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Science is a wonderful thing if one does not have to earn one's living at it.  
 

(Albert Einstein.)
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PP2A regulatory subunits and cancer 

(General Introduction) 
 

The ability of a cell to rapidly adapt to its 
environment is a vital requirement for 
evolutionary selection in a dynamic environ-
ment. Post-translational modifications of 
proteins can influence the structure, charge 
and thus the enzymatic activity of proteins 
thereby changing a relatively static pool of 
proteins into a dynamic composition of 
proteins that continuously orchestrate each 
other’s activity. 
The ever changing pattern of modifications 
include changes in ubiquitination, phos-
phorylation, glycosylation, methylation, ace-
tylation, farnecylation etc. thus giving rise to a 
vast amount of differentially modified proteins 
harboring different activities. Changes in the 
intra or extra cellular environment can induce 
such modifications leading to the activation of 
a cascade of changes were one protein rapidly 
influences the activity of the next allowing the 
cell to quickly respond to environmental 
change.  
 
Reversible phosphorylation was the first des-
cribed modification able to alter the enzymatic 
activity of a protein (Nolan et al. 1964). In the 
following 40 years most enzymes responsible for 
these modifications were identified and for some 
the mode of action elucidated.  Eventual 
completion of the sequence of the human genome 
has lead to the identification of a large set of 
enzymes responsible for changing the phos-
phorylation state of a protein. 518 kinases have 
now been identified, which are able to catalyze 
the addition of a phosphate group to side chains 
of amino acids containing a hydroxyl group such 
as a serine, threonine or thyrosine (Manning et al. 
2002). Based on their substrate specificity these 
kinases can be divided into three major groups, 
the serine/threonine-, the thyrosine- and the dual 
specific-kinases, which are able to phosphorylate 
all three residues. Histidine phosphorylation has 
also been described in prokaryotes (Hess et al. 
1988) and some evidence suggests the presence 
of histidine phosphorylation in mammalian cells 
(Crovello et al. 1995) although no mammalian 
histidine kinase or phosphatase has been 
identified and the nature of these modifications 
are still elusive. 
Reverting the phosphorylation of proteins to an 
unphosphorylated state is accomplished by 
protein phosphatases, which like their kinase 

counterparts are subdivided in serine/threonine 
specific, tyrosine specific, and dual specificity 
protein phosphatases. To date 220 phosphatases 
have been identified, including their regulatory 
subunits (MacKeigan et al. 2005). Inappropriate 
regulation of the reversible phosphorylation of 
proteins can have a profound effect on how the 
cell responds to its environment. It is therefore not 
surprising that genetic or chemical disturbance of 
the action of these kinases and phosphatases can 
lead to aberrant cellular behavior in an organism, 
giving rise to a wide array of diseases including 
many forms of cancer (Wang et al. 2004).  The 
specific requirement for aberrantly regulated 
kinases or phosphatases for tumor growth and 
survival plus their druggable enzymatic activities 
make these proteins attractive drug targets 
(Dancey and Sausville 2003; Sawyers 2003; 
Sebolt-Leopold and Herrera 2004; Bernards 
2005). Although many kinases are found 
deregulated in diseases such as cancer there is 
less evidence for defects in phosphatases. 
Protein phosphatase type 2A (PP2A) is one of the 
most pleiotropic phosphatases in the cell for 
which there’s accumulating evidence that its 
deregulation contributes to the transformation 
process of cells eventually leading to cancer. This 
was first suggested by experiments showing that 
okadaic acid is a strong inducer of tumor growth 
in mice  (Suganuma et al. 1988; Suganuma et al. 
1990; Fujiki and Suganuma 1993) together with 
the finding that this natural compound is a specific 
inhibitor of PP2A (Bialojan and Takai 1988; 
Schonthal 1998). Similarly it was later established 
that several tumor promoting viruses harbor 
proteins that can alter PP2A activity (Pallas et al. 
1990; Campbell et al. 1995) and several tumor 
specific mutations were found in different 
components of the PP2A holoenzyme (discussed 
further below). 
 
PP2A structure and function 
PP2A is a phosphatase that functions to reverse 
the action of kinases in virtually all major signaling 
cascades (Schonthal 1998; Janssens and Goris 
2001; Sontag 2001). Although PP2A is commonly 
described as a single phosphatase this notion is 
oversimplified. PP2A represents a family of 
holoenzyme complexes (fig. 1 and table 1) with 
different activities and diverse substrate 
specificities (Janssens and Goris 2001).  Three 
distinct functional components give rise to the  
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holoenzyme complex: The catalytic subunit 
(PP2Ac/C) interacts with the structural core 
subunit (PR65/A), which allows binding of a third 

variable regulatory subunit ( /B) (fig. 1). 

 
The catalytic subunit (PP2Ac) has a large 
conserved domain that forms a bimetallic active 
site for phosphoester hydrolysis. It targets 
phosphate groups on either serine or threonine 
residues and under some conditions harbors 
activity towards phosphorylated tyrosine 
(Janssens and Goris 2001). This protein is 
represented by two different ubiquitously 
expressed genes (Stone et al. 1987), the C  and 

the C  subunit the latter being expressed 

approximately 10 fold lower due to a weaker 
promoter (Khew-Goodall and Hemmings 1988). 
Both are 35 kDa in size and share 97% sequence 
identity.  Several tyrosine kinases can reduce the 
activity of the catalytic subunit by phosphorylation 
of tyr

307
 (Chen et al. 1994) and PP2Ac is 

reversibly methylated at leu
309

 (Xie and Clarke 
1994). It was later demonstrated that methylation 
of PP2Ac is required to increase the affinity for 

specific regulatory -subunits (Tolstykh et al. 

2000). The phosphatase activity of PP2Ac is not 
affected by methylation directly but indirectly by 
altered subunit composition of the holoenzyme 
(Tolstykh et al. 2000). The levels of PP2Ac are 
tightly regulated in the cell at the translational or 
post-translational level making ectopic expression 
of this protein extremely difficult (Baharians and 
Schonthal 1998). Loss of PP2Ac in yeast and in 
mice is lethal (Gotz et al. 1998) (Kinoshita et al. 
1996) underscoring the importance of this 
phosphatase in proper maintenance of the cell.  
 

 
 
Fig. 1: Schematic overview of PP2A holoenzyme composition 

showing interaction of the PP2A catalytic subunit to the PR65 
scaffold protein at five C-terminal Huntington/elongation/A-
subunit/TOR (HEAT) repeats. The variable -subunit interacts 

with the N-terminal HEAT domains of the PR65 scaffold 
subunit with the exeption of PTPA, which binds directly to the 
PP2A catalytic subunit. 
 
 

 
The structural subunit (PR65): 
The catalytic subunit interacts with the PR65 
scaffold protein at five C-terminal 
Huntington/elongation/A -subunit/TOR (HEAT) 
repeats (fig. 1) (Groves et al. 1999). The 15 HEAT 
repeats are suggested to mediate the protein-
protein interactions that keep the holoenzyme 
together. The PP2Ac/PR65 dimer has been 
suggested to exist freely in vivo in the absence of 
a third “regulatory” subunit (Kremmer et al. 1997; 
Janssens and Goris 2001), although this has not 
yet been formally proven by the experiments 
presented. Experiments using RNAi in Drosophila 
suggest that a trimeric holoenzyme complex is 
required for its stable existence in vivo (Silverstein 
et al. 2002). Disruption of the complex by 
depleting single components resulted in 
degradation of the other holoenzyme 
components. This result also explains the inability 
to stably overexpress PP2Ac (Baharians and 
Schonthal 1998). The existence of PP2Ac/PR65 
dimer associated with proteins independently of 

regulatory -subunits has been observed. This 

may provide an explanation for the free 
PR65/PP2Ac core dimer previously described 
(Kremmer et al. 1997). Two alternative genes, 

PR65  and PR65 , share 87% sequence identity 

and encode the two flavors of the PR65 scaffold 

protein (Hemmings et al. 1990). The PR65  

scaffold is expressed at much lower levels than 

PR65  in adult tissues. However, in oocytes and 

during the early stages of vertebrate 

development, PR65  mRNA is more abundant 

than PR65  (Hendrix et al. 1993b; Bosch et al. 

1995). These two alternative transcripts differ in 
their ability to interact with the various regulatory 

-subunits (Zhou et al. 2003a). Levels of PR65 

can be affected in tumors leading to a pleiotropic 
alteration of phosphatase function. In addition, 
several tumor-specific mutations were found that 
alter the ability of the structural subunit to interact 
with specific regulatory subunits. This suggests 
that specific holoenzymes need to be functionally 
lost during tumorigenesis. (discussed further 
below in section: PP2A subunits and cancer). 
 
The variable regulatory subunit: 
To date, 15 genes have been identified in the 
human genome that encode at least 26 different 
alternative transcripts and splice forms 

representing the variable -subunits of the PP2A 

holoenzyme (table 1). These variable -subunits 

can be expressed in a tissue specific manner and 
are proposed to mediate substrate specificity of 
the PP2A holoenzyme complex (Janssens and 
Goris 2001; Schonthal 2001; Van Hoof and Goris 

2003). While the PR65  scaffold can interact with  
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Gene Name Alternative name Ensembl nr. Reference 

Catalytic subunit 

PPP2CA C  PP2Ac  ENST00000231504 (Stone et al. 1987) 

PPP2CB C  PP2Ac  ENST00000221138 (Stone et al. 1987) 

Structural subunit 

PPP2R1A A  PR65  ENST00000322088 (Hemmings et al. 1990) 

   ENST00000361107  

PPP2R1B A  PR65  ENST00000341980 (Hemmings et al. 1990) 

   ENST00000311129  

Regulatory subunit 

PPP2R2A B  PR55  ENST00000315985 (Mayer et al. 1991; Schmidt et 
al. 2002) 

PPP2R2B B  PR55  ENST00000287031 (Mayer et al. 1991; Schmidt et 

al. 2002) 

   ENST00000336640  

   ENST00000355212  

PPP2R2C B  PR55  ENST00000264959 (Zolnierowicz et al. 1994) 

   ENST00000335585  

PPP2R2D B  PR55  ENST00000314348 (Strack et al. 1999) 

PPP2R3A B”  PR130 ENST00000264977 (Hendrix et al. 1993a) 

 B”  PR72 ENST00000334546 (Hendrix et al. 1993a) 

PPP2R3B  PR70 / 48 ENST00000300846 (Yan et al. 2000; Stevens et al. 

2003) 

   ENST00000361450  

C14orf10  G5PR OTTHUMG00000028723 (Kono et al. 2002) 

PPP2R4 PTPA PR53 ENST00000337738 (Cayla et al. 1990; Janssens et 
al. 2000) 

 PTPA iso1  ENST00000266101 (Janssens et al. 2000) 

 PTPA iso2  ENST00000347048 (Janssens et al. 2000) 

 PTPA iso3  ENST00000357197 (Janssens et al. 2000) 

PPP2R5A B’  PR61  ENST00000261461 (McCright and Virshup 1995; 

McCright et al. 1996) 

PPP2R5B B’  PR61  ENST00000164133 (McCright and Virshup 1995; 

McCright et al. 1996) 

PPP2R5C B’ 1 PR61 1 ENST00000334743 (McCright et al. 1996; Muneer 
et al. 2002) 

 B’ 2 PR61 2 ENST00000334756 (McCright et al. 1996; Muneer 
et al. 2002) 

 B’ 3 PR61 3 ENST00000350249 (McCright et al. 1996; Muneer 
et al. 2002) 

PPP2R5D B’  PR61  ENST00000230402 (McCright et al. 1996; Tanabe 
et al. 1996) 

   ENST00000344268  

PPP2R5E B’  PR61  ENST00000337537 (McCright et al. 1996) 

STRN striatin PR110 ENSG00000115808 (Moreno et al. 2000) 

STRN3 SG2NA PR93 OTTHUMT00000073367 (Moreno et al. 2000) 

 
Table 1: The different subunits of the PP2A holoenzyme shown with gene name (first collumn), the two forms of 

nomenclature used in the literature (collumns 2 and 3), Ensembl transcript number (collumn 4) and reference were 
available(collumn5)..

 

all regulatory -subunits, the PR65  scaffold is 

unable to interact with the B/PR55 family of -

subunits and shows a preference for binding to 
PR72 (Zhou et al. 2003a). Assuming there are no 

significant differences between PP2Ac  and 

PP2Ac , there’s between 40 and 50 different 

PP2A holoenzyme combinations possible, taking 

into account the inability of PR65  to interact with 

the PR55 family of variable -subunits (Zhou et al. 

2003b). These different holoenzyme complexes  

 
likely account for the diverse action of PP2A in the 

different signaling cascades. The variable -

subunits have been subdivided into five distinct 
families (table 1), which share no sequence 
similarity, apart from a few conserved amino acids 
that allow the interaction with the N-terminal 
HEAT domains of the PR65 scaffold subunit (Li 
and Virshup 2002). 
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The B/PR55 family of variable -subunits. 

The B/PR55 family consists of at least six 
members, transcribed from four different genes 
(Table 1) which are expressed in a tissue specific 
manner (Mayer et al. 1991; Zolnierowicz et al. 
1994; Strack et al. 1999) and more variants are 
likely to exist (Schmidt et al. 2002). The PR55 
subunits share a stretch of WD40 repeats 
believed to function as protein interaction 
domains. It has been suggested that PP2Ac 
needs to be methylated on Leu

309
 for its 

interaction with the PR55 regulatory -subunits 

(Bryant et al. 1999; Koren et al. 2004) although 
these can still bind to unmethylated PP2Ac with 
lower affinity. Surprisingly, it was found that the 
PR65 subunit is not strictly required for PR55 to 
interact with PP2Ac subunit (Kamibayashi et al. 
1992; Koren et al. 2004).  
The different PR55 family member proteins show 
distinct spatial distribution in the cell (Strack et al. 
1998), which is dynamic (Ory et al. 2003). 
However, whether this localization is mediated by 
the subunits themselves or whether it simply 
represents the location of their substrate targets is 

unclear. PR55  is targeted by an ATM dependent 

pathway following ionizing radiation, which results 

in the transient dissociation of PR55  from 

complexes containing also the PR65/PP2Ac core 
dimer (Guo et al. 2002). Similarly, we find that the 

interaction of PR55  with c-Src is sensitive to UV 

irradiation, suggesting that the interaction 
between PR55 subunits and their targets is 
dynamic and can be regulated by the DNA 
damage signaling pathways (described in chapter 
4). In fibroblasts PR55 is associated with 
vimentin, a protein that is part of the intermediate 
filaments of the cytoskeleton (Turowski et al. 
1999). When PR55 is lost from cells this results in 
phosphorylation and degradation of vimentin 
similar to what is observed with okadaic acid 
treatment.  
In response to growth factors, PR55  is recruited 

to a complex at the plasma membrane containing 
Kinase Suppressor of Ras (KSR1), Raf1 and the 
PR65/PP2Ac core dimer (Ory et al. 2003). This 
correlates with dephosphorylation of KSR1 and 
activation of the Mitogen Activated Protein Kinase 
(MAPK) pathway. Similar results were obtained in 
yeast although here it was shown that the action 
of PR55 (cdc55) does not involve Raf1 
dephosphorylation (Kao et al. 2004). Furthermore 
it was found that PR55 translocates to the plasma 
membrane following treatment with platelet-
derived growth factor (PDGF)(Ory et al. 2003) 
thus activating the Raf1 pathway. This supports a 
positive role for PR55/PP2A as activators of the 
Raf1-MAPK pathway. However, both replacement  

 
of PR55 by simian virus small t antigen (ST) 
(Sontag et al. 1993) and treatment of cells with 
okadaic acid (Sonoda et al. 1997) results in 
phosphorylation and activation of Extra-cellular 
Related Kinase (ERK) which is downstream of 
Raf1. In support of this data it was found in 
Drosophila cells that ablation of either the PP2A 
catalytic subunit, the PR65 core subunit or the 
B/PR55 subunit caused enhanced MAPK 
signaling in response to insulin (Silverstein et al. 
2002). This would suggest that while PP2A 
positively regulates MAPK signaling downstream 
of Raf1, there’s also a negative function for PR55 
and PP2A in this pathway, which is dominant. 
This notion was supported by studies in 
Drosophila were it was shown with activated Ras 
and Raf mutants that PP2A stimulates MAPK 
signaling downstream of Raf1 while negatively 
influencing MAPK signaling upstream of Raf1 but 
downstream of Ras (Wassarman et al. 1996). We 
found that PR55 can interact with- and function as 
a negative modulator of c-Src activity (chapter 4). 
Interestingly it was found that c-Src could indeed 
activate Raf1 independently of Ras (Chao et al. 
1997) (Stokoe and McCormick 1997) and thereby 
activate the MAPK pathway (Ziogas et al. 2005). 
This leads to a model in which PR55 and PP2A 
can mediate activation of mitogenic signaling 
trough KSR1 downstream of Raf1 and force the 
inhibition of mitogenic signaling trough c-Src 
inhibition upstream of Raf1 (fig. 2). 
It was demonstrated that in yeast (Roopchand et 
al. 2001) and in mammalian cells (Shtrichman et 
al. 2000) the adenoviral protein E4orf4 binds to 

PR55 . In transformed mammalian cells this 

interaction is required for E4orf4 to induce 
apoptosis. In yeast the PR55 null phenotype 
shows resemblances to the E4orf4 transgene 
albeit less severe (Roopchand et al. 2001). The 
interaction between PR55 and E4orf4 was later 
confirmed by others (Champagne et al. 2004). 
However, it was found that an E4orf4 mutant that 
can no longer interact with PR55 still induces 
apoptosis, which is dependent on its interaction 
with c-Src (Champagne et al. 2004). In addition 

we find that PR55  can also interact with c-Src 

and that loss of PR55  induces activation of the 

JNK stress kinase pathway, which is dependent 
on c-Src (described in chapter 4). This is similar to 
the two c-Src interacting viral proteins, E4orf4 
(Champagne et al. 2004) and polyoma middle t 
antigen (MT). These viral proteins both share the 
ability to alter PP2A activity. They also both 
function at the level of c-Src, leading to c-Src 
activation and the activation of the JNK stress 
kinase pathway thus resembling the effects seen 

with loss of PR55  (chapter 4). This suggests that  
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these proteins could function to displace PR55  

from c-Src.   
During development it was shown that PR55 
(named “twins” in Drosophila) is required for Wnt 
signaling downstream of dishevelled and 

upstream of the GSK3 , providing strong 

evidence for a role during development (Bajpai et 
al. 2004), although this effect was not linked to 
PP2A activity. The authors speculate on a role for 
Vn/EGFR signaling in the deregulation of Wnt 
signaling by PR55 since Vn/EGFR is a known 
antagonist of wing development. This would fit 
with our model of PR55 as an antagonist of EGFR 
signaling through c-Src (Ishizawar and Parsons 
2004)(fig. 2). This would likewise predict a 
positive role for PR55 in wing development. 
Importantly the authors suggest caution when 
interpreting over expression data using this 
subunit, since in their hands over expression 
results in dominant negative phenotypes, possibly 
due to competition with endogenous complexes.  

 
Fig. 2: Model for the conserved function of PR55 subunits in 
mitogenic- and stress signaling parhways. PR55 is a negative 
regulator of signaling trough the JNK stress kinase pathway 

and the MAPK pathway at the level of c-Src but also has a 
positive effect on the MAPK pathwas specifically, at the level 
of KSR1. 

 

A second major function for PR55, apart from the 
one proposed in our model (fig. 2), was found 
when studying mitosis.  Mutations in the PR55 
subunit in different budding yeast strains clearly 
demonstrate defects in cytokinesis and the 
kinetochore spindle checkpoint (Wang and Burke 
1997; Evans and Hemmings 2000), a checkpoint 
that delays mitosis until the spindle has been 
properly formed. Cells harboring improperly 
assembled spindles fail to inactivate Maturation 
Promoting Factor (MPF) consisting of cyclin B and 
cdc2 resulting in an arrest in mitosis. It was shown 
that mutant PR55 cells bypasses this arrest by 
inactivation of (MPF) through tyrosine  

 
phosphorylation of CDC2 (Minshull et al. 1996). 
This phenotype was confirmed in Drosophila were 
the PR55 (twins/aar) mutant  allows the cells to 
proceed into anaphase prematurely(Mayer-Jaekel 
et al. 1993; Mayer-Jaekel et al. 1994). These cells 
show enhanced sensitivity to microtubule 
destabilizing agents. PP2A plays a role in the 
G2/M transition at many different levels (Janssens 
and Goris 2001) and the exact molecular function 
of PR55 in modulation of the spindle checkpoint is 
still unclear.  
Taken together, it is clear that PR55 has at least 
two major activities conserved from yeast to man. 
First a dual role in mitogenic signaling (fig. 2) and 
second a rather undefined function in spindle 
checkpoint modulation. Interestingly, in all the 
studies described above it was not convincingly 
shown that PR55 functions to target the PP2A 
holoenzyme to a substrate. Data that addresses 
the function of PR55 in regard to PP2A rather 
suggests rather that PR55 functions to induce 
activation of the PP2A/PR65 core dimer during 
mitogenic signaling when it is already bound to its 
substrate (Ory et al. 2003).  It was also shown 
that for PR55 mediated maintenance of the 
spindle checkpoint, the PR65 scaffold is not 
required (Koren et al. 2004). This suggests 
different mechanism of action for the PR55 
regulatory subunit than the generally-proposed 
role of this regulatory subunit in targeting the 
holoenzyme to its substrate.  

Finally PR55  was found to be a target of 

phosphorylation by the TGF  receptor and 

required for cyclin A promoter inhibition by TGF-  

(Griswold-Prenner et al. 1998). It was found that 

this phosphorylation of PR55  was directly 

countered by PP2A, as okadaic acid treatment or 
disruption of PP2Ac/PR65 binding resulted in 
hyperphosphorylated PR55. This suggests that 
PR55, apart from functioning as a modulator of 
the PP2A/PR65 dimer, can also itself be a target 
of PP2A mediated dephosphorylation. Although 
this data does not prove or disprove a possible 
function of PP55 as a subunit that targets the 
holoenzyme to a substrate, it strongly supports a 
function for PR55 as an activator of PP2A, 
irrespective of substrate binding and a passive 
function were PR55 is a target of PP2A.  
 

The B’/PR61 family of variable -subunits. 

