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CHAPTER 1

General introduction





Phosphoinositides
This thesis is concerned with phosphoinositides, a group of phospholipids with diverse 
and often essential cellular functions. The basic building block for phosphoinositides 
is phosphatidylinositol (PtdIns), which comprises a hydrophilic inositol head group 
linked by a phospho-diester bond to two fatty acid chains. The most common fatty 
acid chains found in phosphoinositides are stearic acid (saturated) in the SN1 position 
and arachidonate (unsaturated with 4 double bonds) in the SN2 position (Figure 1A). 
Recent studies using mass spectroscopy have, however, established a complex 
variation in the presence of these fatty acid moieties (1-2). The inositol head group 
of phosphoinositides can be reversibly phosphorylated, which is important for their 
function as versatile second messengers. Mono-, bis- and trisphosphorylation at the 3, 
4 and 5 positions of the inositol ring can all occur and to date, seven phosphorylated 
versions of PtdIns have been identified: PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,4)P2, 
PtdIns(3,5)P2, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 (Figure 1B).

PtdIns have important roles in signalling and can serve as precursors for the 
generation of new second messengers. For example, PtdIns(4,5)P2 is a precursor of 
Inositol trisphosphate (IP3), diacylglycerol (DAG) and PtdIns(3,4,5)P3. Additionally, PtdIns 
can recruit proteins and determine their localisation and downstream signalling through 

Figure 1. Phosphoinositide metabolism. A. Structure of Phosphatidylinositol. The inositol 
headgroup with numbered positions, is connected to stearic acid in the SN1 position and 
arachidonate in the SN2 position. B. 7 phosphorylated versions of Phosphatidylinositol. The 
arrows represent possible phosphorylation and dephosphorylation reactions carried out 
by phosphatidylinositol kinases and –phosphatases. Depicted are the kinases (blue) and 
phosphatases (orange) involved in regulating the abundance of PtdIns(4,5)P2. 
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specific phosphoinositide-interacting domains (3). PtdIns are minor constituents of 

membranes and reside in a variety of cellular structures such as the plasma membrane, 

the Golgi, the Endoplasmatic Reticulum, exosomes (4), as well as the nucleus (5-6). In 

the nucleus, phosphoinositides may exist in the intranuclear membrane but also in non-

membranous structures. Depending on their intracellular location, phosphoinositides 

regulate specific processes, such as gene transcription, cell migration, vesicular 

trafficking, cell survival, ion-channel function, endocytosis and exocytosis. They also 

contribute to the integrity of and dynamic changes in the cytoskeleton. 

PtdIns can be phosphorylated by lipid kinases and phosphorylated PtdIns 

can be dephosphorylated by lipid phosphatases (Figure 1B). To date, more than 

90 phosphoinositide regulators have been identified, including lipid kinases and 

phosphatases, lipases and phosphoinositide transfer proteins. PtdIns exist in all 

eukaryotes and many phosphoinositide regulators are conserved throughout 

evolution and can be found in animals (metazoa), fungi and plants (7). Regulation of 

the abundance of phosphoinositides is crucial for the existence and development of 

many eukaryotes and deregulation of phosphoinositides and their modifiers can lead 

to severe diseases such as cancer, myotubular myopathies and Lowe’ syndrome (8-11). 

PtdIns5P and phosphatidylinositol-5-phosphate 
4-kinases
This thesis focuses on PtdIns5P and the phosphatidylinositol-5-phosphate 4-kinases 

(PIP4Ks) that can regulate the abundance of this phosphoinositide. PtdIns5P is the latest 

addition to the phosphoinositide family, since its discovery by Rameh et al. in 1997. 

PtdIns5P exists in mammalian cells, plants, worms and flies (12-15). Although PtdIns5P has 

been suggested to function as a second messenger, it is not clear exactly how this occurs 

(12). The abundance of PtdIns5P is comparable to the level of PtdIns3P and relatively low 

under resting conditions compared to the level of PtdIns4P. However, its level increases 

upon several stimuli such as insulin (16), thrombin, (17) oxidative stress (18), dehydration 

and osmotic stress in mammalian cells (19) and in plant cells (15). PtdIns5P abundance also 

changes in the nucleus as cells progress through the cell cycle (14). 

