B1Δ13 baculoviruses and 10 mL of
HyQ SFX-Insect Media (Hyclone), then pre-incubated for 2 hours. Additional media was
added, and the cells were incubated at 25oC for an additional 22 hours. The cells were
harvested, and sonicated in lysis buffer (20 mM β-glycerophosphate, 10 mM HEPES, pH
7.5, 5 mM EGTA, 100 mM NaCl, 5 mM β-mercaptoethanol, 0.1% Triton-X, 1 mM
PMSF, 5 µg/mL leupeptin/aprotinin). The lysates were centrifuged at 14,000 rpm for 10
minutes in 4oC. After taking the supernatant, the pellet was re-sonicated in 10 mL of lysis
buffer, and centrifuged as above. The clear supernatant was incubated with 0.5 mL of
packed nickel-agarose beads (Qiagen) for 1 hour, followed by washing with 50 mL of
wash buffer (20 mM β-glycerophosphate, 10 mM HEPES, pH 7.5, 5 mM EGTA, 300
mM NaCl) with 0.02% Triton-X. The beads were then washed in 50 mL of wash buffer
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alone, and eluted (8 fractions of 500 μL) with elution buffer (20 mM β-glycerophosphate,
10 mM HEPES, pH 7.5, 5 mM EGTA, 25 mM NaCl, 200 mM imidazole, 5 mM βmercaptoethanol). The eluants were dialyzed into ELB, aliquoted, and snap-frozen in
liquid nitrogen. The proteins were stored in -80°C.

2.2.5 His-tagged Full length Apaf-1
Full-length human Apaf-1 baculovirus was provided by X. Wang (National
Institute of Biological Sciences, Beijing, China). For protein production, 2x106 sf9 cells
were infected with 20 mL of Apaf-1 baculoviruses and pre-incubated for 2 hours. HyQ
SFX-Insect Media (Hyclone) was then added, and the cells were incubated at 25oC for an
additional 28 hours. The cells were harvested, and 10-20 mL of protein purification
buffer, as above in 2.1.3, was added to the cell pellets. Cells were homogenized by
douncing 100 times on ice, and lysates were centrifuged at 10,000 g for 1 hour. The clear
supernatant was incubated with 1 mL of packed nickel-agarose beads (Qiagen) for 90
minutes, followed by washing with 300 mL of protein purification buffer including 1 M
NaCl and 14.8 mM imidazole. The beads were then washed five times in protein
purification buffer alone, and Apaf-1 protein was eluted with 250 mM imidazole in
protein purification buffer (8 fractions of 500 μL). The eluants were dialyzed into protein
purification buffer, aliquoted, and snap-frozen in liquid nitrogen. The proteins were
stored in -80°C.
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2.2.6 GST-tagged 14-3-3
Recombinant 14-3-3ζ and ε isoforms were made from bacteria induced with 0.5
mM IPTG while incubating at 30oC for 4-6 hours. Protein purification proceeded as
described in 2.2.1 except that 14-3-3 proteins were used as glutathione-sepharose-bound
form.

2.2.7 GST-tagged Protein Phosphatase 5
Recombinant PP5 was produced from bacteria induced with 0.5 mM IPTG while
incubating at 25oC for 6 hours. Protein purification proceeded as described in 2.2.1.

2.2.8 His-tagged Heat Shock Protein 90β
2x106 sf9 cells were infected with 10 mL of Hsp90β (wildtype and ΔMEEVD
mutant) baculoviruses and 10 mL of HyQ SFX-Insect Media (Hyclone) and preincubated for 2 hours. 80 mL of media was then added, and the cells were incubated at
25oC for an additional 46 hours. The cells were harvested, and 10-20 mL of protein
purification buffer, as above in 2.1.3, was added to the cell pellets. Cells were sonicated
and lysates were centrifuged at 10,000 g for 1 hour. The clear supernatant was incubated
with 1 mL of packed nickel-agarose beads (Qiagen) for 60 minutes, followed by washing
with 300 mL of protein purification buffer including 1 M NaCl and 14.8 mM imidazole.
The beads were then washed five times in protein purification buffer alone, and Hsp90β
protein was eluted with 250 mM imidazole in protein purification buffer (8 fractions of
500 μL). The eluants were dialyzed into protein purification buffer, aliquoted, and snapfrozen in liquid nitrogen. The proteins were stored in -80°C.
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2.3 DNA, Cloning and Mutagenesis
pcDNA-myc-XL-Apaf-1 and pFastBac human Apaf-1 were generous gifts from
G. Nuñez (University of Michigan) and X.Wang (National Institute of Biological
Sciences, Beijing, China), respectively. Human wildtype PP5 in pcDNA3 and Hsp90β in
pFastBac were kind gifts from X.F. Wang (Duke University) and T. Takenawa
(University of Tokyo), respectively. The Quikchange kit (Stratagene) was used to
generate human Rsk2 mutant (707A), human Apaf-1 mutants (S268A, S268D, S357A,
and S357D), human PP5 mutants (K144R and K144Q), and human Hsp90β (ΔMEEVD)
from wildtype templates. All the primer sequences used for mutagenesis except Hsp90β
(ΔMEEVD) are listed in table 2.1. MAX Efficiency Stbl2 Competent Cells (Invitrogen)
were used to obtain Apaf-1 mutant DNA constructs, and retroviral PP5 DNA constructs
(wildtype and lysine mutants). DH10Bac Competent Cells were used to generate
baculoviruses of Apaf-1 mutants and Hsp90β TPR domain deletion mutant fragment
(ΔMEEVD), according to manufacturer’s instruction. Wildtype and PP5 (K144R) were
cloned into pGEX-KG for production of GST fusion proteins. Wildtype and two lysine
mutants of PP5 (WT, K144R, and K144Q) were also cloned into the MSCV vector
bicistronically expressing YFP (MSCV-IRES-YFP).

2.4 Xenopus Egg Extract Assays
2.4.1 Xenopus Egg Extract
Mature female frogs were induced to lay eggs by injection of exogenous β-human
chorionic gonadotropin (β-HCG) hormone as described previously (Smythe and
Newport, 1991). Eggs were collected and jelly coats were removed from the eggs with
67

Table 2.1 DNA Oligo Sequences for Mutagenesis
Primer name
Apaf-1 S268A forward
Apaf-1 S268A reverse
Apaf-1 S357A forward
Apaf-1 S357A reverse
Apaf-1 S268D forward
Apaf-1 S268D reverse
Apaf-1 S357D forward
Apaf-1 S357D reverse
Rsk2 K707A forward
Rsk2 K707A reverse
PP5 K144R forward
PP5 K144R reverse
PP5 K144Q forward
PP5 K144Q reverse
PP5 forward for MSCV-IRES-YFP
PP5 reverse for MSCV-IRES-YFP

Sequence
5’-CTT CTT ACA ACC AGA GAC AAG GCT
GTT ACA GAT TCA GTA ATG GG-3’
5’-CCC ATT ACT GAA TCT GTA ACA GCC
TTG TCT CTG GTT GTA AGA AG-3’
5’-CAG AAT AAG CAG TTT AAG AGA ATA
AGG AAA TCT GCG TCT TAT GAT TAT
GAG-3’
5’-CTC ATA ATC ATA AGA CGC AGA TTT
CCT TAT TCT CTT AAA CTG CTT ATT
CTG-3’
5’-TTC TTC TTA CAA CCA GAG ACA AGG
ATG TTA CAG ATT CAG TAA TGG GTC-3’
5’-GAC CCA TTA CTG AAT CTG TAA CAT
CCT TGT CTC TGG TTG TAA GAA GAA-3’
5’-AGC TTC AGA ATA AGC AGT TTA AGA
GAA TAA GGA AAT CTG ATT CTT ATG
ATT ATG AGG CTC T -3’
5’-AGA GCC TCA TAA TCA TAA GAA TCA
GAT TTC CTT ATT CTC TTA AAC TGC
TTA TTC TGA AGC T -3’
5’-TGG CAG CTA CAG CTT CTG CTT TGA
AC-3’
5’-GTT CAA AGC AGA AGC TGT AGC TGC
CA-3’
5’-AGG AGT GCA ACA AGA TCG TGA
GGC AGA AGG CCT-3’
5’-AGG CCT TCT GCC TCA CGA TCT TGT
TGC ACT CCT-3’
5’-AGT GCA ACA AGA TCG TGC AGC
AGA AGG CCT TTG AG-3’
5’-CTC AAA GGC CTT CTG CTG CAC GAT
CTT GTT GCA CT-3’
5’-AAA CTC GAG ATG GCG ATG GCG
GAG-3’
5’-AAA GAA TTC TCA CAT CAT TCC
TAG-3’
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2% cysteine (pH 8.0) and eggs were washed three times with Marc’s modified Ringer's
solution (MMR: 1 M NaCl, 20 mM KCl, 10 mM MgSO4, 25 mM CaCl2, 5 mM Hepes,
pH 7.8, 0.8 mM EDTA) followed by three times in egg lysis buffer (ELB: 250 mM
sucrose, 2.5 mM MgCl2, 1 mM DTT, 50 mM KCl, 10 mM Hepes, pH 7.7). Eggs were
then centrifuged at 400 g, and cytochalasin B (5 μg/mL; Calbiochem), aprotinin/leupeptin
(5 μg/mL), and cyclohexamide (50 μg/mL) were added. Lysis was performed by
centrifugation at 10,000 g for 12 minutes. Crude cytosolic egg extracts were collected
using a syringe with needle directed immediately above the yolk and pigment layer.
Crude egg extracts were supplemented with 2 mM ATP, 50 μg/mL creatine kinase, and
20 mM phosphocreatine. Mitotic extracts were prepared by adding non-degradable cyclin
B1 to interphase extracts. Cytosolic interphase and mitotic extracts were made by
centrifuging crude extract at 55,000 rpm (250,000 g) for 70 minutes in a Beckman TLS55 rotor for the TL-100 ultracentrifuge (Beckman Instruments). The cytosolic fraction
was removed and recentrifuged at 55,000 rpm for an additional 30 minutes. The pure
cytosol was then removed, aliquoted, frozen in liquid nitrogen, and stored at -80oC for
future use.

2.4.2 Kinase Assays in Xenopus Egg Extract
For the Apaf-1 kinase assays in extract, approximately 5 μg of His-Apaf-1 beads
were incubated in 100 μL of interphase or mitotic extract with 2 μCi γ-32P-ATP. After 1
hour at 30oC, the beads were removed and washed three times in washing buffer as above
in 2.1.1. The entire sample was then subjected to SDS-PAGE and analyzed via
autoradiography. The kinase assays with an antibody proceeded similarly except that less
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total protein was incubated in extract for 30 minutes at 25oC. Samples were subjected to
SDS-PAGE, followed by immunoblot analysis.

2.4.3 Dephosphorylation Assays in Xenopus Egg Extract
His-Apaf-1 beads were pre-phosphorylated in vitro by Rsk2 as described in 2.1.1.
The pre-treated protein was washed twice in washing buffer followed by additional
washing in protein purification buffer, as above in 2.1.3, and then incubated into
interphase or mitotic extracts for the indicated times. Upon retrieval, beads were washed
in washing buffer and then subjected to SDS-PAGE. Phosphorylation of Apaf-1 was
examined via autoradiography. For assays adding recombinant I-2 or PP1 protein into
extract, pre-phosphorylated His- Apaf-1 beads were incubated in interphase with GST-I2
(4 μM) and mitotic extract with 0.5 μM of PP1 (wildtype and active T320 mutant) for the
indicated time.

2.4.4 Xenopus Egg Extract Caspase Assay
Xenopus caspase assays were performed similarly to those previously described
by our laboratory (Deming et al., 2004). In sum, following the addition of an energy
regenerating mix (2 mM ATP, 20 mM phosphocreatine, 50 μg/mL creatine kinase),
cytosolic extract was incubated at 25oC with purified cytochrome c at 2 ng/µL for 60
minutes. Three microliters of cytosolic extract was added to the caspase assay buffer (50
mM Hepes, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA, 10%
glycerol) with the colorimetric substrate, Ac-DEVD-pNA. To examine the effect of
MAPK and Rsk inhibitors, cytosolic extract was pre-treated with DMSO, 1.2 mM
roscovitine (ROS), 200 µM U0126, 4 mM SL0101, or 100 µM BI-D1870. All samples
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were read at 405 nm on a Bio-Rad Plate Reader (Bio-Rad Microplate Reader, Model
680).

2.4.5 Affinity Binding Assays
To examine the recruitment of Apaf-1 to cytochrome c, Xenopus extract was
added to 20 μL of packed agarose-bound cytochrome c and incubated at 25oC for 20
minutes. Beads were then washed three times in ELB containing 500 mM NaCl. To
analyze the effect of MAPK inhibition in mitotic extract, extract was pre-treated with
DMSO, 1.2 mM ROS, or 200 µM U0126 prior to incubation with cytochrome c beads. In
order to assess PP1 binding to Apaf-1, His-Apaf-1 beads (or empty nickel-agarose beads,
Qiagen) was blocked at 4oC for 1 hour with 1% casamino acids. These blocked beads
were then incubated in interphase or mitotic extract for 1 hour at 25oC. Beads were
washed three times with washing buffer as above in 2.1.1. To assay endogenous 14-3-3
binding to Apaf-1, His Apaf-1beads were incubated in egg extract for 1 hour at 25oC.
Beads were then washed three times in phosphate buffered saline (PBS), subjected to
SDS-PAGE and immunoblotted for the appropriate antibodies.

2.4.6 Rsk2 Immunodepletion
For the Rsk immunodepletion, 5 μg of IgG control or Rsk2 antibody were used
per 150 μL of crude extract. After three rounds of depletion for 30 minutes each, the
depleted crude extract was removed from the beads and utilized in subsequent assays,
such as affinity binding assays. For the add back experiment, 50 μM active Rsk2 was
added back to mitotic extract before incubation with agarose-bound cytochrome c.
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2.4.7 Gel Filtration Chromatography
Xenopus cytosolic lysates were incubated in the presence of 2 ng/μL cytochrome
c at 25oC for 45 minutes. Protein purification buffer, as described in 2.1.3, was then
added to a final volume of 300 μL. After incubation, the reaction mixture was loaded
onto a Superdex 200 column at a flow rate of 0.3 mL/min. Fractions were collected and
analyzed by immunoblotting.

2.4.8 Cleavage of In Vitro Translated Caspase-9 in Gel Filtration Fractions
To analyze the cleavage of 35S-labeled in vitro translated caspase-9 T125A, 2 μL
of caspase-9 T125A was added to 40 μL of each fraction obtained from 2.4.7. The
reaction proceeded at 30 oC for 1 hour, at which point it was stopped by adding SDS
sample buffer. Samples were subjected to SDS-PAGE and autoradiography to assess
caspase-9 cleavage.

2.5 Assays using Mammalian Cell Culture Systems
2.5.1 Mammalian Cell Culture and Lysate Preparation
293T, PC3, COS-7, TF-1, and SUP-B15 cells were obtained from the American
Type Culture Collection (ATCC), and maintained according to the ATCC’s
specifications. 293FT, HEK-HT Ras12V cells were a kind gift from C. Counter (Duke
University Medical Center). WT and PP5 KO MEFs were kind gifts from X.F.Wang
(Duke University Medical Center). Rat1 cells that were acquired from A.M. Pendergast
(Duke University Medical Center) expressing YFP or YFP-Bcr-Abl. HEK-HT Ras12V,
Rat1 cells and MEFs were maintained in DMEM supplemented with 10% fetal bovine
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serum (FBS). Control and Ba/F3 cells expressing Tel-PDGFRβ were kind gifts from D.G.
Gilliland (Harvard Medical School). Ba/F3 cells expressing wildtype and T315I Bcr-Abl
p210 form (p210Bcr-Abl) were generous gifts from G.Q. Daley (Harvard Medical School).
Ba/F3 cells were cultured in RPMI supplemented with 10% FBS and 1 ng/ml interleukin3 (IL-3). To make cytosolic lysates, cells were harvested, washed once with PBS, and
pelleted. Cell pellets were then resuspended in same pellet volume of protein purification
buffer containing 250 mM sucrose and rotated at 4oC for 30 minutes. The cells were then
homogenized by douncing 40-50 times on ice. The supernatant was then centrifuged at
13,200 rpm for 30 minutes in order to remove the mitochondria.

2.5.2 Transfection
For DNA transfection in 293T cells, Fugene-6 and X-treme gene 9 (Roche) were
used in a ratio of 3:1 with DNA. To knock down Rsk1 and 2 in PC3 cells, Rsk1 and 2
were silenced by a consecutive RNAi transfection using RNAimax (Invitrogen). PC3
cells were re-plated 24 hours after the first transfection for the second transfection. Fortyeight hours after the second transfection, cells were harvested, and cytosolic lysates were
prepared for functional assays. For 14-3-3ε knock-down, 293T cells were transfected
with control siRNA or siRNA targeted against 14-3-3ε. Twenty-four hours posttransfection, cells were serum-starved for an additional 24 hours, and treated (or
untreated) with PMA. To more directly determine the role of 14-3-3ε in the context of
Rsk activation, 24 hours post 14-3-3ε knock-down, the cells were re-plated for DNA
transfection with plasmids encoding active Rsk1, 2, or empty vector. Forty-eight hours
after DNA transfection, the cells were harvested for cytosolic lysate preparation. In PC3
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cells, 14-3-3 depletion proceeded as above except that cells were harvested 48 hours after
RNAi. To examine the role of Apaf-1 in apoptosis induced by Rsk inhibition, Apaf-1
expression in PC3 cells was silenced by siRNA transfection. Twenty-four hours posttransfection, cells were treated with 50 μM SL0101 or DMSO for 24 hours then treated
with 100 nM docetaxel (DTX) or DMSO for an additional 24 hours. Ba/F3 cells were
transfected with 300 nM Stealth siRNA (Invitrogen) using the Amaxa electroporation
system (Lonza). All the siRNA nucleotide sequences except mouse CK2 (Dharmacon,
cat# L-058653-00) are listed in Table 2.2.
Table 2.2 siRNA Oligo Sequence

siRNA
Human Apaf-1
Human Rsk1
Human Rsk2
Human 14-3-3ε
Mouse PP5 #1
Mouse PP5 #2
Control

Sense sequence
5’- AAUUGGUGCACUUUUACGUGA -3’
5’- CCCAACAUCAUCACUCUGAAA -3’
5’- AGCGCUGAGAAUGGACAGCAA -3’
5’- UGUUCAAUACUGCUGAUUAUUCUCC -3’
5’- CCGUUGAAGUGAUCCUCACCCUCUU -3’
5’- CCCAACUAUUGUGACCAGAUGGGAA -3’
5’- GUCAGUAUGACAUCACUGU -3’

2.5.3 Generation of Retrovirus
Wildtype and lysine mutants of PP5 (K144R and K144Q) were cloned into the
MSCV vector which bicistronically expresses yellow fluorescent protein (YFP). To make
retroviruses, the DNA constructs (MSCV-PP5-IRES-YFP) were transfected to 293FT
cells, together with pCMV-Gag-Pol and pCMV-VSVG helper plasmids (T.Reya,
University of California San Diego). The medium was changed on the following day (at
16-20 hour), and the virus-containing supernatent (medium) was collected for three days.
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Supernatant was passed through a 0.45 μ filter, and used for infection or frozen and
stored in -80 oC for future use. MSCV-p210Bcr-Abl virus stocks were produced as above
except the virus supernatant was concentrated by centrifugation at 20,000 rpm for 180
minutes (L-70K ultracentrifuge, Beckman).