The PR61 family of regulatory subunits contain 
eight members represented by five different 
genes (Table 1)(McCright et al. 1996) showing 
diverse tissue distribution (Janssens and Goris 
2001). These subunits display strong 
conservation within their central region (80%) but 
differ in their N- and C-terminal regions. PR61  
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family proteins show very little to no similarity with 

any of the other -subunit families. SiRNA-

mediated knock down of the two PR61 subunits in 
Drosophila results in apoptosis similar to PP2Ac 
ablation, suggesting a role for PR61 in 
maintaining cell survival (Li et al. 2002; Silverstein 
et al. 2002).  This was confirmed in human cells, 
were a screen for survival-promoting 
phosphatases identified, apart from PP2Ac, the 

PR61  and PR61  regulatory subunits 

(MacKeigan et al. 2005). In contrast with this, it 

was found (using over expression) that PR61  

has a pro-apoptotic rather than an anti-apoptotic 
function (Ruvolo et al. 2002). The authors show 

that PR61  interacts and colocalizes with the anti-

apoptotic protein Bcl2 at mitochondrial 
membranes. This leads to increased 
dephosphorylation and inactivation of Bcl2 

(Ruvolo et al. 2002).  PR61  was found to be 

stabilized by the pro-apoptotic agent ceramide 
and the authors propose this as a possible 
mechanism for ceramide induced apoptosis. 
Since the latter was not shown directly and the 

pro-apoptotic function of PR61  found relies on 

overexpression studies only, this could be a 
second example were ectopic expression leads to 
a dominant negative phenotype. It was proposed 
earlier for PR55/twins that overexpression might 
lead to competition for PP2A/PR65 and other 
targets, resulting in a dominant negative 
phenotype (Bajpai et al. 2004). An alternative 

explanation for the PR61  data presented by 

overexpression (Ruvolo et al. 2002) (if viewed as 
a dominant negative effect) could be that PR61  

is stabilized by cells after ceramide treatment, 
reflecting a response of the cell to ensure cell 
survival in the presence of stress.  It will be 

interesting to see whether knock down of PR61  

can indeed give rise to the same results as 
ectopic expression (Ruvolo et al. 2002) is this 
study.  
It was shown that cyclin G, a p53 target, interacts 

with the PR61  or PR61 , PP2Ac and PR65 to 

form a quaternary complex that can interact with 
Mdm2 through an interaction with cyclin G 
(Okamoto et al. 2002). The interaction between 
PR61 and cyclin G was dependent on p53 
(Okamoto et al. 1996). It was previously found 
that PR61 association to the holoenzyme complex 
could alter the enzymatic activity of PP2A towards 
different substrates (Sontag 2001; Patturajan et 
al. 2002). Its unclear wether PR61 has a similar 
function in this case or rather functions as a 
targeting subunit.  
Drosophila PR61 was found to interact with the 
Sex Combs Reduced (SCR) Hox protein and 
regulate its phosphorylation (Berry and Gehring  

 
2000). Dephosphorylation of SCR is associated 
with activation, and loss of PR61 correlated with 
hyperphosphorylated SCR in lysates and mimics 
a SCR null phenotype during development. This 
convincingly establishes PR61 as a regulator of 
SCR. A direct role for PP2A enzymatic activity in 
this regulation still needs to be established.  
Another interesting finding came from studying 
the metastatic capability of B16 mouse melanoma 
subclones that have different metastatic potential. 

The authors found that a truncated form of PR61  

was partially responsible for the metastatic 
potential of one of the subclones after 
subcutaneous injection (Ito et al. 2000). They 
found the protein colocalizes and interacts with 
paxillin at focal adhesions similar to wild type 

PR61 . However, in the presence of mutant 

PR61 , paxillin was hyperphosphorylated. Notably 

the PR61  mutant did not lead to a loss of PP2A 

associated with paxillin, suggesting that also here 

PR61  functions to regulate PP2Ac activity rather 

than substrate binding. 
PR61 also has a somewhat controversial role 
during embryonic development. It was found that 

PR61  interacts with APC and that 

overexpression of PR61  could inhibit Wnt 

signaling both in tissue culture (Seeling et al. 
1999) and in Xenopus cell extracts. The effects 

presented were not specific for PR61  only but 

conserved among the PR61 family members 
(Seeling et al. 1999). The same group later 

reported that PR61  can interact with axin as well 

and, when overexpressed, inhibit Wnt signaling 
during vertebrate development (Li et al. 2001). 

Also this interaction was not specific for PR61  

since it was found that PR61  and PR61  also 

interact with axin (Yamamoto et al. 2001) and 
function as Wnt inhibitors when overexpressed. 
Notably the PP2A/PR65 core dimer doesn’t 
require PR61 for its interaction with axin (Ikeda et 
al. 2000) suggesting again that also PR61 
functions to alter PP2A activity rather than 
targeting the PP2A holoenzyme to its substrate. 
Surprisingly, it was found that ectopic expression 
of the PR65 core subunit or separately the PP2Ac 
subunit could also mimic the effects seen with 
PR61 (Li et al. 2001). Since it is by no means 
certain how either PR65 or PP2Ac overexpression 
compromises the endogenous PP2A complexes, 
this could equally well suggest a rather non-
specific deregulation in contrast to the proposed 
activation of PP2A, as suggested by the authors. 
Although the net effect of PP2A inhibition by using 

okadaic acid does lead to stabilization of -

catenin (Seeling et al. 1999), this compound also 
targets other phosphatases at similar 
concentrations such as PP4 and PP5 (Schonthal  
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1998; Janssens and Goris 2001). Moreover the 

stabilization of  -catenin does not correlate with 

its phosphorylation status suggesting that this 
stabilization is unrelated to Wnt signaling 
(Patturajan et al. 2002). A fourth report studying 

PR61 in Wnt signaling places PR61  at the level 

of Dsh (Ratcliffe et al. 2000) and also uses 
ectopic expression to demonstrate an inhibitory 
role of this subunit on the Wnt signaling cascade. 
Taken together these reports all show inhibitory 
effects of the PR61 subunits on Wnt signaling 
when overexpressed and show that this protein 
can associate rather pleiotropically with Wnt 
signaling components such as APC (Seeling et al. 
1999), axin (Li et al. 2001; Yamamoto et al. 2001) 
and dishevelled (Ratcliffe et al. 2000).  
In direct contrast with this data, knock down 
experiments later convincingly established that 

PR61 , rather than being a negative regulator of 

Wnt signaling, acts as a positive modulator of Wnt 
signaling during vertebrate development upstream 
of dishevelled (Yang et al. 2003). Although it 
could be possible that PR61 functions at different 
levels in the Wnt signaling cascade, earlier 
studies on PR55/twins also report similar 
phenotypes comparing overexpression and knock 
down of the same subunit (Bajpai et al. 2004). It is 
proposed in both these reports that regulatory 
subunits when overexpressed can exert dominant 
negative effects due to sequestration of essential 
components of the PP2A complex or endogenous 
targets (Yang et al. 2003; Bajpai et al. 2004). All 
previous reports that suggest a surprisingly 
pleiotropic interaction between the PR61 
regulatory subunits and different Wnt components 
as well as a conserved function as inhibitors of 
signaling, are based on overexpression studies 
only. We therefore urge to interpret this data with 
caution until confirmed by knock down or knock 
out experiments. 

Finally a role for PR61  in the regulation of Wnt 

signaling was found when studying an isotype of 
the p53 family member p63 (Patturajan et al. 
2002). A yeast two hybrid screen revealed that 

PR61  was able to interact with p63 and 

overexpression of p63 lead to -catenin 

stabilization. Notably interaction of PR61  with 

p63 did not lead to recruitment of the PP2A 
holoenzyme to p63. Strangely the authors do find 
a drop in general PP2A activity when both these 
proteins are overexpressed although the 
relevance of this remains undetermined.  
Additionally, PR61 subunits were shown to be 
phosphorylated on serine residues (McCright et 
al. 1996) raising the possibility that like PR55, 
PR61 could similarly function as a target of PP2A.  
 

 

The B”/PR72 family of variable -subunits 

PR72 and PR130 were the first members of this 
family discovered (Hendrix et al. 1993a), 
transcribed from the same gene albeit from 
different promoters. This results in a tissue 
specific distribution of these subunits (Hendrix et 
al. 1993a). Overexpression of PR72 was found to 
cause a cell cycle arrest in tissue culture 
(Janssens et al. 2003). 
The interaction between PR72 and the PR65 core 
subunit is the strongest followed by PR61 and 
PR55 being the weakest interactor (Janssens et 
al. 2003).  This is in agreement with results 
obtained with ST antigen, which easily displaces 
PR55 subunits from the PP2A complex (Sontag et 
al. 1993) but has a harder time removing PR61 
(Garcia et al. 2000; Chen et al. 2004) with PR72 
being the most difficult to displace (Janssens et 
al. 2003). PR72 contains two EFX hand domains 
that bind calcium, resulting in a conformational 
change in protein structure (Janssens et al. 2003). 
The strongest Ca

2+
 binding EFX domain (EFX1) is 

required for binding to the PR65 core subunit and 
nuclear localization of PR72 when overexpressed. 
It was later found that PR72 functions as a 
negative regulator of the Wnt signaling cascade 
throught its interaction with the Wnt antagonist 
Naked cuticle. Although PR72 does recruit the 
PP2A/PR65 dimer, it was not demonstrated that 
PR72 functions as a targeting subunit directing 
PP2A towards naked cuticle, since no effect on 
naked cuticle phosphorylation could be 
demonstrated (Creyghton et al. 2005). It was 
shown however that PR72 itself is a target of 
PP2A, suggesting PR72 might have different 
functions, which are regulated by direct PP2A 
mediated dephosphorylation. Notably, Naked 
cuticle also harbors an EFX hand, suggesting that 
both these proteins are regulated by calcium to 
alter their conformation (Ikura 1996). A second 
function for PR72 was found in the target of 
rapamycin (TOR) pathway. It was found that 
PR72 could form a complex with PP5, PP2Ac, 
PR65 and Apoptosis Signal regulating Kinase 
(ASK1) (Huang et al. 2004). Rapamycin causes 
dissociation of PR72 from this complex, but not of 
PR65/PP2Ac, suggesting that PR72 is not 
required as a targeting subunit. This loss of PR72 
binding led to reduction of phosphatase activity, 
which in turn resulted in elevated ASK activity and 
phosphorylation of the downstream component c-
Jun. 
Notably G5PR, the newest proposed member of 
this subunit family, also contains an EFX hand 
domain and was also found to be able to 
associate with PP5 and PP2Ac/PR65 (Xing et al. 
2005) although the in vivo relevance of these 
interactions remains elusive. A recently published  
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functional knock out mouse of G5PR suggests a 
role for this protein in promoting B-cell survival 
(Xing et al. 2005). 
PR130, the larger alternative transcript of PR72, 
along with PP1 and many other proteins was 
found to be able to interact with the Ryanodine 
receptor complex (RyR2) a large Ca

2+
 release 

channel, which regulates myocyte contraction-
excitation (Marx et al. 2001). Although PR130 
recruits the PP2Ac/PR65 dimer to RyR2, which is 
regulated by phosphorylation, a direct role for 
PP2A in the regulation of the phosphorylation of 
this channel was not determined.   
PR130 was also found to be a modulator of Wnt 
signaling by virtue of its homology with PR72 
(chapter 3). It was found that PR130 also binds to 
Naked cuticle, but instead functions as an 
activator of Wnt signaling in tissue culture and 
during embryonic development were it is required 
for the correct alignment of somite boundaries 
(chapter 3). The role of PP2A in this regulation 
remains elusive since no phosphorylation 
/dephosphorylation of naked cuticle was observed 
although also PR130 was found to recruit the 
PP2Ac/PR65 core dimer to naked cuticle.  
A third member of the B”/PR72 family, PR48 was 
initially found to be able to interact with cdc6 and 
also with PP2A/PR65 (Yan et al. 2000). 
Overexpression of PR48 can cause a cell cycle 
arrest in tissue culture. Its role as a -regulatory 

subunit in this context as well as the physiological 
relevance of this finding remains to be 
determined. Notably, similar to PR72, G5PR and 
PR130, also PR48 harbors an EFX domain 
suggesting its conformation can also be regulated 
by calcium. A subsequent report investigating 
PR72 family members in Xenopus revealed that 
the PR48 clone previously published is 
incomplete, lacking a N-terminal extension 
(Stevens et al. 2003). It will be interesting to 
determine whether the full-length protein has 
similar activities as was proposed for its truncated 
form.  
Finally a mouse specific subunit, PR59 was 
identified as a p107-interacting protein, which 
preferentially bound to p107 and not pRB when 
overexpressed (Voorhoeve et al. 1999). Like 
PR72 and PR48, PR59 could induce a cell cycle 
arrest when overexpressed in cell culture. Its 
interaction with the PP2Ac/PR65 complex is 
rather weak, since it doesn’t appear to associate 
with detectable phosphatase activity unless 
excess PP2Ac/PR65 is provided. No obvious 
human orthologue of mouse PR59 has been 
identified to date. Given the conservation between 
PR48 and PR59, it will be interesting to see 
whether PR59 is the mouse orthologue of PR48.  
 

 

The PTP/PR53 family of variable -subunits 

The PTPase activator (PTPA/PR53) was initially 
identified as a protein that could transiently induce 
phosphotyrosyl phosphatase (PTP) activity of the 
PP2Ac and PP2Ac/PR65 complexes in vitro 
(Goris et al. 1988; Cayla et al. 1990). Similarly 
ATP and Mg

2+
 could activate PTP activity of PP2A 

on their own. There are 8 splice variants of this 
gene although only 4 were found to be efficiently 
translated (Janssens et al. 2000). Later however it 
was found that PTPA loss of function mimics 

some of the effects seen with regulatory -

subunits in yeast and apoptosis in mammalian 
cells (Fellner et al. 2003). The authors find that in 
the absence of PTPA the PP2A catalytic subunit 
is structurally different in vivo and this is 
associated with a drop of p-Ser/p-Thr specific 
phosphatase activity and altered metal 
dependence which was later confirmed by the 
authors of the original paper (Longin et al. 2004).  
 
PP2A subunits and cancer 
A role for PP2A as a tumor suppressor was first 
suggested based on the tumor promoting actions 
of okadaic acid (a PP2A specific inhibitor (Bialojan 
and Takai 1988)). Treatment of mice with okadaic 
acid gave rise to tumors on the skin (Suganuma 
et al. 1988; Suganuma et al. 1990; Fujiki and 
Suganuma 1993). It was later shown that several 
cancer promoting pathways could be stimulated 
by treatment of cells with okadaic acid (Schonthal 
2001). Similarly it was found that several tumor 
promoting viruses contain proteins that target the 
PP2A holoenzyme (Pallas et al. 1990; Shtrichman 
et al. 1999) resulting in altered enzymatic activity 
in general (Cayla et al. 1993; Kamibayashi et al. 
1994) and towards specific substrates (Yang et al. 
1991). This leads to the eventual deregulation of 
similar pathways found disturbed by okadaic acid 
(Janssens and Goris 2001; Schonthal 2001; 
Dilworth 2002; Skoczylas et al. 2004). Both 
polyoma small T (ST) antigen, and polyoma 
middle T (MT) antigen but also simian virus 
(SV40) small T antigen, are able to form 
complexes with the PP2A/PR65 dimer (Pallas et 
al. 1990; Walter et al. 1990). MT antigen is able to 
induce transformation in 3T3 cells dependent on 
its ability to interact with PP2A (Campbell et al. 
1995). This viral protein is exclusively present at 
the cellular membrane (Andrews et al. 1993) were 
it is complexed with c-Src and PI3-kinase 
(Mullane et al. 1998). Since loss of PP2A is 
generally lethal to cells it is likely that these 
agents target specific complexes and that 
deregulation of these specific complexes are 
required for the induction of cancer. In agreement 
with this notion, it was found that ST antigen  
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specifically interacted with the  form of the PR65 

scaffold but not the  form (Zhou et al. 2003a). 

Although MT can associate with both isoforms, its 
exclusive localization at the cellular membrane 
restricts its inhibitory capacity to those 
holoenzyme complexes present at this location. 

Since the -form of PR65 specifically binds to 

PR72 and PR61 but not to PR55 (Zhou et al. 
2003a) this would suggests that a preference for 
loss of PR55 containing complexes is associated 
with ST expression. In agreement with this, the 
overexpression of ST correlates with loss of PR55 
activity, giving rise to the activation of similar 
signaling routes such as activation of AP1, the 
Ras/MAPK/ERK pathway and Akt activation, 
(chapter 4)(Sontag et al. 1993; Silverstein et al. 
2002; Ishizawar and Parsons 2004; Skoczylas et 
al. 2004). This apparent specificity for dis-
placement of PR55 subunits also correlated with 
their ability to interact with the PP2A/PR65 
complex. While PR72 very strongly associates 
with the holoenzyme, PR61 shows a medium 
association while PR55 only weakly associates 
with the holoenzyme (Sontag 2001; Janssens et 
al. 2003). Notably it was found that expression of 
SV40 ST antigen can enhance transformation in 
Ras V12 / hTERT / SV40 LT transformed primary 
human fibroblast (Hahn et al. 2002) again 
suggesting a role for specific PP2A complexes as 
tumor suppressors, although its unclear whether 
these specifically engineered alterations reflect 
events that actually take place during in vivo 
tumor progression.  
Several cancer-associated mutations were found 
in the two PR65 scaffold subunits that could hint 
towards a causative role for loss of specific PP2A 
holoenzyme complexes in cancer. Extensive 
sequencing of human tumor samples revealed 
that the PR65  scaffold was mutated in 15% 

(5 out of 33) of primary lung tumors, 6% (4 out of 
70) of lung tumor-derived cell lines, and 15% (2 
out of 13) of primary colon tumors (Wang et al. 
1998).  Later it was found that four out of eight 
mutants derived from human lung and colon 
cancer specifically showed reduced binding to the 
PR72 regulatory subunit of PP2A, two of which 
also showed reduced binding to PP2Ac (Ruediger 
et al. 2001a). Since PR72 is a repressor of Wnt 
signaling (Creyghton et al. 2005) this could hint 
towards a role for Wnt signaling in the 
development of these tumors. However, the 
possible interaction of the PR61 subunit with 
these mutants was not correctly assayed (Zhou et 

al. 2003a). The PR65  gene locus (11q23) was 

found to display LOH in 30-50% of breast lung 
ovary cervical carcinomas and melanomas and in 
15% of non-Hodgkin’s lymphomas and chronic  

 
lymphocytic leukemias (Wang et al. 1998) 
although ATM kinase, which is frequently mutated 
in cancer (Shiloh 2003), is also present at this 

locus.  Notably the -isoform of PR65 gene was 

also found to be specifically reduced in 
approximately 50% of 34 tumor cell lines tested 
(Zhou et al. 2003a). 

When addressing the integrity of the PR65  

isoform, no reduction in expression was found in 

34 tumor cell lines tested in contrast to the -

isoform (Zhou et al. 2003a). Strangely, PR65  

levels were found to be reduced in 43% of primary 
human gliomas (Colella et al. 2001), while 
established glioma cell lines showed uniformely 

high levels of PR65  (Zhou et al. 2003a). This 

could suggest that for the establishment of 
primary tumors in tissue culture, strong selective 

pressure in favour of high PR65  levels exists. 

Four cancer-associated mutations were found 
earlier, two of which displayed reduced binding to 
the catalytic subunit and all regulatory subunits, 
and two of which specifically lost efficient binding 
to the PR61 subunits (Ruediger et al. 2001b).  
Taken together, a specific preference in PR65 
subunit mutations exists for loss of PR72 and 
PR61 regulatory subunit binding. This is also 
demonstrated by the amount of mutations and the 

reduction of expression found in the PR65  

isoform, which exclusively binds to PR72 and 
PR61. Since both PR72 and PR61 can also 

interact with the PR65  scaffold subunit it 

suggests some specific function for the 

PR72/PR65  and PR61/PR65  complexes, also 

since PR65  is much more abundant than 

PR65 . Notably PR61 and PR72 both regulate 

the Wnt signaling cascade, which is important for 
early emryonic development, correlating with high 

expression of the PR65  scaffold during 

embryonic development (Hendrix et al. 1993b; 
Bosch et al. 1995).  
It is surprising that SV40 ST antigen can 
cooperate with other events to transform human 
fibroblasts, since the available data suggest that it 
does not replace the regulatory subunits that are 
found to be functionally lost in cancer. ST antigen 
does not interact with the PR65  subunit and can 

therefore not completely ablate PR61 and PR72 
containing holoenzyme complexes (Zhou et al. 
2003a). Moreover it has been postulated that 
PR61 and PR72 have higher affinity for the 
holoenzyme than ST antigen (Garcia et al. 2000; 
Sontag 2001; Janssens et al. 2003; Chen et al. 
2004). High expression of ST antigen can 
compete with PR61 subunits for holoenzyme 
binding although less efficient than with PR55 
(Chen et al. 2004). Surprisingly its been shown 

that loss of PR61  can enhance transformation in  
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Ras

V12
 / hTERT / SV40 LT transformed human 

fibroblasts albeit less efficient than ST (Chen et al. 
2004) suggesting this could be a target of ST in 
these transformation assays. Knock down of 

PR55  specifically did not show this phenotype, 

although previous reports show functional 
redundancy among PR55 subunits (chapter 4 and 

section “The B/PR55 family of variable -subunits” 

of this chapter). Therefore general knock down of 
PR55 subunits should be tested as a control for 
the specificity of this effect.  

PR61  knock down only in part recapitulates 

expression of ST antigen (Moreno et al. 2004) 
and is therefore not likely to represent the whole 
story of ST overexpression. Pronounced 
similarities between loss of PR55 and ST 
overexpression, together with the clear preference 
of ST to inhibit PR55 containing holoenzyme 
complexes, clearly suggest a role for disruption of 
this complex during ST induced transformation. It 
will be interesting to see whether knock down of 
all PR55 subunits can fully complement ST 
overexpression in these transformation assays. A 
feature often missed is the fact that ST can also 

function as a targeting regulatory -subunit (Yang 

et al. 2005). If this contributes to the 
transformation phenotype in this system, loss of 
endogenous subunits might never fully 
complement the effects of ectopic ST. 
In contrast, Loss of PR61 subunits, although 
weakly simulating the overexpression of ST, might 
very well pose a much more relevant event for 
tumorigenesis. This is clearly supported by the 
data from human tumors and tumor cell lines 
discussed above showing a preference for loss of 
PR61 and PR72 subunit binding to mutants of the 
PR65 subunits. In this light the artificially 
engineered transformed fibroblasts are not likely 
to reflect events during in vivo tumor progression. 
It will be interesting to see whether tumors 
containing these PR65 mutations or show 
reduced expression levels of PR65 show 
deregulation of Wnt signaling as well. 
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PR72, a novel regulator of Wnt signaling required for 
Naked Cuticle function. 

 

(adapted from Genes and Development 2005 Feb 1;19(3):376-86.) 
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A good analogy is like a diagonal frog. 
 

(Kai Krause)
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Abstract 

The Wnt signaling cascade is a central 
regulator of cell fate determination during 
embryonic development, whose deregulation 
contributes to oncogenesis. Naked cuticle is 
the first Wnt-induced antagonist found in this 
pathway, establishing a negative feedback 
loop that limits the Wnt signal required for 
early segmentation. In addition, Naked cuticle 
is proposed to function as a switch, acting to 
restrict classical Wnt signaling and to activate 
a second Wnt signaling pathway that controls 
planar cell polarity during gastrulation 
movements in vertebrates. Little is known 
about the biochemical function of Naked 
cuticle or its regulation. Here we report that 
PR72, a Protein Phosphatase type 2A 
regulatory subunit of unknown function, 
interacts both physically and functionally with 
Naked cuticle. We show that PR72, like Naked 
cuticle, acts as a negative regulator of the 
classical Wnt signaling cascade, establishing 
PR72 as a novel regulator of Wnt signaling 
pathway. Our data provide evidence that the 
inhibitory effect of Naked cuticle on Wnt 
signaling depends on the presence of PR72, 
both in mammalian cell culture and in 
Xenopus embryos. Moreover, PR72 is required 
during early embryonic development to 
regulate cell morphogenetic movements 
during body axis formation. 
 
 
Introduction 
Mammalian development is critically dependent 
on several fine-tuned and conserved signaling 

cascades. Hedgehog, TGF- , EGF, FGF and Wnt 

signals interlace to specify patterned changes in 
gene expression, cell fate and tissue polarity to 
ensure the diverse developmental steps needed 
to compose a complex body plan (Moon and 
Kimelman 1998; Niehrs 1999;  

 
Bouwmeester 2001; Keller 2002; Agathon et al. 
2003; Aulehla et al. 2003). Perhaps not 
surprisingly, aberrant regulation of these signaling 
cascades leads to diverse developmental defects 
in the early embryo and can contribute to 
oncogenesis (Polakis 2000; Giles et al. 2003). 
Therefore tight regulation of these signaling 
cascades is a prerequisite. This is accomplished 
not only by the many cross-regulatory signals but 
also by several negative feedback loops 
(Perrimon and McMahon 1999). During canonical 
Wnt signaling, Wnt-induced stimulation of the 7-
pass transmembrane frizzled receptors and 
members of the low-density lipoprotein receptor-
related protein family (LRP) leads to an increase 

in stable cytoplasmic -catenin levels. This is 

followed by nuclear translocation of -catenin and 

dimerization with the TCF/Lef-1 transcription 
factors (for review see(Cadigan and Nusse 1997)) 
leading to the transcription of Wnt target genes 
(Brunner et al. 1997; van de Wetering et al. 1997). 