To understand signalling functions of PtdIns5P, we must know how and where the 

abundance of PtdIns5P is regulated. There are several ways in which cellular PtdIns5P 

can be generated or modulated: 1. PIP4Ks can phosphorylate PtdIns5P to generate 

PtdIns(4,5)P2 and thereby reduce PtdIns5P levels (12, 18) 2. PtdIns5P can be generated 

by members of the Myotubularin family of phosphatases that can dephosphorylate 

PtdIns(3,5)P2 (20-21). 3. Two PtdIns(4,5)P2 phosphatases can dephosphorylate PtdIns(4,5)

P2 to generate PtdIns5P (22-23). 4. The lipid kinase PYKfyve phosphorylates PtdIns to 

generate PtdIns5P (24-25). Which route for PtdIns5P synthesis is more prevalent may 

be tissue-, cell-type and organelle dependent and reliant on the availability of the 

enzymes involved. A PtdIns-5-kinase dedicated to PtdIns5P generation has not been 

12

General introduction



identified in vivo, but PIP5Kinase and PYKfyve both phosphorylate PtdIns in vitro (24, 
26). In vivo however, the data remain controversial. PYKfyve knockout MEFs show 
decreased levels of PtdIns5P (27) while studies in other cell types showed no decrease 
in PtdIns5P levels using inhibitors of PYKfyve and shRNA mediated knock down of the 
enzyme (28). Furthermore, measurement of the levels of PtdIns5P in PYKfyve knockout 
MEFs in our laboratory failed to confirm the decrease in PtdIns5P levels. Intracellular 
PtdIns5P can also be generated upon infection by Shigella flexneri (29-30) through the 
bacterial 4-phosphatase IpgD by dephosphorylation of PtdIns(4,5)P2. Finally, exposure 
of cells to UV irradiation or hydrogen peroxide (H2O2) induces the synthesis of PtdIns5P 
in part by inducing the interaction between PIP4K and the prolyl isomerase Pin1 (31).

Several studies have indicated functions for PtdIns5P both in the cytosol and in 
the nucleus, although endogenous binding proteins and downstream targets are still 
ill-defined. Generation of PtdIns5P by the bacterial phosphatase IpgD results in EGFR 
activation and subsequent phosphorylation of Akt was shown to regulate vesicular 
trafficking (32). An increase in PtdIns5P was observed in cells transformed with the 
oncogenic tyrosine kinase NPM-ALK (nucleophosmin anaplastic lymphoma kinase), 
suggesting a possible role for PtdIns5P in NPM-ALK induced oncogenesis (33) and 
Oppelt et al. (34) recently implicated PtdIns5P in regulating cell migration. They 
suggested that MTMR3 and PYKfyve act in concert to regulate the levels of PtdIns5P 
via the generation and dephosphorylation of PtdIns(3,5)P2 (Figure 2).

Figure 2. Inputs and processes that can regulate the abundance of PtdIns5P are presented in the 
top square. Known phosphoinositide kinases and phosphatases that can generate PtdIns5P are 
presented in the bottom square.
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PtdIns5P in the nucleus
Since the discovery of the existence of a phosphoinositide cycle in the nucleus, much 

research has focussed on specific nuclear functions for PtdIns including PtdIns5P. The 

abundance of nuclear PtdIns5P increases upon oxidative stress and UV treatment and 

also during the cell cycle (14, 18), but what are the implications of these increases? 