2.5.4 Kinase Assays in Mammalian Cell Lysate
For Apaf-1 kinase assays, His-Apaf-1 beads were incubated with 2 μCi γ-32P-ATP
in the cytosolic lysates from the indicated mammalian cells. After 1 hour at 30oC, beads
were removed and washed three times in washing buffer as above in 2.1.1. To determine
if Apaf-1 is directly phosphorylated at S268 and S357 by Rsk, 293T cells were
transfected with expression plasmids encoding HA-tagged Rsk1, either wildtype or
kinase dead mutant. Cells were incubated in complete media for 24 hours, serum-starved
for an additional 24 hours and then either treated, or left untreated, with PMA. Whole cell
lysates from the cells were then subjected to immunoprecipitation with an anti-HA
antibody. Nickel-agarose bound His-Apaf-1 protein (WT, S268A, and S357A) was
incubated with γ-32P-ATP and the indicated immune complexes.
To examine phosphorylation of PP5, glutathione-sepharose bound GST, GSTtagged PP5, and GST-Hsp90β (amino acid residues 178-300, positive control) was
incubated in the indicated cytosolic lysates. For Hsp90β phosphorylation, 1 μg of HisHsp90β was incubated with 500 μg of indicated whole cell lysates in the presence of 2
μCi γ-32P-ATP for 45 minutes at 30 oC. The incorporation of 32P was assessed by
autoradiography.
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To determine CK2 activity in Ba/F3 cells, a specific CK2 substrate peptide
(Calbiochem) was incubated in lysates from Ba/F3-C or -TP cells, in the presence of
absence of CK2 inhibitor, DMAT (Calbiochem). Reaction was loaded onto grade DE81
ion exchange paper (Whatman), washed in buffer. 32P incorporation was analyzed by
scintillation counter (LS6500 multi-purpose scintillation counter, Beckman).

2.5.5 Dephosphorylation Assays in Mammalian Cell Lysate
To examine Hsp90β dephosphorylation, His-Hsp90β was pre-phosphorylated in
vitro by CK2 in the presence of 2 μCi γ-32P-ATP for 15 minutes at 30 oC, then washed
twice with protein purification buffer with 1 M NaCl followed by washing twice with
buffer alone. The beads were incubated with 500 μg of appropriate lysates for the time
indicated. Upon retrieval, beads were washed in purification buffer with 1M NaCl and
14.8 mM imidazole, and phosphorylation was examined via autoradiography. In-vitro
dephosphorylation assay proceeded as above except that the pre-phosphorylated beads
were incubated with FLAG-PP5 immune complexes.

2.5.6 Acetylation Assays in Mammalian Cell Lysate
To assay acetylation status of PP5, 2 μg of GST-PP5 beads were incubated with
500 μg of indicated whole cell lysates for 30-60 minutes at 30 oC. Beads were washed
three times in protein purification buffer with 1 M NaCl, and acetylation was examined
via immunoblotting for pan-acetylation specific (pan-K-Ac) antibody. As for PP5
acetylation in cells, 293T cells were transfected with FLAG-PP5, either wildtype (WT) or
mutants (K144R or K144Q). FLAG-PP5 was immunoprecipitated and immunoblotted
with anti-acetylated lysine and anti-FLAG antibodies.
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2.5.7 Caspase Assays in Mammalian Cell Lysate
Mammalian cell lysates at 10 mg/mL were incubated at 37oC with the indicated
concentration of cytochrome c and 1 mM dATP; samples were added to caspase assay
buffer (50 mM Hepes, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA,
and 10% glycerol) with the colorimetric substrate, Ac-DEVD-pNA (BioMol). All
samples were read at 405 nm on a Bio-Rad Plate Reader (Bio-Rad Microplate Reader,
Model 680).

2.5.8 Affinity Binding Assays
To examine the recruitment of Apaf-1 to cytochrome c, cytosolic lysates from
293T cell overexpressing various Apaf-1 (wildtype and S268A, S357A, S268D, S357D)
were added to 20 μL of packed agarose-bound cytochrome c and incubated at 25oC for
10-20 minutes. For assaying endogenous 14-3-3 binding to different form of Apaf-1, His
Apaf-1beads were incubated with appropriate lysate for 4 hours at 4oC.
To examine the interaction between Hsp90β and PP5, 250 μg of whole cell lysates
were incubated with 1 μg of GST-PP5 for 1 hour at 4 oC, and the beads were washed
three times in PBS containing 300 mM NaCl. Reverse binding assays were performed by
incubating 1μg of His-Hsp90β with 0.5-1 mg of lysates. To probe the endogenous PP5
binding to Hsp90β, an anti-PP5 antibody was pre-bound to sepharose-bound protein G,
and incubated at a ratio of at 1 μg per 1mg of lysate for overnight at 4oC. The beads were
washed in PBS and prepared for immunoblotting.
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2.5.9 Immunoprecipitation (IP) Assays
For immunoprecipitating in cells overexpressing proteins, appropriate antibody
was incubated at a ratio of 1 μg per 500 μg of lysate for 2 hours at 4oC. The antibody was
then retrieved with sepharose-bound protein G pre-blocked in 10% BSA for 1 hour at
4oC. The beads were washed in extraction buffer and prepared for immunoblotting. To
probe the endogenous PP5 binding to Hsp90β, an anti-PP5 antibody was pre-bound to
sepharose-bound protein G, and incubated at a ratio of 1 μg per 1 mg of lysate (2 mg of
lysate was used) for overnight at 4oC. The beads were washed in PBS and prepared for
immunoblotting.

2.5.10 Phospho-Hsp90β Analyses using FACS
Indicated cells (TF-1, SUP-B15, MEFs, CK2-knocked down Ba/F3) were
harvested, washed twice in PBS, and then fixed with 4% formaldehyde in PBS for 30
minutes on ice. Fixed cells were washed twice in 1% BSA in PBS, then incubated in cold
methanol for additional 30 minutes on ice for permeabilization. After being washed twice
in 1% BSA in PBS, cells were stained with anti-phospho-tyrosine and anti-phosphoHsp90β antibodies. Phospho-signals were analyzed by FACS (FACSVantage SE).

2.6 Functional Assays in Mammalian Cell Culture System
2.6.1 Cell Death Assays
PC3 cells were analyzed for propidium iodide (PI) uptake and Annexin V staining
to assay for cellular apoptosis. Cells were transfected with a specific siRNA targeting
Apaf-1. Twenty-four hours post transfection, cells were treated for 24 h with 50 mM
SL0101 or DMSO as control and then treated with 100 nM docetaxel (DTX) or DMSO
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for another 24 h. Cells were then trypsinized and stained with Annexin V, Alexa Fluor
488 conjugate (Invitrogen), according to manufacturer’s instructions. Apoptotic cell
death was analyzed by flow cytometry (FACSVantage SE). Statistical analysis represents
paired t-test, and null hypotheses were rejected at 0.05.

2.6.2 Clonogenic Assays
PP5 KO MEFs were coinfected with retroviral vectors encoding p210Bcr-Abl and
wildtype PP5 or MSCV-YFP vector as a control. Coinfected cells were sorted by FACS
and 1,000 cells were plated in 6 well plate, either untreated or treated with various
concentrations of imatinib. The colonies were stained 14 days after plating by using
crystal violet (Sigma-Aldrich).

2.7 FACS Analysis in Human Leukemia Patient Blood
Blood from human leukemia patients was provided by D.Rizziery (Duke
University School of Medicine). Fresh blood was gently loaded onto Ficoll-Paque Plus
(Stem Cell Technologies), and peripheral blood mononuclear cells (PBMC) were isolated
according to the manufacturer’s specifications. Following isolation, cells were fixed with
4% formaldehyde in PBS for 30 minutes on ice. Fixed cells were washed twice in 1%
BSA in PBS, then incubated in methanol for additional 30 minutes on ice for
permeabilization. After being washed twice in 1% BSA in PBS, cells were stained with
anti-phospho-tyrosine and anti-phospho-Hsp90β antibodies. Phospho-signals were
analyzed by FACS.
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2.8 Western Blot Analysis
Appropriate lysates (either Xenopus egg extract or mammalian cell lysates) were
subjected to SDS-PAGE analysis, and proteins were transferred to PVDF membranes
(Immobilon/Millipore). Membranes were subsequently immunoblotted with antibodies as
listed below. Alexa-fluor secondary antibodies to rabbit, mouse, or rat were used to
visualize primary antibodies (Molecular Probes/Invitrogen). Blots were then developed
using the Li-Cor Odyssey Infrared Imaging System.

2.8.1 Antibodies
The antibodies used in the dissertation work are shown in Table 2.3.

2.9 Reagents
Active Rsk was obtained from Upstate/Millipore. Roscovitine, cytochalasin B,
and active ERK were from Calbiochem. γ-32P-ATP was acquired from Perkin Elmer.
Cytochrome c-agarose beads, ATP, horse cytochrome c, phosphocreatine, okadaic acid,
trichostatin A (TSA), and Phorbol 12-myristate 13-acetate (PMA) were purchased from
Sigma-Aldrich. The MEK1/2 inhibitor U0126 was from Biosource. Aprotinin, leupeptin,
FuGENE 6, X-treme gene-9, and creatine kinase were acquired from Roche. The Rsk
inhibitor, SL0101 and BI-D1870 were purchased from Toronto Research Chemicals, Inc,
and Symansis, respectively. Ro-31-8220 and LY294002 were kind gifts from J. Rathmell
(Duke University Medical Center). Glutathione-sepharose and nickel-agarose were
obtained from GE Healthcare Life Science and Qiagen, respecitvely. IL-3 was purchased
from R&D Systems. Imatinib mesylate was purchased from LC Laboratories.
Recombinant CK2 was purchased from New England Biolabs.
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Table 2.3. The List of Antibodies
Antibody

Identification #

Source

Apaf‐1

ALX‐804‐348‐C100

rat

Apaf‐1
actin
cyto‐
chrome c
Rsk1

AAP‐300
A1978

rabbit
rabbit

556433
C‐21:SC‐231

mouse
rabbit

C‐19:SC‐1430
9101
2211
9E10:SC‐40
ab14112
H‐15:SC‐803
F‐7:SC‐7392
B‐14:SC‐138
T‐16:SC‐1020
F‐3165
F‐7425

rabbit
rabbit
rabbit
mouse
rabbit
rabbit
mouse
mouse
rabbit
mouse
rabbit

IP,
immunoblotting (IB) 1:1000
IB for
Xenopus Apaf‐1
1:1000
IB
1:1000
1:500‐
IB
1:1000
IB
1:1000
IB,
immunodepletion
1:1000
IB
1:1000
IB
1:1000
IB,IP
1:1000
IB
1:1000
IB
1:250
IB,IP
1:1000
IB
1:2000
IB,IP
1:1000
IB
1:2000
IB
1:2000

ab 63562‐100

rabbit

IB,FACS

1:1000

Abcam

ab 51136
AB 3468
CA 1024
611020
C‐20:SC‐32588

rabbit
rabbit
mouse
mouse
goat

1:1000
1:1000
1:1000
1:1000
1:1000

Abcam
Chemicon
Calbiochem
BD
Santa Cruz

1:1000

Kornbluth lab

1:1000
1:1000

Santa Cruz
Millipore

1:1000
1:1000
for IB
1:XX for
FACS

Immunechem

Rsk2
pErk
pS6
myc
pan‐14‐3‐3
His
HA
GST
14‐3‐3ε
FLAG
FLAG
pHsp90β
(pS226)
pHsp90β
(pS255)
Hsp90β
Hsp90β
PP5
PP5

Application

PP1
PP2A
acetyl‐
Lysine

E‐9:SC‐7482
1D6: 05‐421

mouse
mouse

FACS
IB
IB
IB
IP
IB
for Xenopus PP1
IB
for mammalian PP1
IB

ICP‐0380

rabbit

IB

phospho‐
Tyrosine

pY99:SC‐7020

mouse

IB,FACS

PP1

rabbit
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IB Dilution Vendor

Alexis
Stressgen
Santa Cruz
PharMingen
Santa Cruz
Santa Cruz
Cell Signaling
Cell Signaling
Santa Cruz
Abcan
Santa Cruz
Santa Cruz
Santa Cruz
Santa Cruz
Sigma‐Aldrich
Sigma‐Aldrich

Santa Cruz

3. Rsk-mediated Phosphorylation and 14-3-3ε Binding of Apaf1 Suppresses Cytochrome c- induced Apoptosis
(This chapter is adapted from: EMBO J, 2012 Jan 13, 31(5): 1279-1292)

3.1 Introduction
As reviewed in Chapter 1, apoptosis is a cellular suicide program, characterized
by the elimination of unwanted individual cells without damaging the overall structure of
the surrounding tissue (Zimmermann et al., 2001; Danial and Korsmeyer, 2004).
Deregulation of apoptosis is associated with degenerative disorders (excessive apoptosis)
and neoplasia (too little apoptosis) (Thompson, 1995). Upon receipt of apoptotic cues
(e.g., death ligands binding to cellular death receptor, DNA damages, metabolic stresses),
cells activate a family of cysteine proteases known as caspases, which cleave a host of
proteins to facilitate cellular breakdown. Initiation of apoptosis can be mediated by two
main pathways, extrinsic or intrinsic (Danial and Korsmeyer, 2004). Pro-death stimuli
triggering the intrinsic pathway converge on the mitochondria to induce release of
cytochrome c into the cytoplasm. Once cytosolic, cytochrome c is incorporated into a
cell-death complex known as the apoptosome, which serves as a platform for activation
of the initiator caspase, caspase-9 (Kluck et al., 1997; Liu et al., 1996; Ow et al., 2008).
For apoptosome formation, cytosolic cytochrome c binds the adaptor protein Apaf-1,
inducing a conformational change and dATP hydrolysis on Apaf-1. Subsequent
nucleotide exchange allows Apaf-1 to oligomerize into a large heptameric structure that
recruits and binds the zymogenic form of caspase-9 (Kim et al., 2005; Kim et al., 2008).
This interaction, mediated by binding between caspase recruitment domains (CARD) on
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caspase-9 and Apaf-1, promotes dimerization of caspase-9, leading to its activation (Pop
et al., 2006; Riedl and Salvesen, 2007). The downstream effector caspases-3 and -7 are
cleaved, and thus activated, by active caspase-9, leading the cleavage of a host of cellular
substrates (Inoue et al., 2009; Li et al., 1997). This ultimately results in the dismantling of
the dying cell.
Cytochrome c-induced caspase activation is regulated by post-translational
modification of apoptosome-associated proteins, and these can be both inhibitory and
activating (Kurokawa and Kornbluth, 2009; Schafer and Kornbluth, 2006a). The most
intensively-studied post-translational modifications occur on caspase-9 where
phosphorylation is known to reduce its activation and/or cleavage. Phosphorylation of
T125 on caspase-9, which was first identified as an Erk-catalyzed modification, decreases
caspase-9 activation and processing (Allan et al., 2003). More recently, the cyclin
dependent kinase cdk1, DYRK1A, and p38α have also been shown to phosphorylate
caspase-9 at this site, reducing its activity and the downstream activation of caspase-3
(Allan and Clarke, 2007; Laguna et al., 2008; Seifert et al., 2008; Seifert and Clarke,
2009). This phosphorylation can be reversed by protein phosphatase 1α (PP1α)-mediated
caspase-9 dephosphorylation, to relieve this inhibition (Alvarado-Kristensson and
Andersson, 2005; Dessauge et al., 2006).
Phosphorylation of cytochrome c, another core apoptosome component, has also
been reported to occur at Y48 and Y97, though the consequences of these modifications
remain unclear (Lee et al., 2006; Yu et al., 2008). It has been reported that active protein
kinase A (PKA) that can inhibit caspase-9 activation can also directly phosphorylate
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Apaf-1 in vitro (Martin et al., 2005). Nevertheless, the physiological relevance of this
phosphorylation has yet to be elucidated.
The mitogen-activated protein kinase (MAPK) pathway promotes cell survival in
response to various stimuli, including growth factors, serum, and phorbol esters (Anjum
and Blenis, 2008). Activation of the Raf-MEK pathway leads to activation of Erk1/2,
which, in turn, results in direct phosphorylation and activation of the p90 kDa ribosomal
S6 effector kinase, Rsk. As briefly mentioned in the introduction (section 1.5), Rsk was
first identified as a kinase that phosphorylated rpS6 in unfertilized Xenopus laevis eggs;
the MAPK/Rsk pathway is highly active during Xenopus oocyte maturation and mitosis
(Erikson and Maller, 1985; Erikson and Maller, 1989). Two Rsk isoforms (Rsk1 and
Rsk2) have been characterized in Xenopus eggs, while there are four known human
isoforms (Rsk1-4).
Rsk has been suggested to be involved in the regulation of cell survival; Rsk1 can
phosphorylate the pro-apoptotic Bcl-2 family member, Bcl-xL/Bcl-2-associated death
promoter (Bad) at S112, inhibiting Bad-mediated apoptosis. Rsk1 and Rsk2 have both
been shown to suppress the pro-apoptotic activity of Death-associated protein kinase
(DAPK) through phosphorylation at S289 (Anjum et al., 2005; Shimamura et al., 2000).
More recently, it was demonstrated that Rsk1 and Rsk2 promote proteasomal degradation
of the pro-apoptotic BH3 protein, Bim, in cooperation with Erk 1/2 (Dehan et al., 2009).
In searching for a molecular mechanism of apoptosome regulation when MAPK
signaling pathways are upregulated, we discovered that Rsk kinase can directly
phosphorylate Apaf-1 at two sites: Each of these sites can be antagonized by
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dephosphorylation mediated by the phosphatase PP1 (at least in Xenopus egg extract
system). Binding of the small adaptor protein 14-3-3ε at one of the sites (phospho-S268)
impeded interaction between cytochrome c and Apaf-1, thereby inhibiting Apaf-1
oligomerization and caspase activation. Accordingly, mutation of S268 to Ala diminished
the interaction between 14-3-3ε and Apaf-1 and restored the ability of Apaf-1 to interact
with cytochrome c, even in the presence of high Rsk activity. Moreover, knock-down of
14-3-3ε using RNAi overrode the Rsk-mediated inhibition of cytochrome c-induced
caspase activation. Collectively, these data suggest a novel mechanism of apoptosome
inhibition mediated by Rsk and 14-3-3ε.

