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Abbreviations

4-OHT 4-hydroxy-tamoxifen
AFX atypical fibroxanthoma
AR androgen receptor
CDK cyclin-dependent kinase
CREB cAMP-responsive element binding protein
DAF dauer formation
DB DNA binding domain
DBE DAF16-binding element
ECM extracellular matrix
EGF epidermal growth factor
eNOS endothelial nitric oxide synthase
ER estrogen receptor
ERK extracellular-regulated kinase
FKHR Forkhead in rhabdomyosarcoma
FKHRL1 FKHR-like 1
FOXO Forkhead box O
FSH follicle-stimulating hormone
GH growth hormone
GSK3 glycogen synthase kinase 3
HNF hepatic nuclear factor
IGF1 insulin-like growth factor 1
IKK IkappaB kinase
JNK c-Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MAPKK mitogen-activated protein kinase kinase
MAPKKK mitogen-activated protein kinase kinase kinase
MEF mouse embryonic fibroblast
MLK mixed-lineage kinase
MnSOD manganese superoxide dismutase
mSOS mammalian Son of Sevenless
mTOR mammalian Target of Rapamycin
NLS nuclear localization signal
NO nitric oxide
PDGF platelet-derived growth factor
PDK1 PI(3,4,5)P3-dependent kinase 1
PFK2 6-phosphofructo-2-kinase
PH pleckstrin homology
PI3K phosphoinositide 3-kinase
PIP phosphatidylinositol phosphate
PKA protein kinase A
PKB protein kinase B
PKC protein kinase C
PLC phospholipase C
PPL periplakin
Rb retinoblastoma tumor suppressor protein
RTK receptor tyrosine kinase
S6K S6 kinase
SEK1 stress-activated protein kinase ERK kinase 1
SH2 src homology 2
SGK serum- and glucocorticoid-inducible kinase
TKO triple knock-out
TNF tumor necrosis factor
TSH thyroid-stimulating hormone
WT wild-type
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Cellular processes such as proliferation,
apoptosis and differentiation are the basis for
normal cellular behavior and are regulated by a
number of extracellular stimuli such as
hormones, cytokines and growth factors. Via
binding to (transmembrane) receptors these
factors lead to regulation of intracellular
signaling pathways, ultimately resulting in gene
expression. When cells malfunction in one or
more processes or when the balance between
different processes is disturbed this can lead to
abnormal cell behavior and pathological
phenotypes such as cancer, obesity, diabetes
and premature aging. This malfunctioning can
arise when the activity of proteins involved in
the pathways is changed due to altered
expression, or mutations.

PI-3 kinase pathways

One of the major pathways involved in
cellular processes is the phosphoinositide-3-
kinase (PI3K)/protein kinase B (PKB/c-Akt)
pathway. A well-studied extracellular stimulus
for this pathway is insulin although there are
numerous stimuli such as insulin-like growth
factor (IGF), epidermal growth factor (EGF)
and platelet-derived growth factor (PDGF). In
haematopoietic cells this pathway can also be
activated by a wide variety of extracellular
agents such as antigens, interleukins (IL) and
interferons (IFN) (reviewed in (92)). Also
cellular adhesion to extracellular matrix via
integrins leads to PI3K activation.

Here we will focus on insulin as a paradigm
for PI3K/PKB activation. Upon binding of
insulin to the insulin receptor, the receptor
homodimerizes. Conformational changes within
the intracellular domains of the receptor lead to
auto-kinase activity and subsequently tyrosine
residues in the carboxy-terminal part of the
receptor become phosphorylated. Signaling
proteins are then recruited to the
phosphorylated residues at the cell membrane

via binding to the receptor through SH2
domains. One of these proteins, p85, is the
regulatory subunit of PI3K. Together with
p110, the catalytic subunit, p85 forms an active
PI3K complex at the plasma membrane. PI3K is
a lipid kinase that can phosphorylate
phosphatidylinositol lipids at the 3’ position of
the inositol ring. Phosphoinositol lipids that are
phosphorylated on this position can serve as
docking sites in the plasma membrane for
proteins that contain specific domains i.e. the
FYVE and PH domains, via which PI3K can
exert its role in cellular processes (Figure 1).

The FYVE domain is named after the
proteins in which this domain was first
identified:   Fab1p,   YOTB,   Vac1p  and  Early
endosome antigen 1 (EEA1). This domain
consists of a cysteine-rich zinc-finger-like motif

Figure 1: Effectors of PI(3,4,5)P3 lipids.
PI3K phosphorylates PI(4,5)P2, thereby creating
PI(3,4,5)P3 lipids. This reaction is reverted by the lipid
phosphatase PTEN. PI(3,4,5)P3 lipids can interacts with
the depicted protein domains, that are present in the
depicted proteins.
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that coordinates two zinc atoms and which has
basic amino acids surrounding the third cysteine
residue. The basic amino acid residues together
with the zinc atoms bind the acidic phosphate
on the 3’ position within the phosphoinositol
lipid. Only monophosphatidic lipids can bind to
FYVE domains. It has been demonstrated that
PI3K has a role in Rab5-mediated endosome
fusion through docking EEA1 (161). In yeast
FYVE domain-containing proteins regulate
vesicular trafficking. Vps27p for example is
involved in endocytic and biosynthetic cargo
sorting (136), and Fab1, a PI(3)P 5’ kinase
regulating vacuole size and cargo-selective
sorting (120). Other examples of proteins that
contain a FYVE domain are Hrs, which is a
tyrosine kinase substrate that localizes to
endosomes (17), and SARA, which is an
adaptor protein that recruits transcription factors
to the activated transforming growth factor β
receptor (174). These proteins support a role for
PI3K in vesicular trafficking and endosomal
sorting.

Pleckstrin homology (PH) domains have
approximately 100 amino acids that can bind
both proteins and phosphoinositol lipids. These
phospholipids must be phosphorylated on their
3’ position (PI(3)P) but can also be
phosphorylated on their 4’, or 4’ and 5’ position
(PI(3,4)P2 and PI(3,4,5)P3 respectively). The
PH domain is present in numerous proteins and
translocates them to the plasma membrane upon
binding to PIP3 lipids. Proteins that harbour a
PH domain and are activated by PI3K can be
divided into three functional groups. The first
group contains kinases such as various protein
kinase C isoforms (PKC’s), PKB, PI(3,4,5)P3-
dependent kinase 1 (PDK1) and Bruton’s
tyrosine kinase (Btk). The PKC isoforms are
activated either directly by PI3K or through
PI3K-mediated activation of upstream kinases
(42, 129). The second group consists of so-
called guanine nucleotide exchange factors
(GEFs). GEFs are proteins that can activate
small GTPases by catalyzing the dissociation of

GDP from the GTP-binding proteins. GTP can
then bind and induce structural changes that
allow binding to effector proteins. PH domain-
containing GEFs include Tiam-1, leading to
Rac-1 activation thereby leading to cytoskeletal
rearrangements (141); ARNO and GRP-1,
leading to Arf activation regulating vesicular
trafficking (80, 178); and mSos which is the
GEF for Ras and is inactivated by binding to
PI(4,5)P2 (69, 141). The third group of PH
domain containing proteins is a miscellaneous
one, consisting of proteins including
phospholipase C gamma (PLCγ) and structural
proteins like spectrin and profilin.

Furthermore, it has been shown that besides
FYVE- and PH domain containing proteins,
other proteins can bind PI(3,4,5)P3 i.e. SH2
domain containing proteins Src and PI3K itself
(24, 165). Binding to phospholipids could be
competed away with phosphotyrosine residues
suggesting that binding to the SH2 is mutually
exclusive (142).

The action of PI3K can be counteracted by
the lipid phosphatase PTEN (‘phosphatase and
tensin homologue deleted on chromosome ten’,
also known as MMAC1 (mutated in multiple
advanced cancers) and TEP1 (transforming
growth factor β-regulated and epithelial cell-
enriched phosphatase 1)). It was identified as a
tumor-suppressor gene located on chromosome
10q23.3 which is a region frequently mutated in
several types of cancer such as high-grade
glioblastoma, prostate and breast cancer (96).
Homozygous knockout mice are embryonically
lethal whereas heterozygous mice show a high
level of tumorigenesis (167). PTEN is a dual-
specificity phosphatase recognizing both
protein substrates and PI(3,4,5)P3. The
phosphatase activity of PTEN is only detected
in the presence of acidic substrates, suggesting
that it functions mainly via modifying
phospholipids. Dephosphorylated lipids prevent
translocation of PH domain-containing proteins
to the plasma membrane. Besides PTEN, the
phosphatases SHIP and SHIP-2 can also inhibit
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PI3K signaling by dephosphorylating
phosphoinositol lipids on their 5’ position
converting PI(3,4,5)P3 to PI(3,4)P2.

Protein kinase B

Protein kinase B (PKB) was originally
identified by three independent groups. One
group found that the kinase showed homology
of the catalytic domain with those of PKA (65%
similar) and PKC (75% similar) hence the name
PKB (25). They also demonstrated that PKB is
a downstream effector of PI3K activation (18).
The second group identified the kinase in a
similar fashion but named it RAC-PK (related
to A and C protein kinases) (70). The third
group found that PKB, or c-Akt, is the cellular
homologue of v-Akt, the gene product of AKT-
8, an acute transforming retrovirus that was
isolated from a rodent T cell lymphoma (10,
162).

In mammalian cells PKB exists in three
isoforms: PKBα (Akt), PKBβ (Akt2) and PKBγ
(Akt3) (reviewed in (119)). The isoforms
originate from different genes but show a very
high homology on the protein level (i.e. more
than 80%), and expression patterns differ
between the different isoforms. PKBα and
PKBβ are expressed ubiquitously with highest
levels in brain, thymus, heart and lung.
Expression of PKBγ is restricted to neuronal
tissues and testes. Regulation of PKB
expression is not well characterized but it
appears that expression increases when cells
become more terminally differentiated. It has
been shown for several cell lines that upon
terminal differentiation into myocytes,
adipocytes and other cell types, PKB expression
is elevated (2, 81, 102).

PKB contains two major domains. At the
amino-terminus there is a PH domain. The PH
domain of PKB contains seven β strands and
two α helices. The β  strands form two

antiparallel β  sheets that are capped by the
carboxy-terminal α helix. 3’ phosphorylated
lipids bind the PH domain through specific
hydrogen bonds in a positively charged pocket
formed by the β1-β2, β3-β4 and β6-β7 loops.
The β1-β2 loop is contributing to the inability
of the PH domain to accommodate the 5’
phosphate group whereas the amino acid
residues in the bottom of the binding pocket,
Lys14, Arg25, Tyr38, Arg48 and Arg86, can
interact with the 3’ and 4’ phosphate groups of
the phospholipids generated by PI3K (150). At
the carboxy-terminus a glycine-rich region links
the PH domain with the kinase domain, which
shows a high similarity to those found in PKA
and PKC. A hydrophobic regulatory region is
also found at the carboxy-terminus of the
protein.

The recruitment of PKB to the plasma
membrane leads to phosphorylation of both
threonine308 and serine473. These residues are
located in the catalytic and regulatory domain,
respectively. The equivalent phosphorylation
sites are Thr309 and Ser474 in PKBβ , and
Thr305 and Ser 472 in PKBγ. Binding of the
PH domain to the plasma membrane leads to a
conformational change in which the PH domain
folds away from the protein thereby exposing
i ts  phosphorylation sites. Thr308 is
phosphorylated by a kinase called PDK1.
Subsequently, PKB can be phosphorylated on
Ser473 by PDK1, or integrin-linked kinase 1
(ILK1) (33). However, it also has been shown
that PKB can be phosphorylated in lipid rafts on
residue 473 independently of PDK1 or ILK1
(55). This is suggested to occur via PKCα
(131), although it has also been suggested that it
can be a result of autophosphorylation (172).

PKB binding partners

Several proteins are known to form relatively
stable  complexes  with  PKB.  Although  some
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Figure 2: PKB binding proteins and their effect on PKB
activity.

physiological substrates of PKB can also form a
complex these proteins seem to have activity
modulating roles (Figure 2).

The interacting proteins are depicted in
Table 1 and the significance of these
interactions is discussed below.

A number of proteins has been shown to
bind to the PH domain of PKB. One of these
proteins is TCL1 that was originally identified
as a proto-oncogene in T cell malignancies
(179). Binding of TCL1 to the PH domain of
PKB leads to an increase in PKB activity
suggesting that this interaction might mimic
binding of PKB to phospholipids. Laine and
colleagues showed that TCL1 and its family
members can interact with both PKBα and
PKBβ isoforms (94). Oligomerization of PKB
is facilitated by TCL1 leading to PKB
phosphorylation and enhanced GSK3β and
BAD phosphorylation. Pekarsky and colleagues
also observed the interaction of TCL1 with
PKB, however only with the α isoform (134).
In the presence of TCL1, they also found
enhanced PKB phosphorylation, GSK3β
inactivation, and an increase in nuclear
localization of PKB. Another protein interacting
with the PH domain of PKB is inosine-5’
monophosphate dehydrogenase (IMPDH),
which was identified in a yeast-two-hybrid
(Y2H) assay utilizing the PH domain of PKB
(65). Just as for TCL1 it is not known which
region or amino acids within the PH domain

account for this binding. Co-transfection studies
revealed binding of IMPDH with constitutively
active PKB and not with kinase-inactive PKB.
Furthermore, no effect on PKB activity is
known but the interaction does lead to an
increase in IMPDH activity thereby regulating
the synthesis of GTP. Myosin2 also binds to the
PH domain of PKB and this binding competes
with PI(4,5)P2 lipids (168). This suggests that
myosin2 might block translocation of PKB to
the plasma membrane by means of lipid
binding, but no effect on PKB activity has been
shown. Various P K C family members
including PKCζ, PKCα, and PKCδ interact
with PKB, and with the amino-terminus of the
PH domain in particular (82, 83, 85). However,
this interaction has only been demonstrated in
vitro, and no in vivo functional studies have
been reported. Konishi also observed PKB
interaction with Gββββγγγγ protein subunit (83). But
as for the PKB-PKC interactions this binding
has not yet been studied in further detail. In an
Y2H screen performed with the PH domain of
PKB another binding partner was identified
termed periplakin ((175) and Chapter 2). This
protein is a member of the plakin family and
can also bind to the cytosketal protein vimentin.
The interaction of periplakin with PKB and
vimentin can lead to an inhibition of PKB-
mediated FOXO phosphorylation and
modulation of transcriptional activity. The
interaction and its effect of periplakin with PKB
are further described in Chapter 2 of this thesis.
PKB has also been shown to associate with the
actin cytoskeleton through binding to actin
(20). This binding is transient and dependent on
growth factor stimulation and subsequent PKB
phosphorylation. Another interesting protein
that binds to the PH domain of PKB is JNK
interacting protein 1 (JIP1) (77). In neurons the
excitotoxin kainate activates the JNK pathway
and induces apoptosis. JIP1 binds the PH
domain of PKBα better than PKBβ, and both
proteins are colocalized at the plasma
membane. Upon treatment with kainite this
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Table 1: Binding partners of PKB. Listed are the described PKB associating proteins, whether the
interaction was shown for endogenous proteins (endo), the effect of binding (on PKB activity) and the
corresponding reference.
Protein Endo Effect Reference
Actin Yes Localization of PKB to cytoskeleton (20)
APPL Yes Potentiates PKB activity (108, 185)
Axin Yes Regulates Wnt signaling? (47)
Btk Yes Enhances PKB activation by H2O2 (100)
CTMP No Inhibits PKB activity (103)
Gβγ protein subunit No ? (83)
Grb10 Yes Translocation PKB to membrane (68)
Hsp27 No Activates PKB (84)
Hsp90 Yes PKB phosphorylation, activity, stability (154)
IMPDH No Regulation of GTP synthesis? (65)
JIP1 No Prevents JNK activation (77)
Keratin10 Yes Sequesters and inhibits PKB (128)
Myosin2 No ? (168)
Periplakin Yes Inhibits PKB nuclear activity (175)
PKC No ? (82, 83, 85)
POSH No Blocks MLK-MKK-JNK complex formation (44)
Prohibitin2 No MyoD activation and muscle differentiation (164)
RasGAP Yes Enhances PKB activation (188)
Smad3 Yes Sequesters and inhibits Smad3 (26, 144)
TCL1 Yes Increases PKB activity and nuclear translocation (134)
TRB3 Yes Inhibits PKB activity (40)

binding is disrupted, leading to increased
binding of JIP1 with JNK and having JNK
activation and subsequently apoptosis as a
consequence. Thus activation of PKB leads to
inhibition of JNK activation via JIP1 binding.
This suggests that PKB can regulate signaling
by binding to proteins that otherwise would
interact with and activate other signaling
pathways. Through Y2H analysis with the GAP
domain of RasGAP , this protein has been
identified as yet another interacting protein with
the PH domain of PKB (188). The authors also
found that RasGAP enhanced phosphorylation
of Ser473 within PKB and that this occurred via
ILK1 thereby regulating PKB-dependent cell
survival.

Besides interacting with the PH domain,
proteins can also bind to other regions of PKB.
Heat shock proteins (Hsp) such as Hsp27 can
bind  PKB  upon H2O2  or heat shock treatment.

Under these conditions PKB becomes activated
and increased binding with Hsp27 is observed
(84). Hsp90 is another PKB binding partner
when in complex with Cdc37 (154). Within
PKB, amino acids 229 – 309 are responsible for
this interaction and disruption of the interaction
by use of a truncated form of PKB decreases
kinase phosphorylation and subsequent
activation leading to apoptosis. Hsp90
inhibitors induce inhibition of PKB activation
and a subsequent loss of cyclin D1/3 expression
in HER2 overexpressing breast cancer cells (8).
These inhibitors disrupt binding of Hsp90 with
PKB resulting in proteasome-dependent
degradation of PKB (7). These and other data
suggest that PKB in complex with Hsp90 and
Cdc37 may facilitate its activation by
preventing both dephosphorylation and protein
degradation, and in addition possibly recruit
upstream kinases or downstream target proteins
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such as eNOS (45). Another binding partner of
PKB is APPL (i.e. adaptor protein containing
PH domain, PTB domain, and leucine zipper
motif) (108). This protein was identified in a
yeast-two-hybrid screen with full-length PKB
as bait. The authors also show interaction of
APPL with the PI3K catalytic subunit p110
suggesting it may function as an adapter to
tether PKB and PI3K. APPL can suppress
androgen receptor (AR) transactivation by
interacting and activating PKB (185). This
suppressive effect can be blocked by dominant-
negative PKB or PI3K inhibitors. Grb10 is also
a positive regulator of PKB signaling (68),
which was identified as a downstream
modulator of PKB. Grb10 enhances PKB
activity by translocation to the cell membrane
via its SH2 domain. In H2O2-induced signaling
activation of PKB is in part dependent on Btk.
The mechanism through which this occurs
remains to be elucidated. The kinase Btk can
bind endogenous PKB and although both
proteins colocalize in non-stimulated
conditions, the interaction is induced upon
oxidative stress (100). Both kinases colocalize
in the perinuclear region and membrane ruffles.
An interaction partner of PKB that is
questionable is axin, since it has been described
that PKB can bind a complex with axin, in
which also GSK3β is present, in the presence of
Dvl (47). Furthermore, PKB can enhance Wnt
signaling, which is suggested to require binding
of PKB to the axin complex. Whether the
complex is needed for PKB-dependent
phosphorylation of GSK3 is not known. Besides
the described JIP1 binding PKB is also able to
modulate stress signaling via direct binding to
the JNK scaffold POSH  (plenty of SH3
domains) (44). PKB can interact with the
carboxyterminus of POSH thereby negatively
regulating complex formation of POSH with
MLK, MAPKK and JNK and subsequent
downstream signaling. Another PKB binding
protein, interacting with the carboxy-terminus
of PKB, is Smad3 (26, 144). TGFβ stimulation

results in Smad3 binding to Smad4, which
translocates to the nucleus to induce
transcription. Smad3 can also be sequestered by
PKB leading to inhibition of Smad3
phosphorylation and nuclear translocation. The
interaction with Smad3 has no direct effect on
PKB signaling itself.

Besides periplakin, there are also other
binding partners of PKB that negatively
regulate PKB activity. TRB3, a homologue
from the drosophila protein tribbles that is
involved in mitotic regulation, binds PKB and
the binding leads to a decrease in growth factor-
induced PKB phosphorylation (40). TRB3
knockdown induces phosphorylation of PKB
resulting in inhibition of downstream targets
such as GSK3 and FOXO1. In hepatocytes,
ectopic expression of TRB3 induces a blockage
of insulin-induced PKB-mediated glucose
transport. It has been shown that TRB3 can be
transcriptionally activated by fasting through a
PGC1/PPARα-dependent mechanism (86).
Carboxyl-terminal modulator protein (CTMP)
binds to the regulatory carboxy-terminus of
PKB (103). Both proteins colocalize and form a
complex at the plasma membrane in serum-
starved cells. Phosphorylation of Ser473 and to
a lesser extent Thr308, is inhibited by the
interaction with CTMP. This leads to a decrease
in PKB activity and in phosphorylation of
downstream effectors. Stable expression of
CTMP shows a regression of the v-Akt-
transforming phenotype compared to wild-type
cells and in addition the tumorigenic capacity of
these transformed cells is less in the presence of
CTMP. The cytoskeletal protein keratin10 is a
negative regulator of cell proliferation (127),
through binding to both PKB and PKCζ (128).
Binding leads to sequestration of these kinases
to the cytoskeleton, thereby inhibiting
intracellular translocation and activation. This
observation of decreased PKB activity is also
seen in transgenic mice that ectopically express
keratin10 (153).
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PKB substrates

Many substrates have been described for
PKB (Figure 3). These substrates all carry a so-
called PKB motif consisting of Arg-Xaa-Arg-
Yaa-Yaa-Ser/Thr in which the Xaa stands for
any amino acid, Yaa for preferably small
residues other than glycine. Although this motif
(in short R-X-R-X-X-S/T) is the consensus
phosphorylation motif some substrates have
been described that modestly diverge from this
consensus  sequence,  for  ins tance
FOXA2/HNF3β (R-R-X-X-T) (182). All known
substrates are listed below in Table 2 and are
described in further detail below.

Figure 3: Processes regulated by PKB substrates.

A well-studied process regulated by PKB is
cell survival. PKB can directly phosphorylate
BAD, a Bcl2 family member that promotes
apoptosis by interacting with BclXL in the
mitochondrial membrane (31). This interaction
of BAD and BclXL leads to a release of
Cytochrome c from the mitochondrial
compartment into the cytoplasm where it can
bind to Apaf1 thereby activating apoptotic
proteases called caspases. Phosphorylation of
BAD on Ser112 and Ser136 sequesters BAD

through interaction with 14-3-3 proteins,
preventing binding to BclXL (reviewed in (39)).
Whereas Ser112 is mainly phosphorylated by
Raf1, PKB phosphorylates BAD on residue
Ser136 and this phosphorylation can be blocked
by dominant-negative PKB or the PI3K
inhibitor wortmannin (54). BAD can also be
phosphorylated on residues Ser112 and Ser136
by Pak (p21-activated kinase 1) (156).
Furthermore, PKB can lead to Pak
phosphorylation upon oncogenic Ras
stimulation thereby activating Pak and
subsequently indirectly regulating BAD (171).
In addition, PKB can act downstream of the
Cytochrome c release by phosphorylating
caspase 9 (19). Ser196 is the PKB-responsive
residue and phosphorylation leads to an
inhibition of caspase activity through an
undefined mechanism. Importantly, the Ser196
site is not conserved in rodent species
suggesting that caspase 9 is not a critical
effector in apoptotic regulation by PKB.
Recently a novel PKB substrate involved in cell
survival has been described namely X-linked
inhibitor of apoptosis (XIAP) (29). PKB is able
to bind XIAP and phosphorylate it on Ser87
leading to stabilization of XIAP through
inhibition of ubiquitination and subsequent
degradation. The authors demonstrated that
inhibition of XIAP expression can inhibit PKB-
induced protection from cisplatin-mediated
apoptosis. Another substrate of PKB is
apoptosis-signal kinase 1  (ASK1) (76), which
can be phosphorylated on Ser83. This kinase is
involved in JNK and p38 stress signaling by
stimulating MAPKKs. Phosphorylation results
in inhibition of the ASK1 kinase activity
thereby decreasing JNK activity. JNK has been
described to promote apoptosis in some
situations and this inhibition by PKB via ASK1
suggests an additional manner for modulating
cellular survival. Regulation of the transcription
factor p53 is critical in cellular processes such
as cell growth and apoptosis. One manner in
which p53 can be modulated is by
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Table 2: Substrates of PKB. Depicted are the described substrates of PKB, their PKB motif in proteins,
the effect of phosphorylation by PKB and in which processes the proteins are involved.
PKB substrates RxRxxS/T Effect Process Reference
14-3-3ζ GARRSS58 - Homodimerization (138, 183)
AHNAK RHRSNS5535 ? ? (166)
Androgen receptor RAREAS213

RMRHLS793

- Apoptosis (99, 181)

ASK1 RGRGSS83 - Stress signaling (76)
Ataxin-1 RKRRWS776 + Neurodegeneration (21)
ATP-citrate lyase PSRTAS454 ? Metabolism (12)
Bad RGRSRS136 - Apoptosis (31)
BRCA1 RKRRPT509 ? DNA damage checkpoint (1)
Caspase 9 RRRFSS196 - Apoptosis (19)
CHK1 RPRVTS280 - DNA damage checkpoint (78)
Cot1/TPL2 QPRCQS400 + NFκB signaling (74)
EDG1 RSRRLT236 + Migration, chemotaxis (95)
eNOS RIRTQS1177 + Nitric oxide metabolism (38)
FOXA2 RRSYT157 - Transcription (182)
FOXO1 RPRSCT24

RRRAAS256

RPRTSS319

- Transcription (145)

FOXO3a RPRSCT32

RRRAVS253

RSRTNS315

- Transcription (15)

FOXO4 RPRSCT28

RRRAAS193

RPRSSS258

- Transcription (88)

FOXO6 RPRSCT26

RRRAVS184

- Transcription (67)

Gab2 RERKSS159 - ErbB-R dephosphorylation (101)
GABA(A) receptor LRRRAS410 + Synaptic strength (180)
GSK3 RARTSS9 - Glycogen metabolism (27)
hTERT RIRGKS824 + Telomerase activity (75)
Huntingtin RSRSGS421 - Survival of striatal neurons (63)
IKKα RERLGT23 + NFκB signaling (124)
IRS1 RPRSKS265

RSRTES302

RVRASS325

RHRGSS358

+ Insulin signaling (132)

Mdm2 RRRAIS166

RKRHKS186
+ p53 degradation (191)

Nur77 RGRLPS350 - Orphan receptor signaling (133)
p21Cip1 RKRRQT145 + Cell cycle arrest (190)
p27Kip1 RKRPAT157 - Cell cycle arrest (160)
p47Phox PPRRSS304

AYRRNS328
+ NAPDH oxidase activity, oxygen

radical formation
(22, 60)

PDE-3b RPRRRS273 + 14-3-3 binding, cAMP/cGMP (79)
PRAS40 RPRLNT246 + 14-3-3 binding (91)
PTP1B RYRDVS50 - Insulin signaling (143)
Rac RIRPLS71 - Migration (93)
Raf1 RQRSTS259 - ERK pathway, proliferation (192)
TSC2 RKRSTS924

RGRSKT1518
- mTOR signaling, protein synthesis (66, 137)

XIAP RHRKVS87 + Cell survival (29)
YAP HVRAHS127 + 14-3-3 binding, apoptosis (9)
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ubiquitination and degradation. The Mdm2
gene product derives from a gene that was
originally identified as an amplified gene in
spontaneously transformed cells and encodes an
E3 ubiquitin ligase. PKB can bind and
phosphorylate MDM2 on Ser166 and Ser186,
which leads to a nuclear localization (105, 191).
Subsequently Mdm2 interacts with p53 and
acetyl transferase p300 thereby inducing p53
ubiquitination and degradation. Nuclear
localization of Mdm2 can suppress the
sensitization of etoposide-induced apoptosis
mediated by dominant-negative PKB (191).
Mayo and colleagues show that dominant-
negative PKB inhibits nuclear localization of
Mdm2 thereby stabilizing p53 and increasing its
transcriptional activity (105). The human
homologue Hdm2 is also phosphorylated on the
same residues but there is evidence for an
additional phosphorylation site for PKB (5).
Interestingly, phosphorylation of Mdm2 by
PKB leads to a decrease of auto-ubiquitination
resulting in Mdm2 stabilization (43) Besides
regulating the stability of Mdm2 and p53, via
Mdm2, PKB also regulates the stability of the
androgen receptor (AR) in a negative manner
(98). Upon HER2/neu induction activated PKB
can phosphorylate the AR on Ser213 and
Ser793 (99, 181). This phosphorylation leads to
an inhibition of AR-mediated apoptosis by
suppressing transactivation of the AR and
interactions between the AR and AR co-
regulators (99). Thus PKB can inhibit AR
signaling via degradation of the AR and
inhibition of its activity. In T cells, apoptosis
induced by antigen receptor activation requires
the immediate-early gene Nur77, that codes for
an orphan nuclear receptor. It is present at high
levels in immature thymocytes and apoptotic T
cell hybridomas. It has been shown that Ser350
within the DNA binding domain of Nur77 can
be phosphorylated leading to an inhibition of
DNA binding (57). PKB interacts with Nur77
and phosphorylates the receptor at this serine
residue thereby inhibiting its activity and

subsequently apoptosis (133). PKB can also
phosphorylate the protein YAP that stands for
Yes-associated protein (9), which binds the Src
family tyrosine kinase Yes, and is involved in
p53 and p73 transcription factor-mediated
apoptosis. YAP is phosphorylated by PKB on
Ser127 leading to an increased binding to 14-3-
3 proteins. This binding leads to a cytoplasmic
localization and a loss of YAP in the nucleus
where it normally functions as a co-activator of
transcription factor p73 in transcribing pro-
apoptotic genes. An additional way of
transcriptional regulation by PKB is via the
transcription factor family FOXO, which will
be discussed later.