The discovery of two proteins that interact with PtdIns5P, Inhibitor of growth protein 

2 (ING2) and Arabidopsis Trithorax-like protein (ATX1), has given insight into possible 

nuclear functions for PtdIns5P. Both ING2 and ATX1 can associate with PtdIns5P via 

their plant homeodomain (PHD) finger, a Cys4-His-Cys3 motif, generally found in nuclear 

proteins. ING2 regulates acetylation of the tumour suppressor p53, which is increased by 

PtdIns5P to activate p53 in a stress-dependent manner (18, 35). p53 is regarded as the 

guardian of the genome, since it controls the DNA damage response. Knowing how p53 

is activated is important in understanding how cells execute death pathways in health 

and disease. The trithorax homologue ATX1 is a SET domain-containing histone methyl-

transferase and is a master controller of plant development and flowering (36-37). It 

also regulates gene transcription in response to environmental stress. Drought stress in 

Arabidopsis induces an increase in PtdIns5P, that is mediated by the plant homologue 

of myotubularin, a PtdIns(3,5)P2 3-phosphatase. The increase in PtdIns5P leads to a 

decrease in methylation of lysine 4 on histone 3 (H3K4me3) at the promoter of WRKY70, 

a gene regulated both by ATX1 and drought stress. The decrease in methylation appears 

to be a consequence of increased PtdIns5P leading to a decrease in the levels of ATX1 

associated with promoters and causes a change in the localisation of ATX1 from the 

nucleus to the cytoplasm, both of which depend on the integrity of the PHD finger (15).

Emerging mechanistic links between phosphoinositides and chromatin modifying 

enzymes, like ING2 and ATX1 and PtdIns5P may explain how phosphoinositides 

regulate gene transcription and chromatin structure (38-39).

PIP4K regulation and signalling
PIP4Ks phosphorylate PtdIns5P on the 4-position of the inositol ring to generate 

PtdIns(4,5)P2, and in that way they can modulate the abundance of PtdIns5P. There are 

three isoforms (40-43) of which PIP4K2A and PIP4K2B have been shown to phosphorylate 

PtdIns5P and PtdIns3P, whereas PIP4K2C appears to be inactive. Deletion of the gene 

encoding PIP4K2B in mice has no effect on their development or survival, but compared 

to wild type mice, the knock-out mice are better in controlling their blood glucose 

levels and do not gain weight when fed diets high in fat (44). PIP4K2B knock-out mice 

also show increased insulin-induced Protein Kinase B (PKB) activation in muscle and 

overexpression of PIP4K2B in cells attenuates insulin induced PKB activation (45). 

Overexpression of IpgD, a bacterial 4-phosphatase, also increased PKB activation (45). 

The data point to a role for PtdIns5P and PIP4K in PKB regulation and activation (46). PKB 

plays an important role in glucose metabolism, cell survival, apoptosis, gene transcription 
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and migration. PIP4Ks may be implicated in PKB signalling via regulation of PtdIns(3,4,5)P3 

(important for localisation and activation of PKB) or direct dephosphorylation of PKB, but 

the direct mechanism remains unknown. PIP4K activity can be inhibited via activation of 

the p38 MAPK stress pathway, which leads to increased nuclear PtdIns5P. Inhibition of 

PIP4K occurs through the direct phosphorylation of PIP4K2B at Ser326 by p38 (18). 

An interesting nuclear interaction partner for PIP4K2B was identified by Bunce et 

al. Using a yeast two hybrid approach, they identified an interaction between PIP4K2B 

and SPOP, a nuclear speckle associated protein involved in the recruitment of proteins 

to Cul3-based ubiquitin ligases. They showed that activation of the p38MAPK pathway 

stimulated the activity of Cul3-SPOP towards substrates and that an inactive version of 

PIP4K2B stimulates ubiquitination of Cul3-SPOP substrates, suggesting that PtdIns5P 

stimulates Cul3-SPOP ubiquitin ligase activity. Promoting ubiquitin ligase activity to 

regulate protein function would be an interesting nuclear function for PtdIns5P, however, 

additional studies on endogenous targets remain to be identified. Further aspects of 

PIP4K regulation and signalling are described in chapter 2 and chapter 5 of this thesis. 

Scope of this thesis
In this thesis, we focused on PtdIns5P and the lipid kinases that can modulate and 

regulate the cellular abundance of PtdIns5P, the phosphatidylinositol-5-phosphate 

4-kinases (PIP4Ks). In Chapter 2, we review oxidative stress signaling, PIP4Ks and 

modulation of PtdIns5P and PIP4Ks by the prolyl-isomerase Pin1. Mouse embryonic 

fibroblasts (MEFs) derived from Pin1-/- mice are resistant to cell death induced 

by exogenous H2O2 (47). Since phosphoinositides have roles in oxidative stress 

signalling, we investigated whether Pin1 can regulate phosphoinositide abundance 

to control adaptive responses and sensitivity to oxidative stress (Chapter 3). We 

show that upon H2O2 exposure, MEFs derived from Pin1-/- mice have increased cell 

viability and an increased abundance of PtdIns5P compared to wild type MEFs. 