3.2 Results
3.2.1 Defective Apoptosome Formation in Xenopus Mitotic Extracts is
Mediated by Rsk Phosphorylation of Apaf-1
Given the conserved nature of the apoptotic pathway and the ease of obtaining
cytosolic extract without mitochondrial disruption, the Xenopus egg extract system has
served as a powerful tool for probing underlying mechanisms of apoptotic regulation
(Kluck et al., 1997). By utilizing Xenopus egg extracts, our laboratory has previously
shown that extracts arrested at the metaphase of second meiosis (also known as cytostatic
factor-arrested extracts) are refractory to cytochrome c, compared to interphase extracts.
This cytochrome c resistance was traced to high activity of MAPK signaling pathways as
cytochrome c sensitivity was restored by depletion of MEK or by treatment of extracts
with the MEK inhibitor U0126 (Tashker et al., 2002). We noted that the inhibition of
cytochrome c-induced caspase activation was also observed in mitotic egg extracts
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generated by addition of non-degradable cyclin B to interphase extracts. In these mitotic
extracts, exogenously added cytochrome c significantly lowered caspase activation
relative to interphase extracts prepared from the same eggs (Figure 3.1A). Moreover, the
cdk inhibitor, roscovitine (ROS) and the MEK inhibitor, U0126 both relieved the mitotic
inhibition of caspase activation (Figure 3.1A), suggesting that a kinase downstream of
Cdc2 and MEK1/2 might be involved in the observed resistance to cytochrome c-induced
caspase activation in mitotic extracts. Seeking a mechanistic explanation for these
observations, we analyzed specific features of apoptosome formation in interphase and
mitotic extracts. To examine the critical interaction between Apaf-1 and cytochrome c,
we incubated agarose-bound cytochrome c (hereafter, referred to as cytochrome c beads)
in either interphase or mitotic extract and found that significantly less Apaf-1 was affinity
precipitated from the mitotic extract than from interphase extract (Figure 3.1B), even
though interphase and mitotic extracts contain comparable amounts of Apaf-1 (Figure
3.1C).
If the interaction between cytochrome c and Apaf-1 is impaired in mitotic egg
extract, we would also expect to observe reduced apoptosome formation. To evaluate
this, we examined Apaf-1 oligomerization by performing gel filtration chromatography
on cytosolic extract. In the absence of cytochrome c, both interphase and mitotic extracts
contained Apaf-1 in lower-molecular-weight fractions where it exists as a monomer
(Figure 3.1D). However, upon addition of cytochrome c to the interphase extract, a
proportion of the Apaf-1 shifted into higher-molecular-weight apoptosomal fractions
(fractions 21-24). This recruitment of Apaf-1 into the apoptosomal fractions was not
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Figure 3.1: Rsk Phosphorylation of Apaf-1 Delays Apoptosome Formation in
Mitotic Xenopus Egg Extract
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Figure 3.1: A. Cytosolic interphase (S) or mitotic (M) extract was made from Xenopus eggs, and the
inhibitors roscovitine (ROS) and U0126 were used to treat cytosolic extract at 1.2 mM and 200 µM,
respectively. Purified exogenous cytochrome c was added to the extracts at 2 ng/µL and incubated for
60 minutes. The colorimetric substrate Ac-DEVD-pNA was used to quantitate caspase activity. Data shown
are the mean ± SEM of four independent experiments. B. Agarose-bound cytochrome c (cytochrome c
beads) was incubated in S or M extract for 20 minutes. Bead-bound proteins were resolved by SDS-PAGE
and immunoblotted with anti-Apaf-1 and anti-cytochrome c antibodies. C. The indicated volumes of S or
M Xenopus egg extract were subjected to SDS-PAGE and immunoblotted with anti-Apaf-1 or anti-actin
antibodies. D. Cytosolic S or M extract was incubated with cytochrome c (0 or 2 ng/µL) and incubated for
45 minutes at 25oC. Gel filtration chromatography was then performed, and one-tenth of each fraction was
resolved by SDS-PAGE and immunobloted for Apaf-1. E. Cytochrome c beads were used to affinity
precipitate Apaf-1 from S or M extract pre-treated with DMSO, 1.2 mM ROS, or 200 µM U0126. Beadbound proteins were resolved by SDS-PAGE, and immunoblotted with anti-Apaf-1 and anti-cytochrome c
antibodies (top). Extracts were analyzed by immunoblotting for Rsk2, phopho-Erk (pErk), and actin
(bottom). F. His-Apaf-1 linked to nickel-agarose (His-Apaf-1) was incubated in S or M extract with γ-32PATP. Beads were then washed and resolved by SDS-PAGE. Incorporation of 32P was assessed by
autoradiography. G. His-Apaf-1 was subjected to an in vitro kinase assay with active Erk, Rsk2, or heatinactivated Rsk2 (Rsk-HI). Proteins were incubated with γ-32P-ATP, and the incorporation of 32P was
detected by autoradiography. H. Cytochrome c-induced caspase activation was analyzed as in A using
cytosolic S or M extract pre-treated with DMSO, 200 µM U0126, 4 mM SL0101, or 100 µM BI-D1870.
Data shown are the mean ± SEM of three independent experiments.
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Figure 3.2: Caspase-9 Processing is Inhibited in Gel Filtration
Chromatography Fractions from Xenopus Mitotic Extracts
Figure 3.2: Cytosolic interphase (S) or mitotic (M) extract was made from Xenopus eggs, and 2 ng/μL of
purified cytochrome c was added for 45 minutes at 25°C. Gel filtration chromatography was then
performed, and fractions were collected. Radiolabeled, in vitro translated human caspase-9 T125A protein
([35S] hCaspase-9 T125A) was incubated in those fractions for 60 minutes at 30°C. Processing of caspase-9
was then examined via autoradiography. The arrows and arrow head indicate full-length caspase-9 and
cleaved caspase-9, respectively.
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detected in the mitotic extract, implying that Apaf-1 fails to efficiently oligomerize
during mitosis even in the presence of cytochrome c (Figure 3.1D). Importantly, when a
procaspase-9 that is refractory to Erk phosphorylation (35S-labeled in vitro translated
procaspase-9 T125A) was added to each fraction following gel filtration, cleavage
products of in vitro translated procaspase-9 were only detectable in the interphase extract
supplemented with cytochrome c, indicating the formation of functional Apaf-1
oligomers (Figure 3.2).
Since ROS and U0126 both restored the sensitivity of mitotic Xenopus egg extract
to cytochrome c (Figure 3.1A), we wished to determine whether these two kinase
inhibitors could restore the interaction between Apaf-1 and cytochrome c in mitotic
extracts. As shown in Figure 3.1E, in comparison to mitotic extract alone, treatment with
either ROS or U0126 enhanced the amount of Apaf-1 that could be affinity precipitated
by cytochrome c beads. Thus, kinase activity downstream of Cdc2 and MEK1/2 is likely
to be required for inhibition of apoptosome formation in mitotic extract. Therefore, we
examined whether the phosphorylation of Apaf-1 might be involved. Nickel-agarose
bound, His-tagged Apaf-1 recombinant protein (hereafter, referred to as His-Apaf-1
beads) incubated in egg extracts with γ-32P-ATP was well-phosphorylated in mitotic, but
not in interphase, extract (Figure 3.1F). We next investigated whether Apaf-1 could be
directly phosphorylated by Erk and/or Rsk since they are common kinases downstream of
Cdc2 and MEK1/2 in Xenopus mitotic signaling (Yue and Ferrell, 2004). As shown in
Figure 3.1G (in vitro kinase assay), Rsk, but not its activator, Erk, was able to directly
phosphorylate Apaf-1, suggesting that Rsk phosphorylation of Apaf-1 might be
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responsible for the decreased apoptosome formation in mitotic extract. In support of this
hypothesis, sensitivity of the extract to cytochrome c was restored by treating mitotic
extract with a Rsk inhibitor (SL0101 or BI-D1870) (Figure 3.1H). Furthermore,
immunodepletion of Rsk from mitotic extracts enhanced recruitment of endogenous
Apaf-1 to cytochrome c beads (Figure 3.3), illustrating that Rsk-mediated
phosphorylation of Apaf-1 prevents interaction with cytochrome c. Since Rsk is a
member of AGC kinase family and many AGC kinases have redundant functions, we
wished to determine if other AGC kinase(s) could also be involved in inhibiting the Apaf1 and cytochrome c interaction. As shown in Figure 3.4, we used a panel of AGC kinase
inhibitors to assess binding of Apaf-1 to cytochrome c beads. Most of the inhibitors
(except for the PKC inhibitor Ro-31-8220, which has been shown to also function as a
Rsk inhibitor) could not restore the binding of Apaf-1 to cytochrome c (Alessi, 1997).
This finding implies that within the AGC kinase family, the Rsk kinase is most likely to
be the relevant modulator of Apaf-1-cytochrome c binding. To eliminate any direct
involvement from a phosphatase toward Apaf-1, we titrated a broad spectrum
phosphatase inhibitor, okadaic acid (OA), into either interphase or mitotic Xenopus egg
extract (Figure 3.5, lanes 2 and 4). The phosphorylation status of Apaf-1 was then
analyzed by using antibody directed against the Rsk consensus phosphorylation motif
(RXRXXS*/T*), which has been used to characterize novel Rsk substrates by many other
research groups (Anjum et al., 2005; Carriere et al., 2008). Interestingly, the addition of
OA to interphase extract was sufficient to enhance Apaf-1 phosphorylation. Given that
OA is well recognized to activate the MAPK pathway, and this has been demonstrated to
91

Figure 3.3: Reducing Rsk Activity Affects the Sensitivity of Apaf-1 to
Cytochrome c in Xenopus Egg Extracts
Figure 3.3: A. Immunodepletion of Rsk2 was performed in an interphase extract. The three rounds of
depleted beads (pellets: beads) and the final extracts (supernatant) were immunoblotted for Rsk2. B. After
Rsk immunodepletion, the extract was treated with non-degradable cyclin B1. Cytochrome c beads were
incubated in interphase (S) or mitotic (M) extract for 20 minutes. Beads were washed and immunoblotted
for Apaf-1 and cytochrome c. C. Rsk immunodepletion was performed as in B, except that in one sample,
50 mM of recombinant, active Rsk was added back to the mitotic Rsk-depleted extract. Cytochrome c
beads were then used to affinity precipitate Apaf-1 from the extract, and samples were immunblotted for
Apaf-1 and cytochrome c.
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Figure 3.4: Inhibiting Rsk Activity Enhances Binding between Apaf-1 and
Cytochrome c in Xenopus Mitotic Extracts
Figure 3.4: A. Immunodepletion of Rsk2 was performed in an interphase extract. The three rounds of
depleted beads (pellets: beads) and the final extracts (supernatant) were immunoblotted for Rsk2. B. After
Rsk immunodepletion, the extract was treated with nondegradable cyclin B1. Cytochrome c beads were
incubated in interphase (S) or mitotic (M) extract for 20 minutes. Beads were washed and immunoblotted
for Apaf-1 and cytochrome c. C. Rsk immunodepletion was performed as in B, except that in one sample,
50 mM of recombinant, active Rsk was added back to the mitotic Rsk-depleted extract. Cytochrome c
beads were then used to affinity precipitate Apaf-1 from the extract, and samples were immunblotted for
Apaf-1 and cytochrome c.
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Figure 3.5: Okadaic acid can Increase Phosphorylation of Apaf-1 in
Interphase Xenopus egg extracts
Figure 3.5: His-Apaf-1 beads were incubated in the indicated extracts for 1 hour at 30oC. Okadaic acid
(OA) at 10 μM or DMSO was added to the extract 30 minutes prior to the Apaf-1 protein. Phosphorylation
of Apaf-1 was examined via immunoblotting using an antibody for Apaf-1, along with an antibody specific
for residues phosphorylated at the Rsk consensus motif (anti-RXRXXS*/T*).
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be true in Xenopus egg extract (data not shown) (Mumby and Walter, 1993), OA
addition to interphase extract likely serves to activate Rsk and promote phosphorylation
of Apaf-1.
An alternative mechanism for Rsk regulation of caspase activation could be direct
phosphorylation of caspase-9. It has been reported that T125 on caspase-9 is modified by
multiple kinases including Erk; phosphorylation at this site leads to inhibition of caspase9 activity and/or processing. To examine whether Rsk can also phosphorylate caspase-9,
GST-tagged recombinant wildtype or T125 mutant (T125A) caspase-9 prodomain was
incubated in vitro with Rsk1, Rsk2, or Erk in the presence of γ-32P-ATP. As shown in
Figure 3.6, Rsk was unable to phosphorylate the caspase-9 prodomain in vitro, suggesting
that Rsk-mediated inhibition of apoptosome formation in Xenopus mitotic extracts likely
results from Rsk-phosphorylation of Apaf-1, rather than that of caspase-9.

3.2.2 Protein Phosphatase 1 (PP1) Binds to and Dephosphorylates Apaf-1 in
Xenopus Egg Extract System
As shown previously in Figure 3.5, the addition of OA to interphase Xenopus egg
extract induced phosphorylation of Apaf-1. Accordingly, there was a decrease in the
amount of Apaf-1 that could be affinity precipitated by agarose-bound cytochrome c from
interphase egg extract pre-treated with OA (data not shown). These results are consistent
with the fact that OA can activate the MAPK pathway, and therefore Rsk, in egg extract.
However, OA might also have effects on the interaction of Apaf-1 and cytochrome c by
controlling a phosphatase acting in opposition to Rsk, to dephosphorylate Apaf-1. To test
this hypothesis, we pre-phosphorylated His-Apaf-1 beads with Rsk in vitro and incubated
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Figure 3.6: Caspase-9 T125 is not phosphorylated by Rsk
Figure 3.6: Glutathione-sepharose bound GST-tagged wildtype caspase-9 prodomain (proC9 WT) or
T125A mutant (proC9 T125A) was incubated with γ-32P-ATP and active Erk, Rsk1, or Rsk2 for in vitro
phosphorylation. Beads were washed, and phosphorylation of caspase-9 was examined via
autoradiography.
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this pre-phosphorylated Apaf-1 in interphase or mitotic Xenopus egg extract to examine
dephosphorylation over time. As seen in Figure 3.7A, Apaf-1 was dephosphorylated
more rapidly in interphase extract, as compared to mitotic extract, indicating that the
Apaf-1-directed phosphatase has reduced activity in mitosis or cannot interact with Apaf1 as efficiently in mitosis.
Our laboratory and others have shown that the OA-inhibitable phosphatase PP1 is
active in interphase and inactivated in mitosis by phosphorylation at T320, and given our
previous results, we pursued the possibility that PP1 is the relevant Apaf-1-directed
phosphatase (Dohadwala et al., 1994; Kwon et al., 1997; Wu et al., 2009). In addition to
the fact that PP1 is inactive during mitosis, titrations of OA in the agarose-bound
cytochrome c affinity precipitation assay suggested that PP1 was the relevant
phosphatase (PP1 requires higher doses of OA (10 μM in Xenopus egg extract) for
inhibition than the other predominant OA-inhibitable in egg extracts, PP2A (1 μM in
Xenopus egg extract, data not shown). Therefore, we characterized the interaction
between Apaf-1 and PP1 using His-Apaf-1 beads to affinity precipitate Xenopus PP1.
The Apaf-1 containing agarose recruited more PP1 than His agarose alone (Figure 3.7B).
Interestingly, binding between Apaf-1 and PP1 was reduced in mitotic extract, which,
along with the relative inactivity of PP1 in mitosis, could contribute to preferential
phosphorylation of Apaf-1 in mitotic extract.
To bolster these results, we used the specific PP1 inhibitor, protein inhibitor-2
(I2), to suppress PP1 activity in interphase egg extract and examined dephosphorylation
of Apaf-1. After adding GST-tagged I2 to interphase extract, we incubated pre97

Figure 3.7: PP1 Antagonizes Rsk Phosphorylation of Apaf-1
Figure 3.7: A. His-Apaf-1 beads were pre-phosphorylated in vitro with γ-32P-ATP and active Rsk2. The
beads were then incubated in extract, as indicated, with samples taken every hour. Beads were washed, and
phosphorylation of Apaf-1 was examined via autoradiography. B. Empty nickel-agarose (His) or nickelagarose bound His-Apaf-1 was incubated in interphase (S) or mitotic (M) extract for 1 hour at 25oC. Beads
were then washed and immunoblotted with anti-Apaf-1 and anti-xPP1 antibodies. C. His-Apaf-1beads were
pre-phosphorylated as in A. The beads were then incubated in interphase (S) extract, S extract with GST-I2
(S+I2), mitotic (M) extract or M extract supplemented with either wildtype PP1 or active PP1 T320A.
Phosphorylation of Apaf-1 was examined via autoradiography. D. His-Apaf-1 beads were prephosphorylated as in A. The beads were retrieved, washed, and incubated in vitro with nickel-agarose
bound His-PP1 that had been pre-incubated in interphase extract for 1 hour. Phosphorylation of Apaf-1 was
examined via autoradiography.
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phosphorylated His-Apaf-1 beads in the extract. As shown in Figure 3.7C, the
dephosphorylation of Apaf-1 in interphase egg extract containing GST-I2 is reduced
compared to interphase extract alone. Furthermore, addition of a mutant PP1 (T320A)
that is unable to be suppressed by phosphorylation during mitosis augmented the
dephosphorylation of Apaf-1 in mitotic egg extract (Figure 3.7C).
Even though Apaf-1 interacted with PP1 in Xenopus egg extract, it was unclear
whether PP1 could dephosphorylate Apaf-1 through a direct interaction in the absence of
a targeting subunit. Therefore, we performed a dephosphorylation assay on Apaf-1 using
nickel-agarose bound PP1 that had been pre-dipped in interphase extract. As shown in
Figure 3.7D, Apaf-1 was sensitive to dephosphorylation by PP1 pre-incubated in extract,
but not nickel-agarose bound His-PP1 alone. Collectively, these results suggest that
Apaf-1 is not only phosphorylated by Rsk but also dephosphorylated by PP1 to carefully
tune apoptosome formation in Xenopus egg extract system.