The stabilisation of -catenin requires the 

inactivation of the Axin/APC/GSK3  destruction 

complex. In the absence of the Wnt signal this 

complex stimulates GSK3 - mediated phos-

phorylation of -catenin (Yost et al. 1996; Ikeda et 

al. 1998), targeting it for proteasomal degradation 
(Aberle et al. 1997). 
Upon Wnt ligand binding to its receptor the 
subsequent inactivation of the Axin /APC /GSK3  

destruction complex needs an upstream 

component named dishevelled to inhibit GSK3  

activity (Klingensmith et al. 1994; Theisen et al. 
1994) and LRP for Axin destabilisation (Mao et al. 
2001). How dishevelled is activated by Wnt 
ligands is unclear but it is possible that its 
inhibition of the destruction complex is mediated 
through disruption of Axin dimers required for the 

CK1/GSK3 -mediated phosphorylation of -

catenin (Kishida et al. 1999).  
One of the target genes of the Wnt signaling 
cascade is Naked cuticle (Nkd), whose activity is 
required to restrict Wnt signaling during  
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Drosophila embryonic segmentation, thus 
generating a negative feedback loop. Naked 
cuticle was the first Wnt antagonist found to be 
induced by the Wnt pathway (Zeng et al. 2000) 
followed by Axin2 (Jho et al. 2002; Lustig et al. 
2002) and Tak1 (Smit et al. 2004). Over-
expression of Nkd mRNA in Xenopus embryos 
results in severe truncation of the anterior-
posterior body axis, which is similar to phenotypes 
observed for over-expression of known Wnt 
inhibitors. In line with this, the induction of a 
secondary body axis in Xenopus embryos 
induced by ectopic Wnt signaling can be blocked 
by co-injection of Nkd mRNA (Zeng et al. 2000).  
A second Wnt signaling cascade diverges at the 

level of dishevelled from the canonical ( -catenin 

dependent) Wnt signaling cascade to specify 
asymmetric cell polarity and tissue organisation 
(reviewed in (Shulman et al. 1998)). This planar 
cell polarity (PCP) pathway depends on the 
dishevelled-mediated activation of JNK kinase 
(Boutros et al. 1998), which involves relocalisation 
of dishevelled to the plasma membrane (Axelrod 
et al. 1998) and activation of the Rac, and Rho 
GTPases (Habas et al. 2003). In contrast to 
generating a negative feedback loop in the 
classical Wnt signaling cascade, it was suggested 
that Nkd misexpression positively influences the 
planar cell polarity pathway (Yan et al. 2001a). 
Consistent with this, Nkd interacts with 
dishevelled (Rousset et al. 2001; Yan et al. 
2001a) and is therefore located at the branch 
point where the classical and planar cell polarity 
pathways diverge (Boutros and Mlodzik 1999). In 
contrast to these findings, Naked was also found 
to mimic loss of function dishevelled (Rousset et 
al. 2001) raising the possibility that ectopic Naked 
sequesters dishevelled into an inactive complex.  
This finding is substantiated by the fact that 
Naked mutant flies have no apparent defect in 
wing cell polarity (Zeng et al. 2000). 
A third signaling pathway under the control of Wnt 
ligands is the less well-defined Wnt/Ca

2+
 pathway 

(Miller et al. 1999a; Kuhl et al. 2000). Here Wnt-
activated frizzled receptors control the release of 
Ca

2+
 thereby regulating Ca

2+
 sensitive enzymes 

such as Ca
2+

-calmodulin dependent kinase 
(CamKII) and protein kinase C (PKC). This 
pathway also requires dishevelled as a key 
regulator (Sheldahl et al. 2003). Naked cuticle 
contains two recognisable domains of interest, a 
calcium binding EF-hand (EFX) domain and a 
zinc binding domain. These were found to 
contribute to Nkd function and dishevelled binding 
in vitro and in vivo (Wharton et al. 2001; Rousset 
et al. 2002). Apart from these observations, the 
biochemical function of Nkd, as well as any 
possible upstream regulation, remains illusive. 

 
Understanding the precise regulation of the Wnt 
regulatory feedback mechanism is essential to 
understanding the role of this pathway in 
embryonic development and its aberrant 
activation leading to a diverse spectrum of human 
cancers (Polakis 2000; Giles et al. 2003). Here we 
show an unexpected role for PR72 (Hendrix et al. 
1993; Janssens et al. 2003), an EFX domain-
containing regulatory subunit of Protein 
Phosphatase 2A (PP2A), in the regulation of the 
Wnt signaling cascade through its interaction with 
Naked cuticle.  
 
 
Results 
PR72 interacts with Naked cuticle 
PP2A is a multifunctional phosphatase 
holoenzyme involved in numerous cellular 
processes (for review, see (Schonthal 1998; 
Millward et al. 1999)). Multiple families of PP2A 
regulatory B-subunits confer substrate specificity 
to the PP2Ac (catalytic)/PR65 (structural) core 
phosphatase complex by mediating interactions 
with specific substrates. One such regulatory B-
subunit of unknown function is PR72 (Hendrix et 
al. 1993). To begin to characterize the function of 
this subunit we performed a yeast two-hybrid 
screen using human PR72 as bait. Only one 
interacting protein was identified which after DNA-
sequence analysis was found to encode the 
mouse orthologue of Drosophila Naked cuticle 
(Fig. 1A). 
We subsequently cloned the two human 
orthologues of Naked cuticle (hNkd1 and 2) from 
a human placental cDNA library and generated 
expression constructs of hNkd1 and hNkd2 fused 
to a Flag epitope tag. We found that hNkd1 (Fig. 
1B) and hNkd2 (data not shown) share the ability 
to interact with PR72 in co-immunoprecipitation 
assays in human embryonic kidney (HEK) 293 
cells. No direct interaction was found between 
PR72 and other components of the Wnt signaling 

cascade such as dishevelled and GSK3  in co-

immunoprecipitation assays (data not shown) and 
APC in yeast two hybrid assays (Seeling et al. 
1999).  
Since PR72 binds to Naked and is a proposed 
targeting subunit of the PP2A holoenzyme 
(Hendrix et al. 1993) we asked if PR72 could 
function as a bridging factor between Naked and 
the PR65/PP2Ac core dimer.  We transfected 
HEK293 cells with constructs expressing flag-
hNkd1, HA-PR65 and HA-PP2Ac in the presence 
or absence of HA-PR72 and performed co-
immunoprecipitation  assays for flag Naked 
cuticle. We found that hNkd1could form a 
complex with the PP2A only in the presence of 
PR72 indicating that PR72 is required as a  
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bridging factor between Naked and the 
PR65/PP2Ac core dimer (Fig. 1C) These results 
demonstrate that PR72 can interact with Naked 
cuticle and facilitates recruitment the PP2A/PR65 
core dimer to the complex. 
  

 
 
Fig. 1. PR72 interacts with Naked cuticle. (A) A yeast two 
hybrid showing -galactosidase staining of yeast colonies 

containing Gal4 coupled PR72 and transactivation domain 
(TA) coupled Naked cuticle (lower right). Negative controls (left 
two panels) Gal4-PR72 and vector-TA or Gal4-vector and 

Naked-TA do not stain positive. Positive control is Gal4-p107 
and adenovirus E1A-TA (upper right). (B) Immune precipitation 
of PR72 and Naked cuticle. Extracts from HEK 293 ectopically 

expressing flag-tagged hNkd1 or HA-tagged hPR72 or both 
were subjected to immunoprecipitation with anti-flag and anti-
HA antibodies as indicated (upper panel). HA-antibodies did 

not precipitate flag-Naked (first lane) and the flag antibody did 
not precipitate HA-PR72 (third lane), when co-expressed both 
were co-precipitated with either anti-HA or ant-flag (second 

and fourth lanes). Background in the upper section of the flag-
Naked IP is the Ig heavy chain running at the same height as 
flag-Naked. The lower panel shows 10% of the total lysate 

used in each of the immunoprecipitations. (C) Immune 
precipitation of Naked cuticle and the PP2Ac/PR65 core dimer 
(right two panels) in 293 HEK cells in the presence (right) or 

absence (left) of HA-PR72. The left two panels show 10% of 
the total lysate. 

 
PR72 is a negative regulator of the classical 
Wnt signaling pathway 
Since Naked cuticle is an established negative 
regulator of the canonical Wnt signaling cascade, 
we addressed the question if PR72 functions as a 
mediator of the Wnt signaling patway as well. Fig. 
2A shows that ectopic expression of PR72 
represses a Wnt-1 responsive TCF site-containing 
luciferase reporter construct (Top-glow) in HEK 
293 cells, but not a Fop-glow reporter containing 
mutated TCF sites. This repression was seen 
both in the absence and in the presence of 
exogenous Wnt1. This suggests that PR72, like 
Nkd, is a negative regulator of the canonical Wnt 
signaling cascade. The effect was specific for 
PR72 since another PP2A B regulatory subunit 

(PR55 ) did not show any effect on reporter 

activity. Both subunits were expressed at similar  

 
levels (Fig. 2D). Together, these data suggest that 
the effects seen here of PR72 expression are 
specific and not due to titration of other B-subunits 
from endogenous PP2A complexes that might 
play a role in this pathway (Seeling et al. 1999; Li 
et al. 2001; Yang et al. 2003). 
Activation of -catenin is the most downstream 

event in the Wnt-signaling cascade. To determine 
at which level in the Wnt cascade PR72 acts, we 

used a constitutively active form of -catenin, 

which carries a mutation in the GSK3  

phosphorylation sites and is therefore refractory to 

degradation by the Axin/APC/GSK3  destruction 

complex. Fig. 2B shows that in the presence of 

this active form of -catenin PR72 is no longer 

able to inhibit the Top-glow reporter. This shows 
that, like Naked cuticle, PR72 antagonises Wnt 

signaling upstream of -catenin. This notion was 

further substantiated by measuring the levels of 

endogenous -catenin in HEK 293 cells following 

ectopic expression of PR72. We found that 
endogenous -catenin protein levels are 

significantly reduced in response to PR72 (Fig. 
2C). This is in agreement with the conclusion 
reached above that PR72 inhibits Wnt signaling 

upstream of -catenin. GSK3  is a LiCl-sensitive 

kinase that is essential for -catenin 

phosphorylation, leading to its destruction by the 
proteasome in the absence of a Wnt ligand (Ikeda 

et al. 1998). The PR72-induced reduction in -

catenin levels was sensitive to LiCl (Fig. 2C), 

suggesting that GSK3  activation is required for 

PR72 induced degradation of -catenin. It is 

therefore likely that PR72, like Nkd, utilizes the 
canonical Wnt-signaling cascade to regulate 

cytoplasmic levels of -catenin.  

Since increasing the levels of PR72 inhibited Wnt 
signaling, we next asked if reducing the levels of 
endogenous PR72 could stimulate Wnt signaling. 
For this purpose we generated short hairpin RNA 
(shRNA) expression vectors (Brummelkamp et al. 

2002b) specifically targeting PR72 or PR55  and 

tested their ability to inhibit the expression of their 
cognate targets. We found that both constructs 
were able to effectively reduce protein levels of 
their corresponding targets when co-transfected 
into HEK 293 cells (Fig. 2D). When tested for 
activity on a Top-glow reporter, we found that 
knockdown of endogenous PR72, as opposed to 
ectopic PR72 expression, stimulated the Wnt 
signaling pathway in HEK 293 cells (Fig. 2E), 

while no such effect was found for PR55  

knockdown. These results demonstrate that 
PR72, like Naked cuticle, is a negative regulator 
of the classical Wnt signaling pathway in cell 
culture.  
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Fig. 2. PR72 is a repressor of the canonical Wnt pathway.  

100 ng of TCF containing Top- or Fop-(containing mutated 
TCF sites) Glow luciferase reporter, 50 ng CMV renilla 

luciferase and 5 ng CMV-Wnt-1 was co-transfected in HEK 
293 cells (A) with or without 0.5 μg of CMV HA-PR72 or CMV 

HA-PR55  as indicated (B) as in (A) either in the presence of 

100 ng of empty vector or phospho-site mutant -catenin as 

indicated. Luciferase activities were determined. (C) Western 
blot showing lysates of non-Wnt-1-stimulated HEK 293 cells 
transfected with of without HA-PR72 (lanes 1 and 2) and 

repeated after overnight treatment with 10mM of LiCl (lanes 3 
and 4). Blots were probed with anti HA (upper panel) or anti- -

catenin (lower panel). (D) Efficiency of the knockdown 
constructs was determined by cotransfection of 5 μg of the 

shRNA vectors with a mix of 2 μg of 2 μg of either CMV HA-

PR72, CMV HA-PR55  and CMV-GFP in a ratio of 1:1:1, one 

of which was the target for suppression. 48-72 hours post 

transfection lysates were subjected to Western blot analysis 
with either anti HA- or anti flag- and then re-probed with anti 
GFP-antibodies (l.c.) to determine protein levels. (E) 100 ng of 
TCF containing Top- or Fop- (containing mutated TCF sites) 

Glow luciferase reporter, 50 ng CMV renilla luciferase and 5 
ng CMV-Wnt-1 was co-transfected in HEK 293 cells (E) with 2 
μg of either an empty pSUPER (pS) or one containing a PR72 

targeting shRNA (pS-PR72) or a PR55 targeting shRNA, as 
indicated. 

 
Naked cuticle depends on PR72 for its 
antagonising function.  
We generated shRNA expressing constructs 
specific for hNkd1 and hNkd2 and tested their 
ability to suppress expression of their cognate 
targets when ectopically co-expressed in tissue 
culture. We found that both constructs were 
specific and effective in reducing target protein 
levels (Fig. 3A). As expected, suppression of 
endogenous hNkd1 and hNkd2 by shRNA  

 
activated Wnt signaling in HEK 293 cells (Fig. 
3B). This result is in good agreement with 
previous results obtained in mouse and fly 
systems, (Zeng et al. 2000; Wharton et al. 2001; 
Yan et al. 2001a), indicating that Nkd contributes 
to suppression of the Wnt signal. 
When we repeated this experiment in the 
presence of shRNA vectors targeting PR72 and 
hNkd for suppression, no super-activation of the 
Top-glow reporter was observed (Fig. 3B). This 
suggests that PR72 and hNkd act in a linear 
pathway to suppress Wnt signaling.  
When hNkd is over-expressed we observed mild, 
dose-dependent inhibition of the Top-glow 
reporter (Fig. 3C). This inhibition is significantly 
reduced when repeated in the presence of a 
hairpin vector targeting PR72 for suppression, 
suggesting that, PR72 is required for Naked-
mediated repression of the canonical Wnt 
signaling  pathway.  
 
PR72 and Naked regulate dishevelled stability. 
Since PR72 recruits PP2A to Naked we asked 
whether Naked was a target for 
dephosphorylation by the PP2A catalytic subunit. 
We could, however, find no evidence to support a 
role for PR72/PP2A complexes in regulating the 
phosphorylation of hNkd1 using both 

32
P-

orthophosphate labelling experiments and mobility 
shift in SDS polyacrylamide gelelectrophoresis 
(data not shown).  Alternatively PR72/PP2A could 
act on different proteins required for Naked 
mediated suppression of Wnt signaling.  The only 
other identified binding partner of Naked cuticle is 
dishevelled. We therefore asked if the interaction 
between Naked and dishevelled was affected by 
PR72. We performed co-immunoprecipiation 
experiments in HEK293 cells expressing flag-
Nkd1 and dishevelled in the presence or absence 
of ectopic PR72. Surprisingly we found that the 
Naked-dishevelled interaction was lost upon co-
transfection of PR72 (fig. 3D). Since the direct 
interaction between Naked and dishevelled is 
likely to be required for Naked inhibitory function, 
disruption of this complex should then result in an 
increase in Wnt signaling rather than the negative 
effect observed for PR72 in our experiments. We 
therefore wondered whether dishevelled-Naked 
interaction was truly affected or whether the level 
of dishevelled protein was reduced in the cell. We 
found that total dishevelled protein levels, both 
ectopic (fig. 3E) and endogenous (fig. 3F), were 
reduced upon introduction of PR72. Addition of 
proteasome inhibitors prevented the PR72-
induced loss of dishevelled. This was seen both 
for the total amount of cellular dishevelled (fig. 3E) 
and for dishevelled protein in complex with Naked 
(fig. 3D). These results suggest that PR72 bound  
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to Naked functions as a regulator of dishevelled 
protein levels. Analysis of dishevelled 
phosphorylation status did not reveal a correlation 
between PR72 expression and de-
phosphorylation of dishevelled suggesting that its 
deregulation by PR72 is likely to be indirect (data 
not shown). Loss of Naked by introduction of an 
shRNA targeting hNkd1 for suppression increased  
 
 

 
basal dishevelled levels and reduced the negative 
effects of PR72 on dishevelled stability (fig. 3F). 
This result again places PR72 upstream of Naked 
cuticle and provides evidence that Naked, like 
PR72, is a negative regulator of dishevelled 
protein levels. 
 
 
 

 
 

 

 

Fig. 3. Naked requires PR72 for its function as a Wnt antagonist.  

(A) Efficiency of knockdown constructs was determined by co-transfection of 5 μg of the shRNA vectors with a mix of 2 μg of either 

CMV flag-hNkd1, CMV flag-hNkd2 or CMV-GFP in a ratio of 1:1:1. Lysates were subjected to Western blot analysis with either anti HA- 
or anti flag- and then re-probed with anti GFP-antibodies (l.c.) to determine protein levels. (B) 100 ng of TCF containing Top- or Fop-

(containing mutated TCF sites) Glow luciferase reporter, 50 ng CMV renilla luciferase and 5 ng CMV-Wnt-1 was co-transfected in HEK 
293 cells with or without 1 μg of pRS-hNkd1 and 1 μg of pRS-hNkd2 either in the presence or absence of pS-PR72. (C) In a similar 

experiment 0, 0.2 or 0.5 μg of CMV-hNkd1 was co-transfected with the Top-glow reporter in the presence of 2 μg pS or pS-PR72. (D) 

Immuneprecipitation for flag tagged Naked was done on cell-lysates of 293 HEK cells transfected with HA-PR65, HA-PP2Ac, mDsh1 in 
the absence or presence of HA-PR72 (every second lane) or flag-hNkd1 (last four lanes). (E) Cell lysates of 293 HEK cells  containing 
HA-PR72 and mDsh1 with (last two lanes) or without proteasome inhibitors were subjected to Western blot analysis and probed with 

antibodies targeting dishevelled. PR72 levels were detected using an anti HA re-probe. (F) Cell lysates of 293 HEK cells containing HA-
PR72 with (last two lanes) or without pRs-Nkd1 were subjected to Western blot analysis and probed with antibodies targeting 
dishevelled. 
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XPR72 is required for gastrulation movements 
and somite differentiation and development of 
the eye during Xenopus embryonic develop-
ment. 
To test the biological relevance of our findings we 
investigated the role of PR72 during early 
embryonic development of Xenopus tropicalis, a 
well-established model for studying Wnt signaling 
during development. We identified the EST 
homologous to the 5’ amino acid sequence coding 
for human PR72 from the JGI Xenopus tropicalis 
database (http://www.jgi.doe.gov) and generated 
oligonucleotides to evaluate expression of XPR72 
by RT-PCR at different stages of embryonic 
development. Fig. 4A (upper panel) shows that 
PR72 is maternally expressed and is present 
during all stages of early embryonic development. 
Later during development at the tadpole stage we 
find that PR72 is mainly expressed in somites as 
judged by whole mount in situ hybridization (fig. 
4A, lower panel) which is in concert with results 
from human tissue blots showing high PR72 RNA 
in heart and skeletal muscle (Hendrix et al. 1993). 
Notably, Xnkd is also expressed in the somites 
(not shown), which could support a possible 
connection between PR72 and Nkd function in 
this tissue. 
We generated morpholino oligonucleotides (MO) 
that specifically inhibit translation of RNA from the 
Xenopus tropicalis orthologue of PR72. To restore 
PR72 RNA in the knockdown embryos we used 
human PR72 RNA, which is insensitive to the 
XPR72 MO due to 5 mismatches compared to the 
corresponding Xenopus sequence. We find that 
depletion of XPR72 with two distinct sets of PR72 
MOs causes severe developmental defects while 
similar amounts of control MO show no 
developmental defects. PR72 depleted embryos 
do not move or swim which is indicative to 
differentiation defects of the somites forming the 
muscle cells. These embryos show a short axis 
phenotype (fig. 4B) with a structure reminiscent of 
an open blastopore caudally (fig. 4B arrowheads), 
which is most likely due to incomplete closure of 
the blastopore during late gastrulation and 
indicates an effect on morphogenetic cell 
movements required for elongation of the body 
axis. A low frequency of neural tube closure 
defects (fig. 4B arrows) also indicates defects in 
morphogenetic cell movements during 
gastrulation. This might link PR72 to dishevelled 
function in development since defects in 
morphogenetic cell movements during 
gastrulation were also described for embryos 
overexpressing dishevelled (Wallingford et al. 
2000).  Less expected was the lack of 
differentiated eyes (fig. 4C white arrows).  

 
However, ectopic expression of Wnt in the 
developing anterior neural tissue was previously 
shown to result in loss of eye formation as shown 
in the zebrafish Axin1 mutation masterblind (van 
de Water et al. 2001).  
The formation of the somites can be monitored by 
analyzing the expression of the muscle specific 
gene XmyoD. Whole mount in situ hybridisation 
for XmyoD on embryos injected with PR72 MO, 
suggests that the somites were smaller than in 
control embryos (fig. 5A). When we injected only 
one side (either left or right) of the embryos at the 
four cell stage, embryos were strongly bend to 
one side (fig. 4C). We used the loss of eye 
formation to identify the side of injection. This 
demonstrates that the injected side of the embryo 
(without the eye) was much shorter than the 
control side, which could indicate a developmental 
defect of the somites. We could rescue this 
phenotype for 80% when we co-inject hPR72 
RNA (fig. 4D) demonstrating that the 
developmental defects were indeed caused by 
PR72 depletion. 
To find evidence for a cooperative function of 
PR72 with Nkd we performed double knockdown 
for PR72 and Nkd with low MO doses, which gave 
no obvious phenotype when injected alone (data 
not shown). When we injected the same low 
amount of PR72 and Nkd MO together, we found 
embryos with similar phenotypes as we found with 
higher doses PR72 MO alone (fig. 5A). This 
additive effect strongly suggests cooperation 
between PR72 and Nkd during Xenopus 
development. 
 
PR72 is required for Naked cuticle to 
antagonize an ectopic Wnt signal in Xenopus 
To test in a vertebrate model system if PR72 is 
indeed required for the antagonistic function of 
Nkd in the canonical Wnt signaling pathway, we 
used the Wnt-induced 2

nd
 axis assay in Xenopus. 