Another 14-3-3 associating protein, PRAS40
(proline-rich Akt substrate), was identified in a
screen for insulin-responsive 14-3-3 interacting
proteins (91). Phosphorylation of Thr246 by
PKB induces binding of PRAS40 to 14-3-3 and
the presence of proline-rich regions in the
aminoterminus of the proteins suggests that it
also may act as a binding partner for SH3 or
WW domain-containing proteins thereby
modulating their activity. Apart from
phosphorylating 14-3-3 associating proteins
such as BAD, YAP and PRAS40, PKB is able
to phosphorylate 14-3-3 itself as well, in
particular 14-3-3ζζζζ (138). Powell and colleagues
show interaction of PKB with 14-3-3ζ and
phosphorylation of Ser58. Phosphorylation of
this residue is involved in regulating
homodimerization that in turn might be
involved in regulating the availability of 14-3-3
binding to other proteins (183).

Another process regulated by PKB is
proliferation. Cells have a cell cycle that can be
divided into four distinct phases. In the S phase
DNA is replicated whereas in the M phase cells
divide. The G1 and G2 phases are phases before
S phase and M phase respectively. Cell cycle
progression is tightly regulated by complexes of
cyclins and cyclin-dependent kinases (CDKs).
These proteins are themselves regulated by a
family of CDK inhibitor proteins including
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p21Cip1, p27Kip1, p57Kip2 and p16Ink4a.
PKB regulates p21Cip1 by phosphorylation on
Thr145 upon cellular activation by HER2/neu
(190). This leads to a p21Cip1 translocation
from the nuclear compartment to the cytoplasm
thereby stimulating proliferation. Blocking the
PKB pathway by ectopic expression of
dominant-negative PKB restores the nuclear
localization of p21Cip1 and subsequent cell
cycle inhibition. In the cytoplasm p21Cip1 can
also interact with ASK1 leading to an inhibition
of ASK1 activity thereby inhibiting apoptosis
(4). Huang and colleagues showed that this
interaction is induced by rapamycin and that
rapamycin-induced cell death is prevented only
in cells expressing p21Cip1 (62). PKB can also
associate with p27Kip1 and phosphorylate it on
residue Thr157 (160). As for p21Cip1,
phosphorylation of p27Kip1 leads to its
cytoplasmic translocation. Cells expressing
mutant p27Kip1 (T157A) are not susceptible to
rescue of anti-proliferative effects by active
PKB. Besides regulating CDK inhibitors PKB
can also exert its proliferative effect by acting
on cyclin D1/3 levels. PKB leads to cyclin D
translation through an unknown mechanism
(112), and the protein is also stabilized by PKB
(35). Cyclin D is also destabilized and targeted
to the proteasome through binding and
phosphorylation by glycogen synthase kinase
3β (GSK3β). GSK3 plays an important role in
various cellular processes such as glycogen
metabolism by inhibiting glycogen synthase.
This phosphorylation of GSK3 by PKB occurs
on Ser21 in GSK3α and Ser9 in GSK3β thereby
inhibiting its activity (27). PKB is both
necessary and sufficient for GSK3 inactivation
by insulin as determined using PKB mutants
(176). Endothelial nitric oxide synthase (eNOS)
is involved in the production of nitric oxide
(NO), thereby regulating angiogenesis. In
tumors this leads to an increased supply of
nutrients to the cancer cells and therefore
promotes their survival. PKB phosphorylates
eNOS on Ser1177 leading to eNOS activation

and increased NO production (38). This
phosphorylation is possibly facilitated via
complex formation of PKB, eNOS and Hsp90
(45).

Besides acting on GSK3, PKB can also
regulate additional proteins involved in
metabolism. ATP-citrate lyase is a cytosolic
enzyme that catalyzes the conversion of citrate
derived from the Krebs cycle into oxaloacetate
and acetyl-CoA in an ATP-dependent manner.
It has been reported that insulin can induce
phosphorylation of ATP-citrate lyase on Ser454
and that this is mediated by a cytosolic kinase
(135, 187). Berwick and colleagues showed that
PKB can directly phosphorylate ATP-citrate
lyase on Ser454 suggesting that this is the
kinase mediating the insulin-induced
phosphorylation (12). It also has been suggested
that the insulin-induced phosphorylation and
activation of the enzyme 6-phosphofructo-2-
kinase (PFK2) on Ser466 and Ser483 is
mediated by PKB in addition to other protein
kinases such as p70S6K and MAPK (34). Using
kinase-dead mutants of PDK1 and PKB
however, Bertrand and colleagues showed that
the PFK2 phosphorylation is dependent on
PDK1 and not mediated by PKB (11).

PKB is also implicated in cell-specific
processes.  Human neutrophils  are
haematopoetic cells involved in the innate
immune response against  invading
microorganisms. To efficiently kill them
neutrophils have the ability to generate toxic
oxygen radicals by the NAPDH oxidase
enzymatic complex. This complex is composed
of multiple proteins among which p47Phox.
PKB can interact with p 4 7 P h o x  and
phosphorylate it on residues Ser304 and Ser328
leading to formation and activation of the
NADPH oxidase complex and the formation of
oxygen radicals such as hydrogen peroxide and
O2

-
 (22, 60).
In neurons, PKB exerts another cell type-

specific function. It phosphorylates subunit β2
of the type A γ -aminobutyric acid receptor
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(GABAAR), which is a ligand-gated Cl-channel
and the major receptor mediating fast inhibitory
transmission in the brain (180). This
phosphorylation occurs at Ser410, and increases
the number of GABAARs at the cell membrane
hence increasing its synaptic transmission
potential.

Chemotaxis in endothelial cells occurs via
the G-protein coupled receptor EDG1 and can
be induced by sphingosine-1-phosphate (S1P).
S1P treatment activates PKB that subsequently
binds EDG1 and phosphorylates Thr236 in the
third intracellular loop of the receptor (95). This
is not necessary for Gi-dependent signaling but
essential for Rac activation, cortical actin
assembly and chemotaxis. Mutant EDG1
(T236A) sequesters PKB and acts as a
dominant-negative receptor to inhibit S1P-
induced Rac activation.

Small GTPases are also targeted by PKB.
Rac1 belongs to the family of Rho GTPases
and plays an important role in the control of cell
shape, adhesion and migration. Rac1 is
phosphorylated by PKB on Ser71 and this
inhibits the GTP binding whereas the GTPase
activity remains the same (93). Another protein
that is phoshorylated by PKB is Raf1 (192).
Raf1 is the key mediator that signals from the
small GTPase Ras to MEK and ERK, and can
regulate proliferation, apoptosis and
differentiation. This pathway can act
synergistically with or in opposition to the
PI3K/PKB pathway. Phosphorylation of Ser259
within Raf1 can modulate its kinase activity
(111), through induced binding to 14-3-3 (107).
PKB can bind and phosphorylate Raf1 thereby
inhibiting its activity (192). The balance and
interaction between the PI3K/PKB and
Raf/MAPK pathway on the level of PKB and
Raf1 determine the temporal phosphorylation
pattern of MAPK and guide the fate of muscle
cells to either proliferate or differentiate (147).

Besides regulating the MAPK pathway, PKB
can also modulate the NFκB transcriptional
pathway. It can do so by targeting Cot ((cancer

Osaka thyroid) or Tpl2 (tumor progression
locus 2)) (74), a protein originally identified in
a screen for transforming genes in a human
thyroid carcinoma cell line (109). Cot is a
MAPKKK and can activate both the canonical
MAPK and JNK pathways by acting through
MEK1 and SEK1 respectively (151).
Furthermore, Cot has been implicated in the
NFκB pathway by activating the IKK complex.
PKB interacts with Cot and phosphorylates
residues Ser400 and Ser413 (74). This does not
change its kinase activity but phosphorylation
on Ser400 does lead to activation of IKK
kinases. PKB can also directly phosphorylate
IKKαααα on Thr23 leading to a subsequent
activation (124).

By phosphorylating Gab2, PKB can mediate
a negative feedback thereby regulating
mitogenic signaling (101). Gab2 belongs to a
family of scaffolding proteins. Upon cytokine
and antigen stimulation it becomes tyrosine
phosphorylated and can bind a variety of
proteins including SHP2 and Shc. PKB is able
to bind to Gab2 and phosphorylate it on Ser159
(101). This phosphorylation leads to a decrease
in tyrosine phosphorylated Gab2. Removing the
negative feedback by mutating this serine to
alanine leads to an enhancement of cytokine
signaling and releases a potent transforming
activity in fibroblasts.

FOXO transcription factors

FOXO transcription factors are part of the
superfamily of FOX (forkhead box) factors.
They all have a winged-helix domain in
common that is responsible for the interaction
with DNA (72). This domain contains 110
amino acids forming three α-helices at the
aminoterminus, three β-sheets and two large
loops at the carboxyterminus. One small
subfamily is that of the FOXO proteins that has
the orthologue DAF16 in Caenorhabditis
elegans (C. elegans) and bind to promoter
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sequences similar to the described consensus
sequence 5’-TTGTTTAC-3’ (50).

The nematode worm C. elegans can enter a
so-called dauer stage when environmental
conditions are unfavorable such as low food or
high population density. This stage is a
developmental arrest that is characterized by a
low metabolic activity and increased resistance
to (oxidative) stress, and that allows the worm
to live up to ten times longer than a normal
adult. One of the proteins responsible for the
induction and maintenance of dauer is DAF16.
This transcription factor is inhibited by DAF2
signaling, an insulin receptor-like protein, and
the mediators of this DAF2-induced inhibition
of DAF16 activity show high homology with
the mammalian PI3K/PKB pathway:
Age1/DAF23 (PI3K), DAF18 (PTEN), PDK1
and Akt1/Akt2 (PKB) (122, 125, 126).

There are three mammalian classical FOXO
transcription factors: FOXO1, FOXO3a and
FOXO4, also known as FKHR, FKHRL1 and
AFX respectively, and the recently described
FOXO6. These factors were found to be part of
genomic fusions. The translocation
t(2;13)(q35;q14) is a fusion of the Pax3 gene to
the 3’-end of FOXO1 and is found in alveolar
rhabdomyosarcoma (52, 159). In a small subset
of the same tumor type the translocation
t(1;13)(p36;q14) fuses the Pax7 gene to the
same FOXO1 part (32). Both Pax proteins are
paired box transcription factors and both
fusions preserve an intact Pax DNA binding
domain. In acute lymphoblastic leukemia the
chromosomal translocation t(X;11)(q13;q23)
causes a fusion of the mixed-lineage leukemia
(MLL) gene with FOXO4 (13, 130). The same

MLL gene, which codes for a trithorax-related
transcription factor, is found to be fused to
FOXO3a in the t(6;11)(q21;q23) translocation
(56).

Besides a DNA-binding forkhead domain,
the transcription factors harbor a transactivation
domain, a classical nuclear localization signal
(NLS) and a nuclear export signal (NES).
Furthermore, they all contain multiple
conserved PKB phosphorylation motifs
equivalent to Thr28, Ser183 and Ser258 in
FOXO4 (see Table 3). Recently, a new
mammalian FOXO member has been cloned
and designated FOXO6 (67). FOXO6 contains
the first two conserved PKB phosphorylation
motifs but lacks the third one.
In C. elegans it has been demonstrated that
PKB mediates the insulin-induced inhibition of
DAF16, however no phosphorylation assays
have been performed (126). In mammalian cells
the FOXO proteins are phosphorylated by PKB
within the predicted PKB motifs, and this leads
to nuclear export and inactivation of the
transcription factors. (15, 88, 145). In non-
stimulated conditions where PKB is inactive,
FOXO factors interact with the promoter
sequences in DNA or shuttle between the
nucleus and cytoplasm in an importin and
exportin-dependent mechanism. More
specifically, exportin Crm1 is involved in this
as leptomycin B inhibits FOXO export and its
binding is regulated by the small GTPase Ran
(14). The importin involved in the shuttling of
FOXO  proteins is not known yet.   The balance
between PKB and FOXO activity in cells
determines its fate in terms of cellular processes
(Figure 4).

Table 3: Conservation of PKB phosphorylation motifs in the C. elegans DAF16 and its human orthologues.
Transcription factor Motif 1 Motif 2 Motif 3
DAF16 RDRCNT54 RTRERS240 RPRTQS314

FOXO1/FKHR RPRSCT24 RRRAVS256 RSRTNS319

FOXO3a/FKHR-L1 RPRSCT32 RPRAAS253 RPRTSS315

FOXO4/AFX RPRSCT28 RRRAAS193 RPRSSS258

FOXO6 RPRSCT26 RRRAVS184
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Figure 4: Yin-Yang: a balance between PKB and FOXO
activity.
The cellular state of active PKB and inactive FOXO is
characterized by proliferation and cellular survival,
whereas inactive PKB and active FOXO lead to
quiescence and apoptosis.

Upon PKB activation, PKB translocates to
the nucleus where it can phosphorylate nuclear
targets. Phosphorylation leads to an exclusion
of the FOXO proteins from the nucleus, likely
via binding to the family of 14-3-3 scaffolding
protein (15, 146). This protein can enter the
nucleus freely in its unbound state. When bound
to FOXO, 14-3-3 masks the NLS of FOXO and
once translocated to the cytoplasm it can
sequester the transcription factor in that
compartment. In addition, other kinases can
phosphorylate FOXO factors as well. Serum-
and glucocorticoid-inducible kinase (SGK) can
phosphorylate PKB motif 1 and 3 (16). Similar
to PKB, SGK is activated by PDK1 and
therefore insulin/PI3K can stimulate
phosphorylation of FOXO factors through
several mechanisms. Ser329 within FOXO1 can
also be phosphorylated both in vitro and in vivo.
This is carried out by dual-specificity tyrosine-
phosphorylated and –regulated kinase 1a
(DYRK1a) (184). Phosphorylation of this
residue affects nuclear localization and activity

of the factor but the relevance of this
phosphorylation remains unsolved yet since
DYRK1a appears to be constitutively active.
More recently, it has been shown that also IKK
can phosphorylate FOXO3a leading to an
inhibition via proteolytic degradation (61). At
the carboxyterminus, FOXO can be
phosphorylated in a Ras/Ral-dependent fashion
(88). This occurs through kinases of the JNK
family.

The FOXO factors can regulate expression
of a variety of genes that are depicted in Table 4
and described in more detail below.

FOXO proteins can regulate a variety of
cellular processes, and through the ability to
regulate the transcriptional activity of these
factors, PKB is able to control cell signaling
and processes on more levels than solely by
direct phosphorylation and subsequent
regulation of proteins. One process regulated
by FOXO factors is apoptosis or programmed
cell death (Figure 5), which can be induced
through two mechanisms. One is activated
through Fas receptor activation, whereas the
other is activated by release of Cytochrome c
from mitochondria. Both pathways lead to
activation of pro-apoptotic proteases called
caspases. F a s L  is the ligand for the Fas
receptor. Activation of this receptor by binding
of the ligand stimulates apoptosis by the
activation of caspase 8, and subsequently
caspase 3, via FADD (Fas-associating death
domain). FOXO3a can bind the promoter of
FasL via three putative binding sequences
thereby leading to enhanced transcription(15).
FOXO3a also increases expression of another
ligand for an apoptosis-triggering receptor,
namely tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) (110).
TRAIL can bind the receptor DR4/5 thereby
activating    it    and    subsequently stimulating
caspase activity. Upon TNF binding to the TNF
receptor TNF receptor-associated death domain
(TRADD) will also interact with the receptor.
This protein is  upregulated on a  transcriptional
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Table 4: Target genes of DAF16, dFOXO and FOXO factors. Depicted are the described transcriptional
target genes of FOXO factors and its homologues, whether FOXO positively (+) or negatively (-)
regulates transcription, and in which processes the target gene products are involved.

Target gene FOXO -/+ Process Reference
4EBP1 dFOXO + Cell growth (71, 139)
Atrogin 3a + Muscle atrophy (152)
Bcl6 4 + Apoptosis (169)
Bim 3a + Apoptosis (36)
BTG1 3a + Cell cycle/differentiation (6)
Catalase 3a + Oxidative stress (118)
Collagenase 3a + Extracellular matrix (104)
Cyclin B 3a + Cell cycle (3)
Cyclin D1 1 - Cell cycle (155)
FasL 3a + Apoptosis (15)
G6Pase 1 + Metabolism (115)
GADD45 3a, 4 + Cell cycle/DNA repair (48, 173)
HIF1 4 - Angiogenesis/metabolism (170)
HMGCS2 3a + Metabolism (114)
IGFBP1 1 + Metabolism (41)
InsR dFOXO + Insulin signaling (139)
LPL 1 + Lipid metabolism (73)
MnSOD 3a + Oxidative stress (87)
OLD1 DAF16 + Longevity (113)
p130 3a + Cell cycle/quiescence (89)
p27Kip1 3a, 4 + Cell cycle (37, 106)
PDK4 1 + Metabolism (49)
PEPCK 4 + Metabolism (186)
PGC1 1 + Hepatic metabolism (28)
Plk 3a + Cell cycle (3)
Scl1 DAF16 + Longevity, stress resistance (123)
SCP 3a + Stress resistance (30)
TRADD 1 + Apoptosis (149)
TRAIL 3a + Apoptosis (110)

level by FOXO1 (149). Together with FADD,
TRADD can lead to caspase 8 activation and
thereby induction of apoptosis. Next to
apoptosis-inducing receptors, cells can undergo
apoptosis via an intracellular pathway i.e. the
mitochondrial leakage of Cytochrome c that
leads to apoptosome formation, a complex of
Apaf1 and caspase 9, and subsequent apoptosis.
The integrity of the mitochondrial outer
membrane is highly regulated by proteins such
as BAD and BAX. These proteins in turn are
under control of the anti-apoptotic proteins
BclXL,  Bcl2  and other Bcl2-like proteins such
as Bim, which is a pro-apoptotic regulator.
FOXO4 can bind and activate the promoter of
the  transcriptional  repressor  Bcl6  (169).  This

upregulation of Bcl6 expression leads to a
subsequent transcriptional downregulation of
BclXL thereby inducing Cytochrome c release
from the mitochondria. The Bcl2-like protein
Bim is also under direct transcriptional control
of FOXO3a (36) (53). In the haematopoietic
BaF3 pre-B cell line upregulation of Bim
expression by FOXO factors was found to be
responsible for a Fas receptor independent
apoptosis. Stahl and colleagues showed that this
increase in Bim expression is also inhibited in T
cells by IL2 (163).   Depending on cell-type and
stimulus, FOXO factors can induce apoptosis
either via a (death) receptor-dependent
mechanism or via the intracellular
mitochondria-dependent mechanism.
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Figure 5: FOXO factors induce apoptosis.
Through transcriptional upregulation of the proteins
represented by the filled ovals FOXO factors can induce
activation of caspases leading to a subsequent cell death.
CytoC = Cytochrome c

The physiological outcome of FOXO
activation is not the same in every cell type,
probably due to effects of co-factors or specific
manners by which FOXOs are activated.
Another process that is regulated by FOXO is
cell cycle regulation. Whereas PKB can trigger
cells to go into cell cycle, FOXO factors do the
opposite by making cells go into cell cycle
arrest or keeping them quiescent (Figure 6).

One of the genes identified in this process is
the cell cycle inhibitor p27Kip1. Medema and
colleagues showed that FOXO1, 3a and 4 are all
capable of inducing cell cycle arrest in the G1
phase, and that FOXO4 is able to increase
p27Kip1 levels by increasing transcription
(106). FOXO3a is also able to elevate p27Kip1
expression and this can be regulated by
haematopoietic cytokines (37). Besides
regulating p27Kip1 levels via transcriptional
regulation, FOXO factors can also enhance the

stability and thereby its activity (116). Next to
regulating p27Kip1 expression, FOXO proteins
can induce a G1-arrest by downregulating
cyclin D levels, particularly D1 and D2 cyclins
(155). The FOXO factors do however not seem
to bind directly to the promoters of the cyclin
genes but act for instance through upregulating
Bcl6 levels, or indirect binding to the promoters
through complex formation with nuclear
receptors. The reduction in cyclin D levels
subsequently leads to a decrease in cyclin
D/CDK4 activity. Furthermore, FOXO activity
can lead to regulated exit from the M phase (3).
PI3K/PKB activity is normally attenuated in G2
and M phase, and sustained PI3K/PKB
activation impairs termination of the cell cycle.
The absence of PKB-mediated inactivation of
FOXO factors results in binding of FOXO3a to
sequences in the Polo-like kinase (Plk) and
cyclin B promoters thereby enhancing
transcription of these genes (3). Quiescence is
the cell state in which cells are not in cell cycle
but  they  can re-enter the cycle upon the correct

Figure 6: FOXO induce cell cycle arrest.
Through transcriptional regulation of the proteins
represented in black (increased expression: filled ovals;
decreased expression: filled square) FOXO factors are
able to arrest cells in their G1 or G2 phase, or lead cells
out of the cell cycle into a state of quiescence or
subsequent differentiation.
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stimuli. This is in contrast to senescence, which
is a non-reversible state. Although there is no
absolute consensus yet about markers of the
quiescent phenotype, it is always accompanied
by increased p130/pRb2 levels. In the absence
of PKB activity in G1 phase FOXO3a
upregulates p130 expression thereby leading
cells out of the cell cycle into a quiescent state
(89). From a quiescent state cells can
subsequently undergo differentiation. A novel
identified gene specific for the differentiation
process of erythropoiesis that is regulated by
FOXO is B cell translocation gene 1 (BTG1)
(6). Expression of BTG1 inhibits cell growth
and via regulation of protein arginine methyl
transferase activity it leads to a subsequent
differentiation.

FOXO factors are also involved in the
response to and protection against (oxidative)
stress. In C. elegans Dauer formation is
dependent on oxidative stress and controlled by
DAF16 (59). In mammalian cells FOXO factors
can protect cells from oxidative stress by
inducing transcription of the genes encoding the
proteins manganese super-oxide dismutase
(MnSOD) (87) and catalase (118). MnSOD is
a mitochondrial enzyme that converts O2

- into
H2O2 whereas the peroxisome-specific catalase
converts the H2O2 into H2O and O2. Whether
these two proteins cooperate to allow cells to
eliminate toxic radicals or they serve
independent functions is unclear. Another
protein involved in stress response that is
regulated by FOXO is GADD45 (173). This
protein stimulates repair of damaged DNA and
thereby controls the transition of G2 to M phase
in the cell cycle. FOXO3a activation increases
GADD45 expression thereby increasing the
resistance to DNA-damaging stress (173). The
same effect can be observed with FOXO4 (48).

When cells are faced with caloric restriction,
the expression levels of FOXO proteins are
increased (51). Together with the absence of
PI3K/PKB signaling, this leads to an increased
total amount of active FOXO factors in the

nucleus (64). Cells that undergo caloric
restriction show a shift in their metabolism,
from glucose metabolism to fat/fatty acid
metabolism. FOXO factors are critical in
regulating expression of various proteins that
are involved in these processes (Figure 7).