3.2.3 Rsk Phosphorylates Apaf-1 and Inhibits its Binding to Cytochrome c in
Mammalian Cells
Rsk kinase is activated in a subset of cancers, either through activation of the
MAPK pathway and/or Rsk gene amplification (Clark et al., 2005; Smith et al., 2005;
Berns et al., 2004; Thakur et al., 2007; Kang et al., 2010). Thus, we next examined
whether Rsk phosphorylation of Apaf-1 might contribute to the inhibition of cytochrome
c-induced caspase activation in mammalian cells under circumstances where Rsk kinase
activity is upregulated. After overexpressing constitutively active myrostylated-Rsk1
(myr-Rsk1) or vector alone, 293T cells were serum-starved to minimize activation of the
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endogenous MAPK pathway. Cytosolic lysates from these cells were then utilized for a
kinase assay with recombinant His-Apaf-1 protein as a substrate. As shown in Figure
3.8A, recombinant Apaf-1 was well-phosphorylated in the myr-Rsk1 expressing lysates.
This constitutive Rsk activity also decreased the sensitivity of the lysates to cytochrome
c, consistent with our data in Xenopus egg extracts (Figure 3.8B).
Phorbol 12-myristate 13-acetate (PMA) is known to activate the MAPK pathway.
When recombinant His-tagged Apaf-1 protein was incubated in lysates from PMAtreated 293T cells, Apaf-1 phosphorylation was markedly increased, as measured by γ32

P-ATP incorporation (Figure 3.8C). More importantly, the Rsk inhibitor SL0101

reduced the PMA-induced phosphorylation of Apaf-1, suggesting that this
phosphorylation is at least in part dependent on Rsk activation (Figure 3.8C). Caspase
activity of cytosolic lysates from these cells demonstrated that PMA treatment also
reduced the responsiveness of the lysates to cytochrome c (Figure 3.8D). In agreement
with this finding, cytochrome c beads precipitated less Apaf-1 from the PMA-treated
lysates (Figure 3.8E).
To further confirm that Rsk kinase activity was required for the PMA-induced
inhibition of the apoptosome, RNAi knock-down of Rsk1 and 2, two prominent isoforms
of the kinase in mammalian cells, was performed. As shown in Figure 3.8F, silencing
Rsk1 and 2 ablated phosphorylation of recombinant His-Apaf-1 protein added to cell
lysates. More importantly, Rsk knock-down restored responsiveness to cytochrome c in
lysates from the PMA-treated cells (Figure 3.8G; compare with Figure 3.8D where PMAtreated cells were less sensitive to cytochrome c than controls, while knock-down of Rsk
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Figure 3.8: Rsk Phosphorylates Apaf-1 in Mammalian Cells and Reduces

Sensitivity to Cytochrome c
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Figure 3.8: Rsk Phosphorylates Apaf-1 in Mammalian Cells and Reduces Sensitivity to Cytochrome c. AB. 293T cells were transfected with expression plasmids encoding constitutively active myrostylated-Rsk1
(myr-Rsk) or empty vector as control. Cells were incubated in complete media for 24 hours and then
serum-starved for additional 24 hours. Cytosolic lysates were then prepared. A. His-Apaf-1 was incubated
with γ-32P-ATP in cytosolic lysates. Samples were resolved by SDS-PAGE, and incorporation of 32P was
detected by autoradiography (top). Lysates were analyzed by immunoblotting for total Rsk1, phospho-S6
(pS6), and actin (bottom). B. Exogenous cytochrome c (10 ng/μL) and dATP (1 mM) were added to
cytosolic lysates. Samples were incubated for 30 minutes, and caspase activity was assayed as previously
described. C-E. 293T cells were left untreated or treated with PMA (25 ng/mL) and/or SL0101 (100 µM)
for 30 minutes at 37oC as indicated. Cytosolic lysates were prepared following 24 hours of serum
starvation. C. His-Apaf-1 was incubated with γ-32P-ATP in cytosolic lysates, and the incorporation of 32P
was assessed by autoradiography. D. Cytochrome c-induced caspase activation was measured following
incubation of cytosolic lysates with cytochrome c (10 ng/µL) and dATP (1mM). E. Cytochrome c beads
were incubated in cytosolic lysates. Bead-bound proteins were resolved by SDS-PAGE and immunoblotted
with anti-Apaf-1 and cytochrome c antibodies. F-H. 293T cells were transfected with control siRNA or
Rsk1 and 2 targeted siRNA. Forty-eight hours post-transfection, cells were serum starved for 24 hours prior
to PMA treatment. Cytosolic lysates were then prepared. F. His-Apaf-1 was incubated with γ-32P-ATP in
lysates to examine phosphorylation of Apaf-1 by autoradiography (top). Lysates were analyzed by
immunoblotting for Rsk1, Rsk2, and actin (bottom). G. Caspase activity was measured as described in B
for control and Rsk1 and 2 knock-down (Rsk KD) cells. H. Cytosolic lysates were incubated with
cytochrome c beads, and the amount of bound Apaf-1 was examined by immunoblotting.
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rendered them more sensitive than controls). These data were consistent with an observed
increased interaction between Apaf-1 and cytochrome c under these conditions (Figure 3.
8H). The MAPK-Rsk pathway is elevated in many cancers as a result of constitutively
active Ras. Thus, we examined whether Rsk is responsible for reduced caspase activation
in cells stably expressing oncogenic Ras12V. As shown in Figure 3.9, RNAi knock-down
of Rsk1 and 2 in Ras12V cells substantially increased responsiveness of cytosolic lysates
to cytochrome c. Taken together, our results suggest that in mammalian cells, as we
observed in Xenopus egg extracts, Rsk can phosphorylate Apaf-1 and inhibit its ability to
bind to cytochrome c.

3.2.4 Apaf-1 is Phosphorylated in PC3 Prostate Cancer Cells.
It has been reported that Rsk protein levels are elevated in some prostate cancers,
where it can play a role in proliferation and prostate cancer progression. Although Apaf-1
and caspase-9 levels were the same in 293T cells and the prostate cancer cell line PC3
(data not shown), recombinant His-Apaf-1 protein was phosphorylated more robustly
upon incubation in PC3 cell lysates than in lysates from 293T cells (Figure 3.10A).
Interestingly, the phosphorylation levels of Apaf-1 in lysates from PMA-treated PC3 cells
remained unchanged even following serum-starvation. This result is consistent with the
previous reports that in PC3 cells, Rsk is highly active regardless of Erk activation (Clark
et al., 2005). Importantly, compared with lysates prepared from 293T cells, lysates from
PC3 cells exhibited marked resistance to caspase activation upon addition of exogenous
cytochrome c (Figure 3.10B). Treatment of PC3 cells with the Rsk inhibitor, SL0101,
was able to enhance the sensitivity of the resulting cell lysates to cytochrome c, allowing
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Figure 3.9: Rsk is Responsible for Resistance to Cytochrome c-Induced
Caspase Activation in Ras12V Cells
Figure 3.9: Rsk1 and 2 were silenced by a consecutive RNAi transfection in HEK-HT cells expressing
Ras12V. siRNA transfected Ras12V cells were re-plated 24 hours after the first transfection for the second
transfection. Forty-eight hours after the second transfection, cells were harvested, and cytosolic lysates
were prepared. Immunoblotting was performed for Rsk1, Rsk2, and actin. B. Cytosolic lysates from
Ras12V cells, transfected as in A, were incubated with exogenous cytochrome c to examine caspase
activity; the experiment was repeated at least three times and shown is a representative assay profile.
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Figure 3.10: Reduced Caspase Activation in Prostate Cancer Cells is
Associated with Strong Phosphorylation of Apaf-1 by Rsk
Figure 3.10: A. 293T and PC3 cells were serum starved for 24 hours, and PC3 cells were either treated, or
left untreated, with PMA. 293T and PC3 cytosolic lysates were prepared, and His-Apaf-1 was added with
γ-32P-ATP to examine the phosphorylation status of Apaf-1. Incorporation of 32P was assessed by
autoradiography. B. Exogenous cytochrome c (10 ng/µL) and dATP (1 mM) were added to the cytosolic
lysates prepared in A for 20 minutes, and caspase activity was assayed as previously described. C. PC3
cells were incubated with DMSO or SL0101 (100 µM) for 3 hours. Cytosolic lysates were prepared, and
cytochrome c-induced caspase activation was analyzed. D. Rsk1 and 2 were silenced by a consecutive
RNAi transfection in PC3 cells. PC3 cells were re-plated 24 hours after the first transfection for the second
transfection. Forty-eight hours after the second transfection, cells were harvested, and cytosolic lysates
were prepared. His-Apaf-1 was incubated in these lysates with γ-32P-ATP to examine the phosphorylation
of Apaf-1 by autoradiography (left). Immunoblotting was performed for Rsk1, Rsk2, and actin (right). E.
Cytosolic lysates from PC3 cells, transfected as in D, were incubated with exogenous cytochrome c to
examine caspase activity. F. Apaf-1 expression in PC3 cells was silenced by siRNA transfection. Twentyfour hours post- transfection, cells were treated with 50 μM SL0101 or DMSO for 24 hours then treated
with 100 nM docetaxel (DTX) or DMSO for an additional 24 hours. Apoptotic cell death was assayed by
Annexin V staining and FACS analysis. Results shown are mean ± SEM of four independent experiments
(*p<0.05; ns, not significant). G. Knock-down of Apaf-1 was confirmed by immunoblotting for Apaf-1 and
actin as control.
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for caspase activation (Figure 3.10C). A similar (but even more significant) result was
observed following suppression of both Rsk1 and 2 in PC3 cells using RNAi; Apaf-1
phosphorylation was reduced following Rsk knock-down, and caspase activation in
response to cytochrome c was restored (Figures 3.10D and E). Since the Rsk inhibitor
SL0101 has been proposed as a potential chemotherapeutic (Clark et al., 2005; Smith et
al., 2005), we also wished to determine whether pharmacological Rsk inhibition might
induce basal cell death levels and/or boost the efficacy of chemotherapeutic agents (here,
docetaxel) in PC3 cells. To this end, we treated PC3 cells with SL0101 alone or in
combination with docetaxel (DTX). While there was a moderate increase in apoptotic cell
death induced by SL0101 alone, we observed a significant enhancement of cell death
when cells were co-treated with docetaxel and SL0101 (Figure 3.10F). Importantly,
Apaf-1 knock-down using RNAi markedly reduced the synergy of DTX and SL0101 in
inducing cell death, suggesting that the suppression of cell death by Rsk was exerted at
least in part through Apaf-1 phosphorylation in PC3 cells (Figures 3.10F and G).
Collectively, these data suggest that Rsk is responsible for both phosphorylation of Apaf-1
and resistance to cytochrome c-induced caspase activation, conferring a significant
degree of protection from death stimuli in PC3 prostate cancer cells.

3.2.5 Rsk Phosphorylates Apaf-1 at S268
Rsk recognizes a consensus motif defined as RXRXXS*/T* (phosphorylation
sites are indicated with asterisks). Analyses of Rsk consensus motifs on Apaf-1 using
protein sequence annotation databases (GPS 2.1: gps.biocuckoo.org, ELM: elm.eu.org
and Scansite: scansite.mit.edu) identified two target residues of particular interest, S268
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and S357 (Figure 3.11A). To determine whether either of these sites was phosphorylated
by Rsk, we mutated each of these two serines to alanine in full length Apaf-1 and
examined phosphorylation of the mutant recombinant proteins, Apaf-1 (S268A) and
Apaf-1 (S357A). Lysates from 293T cells overexpressing myr-Rsk1 and the
constitutively active Rsk2 mutant (K707A: Rsk2 CA) showed that Apaf-1
phosphorylation was decreased by mutating either residue (Figure 3.11B). To further
evaluate whether these residues might be direct targets of Rsk, we examined Apaf-1
phosphorylation in vitro. HA-tagged wildtype Rsk (Rsk1-WT), but not kinase inactive
mutant (Rsk1 KD), immunoprecipitated from PMA-treated, Rsk-overexpressing 293T
cells effectively phosphorylated wildtype Apaf-1. To further evaluate whether these
residues might be direct targets of Rsk, we examined Apaf-1 phosphorylation in vitro.
HA-tagged wildtype Rsk (Rsk1-WT), but not kinase inactive mutant (Rsk1 KD),
immunoprecipitated from PMA-treated, Rsk-overexpressing 293T cells effectively
phosphorylated wildtype Apaf-1. Phosphorylation was compromised by mutation of S268
or S357 (Figure 3.12), suggesting that both S268 and S357 can be directly
phosphorylated by Rsk. Since Rsk phosphorylation of Apaf-1 attenuates Apaf-1 binding
to cytochrome c and subsequent caspase activation, abrogation of phosphorylation should
restore Apaf-1’s responsiveness to cytochrome c, even upon Rsk activation. To address
this question, we co-transfected 293T cells with myc-tagged wildtype Apaf-1(WT), Apaf1(S268A), or Apaf-1(S357A) together with either vector or myr-Rsk1. We prepared
cytosolic lysates from those cells and analyzed binding between myc-Apaf-1 and
cytochrome c beads. As shown in Figure 3.11C, expression of myr-Rsk1 expression of
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Figure 3.11: Rsk Phosphorylates Apaf-1 at S268 and S357, but S268 is
Functionally Important
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Figure 3.11: Rsk Phosphorylates Apaf-1 at S268 and S357, but S268 is Functionally Important. A. Rsk
phosphorylation sites in Apaf-1 are shown. Evolutionarily conserved Rsk-consensus motifs are boxed, and
target residues are indicated in red. B. Apaf-1 was mutated at S268 or S357, and the corresponding HisApaf-1 proteins, as well as wildtype Apaf-1, were subjected to an in vitro kinase assay in the absence or
presence of active Rsk1. Proteins were incubated with γ-32P-ATP in cytosolic lysates from 293T cells
transfected with plasmids encoding active Rsk1 and 2 or empty vector control. Incorporation of 32P was
assessed by autoradiography. C. 293T cells were transfected with wildtype or mutant Apaf-1 in the
presence or absence of myr-Rsk1. Twenty-four hours post-transfection, cells were serum-starved for an
additional 24 hours, and cytosolic lysates were made. Cytochrome c beads were added, and the amount of
bound, transfected Apaf-1 was examined by immunoblotting (cyt.c PD). Lysates were analyzed by
immunoblotting for the indicated proteins (input). D. Cytosolic lysates from 293T cells transfected as in C
were incubated with exogenous cytochrome c (2 ng/μL) and dATP (1 mM) for 15 minutes. Caspase
activity was assayed as previously described. E. 293T cells were transfected with wildtype or mutant forms
(S268D and S357D) of Apaf-1. Twenty-four hours post-transfection, cells were serum-starved for an
additional 24 hours, and cytosolic lysates were made. Lysates were then incubated with cytochrome c beads
and the amount of Apaf-1 precipitated with cytochrome c was examined by immunoblotting (cyt.c PD).
Lysates were immunoblotted for the indicated proteins (input).
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Figure 3.12: Apaf-1 is Phosphorylated by Rsk in vitro
Figure 3.12: 293T cells were transfectedwith expression plasmids encoding either wildtype (WT) or
kinasedead mutant (KD) HA-tagged Rsk1. Cells were incubated in complete media for 24 hours, serumstarved for an additional 24 hours and then either treated, or left untreated, with PMA. Whole cell lysates
from the cells were then subjected to immunoprecipitation (IP) with an anti-HA antibody. Nickel-agarose
bound His-tagged Apaf-1 protein (WT, S268A, and S357A) was incubated with γ-32P-ATP and the
indicated immune complexes.
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myr-Rsk1 resulted in a notable decrease in the binding between wildtype myc-Apaf-1 and
cytochrome c. Similar to wildtype myc-Apaf-1, Rsk diminished binding between mycApaf-1(S357A) and cytochrome c (albeit not completely) but importantly, myr-Rsk1 was
unable to impede binding between myc-Apaf-1 (S268A) and cytochrome c (Figure
3.11C). In addition, S268A mutant Apaf-1, but not S357A Apaf-1 fully restored the
responsiveness to cytochrome c in the presence of myr-Rsk (Figure 3.11D), suggesting
that S268, but not S357, may be the functionally relevant Rsk phosphorylation site. If
disrupting phosphorylation by Rsk sensitized Apaf-1 to cytochrome c, we would expect
that mimicking Rsk phosphorylation could impair the interaction between Apaf-1 and
cytochrome c. Indeed, a substantially lower amount of Apaf-1(S268D) was affinity
precipitated by cytochrome c beads than wildtype Apaf-1 when expressed in 293T cells
(Figure 3.11E); Apaf-1(S357D) showed an intermediate effect, consistent with the
relative importance of these sites suggested by analysis of the non-phosphorylatable
mutants (Figure 3.11C).