Using this assay the antagonistic function of Nkd 
on the canonical Wnt signaling pathway was 
demonstrated previously by showing that co-
expression of Naked rescues the formation of a 
Wnt-induced secondary body axis (Zeng et al., 
2000). We used this assay to investigate the role 
of PR72 in Nkd-mediated inhibition of Wnt by co-
injecting the PR72MO. 
We injected Wnt-1 mRNA in Xenopus tropicalis 
embryos at the ventral side to induce a second 
body axis (fig. 5C). This could be rescued by co-
injection of hNkd1 RNA (fig. 5C). However, when 
we depleted PR72 in the rescue experiment, the 
ability of hNkd1 to inhibit Wnt-induced ectopic 
body axis formation was strongly reduced (fig. 
5D). This indicates that the antagonizing function 
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Fig. 4.  PR72 is required for cell morphogenetic movements during gastrulation.  

(A) RT-PCR analysis of Xenopus tropicalis total RNA from different developmental stages. XPR72 and Xnkd are expressed maternally 

(stage 7) and throughout early development (stages 10, 18, 22 and 30). –RT = RT-PCR without reverse transcriptase. ODC1 
expression was used as loading control. Bottom panel showing whole mount in situ hybridisation for XPR72 in embryos showing 
predominant staining of somites. (B) Two sets of three non-overlapping PR72MO’s (1,4,5 or 1,2,3) both show similar phenotypes 

(bottom two panels) when injected dorsally at the 4-cell stage at equal amounts (10 ng total) compared to control MO injected (top 
panel). Phenotypes include defective cell morphogenetic movements during gastrulation, defect in eye development, incomplete neural 
tube closure (arrows) and incomplete closure of the blastopore during late gastrulation (arrowheads). (C) Injection of PR72 MO in either 

the left half (middle panel or right half (right panel) results in bent axis (black arrow) and underdevelopment of the eye (white arrow) 
compared to control MO injected embryo’s (left panel). (D) Co-injection of 20 pg of human PR72 RNA rescues the developmental defect 
(graph).  

 
of Nkd on the canonical Wnt signaling pathway 
requires the presence of endogenous XPR72. As 
a control we replaced PR72 MO with random 
sequence MO (Genetools, LLC), which did not 
change the antagonizing effect of hNkd RNA on 
the ectopic Wnt signal (not shown). To 
demonstrate the specificity of the effect of XPR72 
depletion on Nkd function as described above, we 
restored the level of PR72 by co-injection of 
human PR72 mRNA, which is insensitive to the 
PR72 MO. This rescued the antagonizing function 
of hNkd1 on the Wnt signaling pathway (fig. 5D). 
These results are consistent with those obtained 
in cell culture in vitro, and provide evidence that 
PR72 is required for Naked cuticle to antagonize  
 

 
the canonical Wnt signaling pathway in 
vertebrates in vivo. 
 
Discussion 
We report here that hPR72, a PP2A B regulatory 
subunit of previously unknown function, interacts 
with Naked cuticle, an inhibitor of the canonical 
Wnt signaling cascade. Naked cuticle was 
previously identified as an important protein to 
restrict Wnt signaling in cell culture and during 
embryonic development (Zeng et al. 2000; 
Rousset et al. 2001; Yan et al. 2001a). It was 
subsequently found that Naked cuticle interacts 
with dishevelled, one of the major orchestrators of 
the various Wnt-driven cascades (Wharton 2003), 
thereby placing the gene physically in the Wnt  
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Fig. 5. PR72 depleted embryo’s show 
defective somitogenesis and 

resistance to the effect of hNkd1 in a 
2

nd
 axis assay. (A) Whole mount in 

situ hybridisation for somite marker 

MyoD in embryos injected with control 
MO (left panel) or equal amounts of 
PR72 MO (right panel). (B) Whole 

mount in situ hybridisation for somite 
marker MyoD in embryos injected with 
control MO (upper panel) or low 

amounts of PR72 MO combined with 
Xnkd MO (lower panel). (C) Wnt-1 
induced 2

nd
 axis assay in Xenopus. 

Wild type embryos showing normal 
embryonic development (upper 
panel). Wnt-1 RNA injection at the 

ventral side results in embryos with a 
partial secondary body axis (middle 
panels (asterisk)). The induction of a 

2
nd

 axis can be blocked by co-injection 
of hNkd RNA (bottom panel). (D) 
When XPR72 MO was co-injected 

hNkd1 lost its ability to antagonize the 
Wnt signaling pathway. Restoring 
PR72 RNA levels with hPR72 RNA 

restored the antagonizing function of 
hNkd1 

 

 

 

signaling cascade, but leaving its molecular 
regulation illusive. We find that PR72 binds to and 
is required for the antagonistic effects of Nkd on 
Wnt signaling, demonstrating that PR72 is a new 
modulator of Wnt signaling. PR72, like Nkd, 
antagonises the canonical Wnt signal in cell 
culture. Conversely, loss of PR72, like loss of 
Nkd, results in activation of the canonical Wnt 
signaling cascade. Additionally, we found that 
both PR72 and Naked cuticle are negative 
regulators of dishevelled protein levels providing a 
possible mechanism for their inhibitory actions on 
the Wnt signaling cascade.  

The data obtained in cell culture were confirmed 
in vivo using the Xenopus 2

nd
 axis assay as a 

vertebrate model system. We found that XPR72 
depletion abolished the inhibitory function of Nkd 
on Wnt singaling in Xenopus embryos, 
demonstating that Nkd requires PR72 to modify 
the canonical Wnt signaling pathway. We 
subsequently studied the effects of PR72 
depletion in untreated Xenopus embryos and 
found that PR72 is required for morphogenetic 
cell movements during gastrulation and proper 
development of the somites and eyes. 
Gastrulation defects were previously described for 
Xenopus embryos overexpressing wild type or a 
dominant negative form of dishevelled 
(Wallingford et al. 2000; Yan et al. 2001a) 
suggesting tight regulation of dishevelled levels is 
a prerequisite for correct gastrulation movements. 
Since we find deregulation of dishevelled protein  

 

levels in cell culture by PR72, its possible this 
effect contributes to the defects observed during 
development in PR72-depleted Xenopus 
embryos. Although PR72 RNA is maternally 
expressed we did not find evidence that PR72 is 
required for the cytoplasmic canonical Wnt signal 
early in development to establish the dorsal-
ventral body axis. This might not be surprising 
since maternal Dsh protein is enriched at the 
dorsal side in an early Xenopus embryo by 
cortical rotation just after fertilization (Miller et al. 
1999b) reviewed by (Weaver and Kimelman 
2004)). In agreement with this, Dsh over-
expression at the dorsal side was reported not to 
affect D/V axis specification but convergence and 
extension (Wallingford et al. 2000). The relative 
mild gastrulation defects in PR72 depleted 
embryos compared to Dsh overexpression 
phenotype (Wallingford et al. 2000) might also be 
due to a more modest increase in Dsh levels by 
PR72 depletion as compared to the levels 
obtained by ectopic injection of Dsh RNA.  

Formation of the somites to divide the vertebrate 
body axis in segments is established by a process 
in which blocks bud off from the unsegmented 
presomitic mesoderm in an anterior to posterior 
fashion (reviewed in (Aulehla and Herrmann 
2004)). The Wnt signaling pathway, among other 
signaling pathways, plays a role in establishing 
the dorsal to ventral polarity of the somites 
(Takada et al. 1994; Fan et al. 1997; Lee et al. 
2001) and in regulating the segmentation clock  
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(Aulehla et al. 2003). The self-inhibitory feedback 
mechanism between Axin2 and the Wnt signal 
controls the oscillation of Axin2 levels and 
consequently the rhythmic switching between an 
active and inactive Wnt signal during elongation of 
the body axis (Aulehla et al. 2003). This 
mechanism was shown to contribute to the 
segmented formation of distinct blocks of somites. 
Naked and Axin2 are both Wnt inducible 
antagonists and are both present in somites (not 
shown). This coregulation is also observed in 
tumors with an activated Wnt signal (Yan et al. 
2001b). It is therefore tempting to speculate that 
both Naked and Axin2 contribute to this 
segmentation effect during somite development. 
This could in turn account for the somitogenesis 
defects observed in our PR72/Naked depleted 
embryos. Alternatively, the defects in 
somitogenesis may be a consequence of the 
defects observed in cell morphogenetic 
movements during gastrulation.  

The lack of eye development in the PR72 MO 
injected embryos resembles the masterblind 
mutation in zebrafish embryos in which Wnt is 
ectopically activated due to loss of Axin1 function 
(van de Water et al. 2001). Similarly to the defects 
in somitogenesis, one could speculate that 
repression of the Wnt signal in this context is due 
to the action of both Naked and Axin but a definite 
link between the two remains to be determined. In 
summary, loss of PR72 in Xenopus embryos 
results in several developmental defects that are 
phenotypically similar to those that result from 
alterations in Wnt signaling. The phenotype 
caused by depletion of PR72 is different from 
depletion of another PP2A regulatory subunit, 

B56 . While B56  is required for specification of 

the dorsal side during embryogenesis, PR72 is 
required for correct cell morphogenetic 
movements during gastrulation and somite 
development. This underscores the specificity of 
regulatory subunits of PP2A to correctly modulate 
different outcomes using the same core unit in 
different developmental processes.  

Our data, suggests a role for both PR72 and 
Naked in negative regulation of dishevelled 
stability. This would be in agreement with reported 
similarities between the phenotypes caused by 
ectopic Naked expression and dishevelled loss of 
function mutants in embryogenesis (Rousset et al. 
2001). We find that loss of Naked cooperates with 
loss of PR72 in disturbing cell morphogenetic 
movements during gastrulation, which could 
represent a polarity defect. Since both PR72 and 
Naked cuticle are negative regulators of 
dishevelled protein levels, it is difficult to see how  

 

either would function as an activator of the PCP 
pathway as was proposed by (Yan et al. 2001a). 
Indeed, the role of Naked cuticle in planar cell 
polarity is still under debate, since loss of Nkd 
does not affect cell polarity in the Drosophila wing 
(Zeng et al. 2000) and Naked mis-expression is 
indistinguishable from dishevelled loss of function 
mutants (Rousset et al. 2001). 

It has previously been described that both 
introducing exogenous dishevelled and interfering 
with endogenous dishevelled by introduction of a 
dominant negative mutant can cause defects in 
cell morphogenetic movements during 
gastrulation (Wallingford et al. 2000). This result 
not only underscores the importance of tight 
regulation of dishevelled levels during 
development but also makes it difficult to 
conclude whether the observed defects in 
gastrulation observed by (Yan et al. 2001a) 
caused by Naked mis-expression are the result of 
an overactive planar cell polarity pathway or a 
defect in this pathway. We propose that PR72 and 
Naked cuticle are negative regulators of both the 
canonical and the PCP pathway. In apparent 
contrast to this, we observed that both PR72 and 
Naked cuticle share the ability to phosphorylate c-
jun, which is associated with activation of PCP 
signaling (not shown). This is possibly a PCP 
pathway-unrelated effect, as was suggested by 
others (McEwen and Peifer 2001).  

Since PP2A regulatory subunits are generally 
involved in providing substrate specificity to the 
holo-enzyme (Schonthal 1998; Millward et al. 
1999) the most straightforward interpretation of 
our data is that Naked cuticle is the substrate for 
the PP2A phosphatase. Support for a role as a 
PP2A targeting subunit comes from the finding 
that the PP2A holoenzyme can form a complex 
with Naked cuticle in a PR72 dependent manner. 
However, we did not find an effect of PR72 over-
expression or its knockdown on the general 
phosphorylation status of Nkd as judged by [

32
P]-

orthophosphate labelling in HEK 293 cells or 
alterations in its mobility in SDS-PAGE (not 
shown). We cannot exclude that only one of 
multiple phosphorylation sites on hNkd is 
regulated by PR72, which would be masked in an 
assay addressing overall phosphorylation status 
of hNkd. It is however very well possible that 
other, yet unidentified, proteins interact with Nkd 
which are targets of the PR72/PP2A holoenzyme. 
If this is the case, Naked cuticle would act as a 
docking platform that, like dishevelled, brings 
together multiple proteins involved in the 
regulation of the different signals through the Wnt 
cascade (Wharton 2003). It is possible that  
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dishevelled is a direct target for PR72/PP2A 
complexes. However, we found no evidence 
supporting dishevelled dephosphorylation (data 
not shown) prior to its destruction, suggesting 
regulation of dishevelled by PR72 is likely to be 
indirect.  

Notably, PR72 and Nkd share EFX calcium-
binding domains generally believed to be involved 
in protein folding. It is tempting to speculate on a 
role for the Wnt/Ca

2+
 pathway in the regulation of 

these two proteins and their interaction. This 
would further integrate the Wnt/Ca

2+
 and PCP 

pathways and also connect to the classical Wnt 
signaling cascade. It was previously described for 
PR72 that the two EFX domains indeed play a 
role in protein folding upon binding of Ca

2+
 

(Janssens et al. 2003).  

The regulation of Naked cuticle function by PR72 
reported here adds a new level of complexity into 
this illusive antagonist of the canonical Wnt 
signaling cascade. Correct regulation of this 
inhibitory response is equally important as 
positive regulation of the Wnt signal itself, both 
fine-tuned to orchestrate the extent of the Wnt 
signal during embryonic development. 
Conversely, alterations in PR72-dependent 
signaling might contribute to deregulated Wnt 
signaling during tumor progression. Indeed, 
earlier work indicates that PR72 is a negative 
regulator of cell cycle progression (Janssens et al. 
2003). However, it is not clear if this negative 
effect on cell cycle results from inhibition of Wnt 
signaling. Consistent with a role for PR72 in 
oncogenesis is also the finding that binding of 
PR72 to the PP2A core complex is deregulated in 
colorectal cancer (Wang et al. 1998; Ruediger et 
al. 2001).  Notably some 80% of human colon 
cancers arise from deregulated canonical Wnt 
signaling (Polakis 2000; Giles et al. 2003). 
Although no causal relation between deregulation 
of PR72 and tumor formation has been made, its 
role in regulating cell cycle and its deregulation in 
colon tumors provide tempting speculation. Future 
experiments will have to establish the molecular 
relation between Naked cuticle, PR72 and 
regulation of dishevelled and will perhaps bring 
more insight into the mechanism of Wnt signal 
restriction during embryonic development and 
oncogenesis. 

 

 

Materials and methods 

Yeast two-hybrid Screen 

Yeast strain Y190 (Harper et al. 1993) containing “bait” 
plasmid pPC97-PR72 encoding the GAL4 DNA binding  

 
 

domain (DBD) fused to full length hPR72 was transformed with 
a day 14.5 CD1 mouse embryo library (Chevray and Nathans 
1992) by the lithium acetate method (Schiestl and Gietz 1989) 

Transformants were selected for growth on plates lacking 
histidine and supplemented with 25 mM 3-aminotriazole. His

+
 

colonies were subsequently analysed for -galactosidase 

activity as previously described (Durfee et al. 1993). cDNA 
plasmids derived from double positive yeast colonies were 
tested for bait specificity by retransformation with pPC97 

lacking an insert. 
 
Cell lines, transfections and luciferase assays.  

293 HEK cells were cultured in Dulbecco’s modified Eagle 
medium supplemented with 10% fetal calf serum, L-glutamine 
and penicillin /streptomycin (Gibco). Transient transfections in 

these cells were performed by the calcium phosphate 
precipitation method (van der Eb and Graham 1980).  
Luciferase assays were performed using the Dual luciferase 

system (Promega). 100ng Top-Glow or Fop-glow luciferase 
vector was transfected in the presence of 5ng CMV-Wnt1 and 
20ng CMV-renilla.  For loss-of-function assays, 2 μg of either 

pSUPER or pRETRO-SUPER (Brummelkamp et al. 2002a) 

was cotransfected and luciferase counts were measures 60 
hours post transfection using a TD-20/20 luminocounter 
(Promega). For gain-of-function assays 500ng of CMV 

construct was cotransfected and luciferase counts were 
measured 24 hours post transfection. 
 

Plasmids and reagents 
Anti flag (m2) was purchased from Sigma, anti HA (Y11), anti-
GFP (FL), anti -catenin (H-102) and anti Dsh1 (3F12) 

antibodies where purchased from Santa Cruz. PPC97-PR72 
was generated by cloning PR72 as a SalI digest from pCMV-
PR72 (Voorhoeve et al. 1999) into the SalI site of pPC97 in 

frame with the Gal4-DBD. Human Nkd1 and Nkd2 were PCR-
amplified from a human placental cDNA library (Clonetech) 
and cloned as BamHI/EcoRV fragments in frame into a flag-

tag containing (pVLAG) pcDNA3.1-hygro vector (Invitrogen).  
CMV-HA-PP2Ac and CMV-HA-PR65 were described before 
(Voorhoeve et al. 1999). 

Top- and Fop-Glow reporter constructs were a gift from Hans 
Clevers, pRK5-SK- -catenin and pRK5-SK- -catenin GSK 

were obtained from Roel Nusse. PR55  was PCR amplified 

from a whole brain cDNA library (Clonetech) and cloned 

BamHI/XbaI into pMV in frame with the HA-tag and 
subsequently Xho1/NotI into pcDNA3.1-neo. 19-mer hairpin 
oligonucleotides for PR55  (CATGGAGGCAAGACCCATAG), 

hPR72 (GGGACCCGGATTTAAGGGG), hNKD1 
(CATCGAGAGGAGAAACCAC), and hNkd2 
(CCACTCCTCGGGCAGCAGC) were cloned into pSUPER or 

pRETRO-SUPER as described before (Brummelkamp et al. 
2002b) Morpholino antisense oligonucleotides targeting 
XPR72 (MO-1 TCAGCG AAGTCT CCTTTA TCATCAT) (MO-2 

CAGAAA TGGAAG AATGTA GCAGCCA) (MO-3 AGAGTC 
AAGTGT ATGAGA TGGTACC) (MO-4 CTGGGC AACCTC 
TGGATT CAGAAAT) (MO-5 AAGAAT GTAGCA GCCAAA 

GGAGAGT) and Xnkd (AAAGAT TCCCAA AGGCAG 
AACATCA) were bought from Gene Tools. For the T7T6-
hNKD1 expression construct, hNkd1 was cut as a Bam/EcoRV 

fragment from pVLAG-hNkd1, blunted with Klenow enzyme 
and cloned into the EcoRV site of T7T6 vector in-between the 
5’ and 3’ -globin UTR.  

 

Immunoblotting and coimmunoprecipitation experiments.  
Cells were lysed in 0.5 ml NETN lysis buffer (100mM NaCl, 1 
mM EDTA, 20mM Tris pH=8.0, 0.5% NP40) containing 

complete protease inhibitor cocktail (Roche), 10mM NaF and 
10 mM -glycerolphosphate, and complexes were 

immunoprecipitated with 2 μg of the indicated antibody, pre-

conjugated protein G Sepharose beads. Bound proteins were 
eluted by boiling in SDS-sample buffer and resolved by SDS- 
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PAGE. Western blots were performed using whole cell 
extracts, separated on 6–10% SDS–PAGE gels and 
transferred to polyvinylidine difluoride membranes (Millipore). 

 
RNA isolation from Xenopus embryos and RT-PCR. 
Total RNA from Xenopus tropicalis embryos at different 

developmental stages was isolated using Tripure reagent 
(Roche), according to the manufacturer’s protocol (400 μl 

Tripure was used per 10 embryos). cDNA was obtained by 

reverse transcriptase using Superscript II (Invitrogen). Primers 
used for PCR: XPR72 fwd, 5’-
GATAAAGGAGACTTCGCTGAGG, XPR72 rev, 5’- TTAGCC 

CCTCCTCCAACTCTG, Xnkd fwd, 5’- 
GATTGTACCGTGTCTCTGATG, Xnkd rev, 5’- 
CAATGTGAAGGTCCATTCTTGC, ODC1 fwd, 5’- 

CTGTGGTGTTGAGAAGATG, Amplified PCR fragments were 
analyzed by sequencing. 
 

Whole mount in situ hybridisations 
Whole-mount ISH was performed as described in (Molenaar et 
al. 1998) with modifications for X. tropicalis: hybridization at 

65°C without RNase treatment. DNA plasmids were linearized 
and used as template for DIG labeled antisense RNA 
synthesis (Roche). RNA probes were purified using RNeasy 

columns (QIAGEN). XMyoD X. tropicalis specific probes were 
constructed by RT-PCR using primer sequences designed 
from the X. tropicalis EST database (Sanger Center). 

 
mRNA and morpholino oligo injections in Xenopus 
tropicalis 

Plasmid DNA of T7Ts-XWnt-1 (Noordermeer et al. 1989), 
T7Ts-hNkd and T7Ts-hPR72 were linearized and used as 
template for synthesis of capped mRNA using Message 
Machine (Ambion). Capped mRNA was purified using RNeasy 

columns (Qiagen). Xenopus tropicalis embryos were obtained 
by in vivo fertilization and raised in a standard amphibian 
saline solution (12% modified Marc’s Ringer, MMR) at 23º C. 

Embryos were injected at the 4-cell stage in the two ventral 
blastomeres with 0.5 pg of Wnt-1 RNA alone, with 0.5 pg Wnt-
1 RNA together with 9 pg hNkd RNA and 10 ng control 

morpholino (Genetools), with 0.5 pg Wnt-1 RNA, 9 pg Nkd 
RNA and 10 ng PR72 morpholino oligo (Genetools), or with 
0.5 pg Wnt-1 RNA, 8 pg Nkd RNA, 10 ng PR72 morpholino 

oligo and 10 pg hPR72 RNA. Dorsal injection was done with 
10 ng of mixed non-overlapping XPR72 MO’s (1,4 and 5 or 1,2 
and 3) to maximise knock down efficiency or 10 ng control 

MO. After injection, embryos were kept for 6 hours in 12% 
MMR with addition of 3% Ficoll (Amersham Biosciences) at 
23º C and subsequently raised in 12% MMR at 23º C. At 

tailbud stage the embryos were fixed in MEMPFA (100 mM 
MOPS (Sigma), pH 7.4; 2 mM EGTA (Sigma), 1 mM MgSO4 
(Merck), 4% paraformaldehyde (Sigma)) and analyzed for the 

formation of a secondary axis. Embryos were staged 
according to Nieuwkoop and Faber (1967). 
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Chapter 3 
 
 
 
 

A new modulator of the Wnt signaling cascade that 
counters repression of the antagonist Naked Cuticle.  
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Under carefully controlled experimental circumstances,  
an animal will behave as it damned well pleases. 

 
(Harvard Law of Animal Behavior.)
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Abstract 

The Wnt signaling cascade is required for 
several crucial steps during early embryo-
genesis and its activity is modulated by 
various agonists and antagonists. Naked 
cuticle is a Wnt antagonist that itself is 
induced by Wnt signaling to keep Wnt 
signaling in check. Little is known about the 
regulation of this antagonist. We have recently 
shown that the Protein Phosphatase 2A 
regulatory subunit PR72 is required for the 
inhibitory effect of Naked cuticle on Wnt 
signaling. In the present study we show that 
PR130, which has an amino-terminus that 
differs from that of PR72 but shares the same 
carboxyl-terminus, also interacts with Naked 
cuticle, but instead functions as an activator 
of the Wnt signaling pathway, both in cell 
culture and during development. We find that 
PR130 modulates Wnt signal transduction by 
restricting the ability of Naked cuticle to 
function as a Wnt inhibitor. Our data establish 
PR130 as a new modulator of the Wnt 
signaling pathway and suggest a novel 
mechanism of Wnt signal regulation in which 
the inhibitory activity of Naked cuticle is 
determined by the relative level of expression 
of two transcripts of the same Protein 
Phosphatase 2A regulatory subunit. 
 