The discovery that Pin1 directly regulates phosphoinositide signalling is novel and 

may help to understand the complex phenotypes observed in Pin1 knockout mice. 

In Chapter 4, we continued to investigate Pin1 and phosphoinositides by analyzing 

whether phosphoinositides can directly associate with Pin1 to alter Pin1 signalling. To 

evaluate binding of Pin1 to phosphoinositides, we used Surface Plasmon Resonance 

(SPR). We determined whether manipulation of the abundance of intracellular 

PtdIns(4,5)P2 affects Pin1 function by measuring its effects on transcriptional output 

from the CDKN1B and CCND1 promoters. In the review presented in Chapter 5, 

functions of nuclear phosphoinositides are described and we underline how and why 

nuclear phosphoinositides differ from their cytosolic counterparts. PIP4Ks have been 

implicated in a number of cytosolic and nuclear pathways that involve stress-signaling 

and activation of PKB. However, to date only a few proteins have been identified that 

can interact with and regulate PIP4Ks. In Chapter 6, we search for proteins that can 
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regulate PIP4K2B and discover that PIP4K2B interacts with PIP4K2A. We determine 
that PIP4K2A is 2000-fold more active than PIP4K2B and that PIP4K2B can target 
PIP4K2A to the nucleus. Intracellular pairing of the two isoforms may be important for 
their physiological and pathological roles. Mutations in PIP4K2A have been associated 
with the development of schizophrenia (48) and the gene encoding for PIP4K2B 
(PIP4K2B) can be amplified in a subset of breast cancers (49). Aside from those studies, 
little is known about pathological roles for PIP4Ks. Breast cancer etiology is complex, 
involving the deregulation of many signaling pathways. To stratify groups of breast 
cancer patients, it is important to identify new molecular markers or drug targets to 
allow specific and better treatment. In Chapter 7, we focused on PIP4K2B in breast 
cancer and describe the characterization and utilization of a PIP4K2B specific antibody 
to interrogate tissue micro-arrays derived from breast cancer patients. We determine 
PIP4K2B expression in 489 tumours from late-stage disease patients and found a 
correlation between several clinico-pathological parameters and PIP4K2B expression. 
Overall, low expression of PIP4K2B correlates with a worse prognosis for breast 
cancer patients. Next, we sought to determine underlying mechanisms that may in 
part explain the relationship between low/no expression of PIP4K2B and poor patient 
prognosis. We therefore tested the effect of PIP4K2B knock-down in the MCF10A 
normal like mammary cell-line and observed that cells became ‘primed’ for epithelial 
mesenchymal transition (EMT). EMT is an important process in normal development, 
enabling cell migration and the consequent differentiation and generation of new 
organs and tissues. It has also been associated with the development of cancer 
metastasis and invasion, since many oncogenic pathways may induce EMT. The 
observed features of PIP4K2B knock down cells towards an EMT phenotype may 
explain the correlation between low PIP4K2B expression and patient survival. 
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Abstract 
Oxidative signaling is important in cellular health, involved in aging and contributes to 
the development of several diseases such as cancer, neurodegeneration and diabetes. 
Correct management of reactive oxygen species (ROS) prevents oxidative stress within 
cells and is imperative for cellular wellbeing. A key pathway that is regulated by oxidative 
stress is the activation of proline-directed stress kinases (p38, JNK). Phosphorylation 
induced by these kinases is often translated into cellular outcome through the 
recruitment of the prolyl-isomerase Pin1. Pin1 binds to phosphorylated substrates 
using its WW-domain and can induce conformational changes in the target protein 
through its prolyl-isomerase activity. We show that exposure of cells to UV irradiation 
or hydrogen peroxide (H2O2), induces the synthesis of the phosphoinositide second 
messenger PtdIns5P in part by inducing the interaction between phosphatidylinositol-
5-phosphate 4-kinase (PIP4K) enzymes that remove PtdIns5P, with Pin1. In response to 
H2O2 exposure, mouse embryonic fibroblasts (MEFs) derived from Pin1-/- mice showed 
increased cell viability and an increased abundance of PtdIns5P compared to wild type 
MEFs. Decreasing the levels of PtdIns5P in Pin1-/- MEFs decreased both their viability 
in response to H2O2 exposure and the expression of genes required for cellular ROS 
management. The decrease in the expression of these genes manifested itself in the 
increased accumulation of cellular ROS. These data strongly argue that PtdIns5P acts 
as a stress-induced second messenger that can calibrate how cells manage ROS. 
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Introduction oxidative stress
Organisms, tissues and cells are constantly bombarded with a variety of extracellular 
and intracellular stressors, such as oxidative stress, which over time and if not 
adequately managed can lead to the accumulation of damaged cell constituents 
(Finkel and Holbrook, 2000). Cellular damage has been implicated in the onset of 
inflammatory diseases, tumor development and neurodegeneration (Waris and 
Ahsan, 2006). The ability to respond to and manage cellular stressors is therefore 
an important determinant of cellular, tissue and organismal health. Reactive oxygen 
species (ROS), which constitute a cell stress that can lead to cell damage, accumulate 
within the cells when their synthesis surpasses their degradation leading to a local 
oxidative environment. ROS can arise from both endogenous and exogenous sources. 
Endogenous ROS are generated as a by-product of aerobic metabolism due to 
electron leakage through the respiratory chain during mitochondrial respiration and 
by the activity of endogenous NADPH oxidases. Exogenous initiators of ROS include 
UV and gamma radiation, cigarette smoke, environmental toxins and bacterial/viral 
invasion (Stone and Yang, 2006) (Fig. 1.). Intracellular ROS exist as reduced forms of O2 