3.2.6 14-3-3ε is Required for Rsk-mediated Inhibition on Apaf-1
Even though Rsk appeared to block the binding between Apaf-1 and cytochrome
c by phosphorylating Apaf-1 at S268, we were unable to reconstitute this event in vitro;
recombinant Rsk kinase alone could not diminish the binding of recombinant Apaf-1 to
cytochrome c despite phosphorylation at S268 (data not shown). These observations
raised the possibility that an additional step/factor(s), dependent on S268 phosphorylation
might be involved in Rsk-mediated inhibition of Apaf-1. Based on protein sequence
analysis, we noted that phosphorylated S268 and the flanking amino acids formed a
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potential docking site for the adaptor protein, 14-3-3 (Figure 3.13A). We determined that
His-tagged recombinant Apaf-1 interacted with endogenous 14-3-3 when incubated in
lysates from 293T cells (Figure 3.13B). Importantly, mutation of S268, but not S357, to
Ala abolished binding (Figure 3.13B). Conversely, recombinant GST-14-3-3 interacted
with endogenous Apaf-1 when incubated in lysates prepared from 293T cells (Figure
3.13C). Interestingly, we found that the ε isoform of 14-3-3 interacted with Apaf-1 much
more strongly than the ζ isoform in both 293T lysate and Xenopus egg extract (Figures
3.13C and 3.14).
Our ability to detect Apaf-1/14-3-3 binding in 293T cell lysates suggested that
low levels of Rsk activity (or another kinase capable of phosphorylating S268) allowed
for some basal level of interaction between Apaf-1 and 14-3-3. However, we
hypothesized that increasing S268 phosphorylation in the presence of active Rsk would
further enhance this interaction to effectively inhibit apoptosome formation. We thus
examined the interaction between 14-3-3 and Apaf-1 in the presence or absence of Rsk
activation in 293T cells. As shown in Figure 3.13D, PMA treatment resulted in a marked
increase in binding between Apaf-1 and 14-3-3. Importantly, this binding was
significantly diminished when both Rsk1 and Rsk2 were silenced by RNAi. We further
determined that this increased binding between 14-3-3 and Apaf-1 is specific for the ε
isoform of 14-3-3 (Figure 3.13E).
It has been reported that Apaf-1 is expressed at extremely low levels in COS-1
and -7 cells (Hausmann et al., 2000). To minimize the effects of endogenous Apaf-1
protein, we employed COS cells to analyze the effect of Rsk on the interaction between
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Figure 3.13: Apaf-1 Binds 14-3-3ε at S268
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Figure 3.13: Apaf-1 Binds 14-3-3ε at S268. A. Putative 14-3-3 binding motifs in Apaf-1 are shown;
[RHK][STALV]p[ST][PESRDIF] 14-3-3 binding motifs based on reported natural interacting proteins
(data obtained from databases: ELM: elm.eu.org and Scansite: scansite.mit.edu). 14-3-3 consensus motifs
are boxed, and target residues are indicated in red. B. His-Apaf-1, either wildtype (WT) or mutant (S268A,
S357A) protein was incubated in 293T whole cell lysate, and bead-bound proteins were resolved by SDSPAGE and immunoblotted with anti-pan-14-3-3 and anti-His antibodies. C. Glutathione sepharose-bound
GST, GST-14-3-3ε, or GST-14-3-3ζ was incubated with 293T whole cell lysates. Beads were recovered,
resolved by SDS-PAGE, and immunoblotted for Apaf-1 and GST. D. 293T cells were transfected with
control siRNA or Rsk1 and 2 targeted siRNAs. Forty-eight hours after transfection, cells were serum
starved for an additional 24 hours prior to PMA treatment. Whole cell lysates were made and incubated
with His-Apaf-1. Samples were resolved by SDS-PAGE and immunoblotted for 14-3-3 and Apaf-1 (HisPD). Lysates were analyzed by immunoblotting for the indicated proteins (input). E. 293T cells were
transfected with plasmids encoding HA-14-3-3ε or HA-14-3-3ζ. Twenty-four hours after transfection, the
cells were serum starved for 24 hours. Cells were then treated with PMA or left untreated (Ctrl) and
subjected to immunoprecipitation (IP) with an anti-HA antibody. Immune complexes were analyzed by
immunblotting with anti-Apaf-1 and anti-HA antibodies (HA-IP). Cell lysates were immunoblotted for the
indicated proteins (input). F. COS-7 cells were co-transfected with plasmids encoding active Rsk1 and 2 or
empty vector. After 24 hours in complete media, cells were serum starved for 24 hours, and whole cell
lysates were prepared. His-Apaf-1 protein (WT, S268A, S357A) was incubated in lysates. Samples were
analyzed by SDS-PAGE and immunoblotted for His and 14-3-3ε (His-PD). Lysates were immunoblotted
for the indicated proteins (input). G. Glutathione Sepharose-bound GST-14-3-3ε was incubated with whole
cell lysates from 293T cells overexpressing wildtype or phosphomimetic mutants of myc-Apaf-1 (S268D
and S357D), and Sepharose bound proteins were resolved in SDS-PAGE and immunoblotted for Apaf-1
(GST-PD). Lysates were analyzed by immunoblotting for the indicated proteins (input).
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Figure 3.14: 14-3-3ε, but not 14-3-3ζ, Interacts with Apaf-1 in Xenopus Egg Extract
Glutathione sepharose-bound GST, GST-14-3-3ε, or GST-14-3-3ζwas incubated in Xenopus egg extract,
and sepharose-bound proteins were resolved with SDS-PAGE and immunoblotted for endogenous Xenopus
Apaf-1.
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14-3-3ε and Apaf-1. Recombinant His-Apaf-1, either wild type or mutant (S268A or
357A), was incubated in lysates from COS-7 cells overexpressing active Rsk1 and 2. As
shown in Figure 3.13F, the interaction between WT Apaf-1 or Apaf-1 S357A and 14-33ε, was enhanced in the presence of the active Rsk kinases, but this increase was not
observed for the Apaf-1 S268A mutant. Although phosphomimetic residues often cannot
confer 14-3-3 binding, there are reports of enhanced interactions between 14-3-3 and
phosphomimetic residues in some 14-3-3 binding partners (Kim et al., 2007; Faul et al.,
2005; Maheswaranathan et al., 2011). Surprisingly, we found that phosphomimetic
S268D Apaf-1 mutant interacted with 14-3-3ε more robustly than wildtype Apaf-1
(Figure 3.13G; in comparison to wildtype, S357D mutant showed a modest increase in
14-3-3ε binding). We note, however, that the observed decrease in cytochrome c binding
to S268D Apaf-1 (relative to wild type Apaf-1) seen in Figure 3.11E appeared to be more
striking than the increase in 14-3-3 binding. Thus, the decreased interaction of Apaf-1
S268D with cytochrome c might have resulted from a direct inhibitory effect of the
charged phosphomimmetic residue on Apaf-1-cytochrome c interactions and/or from
inhibition of these interactions by S268D-bound 14-3-3 protein.
If 14-3-3ε is required for Rsk-mediated inhibition of the Apaf-1-cytochrome c
interaction, we expect that knock-down of 14-3-3ε would alleviate this suppression and
restore Apaf-1 sensitivity to cytochrome c. Consistent with this idea, the ability of PMA
to suppress Apaf-1-cytochrome c interactions was diminished by knock-down of 14-3-3ε
(Figure 3.15A). Accordingly, PMA treatment could no longer effectively suppress
cytochrome c-induced caspase activation following knock-down of 14-3-3ε (Figure.
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Figure 3.15: 14-3-3ε is Required for Rsk-Mediated Inhibition of Apaf-1
Binding to Cytochrome c

Figure 3.15: A-B. 293T cells were transfected with control siRNA or siRNA targeted against 14-3-3ε.
Twenty-four hours post-transfection, cells were serum-starved for an additional 24 hours, and treated (or
untreated) with PMA. Cytosolic lysates were prepared as previously described. A. Cytochrome c beads
were used to affinity precipitate endogenous Apaf-1 from the indicated lysates. Bead-bound proteins were
resolved by SDS-PAGE, and immunoblotted for cytochrome c and Apaf-1 (cyt.c PD). Lysates were
analyzed for the indicated proteins (input). B. Exogenous cytochrome c (5 ng/μL) and dATP (1 mM) were
added to cytosolic lysates for 60 minutes, and caspase activity was assayed as previously described. C.
293T cells were transfected with control siRNA or siRNA targeted against 14-3-3ε. Twenty-four hours
post-transfection, the cells were re-plated for DNA transfection with plasmids encoding active Rsk1, 2, or
empty vector. Forty-eight hours after DNA transfection, the cells were harvested for cytosolic lysate
preparation. Cytochrome c beads were used to precipitate endogenous Apaf-1 as in A (cyt.c PD).
Immunoblotting was performed on the indicated proteins (input). D. His-Apaf-1 was incubated in cytosolic
lysates as described in C, and immunoblotting with an anti-14-3-3ε antibody was performed to examine the
amount of endogenous 14-3-3ε precipitating with Apaf-1 beads. E. PC3 cells were transfected with control
siRNA or siRNA targeted against 14-3-3ε. Forty-eight hours post-transfection, cytosolic lysates were made,
and cytochrome c beads were used to affinity precipitate Apaf-1 from the lysates. Bead-bound proteins
were resolved by SDS PAGE, and immunoblotting was performed with anti-Apaf-1 and anti-cytochrome c
antibodies (cyt.c PD). Lysates were analyzed for the indicated proteins (input).
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3.15B). Similarly, overexpression of Rsk1 or Rsk2 enhanced recruitment of 14-3-3ε to
Apaf-1 and abolished Apaf-1 binding to cytochrome c, which were both reversed by 143-3ε knockdown (Figures. 3.15C and D). Finally, we performed a similar experiment
using PC3 cells where endogenous Rsk is highly activated. When cytochrome c beads
were incubated in cytosolic lysates from PC3 cells that had been treated with either
control, or 14-3-3ε targeted siRNA, significantly more Apaf-1 was affinity precipitated
from the lysates depleted of 14-3-3ε (Figure. 3.15E). These data demonstrate that 14-3-3ε
is crucial for Rsk-mediated apoptosome inhibition stemming from a reduced interaction
between Apaf-1 and cytochrome c.

3.3 Discussion
MAPK signaling is connected, either directly or indirectly, to many components
of the core cellular machinery that direct cell proliferation and cell death. Here, we have
identified a novel mode of apoptosome regulation involving the phosphorylation of Apaf1 by Rsk, a terminal kinase in MAPK signaling. Rsk-mediated Apaf-1 phosphorylation
promoted recruitment of the adaptor protein 14-3-3, suppressing the ability of
cytochrome c to nucleate apoptosome formation. Moreover, we have demonstrated that
cells with high Rsk kinase activity exhibit Apaf-1 phosphorylation and resistance to
cytochrome c in a manner dependent on 14-3-3, which is consistent with the ability of
Rsk to enhance cell survival through phosphorylation of Apaf-1.

3.3.1 14-3-3 and Control of Apoptosis
14-3-3 is an adaptor protein that regulates various cellular functions by
sequestering its target proteins and/or preventing protein-protein interactions (Nomura et
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al., 2003; Vander Haar et al., 2007; Dong et al., 2007). Previous studies have
demonstrated that various pro-apoptotic proteins acting upstream of mitochondrial
cytochrome c release can interact with 14-3-3 proteins, which negatively regulates
protein function in most cases. For example, in healthy cells, 14-3-3 binding to the proapoptotic Bcl-2 family member Bad sequesters it in the cytoplasm, where it cannot
antagonize pro-survival proteins such as Bcl-xL/Bcl-2 localized at the mitochondria (Zha
et al., 1996). Recently, we have reported that the apical caspase-2 is complexed to 14-33ζ in a manner dependent on cellular nutrient status; in this case, 14-3-3 binding prevents
dephosphorylation of a suppressive residue within the caspase-2 prodomain that reduces
its binding to dimerizing adaptor proteins (Nutt et al., 2009).
It has also been reported that Raf, an upstream kinase in the MAPK pathway, is
associated with 14-3-3 proteins and that this is critical for Raf kinase activity (Fu et al,
1994; Tzivion et al., 1998). Indeed, careful examination of the data in Figure 3.13E
(phospho-S6 levels) suggest that overexpression of 14-3-3 may have increased Rsk
kinase activity; RNAi-mediated knock-down of 14-3-3ε also reduced PMA-induced Rsk
activation (phospho-S6 levels in Figure 3.15A). In analyzing the Rsk sequence, we have
noted several potential 14-3-3 binding sites. Therefore, 14-3-3ε may modulate Rsk
activity as well as controlling the Rsk target, Apaf-1.
Recent studies from several laboratories have elucidated specific phenotypic
consequences of altering the levels of individual 14-3-3 isoforms, suggesting that
individual isoforms can bind specific targets and play specialized roles in particular
signaling pathways. For example, 14-3-3τ is specifically induced in cancer cells grown
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on tenascin-C, and overexpression of this 14-3-3 isoform can lead to enhanced cell
adhesion (Martin et al., 2003). Down regulation of the ζ isoform of 14-3-3 has been
reported to sensitize cultured lung cancer cells to anoikis, thereby impeding their ability
to grow in an anchorage-independent manner (Li et al., 2008). Knock-down of 14-3-3β in
renal cortical collecting duct cells diminished multiple aspects of the aldosterone
response, even though other 14-3-3 isoforms were present in these cells (Liang et al.,
2008). Our study provides evidence for a specific function of the 14-3-3ε isoform in
inhibiting apoptosis upon activation of the MAPK pathway in that 14-3-3ε, but not the ζ
isoform, was recruited to Apaf-1 upon Rsk activation. That said, we have examined only
14-3-3ε and 14-3-3ζ, the two most abundant isoforms of 14-3-3 in Xenopus eggs. Thus,
it remains possible that additional 14-3-3 isoforms can also bind to S268 to modulate
Apaf-1 function. The basis for the specificity of 14-3-3ε-Apaf-1 interactions requires
further investigation. As several different sequence motifs have been implicated in 14-33 binding, it may be that small variations in the motifs or combinations of motifs that
confer binding of 14-3-3 dimers can result in the observed specificity (Muslin et al.,
1996; Yaffe et al., 1997; Coblitz et al., 2005; Gardino et al., 2006). It is conceivable that
pS268 on Apaf-1, possibly collaborating with pS357, provides a preferential docking site
for 14-3-3ε dimers upon Rsk activation. It is also possible that 14-3-3ε can
heterodimerize with other isoforms in cells to regulate Apaf-1 function.
In aggregate, our data demonstrate that 14-3-3 can modulate apoptosis
downstream of mitochondrial cytochrome c release as well as upstream, controlling
apoptosome formation through binding to Apaf-1.
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3.3.2 The Apaf-1-Cytochrome c Interaction
It has been previously reported that T125 of caspase-9 is a target of Erk kinase,
contributing to apoptosome inhibition by the MAPK pathway (Allan et al., 2003). Our
data show that Apaf-1 is also a target of the MAPK pathway. It may be that modification
of both of these targets contributes to full inhibition of cytochrome c-induced apoptosis.
Interestingly, Rsk-mediated phosphorylation alone does not appear to be sufficient to
efficiently prevent Apaf-1-cytochrome c interactions; rather, 14-3-3 binding is required.
The specific locus of 14-3-3 apoptosome control appears to be modulation of the
Apaf-1-cytochrome c interaction. Although we have not completely ruled out an effect of
Rsk on oligomerization of Apaf-1 (due to the locations of the phosphorylation sites and
14-3-3 binding), the numerous experiments using cytochrome c beads to probe the
interaction between Apaf-1 and cytochrome c support our proposed model (Figure 3.16).
We would note that other factors reported to modulate the Apaf-1-cytochrome c
interaction appear to act at the level of cytochrome c. For example, Bruey et al. revealed
that the chaperone, hsp27, interacts with cytochrome c, inhibiting its ability to activate
the apoptosome (Bruey et al., 2000; Schafer & Kornbluth, 2006a). Additionally,
physiological levels of nucleotides, such as ATP and dATP, can directly bind to
cytochrome c, inhibiting its interaction with Apaf-1 (Chandra et al., 2006). Though
physiological concentrations of ions, such as calcium and potassium have been reported
to control Apaf-1 function (Bao et al., 2007; Cain et al., 2001), S268 phosphorylation/143-3ε binding is the first post-translational modification of Apaf-1 known to affect the
ability of cytochrome c to nucleate apoptosome formation.
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Figure 3.16: Model of Rsk-Mediated Inhibition of Apoptosome Formation

Rsk phosphorylates Apaf-1 at S268 and S357. The adaptor protein, 14-3-3ε, can then bind to Apaf-1 at
phosphorylated S268, reducing cytochrome c-induced apoptosome formation and subsequent caspase
activation. It is still unclear exactly how 14-3-3ε blocks Apaf-1 binding to cytochrome c although some
possibilities are discussed in the text. Apaf-1, cytochrome c, Rsk and 14-3-3ε are indicated.
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The precise way in which cytochrome c interacts with Apaf-1 to initiate
apoptosome formation is currently unclear. Structural analysis of the apoptosome using
cryoelectron microscopy has suggested that one cytochrome c molecule interacts with
Apaf-1 between two β propeller structures formed by the 15 WD-40 repeats that
comprise the auto-inhibitory C-terminal domain of Apaf-1 (Yuan et al., 2010). This
analysis is consistent with data showing that Apaf-1 lacking the WD-40 repeats is
constitutively active in binding and activating caspase-9 (Srinivasula et al., 1998). Since
the 14-3-3ε binding site, pS268, is not located within the propeller domains, but rather is
within the nucleotide binding domain (NBD) of Apaf-1, the effect of 14-3-3ε binding
may not directly block cytochrome c binding. Instead, recruitment of 14-3-3 to Apaf-1
may induce a conformational change in monomeric Apaf-1 that renders the relevant
cytochrome c binding sites on Apaf-1 less accessible.
In addition to S268 phosphorylation, we observed Rsk-mediated phosphorylation
of S357 on Apaf-1. We have not observed a clear functional consequence of S357
phosphorylation on downstream caspase activation. Mutation of S357A did have a slight
effect on the binding of Apaf-1 to cytochrome c and concomitantly slightly decreased
binding to 14-3-3ε, but this did not appear to translate into a significant effect on the
kinetics of caspase activation (Figures. 3.11C, D, and 3.13F). It is possible that this
residue plays some role(s) in optimal binding of Apaf-1 to cytochrome c, potentially by
influencing binding of 14-3-3ε to S268.
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3.3.3 The MAPK Pathway and Cancer
Rsk is a well-known effector of Ras-MAPK signaling, and this pathway is one of
the most important for promoting cell survival in response to extracellular stimuli;
oncogenic Ras mutations occur in about one-third of all cancers (Bos, 1989). Additional
roles for many Ras effectors, including Rsk, have been reported in cancer. For example,
Rsk1 and Rsk2 are overexpressed in breast and prostate cancers (Clark et al., 2005; Smith
et al., 2005). Rsk3 has been shown as a possible tumor suppressor in ovarian cancer
(Bignone et al., 2007). Rsk4 is abnormally expressed in breast cancer, and it has been
implicated in p53-dependent cell growth arrest (Berns et al., 2004; Thakur et al., 2007).
Our findings demonstrate an additional layer of apoptosis regulation provided by the RasMAPK-Rsk pathway. Under conditions with constitutively active Rsk, Apaf-1 is
phosphorylated (Figures.3. 8A and 3.10A), and the cells are less responsive to
cytochrome c-induced cell death (Figure 3.8B and 3.10B). It would be of interest to
evaluate more systematically the phosphorylation status of Apaf-1 in tumors with
activated Rsk to determine whether this correlates with chemosensitivity. While Apaf-1
phosphorylation is certainly not the only mode of apoptotic suppression in tumors with an
active Ras-MAPK pathway, the post-translational modification of this crucial
apoptosome component appears to represent another layer of apoptotic resistance, which
could potentially be targeted to develop more successful treatments.
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4. Decreased Acetylation of Protein Phosphatase 5 Enhances its
Activity on Hsp90β and Contributes to Apoptotic Inhibition in
Leukemia
4.1 Introduction
Leukemia is a malignant disorder of blood or bone marrow characterized by
abnormal blast expansion (Mosby, 1994). The main cause of the disease is somatic
mutations in hematopoietic stem cells, of which three types, [t(9;22), t(5;12) and
mutations in FLT3] are most commonly found. The reciprocal chromosomal
translocation of t(9;22) (q34;q11), which creates the bcr-abl fusion gene, is observed in
95% of chronic myeloid leukemia (CML), while the t(5;12), generating the tel-pdgfrβ
fusion transcript, occurs in some CML and acute myeloid leukemia (AML) (Sawyers,
1999; Golub et al., 1994). Furthermore, in some AML and myelodisplastic syndromes
(MDS), a point mutation (D835Y) or internal tandem duplication (ITD) mutation in the
tyrosine kinase FLT3 has also been observed (Choudhary et al., 2005). The constitutively
active tyrosine kinases that are generated as a result of these mutations confer a growth
advantage as well as apoptotic resistance by activating various survival signaling
pathways (e.g., PI3K/Akt, Ras-MAPKs, STAT/JAK). This can contribute to
hematopoietic malignancies including chronic and advanced blastic phases of CML,
AML, and some acute lymphoblastic leukemia (ALL) (Neshat et al., 2000; Shuai et al.,
1996).
Tyrosine kinase inhibitors (TKI), such as imatinib (a Bcr-Abl kinase inhibitor)
and dasatinib (a dual Bcr-Abl/Src kinase inhibitor), have demonstrated an effective
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clinical activity in these leukemias (Weisberg et al., 2007). Most therapeutic agents are
designed to interact with the ATP-binding pocket of the tyrosine kinases, which
effectively prevents the kinases from phosphorylating their substrates. However,
intolerance and/or acquired resistance can develop from various mechanisms that could
be either tyrosine kinase-dependent (e.g., mutations in kinase domain) or -independent
(e.g., constitutive activation of downstream signaling proteins including Src family
kinases), which can lead to the activation of survival pathways regardless of tyrosine
kinase inhibition. Thus, failure of tyrosine kinase inhibitors is a serious clinical problem
in advanced stages of leukemia, and the development of new treatment approaches is
necessary to improve clinical outcomes.
Histone acetyltransferases (HATs) are the enzymes responsible for catalyzing the
acetylation of lysine residues. This activity is antagonized by histone deacetylases
(HDACs). Although they had been initially characterized for their activity on the Nterminal tails of histones, HATs and HDACs also regulate acetylation status of numerous
non-histone proteins, including transcription factors and some cytoplasmic proteins.
These HAT/HDAC-mediated changes in acetylation status have been shown to affect the
activity and/or binding affinity of proteins (Minucci and Pelicci, 2006). So far, four
HDAC classes have been characterized. Three of them, class I, II (A and B), and class IV
have been found to be Zn2+-dependent whereas class III HDACs (the sirtuin family) have
been shown to require NAD for activation (Note that only class I and II will be
considered in this chapter.). Interestingly, HDACs have been suggested to be involved in
pathogenesis of cancers, both leukemias and solid tumor cancers. Aberrant recruitment of
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HDACs has been linked to leukemogenesis in AML (Lin and Evans, 2000; Minucci et
al., 2000; Migliazza et al., 1995; Ye et al., 1995). Additionally, inactivation of specific
HATs has also been reported in a portion of cancer patients. Furthermore, a hyperactive
HDAC phenotype has been seen in cancer cells (Minucci and Pelicci, 2006), supporting
the idea that inhibition of HDACs can potentially be used for cancer therapy. Indeed,
some small molecule HDAC inhibitors (e.g., TSA, SAHA, LAQ824) are currently in
clinical trials and show promising outcomes. These chemical inhibitors (both single
treatment and combination treatment) have been demonstrated to induce growth arrest,
differentiation, and apoptosis in vitro and in vivo. Importantly, co-treatment of HDAC
inhibitors with tyrosine kinase inhibitors have shown a superior antileukemic effect in
advanced leukemias, correlating with induction of p21WAF and proteasomal degradation
of tyrosine kinases (Bali et al., 2004; Nimmanapalli et al., 2003). Yet, the apoptotic
mechanism that is induced by such combination therapies remains enigmatic.
Our laboratory previously discovered that the phosphorylation status of molecular
chaperone Hsp90β is involved in chemoresistance in tyrosine kinase-induced leukemia
(Kurokawa et al., 2008). Hsp90β becomes hypophosphorylated at S226 and S255 in
leukemic settings; this inhibits apoptosis by hindering formation of the apoptosome, an
essential component in the mitochondria-mediated apoptotic pathway. Indeed, expressing
non-phosphorylatable Hsp90β renders leukemic cells resistant to the Bcr-Abl kinase
inhibitor, imatinib.
In an extension of our previous work, we discovered that protein phosphatase 5
(PP5) is responsible for Hsp90β hypophosphorylation. Knock-down of PP5 in leukemic
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cells or absence of PP5 in Bcr-Abl expressing MEFs (PP5 KO MEFs) show an increase
of Hsp90β phosphorylation, subsequently sensitizing cells to cytochrome c, as compared
with the conditions where PP5 is present. Of note, PP5 interaction with, and activity on,
Hsp90β increases once cells become leukemic. Through mutational analysis of several
putative acetyl-lysine residues on PP5 (based on HAT preferential acetylation sequences
(Choundhary et al., 2009), we determined that acetylation on K144 regulates PP5 activity
toward Hsp90β; the increased binding in leukemic cells results from decreased
acetylation of PP5 at K144. Once K144 acetylation is reduced, PP5 can more robustly
dephosphorylate Hsp90β; this, in turn, contributes to apoptotic inhibition (and potentially
chemoresistance). Collectively, our findings elucidate a mechanism by which HDAC
inhibition can enhance apoptosis in tyrosine kinase-induced leukemias, with a particular
impact on the development and potential treatment of chemoresistant leukemias. In
addition, they point to the potential for targeting PP5 for therapeutic benefit.