During energy deprivation, FOXO1
increases pyruvate dehydrogenase kinase 4
(PDK4) expression (49). This enzyme
inactivates pyruvate dehydrogenase thereby
inhibiting the conversion of pyruvate into acetyl
CoA that is necessary for the Krebs cycle.
FOXO4 also upregulates expression of
phosphoenolpyruvate carboxykinase (PEPCK)
(186). PEPCK decarboxylates oxaloacetate to
phosphoenolpyruvate (PEP) in a GTP-
dependent manner. Subsequently, PEP can be
converted to pyruvate but during caloric
restriction it is used for gluconeogenesis. The
final step of gluconeogenesis is the
dephosphorylation of glucose-6-phosphate by
the enzyme glucose-6-phosphatase (G6Pase).
Insulin negatively regulates G6Pase expression
via FOXO1 (115), via binding to the first two of
three insulin response elements in its promoter
(177). Instead of generating energy from
glucose, it derives from fat and fatty acids. This
process is enhanced by FOXO factors. Plasma
triglycerides are converted into fatty acids in
part  by  the  enzyme  lipoprotein  lipase (LPL),

Figure 7: FOXO factors regulate metabolism.
Through transcriptional regulation of the indicated proteins
FOXO factors can shift the cellular metabolism towards
gluconeogenesis and fatty acid metabolism.
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and expression of LPL is increased by FOXO1
(73). Fatty acids are further processed into
ketone bodies through β  oxidation and
ketogenesis. FOXO3a increases expression of
the mitochondrial 3-hydroxy-3-methylglutaryl-
CoA synthase (HMGCS2), an enzyme involved
in generation of these ketone bodies (114).
Hepatic gene expression is regulated in part by
peroxisome proliferator-activated receptor
(PPAR)-γ coactivator 1 (PGC1). FOXO1
increases PGC1 expression by direct binding to
its promoter (28). Furthermore, PGC1 regulates
gene expression of for instance PEPCK and
G6P through HNF4 and FOXO1 (140, 148).
Both HNF4 and FOXO1 can bind to PGC1 and
can interact with each other as well (58). It is
possible that some of the effects on metabolism
observed with FOXO might be directed through
regulation of PGC1 and/or other factors.

Recent literature shows that besides directly
binding to promoter sequences FOXO factors
can also modulate gene expression through
interacting with other transcription factors.
FOXO1 is able to bind sequences in the IGF-
binding protein 1 (IGFBP1) promoter (41) and
stimulates transcription from this promoter.
Foucher and colleagues find an interaction of
FOXO1 and the homeobox protein Hoxa5
leading to a synergistic transcriptional
activation of IGFBP1 (46). In addition, FOXOs
can interact with CREB-binding protein (CBP)
and steroid receptor coactivator although these
interactions have only been shown in vitro
(117). Nuclear hormone receptors such as the
estrogen receptor (ER) and androgen receptor
(AR) can also bind to FOXO factors. Binding of
FOXO1 with the AR is dependent on androgens
and this interaction inhibits the capacity of
FOXO to bind DNA subsequently stimulating
cell survival (97). The interaction of FOXO1
and the ER is inhibited by estrogen whereas
binding of FOXO3a and FOXO4 with the ER is
not (157). In this complex, FOXO activity is
inhibited whereas the activity of ER-mediated

transcription is enhanced. However, others have
reported that the estrogen-induced FOXO1-ER
complex represses ER-mediated transactivation
(189). For the process of Dauer formation in C.
elegans, DAF16 works synergistically with
proteins from the DAF7 pathway, which is the
homologue of the TGFβ pathway in mammals
(121). In mammalian cells the PI3K/PKB
pathway can inhibit TGFβ /Smad-induced
apoptosis (23). These observations suggest that
FOXO proteins can cooperate with Smad
transcription factors in regulating cellular
processes. This was confirmed recently by
showing a direct interaction between FOXO
and Smad3 (158). The Smad3/Smad4 complex
can in cooperation with FOXO lead to p21Cip1
gene expression and this can be blocked by the
transcription factor FOXG1. STAT3-dependent
expression is also regulated by FOXO factors.
FOXO1 can interact with STAT3 thereby
enhancing STAT3-mediated expression (90).
The PI3K/PKB pathway inhibits via FOXO1
IL6-induced and STAT3-mediated gene
expression.

Scope of the thesis

Extracellular stimuli can activate different
intracellular pathways that in turn can signal in
parallel or crosstalk between one another. One
of the major kinases involved in growth factor
signaling is phosphoinositide-3-kinase (PI3K).
This lipid kinase can recruit protein kinase B
(PKB) to the plasma membrane where it is
phosphorylated by PDK1 and a yet unidentified
kinase. Upon activation, PKB in turn can
phosphorylate multiple proteins in a so-called
PKB motif (R-X-R-X-X-S/T) thereby
regulating their activity. These PKB substrates
regulate proliferation, cell survival, protein
translation and other processes such as
transcr ipt ion.  Transcr ipt ion factors
phosphorylated by PKB are members of the
Forkhead box O (FOXO).  Upon
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phosphorylation these factors are excluded from
the nucleus and subsequently inactivated.

In Chapter 2, the identification of a novel
interaction partner for PKB is described. In a
binding screen, the plakin family member
periplakin was found to interact with PKB. The
interacting regions have been narrowed down to
nine amino acids within the PH domain of PKB,
and the carboxyterminus of periplakin.
Periplakin is present in distinct cellular
compartments such as nucleus, plasma
membrane, mitochondria and the intermediate
filament network through direct binding to
vimentin. Binding of PKB to periplakin does
not affect PKB activation but can inhibit PKB-
mediated phosphorylation and subsequent
inactivation of FOXO transcription factors.

Chapter 3 describes an in silico approach to
identify novel substrates for PKB and target
genes for FOXO factors. To identify
downstream targets of PKB, proteins containing
the consensus PKB motif (RXRXXS/T) were
selected. This selection was narrowed down on
the basis of their known function, and
evolutionary conservation of the motifs was
assessed. Two potential PKB substrates selected
for further analysis are Pit-1 and Prop-1. To
identify novel FOXO target genes, microarray
analysis was performed using a cell line
containing an inducible active FOXO3a.
Results from this array were compared with
other relevant microarrays and putative target
genes were checked for the presence of FOXO
binding elements in the promoter region.

In Chapter 4, the analysis of Pit-1 and Prop-
1 as putative PKB substrates is described. Pit-1
and Prop-1 are pituirary-specific homeodomain
transcription factors involved in the production
of growth hormone and other pituitary-specific
hormones. Both proteins contain PKB
consensus motifs and are indeed phosphorylated
in vitro by PKB. In vivo phosphorylation
however is not observed neither are any
changes in localization or transcriptional
activity.

Chapter 5 deals with the validation of a
novel FOXO target gene encoding for caveolin-
1. Caveolin-1 expression is induced upon
FOXO activation and downregulated by insulin-
dependent PI3K/PKB signaling on both mRNA
and protein levels. Regulation of caveolin-1
transcription occurs by direct binding of FOXO
to binding elements in the caveolin-1 promoter
region. The regulation of caveolin-1 expression
results in functional attenuation of EGF
signaling.

The consequences of the described findings
are discussed in Chapter 6.
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The serine/threonine kinase protein kinase B (PKB/c-Akt) acts downstream of the
lipid kinase phosphoinositide 3-kinase (PI-3K) and functions as an essential mediator in
many growth factor-induced cellular responses like cell cycle regulation, cell survival
and transcriptional regulation. PI-3K activation generates 3' phosphorylated
phosphoinositide lipids (PtdIns3Ps) and PKB activation requires PtdIns3P-dependent
membrane translocation and phosphorylation by upstream kinases. However PKB
activation and function is also regulated by interaction with other proteins. Here we
show binding of PKB to periplakin, a member of the plakin family of cytolinker
proteins. Interaction between PKB and periplakin was mapped to part of the pleckstrin
homology (PH) domain of PKB, most likely not involved in lipid binding, and indeed
binding to periplakin did not affect PKB activation. We therefore investigated the
possibility that periplakin may act as a scaffold or localization signal for PKB. In cells
endogenous periplakin localizes to different cellular compartments, including plasma
membrane, intermediate filament structures, nucleus and mitochondria. Overexpression
of the c-terminal part of periplakin, encompassing the PKB binding region, results in
predominant intermediate filament localization and little nuclear staining. This also
resulted in inhibition of nuclear PKB signalling as indicated by inhibition of PKB-
dependent Forkhead transcription factor regulation. These results suggest a possible
role for periplakin as localization signal in PKB-mediated signalling.

Introduction

Protein kinase B (PKB, also known as c-akt)
is a pleckstrin-homology (PH) domain
containing serine/threonine kinase. In
mammalian cells PKB is activated upon
treatment of cells with a wide variety of
extracellular growth factors such as epidermal
growth factor (EGF), platelet derived growth
factor (PDGF) and insulin (for review see (14)).
Activation of the cognate receptor for these
factors results in the recruitment to the plasma
membrane and activation of phosphoinositide
3'-kinase (PI-3K). Active PI-3K produces 3'
phosphorylated inositol (PtdIns3P) lipids that
act as second messengers to recruit amongst
others, PH-domain containing proteins to the
plasma membrane. Upon translocation to the
cell membrane PKB becomes phosphorylated
on two residues essential for activation, Thr308
and Ser473. Besides translocation and
phosphorylation, PKB activity can also be
regulated by interaction with other proteins. For
example it  has been suggested that  aPKCs  can

bind to PKB and by phosphorylation of an
unidentified residue can negatively regulate
PKB activity (21). More recently a novel small
protein named CTMP has been shown to
interact with the c-terminal region of PKB and
binding of CTMP results in inhibition of PKB
activity (29).

Once activated, PKB can phosphorylate a
range of proteins on either serine or threonine
residues contained within a RxRxxS/T motif.
One of the first identified substrates for PKB is
glycogen synthase kinase-3 (GSK3) (15). PKB
phosphorylates Ser 9 of GSK3b and Ser 21 of
GSK3a both in vitro (15) and in vivo (46), and
this results in inactivation of GSK3 thereby
regulating glucose utilization and activation of
glycogen synthesis (39).

PKB can also regulate transcription factor
activity. Upon activation PKB has been shown
to translocate to the nucleus (3, 31), where it
can phosphorylate transcription factors such as
the FOXO members of the Forkhead family
(reviewed in (28)). This leads to nuclear export
and inactivation of these FOXO transcription
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factors. Regulation of FOXO transcriptional
activity has been implicated in cell cycle and
cell death control by PKB. However, besides
FOXO regulation many other mechanisms have
been described for PKB-mediated protection
from apoptosis. For example direct
phosphorylation of proteins like the pro-
apoptotic Bcl-2 family member BAD (17), or
caspase-9 (13). Irrespective of the multitude of
potential protein targets for PKB it is clear that
PKB can protect from mitochondrial-dependent
apoptosis (27). Thus PKB activity can maintain
mitochondrial membrane stability and prevent
cytochrome-C leakage under conditions of
stress (25, 36).

Periplakin belongs to the plakin family of
cytolinker proteins that also includes
desmoplakin, envoplakin, plectin and bullous
pemphigoid antigen 1 (BPAG1) (38). It has an
approximate molecular mass of 195 kDa,
contains a central rod dimerisation domain and
its carboxy-terminal region is involved in
intermediate filament binding whereas its
amino-terminus has been shown to interact with
cortical actin (20). Periplakin is expressed in
epithelial cells (2), where it is found to be,
together with envoplakin, the precursor of the
epidermal cornified envelope (20). Furthermore
periplakin has been shown to be a target antigen
in paraneoplastic pemphigus (18) , and in
keratinocytes it localizes at desmosomes and
the interdesmosomal plasma membrane (40).
Although these observations suggest a specified
role of plakin family members in epidermal
cornification there is substantial evidence that
within other cell types plakins may be involved
in a variety of cellular processes. For example
plectin, the best-studied member of the plakin
family, has been suggested to play a role in
reorganization of microfilaments in apoptosis
when it is cleaved by caspase 8 (42). A further
role in this is suggested by the observation that
in muscle cells it is found associated with
mitochondria and intermediate filaments (37).
Also in endothelial cells plectin localizes to

focal contacts and here a role in adhesion is
suggested (24).

In order to investigate PKB regulation
through binding to other proteins in more detail
we performed a yeast-two-hybrid screen with a
part of the PH domain of PKB. We found that
periplakin is an interaction partner of PKB and
determined the binding side within PKB.
Furthermore we also show binding of periplakin
to the intermediate filament protein vimentin.
Besides to intermediate filament structures,
periplakin localizes to the cell membrane,
nucleus and mitochondria. Localization to these
cellular compartments is in part influenced by
the presence or absence of vimentin. These and
other observations suggest that periplakin may
act as localization signal for PKB signalling.

Materials and methods

Plasmids
The yeast-two-hybrid bait pPC97PKB was constructed by
cloning a 534 nt PvuII-SmaI fragment of bovine PKBa
(11), into SmaI digested pPC97. The c-terminal fragment
of periplakin (pPC86-c-ppl) interacting with this bait
contained the last 1357 nt of the mRNA (including 529 nt
3’ UTR). Myc-c-ppl was constructed by subcloning the
insert (SmaI-NotI) from pPC86-c-ppl into Myc9.1
(F.Zwartkruis unpublished). GST-c-ppl was created by
cloning the insert (EcoRI-NotI) of pPC86-c-ppl into
EcoRI-NotI digested pRP261 (pGEX-3X derivative (41)).
A bait of the c-terminal part of periplakin (pPC97-c-ppl)
was constructed by inserting the SmaI-NotI fragment of
pPC86-c-ppl into SmaI-NotI digested pPC97. The
vimentin expressing clones interacting with pPC97-c-ppl
all contained vimentin, missing the first N-terminal 10 aa
(pPC86-vim). HA-vimentin was constructed by cloning
the insert (SalI-NotI) from pPC86-vim into SalI-NotI
digested pMT2-HA (11). HA-PKB and HA-PKBdead
have been described (11). Deletion mutants of HA-PKB
were created as follows; ∆30-130 and ∆30-214 were
created by isolation of partially digested MscI fragments
of HA-PKB and religation. ∆130-311 was created by
isolation of a partially digested AvaI fragment of HA-
PKB and religation. ∆311-507 was created by digestion
of HA-PKB with XmaI and BclI, blunt ending with T4-
DNApolymerase and religation. ∆9 was created by
digestion of HA-PKB with SacII and PstI followed by
blunt ending by S1 nuclease and religation. ∆9/+9GLY
was made by inserting a SacII-PstI oligo encoding 9
glycine residues in SacII/PstI digested HA-PKB. All
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mutants were verified by sequencing. The following
constructs that were used have been described: HA-
MAPK and HA-p70s6k (11), HA-FOXO4 (30) HA-full
length periplakin (20). All tagged constructs contain the
tag at the 5’ position.

Antibodies
Anti-periplakin c-terminal peptide antibody was raised by
immunizing two rabbits with a peptide encoding the last
twelve amino acids of periplakin (IQELAVLVSGQK)
coupled to KLH (7445 and 7446). This peptide is fully
conserved between human and mouse periplakin. The
anti-GST-c-ppl sera were raised by immunizing two
rabbits with purified GST-c-ppl (5117 and 5118). Anti-
PKB (5179 and 5178) (11); anti-MAPK (124, (19)); anti-
HA (12CA5, (11)) and anti-myc (9E10, (46)) were
described previously. Anti-cytochrome c was kindly
provided by F.J.T. Zwartkruis. Anti-vimentin was
purchased from Oncogene Science, anti-cox4 from
Molecular Probes. MAB1273 recognizing a 65 kDa
mitochondrial protein was obtained from Chemicon
International Inc., anti-pSer193 FOXO4 from Cell
signaling, and anti-actin from Santa Cruz.

Cell culture
Rat-1, A14 and Cos-7 cells were grown in Dulbecco's
modified Eagle's medium. 293T (human embryonic
kidney 293 cells immortalised with SV40 large T
antigen), MCF-7 and MCF-7/FR cells (MCF-7 cells
stably expressing the Fas receptor) were grown in RPMI.
Both media were supplemented with 10% fetal calf serum
(Bio-Whittaker, Belgium), 1% Pen/Strep (Bio-Whittaker,
Belgium) and 2 mM L-Gln (Bio-Whittaker, Belgium).
Treatment of cells was for 10 minutes with 1 µM insulin
after overnight starvation in medium without serum
unless indicated otherwise. Cells were transfected using
the Ca(PO4)2 procedure, except MCF-7 cells which were
transfected with Fugene6 (Roche).

Yeast-two-hybrid screen
Yeast-two-hybrid screens were performed as described
previously (48). An oligo-dT primed 13.5 day mouse
embryo cDNA library cloned into the pPC86 yeast-two-
hybrid vector was used in all cases. To diminish
background 50 mM 3-amino-triazol was included in the
screen and clones were picked after 3 and 4 days.
GST pull down assay
For purification of GST-c-ppl, protein expression was
induced in DH5α using 100 nM isopropyl-1-thio-β-D-
galactopyranoside for 20 hours at room temperature.
Bacteria were collected and lysed in ice-cold phosphate-
buffered saline containing 1% Triton X-100 and protease
inhibitors. The lysates were sonicated three times for
20 seconds at 60 Hz (UP200S GmbH) and centrifuged at
10,000xg for 20 minutes to remove insoluble material.
GST-c-ppl was purified from the cleared lysate by

batchwise incubation with glutathione-agarose beads
(Sigma), and after washing the protein was eluted from
the beads in buffer containing 50 mM Tris pH
7.5, 100 mM NaCl, 10% glycerol, and 10 mM
glutathione. The eluted protein was dialysed for 20 hours
in the same buffer without glutathione.
GST or GST-c-ppl attached to glutathione sepharose
were incubated for 1 hour with extracts of A14 cells
transiently transfected with either wild type or kinase-
dead HA-tagged PKB and washed four times in
solubilisation buffer. Subsequently, bound protein was
removed by elution with 40 mM reduced glutathione.
Samples were analysed for the presences of PKB by
western blotting using the anti-HA antibody.

Immunoprecipitations
Non-confluent cells were lysed in 0.5 ml RIPA buffer (20
mM Tris pH 8.0, 1% Triton X-100, 0.5% Na-DOC, 0.1%
SDS, 10 mM EDTA, 150 mM NaCl, 1 mM NaF, 1 mM
sodium vanadate, 0.2 mM phenylmethylsulfonyl fluoride,
1 µg/ml leupeptin and 2 µg/ml aprotinin) except for the
endogenous  Pp l -PKB and  vimentin co-
immunoprecipitations (1% Triton X-100, 50 mM Tris pH
7.5, 150 mM NaCl, 10 mM EDTA, 10 mg/ml trypsin
inhibitor, 1 µg/ml leupeptin and 2 µg/ml aprotinin).
Lysates were incubated for 2 hours at 4°C with 10 µl
antibody and 100 µl pre-washed prot-A beads. The
immunoprecipitations were washed 4 times with the used
lysis buffer before taken up in Leammli buffer.

Immunoblot analysis
Protein samples in Laemmli buffer were separated by
SDS-PAGE on 6% (periplakin) or 10% (others) gels and
transferred to PVDF membrane (NEN). Western blots
were blocked overnight at 4°C in phosphate-buffered
saline (PBS) containing 2% non-fat dry milk (Protifar,
Nutricia) and 0.5% bovine serum albumin (Sigma). The
western blots were then incubated for 2 hours with the
indicated primary antibodies in PBS containing 0.1%
Tween 20 using the dilutions recommended by the
manufacturers or 1:8000 for the self-generated
antibodies. After washing four times 5 minutes with
PBS/0.1% Tween-20 blots were incubated with
secondary antibodies anti-mouse HRP and anti-rabbit
HRP (1:10000) for 1 hour at 4°C. Blots were washed
again four times 5 minutes with PBS/0.1% Tween-20 and
analysed with chemiluminescence (ECL (NEN)).

Immunofluorescence staining
Cells on cover slips were fixed in 4% paraformaldehyde
for 30 minutes at 4ºC and then permeabilised with 0.1%
Triton X-100 in the presence of 0.5% BSA for 30
minutes at 4ºC. Before fixation cells were incubated with
100 nM Mitotracker (Molecular Probes) for 30 minutes.
Cells were incubated with primary antibodies for 2 hours
at 4ºC, washed in PBS with 0.1% Triton X-100 and
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0.01% BSA, and then incubated further for 1 hour with
the appropriate conjugated secondary antibody. After
further washing coverslips were mounted in Immu-mount
(Shandon) and examined using a 63x planapo objective
on a Leitz DMIRB fluorescence microscope (Leica,
Voorburg, the Netherlands) interfaced with a Leica
TCS4D confocal laser-scanning microscope (Leica,
Heidelberg, Germany). Digital images were recorded
using Leica TCS NT version 1.6.587.
As primary antibodies the anti-vimentin (Oncogene),
anti-periplakin anti-serum 5117 (3rd boost) or non-
immune antiserum were used; FITC conjugated anti-
rabbit, anti-mouse or anti-goat antibodies were used as a
secondary antibody.

Vimentin extraction
A14 cells were lysed with 0.5% Triton X-100 in CSK-
buffer (10 mM Pipes pH 6.8, 250 mM sucrose, 3 mM
MgCl2, 150 mM KCl, 1 mM EGTA, 1 mM PMSF) for 10
minutes (fraction 1: total cells). Lysates were centrifuged
at 14,000xg for 10 minutes (supernatant, fraction 2:
membrane proteins, cytosol, tubulin). The pellet was
further extracted with 0.3 M KI in CSK-buffer for 5 min
and centrifuged at 14,000xg for 30 minutes (pellet,
fraction 4: nuclei, intermediate filaments). Subsequently
fraction 3 (actin) was isolated by dialyzing the
supernatant against CSK-buffer for 16 hours and
centrifuging at 14,000xg for 30 min. The pellet was
resuspended in 0.3 M KI in CSK-buffer and incubated for
10 minutes after which the same dialysis was performed.

Percoll gradient-based cell fractionation
MCF-7, Rat-1 and Cos-7 cells were fractionated using a
percoll gradient-based assay as described (4).

Affinity purification of mitochondria
Mitochondria from MCF-7 and Rat-1 cells were isolated
as described (26).

Results

PKB interacts with periplakin
To search for PKB interacting proteins we

performed a yeast two-hybrid screen using a C-
terminal part of the PH domain of bovine PKB
as bait, since it has been shown that the N-
terminal part is predominantly involved in the
interaction with PtdIns3P lipids (22). The
bovine bait has 98% similarity and 96% identity
with human PKB. From a screen of 106

transformants, positive clones were isolated and
from these we identified the homologue of a
recently cloned protein named periplakin as a

potential PKB binding protein. We determined
the full-length sequence of this clone and
sequence comparison indicates that this protein
(deposited accession number AF126834) is
indeed the mouse homologue of human
periplakin (Fig. 1A), which has 97% similarity
and 88% identity with human periplakin.  To
further investigate binding of PKB to periplakin
we performed a number of experiments. First,
the C-terminal domain of periplakin was fused
to GST (GST-c-ppl) and lysates of cells
expressing transiently transfected HA-tagged
wild type or kinase-dead PKB were incubated
with GST-c-ppl, or GST alone as a negative
control. Both HA-PKB and HA-PKBdead were
found to bind to GST-c-ppl (Fig. 1B). Second,
the C-terminal domain of periplakin was fused
to a N-terminal myc tag (myc-c-ppl) and myc-c-
ppl was co-transfected in A14 cells with either
HA- PKB or HA-p70S6K as a control. myc-c-
ppl was found to coprecipitate with HA-PKB
and not with HA-p70S6K (Fig. 1C). Finally to
determine association between endogenous
PKB and periplakin we first developed two
different  polyclonal  antisera  against
periplakin. One polyclonal was directed against
GST-c-ppl and the other against a C-terminal
peptide of periplakin coupled to KLH. Both
types of antiserum recognized GST-c-ppl (Fig.
2A) immunoprecipitated transfected myc-c-ppl
(Fig. 2B) and specifically recognized a protein
with the expected approximate molecular
weight of periplakin (~200 kD) in MCF-7 cells
(Fig. 2C). Thus we conclude that these antisera
indeed recognize endogenous periplakin. To
determine what cell line(s) was suitable for
analysing binding between endogenous PKB
and periplakin, we analysed several cell lines
for periplakin expression and observed highest
expression in cells of (neuro)epithelial origin
(Fig. 2D and data not shown), in keeping with
the expression observed for several other
members of the plakin family. Therefore we
analysed  in  MCF-7  cells whether endogenous
interaction between periplakin and PKB occurs
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Figure 1: PKB binds periplakin.
(A) Schematic representation of the yeast-two-hybrid
fragments of PKB (fish) and periplakin (bait). Periplakin
consists of 6 α-helical subdomains (aa 16-920), a rod
domain (aa 945-1554) and a linker domain (L; aa 1556-
1756). (B) GST pull down assay with GST-c-ppl. A14 cells
were transiently transfected either wild type or kinase-
dead HA-tagged PKB. Lysates were incubated for 1 hour
with GST-c-ppl. Samples were analysed for the presences
of PKB by western blotting using the anti-HA antibody. A
direct immunoprecipitation of HA-PKB using anti-HA was
used as a control. The experiment was also performed
with either GST or GST-c-ppl (right panel). (C) COS-7
cells were transiently co-transfected with myc-tagged c-
ppl and either HA-tagged PKB or p70S6K. Co-
immunoprecipitations were performed with anti-HA and
anti-myc antibodies and immunocomplexes were resolved
with SDS-PAGE and immunoblotted with anti-myc and
anti-HA antibodies respectively.

and we could indeed observe co-
immunoprecipitation between endogenous PKB

and periplakin, after immunoprecipitating for
PKB and analyzing for periplakin  (Fig. 2E).
Thus from these results we conclude that PKB
and periplakin can indeed interact in vivo in
cells. Binding of periplakin to PKB can
influence PKB function in several ways. To
examine the consequence of periplakin binding
on PKB activation, myc-c-ppl and HA-PKB
were co-expressed in A14 cells. A14 cells are
NIH3T3 cells overexpressing the human insulin
receptor and treatment of these cells with
insulin leads to a rapid and strong increase in
PKB activity (11). However, overexpression of
myc-c-ppl did not affect activation of HA-PKB
by insulin (Fig. 2F). This strongly suggests that
binding of periplakin does not interfere in
growth factor-induced activation of PKB.