(oxygen); O2∙−, H2O2 and OH∙−, of which H2O2 is the most stable, can traverse cellular 
membranes, has the lowest reactivity and the highest intracellular concentration 
(Finkel and Holbrook, 2000; Thannickal and Fanburg, 2000).

The intracellular level of H2O2 is also generated in response to the activation of 
many signaling pathways including growth factor receptor activation (EGF and PDGF 
receptors), activation of serine/threonine kinases and G-protein coupled receptors 
(Thannickal and Fanburg, 2000). Via these pathways a myriad of ligands such as 
TNFalpha, EGF, PDGF, thrombin and bradykinin influence H2O2 signaling. H2O2 can 
directly modify proteins by oxidation of cysteine residues situated in a specific protein 
microenvironment and in doing so can inactivate some Tyr and Ser/Thr phosphatases 
(Paulsen and Carroll, 2010). For example, PTP-1B is inactivated by oxidation of Cys215 
in its catalytic domain (Lee et al., 1998). The lipid and protein phosphatase, PTEN 
which is highly mutated in human cancers, is also inactivated by intracellular ROS (Lee 
et al., 2002). Inactivation of PTEN leads to an increase in the intracellular levels of 
the phosphoinositide second messenger PtdIns(3,4,5)P3, which initiates the activation 
of a number of important cellular pathways required for tumorigenesis. Additionally, 
ROS can induce the formation of disulfide linkages which can induce conformational 
changes and alter protein activity. Dependent on concentration and intracellular 
location, increased ROS may exert different effects on the cell. At low concentrations 
of H2O2, proliferation or mitogenic signaling coincides with the inactivation of PTEN 
and subsequent activation of PKB/AKT (Leslie et al., 2003). Interestingly, malignant 
transformation induced by the over-expression of oncogenes such as mutated Ras or 
amplified Myc increases cellular H2O2 and this increase appears to be necessary for 
transformation (Irani et al., 1997; Weinberg et al., 2010). Furthermore many oncogenes 
such as Ras induce an epithelial to mesenchymal transition (EMT), which is thought to be 



Figure 1. Sources of Reactive Oxygen Species (ROS). Both endogenous and exogenous sources 
determine intracellular levels of ROS.
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important for the dissemination of tumor cells away from the primary tumor. Increased 
intracellular ROS appears to be both necessary and sufficient for the initiation of EMT 
(Radisky et al., 2005). Higher concentrations of H2O2 can induce cell senescence and 
apoptosis. For example in response to oxidative stress p66Shc regulates mitochondrial 
swelling which is required in the initiation of apoptosis (Giorgio et al., 2005). 