4.2 Results
4.2.1 Enhanced Dephosphorylation Results in Hsp90β Hypophosphorylation
in Leukemic Cells
Previously, we reported that oncogenic tyrosine kinases (e.g., Bcr-Abl, TelPDGFRβ, FLT3 D835Y) attenuate apoptosis by impairing apoptosome formation
(Deming et al., 2004). By taking a biochemical approach, we recently determined that
this phenomenon stems from hypophosphorylation of Hsp90β on S226 and S255
(Kurokawa et al., 2008). To verify whether Hsp90β hypophosphorylation occurred in
intact, leukemic cells, we stained the Bcr-Abl negative lymphoid cell line, TF-1, or
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positive cell line, SUP-B15 with phospho-specific antibodies against Hsp90β (pS226 and
pS255), and then evaluated phospho-signals by flow cytometry (FACS). As shown in
Figure 4.1A, SUP-B15 cells showed lower phospho-signals than TF-1 cells. Similar
results were obtained by FACS analyses and immunoblotting for phospho-Hsp90β
(pS226) using an immortalized murine bone marrow-derived pro B cell line, Ba/F3. In
untransformed Ba/F3 cells, Hsp90β was more robustly phosphorylated than in those
expressing Bcr-Abl (Ba/F3-BA) or Tel-PDGFRβ (Ba/F3-TP) (Figure 4.1B). More
importantly, experiments with peripheral blood mononuclear cells (PBMCs) isolated
from leukemia patients revealed that a cell population with high levels of tyrosine
phosphorylation showed an absence of detectable phospho-Hsp90β (Figure 4.1C).
Given the observed hypophosphorylation of Hsp90β in human patient cells as
well as in cultured cells, the decreased phosphorylation of Hsp90β that was seen in these
cell populations could be explained by reduced kinase activity and/or enhanced
phosphatase activity. To assess kinase activity on Hsp90β, we examined casein kinase 2
(CK2), a kinase that has been reported to phosphorylate Hsp90β on both S226 and S255
in vitro (Lees-Miller et al., 1989). To determine whether CK2 is a relevant kinase in
living cells, we suppressed CK2 expression by siRNA and then assessed the
phosphorylation status of endogenous Hsp90β. Knock-down of CK2 reduced phosphosignals on both residues (Figure 4.2A), indicating that CK2 is responsible for Hsp90β
phosphorylation on these sites in intact cells. If CK2 activity explained the reduced
phosphorylation of Hsp90β in leukemic settings, we would expect lower CK2 activity in
leukemic cells relative to untransformed counterparts.
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A

Figure 4.1: Hsp90β Hypophosphorylation in Leukemic Settings Results from
Increased Dephosphorylation
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Figure 4.1:Hsp90β hypophosphorylation in leukemic settings results from increased dephosphorylation.
A. Top: schematic diagram of Hsp90β. two phosphorylation sites (pS226 and pS255) are indicated as
circled P. Bottom: TF-1 cells and SUP-B15 cells were stained with anti-phospho-Hsp90β antibodies
specific for pS226 (left) and pS255 (right), respectively. B. Top: phospho-signals of Hsp90β in Ba/F3-C or
-BA cells were analyzed by FACS. Bottom: lysates from Ba/F3-C, -BA, and -TP cells were immunoblotted
with indicated antibodies (right). C. PBMCs isolated from human leukemia patients were stained with antiphospho-tyrosine and anti-phospho-Hsp90β antibodies. Phospho-signals were analyzed by FACS. The
experiment was conducted with four different leukemia patients and shown is a representative assay profile.
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Figure 4.2: CK2 is a Relevant Kinase for Hsp90β, but It is not Responsible for
Hypophosphorylation of Hsp90β in Leukemic Settings
Figure 4.2: A. CK2 was knocked down in Ba/F3 cells. Knockdown efficiency was confirmed by
immunoblotting (left). Cells were fixed, stained with anti-phospho-Hsp90β antibodies specific for pS226
(left) and pS255 (right), and phosphorylation status of Hsp90β was assayed by FACS. B. A specific CK2
substrate peptide was incubated in lysates from Ba/F3-C or -TP cells, in the presence or absence of CK2
inhibitor, DMAT. Reaction was loaded onto grade DE81 ion exchange paper), and 32P incorporation was
analyzed by scintillation counter.
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However, when analyzing the level of substrate peptide for CK2 that had been incubated
in lysates from Ba/F3-C or -TP cells, we found that leukemic cells showed higher CK2
activity (Figure 4.2B). These results imply that, although CK2 is a relevant kinase of
Hsp90β on S226 and S255 in cells, its down regulation is not likely to be responsible for
the hypophosphorylation of Hsp90β in leukemia; rather, other factor(s), such as enhanced
phosphatase activity, might influence the phosphorylation status of Hsp90β.
To test this hypothesis, we examined the dephosphorylation rate of Hsp90β in
untransformed cells versus that of leukemic cells. His-tagged, recombinant human
Hsp90β protein (His-Hsp90β) was phosphorylated by recombinant CK2 in vitro, and then
incubated with lysates from Ba/F3-C or -TP cells. In lysates from Ba/F3-TP cells,
Hsp90β was dephosphorylated over time, while the level of phosphorylation remained
nearly constant in control Ba/F3-C cells (Figure 4.3A). Similar results were obtained
using lysates from control Rat1 cells or ones expressing Bcr-Abl (Figure 4.3B). Notably,
we found that the Bcr-Abl kinase inhibitor, imatinib compromised the enhanced
dephosphorylation that is observed in leukemic cells (Figure 4.3C). These data indicate
that leukemic cells have enhanced Hsp90β-directed phosphatase activity, suggesting that
phosphatase activity in leukemic cells may be regulated by oncogenic tyrosine kinase
signaling.

4.2.2 PP5 is Responsible for Hypophosphorylation of Hsp90β and its Activity
Increases in Leukemic Cells
Ppt1, yeast homologue of protein phosphatase 5 (PP5) was shown to associate with
and dephosphorylate Hsp90 (Wandinger et al., 2006). In order to determine whether PP5
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Figure 4.3: Dephosphorylation Rate of Hsp90β is Increased in Leukemic Settings

Figure 4.3: His-Hsp90β was pre-phosphorylated in vitro by CK2 in the presence of 2 μCi γ-32P-ATP for 15
minutes at 30 oC. The beads were then incubated with 500 μg of lysates form. Ba/F3-C or -TP cells (A),
Rat1 or Bcr-Abl expressing Rat1 cells (Rat1-BA) (B), or Rat1-BA treated or untreated with imatinib (C)
for the time indicated. Upon retrieval, beads were washed in purification buffer with 1M NaCl and 14.8mM
imidazole, and phosphorylation was examined via autoradiography.
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acts as an Hsp90β-directed phosphatase in mammalian cells, we stained wildtype (WT)
and PP5 KO mouse embryonic fibroblasts (MEF) with phospho-specific antibody against
Hsp90β at S226, and analyzed its phospho-levels by FACS. As shown in Figure 4.4A,
PP5 KO MEF showed higher phospho-S226 signals than WT MEF. We also obtained
similar results in PP5 knocked-down Ba/F3 cells; silencing PP5 in Ba/F3-BA cells
increased Hsp90β phosphorylation (Figure 4.4B). Furthermore, PP5 depletion caused a
decrease in binding between Hsp90β and Apaf-1 (Figure 4.4C). We also validated that
this reduced interaction increases the responsiveness of a cell to cytochrome c, thereby
enhancing caspase activation. By introducing PP5 into Bcr-Abl expressing PP5 KO
MEFs, cell lysates were protected from cytochrome c-induced caspase activation (Figure
4.4D). These results support our previous finding that hypophophorylation of Hsp90β
enhances its binding to Apaf-1, and thereby inhibits apoptosome formation (Kurokawa et
al., 2008).
To further validate that PP5 directly dephosphorylates Hsp90β, we examined
Hsp90β dephosphorylation in vitro. FLAG-tagged wildtype PP5 that had been
immunoprecipitated from FLAG-PP5-overexpressing 293T cells effectively
dephosphorylated wildtype Hsp90β while it did not reduce phospho-signal levels of
Hsp90β mutant in which the MEEVD motif (critical for Hsp90β-PP5 binding) is deleted
(Figure 4.4E). These data suggest that Hsp90β can be directly dephosphorylated by PP5.
PP5 is a unique phosphatase in that it contains three tetratricopeptide repeat (TPR)
domains, which mediate protein-protein interactions (Yang et al., 2005). The TPR
domains serve an auto-inhibitory function, causing the low basal activity of PP5 (Yang et
135
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Figure 4.4: PP5 Dephosphorylates Hsp90β
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Figure 4.4: A. phospho-Hsp90β signals in WT or PP5 KO MEFs were analyzed by FACS, as in Figure 4.1
(left). Lysates were immunoblotted with PP5 and actin as control (right). B. Ba/F3-BA cells were
transfected with different PP5 siRNAs (#1 and #2). Hsp90β phosphorylation was probed by
immunoblotting for a pS226 specific antibody. Knockdown efficiency was examined by immunoblotting
for PP5 and actin as control. C. His-Apaf1 beads were incubated with cytosolic lysates from PP5-knocked
down cells (control siRNA as control). Beads were retrieved and amount of endogenous Hsp90β
precipitated with His-Apaf-1 beads were assayed by immunoblotting. D. PP5 KO MEFs were retrovirally
infected with either expressing YFP alone or wildtype PP5, together with Bcr-Abl. Cytosolic lysates were
made and caspase activation was monitored by cleavage of the colorimetric substrate, Ac-DEVD-pNA after
being incubated with 2ng/μL of cytochrome c and 1mM dATP for 60minutes. E. FLAG-PP5 was expressed
in 293T, and whole cell lysates were subjected to IP with FLAG M2 beads. Pre-phosphorylated HisHsp90β (WT or ΔMEEVD) was then incubated with FLAG immune complexes, with samples taken as
indicated time points. 32P incorporation was assessed by autoradiography.
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al., 2005). Thus, in order for PP5 to be activated, it must interact with another protein or
lipid such that the inhibitory domain is displaced and the catalytic site becomes
accessible to substrates. Interestingly, binding of Hsp90 has been shown to activate PP5,
by stimulating the release of PP5’s tetratricopeptide (TPR) domain (Yang et al., 2005).
Therefore, enhanced PP5 binding to Hsp90 can be used to predict PP5 activation. To
determine whether PP5-Hsp90β binding is increased under leukemic conditions, we
incubated His-Hsp90β, either wildtype (Hsp90β WT) or mutant that cannot interact with
PP5 through PP5’s TPR domain (Hsp90β ΔMEEVD) with lysates from Ba/F3-C or -TP
cells. As shown in Figure 4.5A, Hsp90β precipitated significantly more PP5 when
incubated in Ba/F3-TP cell lysates. We discovered a similar pattern through a reverse pull
down experiment using GST-PP5 protein (Figure 4.5B). Given that the results have
demonstrated i) Hsp90β ΔMEEVD did not bind to PP5 and ii) other phosphatases (PP1
and PP2A) showed no interaction with Hsp90β, the specificity of this interaction was
confirmed. Because overexpression of oncogenic tyrosine kinases is associated with
increased interaction between Hsp90β and PP5, we were interested to see if the binding
could be altered by inhibition of those kinases. To this end, we treated Ba/F3 cells
expressing either Bcr-Abl (Ba/F3-BA) or a known imatinib-resistant mutant (BcrAbl/T315I (Ba/F3-BA/T315I)), with imatinib over time. GST-PP5 was then incubated in
lysates from these cells to see if inhibition of tyrosine kinases hindered PP5 binding to
Hsp90β. Interestingly, imatinib treatment reduced the PP5-Hsp90β interaction in lysates
from Ba/F3-BA, but not Ba/F3-BA/T315I cells (Figure 4.5C). Similarly, we noted
enhanced phosphorylation of Hsp90β only in lysates from imatinib-treated Ba/F3-BA
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Figure 4.5: Binding between PP5 and Hsp90β is Increased in Leukemic Cells
Figure 4.5: A. Lysates from Ba/F3-C or -TP cells were incubated with His-Hsp90β WT or ΔMEEVD.
Beads were retrieved, immunoblotted for PP5, PP1 and PP2A PP5 dephosphorylates Hsp90β. B. Lysates
from Ba/F3-C or -TP cells were incubated with GST-PP5 for reverse pull down. C. Ba/F3-BA or BA/T315I cells were treated with imatinib for the time indicated. GST-PP5 was then incubated with the
cell lysates, recovered, and immunoblotted for Hsp90β and GST.
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cells. Collectively, these data indicate that enhanced PP5-Hsp90β binding in leukemic
cells is caused by oncogenic tyrosine kinase activity.

4.2.3 Acetylation at K144 is Important for PP5 Activity on Hsp90β
Next, we investigated how PP5-Hsp90β binding is regulated. Because aberrant
tyrosine kinase activity is a characteristic of leukemic cells, we were prompted to
examine the phosphorylation status of PP5 in these cells. PP5 phosphorylation, however,
was not detected in either Ba/F3-C or -TP cell lysates (Figure 4.6A), suggesting that
phosphorylation of PP5 may not be relevant in leukemia. HDACs have been suggested to
have important roles in leukemogenesis (Minucci et al., 2006). Moreover, a recent largescale acetylome study reported that PP5 can be modified by acetylation (Choundhary et
al., 2009), raising the possibility that acetylation might contribute to the regulation of PP5
activity. To test this, we incubated GST-PP5 in lysates from Ba/F3-C, or Ba/F3-leukemic
cells (-TP or -BA) and analyzed acetylation patterns of PP5. When incubated in lysates
from Ba/F3-C cells, PP5 acetylation was observed, but the signal was reduced in
leukemic cells (Figure 4.6B). Furthermore, this acetylation, specifically in leukemic cell
lysates, was significantly increased by a broad-spectrum HDAC inhibitor, trichostatin A
(TSA), suggesting that leukemic cells may have high HDAC activity, rather than low
acetylase activity (Figure 4.6C).
In order to assess the effects of HDAC inhibition on Hsp90β phosphorylation, we
treated Ba/F3-C or -TP cells with TSA, and then assayed for Hsp90β phosphorylation in
lysates from these cells. Surprisingly, Hsp90β phosphorylation was markedly increased
by HDAC inhibition in Ba/F3-TP cells, but not in control cells (Figure 4.7A). Further, we
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Figure 4.6: Acetylation of PP5 is Decreased in Leukemic Cells
Figure 4.6: A. GST, GST-tagged PP5, and GST-Hsp90β (178-300, positive control) was incubated in the
lysates from Ba/F3-C or TP cells. The incorporation of 32P was assessed by autoradiography. B. GST-PP5
beads were incubated with lysates from Ba/F3-C or leukemic cells (-BA in left; -TP in right panel). The
acetylation signal was examined via immunoblotting for pan-acetylation specific (pan-K-Ac) antibody. C.
Ba/F3-C and –BA cells were treated or left untreated with TSA. Whole cell lysates were made, and PP5
acetylation was assayed as in B.
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Figure 4.7: PP5 Acetylation Reduces the PP5 Interaction with Hsp90β, Inhibiting
PP5 Activity towards Hsp90β
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Figure 4.7: PP5 Acetylation reduces the PP5 interaction with Hsp90β, inhibiting PP5 activity towards
Hsp90β. A. Ba/F3-C and -TP cells were treated or left untreated with TSA. His-Hsp90β beads were
incubated with cell lysates from those cells in the presence of γ-32P-ATP. 32P incorporation was assessed by
autoradiography. B. His-Hsp90β was pre-phosphorylated in vitro by CK2 in the presence of γ-32P-ATP,
then washed. The beads were incubated with appropriate lysates for the time indicated. Upon retrieval,
beads were washed and phosphorylation was examined via autoradiography. C-D. Ba/F3-C and -BA or -TP
cells were treated or left untreated with TSA. Whole cell lysates were made, and PP5 binding to Hsp90β
was assayed by GST-pulldown (C) or by endogenouse IP (D).
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confirmed that the observed increase in Hsp90β phosphorylation was due to suppression
of dephosphorylation (Figure 4.7B). Based on previous data showing that the
dephosphorylation rate of Hsp90β is closely related to PP5 binding intensity, we were
interested in examining whether HDAC inhibition (TSA) influences Hsp90β interaction
with PP5. Intriguingly, we found that treatment with TSA impaired Hsp90β binding to
PP5 in leukemic cells, while the same treatment had hardly any effect in untransformed
cells (Figure 4.7C). These results suggest that PP5 acetylation is suppressed in the
presence of leukemogenic tyrosine kinases, thereby accelerating Hsp90β
dephosphorylation.
Next, we analyzed amino acid sequences of PP5 in order to identify the lysine
residue(s) whose acetylation status could modulate PP5 activity towards Hsp90β. Recent
reports using quantitative MS-based proteomics have shown that most acetylation sites
are enriched in structured regions (e.g., helix, and β sheet), and that lysine is frequently
found in the +2 and -3 positions in both nuclear and cytosolic proteins (Kim et al., 2006;
Choudhary et al., 2009). Based on this information, we found four putative acetylation
target residues on PP5 (Figure 4.8A). Seeking a functionally relevant lysine residue(s),
we mutated each of these lysines to arginine and examined their acetylation status as well
as their ability to bind to Hsp90β. Although PP5 acetylation signals were somewhat
decreased in most cases (data not shown), PP5 (K144R) consistently showed a significant
increase in binding to Hsp90β (Figure 4.8B). To confirm that this observation was not an
artifact of abnormal conformational change, we generated an acetylation-mimetic mutant
of PP5 (K144Q) and checked to see if mimicking acetylation would inhibit PP5 binding
144