Binding interface of PKB with periplakin
Having established that PKB and periplakin

interact, but that this interaction does not affect
activation of PKB by growth factors, we next
wanted to investigate in more detail the binding
of PKB to periplakin. Therefore we analysed
binding of a series of HA-PKB mutants to
periplakin. HA-PKB mutants were co-
transfected with myc-c-ppl, immunoprecipitated
and binding was determined by
immunoblotting. In keeping with the performed
yeast-two-hybrid, in which part of the PH
domain was used as a bait, the binding site
within full length PKB could be defined to a
short stretch of nine amino acids within the N-
terminal part of the PH domain (Fig. 3A,B), as
deletion mutants encompassing this region
(∆30-130 and ∆30-214), and the mutant ∆9 no
longer did bind to myc-c-ppl. The results
obtained by immunoblot analysis, were
confirmed by analyzing binding in the yeast-
two-hybrid   system.  The  structure  of   PH
domains present within a variety of different
proteins has been determined and consists of
seven beta-sheets followed by one alpha-helix.
The presence of the beta-sheets and alpha-helix
in   the   PH   domain   of  PKB  is  indicated  in
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Figure 2: Co-immunoprecipitation of endogenous PKB and periplakin.
(A) Characterization of generated anti-periplakin antibodies. Purified GST and GST-c-ppl were separated by SDS-PAGE
and immunoblotted with anti-GST or anti-GST-c-ppl (5117). (B) Cell lysates of COS-7 cells transfected with myc-c-ppl
were either immunoprecipitated with anti-GST-c-ppl (5117 and 5118), anti-periplakin peptide serum (7445 and 7446; left
panel), or anti-myc (9E10; right two panels). Immunoprecipitates were separated by SDS-PAGE and immunoblotted with
anti-myc (9E10; right panel), anti-periplakin peptide serum (7445) and anti-GST-c-ppl (5117; left two panels). (C). MCF-7
cells were lysed and periplakin was immunoprecipitated with anti-GST-c-ppl or anti-peptide serum. (NI) is an
immunoprecipitation with non-immune serum as a control. Immunoprecipitates were separated by SDS-PAGE and
immunoblotted for the presence of periplakin with 5117. (D) Epithelial cells express periplakin. Various cell lines were
lysed and analyzed by western blotting using the anti-periplakin 5117 antibody. (E) Periplakin interacts with PKB
endogenously. Periplakin and PKB were immunoprecipitated from MCF-7 cells using the anti-periplakin 5117 antibody
and anti-PKB antibody respectively, and the immune complex was resolved by SDS-PAGE and immunoblotted with the
anti-periplakin 5117 antibody. Non-immune anti-serum was used as a negative control. (F) c-ppl expression does not
affect insulin-induced PKB activation. A14 cells were transfected with HA-PKB either in the presence or absence of myc-
c-ppl. After 36 hours cells were either treated with insulin for 7 minutes or left untreated. HA-PKB was
immunoprecipitated and analysed for kinase activity as described (11).

figure3C (adapted from (22)) and shows that the
∆9 mutant lacks the last part of the 5th flexible
loop and most of the 6th beta sheet. Therefore,
this deletion is expected to have an effect on the
3D structure of the PH domain. To restore at
least the spacing of the amino acid residues
within the pH domain, we added back to the ∆9
mutant a stretch of 9 glycine residues. However
this did not restore binding to myc-c-ppl. To see
whether   any   distortion   of   the   PH  domain

structure would result in loss of myc-c-ppl
binding we also analysed binding of myc-c-ppl
to the W99A mutant of HA-PKB. In this mutant
the residue (W99) conserved in all known PH
domains was mutated and this is likely to result
in a structural change of the PH domain, as
W99A is catalytically inactive (data not shown).
Yet myc-c-ppl still did bind to this mutant,
suggesting that the loss of myc-c-ppl binding to
the ∆9 mutant is not necessarily due to a



Analysis of the PKB – FOXO signaling pathway

42

conformational change of the PH domain, but
that myc-c-ppl probably binds to the 5th
flexible loop.

Periplakin binds the intermediate filament
vimentin
 As periplakin expression does not interfere
in growth factor-induced PKB activation, we
started to address the possibility that binding
between periplakin and PKB may serve as a
localization signal for PKB. Therefore, we first
studied the cellular localization of periplakin in
detail. All members of the plakin family have
been shown to bind cytoskeletal proteins. Thus,
to investigate to what cytoskeletal proteins
periplakin binds we performed a yeast-two-
hybrid analysis with the C-terminal part of
periplakin on a 13.5 day mouse embryo cDNA

library. This way we identified the intermediate
filament protein vimentin as a potential binding
partner of periplakin. To further establish
periplakin  binding  to  vimentin we co-
expressed myc-tagged c-ppl with HA-vimentin
in   Cos-7   cells   and   observed   co-immuno
precipitation when precipitating myc-c-ppl in a
stringent buffer and analysing by
immunoblotting for the presence of vimentin
(Fig. 4A). For reasons that are not entirely clear
to us we could only very faintly observe co-
precipitation when precipitating vimentin and
analysing for the presence of myc-c-ppl.
Therefore, we also analysed co-localization by
immunofluorescence in Rat-1 cells. In these
experiments a clear co-localization is observed
between myc-c-ppl and the endogenous
vimentin network (Fig. 4B). A fractionation on

Figure 3: Determination of the binding site of PKB to periplakin.
(A) COS-7 cells were transiently transfected with myc-tagged c-ppl in combination with HA-tagged PKB constructs as
indicated. HA-PKB was immunoprecipitated with anti-HA and analysed by western blotting for myc-c-ppl binding by
immunoblotting with anti-myc (9E10) (upper panel) Expression of HA-PKB constructs and myc-c-ppl was checked by
immunoblotting with anti-HA and anti-myc respectively (B) Schematic representation of the outcome of the interaction
studies by co-immunoprecipitation and yeast-two-hybrid analysis. nd stands for not done. (C) Primary structure of the PH
domain of PKB. The positions of the b-sheets and a-helix are indicated by arrows on top. The 9 amino acid deletion that
results in loss of periplakin binding is indicated by a black line below the sequence.  The conserved W99 residue is
depicted in bold and indicated by an arrow. Location of the b-sheets was shown as determined (22).
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A14 cells transiently transfected with myc-c-ppl
was performed in which the vimentin network
was solubilised and purified. Fractions were
analysed for actin, vimentin and myc-c-ppl that
was found to be present in the vimentin fraction
(Fig. 4C). Thus from these experiments we
conclude that periplakin binds both PKB and
vimentin through its C-terminus and is
colocalised with vimentin. To determine
whether PKB and vimentin bind to different or
overlapping  sites  within  the  C-terminal  part
of periplakin we co-expressed both in cells, and
in the yeast-two-hybrid system, deletion
mutants of the C-terminal part of periplakin
together with either vimentin or PKB. However,
in both cases we were unable to identify within

Figure 4: Periplakin binds to the intermediate filament
vimentin.
(A) Periplakin interacts with vimentin. Cos-7 cells were
transiently transfected with myc-tagged c-ppl and co-
immunoprecipitations were performed in PKB buffer using
anti-myc and anti-vimentin antibodies. Samples were
analysed by western blotting using either the anti-myc
(anti-myc 9E10) or anti-vimentin (anti-vimentin Oncogene
Science) antibody. (B) Periplakin colocalises with
vimentin. Rat-1 cells were transiently transfected with
myc-tagged c-ppl and immunostained for myc-c-ppl and
endogenous vimentin. Bars, 10 µm. (C) Myc-c-ppl is
present in vimentin fractions. A14 cells were transiently
transfected with myc-tagged c-ppl and fractionated using
a KI-protocol. The fractions were immunostained for
vimentin, actin and myc-c-ppl. Fraction 1: total; 2:
cytosolic and membrane; 3: actin; 4: vimentin. (D)
Comparison of C-terminal deletion mutants and their
binding to PKB and vimentin. The C-terminal part of
periplakin is shown. Binding was determined by co-
immunoprecipitation and yeast-two-hybrid analysis.

periplakin a small peptide sequence responsible
for vimentin or PKB binding. Although some
difference was observed between PKB and
vimentin binding (Fig. 4D) we could not
establish whether PKB and vimentin bind
different parts of periplakin, or whether binding
of PKB and vimentin is mutually exclusive.

Periplakin localizes to different cellular
compartments
In tumor cell development, loss of epithelial
morphology and acquisition of mesenchymal
characteristics is often correlated with increased
expression of vimentin (16). As PKB function
is also implicated in tumor development, we
were interested to know where periplakin would
localize in cells that lack vimentin expression
and if differential localization, due to presence
or absence of vimentin, may influence PKB
function. In contrast to many other breast
cancer cell lines, the breast epithelial carcinoma
cell line MCF-7 expresses little or no vimentin
(43, 45), yet high levels of periplakin (Fig. 2)
and therefore this cell line was used for
confocal microscopy using the periplakin
antibodies   developed.  Endogenous  periplakin
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was shown to be co-localizing with the cell
membrane, nucleus and mitochondria. The
latter was demonstrated by co-staining with a
mitochondrial marker (Mitotracker). Also
transfected HA-tagged periplakin was shown to
be co-localizing with a mitochondrial marker
(cytochrome c) in MCF-7 cells (Fig. 5A).
Mitochondrial localization of periplakin was
confirmed by biochemical fractionation
methods. First, from MCF-7, Cos-7 and Rat-1
cells various cellular fractions including a
mitochondrial    fraction    were    isolated     by

Figure 5: Periplakin colocalizes with mitochondria.
(A) Confocal immunostaining for periplakin. MCF-7 cells
were pre-incubated with Mitotracker and co-
immunostained for periplakin using the anti-periplakin
5117 antibody (upper panel). Similar staining was
observed with the other antibodies (5118, 7445 and 7446)
and with affinity-purified 5117. No staining was observed
using pre-immune serum from the rabbits (5117 and
5118) used for immunization with GST-c-ppl. MCF-7 cells
were transiently transfected with HA-Ppl and
immunostained for HA-Ppl using the HA antibody and for
cytochrome c (lower panel). Bars, 10 µm. (B/C) Periplakin
is found in mitochondrial fractions. (B) Cos-7, MCF-7/FR
and Rat-1 cells were fractionated using a Percoll gradient
and the fractions were analysed by western blotting using
anti-periplakin 5117, anti-PKB, anti-cox4 and anti-MAPK
antibodies. (C) MCF-7/FR and Rat-1 cells were
fractionated using the mitochondria affinity purification
protocol. Fractions were analysed by immunoblotting,
using the same antibodies as in (B).

fractionation on a Percoll gradient (Fig. 5B). In
a second approach we used sorting by magnetic
beads (MACS) with a ferro-conjugated
antibody (MAB1273, see materials and
methods) that recognizes a 65-Kd mitochondrial
membrane protein (26). This method allows
rapid single step purification of organelles (Fig.
5C). Fractionation was monitored in both cases
by using COX4 as mitochondrial marker and
MAPK as non-mitochondrial marker. Both
approaches revealed the presence of periplakin
in the mitochondrial fraction, confirming the
immunofluorescent data. Interestingly, also in
Cos-7 cells we could demonstrate mitochondrial
localization of periplakin, albeit that the fraction
of periplakin localized to mitochondria
appeared less compared to MCF-7. This
observation suggests that in vimentin containing
cells such as COS-7, periplakin is bound to
vimentin and may function to recruit
mitochondria to intermediate filament
structures, whereas in non-vimentin containing
cells owing to the absence of clear filamentous
staining periplakin localizes apparently more
clearly to mitochondria.
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Periplakin expression can affect PKB-
signalling by sequestration
Since periplakin binds to PKB, but does not
interfere with activation of PKB and localizes to
specific cellular compartments we wanted to
test whether periplakin expression may affect
the ability of PKB to generate specific
signalling outputs. Recently, we and others
have shown that phosphorylation and
inactivation of FOXO transcription factors by
PKB occurs within the nucleus (9, 10).
Consequently,   inhibition    of    PKB   nuclear
transport should result in loss of FOXO
regulation by PKB. To test this possibility we
made use of the observation that in vimentin
expressing cells ectopically expressed myc-c-
ppl localizes to intermediate filament structures,
whereas little or no expression in the nucleus is
observed (Fig. 4B). As expected and reported
previously, co-expression of PKB resulted in
inhibition of FOXO4 (AFX) dependent
transcription (Fig. 6A). Interestingly both full
length and myc-c-ppl expression enhanced
transcription by FOXO4. That this is likely to
be due to sequestration of PKB within the
cytosol is indicated by a lack of effect of myc-c-
ppl expression on insulin-induced PKB activity
(Fig. 2F) and a decrease of phosphorylation of
the PKB site S193 of FOXO4 (Fig. 6B). Thus
these results suggest that periplakin can indeed
act as a scaffold, as it can modulate PKB-
dependent signalling outputs without interfering
with PKB activation itself.

Discussion

PKB is a major player in various essential
growth factor regulated cellular processes  (6,
8), and tumorigenesis (28, 44). To better
understand how PKB exerts its function in these
processes we performed a yeast-two-hybrid
screen to find PKB interacting proteins. Here
we demonstrate that PKB binds to periplakin, a
member of the plakin family, and we provide
evidence  that   periplakin  may   function  as  a

Figure 6: Periplakin expression modulates PKB-
dependent FOXO4 regulation.
(A) 293T cells were transfected with a TK-renilla-
luciferase (internal control) and 6xDBE luciferase reporter
construct (30), in the absence or presence of FOXO4.
Different amounts (µg) of full-length periplakin, myc-c-ppl,
or HA-PKB were cotransfected with FOXO4. 36 hours
after transfection lysates were prepared and luciferase
counts were measured and normalized against renilla
luciferase counts.  6xDBE activity in the absence of
FOXO4 was set at 1. Results represent the averages of
three independent experiments. (B) Periplakin expression
reduces PKB dependent FOXO4 phosphorylation. 293T
cells were transfected with the 0.5 µg full-length periplakin
or 1.0 µg c-ppl, and 1 µg HA-FOXO4. HA-FOXO4 was
immunoprecipitated and the level of PKB dependent
phosphorylation was determined by immunoblotting using
a phospho-specific antibody against pSer193.
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localization signal for PKB to its correct
cellular compartments. PKB binding to
periplakin could be demonstrated by yeast-two-
hybrid analysis  as  well  as  co-
immunoprecipitations of ectopically and
endogenously expressed proteins. The binding
region within PKB that is responsible for the
interaction with periplakin was narrowed down
to a small region in the C-terminal part of the
PH domain (Fig. 3B). Alignment of the PH
domain of PKB with PH domains of which the
3D structure has been resolved indicates that
binding to periplakin is most likely mediated by
the 5th flexible loop of the PH domain. (Fig.
3C). Although it remains possible that binding
to the ∆9 mutant is lost due to general distortion
of the 3D structure of the PH domain, we
consider this unlikely for several reasons. First,
restoring at least the spacing by replacing the
deleted amino acids by glycine residues (∆9-
gly9) does not restore binding, Second, as one
can still argue that also ∆9-gly9 is no longer
properly folded, the presence of the binding site
within a flexible loop would at least suggest
that the primary sequence rather than its folding
determines binding. In keeping with the latter
conclusion would be the observations that the
yeast-two-hybrid interaction was isolated with a
truncated PH domain construct and that myc-c-
ppl still binds to the W99A mutant. With
respect to this mutant it should then be noted
that this tryptophane residue is likely to be an
essential structural determinant for PH domains,
since between all known PH domains this
residue is the only one that is actually
conserved (32). Indeed the W99A mutation
results in a catalytically inactive mutant (not
shown) and on SDS-PAGE this mutant shows
aberrant migration behavior suggesting that this
mutation distorts PH domain structure but does
not affect binding to myc-c-ppl.

Finally, as the residues involved in binding
PtdIns3P lipids are primarily located within the
first half of the PH domain, binding of
periplakin to the 5th flexible loop would be

expected to have little effect on PtdIns3P
binding. Although not measured directly, the
fact that we do not observe inhibition of insulin-
induced activation of HA-PKB when co-
expressing myc-c-ppl (Fig. 2F) corroborates
this suggestion.

Plakin family members have been shown to
bind or colocalize with intermediate filaments
(38) and indeed we also found in our yeast-two-
hybrid screen with c-ppl binding to the
intermediate filament vimentin. This interaction
was confirmed by co-immunoprecipitation and
co-localization studies. The binding to and
colocalisation with vimentin in fibroblasts is in
agreement with the observations of
DiColandrea et al., who also observe periplakin
colocalisation with vimentin in Cos-7 cells. In
addition they observe in keratinocytes that full-
length and the c-terminal part of periplakin
partially colocalise with keratin filaments (38).
Thus, it appears that depending on the cell type
periplakin may localize to different intermediate
filament networks. The function of intermediate
filaments is considered to be a scaffolding one
which structures the cytoplasm and resists
extracellular stresses (23). The function of the
binding of periplakin to vimentin is unclear and
needs to be further investigated, but we
hypothesize that periplakin through binding to
vimentin correctly localizes PKB and other
proteins within the cell. Recently it was
reported that PKB could interact with another
intermediate filament, keratin K-10, and that K-
10 binding results in PKB inhibition and
keratin-induced cell cycle arrest (35). As this
study did not identify the nature of the
interaction between K-10 and PKB, our results
indicate the possibility that periplakin functions
to bridge this interaction. Also our observation
that periplakin expression enhances FOXO4
transcriptional activity is consistent with the
role of intermediate filaments in inducing cell
cycle arrest as proposed by Paramio et al. (35).
Previously we have shown that FOXO
transcription factors can cause cell cycle arrest
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in a p27kip-dependent manner (30). Since
activated PKB translocates to the nucleus where
it inactivates FOXO transcription factors,
sequestering PKB within the cytosolic
compar tment  through b inding  to
periplakin/intermediate filaments would
enhance FOXO transcriptional activity and
consequently stimulate cell cycle arrest.

In many cell types and under many
conditions PKB signaling has been shown
crucial to provide cellular protection against
apoptosis. Apoptosis is often initiated by, or
requires mitochondrial damage and leakage of
cytochrome-C (1). Recent reports have shown
that PKB signalling can maintain mitochondrial
membrane stability under conditions of stress
(25, 27, 36). Therefore, the clear colocalisation
of periplakin with mitochondria combined with
its interaction with PKB suggests a possible role
for periplakin in mediating PKB dependent
protection. In keeping with such a model are
reports that show that vimentin is a substrate for
caspase-9 and is cleaved at an early stage within
the apoptosis process (12, 33) and that caspase
resistant vimentin delays apoptosis (5). Also
plectin is a substrate for caspase-8, and again is
cleaved early in apoptosis (42). This caspase
cleavage site of plectin is conserved in
periplakin. However attractive, we have not
been able to obtain clear evidence to support a
role for periplakin in PKB mediated apoptosis
protection. This could be due to for instance
redundancy in apoptosis protection signalling.
Many cell types do not or only very little,
express periplakin and still depend on PKB-
mediated protection. Interestingly in this
respect, plectin, a family member of periplakin,
has been shown to associate with mitochondria
as well (37). It is possible that plectin and
periplakin may act redundant in PKB-dependent
protection since plectin has been shown to have
a ubiquitous expression pattern (47). Also our
observation that PKB localization to
mitochondria as determined by biochemical
fractionations appears independent of periplakin

and/or vimentin expression indicates either
redundant or alternative means of PKB
localization to this compartment. However,
these biochemical fractionations do not exclude
the possibility that the presence of PKB is due
to contamination of this fraction. Unfortunately,
with respect to PKB localization we could not
complement the biochemical fractionation data
with immunofluorescence studies, as the quality
of all different PKB antibodies we tested thus
far precluded this.

Periplakin may in addition, to acting as a
localization signal, also function as a shuttle for
delivery of PKB to the various cellular
compartments. This possibility derives
primarily from the observation that periplakin
localizes to all sites where PKB is either
observed or suspected to localize. Periplakin
localizes to the plasma membrane and PKB
becomes activated at the plasma membrane by
PI -3  kinase-mediated production of
phosphoinositol lipids (7, 11). Following
activation, PKB should be able to translocate to
other cellular compartments like the nucleus
and the vicinity of mitochondria, since
substrates for PKB present within these cellular
domains have been identified. For example a
fraction of PKB has been shown to translocate
to the nucleus (3, 9). Within the nucleus PKB is
thought to phosphorylate substrates such as the
FOXO family of transcription factors. We
observe nuclear localization of periplakin and in
addition periplakin as well as other members of
the plakin family contain a putative bipartite
nuclear localization (NLS). As other reports
suggested that this NLS sequence in other
plakins (e.g. plectin (34)) is also a part of the
intermediate filament-binding region, it could
be that (induced) loss of intermediate filament
binding unmasks the NLS and results in nuclear
translocation. These possibilities are currently
under investigation. Finally, although our
experiments only start to delineate such a
possibility it is interesting to note that such a
function for periplakin and possibly plakins in
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general is much alike the function of other large
cytolinkers such as APC.

In conclusion, this study shows binding of
periplakin to PKB and vimentin. The
differential cellular localization of periplakin
and its ability to affect PKB signalling when
targeted to a specific localization suggest a role
in determining cell type specific signalling by
the PI3K/PKB pathway.
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The phosphatidylinositol-3-OH kinase (PI(3)K)/protein kinase B (PKB)/Forkhead box O
(FOXO) pathway can regulate the activity of numerous proteins. PKB does so by
phosphorylating substrates on Ser/Thr residues within the PKB consensus motif (R-X-
R-X-X-S/T-X). FOXO transcription factors are inactivated by PKB via phosphorylation
and subsequent nuclear exclusion. The FOXO family members, so far consisting of
FOXO1, FOXO3a, FOXO 4 and FOXO6, share a highly homologous ‘winged-helix’
DNA binding domain that can bind specific DNA sequences (i.e. 5’-TTGTTTAC-3’). An
in silico approach was taken to discover novel PKB substrates and FOXO target genes.
PKB substrates were selected based on evolutionary conservation of PKB motifs in
combination with the known function of the substrates. To identify novel FOXO targets
microarrays were performed with the DL23 cell line that contains an inducible active
FOXO3a, and analyzed in combination with other arrays and the presence of consensus
binding elements in promoter sequences.

Discovery of novel PKB substrates
using in silico analysis

PKB belongs to the family of Ser/Thr
kinases, and thus it can phosphorylate its
substrates on serine and threonine residues that
are located within a so-called PKB motif. The
minimum peptide motif that is required for
efficient phosphorylation by PKB has been
d e f i n e d  a s  Arginine-X-Arginine-X-X-
Serine/Threonine-X (R-X-R-X-X-S/T-X) in
which the X stands for any amino acid. This
motif was developed based on the efficiency of
PKB to phosphorylate small peptides that were
related to the sequence surrounding the
phosphorylation site on glycogen synthase
kinase 3 (GSK3)(20). Originally, the consensus
motif contained a bulky hydrophobic residue
directly on the carboxyterminal side next to the
Ser or Thr residue such as Phe or Leu residues
(4). However, the currently described PKB
substrates do not show this hydrophobic residue
in the motif whatsoever, and therefore it might
be considered non-essential for phosphorylation
by PKB. Many described substrates have only
been validated as being a true PKB substrate
through in vitro kinase assays. Phosphorylated
PKB substrate antibodies are often used but it
should be considered that these antibodies
might also recognize other kinase substrates
that are phosphorylated within a similar motif.
The Arg residue at position –3 from the Ser/Thr

within the described substrates can be
considered as conserved since it is present in all
substrates, whereas Arg residue on position –5
from the Ser/Thr is absent in some substrates
(see Table 2 of Chapter 1).

Throughout evolution the basic layout of
signaling pathways appear conserved,
especially the insulin/PI3K/PKB pathway. This
suggests that kinase recognition motifs within
substrates are also conserved. This conservation
between species not only comprises
conservation of important motifs between
Homo sapiens and Mus musculus or Rattus
norvegicus  but also with lower eukaryotic
species such as Xenopus laevis, Drosophila
melanogaster and Caenorhabditis elegans.
When the presence of PKB motif(s) in proteins
between higher and lower eukaryotic species is
conserved, it suggests that the protein
containing the sequence is likely to be a
genuine PKB substrate. For example, the
FOXO transcription factors are highly
conserved between worm and human with
respect to their phosphorylation motifs.
However, this does not hold true for all
described PKB substrates. For instance, the
PKB motif in caspase 9 is not conserved.
Cardone and colleagues described the
phosphorylation by PKB of Ser196 within the
caspase domain of human caspase 9 (13). The
relevance of this finding is controversial since
the PKB motif is not present in relatively
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related species such as Mus musculus and Canis
familiaris (26). Cardone and colleagues raise
the possibility that caspase 9 phosphorylation
occurs in more complex long-lived organisms
since there is a need for a proper response to
human-specific cellular disfunctioning. The fact
that these differences between higher and lower
organisms are not reflected in cell culture
systems, where effects are similar in both
human and for instance mouse cell lines, argues
against this hypothesis. Also Ser157 of human
p27Kip1, which is phosphorylated by PKB, is not
conserved in mouse p27Kip1. However, negative
regulation of p27Kip1 by PKB can also occur
through inhibition of FOXO-mediated p27Kip1

transcription, thereby circumventing the lack of
conservation of the PKB motif.

In order to find novel substrates of PKB a
BLAST search was performed with R-X-R-X-
X-S-X and R-X-R-X-X-T-X as peptides using
Swiss Prot (ExPASy). This search resulted in
approximately 1500 annotated human proteins
carrying one or more motifs. From this list a
subgroup of proteins was selected based on the
known or suggested functions and the
physiological roles of these proteins (Table 1).
For that reason, transcription factors were
selected since so far only members of the

FOXO family have been well characterized as
being PKB substrates that directly regulate
transcription. Although FOXO transcription
factors do seem to have distinct functions since
specific FOXO knockouts give rise to different
phenotypes (31), they are considered to have
overlapping if not identical target genes. We
assume that besides FOXO regulation, PKB can
regulate transcriptional regulation through
additional pathways. Proteins that are (possibly)
linked to longevity were also selected, due to
the relatively unknown mechanisms involved.
The conservation of the putative PKB motifs in
the human sequences were compared to
homologues found in lower species using the
alignment program Clustal X (Figure 1).
Functional protein domains such as DNA
binding motifs are, in general, more conserved
between species. This could explain the
conservation in several PKB motifs when they
are located inside such a conserved domain.
One could suggest then that the protein is not a
valid substrate based on conservation of the
PKB motif. However, it might be expected that
post-translational modifications such as
phosphorylation exert a greater effect when
occurring in functional domains.