 
Introduction 
Increasing molecular data now describe in 
impressive detail the different specialized steps 
involved in the evolution of a complex organism 
from a single fertilized cell. A surprisingly small 
number of signaling routes is responsible for the 
critical steps required to undergo the major 
developmental changes during early embryo-
genesis (Moon and Kimelman 1998; Keller 2002; 
Aulehla and Herrmann 2004; Zhu and Scott  

 
 
2004). The Wnt signaling pathway is required for 
several essential developmental processes such 
as body axis specification, segmentation and 
gastrulation movements. Activation of this 
pathway is initiated by binding of Wnt ligands to 
the 7-pass transmembrane receptor frizzled and 
the coreceptors LRP5/6. Several Wnt ligands 
have been identified that can activate distinct 
classes of Wnt-dependent signaling routes, 
resulting in distinct developmental fates (for 
review see (Logan and Nusse 2004)). Activation 
of the frizzled receptor signals to dishevelled, 
which functions as a docking platform for other 
components of the Wnt cascade and is required 
for signaling through the different Wnt-mediated 
pathways (Boutros and Mlodzik 1999; Wharton 
2003).  
The canonical (classical) pathway, was the first 
Wnt-regulated pathway identified and is involved 
in specifying the dorso/ventral body axis and 
segmentation of the embryo (Logan and Nusse 
2004).  
During canonical Wnt signaling, Wnt ligand 
binding to the receptor initiates a signal that is 
passed through dishevelled to disrupt the 

Axin/APC/GSK3  complex. This so-called 

destruction complex facilitates the sequential 

phosphorylation of the -catenin transcription 

factor by the CK1 and GSK3  protein kinases 

(Amit et al. 2002). This phosphorylation targets -

catenin for degradation by the proteasome. When 

the destruction complex is disabled, -catenin can 

accumulate and enter the nucleus where it binds 
to the TCF family of transcription factors. This 
then leads to the transcription of Wnt target genes 
such as cyclin D1 and c-myc (van de Wetering et 
al. 1997). Not surprisingly, mutations affecting the 
activity of the canonical Wnt pathway in adult 
tissues are causally involved in oncogenic 
transformation (Polakis 2000; Giles et al. 2003) 
emphasizing the continuous requirement of 
correct control over this pathway. During  
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development it is essential that active Wnt 
signaling is restricted both temporally and 
spatially. This is accomplished by the induction of 
antagonists such as axin2/conductin (Jho et al. 
2002; Lustig et al. 2002) and Naked cuticle (Zeng 
et al. 2000), which are both transcriptional targets 
of the Wnt pathway. Naked cuticle was initially 
found in Drosophila to be required for the 
establishment of segment polarity by antagonizing 
Wingless (Wg) activity (Zeng et al. 2000). 
Drosophila nkd mutants lack denticles as seen in 
embryos exposed to excess Wg (Noordermeer et 
al. 1992). This function of Nkd is evolutionary 
conserved as was demonstrated for mNkd1 and 
mNkd2 that can both antagonize the Wnt 
signaling pathway in Wnt reporter assays 
(Wharton et al. 2001). Ectopic expression of 
mNkd1 in Drosophila inhibits Wg activity (Wharton 
et al. 2001). In vertebrates, Nkd is expressed in 
several tissues during development such as the 
dorsal CNS, the somites, forelimbs and tailbud 
(Wharton et al. 2001). At the molecular level, 
Naked cuticle interacts with, and functions as an 
inhibitor at the level or upstream of, dishevelled 
(Rousset et al. 2001; Wharton et al. 2001; Yan et 
al. 2001). In addition, we have previously shown 
that Naked cuticle can influence the stability of 
dishevelled at the protein level (Creyghton et al. 
2005). We also identified PR72 as a new 
modulator of the Wnt signaling pathway through 
its interaction with Naked cuticle and found that 
PR72 is required for the inhibitory function of Nkd 
during embryonic development. We now report 
that Nkd interacts with PR130, a PR72-related 
PP2A regulatory B-subunit having a distinct amino 
terminus (Hendrix et al. 1993). We show that 
Naked cuticle can no longer antagonize Wnt 
signaling in the presence of excess PR130 and 
that endogenous PR130 functions as an activator 
of the pathway. Furthermore, PR130 appears to 
oppose the action of PR72 during development. 
This establishes PR130 as a new Wnt modulator 
and describes a novel way to fine-tune the Wnt 
signal.  
 
 
Results 
 
PR130 interacts with Naked cuticle and 
recruits the PP2A complex: 
PR130 was described earlier as the larger variant 
of PR72 (Hendrix et al. 1993) containing a stretch 
of 665 amino acids specific for this protein at the 
N-terminus, replacing the 44 specific N-terminal 
amino acids for PR72 (fig. 1A). Both proteins are 
conserved among vertebrates and are generated 
by transcription from distinct promoters. Since 
PR72 only has 44 N-terminal amino acids that are  

 
specific to PR72, while the remaining 483 amino 
acids are 100% identical between these two 
proteins, we reasoned a that a functional similarity 
might exist between these two variants. We 
therefore asked if PR130, like PR72, was also 
able to interact with Naked cuticle in co-
immunoprecipitation (IP) assays. We generated a 
HA-tagged expression construct for PR130 and 
found that, when co-expressed with flag-tagged 
human Naked (hNkd1) in human embryonic 
kidney (HEK) 293 cells, HA-PR130 was detected 
in an anti-flag IP (fig.1B). No PR130 was detected 
in the absence of flag-hNkd1, indicating that 
PR130 can specifically interact with Naked cuticle 
(fig. 1B). The reverse IP using anti-HA to pull 
down PR130 shows detection of flag-hNkd1 in the 
presence of HA-PR130, but not in the absence of 
HA-PR130, further confirming that these two 
proteins can interact. PR72 and PR130 were 
earlier identified as Protein Phosphatase type 2A 
(PP2A) regulatory subunits, which are proposed 
to function as targeting proteins that direct the 
phosphatase holoenzyme to specific substrates 
(Hendrix et al. 1993). We therefore asked if 
PR130 was able to recruit the complete PP2A 
holoenzyme (consisting of the catalytic subunit 
PP2Ac and the structural subunit PR65) to Naked 
cuticle.Co-immunoprecipitation assays with 
hNkd1 show that both PR72 and PR130 not only 
interact with Naked cuticle, but that the PP2A 
holoenzyme complex components PR65 and 
PP2Ac are also co-immunoprecipitated with 
Naked cuticle (fig.1C,).  
Since PP2Ac and PR65 were only found 
associated with Naked cuticle when either PR72 
or PR130 was present, we conclude that both 
proteins are able to bind hNkd1 and recruit the 
PP2A holoenzyme. 
 
PR130 is a positive regulator of the canonical 
Wnt signaling pathway:  
Based on the physical interaction data, one would 
predict that PR72 and PR130 might have similar 
functions in regulating Wnt signaling. To test this, 
we evaluated the activity of a Wnt responsive 
Top-Glow luciferase reporter construct in HEK-
293 cells. We found that ectopic PR130 
expression activates the TOP-glow reporter, but 
not the FOP-glow reporter containing mutated 
TCF sites (fig. 2A). This is unlike PR72, which 
inhibits reporter activity, as reported previously 
(Creyghton et al. 2005). To investigate this 
further, we generated an shRNA knockdown 
vector to target specifically endogenous PR130 
for suppression (fig. 2D). We found that an 
shRNA vector targeting only PR130 inhibited Top-
Glow reporter activity (fig. 2B), indicating that 
PR130 functions to enhance Wnt signaling. 
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Fig. 1. PR130 can interact with naked 
cuticle. (A) PR72 has an N-terminal 

stretch of 44 specific amino acids 
(red) while PR130 has a 665 N-
terminal specific stretch (green). (B) 

Immune precipitation of PR130 and 
naked cuticle. Extracts from HEK 293 
ectopically expressing flag-tagged 

hNkd1 or HA-tagged hPR130 or both 
were subjected to co-
immunoprecipitation with anti-flag and 

anti-HA antibodies as indicated. flag-
antibodies did not precipitate HA-
PR130 (first lane) and the HA-

antibody did not precipitate flag-
hNkd1 (third lane), when co-
expressed both were co-precipitated 

with either anti-HA or ant-flag (second 
and fourth lanes). The lower panel 
shows 10% of the input in either lane. 

(C) Immune precipitation of PR130 
and naked cuticle containing the 
PP2A holoenzyme. Extracts from HEK 

293 cells expressing flag-Nkd1, HA-
PP2Ac and HA-PR65 (input left panel)  

  

 

were cotransfected with either HA-PR72 (second lane) or HA-PR130 (third lane). IP anti-flag (right panel) pulled down flag-Nkd1 (first 

lane). PP2Ac and PR65 were only pulled down in the prescence of PR72 (second lane) or PR130 (third lane) indicated with 
arrowheads. 

 

Additionally we found that in cells that have lost 
PR72 due to shRNA mediated suppression, 
PR130 is a more potent activator of the Wnt 
signaling pathway, consistent with the notion that 
both proteins act in the same pathway (fig. 2C). 
These combined results indicate that PR130 is a 
positive regulator of Wnt signaling in cell culture.  

 
PR130 is required for proper organization of 
somites during embryonic development.  
Based on the findings above we asked if PR130 is 
a positive modulator of the Wnt pathway during 
early vertebrate development. We identified the 
EST coding for the 5’ sequence of Xenopus 
PR130 (Xpr130) from the JGI Xenopus tropicalis 
database (http://www.jgi.doe.gov) and generated 
primers to evaluate expression of XPR130 by RT-
PCR at different embryonic stages of 
development in Xenopus tropicalis. We found that 
Xpr130, like Xpr72, is maternally expressed and 
present during all stages of early embryonic 
development (fig. 3A). Whole mount in situ 
hybridization revealed specific expression of 
Xpr130 in the somites of tailbud stage embryos 
(fig. 3B) similar to that of Xnkd (data not shown) 
and Xpr72 (Creyghton et al. 2005). Next, we 
wished to investigate the effect of loss of Xpr130 
on Xenopus embryonic development. Depletion of 
Xpr130 by injection of two-cell stage embryos with 
Xpr130 Morpholino Oligonucleotides (MO) 
resulted in embryos with an underdeveloped tail 
(fig. 3C upper right two panels).  

Fig. 2. PR130 is an activator of the Wnt signaling pathway. 
TCF containing Top- or Fop- (containing mutated TCF sites) 
Glow luciferase reporter, CMV renilla luciferase and CMV-Wnt-

1 was co-transfected in HEK 293 cells (A) with or without CMV 
HA-PR72 or CMV HA-PR130 as indicated (B) or with pS-PR72 
or pRS-PR130. The bars represent relative luciferase activity 

compared to the first bar in the graph. (D) Westernblot 
showing extracts from HEK 293 cells co-expressing HA-
PR130 (lanes 2 and 3) and GFP (all lanes) as a loading 

control. pRS-PR130 (lane 3) or pRS (lanes 1 and 2) was co-
transfected. (D) Top-Glow reporter assay as fig. 2A and fig.2C 
with either pS-PR72 or CMV HA-PR130 or a combination of 

the two as indicated. 
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This is in agreement with earlier findings showing 
that during late gastrulation, Wnt signaling needs 
to be active for the formation of posterior 
structures such as the tail (Agathon et al. 2003; 
Thorpe et al. 2005) and inactive during the 
formation of anterior structures such as the eye 
(van de Water et al. 2001). Thus, these data are 
consistent with the cell-based assays in 
suggesting that PR130 activates Wnt signaling.  
Since PR130, like PR72 and Nkd, is expressed in 
the somites of tailbud stage embryos, we 
analyzed the formation of the somites in the 
absence of PR130, using in situ hybridization with 
XmyoD as a marker.  
We found that when Xpr130 was depleted, 
segmentation still occurred, but the somites lost  

 

their characteristic chevron-like shape as seen in 
control embryos (fig. 3C). Moreover, their strict 
position towards each other was also disturbed. 
We analyzed this in more detail by sectioning the 
embryos and found strong disorganization within 
the somites. Somite boundaries were not 
organized in parallel to each other but seem to be 
positioned rather randomly from dorsal to ventral 
(fig. 3C lower panels). Cells within the somites 
were also disorganized, sometimes forming 
circular structures within the somites. This 
suggests that Xpr130 is required for the proper 
structural organization of somites during 
embryogenesis.  

 

 

 
 
 
 

Fig. 3. PR130 depletion affects somite organization and restricts the inhibitory function of Naked cuticle on the Wnt signaling cascade. 
(A) RT-PCR analysis of Xenopus tropicalis total RNA from different developmental stages. Xpr130 is expressed maternally (stage 7) 
and throughout early development (stages 10, 18, 22 and 30). –RT = RT-PCR without reverse transcriptase. ODC1 expression was 

used as loading control. (B) Whole mount in situ hybridisation for Xpr130 in embryos showing predominant staining of somites (C) 
Control embryos show organized somites in a chevron-like shape as visualized by whole mount in situ hybridization using XmyoD as a 
marker (left). PR130 depleted embryos lack chevron-like shaped somites (middle and right). Lower panels show sagital sections of the 

somites of control and PR130 depleted embryos. Arrow heads show somitic borders. 
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Fig. 4. PR130 depletion restricts the inhibitory function of Naked cuticle on the Wnt signaling cascade. (A). Embryos were injected with 
Wnt-1 RNA to induce a short and secondary axis. (B) PR130 depletion inhibits the ectopic Wnt signal but not in the absence of Nkd. (C) 

Nkd antagonizes an ectopic Wnt signal but not in the precence of ectopic PR130. (D) Loss of PR72 abrogates naked mediated 
inhibition of the Wnt signal. (E) In contrast, injection of suboptimal amounts of Nkd RNA demonstrate that loss of PR130 enhances the 
antagonizing function of Nkd. 
 
PR130 depletion abrogates ectopic Wnt 
activity in Xenopus embryos. 
To further study the effects of Xpr130 on the Wnt 
signaling pathway in vivo we used the Wnt-
induced secondary body axis assay (McMahon 
and Moon 1989) in Xenopus tropicalis. Wnt-1 
RNA and control morpholino oligo (CoMO) were 
injected in ventral blastomeres of 4-cell stage 
Xenopus embryos to induce a secondary body 
axis (fig. 4A). When we co-injected PR130 
morpholino oligo (MO) the formation of a 
secondary body axis by Wnt1 was repressed, 
suggesting that Xpr130 is required for the proper 
transduction of the Wnt signal (fig. 4B). This 
confirms the results in tissue culture, which also 
suggested that PR130 is a positive regulator of 
canonical Wnt signaling. Since PR130 interacts 
with Naked cuticle, PR130 may not function 
directly as a positive regulator of the Wnt 
signaling pathway, but rather function by affecting 
Nkd as a Wnt antagonist. To test this, we  

 
depleted Xenopus Naked cuticle (Xnkd) by co-
injecting Xnkd MO and found that Wnt mediated 
2

nd
 axis induction, disturbed by loss of PR130, 

was restored to normal (fig. 4B). Thus, Xpr130 
appears to require Xnkd to mediate its effects on 
the Wnt signaling pathway. 
 
PR130 prevents Nkd / PR72 -mediated re-
pression of the Wnt signaling pathway 
To further confirm if the repressive function of 
Xnkd on the canonical Wnt signaling pathway is 
indeed affected by Xpr130, we repeated the Wnt-
induced secondary body axis assay in the 
presence of hNkd1 RNA to antagonize the 
formation of the secondary body axis (fig. 4C). 
Co-injection of hPR130 RNA strongly inhibited the 
antagonizing effect of Nkd on the Wnt signaling 
pathway resulting in an increased amount of 
embryos with a secondary body axis (fig. 4C). 
This suggests that PR130 is indeed a negative 
regulator of Nkd function, and demonstrates  



 48 

 
 
opposing activities of PR72 and PR130 on the 
ability of Nkd to restrict Wnt signaling. In support 
of this notion we find that hNkd1 mRNA 
(suboptimal amounts for Wnt repression) is a 
better antagonist of Wnt1 induced 2

nd
 body axis in 

the absence of PR130 (fig. 4E), which is again in 
contrast to what was found for loss of PR72 (fig. 
4D and (Creyghton et al. 2005)). Together, these 
results suggest that Nkd function is fine-tuned by 
a molecular mechanism in which the inhibitory 
activity of Nkd/PR72 on Wnt signaling can be 
antagonized by Nkd/PR130. 
 

Discussion 

Naked cuticle was the first-described Wnt-
inducible antagonist of the Wnt pathway, thus 
establishing a negative feedback loop to restrict 
the Wnt signal (Zeng et al. 2000). Besides its 
binding to dishevelled (Rousset et al. 2001) and 
its proposed dependence on PR72 for repression 
(Creyghton et al. 2005), not much is known about 
the mechanism underlying the Wnt-inhibitory 
function of this protein. Here we describe PR130, 
a proposed PP2A regulatory B-subunit (Hendrix et 
al. 1993), as a novel modulator of the Wnt 
signaling cascade (fig. 5). We show that PR130 
can bind to naked cuticle and recruit the PP2A 
holoenzyme as evidenced by co-immuno-
precipitation assays. When looking at the effect of 
PR130 on the Wnt signaling pathway we find 
opposing activities of PR72 and PR130. Cell-
based Wnt reporter assays indicate that PR130 is 
an activator of Wnt signaling, whereas our 
previous data indicate that PR72 acts as a 
repressor of Wnt signaling (Creyghton et al. 
2005). The effects of PR130 on Wnt signaling, 
observed in cell-based assays was further 
confirmed by experiments in Xenopus embryos 
were we show that endogenous Xpr130 is 
required for optimal activation of the Wnt pathway. 
This effect is dependent on Naked cuticle, since it 
is rescued by co-injection of an Xnkd targeting 
MO. This would suggest that PR130 activates 
Wnt signaling by inhibiting naked function. Two 
sets of experiments, using 2

nd
 axis formation in 

Xenopus development, support this notion. First, 
Naked is a better inhibitor of Wnt signaling in the 
absence of PR130. Second, ectopic PR130 can 
repress Naked-mediated inhibition of the Wnt 
signal. These results demonstrate that PR130 
enhances Wnt signaling, most likely by limiting the 
effects of Naked cuticle.  

We find that absence of Xenopus PR130 during 
normal development causes a deregulation in tail  

 

 

development. Since development of the tail 
requires Wnt signaling (Agathon et al. 2003), the 
phenotype of Xpr130 knockdown is most readily 
explained by inhibition of Wnt signaling during 
development. Similarly, development of the tail 
was found to be impaired when Wnt signaling was 
inhibited in zebrafish (Thorpe et al. 2005). While 
PR72 depletion caused complete lack of eye 
development, which is similar to zebrafish 
mutants with ectopic Wnt (van de Water et al. 
2001), PR130 depleted embryos did not show 
gross defects in eye differentiation, which is not 
surprising since Wnt signaling needs to be active 
for the development of anterior structures such as 
the eye (van de Water et al. 2001).  

 

Fig. 5. Model for PR72 and PR130 mediated regulation of 
naked cuticle. When PR72 interacts with naked cuticle, Wnt 

signaling is antagonised. As soon as PR72 is lost or replaced 
by PR130 naked mediated inhibition of the Wnt signaling 
cascade is lost. PR72 and PR130 are both under the control of 

distinct promoters resulting in distinct ratios in different tissues. 
This ratio would theoretically determine the cabability of Naked 
cuticle to antagonise the Wnt signal in a tissue specific 

manner. 

 

Additionally we find that Xpr130 depleted embryos 
display disturbed somite organization. A role for 
Wnt signaling in segmentation and somitogenesis 
was described earlier (Aulehla and Herrmann 
2004). Also, Lef1 mutant mice demonstrate a 
function for Lef1 in somitogenesis, as these 
mutant mice show a lack of segmented somites 
(Galceran et al. 2004). We found previously that 
in PR72 depleted embryos segmentation was lost 
and somitogenesis impaired. PR130 depleted 
embryos show different defects. Rather than a 
lack of segmentation we find that somite 
boundaries are still formed, but that the structural 
organization is lost. These results further support 
the requirement of tight control of the Wnt  
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signaling cascade during patterning and 
somitogenesis.  

We have shown previously that ectopic 
expression of PR72 causes proteasome-mediated 
destruction of dishevelled (Creyghton et al. 2005). 
When we evaluated the levels of dishevelled in 
cells expressing ectopic PR130, we saw no 
significant effects on dishevelled stability (not 
shown). It is possible that PR130 regulates 
dishevelled in only a small compartment in the 
cell, which remains below our detection limit. 
Alternatively, its equally-well possible that 
regulation of dishevelled stability, as observed for 
PR72, is unrelated to its ability modulate the Wnt 
signalling cascade.  

Both PR72 and PR130 are proposed to function 
as PP2A regulatory B-subunits, which target the 
PP2A holoenzyme to a substrate. We have no 
indications from phosphate labeling- or gel 
electrophoresis experiments that naked itself or 
dishevelled is a target for PR72 or PR130 
mediated dephosphorylation (not shown). 
However, it is possible that a single regulatory site 
on Naked is modulated, which would not show up 
on assays evaluating total protein phos-
phorylation. Alternatively, a third yet unidentified, 
Naked-interacting protein involved in regulating 
the function of Naked, might be targeted by these 
proteins. A third and more intriguing possibility is 
that these subunits do not function to target the 
PP2A holoenzyme to a substrate, but are 
themselves targets of PP2A. In support of this 
idea we have found that PR72 can be 
phosphorylated by treating cells with okadaic acid, 
a chemical inhibitor of PP2A (not shown).  It is 
however difficult to establish whether this 
phosphorylation represents a lack of dephos-
phorylation or the activation of a PP2A-regulated 
kinase. Future experiments will have to establish 
the exact molecular role of PR72 and PR130 in 
modulating the antagonistic function of naked 
cuticle and the precise role of dishevelled. 

Others have previously shown that other PP2A B-
subunits are also involved in modulation of the 
Wnt signaling pathway (Seeling et al. 1999; Li et 
al. 2001; Yang et al. 2003; Bajpai et al. 2004). 
These results and ours illustrate the dynamic 
interaction of the PP2A holoenzyme with the Wnt 
signaling cascade at different levels and 
underscore the importance of investigating 
separate holoenzyme complexes rather than 
general PP2A activity. PR72 and PR130 are 
generated by initiation of transcription from 
distinct promoters to generate two proteins having 
a common carboxyl terminus and distinct amino 
termini. It will be of interest to study the promoters  

 

that generate these two structurally related, but 
functionally antagonistic proteins in more detail. 
The identification of PR130 as a new modulator of 
the Wnt signaling cascade and its opposing 
effects on Naked cuticle function compared to 
PR72, adds an important level of complexity, 
allowing the cell to fine-tune the effect of Naked 
cuticle on Wnt signaling.  
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Materials and methods 

 
Manipulation of Xenopus tropicalis embryos 
Xenopus tropicalis embryos were obtained by natural mating 
(as described by R. Grainger at 

http://faculty.virginia.edu/xtropicalis/). Plasmid DNA of T7Ts-
XWnt-1 (Noordermeer et al. 1989), T7Ts-hNkd and T7Ts-
hPR130 were linearized and used as template for synthesis of 

capped mRNA using Message Machine (Ambion). Capped 
mRNA transcripts were purified using RNeasy columns 
(QIAGEN).  

Embryos were injected at the 4-cell stage in both ventral 
blastomeres with Wnt-1 RNA (0.5 pg) and coinjected with Nkd 
RNA (8 pg) alone or in combination with control morpholino 

oligo (10 ng) or PR130 (10 ng) or PR72 morpholino oligo (10 
ng) (Genetools). For MO injections alone, 10 or 20 ng of three 
non-overlapping MO was injected at the 2-cell stage in both 

blastomeres. After injection embryos were raised at 23ºC in a 
standard amphibian saline solution (12% modified Marc’s 
Ringer, MMR) with addition of 3% Ficoll in the first 6 hours 

(Amersham Biosciences). At the appropriate stages embryos 
were fixed in MEMPFA (100mM MOPS (Sigma), pH 7.4; 2 mM 
EGTA (Sigma); 1 mM MgSO4 (Merck); 4% paraformaldehyde 

(Sigma)). Embryos were staged according to Nieuwkoop and 
Faber (1967). 
 