Figure 4.8: PP5 Acetylation at K144 is Important for its Activity on Hsp90β
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Figure 4.8: PP5 acetylation at K144 is important for its activity on Hsp90β. A. Top: Sequence logo plots
represent normalized amino acid frequencies for ±6 amino acids from the lysine acetylation site. Adapted
from Choudhary et al., (2009), with permission from The American Association for the Advancement of
Science. Bottom: Four putative PP5 acetyl-lysine residues are highlighted in red. B. 293T cells were
transfected with FLAG-PP5, either wildtype (WT) or K144R mutant. FLAG-PP5 was immunoprecipitated
and immunoblotted with anti-acetylated lysine and anti-FLAG antibodies. C. 293T cells were transfected
with FLAG-PP5 (WT, K144R and K144Q). His-Hsp90β was incubated with lysates, retrieved,
immunoblotted with anti-FLAG and anti-His antibodies. D. FLAG-PP5 (K144R or K144Q) was expressed
in 293T, immunoprecipitated with FLAG M2 beads. Pre-phosphorylated His-Hsp90β was then incubated
with FLAG immune complexes, with samples taken as indicated time points. 32P incorporation was
assessed by autoradiography.
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to Hsp90β. In concordance with our postulation, we barely detected any Hsp90β
interaction with the K144Q mutant (Figure 4.8C). If acetylation of PP5 on K144 plays a
critical role in Hsp90β binding, we would expect the acetylation-mimetic PP5 mutant
(K144Q) to be less active in Hsp90β dephosphorylation. To evaluate this, we assessed
Hsp90β dephosphorylation by performing an in vitro dephosphorlation assay with
immune complexes of PP5 K144Q and K144R. Indeed, the non-acetylable (K144R)
mutant, but not PP5 (K144Q), successfully dephosphorylated Hsp90β, strongly
suggesting that acetylation at K144 regulates PP5 phosphatase activity by affecting its
interaction with Hsp90β (Figure 4.8D).
We previously reported that hypophosphorylation of Hsp90β confers resistance to
cytochrome c-mediated caspase activation (Kurokawa et al., 2008). Given our current
data and previous observation, we wished to investigate whether PP5 acetylation status
modulated cellular responsiveness to cytochrome c. To this end, we transfected 293T
cells with wildtype PP5 (WT), PP5 (K144R), or PP5 (K144Q), and prepared cytosolic
lysates from those cells. Addition of exogenous cytochrome c and dATP to the lysates
from cells expressing PP5 (WT) showed reduced caspase activation, as compared with
vector control, implying that overexpression of PP5 protects cells from apoptotic
stimulus, possibly by facilitating dephosphorylation of endogenous Hsp90β (Figure 4.9).
More strikingly, cells with the non-acetylable (K144R) mutant were even more refractory
to cytochtome c, while sensitivity to cytochrome c remained intact in cells expressing the
acetylation mimetic mutant (K144Q). Collectively, these data suggest that acetylation of
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Figure 4.9: K144 PP5 Acetylation Status is Associated with Cellular
Sensitivity to Cytochrome c
Figure 4.9: Cytosolic lysates from 293T cells transfected with FLAG-PP5 (WT, K144R, or K144Q) were
incubated with exogenous cytochrome c and dATP. Caspase activity was assayed by measuring cleavage of
DEVD-pNA; the data shown are representative profiles (n=3).
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K144 affects PP5 phosphatase activity, subsequently contributing to post-cytochrome c
protection.

4.2.4 Deacetylation of PP5 Contributes to Apoptotic Inhibition in Leukemic
Settings
Tyrosine kinase inhibitors have been used as effective therapeutics for those
leukemias that are characterized by high tyrosine kinase activity. We have previously
suggested that restoration of Hsp90β phosphorylation might contribute to the efficacy of
these agents. Since our mutant study indicated that PP5 acetylation inhibits its binding to
Hsp90β, leading to Hsp90β hyperphosphorylation, we wished to examine whether
imatinib might modulate PP5 acetylation. To this end, we treated Ba/F3-BA cells with
imatinib and examined PP5 acetylation. While imatinib treatment enhanced PP5
acetylation in these cells (Figure 4.10A), the same treatment did not affect PP5
acetylation in imatinib-resistant Ba/F3-BA/T315I cells (Figure 4.10B). This suggests that
inhibition of tyrosine kinase results in an increase of PP5 acetylation, and moreover, that
resistance to tyrosine kinase inhibitors is associated with an inability of the tyrosine
kinase inhibitor to affect PP5 acetylation.
Finally, to evaluate whether PP5 is an important regulatory factor that is
influenced by tyrosine kinase inhibitors, we performed colony forming assays using PP5
KO MEFs. These cells were retrovirally co-transduced with the tyrosine kinase Bcr-Abl
and either wildtype PP5 or an empty vector as control. As shown in Figure 4.11, in the
control setting (no imatinib treatment), there was no difference in cell proliferation, and
additionally, imatinib treatment reduced cell viability regardless of PP5. Although further
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Figure 4.10: Leukemogenic Tyrosine Kinase Signaling is Involved in PP5
Acetylation at K144
Figure 4.10: A. Ba/F3-BA cells were treated, or untreated with imatinib. GST-PP5 was then incubated
with the cell lysates, retrieved, immunoblotted with anti-acetylated lysine and anti-GST antibodies. Lysates
were immunoblotted for the indicated proteins. B. Ba/F3-BA or -BA/T315I cells were treated with imatinib
for the time indicated. Acetylation status of GST-PP5 was analyzed as in A.
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Figure 4.11: Imatinb-induced Growth Inhibition and PP5 in Bcr-Abl
expressing Cells
Figure 4.11: PP5 KO MEFs were coinfected with retroviral vectors encoding p210Bcr-Abl and wildtype PP5
or MSCV-YFP vector as a control. Coinfected cells were sorted by FACS and 1,000 cells were plated in 6
well plate, either treated or left untreated with different concentrations of imatinib. The colonies were
stained 14 days after plating by using crystal violet.
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studies should be conducted to verify whether PP5 has roles other than Bcr-Abl-induced
apoptotic resistance (e.g., clonogenic assays with PP5 in the absence or the presence of
Bcr-Abl), this preliminary result suggests that 1) PP5 is downstream of leukemogenic
tyrosine kinase signaling, and 2) a main role of PP5 in this signaling appears to prevent
cells from sensitizing to cytochrome c-mediated caspase activation, rather than directly to
confer growth advantage. In-depth functional assays (e.g., colony forming experiments
with mouse bone marrow stem cells and/or bone-marrow transplant experiments) with
PP5 acetylation mutants will definitely be needed to validate the significance of PP5
protein level and/or acetylation status in apoptotic resistance.
Nonetheless, these data collectively suggest that PP5 acts downstream of oncogenic
tyrosine kinase signaling and the suppression of PP5 acetylation at K144 may be
involved in apoptotic resistance, potentially contributing to poor prognosis in leukemic
patients.

4.3 Discussion
Here we have elucidated a mechanism of hypophosphorylation of Hsp90β in
tyrosine kinase-dependent leukemia (summary is shown in Figure 4.12). The ability of
PP5 to dephosphorylate Hsp90β is tuned by acetylation; acetylation of PP5 is restrained
in leukemic settings, which in turn enhances its ability to drive Hsp90β
hypophosphorylation. Moreover, the enzyme(s) responsible for this modification appears
to be associated with tyrosine kinase signaling since imatinib treatment increases PP5
acetylation in leukemic cells. To our knowledge, these results provide a unique
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Figre 4.12 Model of K144 PP5 Acetylation-mediated Inhibition of Apoptosis
in Leukemic Settings
Under normal circumstances, acetylation of PP5 inhibits PP5 activity on Hsp90β. When cells become
leukemic by oncogenic tyrosine kinases, however, PP5 loses acetylation, dephosphorylating Hsp90β at
S226 and S255. Susequently, hypophosphorylated Hsp90β strongly interacts with Apaf-1, thus hindering
apoptosome formation.
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description of a novel cell survival regulatory mechanism that is dependent on PP5
modification by leukemogenic tyrosine kinase signaling.
While PP5 mutational studies have clearly implied K144 as a functionally
important acetylation site, it is not yet clear how acetylation at this lysine residue
specifically affects PP5 activity on Hsp90β. Given that the location of K144, in the
region right after the TPR domains (TPR 1: 28-61, TPR 2: 62-95, TPR 3: 96-129), places
it in a position where it could be involved in Hsp90β binding, the negative charge
introduced by acetylation may sterically hinder Hsp90β binding to PP5. The TPR domain
of PP5 interacts with other proteins, including ASK1 and Gα12/Gα13 subunits (Morita et
al., 2001; Yamaguchi et al., 2002). Thus, acetylation may cause a conformational change
in PP5 so that PP5 favorably interacts with other binding partners, thereby decreasing the
activity toward Hsp90β. Additionally, acetylation at K144 may affect other, unidentified
post translational modifications (e.g., ubiquitylation, sumoylation, glycosylation) that are
potentially important for PP5’s activity. Our current study provides evidence that K144
acetylation inhibits PP5 activity on Hsp90β. It would be worth investigating the
possibility that this modification can affect general PP5 activity; 1) acetylation may alter
the profile of PP5 interacting proteins, or 2) acetylation may shift PP5’s subcellular
localization from cytoplasm to nucleus, conferring preferential dephosphorylation of a
nuclear pool of PP5 substrates (2 is less likely because the initial studies demonstrating
the anti-apoptosome effects of Bcr-Abl were conducted in the Xenopus egg extract
system where membranes are not fully intact). Structural analysis of the K144 mutant
proteins and in-depth interactome studies will be necessary to explore those possibilities
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further. We noted here that PP5 acetylation is modulated by tyrosine kinase activity, but
how the kinase signaling can alter PP5 acetylation status remains unclear. It is possible
that HDACs or HATs can be directly phosphorylated by the tyrosine kinase(s).
Alternatively, some downstream kinase(s) may modulate the HDACs or HATs by
serine/threonine phosphorylation, which can impinge on the activity of the proteins.
Therefore, addressing these questions [1) what protein(s) can be modified by
leukemogenic tyrosine kinase signaling and 2) how the modification of the protein(s) can
affect PP5 acetylation] will be a noteworthy task for future studies.
Global CK2 activity was increased in leukemic cells when measured by using
CK2 substrate peptide. This corresponds with previous reports that suggest a potential
role of CK2 in hematopoietic malignancies: CK2 has been shown to activate PI3K/Akt
signaling cascades in ALL, CLL, and AML cancer cells, and has a central role in
JAK/STAT signaling in CML (Piazza et al., 2012). Still, it remains possible that CK2
activity on Hsp90β can be differentially regulated. A recent study revealed that OGlcNAcylation of CK2 affects its substrate selectivity, thereby inducing different array of
its substrates (Tarrant et al., 2012). Indeed, we observed a reduced Hsp90β binding to
CK2 in leukemic settings (data not shown). Thus, it would be of interest to compare post
translational modification(s) of CK2 in normal setting with leukemic conditions to see if
such modifications can influence CK2’s selective activity on Hsp90β.
Hsp90 acetylation has been suggested to impair its ATPase activity and chaperone
function, promoting proteasome-mediated degradation of the client proteins including
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Bcr-Abl, FLT-3 mutant, c-Raf and Akt in leukemias (Scroggins et al., 2007; Bali et al.,
2004; Nimmanapalli et al., 2003). In our study, no obvious Bcr-Abl protein degradation
was observed after TSA treatment that increased Hsp90β phosphorylation (data not
shown). Perhaps, HDAC inhibitor (TSA)-mediated Hsp90β hyperphosphorylation may
occur prior to degradation of Hsp90β client proteins. Because we only treated cells for 816 hours whereas other studies exposed cells to HDAC inhibitors (TSA or SAHA) for
longer periods of time (24-48 hours), HDAC inhibitor (TSA)-mediated Hsp90β
hyper“phospho”rylation may be an early event while degradation of Hsp90β client
proteins caused by Hsp90β hyper“acetyl”lation may be a late response. Alternatively, the
mechanism that ties PP5 acetylation to Hsp90β phosphorylation changes may be distinct
from that of Hsp90β acetylation. This would agree with our previous observation that
phosphorylation status of Hsp90β had no effect on Bcr-Abl protein levels (Kurokawa et
al., 2008). Further, small-molecule Hsp90 inhibitors (e.g., geldanamycin and its
derivatives) were unable to override the apoptotic resistance caused by
nonphosphorylatble Hsp90β mutant (data not shown). These findings suggest that, in
leukemias, signaling cascades emanating from oncogenic tyrosine kinases can both
increase proliferation and inhibit apoptosis by suppressing 1) Hsp90 acetylation to
stabilize tyrosine kinases, allowing survival signaling to be propagated, and 2) PP5
acetylation to keep Hsp90β hypophosphorylated, thereby suppressing apoptotic cell
death.
In summary, this study demonstrates important new insights into the mechanism of
acetylation-mediated control of PP5 activity and its potential for antileukemic therapy.
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Further elucidation of PP5 regulation, such as identifying the (de)acetylase for PP5 and
clarifying how their activities are regulated, may have the potential to impact more
effective clinical care.
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5. Conclusions and Perspectives
Over the last two decades our understanding of the signaling pathways leading to
caspase activation has increased exponentially. The field of apoptosis has exploded,
especially since the discovery that Apaf-1 and cytochrome c are integral parts of the
essential platform for mitochondrial mediated apoptosis: We now have extensive
knowledge of the entire process of apoptosome formation and subsequent caspase
activation. Although the initial studies suggested that the core components of the
apoptosome were necessary and sufficient for execution of the intrinsic apoptosis
pathway, recent efforts have identified multiple factors that regulate apoptosome
formation and function, and have provided some important evidence that deregulation of
these factors corresponds with a number of human disorders, including cancer.
Alterations in the expression and/or posttranslational modification of the apoptosome
core proteins have also been shown to impinge on their activity, which can ultimately
impact caspase activation and cellular destruction.
The research described in this dissertation has enlarged our understanding of how
apoptosome formation is regulated by survival signaling, specifically regulation related to
Apaf-1. MAPK signaling, through Rsk-directed phosphorylation of Apaf-1, abrogates the
function of Apaf-1 to activate caspase-9. In prostate cancer cells with high Rsk activity,
robust Apaf-1 phosphorylation correlates with resistance to cytochrome c. Once verified
in a wider array of cancer cell models, Apaf-1 phosphorylation status in patient tumors
may prove to be a useful intracellular marker for both prognostic and treatment
evaluation. Constitutively active leukemogenic tyrosine kinase signaling also restricts
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apoptosome function. This signaling cascade enhances the activity of the apoptosomeinhibiting factor (PP5) by altering its acetylation status, providing an additional
mechanistic rationale for the treatment of those leukemias with HDAC inhibitors.
Collectively, the findings from this dissertation provide not only insight into novel
mechanisms of regulation for cytochrome c-induced caspase activation, but also evidence
of how the evasion of apoptotic cell death contributes to cancer cell survival.

5.1 Suppression of Apoptosome Formation through Rsk
Phosphorylation of Apaf-1
Data from Chapter 3 demonstrate a novel mode of apoptosome regulation directly
involving the apoptosome core protein Apaf-1. We discovered that direct
phosphorylation of Apaf-1 by Rsk kinase at two sites (S268 and S357), is responsible for
the decreased apoptosome formation in both Xenopus egg extract and a mammalian cell
system. Importantly, Rsk-phosphorylation at one of these sites (phospho-S268) promoted
recruitment of the adaptor protein 14-3-3 (ε isoform of 14-3-3). Binding of this small
adaptor protein impeded the interaction between cytochrome c and Apaf-1, the initial step
in apoptosome formation, thereby inhibiting Apaf-1 oligomerization and caspase
activation. From a cancer-perspective, the characterization of Apaf-1 phosphorylation by
Rsk elucidates an additional layer of apoptotic suppression in certain forms of human
tumors that have a hyperactive Ras-MAPK-Rsk pathway. As described in detail in
Chapter 3, under conditions where Rsk is highly active, Apaf-1 is phosphorylated and the
cells become less responsive to cytochrome c-induced cell death. In cells expressing
oncogenic Ras12V, we observed enhanced Rsk-mediated Apaf-1 phosphorylation. Given
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the frequency of Ras mutations in cancer, it would be needed to better characterize the
phosphorylation status of Apaf-1 in tumors with activated Ras and Rsk, along with their
sensitivity to cytochrome c. If strong Apaf-1 phosphorylation (especially phospho-S268)
turns out to correlate with chemoresistance, an awareness of the relative levels of Apaf-1
phospho-S268 may enable clinicians to design a more effective cancer treatment
protocol.
Interestingly, while analyzing Rsk-phosphorylation of other proteins in the
apoptosome, we noticed that only full-length caspase-9 (not the prodomain form) was
phosphorylated by Rsk. It seems possible that Rsk can regulate the mitochondrial
apoptotic pathway by phosphorylating multiple proteins at different steps, thus more
effectively impeding caspase activation and cell death. Analyses of the Rsk-consensus
motifs on caspase-9 using protein sequence annotation databases (GPS 2.1:
gps.biocuckoo.org and Scansite: scansite.mit.edu) have identified four putative target
residues, S99, S183, S195 and S416. It would be of particular interest to examine the
possibility that phosphorylation of caspase-9 by Rsk could impact its enzymatic activity,
thus contributing to apoptotic suppression.