Table 1: Selected possible PKB substrates.
Shown are the human amino acid sequences, whether these are evolutionary conserved and
whether the proteins are transcription factors (TF). K indicates a lysine residue instead of an
arginine residue in lower organisms.
Name Motif(s) Conservation TF Validated target
BF1 RRRSTT267 yes yes
Brn5 RKRRTS240 yes yes
c-Fos RRRELT162 yes yes
FOXO4 RRRAAS193 RPRSSS258 yes yes (43)
Fra2 RRRELT149 yes yes
Mdm2 RRRAIS166 RKRHKS186 yes no (48, 86)
Mef2a RNRQVT20 yes yes
Pit1 RKRRTT220 K yes
Prop1 RRRHRT74 yes yes
Rsk1 RDRVRT120 K no
TSC2 RCRSIS981 RPRGYT1462 yes no (34, 58)
Tub RKRKKS307 yes yes
Tulp1 RKRKRS345 yes yes
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BF1 human  RRRSTT Pit1 human RKRRTT
mouse RRRSTT rat RKRRTT
xenopus  RRRSTT  chick RKRRTT

droso RKKRTS   
Brn5 human RKRRTS

mouse RKRRTS Prop1 human  RRRHRT
zebrafish  RKRRTS mouse   RRRHRT
elegans RKRRTS droso   RRRSRT

elegans RRRTRT
c-Fos human RRRELT

mouse   RRRELT Rsk1 human  RDRVRT
xenopus RRRELT mouse RKRVRS

xenopus RKRVRT
FOXO4 human  RRRAAS RPRSSS droso   KDRVRS

mouse RRRAAS RPRSSS
droso RRRAAS RQRASS TSC2 human  RCRSIS RPRGYT
elegans RERSNT RPRTQS mouse   RCRSIS RPRGYT

droso   RKRSTS RGRSKT
Fra2 human RRRELT

mouse RRRELT Tub human  RKRKKS
xenopus RRRELT mouse RKRKKS

droso RKRKKS
Mdm2 human RRRAIS RKRHKS elegans  RKRKKS

mouse RRRSIS RKRRRS 
xenopus SQRKSS RKRHKS Tulp1 human RKRKRS

mouse   RKRKKS
Mef2a human RNRQVT chickpea RNRESS

droso  RNRQVT 

Figure 1: Alignments of the conserved PKB motifs in selected possible substrates.

Analysis of the PKB motifs within the
selected proteins revealed a strong preference
for Arg and Lys residues on the open positions
in the motif, thereby forming the following
motif: R-K/R-R-K/R-K/R-S/T. This is in
contrast with the previously reported PKB
substrates, described in Chapter 1, where no
preference for Arg or Lys residues is observed.
This motif strongly resembles a classical mono-
partite nuclear localization signal (NLS),
namely a stretch of 4 to 6 K/R residues (17).
The fact that transcription factors and other
proteins such as Mdm2 were identified, that
need to be nuclear in order to exert their
function, suggests that the PKB motif in the
selected substrates also contains a NLS that
upon phosphorylation might become masked or
at least modulated in its nuclear localization
efficiency.

Pit1 is a member of the POU family of
transcription factors, and Prop1 is a paired-like
homeodomain transcription factor. Both are
specifically expressed in the pituitary, where
they are responsible for growth hormone
production (reviewed in (57)). Mice deficient
for Pit1 or Prop1 show an increase in lifespan
through the lack of growth hormone secretion
(9, 23). Analysis of these two proteins as
putative substrates of PKB is described in
Chapter 4.

c-Fos  and F r a 2 (Fos-related antigen-2)
belong to the fos family of leucine-zipper
containing transcriptional regulators (reviewed
in (74)). The family also includes the proto-
oncogene v-Fos and Fra1. They can dimerize
with members of the Jun family to form the
complex AP-1. AP-1 regulates processes such
as cell proliferation and differentiation, and it is
implied in transformation.
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Mef2a (myocyte enhancer factor 2a) belongs
to the MADS gene family (named for the yeast
mating type-specific transcription factor
MCM1, the plant plant homeotic genes
'agamous' and 'deficiens' and the human serum
response factor SRF), a family that also
includes several homeotic gene products and
other transcription factors, all of which share a
conserved DNA-binding domain. The PKB
consensus motif is present within this domain.
These proteins are involved in the process of
myoblast differentiation and mef2a is also
involved in for instance GLUT4 transcription
(51). It has been shown that PI3K signaling is
important for the transcriptional activation of
Mef2a in myoblast differentiation (69).

Brn5 is a member of the POU family of
transcription factors and is specifically
expressed in the neocortex (5). Its expression is
induced by neuregulin, and is an early event in
the terminal differentiation of neurons (21, 82).
The perfectly conserved PKB motif is located
within the POU domain which is involved in
DNA binding. Phosphorylation of Brn5 by PKB
is a putative mechanism for regulating its DNA
binding affinity.

Tubby is an autosomal recessive syndrome
characterized by maturity-onset obesity, insulin
resistance, infertility and progressive cochlear
and retinal degeneration. The loss-of-function
mutation in tubby is within the gene coding for
Tub (66). Tub is a relatively uncharacterized
protein that has a role in regulating insulin and
G-protein signaling (39, 62). It is tyrosine-
phosphorylated in response to insulin and is
subsequently capable of binding to SH2
domain-containing proteins. The N-terminal
part of the Tub protein is responsible for plasma
membrane localization, whereas the conserved
C-terminal tubby domain that contains the PKB
motif directs the protein to the nucleus where it
can bind PI(4,5)P2. Nuclear translocation of
Tub is induced by Gαq activation via a PLCβ-
dependent pathway where it can bind DNA via
its C-terminal domain. Another family member

of the Tubby family is Tulp1 (Tubby-like
protein 1) that is, like its other family members,
expressed primarily in neuronal tissues. Tulp1-
deficient mice show a mild phenotype of retinal
degradation (32).

Brain factor  (BF1) is a member of the
forkhead family (in the current nomenclature
known as FOXG1 (38)). FOXG1 can interact
with FOXO factors, thereby antagonizing
cellular effects regulated through binding of
FOXO factors to Smad proteins (63).
Involvement of PKB in FOXG1 activity could
thus provide an additional mechanism through
which the convergence of FOXO and Smad
signaling is regulated.

Mdm2 was originally identified as an
amplified gene in spontaneously transformed
cells, which encodes an E3 ubiquitin ligase.
Recently it has been described that PKB can
bind and phosphorylate Mdm2 on Ser166 and
Ser186, which leads to a nuclear localization
(48, 86). Subsequently Mdm2 interacts with
p53 and p300 thereby inducing p53
ubiquitination and degradation. Nuclear
localization of Mdm2 can suppress the
dominant-negative PKB-mediated sensitization
of etoposide-induced apoptosis (86). However,
Mayo and colleagues show that ectopic
expression of dominant-negative PKB inhibits
nuclear localization of Mdm2 thereby
stabilizing p53 and increasing its transcriptional
activity (48).

Tuberous Sclerosis Complex 2 (TSC2) can
form a complex with TSC1 thereby inhibiting
protein synthesis and subsequent cell growth by
keeping mammalian target of rapamycin
(mTOR) in an inactive state. Upon
phosphorylation of TSC2 by PKB on conserved
residues Ser981 and Thr1462 TSC2 is no longer
able to interact with TSC1. This enables mTOR
to induce S6 kinase activation and 4E-BP1
inhibition, and subsequently stimulate
translation (34, 58).

Rsk1 stands for p90 ribosomal S6 kinase. It
is  a serine/threonine kinase that is
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phosphorylated within the C-terminus by
extracellular signal-related kinases 1/2 upon
mitogen stimulation (reviewed in (25)).
Phosphorylated Rsk1 is translocated to the
plasma membrane where PDK1 can
phosphorylate Rsk1 on Ser239 (in
avian)(human: Ser253) (61). Upon activation
Rsk1 can regulate transcription through
associa t ion and phosphorylation of
transcriptional regulators including c-Fos, the
estrogen receptor and CBP (16, 36, 54). The
PKB phosphorylation motif within the N-
terminus of Rsk1 is conserved except for the
motif in Drosophila melanogaster. In this case
the closely resembling basic lysine residue
replaces the first arginine residue.

Discovery of FOXO target genes using
in silico analysis

FOXO transcription factors are members of
the family of winged-helix Forkhead
transcription factors. The subfamily of FOXO
factors contains FOXO1, FOXO3a, FOXO4 (in
the old nomenclature known as FKHR,
FKHRL1 and AFX respectively) and FOXO6.
FOXO factors regulate the transcription of
multiple target genes that are important for a
variety of cellular processes including
proliferation and apoptosis (see Chapter 1 for
described target genes). FOXO shuttles between
the cytosolic and nuclear compartments. In the
nucleus FOXO factors can regulate
transcription by either direct binding to DNA
sequences in promoter regions or through
interacting with other transcription factors.
Phosphorylation of FOXO factors by PKB on
evolutionary conserved serine and threonine
residues leads to a nuclear exclusion and
subsequent inactivation (reviewed in (10)). The
elements within promoter regions of target
genes to which FOXO proteins can bind

(DBEs) have been identified and conform to the
general consensus namely 5’-TTGTTTAC-3’
(28). It is known that FOXOs can also bind to
related nucleotide motifs i.e. IRS motifs (5’-
TGTTTT-3’), but it is not known if co-factors
are needed for the interactions of FOXO factors
with these sequences.

To identify novel putative target genes of
FOXO factors, an in silico approach was
undertaken. Microarrays, used or reported, were
utilized to identify FOXO target genes or genes
involved in physiological processes in which
FOXO factors have been implicated, such as
diabetes, caloric restriction and aging. The
microarray analysis was combined with in silico
finding of DBEs in promoter regions.

Microarray analysis was performed using the
DL23 cell line. This cell line is derived from the
DLD1 human colon carcinoma cell line and
contains an inducible active FOXO3a system
(44). The cells express a fusion of HA-tagged
FOXO3a-A3 (mutated in the PKB motifs and
thereby constitutively active) with a modified
form  of  the estrogen receptor hormone-binding

Figure 2: Scatter plot of the merged dye swap
experiments.
The black points correspond to genes that were induced
>2.5 fold.
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domain that can be activated upon treatment
with     the     estrogen     analogue    4-hydroxy-
tamoxifen (4-OHT). In the arrays gene
expression in DL23 cells was compared to gene
expression in DLD1 cells, both treated for 24
hours with 4-OHT. The arrays have been

performed as described (76). Figure 2 shows a
scatter plot of the merged dye swap experiment,
and in Table 2 a summary of genes of which the
expression changed more than 2.5 fold is
depicted, since this leaves a practicable amount
of genes regulated.

Table 2: FOXO3a-induced upregulated (A) and downregulated (B) genes.
Depicted is a summary of genes changing >2.5 fold in the two independent dye swap experiments and
having a background corrected intensity >10.
A:
Gene ID Description Process/function Up Swissprot

 transcription   

COPEB core promoter element binding protein general transcription 3.7 Q99612
TAF11 TAF11 RNA polymerase II, TATA box binding

protein (TBP)-associated factor, 28kDa
general transcription 5.0 Q15544

GTF2I general transcription factor II, i general transcription 4.0 P78347
FOXP1 forkhead box P1 transcription 4.8 Q9H334
TP73 tumor protein p73 transcription 4.4 O15350
BCL6 B-cell CLL/lymphoma 6 (zinc finger protein 51) transcription 7.9 P41182
KLF5 Kruppel-like factor 5 (intestinal) transcription 5.3 Q13887
OTX2 orthodenticle homolog 2 (Drosophila) transcription 2.7 P32243
PITX1 paired-like homeodomain transcription factor 1 transcription 2.9 P78337

GTF2IRD1 GTF2I repeat domain containing 1 transcription 3.9 Q9UHL9
BGLAP bone gamma-carboxyglutamate (gla) protein

(osteocalcin)
transcription, cell adhesion 5.6 P02818

 signal transduction   

ESR1 estrogen receptor 1 receptor signaling 4.9 P03372
CCR3 chemokine (C-C motif) receptor 3 receptor signaling,

chemotaxis
3.0 P51677

CALCR calcitonin receptor receptor signaling,
ossification

4.1 P30988

INSR insulin receptor receptor signaling 3.1 P06213
TACR1 tachykinin receptor 1 receptor signaling 3.6 P25103
ROR1 receptor tyrosine kinase-like orphan receptor 1 receptor signaling 5.0 Q01973
GPR49 G protein-coupled receptor 49 GPCR signaling 4.0 O75473
GPR52 G protein-coupled receptor 52 GPCR signaling 4.8 Q9Y2T5
RGS4 regulator of G-protein signalling 4 GPCR signaling 9.4 P49798

GNG11 guanine nucleotide binding protein (G protein),
gamma 11

GPCR signaling 4.0 P50152

GNA12 guanine nucleotide binding protein (G protein)
alpha 12

GPCR signaling 7.1 Q03113

PLCG2 phospholipase C, gamma 2 (phosphatidylinositol-
specific)

signal transduction 7.4 P16885

PLD1 phospholipase D1, phophatidylcholine-specific signal transduction 6.1 Q13393
ARHGAP1 Rho GTPase activating protein 1 signal transduction 2.9 Q07960

PDE7B phosphodiesterase 7B signal transduction 4.2 Q9NP56
MPP2 membrane protein, palmitoylated 2 (MAGUK p55

subfamily member 2)
signal transduction 4.2 Q14168

 transport   

APPBP2 amyloid beta precursor protein (cytoplasmic tail)-
binding protein 2

intracellular protein transport 5.3 Q92624
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continued

Gene ID Description Process/function Up Swissprot
RSC1A1 regulatory solute carrier protein, family 1, member

1
protein transport 3.5 Q92681

PACSIN3 protein kinase C and casein kinase substrate in
neurons 3

endocytosis 3.6 Q9UKS6

ITM2B integral membrane protein 2B neurogenesis 3.4 Q9Y287
NDUFS4 NADH dehydrogenase (ubiquinone) Fe-S protein

4, 18kDa (NADH-coenzyme Q reductase)
electron transport 3.0 O43181

CYP3A5 cytochrome P450, subfamily IIIA (niphedipine
oxidase)

electron transport 4.7 O00768

CYP27A1 cytochrome P450, subfamily XXVIIA electron transport 4.5 Q02318

GLRB glycine receptor, beta ion transport 2.8 P48167

 metabolism   

PEPD peptidase D amino acid metabolism 3.6 P12955
GDA guanine deaminase nucleic acid metabolism 4.1 Q9Y2T3

ABCA1 ATP-binding cassette, sub-family A (ABC1),
member 1

metabolism, transport 3.5 O95477

HADHB hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA
thiolase/enoyl-CoA hydratase, beta subunit

fatty acid metabolism 3.9 P55084

SORL1 sortilin-related receptor, L(DLR class) A repeats-
containing

lipid metabolism and
transport

2.7 Q92673

HPGD hydroxyprostaglandin dehydrogenase 15-(NAD) metabolism 5.2 P15428

 stress response   

SOD2 superoxide dismutase 2, mitochondrial response to oxidative stress 3.3 P04179
CAT catalase response to oxidative stress 3.2 P04040

SEPP1 selenoprotein P, plasma, 1 response to radical stress 3.7 P49908

 miscellanious   

CAV1 caveolin 1, caveolae protein, 22kDa caveolae 2.6 Q03135
RNF122 ring finger protein 122 4.5 Q9H9V4
FNBP2 formin binding protein 2 3.7 O75044
DAF decay accelerating factor for complement (CD55,

Cromer blood group system)
immune response 8.2 P08174

LY6G6D lymphocyte antigen 6 complex, locus G6D membrane protein 2.9 Q9NZJ1
M11S1 membrane component, chromosome 11, surface

marker 1
membrane protein 4.1 Q14444

RNUT1 RNA, U transporter 1 RNA cap binding 3.6 O95149
APOBEC2 apolipoprotein B mRNA editing enzyme, catalytic

polypeptide-like 2
mRNA processing 3.8 Q9Y235

CLU clusterin (complement lysis inhibitor, SP-40,40,
sulfated glycoprotein 2, apolipoprotein J)

apoptosis 3.6 P10909

NTF6A neurotrophin 6, alpha neuron differentiation 3.8 AAB22779
NTF6A neurotrophin 6, alpha pseudogene neuron differentiation 3.5 P34132
RFPL2 ret finger protein-like 2 protein binding 3.2 O75678
S100P S100 calcium binding protein P protein binding 3.2 P25815

MYBPC2 myosin binding protein C, fast type muscle contraction, cell
adhesion

3.9 Q14324

PPL periplakin structural constituent of
cytoskeleton

6.7 O60437

PCDHA13 protocadherin alpha 13 cell adhesion 4.1 Q9Y5I0
CHODL chondrolectin cell adhesion 4.4 Q9H9P2
MACF1 microtubule-actin crosslinking factor 1 cell cycle, actin binding 2.6 Q9UPN3
CDC25B cell division cycle 25B cell cycle 4.2 P30305
PTPN14 protein tyrosine phosphatase, non-receptor type 14 phosphatase activity 3.0 Q15678
CYR61 cysteine-rich, angiogenic inducer, 61 cell growth, cell adhesion 3.4 O00622
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B:

Gene ID Description Process/function Down Swissprot

 transcription   

MYF6 myogenic factor 6 (herculin) differentiation, transcription 3.0 P23409

ASCL2 achaete-scute complex-like 2 (Drosophila) differentiation, transcription 3.3 Q99929

TAF5 TAF5 RNA polymerase II, TATA box binding
protein (TBP)-associated factor

general transcription 3.2 Q15542

 signal transduction   

CAMK1 calcium/calmodulin-dependent protein kinase I signal transduction 4.2 Q14012

PREX1 phosphatidylinositol 3,4,5-triphosphate-dependent
RAC exchanger 1 protein

Rho signal transduction 3.4 Q8TCU6

EPHA8 EphA8 ephrin signal transduction 3.3 P29322

PLEKHC1 pleckstrin homology domain containing, family C
(with FERM domain) member 1

cell growth 3.1 Q14840

 transport   

OCA2 oculocutaneous albinism II (pink-eye dilution
homolog, mouse)

eye pigment biosynthesis,
transport

3.2 Q04671

NAPA N-ethylmaleimide-sensitive factor attachment
protein, alpha

intracellular protein
transport

4.1 P54920

SLC25A10 solute carrier family 25 (mitochondrial carrier;
dicarboxylate transporter), member 10

(mitochondrial) transport 4.5 Q9UBX3

SLC28A1 solute carrier family 28 (sodium-coupled
nucleoside transporter), member 1

transport 5.4 O04204

TRPA1 transient receptor potential cation channel,
subfamily A, member 1

cation transport 4.2 O75762

COX7C cytochrome c oxidase subunit VIIc electron transport 3.7 P15954

 metabolism   

PECI peroxisomal D3,D2-enoyl-CoA isomerase fatty acid metabolism 2.9 O75521

ASAH2 N-acylsphingosine amidohydrolase
(non-lysosomal ceramidase) 2

metabolism 3.5 Q9NR71

GALNT8 UDP-N-acetyl-alpha-D-galactosamine:polypeptide
N-acetylgalactosaminyltransferase 8 (GalNAc-T8)

metabolism 6.0 Q9NY28

SQLE squalene epoxidase sterol biosynthesis 2.6 Q14534

ADPRHL2 ADP-ribosylhydrolase like 2 hydrolase activity 4.4 Q9BY47

VARS2L valyl-tRNA synthetase 2-like valyl-tRNA aminoacylation 3.7 Q96Q02

 stress reponse   

MSH5 mutS homolog 5 (E. coli) DNA damage response 4.4 O43196

 miscellanious   

CRIP1 cysteine-rich protein 1 (intestinal) 2.6 AAH02738

ZNF318 zinc finger protein 318 RNA binding 5.4 Q9UNU8

THOC4 THO complex 4 nucleic acid binding 12.5 AAH52302

CPB2 carboxypeptidase B2 (plasma, carboxypeptidase
U)

proteolysis 4.2 Q15114

Other microarrays that were used for the in
silico  analysis include additional arrays
performed with DL23 cells, by A. Schulze
(personal communication), from hereon referred
to as the Schulze arrays. In our array 19K
human oligochips were used whereas the
Schulze    arrays      were     performed      using

Human cDNA microarrays (Sanger human
10K).  In addition, the Schulze arrays include
both 6 and 24 hours time points of 4-OHT
stimulation. The other microarrays have been
previously described. FOXO3a and FOXO1
dependent gene expression has been studied
using adenoviral overexpression of active
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FOXO3a or FOXO1 in LAPC4 prostate cancer
cells (50). In addition, the effect of FOXO1 on
gene transcription in endothelial cells has been
investigated by viral infection of active FOXO1
into HUVECs (22). Different time points after
introduction of FOXO1 in these cells were
studied, as well as the effect of active PKB on
gene transcription in HUVECs. Other array
experiments in which the effect of FOXO1 was
studied were performed in PTEN-deficient 786-
O renal carcinoma cells (60). These cells were
virally infected with either active FOXO1, with
or without a mutation in the third helix loop
causing loss of DNA binding of FOXO1 to the
classical insulin response element (IRS).
Differential expression induced by these
constructs allowed the authors to distinguish
between classical and non-classical FOXO
target genes, although it must be noted that
differences in induced expression could also be
caused by differences in expression levels of the
different FOXO constructs. In addition, no
controls for the effects of adenoviral infection
were performed.

In addition, microarrays were analyzed that
were performed to assess gene transcription
induced by physiological phenomena such as
diabetes, aging and caloric restriction (35, 46,
47, 73, 78, 79, 83). Diabetes arises when insulin
signaling is constitutively inhibited, thus
causing a continuous relatively high level of
FOXO activity by removal of the PKB-
mediated inhibition. Caloric restriction also can
be considered a physiological phenomenon for
FOXO activity since it has been shown that
caloric restricted rodents show higher levels of
FOXO1, FOXO3a and FOXO4 compared to
their control littermates (29). Importantly, in the
process of caloric restriction insulin/PKB
signaling is downregulated causing relatively
high levels of active FOXO factors (33). The
latter is important since increased expression of
FOXO factors alone is likely not to be sufficient
to cause a relatively higher FOXO activity (37).
Caloric restriction leads to an increase in

lifespan, preventing the process of aging. At the
level of gene expression it has been shown that
caloric restriction can revert, in part, the age-
induced gene expression (35, 46, 47, 79).

Combining the results from the DL23
microarray experiments with previously
described FOXO microarrays and relevant more
physiological arrays, and with the absence or
presence of FOXO DNA binding elements in
promoter sequences resulted in a list of putative
novel FOXO targets (Table 3), of which most
targets have been described in more detail
below.

Some of the selected target genes that are
depicted in Table 3 have been previously
identified as valid FOXO target genes, thereby
validating the chosen approach. FOXO factors
can protect cells from oxidative stress by
inducing transcription of manganese super-
oxide dismutase (MnSOD) (42), and catalase
(56). MnSOD, also known as SOD2, is a
mitochondrial enzyme that converts O2

- into
H2O2 whereas the peroxisome-specific catalase
converts H2O2 into H2O and O2. Whether these
two proteins cooperate to quench toxic radicals,
or they serve independent functions, being
localized in different cellular compartments, is
currently unclear. When cells undergo caloric
restriction, genes involved in the response to
oxidative stress are transcriptionally activated.
Both MnSOD and catalase are examples of this
(64, 79). Another gene implied to be involved
in response to oxidant stress is selenoprotein P
(S E P P 1 ). SEPP1 is a selenium-rich
extracellular protein suggested to be involved in
free radical scavenging (11). It has been shown
to be downregulated in mouse and human
tumors (12). It has been shown that TGFβ
signaling through Smad3/4 can lead to SEPP1
expression but whether crosstalk between
FOXO and Smad signaling is involved in this is
not known (53). SEPP1 was found upregulated
in the DL23 arrays and it contains two
consensus binding elements only 79 and 315
base pairs upstream of the ATG of the SEPP1
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Table 3: Potential FOXO target genes.
Depicted are potential FOXO target genes, the results of the promoter analysis for putative FOXO binding
elements (DBEs)(p: perfect, ip: imperfect (one point mutation)), DL23 array and other relevant microarrays ((S):
Schulze array); and in which processes the target genes are involved.
Target DBE DL23 Other arrays Function
Bcl6 1 p, 7 ip Up Up (S)(22, 70) Apoptosis

Catalase 1 p, 5 ip Up Up (56), CR up (79) Oxidant response

Caveolin-1 1 p, 3 ip Up Up (S), CR up (19), tumor down
(81)

Caveolae

Clusterin 1 p, 3 ip Up Up (S)(22), diabetes up (73), age
down/CR up (35, 46)

Glycoprotein

DAF 6 ip Up Up (S)(50, 60) Immune response

Estrogen R 7 ip Up Transcription, synergy with
insulin/IGF

FOXP1 1 p, 11 ip Up Up (60) Transcription

GADD45 1 p, 2 ip - Down (S), up (71), aging up/CR
down (47, 78)

G2/M arrest

Grb7 1 p, 4 ip - Up (S), breast cancer up (40) Cell migration

IGFBP6 6 ip - Up (S), diabetes up (83), lung
adeno(carcino)ma down (84),
HNSCC up (2)

Ins/IGF signaling

InsR 2 p, 3 ip Up Up (59) Insulin signaling

KLF5 5 ip Up Up (S)(22) Transcription

MMP7 8 ip - Up (22, 60) Matrix remodeling

MMP10 1 p, 7 ip - PKB down/FOXO up (22) Matrix remodeling

MnSOD 1 p, 7 ip Up Up (42), CR up (64, 79) Oxidant response

Periplakin 1 ip Up Binds PKB ((77) + chapter 2)
and cytoskeletal binding

PLD1 10 ip Up CR up (46), senescence down (85) Signaling

PP2A 3 ip - Up (S), age down/CR up (47) Phosphatase, signaling

Rhodanese 1 p, 2 ip - Up (S), aging down/CR up (47, 78) Sulfur metabolism

S100P 3 ip Up Up (S), senescence down (75) Protein binding

SEPP1 2 p, 4 ip Up Up (22, 71), tumor down (3), Oxidant response

TP73 7 ip Up Tumor up (68) Transcription

gene. Importantly, Tran and colleagues
observed SEPP1 transcriptional upregulation by
FOXO3a (71). The authors performed
microarrays with Rat1 cells expressing an
inducible FOXO3a-A3, and identified
GADD45 as being upregulated (27, 71). This
protein is involved in DNA damage response,
leading to a G2/M cell cycle arrest. This arrest
can be induced by oxidative stress and is
mediated by FOXO (27). In contrast, the
microarrays performed by Schulze show a clear
decrease in GADD45 expression. Besides that,
it has been shown that aging leads to an
increase  in  GADD45  expression  that  can  be

reverted by caloric restriction (47, 78). A
possible explanation could be that regulation of
GADD45 expression by FOXO is cell specific.