Whole-mount in situ hybridizations Whole-mount in situ 
hybridizations was performed as described in (Harland 1991) 
with hybridization at 65ºC and RNase treatment. Probes used: 

XmyoD (Roel et al. 2002) PR130 and Nkd probes were 
generated by RT-PCR from total RNA of Xenopus tropicalis 
embryos. Primers were generated using the X. tropicalis EST 

database (Sanger Center). PCR fragments were cloned in 
pGEM-T easy (Promega) and analyzed by sequencing.  DNA 
plasmids were linearized and used as template for DIG-

labeled antisense RNA synthesis (Roche). RNA probes were 
purified using RNeasy columns (QIAGEN). 
 

Cell lines, transfections and luciferase assays. 239 HEK 
cells were cultured in Dulbecco’s modified Eagle medium 
supplemented with 10% fetal calf serum, L-glutamine and 

penicillin /streptomycin (Gibco). Transient transfections in 
these cells were performed by the calcium phosphate 
precipitation method (van der Eb and Graham 1980).  

Luciferase assays were performed using the Dual luciferase  
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system (Promega). 100ng Top-Glow or Fop-glow luciferase 

vector was transfected in the presence of 5ng CMV-Wnt1 and  
20ng CMV-renilla.  For Loss of function assays 2 μg of either 

pSUPER or pRETRO-SUPER (Brummelkamp et al. 2002) was 

co-transfected and luciferase counts were measures 48-72 
hours post transfection on the TD-20/20 luminocounter 
(Promega). For gain of function assays 500ng of CMV 

construct was cotransfected and luciferase counts were 
measured 24-48 hours post transfection. 
 

Plasmids and reagents: anti flag (m2) was purchased from 
Sigma, anti HA (Y11), anti-GFP (FL) and anti Dsh (3F12, 
10B5, 4D3) antibodies where purchased from Santa Cruz. The 

PR130 cDNA was a gift from Brian Hemmings. CMV-myc-
PR130 was cloned as a BamHI/XhoI fragment using primers 
GATCGGATCCGCAGCAACTTACAGACTTGTG ligated into 

pcDNA-myc-RB (Chew et al. 1998) replacing RB behind the 
myc-tag. CMV-HA-PR72, CMV-HA-PP2Ac, CMV-HA-PR65 
and flag-hNkd1 were described before (Creyghton et al. 2005). 

Top- and Fop-Glow reporter constructs were a gift from Hans 
Clevers, 19-mer hairpin oligo’s for hPR130 
(GCACATCCCTGTGTCTCAG) were cloned into pRETRO-

SUPER as described before (Brummelkamp et al. 2002). 
Morpholino antisense oligo’s targeting XPR130 
(1:CCTTGTAAGGTGCAGCCATCTGGCC, 2: 

TAAATTAAATCAAAGAAGACTGCCC, 3: 
TAAAGGTCAGCACTGATCCAACAGT) were bought from 
Gene Tools. For the T7T6-hPR130 expression construct, 

hPR130 was cut as a Bam/EcoRV fragment from pVLAG-
hNkd1, blunted with klenow and cloned into the EcoRV site of 
T7T6 vector in-between the 5’ and 3’ -globin UTR.  

 

Immunoblotting and coimmunoprecipitation Experiments: 
Cells were lysed in 0.5 ml NETN lysis buffer (100mM NaCl, 1 
mM EDTA, 20mM Tris pH=8.0, 0.5% NP40) containing 

complete protease inhibitor cocktail (Roche), 10mM NaF and 
10 mM -glycerolphosphate, and complexes were 

immunoprecipitated with 2 μg of the indicated antibody, pre-

conjugated to protein G sepharose beads. After 3 wash steps 
in lysis buffer, bound proteins were eluted by boiling in SDS-
sample buffer and resolved by SDS-PAGE. Western blots 
were performed using whole cell extracts, separated on 6–

10% SDS–PAGE gels and transferred to polyvinylidine 
difluoride membranes (Millipore). 
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Chapter 4 
 
 
 
 

The Protein Phosphatase 2A subunit PR55  is a 

stress-sensitive inhibitor of c-Src activity. 
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I have had my results for a long time: 
  but I do not yet know how I am to arrive at them.   

 
(Karl Friedrich Gauss.)
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Abstract 
 
Protein Phosphatase type 2A (PP2A) 
represents a family of holoenzyme complexes 
with diverse activities. Individual holoenzyme 
complexes are thought to be deregulated 
during oncogenic transformation. Since most 
past studies have relied on the use of generic 
PP2A inhibitors, the particular combination of 
PP2A holoenzyme complexes involved in 
diverse signalling pathways is unclear. To 
gain insight into the regulation by this 
phosphatase family in various cancer-relevant 
signaling pathways we have constructed a 
gene family knockdown library targeting the 
PP2A regulatory subunits by shRNA-mediated 
suppression. Here, we report the identification 

of PR55  as an inhibitor of c-Jun N terminal 

kinase (JNK) activation and apoptosis through 
its interaction with c-Src. Furthermore, we find 

that the physical interaction between PR55  

and c-Src is sensitive to UV irradiation, 
suggesting a new way for c-Src activation in 
response to cellular stress.   
 
 
Introduction 
The Src family of non-receptor tyrosine kinases 
are integral players in the mediation of various 
physiological processes such as cell-motility, 
adhesion, proliferation, and survival (Parsons and 
Parsons 2004). Members of the Src family share 
a conserved structure consisting of four Src 
homology  (SH) domains, a unique region, and a 
short negative regulatory tail. The amino terminal 
SH4 domain is myristoylated and targets the 
protein to the membrane and the carboxyterminal 
SH1 domain functions as a tyrosine kinase 
domain (Boggon and Eck 2004). c-Src activation 
is negatively regulated by Tyrosine 527 (Tyr527) 
phosphorylation, by the Carboxy Src Kinase 
(CSK) or its homologue CHK. (Boggon and Eck 
2004). This inhibitory phosphorylation promotes 
the assembly of the SH2, SH3, and kinase 
domains into a closed conformation (Boggon and 
Eck 2004).  Following stimulation by various  

 
 
 
stresses and growth factors, Src activation is 
initiated by dephosphorylation of the Tyr527 
residue by the protein-tyrosine phosphatase 

PTP  (Zheng et al. 1992) and PTPB (Bjorge et al. 

2000). Alternatively, Src is activated  by the 
binding of tyrosine-phosphorylated proteins to the 
SH2 domain resulting in  destabilization of the 
intermolecular interaction between Tyr527 and the 
SH2 domain (Boggon and Eck 2004). 
Subsequently, Src is auto-phosphorylated at 
Tyrosine 416 (Tyr416), a site within a segment of 
the kinase domain termed the activation loop, 
promoting a conformational change that allows 
the kinase to adopt an open active confirmation 
(Boggon and Eck 2004).  
c-Src is overexpressed or activated in a wide 
variety of tumours (Irby and Yeatman 2000) 
(Yeatman 2004). However, overexpression of c-
Src by itself has only minor oncogenic potential 
(Biscardi et al. 2000) and mutations in c-Src in 
cancer have only been found sporadically (Irby et 
al. 1999). This led to the hypothesis that c-Src has 
a supportive function in tumorigenesis rather than 
a role in the actual transformation process 
(Ishizawar and Parsons 2004). Overexpression of 
v-Src, a constitutively active form of c-Src lacking 
the c-terminal part containing the inhibitory Tyr527 
is a potent activator of the pro-apoptotic protein c-
Jun NH2-terminal kinase (JNK). Furthermore, Src 
activity is essential for JNK activation following a 
number of different stress stimuli including UV 
irradiation (Devary et al. 1992; Chen et al. 2001; 
Sun et al. 2004). However, this pro-apoptotic 
response is countered by a simultaneous 
activation of a c-Src-dependent pro-survival signal 
through direct binding and activation of the EGF 
receptor (EGFR) (Devary et al. 1992; Rosette and 
Karin 1996; Bromann et al. 2004) This, in turn, 
leads to activation of Extra-cellular signal-
Regulated Kinase (ERK1/2) (Knebel et al. 1996; 
Kitagawa et al. 2002). Chemical inhibition of these 
pathways following UV irradiation leads to 
apoptosis through JNK activation (Johnson et al. 
2000; Kitagawa et al. 2002).  



 56 

 
Protein Phosphatase 2A (PP2A) is a serine 
/threonine phosphatase that regulates the 
phosphorylation state of proteins involved in 
virtually all major signalling cascades (Millward et 
al. 1999; Sontag 2001). It is therefore not 
surprising that inhibition of this phosphatase can 
affect cellular responses such as growth, 
differentiation and apoptosis (Janssens and Goris 
2001; Sontag 2001). Regulation of this pleiotropic 
dephosphorylation is achieved through the 
composition of distinct PP2A complexes 

containing various regulatory -subunits. The 

holoenzyme generally exists as a core dimer, 
consisting of a 36 kDa catalytic subunit (PP2Ac) 
and a 65 kDa scaffold subunit (PR65) that 
associates with a variety of regulatory subunits. 

These regulatory -subunits can modulate the 

activity of the PP2Ac / PR65 core unit, thus 
allowing specific temporal targeting of a wide 
range of PP2A substrates. To date 15 genes 
coding for more than 26 ( ) regulatory subunits 

have been identified, which are subdivided into 
five different subfamilies (Janssens and Goris 
2001).   

Notably, these variable -subunits are targeted by 

a number of viral oncogenes that compete for 
interaction with the PR65/PP2Ac core dimer, 
suggesting that specific holoenzymes play a role 
in viral propagation and oncogenic transformation 
(Pallas et al. 1990; Hahn et al. 1999). This is 
further supported by the finding that general 
inhibitors of PP2A can give rise to tumor growth 
on the skin and liver of rodents (Bialojan and 
Takai 1988; Suganuma et al. 1988; Suganuma et 
al. 1990; Fujiki and Suganuma 1993). 
Understanding the precise manner in which PP2A 
is involved in the regulation of different signalling 
cascades and oncogenic transformation requires 
the identification of the specific holoenzymes 
involved in these cascades.  Interpretation of a 
large amount of data using general PP2A 
inhibitors has been limited by the pleiotropic 
inhibition of all PP2A holoenzyme complexes by 
the inhibitors used. Furthermore, ectopic 
expression of the various beta subunits could lead 
to competition for binding to the holoenzyme 
complexes, making it difficult to draw solid 
conclusions from the data (Yang et al. 2003; 
Bajpai et al. 2004). 
Using a small family knockdown library targeting 
all deubiquitinating (DUB) enzymes our lab 
previously identified the familial tumour 
suppressor CYLD as a novel regulator of the NF-

B signaling pathway (Brummelkamp et al. 2003) 

and USP1 as the deubiquitinating enzyme of the 
FANCD2 DNA repair protein (Nijman et al. 2005). 
To study the role of the various PP2A complexes  

 
in specific pathways we have constructed a library 
of 57 independent vectors expressing short 
hairpin RNAs (shRNA) targeting the PP2A 

regulatory -subunits for suppression. Using this 

knockdown library in a screen for enhancers of 
JNK activation following cellular stress, we identify 

the PP2A -subunit PR55  as a stress-sensitive 

inhibitor of c-Src activity. 
 
 
Results 
 
Screening of a PP2A family mini-Library 

identifies PR55  as a modulator of JNK 

activity  
To identify the PP2A holoenzyme complexes 
involved in pathways previously proposed to be 
modulated by PP2A, we constructed a gene 
family knockdown library targeting all known 

PP2A -regulatory subunits for suppression. We 

retrieved the cDNA sequences for each of the 
PP2A subunit family members from the 
ENSEMBL database and designed two to four 
unique 19-mer sequences for each transcript for 
cloning into pSuper and pRetroSuper 
(Brummelkamp et al. 2002a; Brummelkamp and 
Bernards 2003). In total 57 knockdown vectors 
were generated which were then subsequently 
pooled into 15 sets of 2-4 vectors per transcript 

with each set targeting one of the  regulatory 

subunits or a specific transcript variant (fig. 1A 
and supplement 1).  To validate the pooled 
knockdown vectors, we tested random pools for 
their ability to effectively knockdown the target 
proteins. All pools tested show a notable 
reduction in target protein expression levels (fig. 
1B). The pro-apoptotic stress kinase signaling 
pathway leading to the phosphorylation and 
activation of c-Jun n-terminal kinase (JNK) and 
the protooncogene c-Jun is known to be regulated 
by PP2A (Dunn et al. 2002; Weston and Davis 
2002). Phosphorylated c-Jun leads to 
transactivation and activation of transcription of 
target genes. It was previously shown that 
okadaic acid (Thevenin et al. 1991), Simian virus 
40 small T antigen (SV40ST) (Frost et al. 1994) 
and I2PP2A (Al-Murrani et al. 1999) can increase 
AP1 transactivation activity, resulting from 
phosphorylation of c-Jun. Furthermore, polyoma 
middle T (MT) antigen, which can displace the 

regulatory -subunits from the PP2A holoenzyme, 

and okadaic acid (Avdi et al. 2002) increase JNK 
activity (Mullane et al. 1998). Together this 

suggests that a PP2A regulatory -subunit is 

involved in PP2A-mediated regulation of this 
pathway. To directly assess the putative role of 
PP2A in JNK regulation we asked if suppression 
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Fig. 1. PP2A Family Screen (A): Schematic of the PP2A holoenzyme and outline of the  regulatory subunit families. (B): U2-OS cells 

were transfected with the indicated pSuper constructs and were available co-transfected with an HA-tagged version of the 
corresponding PP2A -subunit. Panels show the efficiency of knockdown in six different pools as judged by the ability to knockdown co-

transfected (GFP is a transfection control) or endogenous protein. (C): U2-OS cells were co-transfected with pooled PP2A shRNAs. 

Phosphorylated JNK ( - pJNK) or total JNK ( -JNK) was shown in cell lysates for the different samples 60 min after UV treatment of the 

cells. 

 
of any of the PP2A regulatory subunits by RNA 
interference affected JNK activity following stress 
induced by UV irradiation. U2-OS cells were 
transfected with the different knockdown library 
pools and then assayed by Western blotting for 
the efficiency of JNK activation as judged by 
threonine-183 / tyrosine-185 phosphorylation. We 
found that cells transfected with the pools 

containing knockdown vectors targeting PR55  

and PR55  displayed enhanced JNK 

phosphorylation following UV irradiation. Of these 

two, PR55  was clearly the strongest and most 

consistent (fig. 1C, and data not shown). To 
evaluate which of the four individual knockdown 

vectors in this pool were active against PR55 , we 

transfected cells with HA-tagged PR55  and 

determined the protein levels of HA-PR55  in 

lysates of transfected cells in the presence or 

absence of PR55  knockdown vectors. An shRNA 

targeting the mouse specific PP2A subunit PR59  

 
was used as a negative control in all experiments. 
All four shRNA vectors (A-D) substantially 

suppressed HA-PR55  expression levels, 

whereas no effect was detected of a co-
transfected green fluorescent protein (GFP) (fig. 
2A). Vectors A and C were more efficient in 

suppressing HA-PR55  protein levels than vectors 

B and D, (fig. 2A). A fifth knockdown vector (E) 
was designed, which like vector C, induced strong 

suppression of ectopic PR55  expression (fig. 

2A).  shRNAs C and E will be referred from here 
on as shRNA#1 and shRNA#2, respectively. 
To test whether these two shRNAs could inhibit 

endogenous PR55  levels we performed an 

Quantitative Real Time PCR (QRT-PCR) for 

PR55  in U2-OS cells transfected with either pS-

PR55 #1,pS-PR55 #2, or a control vector. We 

found that these two shRNA’s efficiently knocked 

down endogenous PR55  mRNA levels (fig. 2B).  
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Fig. 2. PR55  is a regulator of JNK and apoptosis following UV irradiation (A): U2-OS cells expressing PR55  knockdown (PR55

KD
) 

vector as indicated (A-E) and pcDNA-HA-PR55 . GFP expression serves as a measure of transfection consistency. (B): U2-OS cells 

were co-transfected with PR55
KD

 vector 1 or 2 or pcDNA-PR55  as a positive control. pSuper vector targeting a mouse PP2A subunit 

PR59 served as an shRNA control. mRNA levels relative to the control are shown as evaluated by QRT-PCR. (C): U2-OS cells were co-

transfected with PR55
KD

 vectors as indicated (1 or 2) or control vector. Selected cells were exposed to UV irradiation (100 J/m2) and 

incubated for 60 minutes. Protein sampels were analysed for phosphorylated JNK ( - pJNK) and total JNK ( -JNK). (D): U2-OS 

expressing PR55  shRNAs as indicated Selected cells were exposed to UV irradiation (50 J/m
2
) and treated 18 hours later with an 

apoptosis dependent fluorescent dye (3,3'-dihexyloxa-carbocyanine iodide, DiOC6(3)). FACS scan analysis of treated cells is shown. 

Right and left peaks reflect living and apoptotic cells, respectively. Right panel graph representing breakdown of the mitochondrial 
membrane potential seen in left bottom plot. Shown is the difference in the percentage increase of apoptotic cells treated with UV 
compared to no treatment (upper left plot). (E): U2-OS cells expressing PR55

KD2
 vector or a control vector exposed to UV, TNF- , 

EGF, NaCl, or Insulin for 5 minutes and incubated for a further 30-60 minutes. pJNK relative to total JNK levels are shown. 

 

Knockdown of PR55  using our two validated 

knockdown vectors could efficiently enhanced 
activation of JNK following exposure to UV 
irradiation (fig. 2C), arguing against an off-target 
effect of the shRNAs. This result thus confirms the 
result of the screen and suggests that 

endogenous PR55  is a repressor of stress-

induced JNK activation. This activation of JNK 
was only observed when the cells were not 
allowed to reach confluency, which is in 
agreement with earlier results demonstrating that 
PDGF, EGF and UV-induced JNK activation can 
be negatively modulated by cell density 
(Lallemand et al. 1998). 
It has previously been established that induction 
of the JNK stress kinase pathway leads to  

 
apoptosis (Varfolomeev and Ashkenazi 2004). 
Therefore we asked whether knockdown of 

PR55  could enhance apoptosis following UV 

irradiation. Indeed, we find that UV-induced 

apoptosis was significantly enhanced in PR55 -

depleted cells fig. 2D) as determined by 
measuring the mitochondrial membrane potential 
with a fluorescent dye (3,3'-dihexyloxa-
carbocyanine iodide, DiOC6(3)). We also 
observed an increase in caspase 3 cleavage in 

cell lysates on UV treated cells, when PR55  was 

suppressed (data not shown). This suggests that, 
in agreement with the enhanced JNK activation 
following UV irradiation, apoptosis is also 

enhanced in cells that have lost PR55 .   
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Fig. 3. PR55  regulates JNK upstream of MKK4, Cdc42 and at the level or upstream of c-Src. (A): pJNK and pMKK4 in relation to the 

total level of unphosphorylated protein in UV irradiated U2-OS cells followed over time (0’-60’) in the presence or absence of PR55
KD2

 

vector. (B): U2-OS expressing PR55
KD2

 vector or control vector as indicated in the presence or absence of LZRS-Cdc42
V12

 (dominant 

active) Selected cells were either exposed to UV irradiation and incubated for a further 30-60 minutes. Levels of pJNK and total JNK are 
shown. (C): similar to fig. 4C but instead of dominant active Cdc42

V12
, c-Src295 (dominant negative) was expressed. (D): U2-OS cells 

expressing a 5 AP1-luciferase construct (pGL2) and pSuper PR55 , pcDNA-HA-PR55  or pcDNA-c-Src as indicated. Luciferase counts 

are shown relative to the control.  
 
To investigate whether the enhanced JNK 

activation upon PR55  knockdown is specific for 

UV irradiation we asked whether other stimuli that 
lead to the activation of the SAPK/JNK pathway 

might also be enhanced by loss of PR55 . We 

found that TNF , insulin and osmotic stress 

induced activation of JNK could also be enhanced 

by PR55  suppression (fig. 2E). From these 

results we conclude that a common factor in these 

pathways is regulated by PR55 . 

 

PR55  mediated JNK activation is dependent 

on c-Src  

To investigate if PR55  regulates the SAPK/JNK 

pathway  upstream of JNK we investigated 

whether loss of PR55  affected MKK4 (Yang et al. 

1997). We found that MKK4 activity is also 
significantly enhanced in cells with depleted 

PR55  (fig. 3A).  The small GTPaseCdc42 

functions upstream of MKK4 in the JNK/SAPK 
pathway (Minden et al. 1995; Foltz et al. 1998). 
Therefore, we wished to investigate whether the 

effect of PR55  depletion was dependent on this 

factor. As expected, co-transfection of a 
constitutive active form of Cdc42 (Cdc42

V12
) 

resulted in activation of JNK (Minden et al. 1995). 
This mutant also strongly synergised with UV 
irradiation to induce JNK activation (fig. 3B). In the 
presence of this activated form of Cdc42,  

 

knockdown of PR55  had no significant additional 

effect on JNK activation under normal culture 
conditions or following UV irradiation (fig. 3B). 
Since the UV-induced stress response is 
modulated by Cdc42 (Foltz et al. 1998; Lallemand 
et al. 1998; Seo et al. 2004), this would suggest 

that PR55  acts upstream or at the level of 

Cdc42. Previous experiments have shown that c-
Src is required for the full activation of c-Jun 
through phosphorylation of EGFR following UV 
irradiation (Kitagawa et al. 2002). It was later 
shown that EGF could also activate Cdc42, which 
is dependent on c-Src (Tu et al. 2003). 
To test whether the activation of JNK after 

suppression of PR55  is dependent on c-Src we 

co-transfected a dominant negative version of c-
Src, which has a lysine 295 to methionine 
mutation resulting in a kinase deficient c-Src 
(Src

295M
) (Roche et al. 1995). As previously shown 

by others, Src
295M

 inhibits JNK activation by UV 
(Devary et al. 1992) (fig. 3C). Importantly, the 
enhancement of JNK activation by UV through 

suppression of PR55  was completely abolished 

in the presence of overexpressed Src
295M

 (fig. 

3C). This suggests that PR55  regulates JNK 

signaling primarily in a c-Src-dependent manner. 
Our findings are in agreement with the earlier 
finding showing that JNK is activated by both c-
Src independent and c-Src dependent pathways  
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(Kitagawa et al. 2002). In agreement with this, we 

find that overexpression of PR55  can repress a 

c-Src activated JNK-responsive luciferase 
reporter (fig. 3D left graph) while suppression of 

PR55  could enhance the ability of c-Src to 

stimulate reporter activity (fig. 3D right graph). 

This shows that PR55  is able to influence c-Src 

mediated signaling to the SAPK/JNK pathway. 
 

PR55  interacts with c-Src. 

Several studies have suggested a role for PP2A 
in the regulation of c-Src (Chackalaparampil et al. 
1994; Ogris et al. 1999; Yokoyama and Miller 
2001). For instance, both polyoma middle t (MT) 
antigen and adenovirus E4orf4 were previously 

shown to interact with both c-Src and PR55 , but 

the relevance of this interaction remained elusive 
(Pallas et al. 1990; Glover et al. 1999; 
Champagne et al. 2004). To directly address the 
functional relationship between PR55 and c-Src, 

we asked whether PR55  could physically interact  

 
with c-Src. To investigate this, we performed co-
immunoprecipitation experiments. We found that 

immunoprecipitation of GFP-PR55  from lysates 

of transfected U2-OS cells resulted in co-
precipitation of co-transfected c-Src (fig. 4A). 
Furthermore, immunoprecipitation with an 
antibody for c-Src specifically pulled down GFP-

PR55 , but not GFP (fig. 4B). To test if the 

PR55 /c-Src interaction was specific for PR55 we 

co-transfected c-Src with PR55  or PP2A 
’’
 

subunit PR72. As shown in Fig. 4C c-Src 
physically associated with PR55  but failed to co-

immunoprecipitate with PR72. These 

observations indicate that PR55  and c-Src can 

form a physical complex. Furthermore, this 
observation makes it tempting to speculate that 

PR55  functions at the level of c-Src to modulate 

its activity during stress signaling. We next asked 
whether UV irradiation could affect the interaction 

between PR55  and c-Src. 