5.1.1 Dual Regulation of Apaf-1 Phosphorylation
In Xenopus egg extract, PP1 was able to almost completely remove
phosphorylation of Apaf-1 that had been pre-phosphorylated by Rsk in vitro. However, in
a mammalian cell system other phosphatase(s) appeared to be required for complete
dephosphorylation of Apaf-1; neither the PP1-specific inhibitor I-2 nor 1 μM of OA (the
concentration which is sufficient for inhibiting PP1) could fully reverse the
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dephosphorylation of Apaf-1 (data not shown). Surprisingly, through OA titration assays
and other inhibitor assays, we noted that calcineurin is a likely candidate for an Apaf-1directed phosphatase in this system. By overexpressing constitutively active calcineurin,
or activating endogenous calcineurin with ionomycin or thapsigargin in three different
cell lines (293T, HeLa and PC3), we found that the activation of calcineurin can lead to
the dephosphorylation of Apaf-1 in mammalian cells. There are many possible
mechanisms through which calcineurin and/or PP1 could lead to Apaf-1
dephosphorylation. Calcineurin is, perhaps, the major phosphatase for Apaf-1 in the
mammalian cell system, unlike the Xenopus egg extract. Another possibility is that PP1
and calcineurin both may be required for dephosphorylation of Apaf-1. Or simply PP1
and calcineurin may dephosphorylate Apaf-1 at the same site(s) under different
situations. PP1 is considered to be constitutively active, whereas calcineurin can only be
2+

active in association with Ca -CaM (Rusnak and Mertz, 2000). Thus, it is conceivable
that PP1 dephosphorylates Apaf-1 at a basal level, but it has to collaborate with
calcineurin for complete dephosphorylation of Apaf-1 in response to apoptotic stimuli.
As yet another possibility, calcineurin may serve as a targeting subunit/helper protein for
PP1, or vice versa. Alternatively, PP1 and calcineurin could sequentially dephosphorylate
Apaf-1 at different sites. Since phosphatase regulation of the apoptosome is a relatively
new area of study, these questions are important for establishing how apoptosome
formation and activity are modulated when a cell survival signal is terminated or when a
certain kinase is turned off. Eventually the answers to these questions will enable us to
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design a more personalized treatment regimen for tumor patients with Apaf-1
phosphorylation but without significantly high Ras-MAPK-Rsk activity.

5.1.2 14-3-3-mediated Regulation of Apoptosome Formation
As described in Chapter 3, we noticed that overexpression of 14-3-3ε increased
Rsk kinase activity. Conversely, RNAi-mediated knock-down of 14-3-3ε reduced PMAinduced Rsk activation (phospho-S6 levels). A MAPKKK, Raf, has been reported to be
associated with 14-3-3 proteins, which is critical for Raf kinase activity (Fu et al., 1994;
Tzivion et al., 1998). Thus, 14-3-3ε also may be involved in Raf activation. Intriguingly,
while analyzing the Rsk sequence, we have noted several potential 14-3-3 binding sites.
If these are true binding sites, 14-3-3ε may modulate Rsk activity as well as controlling
the Rsk target, Apaf-1. Since prostate cancer PC3 cells express highly active Rsk
independent of Ras-MAPK signaling, we may be able to dissect the mechanism using
PC3 cells and ask whether 14-3-3ε can modulate Rsk upstream kinases (e.g., Raf) or
perhaps directly activate Rsk.
Despite recent reports demonstrating the specific roles of individual isoforms, 143-3 family proteins are still thought to share overlapping protein ligands, and thus
complement each other. Further studies will be required to elucidate how 14-3-3ε
achieves specificity for Apaf-1 regulation and whether other isoform(s) also may be
involved in Apaf-1 regulation. One possible explanation for isoform specificity could be
the combination of 14-3-3 binding motifs and dimerization. Initial studies showed
RSXpSXP (mode 1) and RXXXpSXP (mode 2) are optimal 14-3-3 target sequences
(Muslin et al., 1996; Yaffe et al., 1997), but recent genetic screening added the C162

terminal sequence SWpTX as a new motif (mode 3) (Coblitz et al., 2005). This collection
of target motifs is considered canonical, but variations of these motifs have been
suggested to determine the binding specificity for 14-3-3 protein interactions with their
binding partners. Additionally, 14-3-3 proteins interact with their ligand proteins
exclusively as dimers. Some isoforms prefer homodimer formation, whereas others such
as 14-3-3 ε preferentially form heterodimers, partially due to 14-3-3 ε’s unique protein
structure (Gardino et al., 2006). Thus, although structural studies will be needed to prove
this hypothesis, phospho-S268 on Apaf-1 may be assisted by phopho-S357 and some
additional motif(s), which provides a preferential docking site for 14-3-3ε. Subsequently,
14-3-3ε (possibly associating with other 14-3-3 isoform(s)) then can be recruited and
inhibit the access of cytochrome c to Apaf-1. Given 14-3-3ε’s property of heterodimer
formation, it would be of interest to investigate what isoforms can form a heterodimer
with 14-3-3ε to regulate Apaf-1 function.
Collectively, our data demonstrate an additional and specific role for 14-3-3ε as a
modulator of apoptosome formation through its binding to Apaf-1.

5.2 Apoptotic Inhibition in Tyrosine Kinase-induced Leukemias
While the Rsk-mediated apoptotic suppression described above focused directly
on Apaf-1, Chapter 4 discusses another aspect of our research on the apoptosome-activity
modulation from novel post-translational modifications of the apoptosome regulators
Hsp90β and PP5. We demonstrated that reduced phosphorylation of Hsp90β in tyrosine
kinase-induced leukemias results from increased binding of the Hsp90β-directed
phosphatase PP5 to Hsp90β. Surprisingly, the interaction between the two proteins is
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tuned by PP5 acetylation. Acetylation of PP5 is deterred in leukemic settings: This
enhances its activity toward Hsp90β and leads to Hsp90β hypophosphorylation. In
addition, enzyme(s) responsible for acetylation appears to be associated with tyrosine
kinase signaling because imatinib treatment strongly increased PP5 acetylation in
leukemic cells, but not in control cells. To our knowledge, this finding is one of the first
reported post-translational modifications for PP5 by leukemogenic tyrosine kinase
signaling.

5.2.1 Regulation of PP5 Acetylation
As reported in Chapter 4, we found six putative acetylation target lysines in PP5
(K94, 97, 141, 144, 368, 458: based on mass spec and putative acetylation motif search).
It is highly likely that multiple lysine sites are acetylated, given that neither of the single
lysine mutants could completely abolish the acetylation signal (data not shown).
Although K144 appears to be a major lysine site that is regulated by tyrosine kinase
signaling, acetylation on other lysine residues also may be involved in regulating PP5
activity. For example, K97 in PP5 has been found to be one of the critical residues for
Hsp90 binding. Thus, if K97 turns out to be acetylated, it would impact PP5-Hsp90
binding. Collectively, it would be interesting to identify the precise lysine residues that
are acetylated, and then to examine the functional role of acetylation of these lysines,
connecting to K144 acetylation.
The HDAC class I and II inhibitor, trichostatin A (TSA), was able to significantly
restore PP5 acetylation in leukemic cells. This result suggests at least two things: first,
decreased acetylation in leukemic cells may result from enhanced deacetylase activity,
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rather than loss of acetylase function; second, HDAC class I and II family member(s) are
likely to play an important role in PP5 deacetylation. These results are consistent with
previous reports demonstrating that HDAC class I and II activity is increased in cancer
(Minucci and Pelicci, 2006). However, more recent reports from Chen and colleagues
have demonstrated that SIRT1 (HDAC class III, NAD-dependent Sirtuin family) is a
downstream activator in Bcr-Abl expressing leukemias, and SIRT1 inhibition in
combination with imatinib can kill the leukemia stem cell population (Yuan et al., 2012;
Li et al., 2012). Interestingly, we also noticed that co-treatment of TSA and nicotinamide
(NAM), a broad spectrum inhibitor of the Sirtuin family, more robustly increased PP5
acetylation, while NAM alone did not have this dramatic effect. It is possible that both
HDAC class I and II, and Sirtuins can deacetylate different lysines, some of which can
coordinate and synergistically impinge on PP5 activity. Given that a single NAM
treatment has no effect, however, HDAC class I or II protein(s) are likely to be the
primary enzyme(s) responsible for PP5 deacetylation, whereas Sirtuin may serve as an
auxiliary HDAC for PP5. To identify the relevant deacetylase(s) for PP5, we are
currently doing small-scale RNAi screening using lentiviral shRNA constructs to target a
panel of HDAC class I, II and III (Sirtuin) genes. Once the relevant HDAC(s) are
identified and their anti-apoptotic role is verified, a specific inhibitor of the HDAC could
be employed as a chemotherapeutic option for leukemia patients who have low PP5
acetylation.
Based on the TSA treatment results, HDAC activity rather than HAT appears to
be predominantly modulated under those conditions where leukemogenic tyrosine
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kinases are expressed. However, we cannot rule out the possibility that acetylase activity
may be abrogated in leukemic conditions. It is also important to identify the relevant
acetylase for PP5 in order to better understand the molecular mechanism of PP5
regulation. Our preliminary studies overexpressing a series of HATs suggest that CBP
may have acetylase activity toward PP5 (data not shown). Studies to confirm these
preliminary results and validate the functional meaning of PP5 acetylation are ongoing.
In terms of regulation of HAT activity in cancers, there are numerous reports
showing that either a genetic mutation that renders enzymes inactive or a promoter
methylation are often found in human malignancies (details can be found in Chapter 1).
However, genetic regulation may not be relevant in our model systems given that our
initial studies were conducted using Xenopus egg extract (which lacks transcription and
translation), and Ba/F3 leukemic cells are generated by retroviral infection of leukemic
tyrosine kinase into normal Ba/F3 cells. Thus, the appropriate regulation of HAT activity
would occur at the level of post-translational modification. It has been reported that
IKKα-induced phosphorylation of CBP switches the binding preference of CBP from p53
to NF-κB (Huang et al., 2007). Considering the fact that acetylases are capable of binding
their substrate proteins, it seems possible that post-translational modification of the PP5
acetylase may alter binding to PP5, thus altering the acetylation status of PP5. It would
be worth investigating whether the activity of a relevant HAT is decreased in leukemic
settings, and if so, what types of modifications there are.
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5.2.2 Regulation of Acetylase/Deacetylase by Tyrosine Kinase Signaling
Our results show that PP5-Hsp90β binding is controlled by tyrosine kinase
signaling, thus opening the door for further inquiry into the role of tyrosine kinase
signaling as an activator of HDAC or as an inhibitor of HAT in leukemia. One possibility
is that HDAC(s) or HAT(s) could be directly phosphorylated by leukemogenic tyrosine
kinases. However, tyrosine kinase regulation of HDAC and/or HAT is a relatively new
area of study and very little is known about the mechanisms of regulation.
Although no HDACs have been reported to be tyrosine phosphorylated thus far, tyrosine
kinase signaling may possibly activate a downstream survival kinase, which could
subsequently phosphorylate the enzymes responsible for PP5 (de)acetylation, regulating
their activity. Interestingly, analyses of HDAC class I and II protein sequences with
protein sequence annotation databases (Scansite: scansite.mit.edu) have identified a CK2
phosphorylation residue in some HDACs (e.g., HDAC1, 2, and 3) with very high
probability. Since CK2 is considered an anti-apoptotic/pro-survival kinase and has been
proposed as a poor prognostic marker in AML, it would be worthwhile to assay the CK2
phosphorylation of the relevant HDAC(s) for PP5. If CK2 phosphorylation is confirmed,
it would be interesting to further examine the physiological meaning of the
phosphorylation. Although not discussed above, it is certainly possible that
phosphorylation that is driven by kinases in addition to CK2 or even other modifications,
may have functionally important roles in regulating the activity of the HDACs. Unbiased
proteomic analysis, like mass spec, would be able to provide us with some insight into
this potentially valuable information for HDACs/HATs.
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5.2.3 PP5 Acetylation in Cancer Treatment
From the preliminary data of the clonogenic assay shown in Chapter 4, we noted
that anti-apoptotic activity of PP5 is downstream of tyrosine kinase signaling. To further
examine if suppression of PP5 acetylation may contribute to apoptotic resistance (and
potentially to chemoresistance), some functional studies are ongoing. We are currently
performing clonogenic assays using wildtype PP5, a non-acetylable mutant of PP5
(K144R), and the acetylation-mimicking mutant PP5 (K144Q) in the presence of BcrAbl. If acetylation is a key modification for PP5 activity, and tyrosine kinase signaling
dramatically decreases PP5 acetylation, then the majority of wildtype PP5 would be unacetylated in the presence of Bcr-Abl. Thus, both wildtype and K144R-expressing cells
would form significantly more colonies than did K144Q. Furthermore, K144Rexpressing cells would not be affected by the Bcr-Abl inhibitor imatinib, whereas
similarly treated cells expressing wildtype or K144Q would form few colonies.
Additionally, if our hypothesis that increase in PP5 acetylation sensitizes leukemic cells
to cancer treatment is right, a combination treatment using an HDAC inhibitor and a
conventional therapeutic agent whose mechanism is independent of the tyrosine kinase
signaling pathway (e.g., doxorubicin and cytarabine) would be able to efficiently
suppress colony formation in cells expressing wildtype PP5. More importantly, this
combination therapy would work effectively even in T315I gatekeeper mutant-expressing
cells, since HDAC inhibitor(s) directly target PP5 acetylation (chemosensitization) and
conventional treatment inhibits non-tyrosine kinase pathways. By extending this work
from cultured cell experiments, we hope to evaluate the acetylation status of PP5 K144 in
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blood from normal versus leukemia patients. For this purpose, an acetyl K144 antibody
has been generated in our laboratory and is being tested in both cultured cells and
peripheral blood mononuclear cells (PBMCs) from both non-leukemia and leukemia
patients. If the assay results are in agreement with our hypothesis, the acetylation status
of PP5 could be used as an intracellular marker for both the diagnosis and prediction of
chemo-responsiveness in patients. Specifically, if PBMCs from leukemia patients show
reduced PP5 K144 acetylation as compared with non-leukemia patients, it would be
preferable to choose a chemotherapeutic that can increase acetylation.

5.2.4 Other Possible Factors for Hsp90β Hypophosphorylation
While investigating the mechanism of Hsp90β hypophosphorylation, we focused
primarily on Hsp90β-PP5 interaction, specifically on the differential modification of PP5.
However, we also noticed that CK2 binding to Hsp90β is reduced when cells become
leukemic. If the binding intensity between CK2 and its substrate proteins correlates with
its activity toward the target proteins, then CK2 also may play some role in the
hypophosphorylation of Hsp90β. To resolve this question, it will be necessary to check
the phosphorylation status of Hsp90β that lacks the PP5 binding motif (MEEVD) in
lysates from both control and leukemic Ba/F3 cells. The binding result of CK2 and
Hsp90β (decreased interaction in leukemic cells) seems somewhat counterintuitive
because CK2 is a well-known pro-survival kinase. However, perhaps because of lower
CK2 activity towards Hsp90β, leukemic cells may become very sensitive to cytochrome
c-induced caspase activation once “the barricade (PP5 deacetylation)” disappears.
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Nonetheless, it would be interesting to determine if both CK2 and PP5 activity,
specifically toward Hsp90β, is tuned in tyrosine kinase-induced leukemias.
Additionally, mass spec analyses identified with high confidence that Hsp70Hsp90 organizing protein (HOP1) binding to Hsp90β is lower in normal cells as
compared with leukemic cells (data not shown). Although it would be premature to
connect these two independent events, it may be that HOP1 is the protein that competes
with CK2 for Hsp90β binding (since they share the binding region), thus preventing CK2
from phosphorylating Hsp90β. To see if these proteins do compete for Hsp90β binding, it
would be of interest to assay the CK2-Hsp90β binding following HOP1 knock-down or
vice versa. It has been shown that some portion of CK2 is localized in the nucleus and
phosphorylates nuclear proteins, whereas another pool of CK2 stays in the cytosol
modifying cytoplasmic proteins. Thus, reduced CK2 binding to Hsp90β may be due to
altered subcellular localization of CK2 (e.g., more cytoplasmic CK2 in control than in
leukemic cells). It also would be interesting to inspect the subcellular localization of CK2
under two different conditions. Although more comprehensive studies should be
conducted to validate these hypotheses, Hsp90β hypophosphorylation may be finely
tuned through the collaboration of multiple factors, in addition to PP5.

5.4 Concluding Remarks
The data presented here have enhanced our understanding of the regulation of the
apoptosome in cancers. Through studies in both a Xenopus egg extract system and in
mammalian cells, we have elucidated a mechanism for the inhibition of cytochrome cinduced caspase activation by MAPK signaling. A downstream effector kinase in the
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MAPK pathway, Rsk, phosphorylates Apaf-1. Subsequent recruitment of 14-3-3ε to
phospho-S268 impedes the ability of cytochrome c to nucleate apoptosome formation and
activate downstream caspases. Additionally, antagonizing Rsk-mediated phosphorylation
of Apaf-1, PP1 dephosphorylates Apaf-1 at least in our Xenopus egg extract system.
Importantly, highly active, endogenous Rsk in PC3 prostate cancer cells (or Rsk
activation in other cell types) promoted 14-3-3ε binding to Apaf-1 and conferred
resistance to cytochrome c, suggesting a potential role for Rsk signaling in the apoptotic
suppression of prostate cancers and other human malignancies with augmented Rsk
activity. Further studies of apoptosome regulating proteins described here have also
characterized the first post-translational modification of PP5 by leukemogenic tyrosine
kinase signaling. We discovered that PP5 is responsible for Hsp90β hypophosphorylation
in leukemic settings. The absence of PP5 in leukemic cells leads to Hsp90β
hyperphosphorylation, sensitizing the cells to cytochrome c. The hypophosphorylation of
Hsp90β is due to enhanced PP5 activity toward Hsp90β, which is accomplished by
increased binding between PP5 and Hsp90β in leukemic conditions. To our surprise, such
elevated interaction results from decreased acetylation of PP5 at K144. Once PP5 K144
loses acetylation, PP5 can more robustly dephosphorylate Hsp90β, contributing to
apoptotic inhibition (and potentially the chemoresistance) in leukemic cells. This result
suggests that PP5, or the enzymes regulating PP5 acetylation, may be beneficial
therapeutic targets for sensitizing leukemic cells to apoptosis. Especially given that PP5
acetylation status in leukemic cells is distinct from control cells, our findings open the
door for more personalized therapeutic strategies that could activate caspase cascades
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even in those leukemic cells with a mutant tyrosine kinase that are incurable by tyrosine
kinase inhibitors. Identifying and characterizing the mechanisms of apoptosome
regulation not only contribute to a better understanding of apoptotic cell death as a whole,
but also furthers our knowledge regarding the mechanisms of apoptotic evasion in
pathologies such as cancer.
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