Another previously identified FOXO target
is Bcl6 (22, 70).  In part through regulation of
Bcl6 expression FOXO factors are able to
trigger apoptosis. An additional FOXO target is
the insulin receptor, albeit in D. melanogaster
(59). This target gene, dInR, was identified after
performing microarray analysis in Drosophila
S2 cells with dFOXO. From this it can be
suggested that via transcriptional upregulation
of dInR dFOXO can provide a negative
feedback loop on its own activity. It has been
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shown that the insulin/IGF1 signaling can
synergize with estrogen signaling (reviewed in
(45)). Estrogen can lead to proliferation via
binding to the nuclear estrogen receptor and
subsequent transcriptional regulation. The
estrogen receptor was found to be regulated by
FOXO in the DL23 microarrays thereby
providing a possible upregulation of synergistic
signaling pathways. Expression of the estrogen
receptor is associated with expression of the
forkhead transcription factor FOXP1 and this
leads to an improved survival in human cancer
(24). Interestingly, FOXP1 expression has been
found both upregulated and downregulated in
tumors, in stomach tumors and colon tumors
respectively, suggesting that FOXP1 has an
important function in normal cellular behavior
(7). Similar to the estrogen receptor, FOXP1 is
also found upregulated by the DL23 arrays.
Besides that, its expression was found regulated
in the microarrays performed with FOXO1 in
renal carcinoma cells, where it should be noted
that expression is thought to be regulated by
FOXO through a classical IRS (60). In
combination with the presence of FOXO DBE
sequences in the promoter region, FOXP1 is
clearly a potential FOXO target.

Caveolin-1 is the main constituent of
microdomains within the plasma membrane,
called caveolae. In these domains caveolin-1
can interact with and modulate the activity of
various signaling molecules. Differential
expression of caveolin-1 has been implied in
tumorigenesis, but it is still unclear what the
exact role of caveolin-1 expression is in the
process of tumor formation and/or metastasis.
Caveolin-1 expression was found increased in
both the DL23 as well as the Schulze arrays and
analysis of the promoter region revealed one
consensus FOXO DNA binding sequence. In
rats, caveolin-1 expression was upregulated
upon fasting (19).  The role of caveolin-1 in
being a putative FOXO target is described in
Chapter 5 of this thesis.

Rhodanese, also known as thiosulfate sulfur
transferase (TST), was found to be upregulated
by FOXO in the Schulze arrays. It is a
mitochondrial matrix enzyme that is proposed
to play roles in sulfur metabolism and cyanide
detoxification (80). The presence of a consensus
DBE in its promoter in combination with its
upregulation in the Schulze microarrays
predicts rhodanese to be a valid target gene for
FOXO signaling. Also regulation of expression
by aging and caloric restriction indicates a
possible role for FOXO in this (47, 78). In
keeping with this hypothesis, rhodanese
expression is negatively regulated by diet-
induced obesity (52).

DAF stands for decay accelerating factor and
is also known as CD55. It is an extracellular
glycoprotein that can block complement
deposition during inflammation (1, 41), and a
very potential FOXO target gene product.
Besides the DL23 arrays, DAF was also found
upregulated in a variety of other FOXO arrays
such as FOXO1 in renal carcinoma (60), and
FOXO3a in prostate carcinoma cells (50).
Although it is suggested that FOXO1 would
lead to an increase of DAF expression through
binding to a classical IRS, still a clear increase
in expression was found when using the
FOXO1 mutant that is not able to bind classical
IRS motifs (60), implying that it is regulated by
FOXO through non-classical IRS. Another
glycoprotein is clusterin , also known as
apolipoprotein J and SP-40,40. It can have both
pro-apoptotic and anti-apoptotic effects,
although no mechanisms are known, and it also
has been shown to be transcriptionally
upregulated during tumorigenesis (reviewed in
(72)). Clusterin was found upregulated in both
the DL23 arrays, Schulze arrays and in
endothelial cells (22). In addition, clusterin
expression was found upregulated in patients
with diabetes (73), and in aged rats it was found
downregulated, but this could be reverted or
upregulated by caloric restriction (35, 46).
These data together with the presence of FOXO
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binding elements in the promoter region of the
clusterin gene clearly suggest a direct role for
FOXO in transcriptional regulation of clusterin.
Another gene implied in tumorigenesis is
matrix metalloproteinase 10 (M M P 1 0), a
proteolytic enzyme involved in regulation of the
extracellular matrix. MMP10 expression is
downregulated by PKB and upregulated by
FOXO in endothelial cells (22). Although both
DL23 arrays did not identify MMP10 as a
possible FOXO target the presence of one
perfect and seven imperfect FOXO binding
elements in its promoter region combined with
the reciprocal regulation by PKB and FOXO
strongly suggest MMP10 to be a direct FOXO
target. The related MMP7 was also found
transcriptionally upregulated in FOXO arrays,
namely in endothelial cells (22), and in renal
carcinoma cells (60).

The gene product TP73 is a member of the
p53 family, and through differential splicing the
various gene products can either have positive
effects or negative effects on p53-mediated
signaling (reviewed in (65)). A role for TP73
has been suggested in tumorigenesis but it is
controversial as to whether it can truly act as
tumor suppressor or as proto-oncogene
(discussed in (49)). Although no other FOXO
arrays resulted in TP73 as putative target it was
found regulated in the DL23 arrays and its
important function in regulating p53 signaling
makes TP73 an interesting potential FOXO
target.

Kruppel-like transcription factor 5 (KLF5)
positively regulates proliferation (67), and
mediates oncogenic activities of H-Ras (55).
However, its expression is lost or severely
inhibited in breast and prostate tumors (14, 15).
In our DL23 and the Schulze arrays, KLF5
expression was found upregulated and in
addition its expression was elevated by FOXO1
in endothelial cells (22).

Phospholipase D1 (PLD1) is an enzyme that
catalyzes the hydrolysis of phosphatidylcholine
to generate the lipid second messenger

phosphatidate (PA) and choline, and can be
activated by G-protein coupled receptor and
receptor tyrosine kinase signaling (reviewed in
(18)). By generating PA it can lead to PIP5
kinase activation thereby regulating membrane
traffic and actin dynamics. PLD1 expression
was found upregulated in the DL23 arrays and
also arrays analyzing genes regulated during
caloric restriction (46). In line with that, PLD1
expression was reduced in senescent fibroblasts
(85).

The S100 calcium-binding protein P (S100P)
is member of the S100 family and is involved in
protein binding. Via Receptor for Activated
Glycation End products (RAGE), S100P can
stimulate cell proliferation and survival (6).
Expression of S100P is increased upon
immortalization and in early breast cancer (30).
In addition, high expression levels of S100P are
associated with a bad prognosis for patients
with lung adenocarcinomas (8). S100P was
found downregulated with cellular senescence
(75) and in both the DL23 arrays and Schulze
arrays its expression level is increased.

In conclusion, in silico analysis for the
discovery of novel FOXO-mediated
transcription provides promising putative
putative target genes. The retrieval of various
previously described target genes implies that it
can act as a valid method to identify novel
FOXO target genes. Since this analysis utilizes
a variety of previously described microarrays
with different FOXO transcription factors and
experimental setups, it is likely that the
recovered target genes will be general targets.
The presence of FOXO binding elements within
the promoter suggests that the putative target
genes might act in a direct fashion whereas
absence of binding elements would argue that
FOXOs are not involved or, more likely, act
through co-factors.
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Protein kinase B (PKB or c-Akt) is a Ser/Thr kinase involved in a variety of cellular
processes including cell cycle regulation, differentiation and cell survival. In addition, a
role for PKB in the process of aging is suggested. PKB phosphorylates proteins within a
consensus motif (R-X-R-X-X-S/T). Since the pituitary-specific transcription factors
Prop-1 and Pit-1 contain such a motif and they have been described to play a role in
aging by regulating hormone expression we investigated whether PKB has a direct role
in regulating these transcription factors. PKB can phosphorylate both Prop-1 and Pit-1
in vitro, but no regulation of phosphorylation in vivo by PKB was observed.
Furthermore, we show that both Prop-1 and Pit-1 are constitutively present in the
nucleus and are not translocated upon regulation of the insulin-PI3K-PKB pathway.

Introduction

In the brain, the pituitary is responsible for
the production and secretion of various
hormones. It consists of two main lobes and a
smaller intermediate lobe. In the anterior part of
the pituitary, lactotropic cells secrete prolactin,
somatotropic cells secrete growth hormone and
thyrotropic cells secrete thyroid-stimulating
hormone (TSH) (reviewed in (16)).
Furthermore, the anterior lobe produces
hormones including luteinizing hormone (LH)
and follicle-stimulating hormone (FSH). A
complex network of transcription factors is
responsible for controlling embryonic pituitary
development, differentiation of cell lineages,
and hormone production and secretion.

Pituitary transcription factor-1 (Pit-1) is a
key transcriptional regulator in the pituitary
gland (reviewed in (6)). It is also known as
growth hormone factor-1 (GHF-1) and is
officially referred to as POU1F1. This protein is
specifically expressed in the lactotropic,
somatotropic and thyrotropic cells in the
anterior pituitary gland, although modest
expression can also be found in non-pituitary
tissues or tumor cell lines (9). Pit-1 is a
homeodomain-containing protein that contains
an additional domain, also found in Oct-1, Oct-
2 and UNC-86, and therefore bares the name
POU-domain. Both domains are responsible for
binding to DNA, while the POU domain also
mediates interactions with other proteins. Pit-1

can homodimerize or bind to other heterologous
DNA-binding proteins such as nuclear receptors
(10, 20), or co-regulatory proteins such as CBP
(5). Binding of Pit-1 to other proteins often
leads to synergistic transcriptional activation.
There are two mouse strains known to carry a
mutation in the Pit-1 gene. The Snell mice are
homozygous for a missense mutation in Pit-1
that prevents binding to DNA (13). They lack
growth hormone, prolactin and TSH production
and have hypoplastic anterior pituitary glands.
Furthermore these mice are much smaller in
size compared to their normal littermates. The
Jackson mice carry a complex rearrangement of
the gene encoding Pit-1 leading to the absence
of a functional Pit-1 protein (8). These mice
show a similar phenotype to that observed in
the Snell mice. The Snell mice show an
increased lifespan of 25 – 50%. In man several
mutations have been identified within the Pit-1
gene leading to amino acid changes or loss of
expression (17). All these mutations show the
same pathological phenotype termed combined
pituitary hormone deficiency (CPHD), which
includes hypoplasia of the pituitary gland and
reduction or absence of the pituitary hormones
growth hormone, prolactin, TSH, LH and FSH.

Pit-1 can be phosphorylated, and this can
modulate its activity. Protein kinase A (PKA)
can phosphorylate Pit-1 on several residues and
this leads to different effects on its DNA
binding capacity, depending on the
phosphorylated site and the interacting DNA
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sequence. In vitro phosphorylation of Thr220
leads to reduced binding of Pit-1 to the growth
hormone promoter (11). Mutating the PKA
phosphorylation motifs however still leads to
cAMP-dependent regulation of prolactin
expression (14). Basal expression of growth
hormone and prolactin as well as induced
prolactin expression is also independent of Pit-1
phoshorylation by PKA (7). The effects
observed on hormone expression via Pit-1
phosphorylation may therefore be independent
of PKA. Phosphorylation of Thr220 regulates
binding of Pit-1 to its cofactor Ets-1 (1). This
might be accomplished by the activation of a
cell cycle-dependent protein kinase since Pit-1
is phosphorylated in the M-phase of the cell
cycle independent of PKA by a yet unidentified
kinase leading to inhibition of DNA binding
(4).

Expression of Pit-1 is preceded by and
dependent on the expression of another
pituitary-specific transcription factor called
Prophet of pit-1 (Prop-1). Prop-1 was first
characterized as the gene responsible for the
phenotype observed in Ames dwarf mice. These
mice carry a point mutation in Prop-1, and fail
to activate the Pit-1 gene and lack a full
development of the pituitary (18). This leads to
the absence of growth hormone, prolactin and
TSH causing reduced levels of insulin-like
growth factor-1 (IGF-1), dwarfism and a 55%
increase in lifespan (2).

Prop-1 is a transcription factor that contains
a paired-like homeodomain responsible for
dimerization of Prop-1 and interaction with
DNA (18). It is expressed solely in the pituitary,
both in pituitary tumors as well as normal
tissues. Besides inducing Pit-1 expression in the
post-natal pituitary it is also involved in early
embryonic development where it is expressed
from day 11 until day 15.5 in the dorsal part of
the gland. In humans, mutations in Prop-1 can
lead to CPHD and a dramatic reduction in
growth hormone, prolactin and TSH.
Furthermore, no expression of LH and FSH is

observed (17, 19). These mutations are found
both in- and outside the homeodomain and lead
to decrease in DNA binding and transcriptional
activity. Two of these mutations are
heterozygous and affect the same amino acid,
Arg71, that is changed to His or to Cys (15).
Thus far, no post-translational modifications or
regulation of Prop-1 have been found.

Protein kinase B (PKB) is an important
mediator of growth factor signaling and
involved in multiple cellular processes
including cell cycle regulation, cell survival and
longevity (reviewed in (3)). It can regulate the
activity of downstream targets by
phosphorylation of a serine or threonine residue
within a specific PKB consensus motif
(RxRxxS or RxRxxT). Both Prop-1 and Pit-1
contain a conserved PKB consensus motif.
Therefore, we performed for both proteins
phosphorylation assays and functional studies to
determine whether they could be regulated
insulin/PI3K/PKB signaling.

Materials and methods

Constructs
Prop1-WT was cloned into pMT2-HA vector from
pcDNA3-myc-Prop1 (obtained from T. Usui (Kyoto,
Japan)) using a SalI-site containing 5’ primer
(GTCGACGGAAGCAGAAAGGAGGCG) and a Not1
s i t e  c o n t a i n i n g  3 ’  p r i m e r
(GCGGCCGCTCAGTTCCAGGACTTGGATG). Prop1-
T74A was made by site-directed mutagenesis using 5’
primer CACCGCGCCACCTCC and its complementary
3’ primer. Prop1-S68A and -A2 were cloned with 5’
primer CCGCACGCCCGGCGCCGCCAC and its
complementary 3’ primer using Prop1-WT or Prop1-
T74A as template respectively. All constructed plasmids
were verified by sequence analysis. HA-FOXO4 has been
described before (12). HA-Pit1-WT and HA-Pit1-T220A
were generous gifts from A. Gutierrez-Hartmann (Denver
CO).

Cell culture
HEK293T (human embryonic kidney cells stably
transfected with large T antigen) and A14 cells (NIH3T3
mouse fibroblasts stably expressing insulin receptor)
were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (Bio-Whittaker,



Analysis of the PKB – FOXO signaling pathway

72

Belgium), 1% penicillin/streptomycin (Bio-Whittaker)
and 2 mM L-Gln (Bio-Whittaker). HEK293T and A14
cells were transfected using Fugene6 and CaPO4 method
respectively. Cells were treated with 10 µM H89, 10 µM
SB203580, 50 µM PD98059, 1 µM staurosporin, 100 nM

Figure 1: Amino acid
sequence comparison
of Prop-1 homologues.
PKB motifs (RxRxxS or
RxRxxT) are shown in
bold.

wortmannin, 10 µM LY294002, 1 µM insulin, 20 ng/ml
EGF and/or 20 µM forskolin in medium without serum
for the indicated durations.

Immunoprecipitation and western blot analysis
Cells grown in 5 cm dishes were lysed and scraped in 0.5
ml RIPA lysis buffer (20 mM Tris pH 8.0, 1% Triton X-
100, 0.5% Na-DOC, 0.1% SDS, 10 mM EDTA, 150 mM
NaCl, 1 mM NaF, 1 mM sodium vanadate, 0.2 mM
phenylmethylsulfonyl fluoride, 1 µg/ml leupeptin and 2
µg/ml aprotinin). Lysates were then incubated with anti-
HA 12CA5 antibody and protA-beads for 2 h, after which
precipitations were washed 4 times in RIPA buffer and
either Laemmli-buffer was added or they were used for in
vitro kinase assays. Immunoprecipitations were analyzed
by SDS-PAGE and immunoblotting for HA with
monoclonal anti-HA 12CA5 (1:5000) and HRP-
conjugated anti-mouse secondary antibody (1:10,000).

In vitro kinase assay
Immunoprecipitated protein samples were washed twice
with washing buffer (50 mM Tris pH 7.5, 10 mM MgCl2)
and subsequently incubated with active baculo-PKB or
PDK-1, or PKA (Pierce), and 5 µCi γ-32P-ATP in reaction
buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 50 µM ATP
and 1 mM DTT). For the PKA assay the provided buffer

Figure 2: Prop-1 is phosphorylated by PKB in vitro but not
invivo by the insulin pathway.
(A) HA-Prop1 was immunoprecipitated from transfected
A14 cells using anti-HA 12CA5. An in vitro kinase assay
was performed with no kinase (-) or active PKB, PKA or
PDK1 using either Prop1 or H2B as substrates. HA-Prop1
levels were analyzed by western blotting using the 12CA5
antibody. (B) A14 cells were transiently transfected with
HA-Prop1 treated with 1 µM insulin with or without
pretreatment of 10 µM LY294002 for the indicated times
after which immunoprecipitations with the anti-HA 12CA5
were performed. Samples were used in an in vivo kinase
assay and analyzed by SDS-PAGE with autoradiography
and immunoblotting using the 12CA5 antibody. (C) An in
vivo kinase assay was performed with transiently HA-
Prop1-transfected HEK293T cells. Cells were treated with
various kinase inhibitors (wortmannin (WM), staurosporin
(St), H89, PD98059 (PD), SB203580 (SB)) or activators
(iE: insulin/EGF, F: forskolin) for 30 min. Subsequently
immunoprecipitated HA-Prop1 was analyzed by SDS-
PAGE using autoradiography and immunoblotting for HA.



Chapter 4; PKB phosphorylates Pit1 and Prop1

73

was used (Pierce). Unless indicated otherwise, after 30
min at 4°C 7 µl 5x Laemmli buffer was added to stop the
reaction.

In vivo kinase assay
Cells were incubated in phosphate-free medium
containing 1 mCi 32P-orthophosphate for 4 hours. Then
cells were treated for 30 min unless indicated otherwise
and immunoprecipitations were performed.

Immunofluorescence
A14 fibroblasts seeded on coverslips were transfected
with HA-tagged constructs by the CaPO4 method. At 24
hours after transfection, cells were serum-starved
overnight, and subsequently treated with 10 µM
LY294002 or 1 µM insulin. After treatments cells were
fixated in 4% paraformaldehyde for 30 min at 4°C and
permeabilized with 0.1% Triton X-100 in the presence of
0.5% BSA for 30 min at 4ºC. Staining was performed
with anti-HA for 2 h at 4ºC, washed in PBS with 0.1%
Triton X-100 and 0.01% BSA, and then incubated for 1 h
with anti-mouse FITC-conjugated secondary antibody.
After further washing coverslips were mounted in Immu-
mount (Shandon) and staining was visualized using a
Zeiss Axioskop 2 microscope and Zeiss Vision software.

Results and discussion

PKB is a serine/threonine protein kinase that
can phosphorylate proteins in a so-called PKB
motif (RxRxxS/T). From a BLAST search for
RxRxxS and RxRxxT motifs in Swiss-PROT a
small selection of potential PKB substrates was

Figure 3: Prop-1 is
loca l ized in  the
nucleus.
A14 fibroblasts were
transiently transfected
with HA-tagged Prop-1.
Cells were stimulated
for 30 minutes with
either LY or insulin and
t h e n  f i x e d ,
permeabil ized and
stained for the HA
epitope.

made based on two criteria (see Chapter 3).
First, whether the protein is involved in one or
more of the known molecular or physiological
processes that are also regulated by PKB
signaling, and second, if there exists
conservation of this PKB motif from lower to
higher organisms. Both criteria are met by
Prop-1 and Pit-1. PKB has been shown to exert
its role in aging via cell-autonomous regulation
of FOXO factors. Regulation of Prop-1 and or
Pit-1 by PKB would provide a novel non-cell
autonomous mechanism by which PKB could
regulate aging, namely through regulating
pituitary-specific hormone levels. Therefore
both Prop-1 and Pit-1 were studied in greater
detail.

PKB phosphorylates Prop-1.
Prop-1 orthologues from both higher and

lower eukaryotic organisms were aligned with
Clustal X. Alignment of the PKB motif is
shown in figure 1. The alignment shows perfect
conservation of the RxRxxT motif containing
Thr74 between all species including D .
melanogaster and C. elegans. Proximal to the
conserved motif there was an additional PKB
motif found in higher eukaryotes containing
Ser68.
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Figure 4: Phosphorylation of Prop-1 is not dependent on
Ser68 and Thr74.
HEK293T cells were transiently transfected with either
pMT2-empty vector or pMT2-HA-Prop1-WT, -S68A, -
T74A or –A2. (A) An in vitro kinase assay was performed
with immunoprecipitated HA-tagged proteins and active
baculo-PKB. MBP was used as a positive control.
Analysis was done by SDS-PAGE with autoradiography
and western blotting using anti-HA. (B) An in vivo assay
was performed treating the cells either with LY294002
(LY) or insulin/EGF (iE) for 30 min. Samples were
analyzed as in (A).

To test whether Prop-1 could be
phosphorylated by PKB in vitro we transiently
transfected HA-tagged Prop-1 into A14 cells
and immunoprecipitated Prop-1 using an anti-
HA epitope antibody. These IPs were incubated
with active forms of PKB, PKA and PDK1
(figure 2A). Both PKB and PDK1, but not
PKA, are able to phosphorylate Prop-1 in vitro.
To determine whether PKB-induced
phosphorylation of Prop-1 also occurs in vivo

we transfected HA-Prop-1 into A14 cells and
treated cells with LY and/or insulin to regulate
PKB activity (figure 2B). Prop-1 is
phosphorylated but this does not seem to be
regulated by insulin signaling. To determine
which signaling pathways might be responsible
for Prop-1 phosphorylation, we performed an in
vivo kinase assay with various protein kinase
inhibitors and activators (figure 2C). However,
no inhibition or induction of Prop-1
phosphorylation could be observed.

The observed phosphorylation levels show
the same pattern as the expression levels of
Prop-1 indicating that basal Prop-1
phosphorylation is already high and that none of
the kinases that are activated or inactivated by
the various treatments have an effect on the
phosphorylation of Prop-1.

It has been described for a great variety of
proteins that they can translocate upon cellular
stimulation, either or not dependent on
phosphorylation. To investigate whether Prop-1
may relocate upon activation or inhibition of the
insulin pathway we transiently transfected A14
fibroblasts with HA-tagged Prop-1 and
performed immunofluorescence visualizing
Prop-1 (figure 3). Prop-1 is present in the
nucleus and does not relocate after inhibition or
activation of PI3K. Furthermore, we also
investigated whether PKB activation would
result in altered Prop-1 transcriptional activity.
To address this question, luciferase assays were
performed using a vector with five Prop-1-
binding elements cloned in front of the
luciferase gene. No clear consistent results were
obtained when modulating the insulin-PI3K
pathway or when ectopically expressing active
PKB (data not shown).

Figure 5: Amino acid
sequence          comparison
of Pit-1 homologues.
The PKB motif (RxRxxT) is
shown in bold.
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We next wanted to investigate whether
phosphorylation of Prop-1 occurs via the
putative PKB motifs. To do this we constructed
Prop-1 mutants in which Ser68 and/or Thr74
were mutated to alanines by site-directed
mutagenesis. As can be seen in figure 4A, the
S68A and S68A/T74A (A2) mutants give a
reduction in phosphorylation compared to wild-
type and T74A Prop-1.  However this inhibition

Figure 6: Pit-1 is phosphorylated in vitro by PKB but not
in vivo by the insulin pathway.
(A) HA-Pit1 was immunoprecipitated from transiently
transfected A14 fibroblasts using the 12CA5 antibody. An
in vitro assay was performed using active baculo-PKB,
PKA or PDK1. As a positive control H2B was used as a
substrate. Immunoprecipitated proteins were analyzed
after SDS-PAGE by autoradiography and immunoblotting
with anti-HA. (B) HEK293T cells were transfected with
ei ther HA-Pi t1-WT or HA-Pi t1-T220A and
immunoprecipitations were performed using anti-HA
12CA5. These were incubated subsequently with active
baculo-PKB and radiolabeled ATP for different times. The
samples were analyzed as described in (A). (C) HEK293T
cells were transiently transfected with HA-FOXO4, HA-
Pit1-WT or HA-Pit1-T220A and an in vivo kinase assay
was performed, treating the cells with either LY294002
(LY) or insulin/EGF (iE) for the indicated times.
Immunoprecipitated proteins were analyzed with SDS-
PAGE by autoradiography and blotting for HA.

of Prop-1 phosphorylation was not observed in
vivo. None of the constructs show any change in
phosphorylation upon treatment with LY or
insulin/EGF, and also no differences could be
seen between wild-type and the various mutants
(figure 4B). Together, these data show that
there is no role for PKB in Prop-1
phosphorylation.

PKB phosphorylates Pit-1.
Pit-1 was also selected as a putative PKB

substrate (see Chapter 3). The alignment
between human Pit-1 and orthologues from
higher and lower eukaryotic organisms was
performed with Clustal X and is shown in
figure 5. Although there is conservation
between higher eukaryotes the RxRxxT motif is
not perfectly conserved in the lower eukaryote
D. melanogaster. However, a lysine residue
present instead of the second arginine residue is
a close homologue.