 

 
 
Fig. 4. SRC co-immunoprecipitates with PR55  (A): U2-OS cells were transfected as indicated. 48 hrs after transfection cells were lysed 

in ELB and GFP-tagged PR55  was immunoprecipiated using a mouse GFP antibody or normal mouse serum. Co-immunoprecipitated 

c-Src was detected with a c-Src antibody. WCL were probed using c-Src or HA antibodies to detect transfected protein. (B): Reverse 
immunoprecipitation as in (B) c-Src was immunoprecipitated using a c-Src antibody or normal rabbit serum (nrs). Co-

immunoprecipitated GFP-tagged PR55  was detected with a GFP specific antibody. The blot was subsequently reprobed with a c-Src 

antibody to visualize the amount of immunoprecipitated c-Src protein. Whole cell lysates (WCL) were probed using c-Src or GFP 
antibodies to detect transfected protein. (C): U2-OS transfected as indicated. c-Src was immunoprecipitated using a c-Src antibody or 

normal rabbit serum (nrs). Co-immunoprecipitated HA-tagged PR55  or HA-tagged PR72 was detected with a HA specific antibody. The 

blot was subsequently reprobed with a c-Src antibody to visualize the amount of immunoprecipitated c-Src protein. (D): U2-OS cells 
were transfected as indicated. 48 hrs after transfection cells were treated with UV (100 J/m

2
) for 10, 30, 60 and 120 mins, respectively.  

Equal amounts of cell lysate (500 μg) were immunoprecipitated with - c-Src antibody. Immunoprecipitations immunobloted with -GFP 

or - c-Src antibody.  
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We repeated the immunoprecipitation assays 

between PR55  and c-Src and followed the 

interaction between these two proteins after UV 
treatment of the cells. We found that following UV 
irradiation of the cells the interaction between 

PR55  and c-Src was gradually lost over time (fig. 

4D) suggesting that PR55  could function to 

physically keep c-Src in an inactive complex.  
 

PR55  is a modulator of c-Src activity and 

localisation. 
To assess whether c-Src kinase activity could 

directly be modulated by PR55  we evaluated c-

Src Tyr
416

 phosphorylation, a hallmark of its 
activity (Boggon and Eck 2004). Importantly, we 

found that overexpression of PR55  could reduce 

c-Src Tyr
416

 phosphorylation (fig. 4A) suggesting 

that PR55  is an inhibitor of c-Src activity. 

However, since PP2A is a Serine/Threonine 
specific phosphatase, it is highly unlikely that the 
observed decrease in Tyr

416
 is a direct 

consequence of dephosphorylation. We therefore 
investigated alternative mechanisms whereby 
PR55� might affect Src activation.  
c-Src kinase activity is intimately associated with 
its localisation (Sandilands et al. 2004) It was 
previously shown that the majority of c-Src is 
present associated with vesicles in the perinuclear 
region. Here it was found to be inactive as judged 
by Tyr

416
 phosphorylation (Sandilands et al. 

2004). Low levels of c-Src were found in the 
cytoplasm that moved to the cellular membrane in 
response to various stimuli were it was fully active 
(Sandilands et al. 2004). To investigate whether 

c-Src localization is regulated by PR55 , we 

constructed U2-OS cells stably expressing a 
GFP-tagged c-Src (Sandilands et al. 2004) and 
evaluated c-Src localisation by 
immunofluorescence upon knockdown or 

overexpression of PR55 . As reported previously, 

we find that c-Src is localised in vesicles at the 
perinuclear region while low levels were found in 
the cytoplasm (fig. 4B). In some cases c-Src was 
found at the cellular membrane at regions that 
resemble focal contact points or at cell-cell 
boundaries. Significantly, we find that in cells 

transfected with HA-PR55 , the cytoplasmic GFP 

tagged c-Src is absent (fig. 4B left panels) while in 
cells transfected with a knockdown vector 

targeting PR55 , the amount of cytoplasmatic c-

Src is slightly increased (fig. 4B right panels). c-
Src at cell-cell boundaries seemed unaffected. 
Furthermore, we find that the membrane ruffles 
usually associated with c-Src overexpression (fig. 
4B middle panel and (Boschek et al. 1981; 
Fincham et al. 1996)) are suppressed in cells 

overexpressing PR55  (fig. 4B upper panels).  

 

Similarly knockdown of PR55  enhanced the 

ruffling phenotype. Membrane ruffles were more 

abundant in cells that have lost PR55  (fig. 4B 

upper right panel) and they extend filopodia. 

Together, these results demonstrate that PR55  

can affect c-Src localisation and provide a 

potential mechanism whereby PR55  attenuates 

c-Src-mediated activation following stress.  
 
 
Discussion 
It has been previously proposed that the JNK-
mediated stress response to environmental stimuli 
is regulated by PP2A (Thevenin et al. 1991; Frost 
et al. 1994; Al-Murrani et al. 1999; Avdi et al. 

2002). We now identify PR55  in a small gene 

family knockdown screen of regulatory PP2A -

subunits, as a specific negative regulator of 
stress-induced JNK activation. We find that 

PR55  regulates c-Src localization and physically 

interacts with c-Src in a UV-sensitive manner, 
providing a potential mechanism for its effects on 
the JNK stress kinase pathway.  
Previous work has indicated that PP2A may play 
a role in the regulation of c-Src activity since 
treatment of cells with okadaic acid, a chemical 
inhibitor of PP2A (Bialojan and Takai 1988), 
resulted in enhanced c-Src activity 
(Chackalaparampil et al. 1994) and PP2A can 
inactivate c-Src in vitro (Yokoyama and Miller 
2001). Furthermore, MT antigen is able to 
deregulate PP2A by direct association (Walter et 
al. 1990) and MT was also found to interact with 
c-Src (Courtneidge and Smith 1983) leading to its 
activation (Courtneidge 1985). Interestingly, it was 
reported that adenovirus E4orf4 can interact with 

both c-Src and PR55  and that the interaction 

with c-Src is required for E4orf4 to induce 
apoptosis (Shtrichman et al. 2000; Champagne et 
al. 2004). Furthermore, overexpression of E4orf4 
simulated loss of PR55 in yeast (Roopchand et al. 
2001), allowing the possibility that inhibition of 
PR55 is a prerequisite for E4orf4-induced 

apoptosis. Our data proposing PR55  as a 

negative regulator of c-Src are in agreement with 
these studies and could suggest that these viral 
proteins displace PR55 from c-Src. 
We find that overexpressed GFP-PR55  is 

predominantly expressed in the perinuclear region 
(data not shown) similar to the majority of ectopic 
GFP-c-Src. Interestingly it was previously found 
that c-Src is inactive in this compartment 

(Sandilands et al. 2004) correlating PR55  

localisation with inactive c-Src. We find that upon 
treatment of cells with UV irradiation the 

interaction between c-Src and PR55  is lost. 

Together, this could suggest a model were under 
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normal conditions the inhibitor of the pathway 

PR55  holds c-Src in an inactive complex at the 

perinuclear region (fig. 5C). When the cells are 
treated with UV irradiation c-Src is activated 
trough disruption of this interaction allowing it to 
move to the plasma membrane were it becomes 

activated. We find that knockdown of PR55  

results in an increase, while overexpression 
results in a strong decrease of cytoplasmic c-Src. 
Associated with this we find a general repression 
of membrane ruffling, a phenotype usually 
associated with c-Src overexpression (Boschek et 

al. 1981; Fincham et al. 1996), when PR55  is 

overexpressed. Knockdown of PR55  increases 

membrane ruffling and induces filopodia and an 
activity that was previously shown for Cdc42 
(Mitra et al. 2005). Notably, both c-Src (Robles et 
al. 2005) and EGF (Kurokawa et al. 2004) induce 
filopodia dependent on Cdc42 and EGF 
dependent regulation of Cdc42 was shown to be 
c-Src dependent (Tu et al. 2003). Cdc42 can 
activate the JNK pathway in response to UV 
irradiation (Minden et al. 1995; Foltz et al. 1998), 
which like for PR55  knockdown is sensitive to 

cell density (Lallemand et al. 1998).  
Interestingly it was previously shown that PR55 
could function both as an activator and as an  
 

 
inhibitor of the Mitogen Activated Protein Kinase 
(MAPK) pathway (Wassarman et al. 1996). 
Activation of this pathway was described to be the 
result of its interaction with Kinase Suppressor of 
Ras (KSR), which is downstream of both Ras and 
Raf1 (Wassarman et al. 1996; Ory et al. 2003; 
Kao et al. 2004). Interestingly PR55  specifically 

was shown to be able to induce neuronal 
differentiation in cell lines when overexpressed. 
This was accompanied by activation of the MAPK 
pathway, which was required for differentiation 
(Strack 2002). The inhibitory function of PR55 
was proposed to act upstream of Raf1 and 
downstream of Ras (Sontag et al. 1993; 
Wassarman et al. 1996; Silverstein et al. 2002). It 
was shown that c-Src can also regulate the MAPK 
pathway upstream of Raf1, but downstream of 
Ras, leading to activation of the pathway (Chao et 
al. 1997) (Stokoe and McCormick 1997; Ziogas et 

al. 2005). Our findings establishing PR55  as an 

inhibitor of c-Src might explain the previously 
described inhibitory function of PR55 upstream of 
Raf1. Further work will be required to establish 
the exact molecular mechanism of c-Src 

regulation by PR55 . 

 

 

 
Fig. 5 PR55  affects c-Src activity and localisation. (A): U2-OS cells expressing pcDNA-HA-PR55  or a control vector were serum 

starved and treated with UV irradiation and treated with PP2 as indicated. c-Src phosphorylation was detected with an antibody 
targeting phosphorylated tyrosine 416 ( - pTyr

416
) and total c-Src was detected with an - c-Src. (B): U2-OS cells were transfected with 

GFP-c-Src and stable clones were selected. Subsequently the clones were transfected as indicated. GFP expression was evaluated as 

a measure for c-Src localization. Upper panels are a higher resolution image of the boxed section in the lower panels. 
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Methods 
 
Plasmids and antibodies. pcDNA3- FLAG-SRC, pMT-SRC, 
pMT-SRC(527), and pMT-SRC(295) were kindly provided by 

Philip Stork, and W. Molenaar. All other Flag-, GFP- and HA-
coding constructs were generated using pcDNA (Invitrogen, 
Carlsbad, CA). Detailed cloning information will be provided 

upon request. PP2A knockdown library vectors were 
generated by annealing the individual oligonucleotide primer 
pairs and cloning them into pSuper as described in 

(Brummelkamp et al. 2002b). The bacterial colonies of each  

subunit were then pooled and used for plasmid preparation.  
The extra shRNA (E) which gave the most efficient knockdown 
against PR55  as described in figure 2A was generated by 

ligating synthetic oligos (Sigma) against the target sequence 5’ 
CATGGAGGCAAGACCCATAG 3’ into pSuper. Antibodies 
anti-p-JNK, anti-p-MKK-4, anti-p-Src(416), and cleaved 

caspase-3 were from Cell Signalling; anti-SRC, anti-JNK,  anti-
MKK4, HA (Y11), anti-GFP, anti-cdk4, were purchased from 
Santa Cruz Biotechnology Inc.  

 
Cell culture, transient transfections, and Luciferase 
assays All cells were cultured in Dulbecco's modified Eagle 

medium (DMEM) supplemented with 10% fetal calf serum, D-
Glutamate, and Penicillin/Streptomycin. U2-OS cells were 
divided in 10-cm dishes 1 day prior to transfection. Sub-

confluent cells were transfected using the calcium phosphate 
transfection method (van der Eb and Graham 1980).  Cells 
were incubated overnight, washed in PBS and puromycin 

selected (1.5ug/ml) 48 hrs. When required cells were serum 
starved for 48 hours prior to stimulation. The cells were not 
allowed to reach confluency. For the screen and subsequent 

knockdown experiments U2-OS cells were co-transfected with 
20 μg of pooled PP2A shRNAs and 1 μg of pBabe-puro. After 

72 hours, selected cells were exposed to UV irradiation (100 
J/m2) and incubated for a further 60 minutes in the same 

medium. The following agents were used to stimulate cells:  50 
ng/ml EGF (Upstate), 10ng/ml TNF (Sigma), 10ng/ml Insulin 
(Sigma), 500mM NACL, or UVC ( 254 nm, 100J/m2; unless 

otherwise indicated). Luciferase assays were performed using 
the Dual luciferase system (Promega). AP1 luciferase vector 
(300 ng) was transfected in the presence of CMV-c-Src (0.5 

μg) or a control vector and CMV-Renilla (0.25μg).  For loss-of-

function, 2.5 g of pSuper vector  (Brummelkamp et al. 2002b) 
was co-transfected, and luciferase counts were measured 72 h 

post-transfection using a TD-20/20 Luminocounter (Promega). 
For gain-of-function assays, 0.5 μg of CMV construct or control 

vector (empty CMV) was co-transfected, and luciferase counts 

were measured 48 h post-transfection. 
 
Apoptosis assay. For detection of apoptotic cells, selected 

cells were incubated for 72 hours, washed twice with PBS, and 
incubated for another 10-12 hours in new media. The cells 
were washed twice in PBS and incubated or 18-24 hours 

following UV treatment (50 J/m2), trypsinized, washed once 
with PBS and resuspended for 10-15 minutes in 250 μl PBS 

containing 40 nM DiOC6(3). After incubation the cells were 
analysed by FACS analysis.  

 
Immunofluorescence Cells were washed twice in ice-cold 
PBS and fixed in 3% formaldehyde, washed twice with PBS 

and permeabilized in 0.2%Triton-X. After blocking with 
PBS/0.05% Tween/0.1% normal sheep serum/5% BSA cells 

were incubated with primary antibody for 60 minutes. 
Nonconjugated antibody detection was by reaction with 
species-specific FITC, or Texas Red conjugated secondary 

antibodies for 30 minutes. Cells were mounted with Vecta 
shield and visualized using a confocal microscope (Leica UK 
ltd.) pEGFP-SRC and pEGFP-PR55  were visualized by direct 

fluorescence. 

 
Western blotting and co-immunoprecipitation. Cells were 
lysed in solubilizing buffer (50mM Tris pH 8.0, 150mM NaCl, 1 

% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 1mM Sodium 
Vanadate, 1mM pyrophosphate, 50 mM sodium fluoride, 100 
mM -glycerol phosphate), supplemented with protease 

inhibitors (Complete; Roche). Whole cell extracts were then 
separated on 7%-12% SDS-Page gels and transferred to 
polyvinylidene difluoride membranes (Millipore). Membranes 

were blocked with bovine serum albumin and probed with 
specific antibodies. Blots were then incubated with an HRP-
linked second antibody and resolved with chemiluminescence 

(Pierce). For co-immunoprecipitations cells were lysed in ELB 
(0.25M NaCl, 0.1%NP-40, 50mM HEPES pH 7.3) 
supplemented with protease inhibitors. Lysates were then 

incubated for 2 hrs. with 2 g of the indicated antibodies 
conjugated to protein A or protein G sepharose beads, washed 
three times, and separated on SDS-PAGE gels.  
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Man will occasionally stumble over the truth, but usually manages to pick himself up,  
walk over or around it, and carry on. 

 
(Winston S. Churchill)
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PP2A regulatory subunits and cancer 
(General Discussion) 

 
 
Recent advances in our understanding of the 
dynamic regulation of the PP2A holoenzyme were 
primarily the result of loss of function analysis (Li 
et al. 2002; Silverstein et al. 2002; Ory et al. 2003; 
Yang et al. 2003; Bajpai et al. 2004; Kao et al. 
2004; Creyghton et al. 2005; MacKeigan et al. 
2005). These studies show that: 1; the effects of 
PP2A generic inhibitors are difficult to interpet and 
hardly add to our understanding of the molecular 
interaction of this family of phosphatases with 
other cellular components. 2; The use of 

overexpression of regulatory -subunits in 

functional analysis of signaling pathways should 
be avoided as a sole indicator of function since 
they seem to exert dominant negative effects at 
higher concentrations (Yang et al. 2003; Bajpai et 
al. 2004). In order to fully comprehend the 
functional role of these subunits as mediators of 
PP2A activity in the cell and their possible role in 
cancer development we first clearly need to 
redefine the proposed role of these B subunits in 
the regulation of PP2A. 
Striatin and S/G2 nuclear autoantigen were 
previously described as PR110 and PR93 
respectively and proposed to function as PP2A 

regulatory -subunits (Moreno et al. 2000) by 

virtue of their interaction with antibodies raised 
against a conserved domain in the B’ / PR61 
subunits. Since little homology was found with 
other PP2A regulatory subunits these two 
subunits were proposed to represent a new family 

of regulatory -subunits ( ”’).  

However, their status as regulatory subunits was 
questioned (Janssens et al. 2003; Van Hoof and 
Goris 2003; Janssens et al. 2005) since the 
consensus PR65 binding domain (Li and Virshup 
2002; Strack et al. 2002) could not be identified.  
Since there’s no real consensus as to when a 
protein is to be considered a regulatory subunit of 
PP2A we propose as a criterion that a regulatory 
subunit must have the ability to interact with and 
change PP2A activity towards a substrate other 
than itself. This can be achieved either by direct 
targeting of the substrate, altering the activity of 
the holoenzyme in complex with the substrate, or 
by changing the subcellular localization of the 
complex. The PR55 family of regulatory subunits 
was found to interact with the PP2A/PR65 core 
dimer. However, it was found that PR65 is not 
necessarily required for the interaction between 
PR55 and PP2Ac and neither was PR55 required 
for PP2A to interact with its substrate 

(Kamibayashi et al. 1992; Bryant et al. 1999; 
Koren et al. 2004). Rather it was found that, once 
PR55 interacts, it alters the activity of the 
phosphatase while it is already in complex with its 
substrate and this correlated with subsequent 
dephosphorylation of the substrate (Ory et al. 
2003). Thus, according to the definition described 

above, these are genuine regulatory -subunits of 

PP2A.  Similarly it was found that PR61 
associated with PP2A/PR65 and paxillin. A 
truncated PR61 acted as a dominant negative and 
resulted in hyperphosphorylated paxillin. 
However, holoenzyme binding to paxillin was not 
disturbed. This would suggest that like PR55, 
PR61 also serves to regulate the enzymatic 
activity of PP2A, irrespective of targeting or 
localization. This is supported by the notion that 
both can alter its enzymatic activity towards 
diverse substrates upon interacting with the 
PP2Ac/PR65 dimer (Sontag 2001). Similarly, both 
PR72 and PR55 can interact with SV40 LT 
antigen and alter the activity of the PP2A complex 
towards different phospho sites on this protein 
(Cegielska et al. 1994). Like PR55 and PR61, 
PR72 was found to regulate the activity of PP2A 
complexed to its substrate, but not substrate 
binding (Huang et al. 2004). Likewise, PTPA 
directly interacts with PP2Ac and alters the 
specificity and metal dependence of PP2Ac in 
vivo (Fellner et al. 2003). This was proposed to 
represent a more general control of free PP2Ac 
activity (Fellner et al. 2003; Longin et al. 2004). 
Finally it was found that Striatin and SG2NA were 
able to form a complex with the PP2Ac/PR65 
dimer and alter its activity towards different 
substrates in vitro, suggesting that these two 
proteins can function as PP2A regulatory subunits 
in vitro. It remains to be established whether this 
family and the PR72 family function as regulatory 

-subunits in vivo since for both these families a 

convincing in vivo substrate is lacking. 
 
Taken together it appears that a common function 
of all these regulatory subunits is to alter the 
enzymatic activity of the PP2Ac towards specific 
phosphorylated residues, while inhibiting the 
dephosphorylation of others. The interaction 

between regulatory -subunits and the 

PP2A/substrate complex also seems to be highly 
dynamic suggesting different signals can cause 
transient dephosphorylation of specific substrates 
(Guo et al. 2002; Huang et al.  
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2004)(chapter 4)(Okamoto et al. 1996). This is 
different from the general dogma, which proposes 
protein substrate targeting and regulation of 
subcellular localization as major functions. 
It has been described that SV40 ST antigen can 
function to target the phosphatase to its substrate 
(Yang et al. 2005). In this instance however ST 
doesn’t act to bridge the interaction of 
PP2A/PR65, but rather alters the conformation of 
PR65 allowing it to interact with the androgen 
receptor. It will be interesting to see if 
endogenous PP2A regulatory subunits can have 
similar activities. 
The experiments presented to date have revealed 
several conserved functions for subunit families 
rather than specific functions for individual 
subunits. This is not surprising since these 
functions are generally conserved among lower 
species as well were only one subunit represents 
a family of subunits in higher organisms. For 
PR55 family members a conserved function in 
mitogenic signaling was described at different 
levels. Second, a regulatory function in mitosis 
was established. Similarly for PR61 family 
members a role in the regulation of Wnt signaling 
was described and a functional role in apoptosis 
was established. We now describe a role for 
PR72 and PR130 in the Wnt signaling cascade. 
PR48 and PR59 share the ability of PR72 to 
arrest cells when overexpressed. It would be 
interesting to determine whether the ability to 
regulate Wnt signaling is a feature that is shared 
by these subunits. Studies that have described 
functions for single subunits within a family 
generally do not address the possibility of other 
family members sharing this function. It is 
therefore unclear whether all subunits within a 
family have truly different functions or simply 
share the same function in a tissue specific 
manner. The diverse forms within a family are 
differentially expressed in different tissues and 
show distinct subcellular distribution (McCright et 
al. 1996; Strack et al. 1998; Janssens and Goris 
2001). This would allow them to regulate their 
substrates in a spatially and temporally controlled 
manner. Although it is still possible that different 
isoforms regulate different substrates based on 
specific substrate interactions, such specificity 
was not yet demonstrated for most of the different 
isoforms within a family. One example has been 
described for a specific function for a regulatory 
subunit whithin a family. The PR55  subunit was 

shown to specifically induce neuronal 
differentiation and activation of the MAPK 
pathway dependent on the first 35 amino acids of 

the protein, which are largely unique to PR55  

(Strack 2002). It will be important to determine 
whether other specific functions for single  

 
subunits exist so we can expand our general 
understanding of the diversity of the PP2A 
holoenzyme. 
 A common feature seems that most of these 
subunits are regulated by PP2A since okadaic 
acid leads to their phosphorylation (McCright et al. 
1996; Griswold-Prenner et al. 1998; Creyghton et 
al. 2005) suggesting that apart from functioning as 
regulatory subunits these proteins are also 
regulated by PP2A.  It would be interesting to see 
whether this regulation can represent positive or 
negative feedback loops within a PP2A regulated 
pathway thus allowing transient 
dephosphorylation of substrates. 
A full understanding of the dynamic interaction of 

PP2A regulatory -subunits whithin the diverse 

signaling cascades and their role during 
development might eventually lead to the design 
of small molecule inhibitors that can specifically 
target cancers that harbor mutations in 
components of the PP2A holoenzyme. 
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If you stirr in the soup long enough eventually  
the meatballs will come floating on top. 