To determine whether Pit-1 could be
phosphorylated by PKB in vitro we transiently
transfected HA-tagged Pit-1 into A14 cells. We
performed an in vitro kinase assay using active
forms of PKB, PKA and PDK1 (figure 6A).
PKB was able to phosphorylate Pit-1 in vitro.
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Although it has been reported that PKA can
phosphorylate Pit-1 (11), this could not be
observed in our experiment, probably due to the
low activity as can be seen in lack of H2B
phosphorylat ion.  To tes t  whether
phosphorylation of Pit-1 by PKB occurs on
Thr220 within the PKB motif we used wild-
type and T220A Pit-1, and an in vitro kinase
assay was performed (figure 6B). Whereas
wild-type Pit-1 is phosphorylated, this is
inhibited in mutant Pit-1. This indicates that
Thr220 is important for Pit-1 phosphorylation
by PKB in vitro. To investigate whether
phosphorylation of Pit-1 by PKB also occurs in
vivo , a kinase assay was performed utilizing
HEK293T cells transiently transfected with
wild-type or mutant Pit-1 (figure 6C). The
resu l t s  show c lear ly  tha t
phosphorylation of Pit-1 cannot be
inhibited by LY or induced by
insulin/EGF. Furthermore, the Pit-1
T220A mutant still shows similar
levels of phosphorylation in vivo
compared to wild-type Pit-1. These
results demonstrate that Pit-1 is not an
in vivo PKB substrate, even though
Pit-1 is phosphorylated by PKB in
vitro.

S i n c e  P K B - d e p e n d e n t
phosphorylation of Pit-1 could not be
shown we investigated other
functional aspects of Pit-1 regulation.
To see whether modulating insulin-
induced signaling would lead to a
change in localization of Pit-1
immunofluorescence experiments
were performed using A14 fibroblasts
and HA-tagged Pit-1. As can be seen
in figure 7 no obvious Pit-1 relocation
from or to the nucleus could be
observed when cells were treated with
either LY or insulin. Furthermore,
upon activating or inactivating the
insulin pathway neither changes in
DNA binding, investigated with

electro-mobility shift assays, nor clear effects
on transcriptional activity, investigated Prop-1
and Pit-1 responsive luciferase assays, were
found (data not shown). The only effect
observed with luciferase assays was that co-
transfection of active PKB (myr-PKB) with
active Ras (RasV12) in pituitary cells led to a
decrease in Ras-induced transcriptional activity
on the prolactin promoter (D. Duval and A.
Gutierrez-Hartmann, personal communication).
It could be hypothesized that this effect is via
Ets-1, which is a cofactor for Pit-1, since Ets-1
is known to be regulated by the Ras pathway
and that PKB somehow regulates Ets-1 activity.

Taken together, it can be concluded that both
Prop-1 and Pit-1 are not physiological
substrates of PKB. Although phosphorylation in

Figure 7: Pit-1 is localized in the nucleus.
A14 cells were transiently transfected with HA-Pit-1. Cells were
treated with LY or insulin for 30 minutes and subsequently fixed,
permeabilized and stained with anti-HA.
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vitro of both proteins was found, no changes of
phosphorylation status could be detected in
vivo. Furthermore, no obvious effects were
visible in various functional assays.
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Protein kinase B can phoshorylate and thereby inactivate the FOXO family of
transcription factors. When active, FOXO factors can bind to DNA within promoter
sequences and subsequently regulate gene expression. We have used DNA micro-array
analysis to identify potential gene targets of FOXO. Here we demonstrate that caveolin-1
expression is directly controlled by FOXO. First, caveolin-1 expression was increased
upon induction or overexpression of FOXO factors at both mRNA and protein levels.
Secondly we show that regulation of endogenous FOXO activity regulates caveolin-1
levels and that this can be inhibited by dominant-negative FOXO. Thirdly, FOXO
activates transcription from the caveolin-1 promoter and with chromatin
immunoprecipitations we demonstrate that this activation occurs via direct interaction
of FOXO with the promoter. Finally we demonstrate FOXO-mediated attenuation of
EGF-induced signaling, a phenomenon also observed with increased caveolin-1
expression. These findings suggest a novel mechanism by which FOXO factors can exert
their cellular effects via transcriptional activation of caveolin-1.

Introduction

Forkhead box O (FOXO) transcription
factors are the human homologues of the
nematode Caenorhabditis elegans transcription
factor DAF-16. Both FOXO and DAF-16 are
winged-helix domain-containing proteins that
are under the direct control of the
insulin/phosphoinositide-3-kinase (PI3K)/
protein kinase B (PKB) signaling cascade
(reviewed in (8)). FOXOs and DAF-16 are
phosphorylated by PKB within conserved
consensus phosphorylation motifs leading to
nuclear  exclusion and subsequent
transcriptional inactivation. Besides by PKB-
mediated phosphorylation it is now clear that
transcriptional activity can also be regulated by
phosphorylation by other kinases and by other
post-translational modifications such as
acetylation ((6, 18, 48) and reviewed in (8)). An
increasing number of publications implicates
this pathway and in particular the FOXO
proteins in a variety of cellular processes
including apoptosis, differentiation and cell
cycle arrest and via these processes in
phenomena such as aging (reviewed in (8)). For
instance in C. elegans mutations in DAF-16
cause animals to suppress DAF-2-induced dauer
arrest, metabolic shift to fat storage and
longevity phenotype. In mice FOXO3a-

deficiency causes follicular activation leading to
oocyte death, premature follicle depletion and
thereby secondary fertility (11). FOXO proteins
can bind promoters containing consensus
binding elements (5’-TTGTTTAC-3’) and
thereby regulate gene expression (19). Several
target genes have been identified thus far. By
inducing gene transcription of pro-apoptotic
genes such as Bim and FasL, but also others
like Bcl6, FOXOs can induce apoptosis in
haematopoietic cells (5, 14, 46). In other cell
types FOXO activation leads to a G1 cell cycle
arrest via regulation of p27kip1 and cyclin D, or a
G2 arrest via GADD45 regulation (33, 43, 47).
By regulating expression levels of proteins in
the insulin pathway, such as the insulin
receptor, it can also create a negative feedback
loop (37).

Caveolin-1 is the main constituent of
microdomains localized within the cellular
membrane called caveolae. Within caveolae,
caveolin-1 interacts with growth factor
receptors like EGF and insulin receptors, and
signaling molecules such as protein kinase A,
Src kinases and H-Ras (29, 41). Through this
interaction and subsequent sequestering these
proteins are mostly negatively regulated with
respect to their activity. The human caveolin-1
gene is situated on gene locus 7q31.1 and
through alternative translation initiation sites,
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transcription results in an α and β isoform of 24
and 22 kDa respectively. This gene locus has
been implied in tumorigenesis, but it is still
controversial to what extend caveolin-1 plays a
role in this. Studies demonstrate a correlation
between increased caveolin-1 expression,
tumorigenesis and metastatic capacity in
various types of primary tumors such as lung
adenomas, esophageal squamous cell
carcinomas,  colon and pancreat ic
adenocarcinomas (17, 21, 23, 45). In prostate
tumors high expression of caveolin-1 results in
cell survival and enhanced metastasis (28).
However others have shown in several tumor
cell lines and some whole tumors that caveolin-
1 expression is downregulated and that re-
expression of caveolin-1 leads to inhibition of
cell growth (1, 2, 27, 38, 50, 51). Caveolin-1-/-

mice are viable but do show hyperproliferative
abnormalities and the deficiency leads to the
acceleration of mammary lesion formation in
tumor-prone transgenic mice (40, 52). This can
be due in part to the elevated cyclin D levels
and inhibition of apoptosis (30, 52).
Furthermore transformation of NIH3T3 cells by
a variety of oncogenes such as HPV, v-abl and
H-ras results in a decrease in, or even loss of
caveolin-1 expression (15, 39). This decrease
leads to an exit from cell cycle arrest whereas
overexpression of caveolin-1 induced by
hydrogen peroxide leads to G0/G1 cell cycle
arrest and premature cellular senescence (20,
49). Furthermore in senescent cells caveolin-1
expression is elevated and leads to attenuation
of EGF signaling with respect to mitogen-
ac t iva ted  pro te in  kinase (MAPK)
phosphorylation (36). This senescent phenotype
can however be reversed by reducing the
expression levels of caveolin-1 (12), suggesting
that either the senescent state is a reversible
phenotype or that these cells are actually
quiescent rather than senescent.

The molecular mechanisms regulating
caveolin-1 expression are largely unknown.
Various signaling pathways have been

implicated but a coherent picture is still lacking.
It is known that forskolin via cAMP can
downregulate caveolin-1 mRNA levels in a
dose-dependent manner (54). C-myc can
directly regulate expression via the INR
sequence present in the caveolin-1 promoter
(35). Furthermore, PKC epsilon signaling can
enhance caveolin-1 expression as well (53).
Certain physiological processes are also able to
regulate caveolin-1 expression like lactation,
which occurs through prolactin-Ras-dependent
signaling, and adipogenesis/differentiation (34,
42). The latter process may be regulated PPARγ
since it can upregulate caveolin-1 expression
and plays a critical role in adipogenesis (10).
Furthermore caveolin-1 is downregulated by
E2F and p53 in the S-phase of dividing cells
and upregulated by free cholesterol via two
sterol regulatory element-like sequences (3, 4,
16).

To identify novel target genes of FOXO
transcription factors, DNA micro-array analysis
was performed using a human colon carcinoma
cell line stably expressing an inducible active
FOXO3a. One of the genes that was found to be
upregulated upon FOXO activation was
caveolin-1. Here we show that caveolin-1
expression is directly regulated by FOXO and
transcriptional activation of the caveolin-1
promoter by FOXO leads to attenuation of
EGF-induced signaling.

Materials and methods

Constructs
Retroviral pBabe-puro expressing dominant-negative
FOXO4 (DB) was constructed by subcloning from
pMT2-HA-DB (33). pBabe-puro without insert was used
as negative control in retroviral infections. pGL2-cav1
was constructed by cloning the ChIP cav1 promoter PCR
fragment with flanking Sac1/XhoI sites in pGEM-T.
Subsequently the SacI/XhoI fragment was subcloned into
SacI/XhoI-digested pGL2-basic (Promega). The
following constructs have been described: pBabe-HA-
FOXO3a-A3 (25), pMT2-HA-FOXO4 (33). pBabe-p16
was a gift from R. Medema (32). pRL-Tk (Tk renilla
luciferase) was purchased from Promega.
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Cell culture and transient transfection
DLD1 and DL23 cells were grown in RPMI. HEK293T,
C2C12, A14 and the MEF cells (WT, TKO) were grown
in Dulbecco’s modified Eagle’s medium and Mcf7 cells
in DF12 medium. Media were supplemented with 10%
fetal calf serum (Bio-Whittaker, Belgium), 1%
penicillin/streptomycin (Bio-Whittaker) and 2 mM L-Gln
(Bio-Whittaker). DLD1 and DL23 cells were treated with
0.5 µM 4OHT where indicated. EGF was added to a final
concentration of 20 ng/ml. Cells were treated overnight
with 1 µM insulin or 10 µM LY294002 in medium
without serum. TKO MEF cells were a gift from H. te
Riele (13). A14 cells were transiently transfected using
the CaPO4 method and HEK293T cells using PEI
(Polysciences).

Retroviral infection
Retroviruses were obtained by transfecting Phoenix cells
with the relevant retroviral construct. 36 hours after
transfection conditioned medium from these cells was
collected, filtered and diluted 1:1 with fresh medium and
6 µg/ml polybreen (Sigma) was added. The medium was
added in two consecutive rounds to infect mouse
embryonic fibroblasts and infected cells were selected by
puromycin treatment and collected after 48 hours .

Northern blotting
Total RNA was extracted from cells using RNAzol (Tel-
Test, Texas). 20 µg was electroforesed, blotted onto
nitrocellulose and probed for caveolin-1 and GAPDH
using α-32P-dCTP-labeled cDNA probes.

Immunoblot analysis
Protein samples in Laemmli buffer were separated by
SDS-PAGE on 12.5% gels and transferred to PVDF
membrane (NEN). Western blots were blocked overnight
at 4°C in TBS/0.1% Tween-20 (TBST) containing either
2% nonfat dried milk (Protifar, Nutricia) and 0.5%
bovine serum albumin (Sigma) or for the anti-
phosphorylation-specific antibodies 2% bovine serum
albumin. The western blots were then incubated for 2
hours with the indicated primary antibodies in TBST
using the dilutions recommended by the manufacturers or
1:8000 for the self-generated antibodies. After washing
four times for 5 minutes with TBST blots were incubated
with secondary antibodies anti-mouse HRP or anti-rabbit
HRP (1:10,000) for 1 hour at 4°C. Blots were washing
again four times for 5 minutes with PBS/0.1% Tween-20
and analyzed with chemiluminescence (ECL (NEN)).
Primary antibodies used were anti-caveolin-1 from Santa
Cruz (N-20) and BD Transduction Laboratories (clone
2297), anti-p27kip1 (BD Transduction Laboratories),
anti-phospho p44/42 MAPK (Thr202/Tyr204) and anti-
phospho PKB (Ser473) (Cell Signaling), anti-tubulin
(Calbiochem), anti-HA (12CA5) and anti-PKB (5178)
(7).

Chromatin immunoprecipitation
DL23 cells were incubated with or without 4OHT for 20
h before crosslinking with 1% formaldehyde for 10 min
at RT. Then glycine was added to a final concentration of
125 mM after which cells were washed 3 times with PBS.
Cells were subsequently treated with trypsin and
collected by scraping in PBS/20%FCS. After
centrifugation cells were collected in cell lysis buffer (5
mM PIPES pH8.0, 85 mM KCl, 0.5% NP40 plus
proteinase inhibitors (Complete, Roche) and dounced 20
times. Subsequently the lysates were collected in nuclear
lysis buffer (50 mM Tris pH8.0, 1% SDS, 10 mM EDTA,
0.5 mM PMSF plus proteinase inhibitors after
centrifuging and sonicated 4 times 30 seconds on ice at
40% using an UP200S sonicator (Dr.Hielscher, GmbH).
After centrifuging for 10 min at 14000rpm at 4°C 3% of
the supernatant was taken as input sample after which the
remainder was divided in two equal amounts that were
diluted 5-fold in dilution buffer (20 mM Tris pH8.0, 1%
SDS, 2 mM EDTA, 0.3 mM NaCl, herring sperm) and
precleared 2 times using ProtA beads. For the
immunoprecipitation the anti-HA 12CA5 antibody was
used and anti-PKB 5178 antibody as negative control.
After the 16 h incubation period with the primary
antibody ProtA beads were added and incubated for
another 45 min followed by various washing steps (i.e. 2
times in buffer 1 (20 mM Tris pH8.0, 0.1% TX100, 2
mM EDTA, 150 mM NaCl), 2 times in buffer 2 (20 mM
Tris pH8.0, 1% TX100, 2 mM EDTA, 150 mM NaCl), 4
times in buffer 3 (20 mM Tris pH8.0, 1% TX100, 2 mM
EDTA, 500 mM NaCl) and 2 times with TE. The
immunocomplexes were subsequently eluted from the
beads by vortexing in elution buffer (1% SDS, 50 mM
NaHCO3). RNAse and NaCl were added (to a final
concentration of 0.1 µg/µl and 300 mM respectively) and
heated for 16 hours at 65°C to dissociate the cross-linked
portion. DNA was precipitated and treated with
proteinase K at 42°C for 2 h after which phenol-
chloroform extraction and precipitation were performed.
The DNA was analyzed by PCR (50 ng of each primer
set, 2 U Taq polymerase, At 60°C, 29 cycles). Primer sets
used were 5’-GCTGCAGTGACCTATGAATG-3’ and
5’-GAACTCATGGAAACAAATAGGG-3’ for the cav1
PCR resulting in a 511 nt fragment encompassing the
F O X O  b i n d i n g  e l e m e n t ,  a n d  5 ’ -
GAATATCCGATCTAGCCTGG-3’  and  5 ’ -
TGGCACTGTGCTTCCTGTAC-3’ for the control PCR
resulting in a 370 nt fragment.

Luciferase assay
Cells were transfected with 1 µg pGL2-cav1 along with
20 ng TK-renilla and various concentrations of HA-
FOXO4 (0.5 and 2.0 µg for A14 cells and 0.2, 0.5 and 1.0
µg for HEK293T cells). Lysis and subsequent
determination of luciferase counts were performed 40
hours after transfection in triplicate using the Dual-



Chapter 5; FOXO regulates caveolin-1 expression

83

Luciferase Reporter Assay (Promega). The assays were
performed four times.

Results

Caveolin-1 expression is increased by FOXO
activity.

To identify novel transcriptional targets of
FOXO transcription factors a micro-array was
performed using the DL23 cell line. This
subclone from the DLD1 human colon
carcinoma cell line expresses a conditionally
active FOXO3a construct that is mutated in its
PKB-phosphorylation motifs (26). This FOXO
construct is fused to a modified form of the
estrogen receptor hormone-binding domain so
that FOXO3a-A3 is inactive unless cells are
treated with 4-hydroxy tamoxifen (4-OHT). A
putative target gene that was found to be
upregulated upon 4-OHT treatment in the array
was caveolin-1. Using the GenomeView
program  (NCBI Entrez Genome) we  examined
the region upstream of the Transcription
Initiation Site (TIS) of the human caveolin-1

gene. This revealed one consensus FOXO
binding sequence (5’-TTGTTTAC-3’) at
position –1814 upstream of the TIS and three
nearly perfect sequences on positions –1584,
–1069 and –679.

To verify the results from the micro-array we
analyzed caveolin-1 expression following
FOXO activation. Induction of FOXO activity
by 4-OHT treatment in DL23 cells resulted in a
time-dependent increase of caveolin-1 RNA and
protein levels (figure 1A and 1B respectively).
Using a different anti-caveolin-1 antibody
recognizing both α and β isoforms of caveolin-
1 we could show that the induction of caveolin-
1 transcripts leads to an increase of both
isoforms (figure 1B). Having verified our DNA
micro-array result we next wanted to determine
if FOXO could also induce caveolin-1
expression in an unrelated experimental system.
To this end mouse embryonic fibroblasts
(MEFs) were virally infected with the active
FOXO construct. Protein analysis showed
increase in caveolin-1 expression (figure 1C).

Figure 1: FOXO activation induces caveolin-1 expression.
(A) DL23 and DLD1 cells were treated with 4-OHT for the indicated times.
RNA was isolated and northern blotting was performed for caveolin-1 and
GAPDH. (B) DL23 and DLD1 cells were treated with 4-OHT for the
indicated durations. Protein samples were collected, equalized for protein
content and analyzed by immunoblotting for caveolin-1 using two different

antibodies, p27kip1 as positive control (33) and tubulin for equal loading.
(C) WT MEFs were retrovirally infected with pBabe-puro  or  pBabe-HA-
FOXO3a-A3  and  equalized  protein samples were analyzed for caveolin-
1, p27kip1, HA and tubulin
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Thus, we conclude that ligand-independent
FOXO activation results in an increase in
caveolin-1 RNA and protein expression.

Regulation of caveolin-1 expression by cellular
stimulation.

As our results show that overexpression of
FOXO can regulate caveolin-1 expression we
next examined whether caveolin-1 expression
could also be regulated by insulin/PI3-
kinase/PKB/FOXO signaling.  To this end we
made use of C2C12 mouse myoblasts and A14

Figure 2: Endogenous FOXO activity regulates caveolin-1
expression.
(A) A14 and C2C12 cells were treated overnight with LY
or insulin in serum-free medium. RNA samples were
collected and analyzed using caveolin-1 and GAPDH-
specific probes. (B) A14 and C2C12 cells were treated
overnight with LY or insulin in serum-free medium.
Equalized protein samples were immunoblotted for the
presence of caveolin-1 and actin (upper two panels). As
control for the regulation of the insulin pathway
immunoblotting was performed for phosphorylated PKB
(Ser473) and total PKB (lower two panels). (C) WT MEFs
were retrovirally infected with pBabe-puro or pBabe-DB.
Cells were subsequently left untreated or serum-starved
for 20 hours. Protein samples were collected, equalized
for protein content and analyzed using antibodies against
caveolin-1 and the indicated proteins.

cells, NIH3T3 cells that are stably expressing
the human insulin receptor (9). In both cell lines
insulin treatment induces PKB activation as can
be observed by western blotting using an
antibody against phosphorylated PKB (figure
2B). In both cell lines the RNA and protein
levels of caveolin-1 were upregulated by
overnight serum deprivation (data not shown)
or treatment with LY (figure 2A and 2B). On
the other hand, insulin treatment resulted in a
decrease in caveolin-1 expression (figure 2A
and 2B). This indicates that caveolin-1
expression is regulated by insulin signaling in a
PI3-kinase-dependent manner. To further
demonstrate the involvement of FOXO in
cellular regulation of caveolin-1 expression we
virally infected MEFs to express the isolated
DNA binding domain of FOXO4, which acts as
a dominant-negative FOXO (33). Cells were
then cultured in the presence of fetal calf serum
or serum-deprived for 24 hours. As can be seen
in figure 2C dominant-negative FOXO could
inhibit both the serum-containing and serum-
deprived conditions. However, quantification of
three independent experiments using
ImageQuant showed that in the presence of the
dominant-negative FOXO the induction of
caveolin-1 levels by serum-deprivation was
reduced from  2.8+/-0.4 to  1.5+/-0.2-fold.  This
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Figure 3: FOXO directly regulates caveolin-1 expression.
(A) WT MEFs were retrovirally infected with pBabe-puro, pBabe-p16 or pBabe-HA-FOXO3a-A3. RNA samples were
collected and analyzed by northern blotting for caveolin-1 and GAPDH. (B) TKO mefs were serum-deprived for 24 hours
in the absence or presence of insulin. Whole cell lysates were collected, equalized for protein content and analyzed for
the presence of caveolin-1, p27kip1 and tubulin. (C) Chromatin immunoprecipitations were performed using DL23 cells
treated with or without 4-OHT for 20 hours. Negative and positive controls were milliQ and genomic DNA from DL23 cells
respectively. –H: anti-HA IP performed on nuclear lysis buffer/dilution buffer; 1: input; 2: anti-PKB IP; 3: anti-HA IP. (D)
A14 and HEK293T cells were transiently transfected with cav1-luciferase construct, TK renilla and increasing amounts of
HA-FOXO4. Cells were lysed and luciferase activity was measured. Results were analyzed using One-way ANOVA and
were highly significant (p-value < 0.001). Expression of HA-FOXO4 was analyzed using SDS-PAGE and anti-HA
antibody.

reduction occurs even despite the small
downregulation of PKB activity in DB-infected
cells. From this we conclude that caveolin-1

expression is, at least in part, regulated by
cellular signaling regulating FOXO.
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Regulation of caveolin-1 expression is
independent of cell cycle regulation.

It has been described that FOXO activation
leads to cell cycle arrest and that this occurs via
regulation of p27kip1 and cyclin D gene
transcription (33, 43). Furthermore it has been
described that senescent cells have elevated
levels of caveolin-1. Senescent cells are cells
that are irreversibly arrested in the G0/G1 phase
of the cell cycle. Viral infection of MEFs with
FOXO3a-A3 but also with p16ink4a, which is
known to induce cell cycle arrest and
senescence (22, 31), induce an increase in
caveolin-1 mRNA levels (figure 3A). We
therefore wanted to know whether caveolin-1
regulation by FOXO was via a direct
mechanism or merely the result of a FOXO-
induced cell cycle arrest. To study this we made
use of TKO MEFs that are deficient for all three
members of the Rb pocket protein family (Rb,
p107 and p130). It has been described that these
cells are insensitive to serum deprivation with
respect to cell cycle regulation (13). We
confirmed this and also found no regulation of
the cell cycle by insulin in these cells (data not
shown). Thus serum-deprived TKO MEFs were
either left untreated or overnight stimulated
with insulin. Caveolin-1 levels as well as the
levels of the positive control p27kip1 were
decreased upon insulin treatment (figure 3B).
From this we conclude that the insulin/PI3K
pathway regulates caveolin-1 expression in a
cell cycle-independent manner.

FOXO factors directly regulate expression of
caveolin-1.

As the results described above clearly
suggest direct regulation of caveolin-1
expression by FOXO, we next performed
chromatin immunoprecipitations (ChIPs) to
demonstrate that FOXO indeed can bind
directly to the caveolin-1 promoter. Chromatin-
bound DNA was isolated from DL23 cells that
were left untreated or stimulated with 4-OHT
for 20 hours. ChIPs were carried out using an
anti-HA antibody to pull down HA-tagged
FOXO3a-A3, or anti-PKB antibody as a
negative control. Figure 3C shows that only in
the cells stimulated with 4-OHT FOXO3a was
able to bind the caveolin-1 promoter. This was
visualized by PCR utilizing a caveolin-1
promoter fragment containing the consensus
FOXO binding site and subsequent Southern
blotting using a labeled caveolin-1 promoter
fragment obtained by PCR. A control PCR
encompassing an a-specific genomic region
nearby the caveolin-1 gene displayed only
positive amplification in the input lanes,
indicating that the caveolin-1 promoter
immunoprecipitation was specific.

Having determined that FOXO binds to the
caveolin-1 promoter we wanted to know
whether this binding would indeed lead to
transcriptional activation of caveolin-1 gene
expression. To this end the PCR product
obtained, encompassing the FOXO binding
element at –1814, was cloned into a luciferase
vector (pGL2-cav1). A14 and HEK293T cells
were transiently transfected with pGL2-cav1
together with increasing amounts of HA-tagged
FOXO4.   In   both   cell   lines   expression   of

Figure 4: FOXO activation attenuates EGF-induced
MAPK phosphorylation.
DL23 cells were treated with or without 4-OHT for 20
hours and subsequently stimulated with or without EGF
for 10 or 20 minutes. Whole cell lysates were collected,
equalized for protein content were then analyzed for
phosphorylated MAPK, caveolin-1 and tubulin.
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FOXO4 induces transcriptional activity in a
dose-dependent manner (figure 3D). This shows
that FOXO binding to this region can confer
transcriptional regulation of caveolin-1 gene
expression by FOXO. However, the luciferase
reporter used contains a fragment of the
caveolin-1 promoter encompassing the one
perfect consensus binding element for FOXO,
and it is well possible that the other three
imperfect FOXO elements that are also present
within the promoter may play a role in the
transcriptional activation by FOXO as well.

FOXO activation attenuates EGF-induced
MAPK phosphorylation.

It is known that caveolin-1 negatively affects
EGF signaling by attenuating downstream
signaling i.e. MAPK phosphorylation and
subsequent effects. This desensitization of
growth factor signaling is a hallmark of
senescence but may equally apply to quiescence
(36). A FOXO-mediated increase in caveolin-1
expression may therefore result in attenuation
of EGF signaling. To study whether FOXO
activation could indeed attenuate growth factor-
induced signaling we used DL23 cells treated
with or without 4-OHT. As shown before
(figure 1) cells treated with 4-OHT showed
elevated caveolin-1 expression, and MAPK
phosphorylation upon EGF stimulation was
inhibited by FOXO activation (figure 4). In
keeping with previous results (36), this suggests
that activation of FOXO attenuates EGF
signaling through upregulating caveolin-1
expression.

Discussion

In this study we show that FOXO
overexpression induces caveolin-1 expression
and that regulation of caveolin-1 by growth
factor signaling is FOXO-dependent.
Furthermore we demonstrate that regulation of
caveolin-1 gene expression by FOXO is
through direct binding of FOXO to the

caveolin-1 promoter region. This upregulation
of caveolin-1 protein by FOXO results in the
apparent downregulation of EGF-induced
MAPK activity.

The insulin/PI3K/PKB pathway regulates
multiple cellular functions. It has been shown
that FOXO signaling and downregulation of
this signaling by the insulin pathway has great
effects on cellular behavior. We have
previously demonstrated that FOXOs can
induce cell cycle arrest via multiple
transcriptional mechanisms (33, 43).
Furthermore we have provided evidence that
FOXO can subsequently trigger cells to become
quiescent, a reversible cellular state of cell
cycle arrest, by increasing p130 levels (26).
Here we have shown that caveolin-1 levels are
increased by FOXO factors. Groups have
shown that increased caveolin-1 expression
causes cell cycle arrest and senescence (20, 49).
Caveolin-1 levels are high in senescent cells but
the fact that the senescent phenotype can be
reverted by lowering the caveolin-1 levels
suggests that the cells are not in a complete
senescent state since they have the capacity to
enter cell cycle again (12). So we suggest that it
is more likely that the FOXO-induced caveolin-
1 expression is contributing to establishing
quiescence rather than senescence.

It has been shown that cAMP signaling can
regulate caveolin-1 levels, although it is not
clear whether this involves transcriptional
regulation (54). In some cell types cAMP is
known to induce a cell cycle arrest whereas in
other cells cAMP can induce cell cycle
progression, depending on whether cAMP
inhibits or activates the ERK pathway
respectively (reviewed in (44)). It is not known
what the effect of cAMP is on cell cycle
regulation in the cells that do show regulation
of caveolin- expression, but in cells that show a
cAMP-induced cell cycle arrest, cAMP can
inhibit phosphorylation of PKB by sequestering
PDK-1 (24). This will lead to subsequent
activation of FOXO factors. This appears
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important for the cAMP-induced cell cycle
arrest in cell types such as DL23 and MEF cell
lines (Kuiperij et al, submitted). Our findings
suggest a model in which the forskolin/cAMP-
regulated caveolin-1 expression is through
PDK1/PKB and is mediated by the activation of
FOXO.

It is highly tempting to postulate a role for
FOXO-induced caveolin-1 expression with
respect to tumorigenesis. However, some
groups demonstrate elevated caveolin-1
expression, whereas others show loss of
caveolin-1 expression and suggest caveolin-1 to
have tumor suppressive qualities. It is
interesting to notice however that the majority
of papers that show an increase in caveolin-1
expression do so by analyzing whole primary
tumors, whereas the link between
downregulat ion of  caveolin-1 and
tumorigenesis has been mainly shown in tumor
cell lines. It could be that downregulation of
caveolin-1 in these cell lines is in fact a way to
prevent replicative senescence, which is thus far
only a clearly established process in cultured
cells.

In conclusion, we show here direct
transcriptional control of caveolin-1 expression
by FOXO. FOXO activation results in
attenuated EGF signaling, suggested to be
mediated by upregulation of caveolin-1
expression, and this may contribute to FOXO-
mediated induction of cellular quiescence.
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The response of cells to extracellular stimuli
can lead to a variety of cellular responses
including proliferation and cell survival. One of
the major pathways translating such an
extracellular signal to a cellular effect is the
PI3K/PKB pathway that leads to a subsequent
inhibition of FOXO transcription factors. In this
thesis, different aspects of this signaling
pathway have been described.

The Ser/Thr kinase PKB is a critical
mediator of PI3K signaling, and its activity is
regulated on different levels including
phosphorylation, localization, and binding to
other proteins (see Chapter 1). To obtain a
better understanding how PKB exerts its
function, an Y2H screen was performed
utilizing the PH domain of PKB. Periplakin was
found to interact with PKB through its carboxy-
terminus ((12) and Chapter 2). PKB is
ubiquitously expressed, whereas periplakin is
thought to be mainly expressed in epidermis or
epithelial cell lines. Thus, the regulation that
periplakin can exert on PKB activity can only
occur in epithelial cells. Recently however, a
tissue-wide survey for periplakin expression
revealed that periplakin has a wider tissue
distribution (7), resembling more the expression
pattern of more widely expressed plectin than
that of envoplakin. The authors also found that
periplakin binds to keratin-8 and vimentin,
which confirms our findings and those of others
that periplakin interacts with vimentin. In
addition, the regions of periplakin important for
vimentin binding have been confirmed by
others (1). Besides binding to the intermediate
filament network via periplakin, PKB can also
interact with the actin cytoskeleton (4). This
suggests that PKB localization to cellular
compartments is necessary for correct PKB
function.

Besides cytoskeletal localization, periplakin
can also be localized within the nuclear
compartment ((12) and Chapter 2). It contains a
putative bipartite nuclear localization signal

(NLS), which is located within the carboxy-
terminal part of the central rod domain. All
plakin family members, including periplakin,
plectin and Bpag1/BP180, contain such a
central rod domain. Plectin contains a putative
NLS in a similar region as for the periplakin
and it can be localized to nuclear lamina (13).
In addition, Bpag1 can localize to the nucleus
(14). The authors describe that this might occur
via a putative NLS in the plakin domain. With
respect to plectin and periplakin, the presence
of putative NLS sequences in the carboxy-
terminal part makes it more likely that this
putative NLS would indeed be a valid one.
Since it is not known how PKB translocates to
the nucleus upon activation, it is tempting to
speculate that there is role for periplakin as
PKB binding protein in this process. Further
research might shed more light on this potential
mechanism.

Periplakin has also been described to interact
with other proteins. Most interactions occur
through the carboxy-terminal part of the
protein. An example of such an interaction is
that with the µ-opioid receptor (5). Binding of
periplakin to this receptor disrupts Giα protein
activation. More recently, a role for periplakin
in haematopoietic cells has been discovered.
The carboxy-terminus of periplakin can also
interact with FcγRI and this negatively
modulates ligand binding to the receptor
(personal communications and (2, 3)). It should
be noted however that the carboxy-terminal
domain of periplakin is used in most cases as an
epitope for antibodies that can recognize
endogenous periplakin (1). Interactions of
periplakin with other proteins might therefore
block proper antibody recognition. Also,
antibody recognition might be in part be
blocked by hiding of the carboxy-terminal tail
by crosslinking (1). The use of different
antibodies might therefore be responsible for
the differences found in localization and
presence of periplakin in different tissues and
cells.



Chapter 6; Concluding remarks

93

PKB can regulate FOXO activity and
through this it has been implicated in the
regulation of aging. Besides these cell
autonomous processes aging can also be
controlled by paracrine signaling. Growth
hormone production and secretion from the
pituitary has been shown to affect the longevity
of mammals. Transcription factors responsible
for growth hormone production are Pit-1, which
transcriptionally activates the growth hormone
gene, and Prop-1, which is responsible for
transcription from the Pit-1 gene. Both factors
contain consensus PKB motifs that are
conserved between human and mouse but also
between higher and lower eukaryotes. The
conserved PKB motifs and the function of Pit-1
and Prop-1 led to the investigation of these
proteins as putative PKB substrates. PKB could
phosphorylate Pit-1 and Prop-1 in vitro but no
in vivo effects were observed. Therefore, we
concluded that these proteins are not valid PKB
substrates. From the data obtained, it can be
concluded that in vitro phosphorylation does
not always translate into physiologically
occurring events, since in vitro phosphorylation
might occur in a less specific fashion than in
vivo . Another explanation could be that
phosphorylation of certain substrates by PKB
only can occur in the presence of essential co-
factors that in some cases can be cell type-
specific. Nevertheless it implies that some of
the described PKB substrates may be
questioned to a certain extent since only in vitro
phosphorylation by PKB is shown.

FOXO is the main mediator from upstream
PI3K/PKB signaling towards transcriptional
regulation and subsequent cellular processes. In
some cell types FOXO regulates several target
genes that are involved in regulating apoptosis.
In other cell types FOXO regulates the cell
cycle with respect to the decision to proliferate
or arrest in cell cycle. Cells that enter cell cycle
arrest can subsequently be driven into a G0
phase from where the decisions can be made to

differentiate, become senescent, or re-enter the
cell cycle. This state is also referred to as
quiescence, and a marker for this state is p130,
a target gene of FOXO signaling. We found a
novel gene to be regulated by FOXO, caveolin-
1, and its upregulation leads to senescence.
However, this senescent phenotype has been
described to be reversible, suggesting that cells
are rather quiescent than senescent. By
regulating caveolin-1 and p130 expression,
FOXO factors are able to keep cells in a
quiescent state. The fact that caveolin-1 was
selected by in silico analysis, and was validated
as being a FOXO target gene, is a proof of
principle that in silico analysis can be a useful
tool in the discovery of novel players in
signaling pathways.

Besides inhibiting MAPK phoshorylation,
induced by epidermal growth factor (EGF) but
also by arsenite, Neu differentiation factor
(NDF) or binding to laminin (6, 10, 11), high
caveolin-1 expression levels have also been
reported to inhibit protein phosphatase 2A
(PP2A) signaling, through direct binding of
caveolin-1 to PP2A (8). When active, PP2A is
able to dephosphorylate PKB and thus inhibit
PKB activity. This inhibition of PP2A by
caveolin-1 might also be the cause of the
caveolin-induced high activity status of PKB (9,
11). This would provide a mechanism by which
FOXO factors induce a negative feedback loop
regulat ing their  act ivi ty .  Besides
transcriptionally increasing insulin receptor
expression, FOXOs would be able to inhibit
PP2A, the negative regulator of PKB activity.
However, it has been shown that caveolin-1 can
bind to receptor tyrosine kinases upon
conditions of pro-apoptotic stress such as
ceramide (15). Binding of caveolin-1 to for
instance the platelet-derived growth factor
(PDGF) receptor or insulin receptor causes an
inhibition of the downstream signal towards
PI3K (15). Inhibition of PI3K activity results in
a sensitization of cells to ceramide-induced cell
death. The apparent discrepancy of caveolin-1
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induced increase in PKB activity and lower
PI3K signaling suggests that it would occur
through PI3K-independent PKB activation.
Through inhibition of PP2A, caveolin-1 can
compensate for the inhibition of PI3K with
respect to downstream signaling to PKB. It is
shown that caveolin-induced increase in PKB
activity can lead to a sensitization towards pro-
apoptotic stimuli such as tumor necrosis factor
α (TNFα) or arsenite resulting in cell death (9,
11). This is in contrast with the generally
accepted anti-apoptotic properties of PKB. A
clear explanation is at present not available,
although it is plausible that a combination of
high PKB activity with other altered signaling
pathways might cause this phenomenon.

In conclusion, the findings described in this
thesis provide a better insight in PKB – FOXO
signaling and interesting directions for the
future. Identification of novel PKB substrates
might lead to place PKB in other signaling
pathways and cellular processes, and thereby
possibly provide additional mechanisms by
which PKB plays a role in tumorigenesis and
aging. Another interesting direction would be
pursuing the roles of co-factors for FOXO
transcription factors, since the picture emerges
that these are very important in FOXO-
mediated phenomena. For instance, co-factors
could explain the specificity for each of the
FOXOs by binding to one FOXO but not the
other. Furthermore differences in the final
outcome of cellular processes, apoptosis versus
cell cycle arrest, might be caused by co-factors.
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Summary

Cellular processes such as proliferation,
apoptosis and differentiation are the basis for
normal cellular behavior and are regulated by a
number of extracellular stimuli such as
hormones, cytokines and growth factors. Via
binding to (transmembrane) receptors these
factors lead to regulation of intracellular
signaling pathways ultimately resulting in gene
expression. When cells malfunction in one or
more processes or when the balance between
different processes is disturbed this can lead to
abnormal cell behavior and pathological
phenotypes such as cancer, obesity, diabetes
and premature aging. This malfunctioning can
arise when the activity of proteins involved in
the pathways is changed due to altered
expression, or mutations. The various
extracellular factors can activate different
intracellular pathways that in turn can converge
or diverge between one another. One of the
major kinases involved in insulin and other
growth factor signaling is phosphoinositide-3-
kinase (PI3K). This lipid kinase can recruit
protein kinase B (PKB) to the plasma
membrane where it is phosphorylated by other
kinases. Upon activation PKB in turn can
phosphorylate a variety of proteins in a so-
called PKB motif (R-X-R-X-X-S/T), thereby
regulating their activity. These PKB substrates
act on cellular process such as proliferation, cell
survival, protein translation but also on for
instance transcription. Transcription factors that
are described to be phosphorylated by PKB are
members of the Forkhead box O (FOXO). Upon
phosphorylation these factors are excluded from
the nucleus and subsequently inactivated.

In Chapter 2 the identification of a novel
interaction partner for PKB is described. In a
binding screen the plakin family member

periplakin was found to interact with PKB. The
interacting regions have been narrowed down to
nine amino acids within the PH domain of PKB,
and the carboxyterminus of periplakin.
Periplakin is present in distinct cellular
compartments such as nucleus, plasma
membrane, mitochondria and the intermediate
filament network through direct binding to
vimentin. Binding of PKB to periplakin does
not affect PKB activation but can inhibit PKB-
mediated phosphorylation and subsequent
inactivation of FOXO transcription factors.

Chapter 3 describes an in silico approach to
identify novel substrates for PKB and target
genes for FOXO factors. To identify
downstream targets of PKB, proteins containing
the consensus PKB motif (RXRXXS/T) were
selected. This selection was narrowed down on
the basis of their known function, and
evolutionary conservation of the motifs was
assessed. Two potential PKB substrates selected
for further analysis are Pit-1 and Prop-1. To
identify novel FOXO target genes, microarray
analysis was performed using a cell line
containing an inducible active FOXO3a.
Results from this array were compared with
other relevant microarrays and putative target
genes were checked for the presence of FOXO
binding elements in the promoter region.

In Chapter 4, the analysis of Pit-1 and Prop-
1 as putative PKB substrates is described. Pit-1
and Prop-1 are pituirary-specific homeodomain
transcription factors involved in the production
of growth hormone and other pituitary-specific
hormones. Both proteins contain PKB
consensus motifs and are indeed phosphorylated
in vitro by PKB. In vivo phosphorylation
however is not observed neither are any
changes in localization or transcriptional
activity.
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Chapter 5 deals with the validation of a
novel FOXO target gene encoding for caveolin-
1. Caveolin-1 expression is induced upon
FOXO activation and downregulated by insulin-
dependent PI3K/PKB signaling on both mRNA
and protein levels. Regulation of caveolin-1
transcription occurs by direct binding of FOXO
to binding elements in the caveolin-1 promoter
region. The regulation of caveolin-1 expression
results in functional attenuation of EGF
signaling.
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Samenvatting

Het menselijk lichaam bestaat uit miljarden
cellen. Cellulaire processen zoals celdeling,
celdood en differentiatie zijn de basis voor de
normale gang van zaken in cellen en daarmee
het menselijk lichaam. Deze processen worden
geregeld door stimuli van buitenaf zoals
hormonen en groeifactoren. Door binding aan
receptoren kunnen deze  fac toren
signaleringsroutes binnen de cel reguleren. Als
er een fout in zo’n signaleringsroute zit, kan
deze route zich abnormaal gaan gedragen wat
kan leiden tot ziektes als kanker, obesitas en
diabetes. Een van de belangrijkste eiwitten in de
signaleringsroute van insuline is het
zogenaamde Protein Kinase B (PKB). PKB is
een eiwit dat, wanneer actief, andere eiwitten
kan reguleren m.b.t. hun activiteit. PKB doet
dat door die eiwitten (substraten) te
fosforyleren: er een fosfaatgroep aan te zetten.
Dit gebeurt binnen een zogenaamd PKB motief.
Deze PKB substraten hebben belangrijke rollen
in de cellulaire processen die gereguleerd
worden door insuline en PKB, zoals celgroei,
celdood en differentiatie. Een aantal PKB
substraten behoren tot de genfamilie van
Forkhead transcriptiefactoren (FOXO) wat
inhoudt dat ze leiden tot het aflezen van DNA
wat leidt tot aanmaak van uiteindelijk eiwitten.

In hoofdstuk 2 is de identificatie van een
nieuwe bindingspartner van PKB beschreven,
namelijk periplakin. De delen van zowel PKB
als periplakin die betrokken zijn bij deze
binding zijn bepaald. Periplakin is aanwezig in
specifieke compartimenten van de cel waar het
onder andere betrokken is bij het verbinden van
celnetwerken. Binding van PKB aan periplakin
heeft geen effect op de activering van PKB
maar remt wel PKB-gemedieerde processen
zoals fosforylatie van FOXO factoren door
PKB, wat leidt een relatief hoge activiteit van
de FOXO factoren.

In hoofdstuk 3 een manier wordt beschreven
om nieuwe PKB substraten te identificeren
alsmede nieuwe genen die gereguleerd worden
door FOXO transcriptiefactoren. Voor de
identificatie van nieuwe PKB substraten een
lijst werd gegenereerd van eiwitten die het
zogenaamde PKB motief bevatten. Van deze
grote lijst een eiwitten werden geselecteerd die
een belangrijke functie hadden (gentranscriptie)
en vervolgens werd bepaald of de aanwezige
PKB motieven geconserveerd waren in evolutie
(dus ook in lagere diersoorten).

In hoofdstuk 4 werden twee mogelijke PKB
substraten onderzocht die voortkwamen uit de
in hoofdstuk 3 gegenereerde lijst. Het gaat om
twee eiwitten die alleen voorkomen in de
hypofyse, en die daar essentieel zijn voor de
aanmaak van groeihormoon. Beide eiwitten
worden door PKB gefosforyleerd wanneer de
proef gedaan wordt in een reageerbuis, maar in
cellen kon geen fosforylatie van de eiwitten
door PKB worden aangetoond. PKB activering
in cellen leidde verder ook niet tot een
verandering van lokalisatie of activiteit van
beide eiwitten.

Hoofdstuk 5 gaat over de validatie van
caveoline-1 als zijnde een FOXO target gen. Dit
houdt in dat het gen coderend voor caveoline-1
transcriptioneel wordt gereguleerd door FOXO
en daarmede ook door insuline en PKB.
Insuline en PKB activiteit leiden tot een
verlaging van caveoline-1 in de cel door
remming van FOXO. Remming van insuline
leidt tot FOXO activering en daarmee tot een
verhoging van caveoline-1. Caveoline-1 is het
hoofdbestanddeel van zgn. caveolae,
microdomeinen in het celmembraan. Door een
verhoging van caveoline-1 wordt signalering
van groeifactoren zoals EGF, PDGF maar ook
insuline gemoduleerd.
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Dankwoord

Eindelijk een stukje waarbij het wetenschappelijk verantwoord schrijven achterwege mag
worden gelaten en dat dan ook het meest belezen onderdeel is, in ieder geval in eerste instantie.
Hierbij wil ik graag van de gelegenheid gebruik maken om wat mensen te bedanken die me zowel
op het lab als daarbuiten geholpen hebben en het leven mee gezellig maken.

Allereerst “Bert en Ernie” ofwel twee brabantse boerkes: hardwerkend en eerlijk.
Bom, Boudewijn (Ernie), van co-promotor Dr. Ir. tot promotor PROF. Dr. Ir. Je bent zonder twijfel
de meest chaotische kamergenoot die ik me maar kan voorstellen maar het was erg mooi om je
manier van werken van dichtbij mee te maken: verscholen achter en tussen stapels papier heb je in
ieder geval in het koppie alles op een rijtje. Ongelooflijk hoe snel en makkelijk jij denkt en daarmee
tot hele mooie modellen komt. Ik ben er dan ook erg trots op bij jou te mogen promoveren. En dat
zelfs ondanks dat je de praktische kant van promoter zijn nog niet helemaal vaardig bent, toch? Ik
hoop dat er nog vruchtbare samenwerkingen mogen volgen. Hans (Bert), van promotor tot mijn
favoriete rol in promotiestukjes. Yep yep dynamite, I think we should start. Je hebt me een goed
idee gegeven van hoe een succesvol lab gerund moet worden. Dank je voor je af en toe harde maar
zeker duidelijke woorden. Samen met Boudewijn vorm je een goed team waarbij jullie elkaar
fantastisch aanvullen.

Lydia, kamergenote en de moeder van het lab. Wie gaat vanaf nu toch die dienbladen
opruimen??? Zo mooi om te zien dat er mensen zijn bij wie elke proef lukt. Tegelijkertijd was het af
en toe natuurlijk ook wel een goede reden tot zelfreflectie. Marieke (LM), van de oude generatie.
Snel ben jij ook aan de beurt, en daarna snel een keertje langs in Mexico (mocht ik daar zelf ook
ooit heen gaan)? Jurgen aka Jurgâh ofwel Warsteiner of toch Löwenbrau: BOOYAKA! Wie geht’s?
No more Pilsator, wat nu?? Goeie gesprekken in de kroeg, nu ff intikken die promotie. Bea,
gezamelijk ontdekken wat er komt kijken bij de eindfase van een promotie. Dank je voor het op tijd
met de juiste formulieren aankomen, veel plezier bij Neurologie! Armando of nee,
Aaaarmaaaaaaandoooooo! Het was een groot plezier om je overbuurman te zijn, met je ontwapende
en af en toe naieve grappen. Snel weer een keertje spannend eten klaar maken? En wanneer gaan we
een keertje citytrippen?? Marta, you crazy little italian always-put-a-smile-on-a-face girl. How iz
the inzulin ztimulazion going? Karen, why did you come in the lab so late? WA? You cannot
imagine how great I find it that you still have both your cats. See you in SF? Paulien, wanneer moet
je nu eens een echt vuurtje uit maken en niet alleen broodjes bapau in de magnetron? Mike san, nu
je samen woont voortaan zelf koken? Marta B, too bad that you can only be here every now and
then. Loved the tennis matches, give me some time and I will beat you. Good luck with the TSSK3!
Arjan, heb je afgelopen weekend die grote platbek zien vliegen? Niels, duimen dat de mass spec
niet crasht en dan maar massa’s data binnenhalen. Matthijs, dat hoofdstuk 4 hebben we toch maar
mooi effe ingetikt. Jammer dat er niet méér uit te  halen viel. Veel succes nu met de HUVECjes.
Jerome, ik had nog goede hoop op periplakin part 2; dan maar in vliegjes of wormen bestuderen?
Anna (Anana), good luck with the mice and Laaaaaaars. Leo, old chap. Finally, another function for
Rap! Jolly good, keep up the good work. Holger, go for the future, enjoy life. John, is er leven na
Semaia? Mais biensur! Dank je voor de passwords voor journals en tips over wat te doen na het aio-
leven. Roland, altijd wacht houdend voor het Stratenum, Kijk uit voor dat superactieve PKB van je:
het wil nog wel eens meer fosforyleren dan genuine PKB substraten, of niet? Joost, dEUS rules,
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uhuh, vijf minuutjes ja. Succes met JOUW lab. Hola Margarita, veel success/plezier met de
aankomende gezinsuitbreiding. Sanne, komt dat verslag van Boston nog? Succes met Naaatch, o
nee, Jip. Miranda, m’n een-dag-in-de-week kamergenote. Blij dat je weer terug bent. Ingrid, succes
in Amsterdam, Leiden of toch Bilthoven? Wendy, gewoon de wormen niets meer geven en kijken
wat er dan gebeurt. Fried, de snelst pratende onderzoeker die ik ken. Dank je voor je wijze woorden
en succes met de wormen! Jun, please keep that happy smile behind the microscope and in the
hallway! And thank you for your laptop. Dames van het secretariaat: Saskia, Felicia, Marianne,
Marit. Heerlijk bijpraten over van alles en nog wat. Bedankt voor de nodige ondersteuning. Piet,
voor ons allebei geen onderwijstaken meer. Heerlijk. Fons, dank voor altijd genoeg orthofosfaat
voor de in vivo’s. Annelies, succes met de Cancer Genomics. Wim, ik verbaas me er over dat ik op
dit punt ben zonder jou in de laatste fase. Hartstikke bedankt voor alle hulp eerder bij vele
computerfrustraties.

Natuurlijk mogen ook sommige oud-collega’s niet vergeten worden. Geert: Mr. FOXO, kom jij
terug, ga ik die kant op. Biertje in december dan maar? Johan, bedankt voor het niet waarschuwen
van Fiona. Toch nu maar mooi journal of CELL science. Nancy, mNNNN, Nen, waar komt die
beach tent nu te staan? En zullen we ook sushi en kersenpitten serveren dan? Na jullie was de lat
iets hoger komen te liggen. Bedankt voor het geven van het goede voorbeeld.

Ook wil ik de mensen van de Timmers, v/d Vliet en Holstege groepen bedanken voor hun
interesse en hulp bij technieken die meer in hun straatje dan het mijne lagen. In het bijzonder
Jeroen, bedankt voor de hulp bij hoofdstuk 3.

Paul C, the English patient man. Een beter commissielid heb ik me niet kunnen wensen, althans
met het nakijken. “A variety of” comments hebben geleid tot een ongetwijfeld beter begrijpbaar
boekje.

Dear Arthur, thanks for your hospitality during my stay in Denver. Too bad that our results were
not that what we hoped for but who knows, maybe in the future some day.

Vrienden uit het Nijmeegse, jasssseker! Bedankt voor jullie vriendschap! Ik hoop dat er nog vele
avondjes uit, goede gesprekken, kerstdineetjes, vakanties en weekendjes mogen volgen!?! Serge en
Miranda in het bijzonder, heel fijn dat jullie mijn paranimfen willen zijn.

Lieve pa en ma, ik hoop dat het verhaal van het kookboek met het gekopieerde recept om een
gerecht te maken nu eindelijk een keertje is doorgekomen. Dank je wel voor jullie niet aflatende
steun en de gegeven vrijheid om dat te doen wat ik wilde. Mathijs en Vincent, en nu ook Esther,
wanneer gaan we weer een keer big bucks winnen op de renbaan? Of anders gewoon lekker
bijkletsen op een broertjesavond?

Carolina, mi schatje y pechocha. This last part I can write in Dutch, English or Spanish now
(more or less) and you will understand it all. Thank you for coming into my life, and for being here
with me, in the Netherlands. Your love and your great ability to make me smile were a great support
for me. And thanks for sticking up with the every now and then stressy times. A future with you,
wherever that may be, is such a great thing to look forward to.
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