 
(Rene Bernards) 
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Summary for “non-insiders” 

 
A cell is a dynamic factory of proteins that 
cooperate in harmony to make sure the cell can 
be maintained, while the environment changes. 
Differences in the environment can lead to 
structural changes in proteins that sit on the outer 
wall of the cell. These proteins (receptors) are 
connected to proteins inside the cell that undergo 
changes initiated by the changes on the surface 
proteins. Subsequently these proteins affect other 
proteins in the cell thus generating a sequence of 
events that allow a cell to respond to its 
environment. Such a cascade were one protein 
influences the next is also called a signaling 
cascade or pathway. Depending on which 
pathway is activated by the environmental change 
the cell can respond either duplicating itself (cell 
division), by transforming itself into another cell 
type (differentiation) or by committing suicide 
(apoptosis). It’s these kinds of signaling routes 
that are defective in genetic diseases such as 
cancer. The DNA that codes for the different 
proteins that are generated in a cell is then 
mutated resulting in the increase or decrease of 
levels of a protein or in other instances defects in 
the proteins are generated. Such a deregulation 
of one of the proteins in a signaling cascade can 
lead to the hyperactivation or inactivation of such 
signaling routes. For instance once a cell 
activates a signaling route that tells the cell to 
start dividing and at the same time inactivates 
another cascade that can tell the cell to commit 
suicide, its well on its way to become a cancerous 
cell. In order to understand how cancer arises and 
how its maintained, its crucial to understand which 
signaling cascades are deregulated, which 
proteins in these cascades are responsible, and 
what they make the cell do.  
One way for a protein to influence the activity of 
another protein in a signaling pathway is to attach 
or remove a phosphate group to or from a protein. 
These modifications are thus reversible and 
dynamic. This phosphate group locally changes 
the charge of the protein and thus its activity. This 
is also called a post-translational modification 
meaning that the protein is modified after it was 
generated. In the introduction section of this 
thesis we describe a protein called PP2A (protein 
phosphatase type 2A), which is capable of 
removing phosphate groups from proteins in 
different signaling routes. Which phosphate group 
is removed from which particular protein at a 
certain time is in part dictated by a set of proteins 
that bind to and regulate the activity of PP2A. 
These are therefore referred to as PP2A 

regulatory subunits. We discuss which regulatory 
subunits are currently known and what function 
was described for them in earlier research. We 
also describe which regulatory subunits have no 
clear function in the cell yet or were the data 
describing such a function is uncertain. 
Interestingly chemical inhibition of PP2A activity 
can lead to tumor growth. Therefore its imperative 
that we understand which signaling routes are 
regulated by this protein and which ones play a 
role in tumor development. 
 
In chapter two of this thesis we describe one such 
a PP2A regulatory subunit named PR72. We find 
that this subunit (and therefore possibly also 
PP2A) is an important regulator of the so-called 
Wnt signaling pathway. This signaling pathway is 
activated by proteins generated in surrounding 
cells and is important for many of the early 
developmental decisions in the embryo that 
ensure the correct development of cells into a 
complex organism. We describe that PR72 is an 
inhibitor of this signaling pathway and find that 
when the levels of PR72 are altered there are 
indeed problems during embryonic development. 
Since this is an inhibitor of this pathway one 
would expect that loss of this protein would 
hyperactivate this pathway and this is exactly 
what we find. An important correlation with cancer 
is that the interaction between PR72 and PP2A is 
disturbed in colon cancers. On top of that an 
activated Wnt signaling pathway is found in 
virtually all colon cancers, 10% of which arise 
from an unknown defect. It’s therefore possible 
that a portion of these tumors arise due to defects 
in PR72 mediated regulation of the Wnt signaling 
pathway. Next we describe in chapter three 
another subunit of PP2A named PR130, which 
closely resembles PR72. We find that this subunit 
functions in the exact opposite manner compared 
to PR72 and thus is an activator of the Wnt 
signaling cascade. This leads to an interesting 
model were the ratio of these two closely related 
proteins determines the level of activity of this 
signaling route. In chapter four we describe a 
genetic screen were we use the RNAi technology 
to one by one inactivate all the known regulatory 
subunits of PP2A in order to see how this might 
affect the activity of several signaling routes 
known to be involved in cancer. We find that loss 

of the PR55  subunit of PP2A leads to 

hyperactivation of the so-called JNK stress-
signaling pathway. This signaling cascade is 
activated by environmental stresses such as UV  
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irradiation, mechanical stress or altered salt 
concentrations etc. The result from activation of 
this signaling pathway is that the cell when 
exposed to stress that cannot be properly 
repaired will initiate a self-destruct mechanism 

(apoptosis). Our finding would present PR55  as 

an inhibitor of this stress responsive pathway thus 
protecting the cell from suicide signals. Indeed we 
find that cells that have lost this protein are more 
likely to commit suicide after environmental 

stress. We show that PR55  interacts with another 

protein called c-Src, which is a known regulator of 
the JNK stress signaling pathway.  

 
We have thus proven that these genetic screens 
are a powerful tool to obtain information about the 
function of these PP2A regulatory subunits in 
cancer relevant signaling pathways. This data will 
enhance our understanding of manner in which 
these signaling cascades function to allow a cell 
to respond to its environment. It will also increase 
our understanding of how tumor cells use 
deregulation of these signaling cascades to 
maintain tumor growth. This information could 
lead to the generation of specific therapies 
targeted to specifically intervene in these 
deregulated signaling cascades. 
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Als je maar lang genoeg in de soep roert  
komen de gehaktballen vanzelf bovendrijven. 

 
(Rene Bernards)
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Samenvatting voor “niet ingewijden” 
 
Een cel is een dynamische fabriek van eiwitten 
welke er in een harmonische samenwerking voor 
zorgen dat de cel kan blijven voortbestaan, ook 
als de directe omgeving verandert. Veranderingen 
in de directe omgeving van de cel kunnen lijden 
tot structurele veranderingen in eiwitten op de 
buitenkant van de cel. Deze eiwitten (receptoren) 
zijn weer verbonden met eiwitten binnen in de cel 
die vervolgens onder invloed van de 
veranderingen aan de buitenkant zelf ook 
veranderd kunnen worden. Vervolgens 
bëinvloeden deze eiwitten wederom een volgende 
groep zodat een cascade ontstaat van eiwitten die 
elkaars activiteit veranderen waardoor de cel zich 
aanpast aan de omgeving. Zo’n cascade van 
eiwitten die elkaar beinvloeden wordt ook een 
signalerings-route (signaling-pathway) genoemd. 
Afhankelijk van welke route er specifiek wordt 
geactiveerd als reactie op de omgeving, kan de 
cel het signaal krijgen om zich te gaan delen, om 
zich te veranderen naar een ander type cel 
(differentiatie) of om zelfmoord te plegen 
(apoptose). Bij genetische ziektes zoals kanker 
zijn dit soort signalerings-routes verstoord. Het 
DNA waarvan het eiwit wordt afgelezen is 
gemuteerd waardoor er in de cel teveel, te weinig 
of een defect eiwit gemaakt wordt. Dit kan leiden 
tot hyperactivatie of juist inactivatie van zo’n 
signalerings route. Wanneer een cell dus een 
route die cel-deling bevordert hyperactiveert, en 
een route die zelfmoord kan signaleren 
inactiveert, is hij goed op weg om een kanker-cel 
te worden. Om te begrijpen hoe kanker ontstaat 
en gereguleerd wordt, is het belangrijk om te 
begrijpen hoe al die signaleringsroutes werken, 
wat deze de cel laten doen, en welke eiwitten in 
welke route een rol spelen. 
 
Eén van de manieren waarop eiwitten de activiteit 
van een ander eiwit kunnen beïnvloeden in zo’n 
signalerings cascade, is door er een fosfaat-groep 
op te zetten of af te halen. Dit is een chemische 
verbinding die de elektrische lading van het eiwit 
lokaal verandert, en dus ook de eigenschappen 
van het eiwit beïnvloed. Dit wordt ook een post-
translationele modificatie genoemd, wat betekent 
dat het eiwit wordt veranderd nadat het gemaakt 
is. In de introductie van dit proefschrift beschrijven 
we een eiwit (PP2A) wat in staat is fosfaat-
groepen weer van eiwitten af te halen om zo hun 
orginele staat weer terug te krijgen. Deze 
modificaties zijn dus omkeerbaar en dynamisch. 
Welke fosfaat-groep van welk eiwit wordt 
afgehaald wordt gedeeltelijk bepaald door een 

groep eiwitten die de activiteit van PP2A 
reguleren, en deze worden daarom ook 
regulatiore subunits van PP2A genoemd. In de 
introductie worden de verschillende bekende 
activiteiten van deze subunits uiteengezet en 
wordt samengevat welke signaleringsroutes ze 
beinvloeden. Ook beschrijven we van welke 
subunits van PP2A de functie nog onbekend of 
onzeker is. PP2A speelt een rol in verscheidene 
signaleringsroutes en chemische verstoring van 
de activiteit van dit eiwit bevordert het ontstaan 
van kanker. Het is daarom belangrijk om te 
begrijpen welke activiteit van dit eiwit in welke 
signaleringsroute hierbij een rol speelt. 
 
In hoofdstuk twee van dit proefschrift beschrijven 
we de functie van een zo’n regulatoire subunit van 
PP2A genaamd PR72. We vinden dat deze 
subunit (en daarom mogelijk ook PP2A) een 
belangrijke rol speelt in de zogenoemde Wnt-
signaleringsroute. Deze route wordt geactiveerd 
door eiwitten die door omliggende cellen worden 
aangemaakt en is erg belangrijk voor de regulatie 
van alle vroege beslissingen in het embryo die er 
toe leiden dat het embryo zich correct onwikkelt 
van een bolletje cellen tot een complex 
organisme. We beschrijven dat PR72 een 
negatieve regulator van deze route is en laten 
zien dat verstoring van dit eiwit problemen geeft 
tijdens de embryonale ontwikkeling. Verlies van 
PR72 zou de Wnt signaleringsroute moeten 
activeren, en dit is precies wat we ook vinden. 
Een belangrijke correlatie met kanker is dat de 
binding tussen PR72 en PP2A verstoord is in 
sommige dikke-darm (colon) kankers. Daarbij is in 
de literatuur al uitvoerig beschreven dat de Wnt 
signaleringsroute geactiveerd is in deze tumoren, 
en dat deze activiteit oorzakelijk betrokken is bij 
het ontstaan van deze tumoren. Van zo’n 10% 
van deze tumoren is nog onbekend hoe de Wnt 
signaleringsroute geactiveerd is. Het zou dus zo 
kunnen zijn dat er voor deze tumoren een 
oorzakelijke rol is voor verlies van PR72 bij de 
activatie van deze route. Daarnaast beschijven 
we in hoofdstuk drie PR130, een andere 
regulatoire subunit van PP2A die erg lijkt of PR72. 
We vinden dat deze subunit precies het 
omgekeerde doet van PR72 in dezelfde 
signaleringsroute. Dit leidt tot een model waarin 
de relatieve verhouding van deze twee subunits 
bepaalt hoe actief de Wnt signaleringsroute is in 
de cel.  
In hoofdstuk vier beschrijven we een genetische 
screen waarin we met behulp van de RNAi  
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technologie één voor één alle regulatiore subunits 
van PP2A uitschakelen om te kijken wat de 
effecten hiervan zijn op de verschillende bekende 
signaleringsroutes doorgaans betrokken bij 
kanker. Zo vinden we bijvoorbeeld dat verlies van 

de PR55  regulatoire subunit de zogenoemde 

JNK stress signalerings route hyperactiveert. 
Deze route zorgt ervoor dat de cel snel reageert 
op stress in de omgeving zoals UV licht, 
radioactiviteid, mechanische stress enz. Het 
resultaat van activatie van deze route is meestal 
dat de cel bij stress waarbij de schade wellicht te 
groot is voor reparatie, een zelfmoord 
mechanisme aanschakelt (apoptose). Onze 

vinding zou betekenen dat PR55  een negatieve  

regulator is van deze route en daardoor de cel 
beschermt tegen zelfmoord. We vinden dat  

 

PR55  bindt aan het eiwit c-Src wat een 

belangrijke regulator van de JNK stress 
signaleringsroute is en deze route via c-Src kan 
inactiveren. Hiermee laten we zien dat deze 
screen een krachtige methode is om uit te zoeken 
in welke signaleringsroutes de verschillende 
regulatoire subunits een rol spelen. De informatie 
verkregen over de functie van deze subunits in dit 
proefschrift leidt tot een groter begrip van de 
werking van de signaleringsroutes waar deze een 
rol in spelen. Dit geeft mogelijk ook een 
uitgebreider inzicht in de rol van PP2A bij het 
ontstaan van kanker en kan leiden tot de 
ontwikkeling van specifieke drugs gericht tegen 
deze signaleringsroutes. 
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CV en Dankwoord 
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The saddest aspect of life right now is that science gathers knowledge faster  
than society gathers wisdom. 

 
(Isaac Asimov)
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Dankwoord: 
 
Tja, en dan het belangrijkste onderdeel van het proefschrift. Zoals gebruikelijk te beginnen met de promotor, 
maar eerst: Helmuth, bedankt, zoals je weet is dit allemaal jouw schuld, zonder dat mailtje van jou aan René 
was ik hier waarschijnlijk nooit aan begonnen (had zelfs nog nooit van het NKI gehoord ). René, je hebt 
lang in de soep moeten roeren voordat ik boven kwam drijven, maar uiteindelijk is het dan toch gelukt. En 
nog wel op het PP2A project, wie had dat ooit gedacht! Ik heb enorm veel van je geleerd en in jouw lab is 
uiteindelijk niets onmogelijk. Het speelse gemak en de vrolijkheid waarmee je dit werk op het hoogste niveau 
doet zijn om zijn minst bewonderenswaardig. Ook heb ik geluk gehad met de enorme diversiteit aan know 
how op het lab op het moment dat ik hier begon. Reuven you taught me all the good words to ensure 
survival in Gaza (Im hayu samim et hamo'ach shelcha b'tarnegol, hu haya ratz yashar l'shochet). Listening to 
your discussions with d-Avi-d was always great fun, speaking of which d-Avi-d al die uren samen in de auto 
naar werk heb ik erg gemist de laatste jaren, en je frisse kijk op wat er echt toe doet in het leven leidde altijd 
tot aardige gesprekken. Gelukkig zorgde Thijn ervoor dat ik op het lab bij de koffie the darker side of life 
onder m’n neus geschoven kreeg, dat bracht weer wat balans. Brummel jongen, je had gelijk, PR72 is het 
helemaal geworden, wat is ons werk toch ironisch. Leg maar snel een matrasje klaar thuis want ik zie je over 
twee maanden in Boston, dan begint het spelletje van Sebas gewoon weer opnieuw. Kunnen we mooi een 
Hollandse hippie colony stichten hè Sebas? Ook jij had gelijk, ik geef nix toe MAAR…… PR72 heeft over 
twee jaar meer citaties dan USP1 al moet ik het allemaal zelf doen (heb er 1 nu denk ik). ‘t is toch jammer 
dat onze buikflikker Piet ‘de ding is’ Eikelhoorn niet ook naar Boston komt, al zou hij er met z’n bellybuttonfluf 
exhibitionisme na een maand toch weer uitgezet worden. Gelukkig gaat Pickersgrill wel mee, die draait ze 
nog altijd sneller dan Brummel. Pietje, we hebben veel nachtjes met elkaar doorgezakt (dit geeft roddels) en 
onze wandelingen naar werk door hartje Amsterdam ga ik zeker missen….. maar niet voor lang, want we 
komen je met z’n allen in Canada opzoeken. Wat ik ook ga missen is mijn unieke positie in het kantoor 
tussen de twee knapste vrouwen op het lab (heb nu direct ruzie met de rest) Katrientje en Marielle, Ik heb 
jullie beiden van dichtbij letterlijk door DIK en DUN behoorlijk goed leren kennen. Jullie toch wel grappige 
gesprekken met elkaar (met mij als lucht ertussen) waren vermakelijke lessen over het wel en wee van de 
moderne vrouw (begrijp er alleen nog geen reet van). Zorgen jullie een beetje goed voor mijn kindertjes als 
ik weg ben straks? Raf-Rac-Rho-dlikker jongen, 90% van de mensen zijn niet dom (per definitie), jij bent 
gewoon heel slim…..als je nou eens flink wat karma verzamelt hebt, moet je ff wat doorsluizen, dat van mij is 
allemaal opgebruikt, zeker als ik na dit dankwoord nog in leven ben. Wellicht wordt ik dan in ieder geval niet 
meer door die Spaanse relnicht lastiggevallen. Hi Luis how are you my good friend, I trust you and Piet and 
perhaps mad Mike will start a nice institute back in Spain. Be sure to include lots and lots of darkrooms. Mad 
Mike, the first years were fun, the last frustrating …. So it didn’t turn out as expected, sounds like science to 
me. Jaspertje, als labfeut ben je een heel eind gekomen, maar zoals gewoonlijk ben je nog net zover als 
toen je begon. Er gaat vast wel iets lukken de komende jaren, al is het misschien niet in het lab hehe. 
Annettski it was certainly fun working with you, although we have nothing to show for it yet but your constant 
happiness and mini-chocolates certainly relieved the load. Guess I’ll have to find a new love-doctor now, 
although I can’t imagine getting better advice from anyone else. Mandy en Miranda (harige apen) als er een 
dwerg-werp competitie in Boston gehouden wordt komen jullie toch ook he? Mirjam, dank zij jou ben ik de 
nr.2 westerns gieten in het lab MAAR ik ben nog steeds van mening dat grote gelen 2x moeten tellen en dan 
versla ik je misschien nog net. Miguel, guess you heard it all so I’ll stop right here …….Linda, goeiemorgen, 
leuk he screens.... vooral doorgaan als je maar lang genoeg in de soep roert groeien die mammospheres 
vanzelluf je schaaltje uit. Daniel, was erg relaxed snowboarden met een mooie les in editorial politics, zie je 
op de piste bij een volgend congres. Benjamin, goeie keuze van je om in Europa te blijven, In de States 
wordt het vast niet gewaardeerd als je je middel-vinger opsteekt naar je publiek. Sirith, probeer nu zelf ook te 
zingen in de kweek, voor jou leidde dat iig to een Nature paper dussuh, can’t hurt to try. Sidong, was nice 
doing experiments with you although these were more of a psychedelic kind. I’ll be sure to visit your parents 
to enjoy their cooking.  En Esther jij zorgt voor de whiskey daarna zoals gewoolijk, zorg maar dat er flink wat 
klaarstaat over twee maanden. Irma, ondanks dat je 1000 keer vergeten ben RNA’se toe te voegen aan je 
mini’s toch nog Naked opgepikt… zo zie je maar weer, het geluk komt altijd uit een onverwachte hoek. 
Mireille, bedankt voor de koffie en je opgewektheid zo ‘s ochtends vroeg, je was een goede vervanging voor 
d-Avi-d. Armada, je bent geen olifant hoor, maar als ik terug kom ben je hoogst waarschijnlijk nog wel AIO 
hahahaha geld ook voor jou Ralfje. Bijersbergen, het buget van het lab verkwisten aan techno-lego-robot-
zooi kan ik goed begrijpen, heb er zelf nog niet mee kunnen spelen, maar zo te zien is het best vemakelijk 
toch? Wouter na 11 Januari mag de fik erin ok, veel plezier je hebt er lang op gew8. Tassos, thnx for the  
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cheerful moments at the coffee machine. Like we agreed, I’ll be expecting you to drop the machine by when 
I’m in Boston. Pim opa, was leuk je zo af en toe te misbruiken op de gang, geeft nix hoor…. je gereduceerde  
capaciteit om nog weerstand te bieden heeft gewoon met de jaren te maken. Uit de oude doos Marlijn, 
Hans, Jeroen jullie hebben me gewaarschuwd maar ik luister nog steeds nooit. Het van Lohuizen en het te 
Riele lab (Floris, niet te hard werken hoor). René Medema en kornuiten (met name Marcel) jammer dat jullie 
zijn vertrokken al houden we nu wel antibodies over. De paginanummers in dit boekje draag ik speciaal aan 
jou op René. Uit de nieuwe doos (al die nieuwe mensen op H2 die nooit voorgesteld zijn), succes je zal het 
nodig hebben HAHA. Altijd gezellig op de borrels de Sixma’s (betekent meteen ook Titia), Puck helaas onze 
5-year-no-paper-drinks net niet gered, Mar(k1), de kinderbrigade: Joyce, Valerie en Patrick, Ganeshi allmost 
there man and Alex (I learned the good words elsewere as you see). En van de Toss-off (he loves that) 
group Vangellis (you’ll have to try to beat up Pim now instead of me), der Olli jawhol, Kostas and Nuno 
(although not a toss-off anymore) and Vaso (who never was 1 in the first place). Ron en Mike van de 
microarray natuurlijk, beide een beetje Bi (raak je nooit meer vanaf die opmerking) Ivy, mijn persoonlijke 
spellingschecker en iedereen die ik had moeten bedanken maar nu heel ff vergeten ben. 
Dan natuurlijk alle damens en heren van het JOC met name, Nelleke (onze JOC nr.2 taibox kampioene en 
levensfilosoof ), Orvie (whats juicy ??), Sandra, Noël, Maria, Ernst, Dekker, Smeer (nog net geen ster), 
Hang, Wing, Nelis, Josti ik bedoel maar.....soms zit het mee...., Mark, Sander (vieze Jut), der Lotti, der 
stoeiLoes, Karlos Foxwoods en de pokerbitches, voor al het zuipen en feesten naast het werk in de 
weekenden, vooral Duijn Daanhoven en Harald Stardermannn, gewoon blijven bellen ondanks het vele ‘nee 
ik moet werken’. Werd altijd wel gewaardeerd. Dat, en de vele blauwe plekken. Ferry jongen we zijn precies 
geworden wat we altijd afgezworen hebben, hoewel de prestaties nog op schema lopen is geeste dood niet 
ver weg meer, de melk is bijna op. Paultje ga je missen met je kersverse vrouwtje (mijn nieuwe zusje) Je 
mag nog wel ff paranimf spelen al had je geen idee wat het betekende, we komen elkaar wel weer tegen in 
UBRS ofzo. Wellicht is Martin er dan ook klaar voor (still culling the weak). Ryan wij gaan voor een 2’e road-
trip in de States straks, ik kijk er nou al naar uit, dope-ass kan mee, maar de holodeck moet thuisblijven. 
Marcel you’ll have to realign the deflector grid using a self sealing stem bolt and fuse the power couplings to 
the plasma manifold trough the central relay, dan zien we mekaar op skype de komende 2 jaar. Basje, no 
cure for cancer was zeker lachen, de trippels voor het slapen gaan hilarisch, wel langskomen straks en ja, 
jou holodeck mag wel mee. Sir El, geen uithangborden jatten of auto’s molestreren in mijn afwezigheid hoor! 
Joost en Mirjam, succes met de kleine, je gaat het nodig hebben (slapeloze nachten). Ben vast nog een 
hoop mensen vergeten maar als die me goed genoeg kennen zullen ze me dat niet kwalijk nemen.  
Pa&Ma aan jullie heb ik bijna alles te danken. Jullie fungeerde vooral als drijfveer en niet onbelangrijk als 
geldschieters (promoveren is nog steeds geen winstgevende bussiness). Lieve Sietske, dat je het zo lang 
met me uitgehouden heb (9 jaar) mag een wonder heten en zonder jou was dit nooit wat geworden (ook met 
mij niet). Heb ook van jouw achterban enorm veel steun gehad. Jan, Ria, Rob en Rietje, Mark, Saskia en 
Remy, ga jullie allemaal erg missen. Ook al ga ik nu naar de andere kant van de wereld lieve Siets, je zal 
altijd bij me blijven.  
 
Menno 
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