Pathological elevation of the abundance of cellular ROS are involved in several 
diseases and can occur as a consequence of the reduction in ROS scavengers or through 
the deregulation of enzymes involved in either ROS generation or their metabolism. 
Increased ROS generation has been associated with the development of various cancers, 
diabetes and the onset of neurodegenerative diseases (Waris and Ahsan, 2006). The 
brain is particularly susceptible to ROS imbalances and ROS have been suggested to 
contribute to the development of Parkinson’s Disease, Alzheimer’s disease (AD) and 
Amytrophic Lateral Sclerosis (Emerit et al., 2004). Superoxide dismutase (SOD) is an 
important antioxidant in mammalian cells and its over-expression can reduce ROS levels 
and in mouse models alleviate brain injury (Fischer et al., 2011). Numerous mutations 
in SODs have been found in ALS patients although many of them do not affect SOD 
activity (Banci et al., 2008). Therefore, while it has been suggested that ALS etiology 
may occur as a consequence of a decrease in SOD activity it is also likely that mutated 
SODs may promote toxicity through other mechanisms such as a gain of mutant 
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function (Andersen, 2006). In accordance, knockout of SOD1 in mice does not lead 
to the development of ALS-like symptoms but does lead to oxidative stress-mediated 
axonal degeneration (Fischer, 2011). ROS has also been implicated in aging since an 
increase in ROS has been observed as cells age and increased ROS can induce cell 
senescence (Chen et al., 1998). During ageing cells accumulate damage to their DNA, 
the type of which has been associated with increased cellular ROS. Furthermore mutant 
mouse models that have decreased ability to manage oxidative stress often show 
accelerated ageing phenotypes and those that have a decrease in cellular ROS often 
show an increase in organismal lifespan (Schriner et al., 2005). For instance knockout of 
the p66Shc protein that couples cellular stress to the generation of ROS have increased 
life span and reduced cellular ROS accumulation (Migliaccio et al., 1999).

Pin1
Pin1 is a member of the family of peptidyl-prolyl isomerases (PPIases). This evolutionary 
conserved family comprises three subclasses; the cyclophilins, the parvulins and the 
FK506-binding proteins (FKBP). All members have prolyl-isomerase activity which 
catalyses the cis-trans isomerization of proline and thereby impinges on protein folding 
and conformation (Fanghanel and Fischer, 2004). Pin1 is approximately 18kD and 
belongs to the parvulin family of isomerases. Pin1 is unique among this family because 
it is the only PPIase which catalyses the proline isomerisation as a consequence of 
protein serine or threonine phosphorylation (Ranganathan et al., 1997). 

Pin1 was identified in 1996 in the lab of Tony Hunter by Kun Ping Lu in a yeast 
two-hybrid analyses as a protein that interacts with an essential mitotic kinase NIMA 
(Never In Mitosis Gene A) (Lu et al., 1996). Pin1 localizes both in the cytoplasm and 
the nucleus. In the nucleus Pin1 co-localizes with the pre-mRNA splicing factor SC35 
in nuclear speckles (Rippmann et al., 2000). Pin1 is important in cell cycle progression 
as depletion in HeLa cells induces mitotic arrest whereas its over-expression induces 
an arrest in G2 of the cell cycle (Lu, 1996). Mitotic arrest was also observed when Ess1, 
the Pin1 orthologue in Saccharomyces cerevisiae, was depleted (Hanes et al., 1989). 

Pin1 consists of an N-terminal WW-domain characterized by two tryptophan 
residues spaced 20 -22 amino acids apart that bind phosphorylated threonine 
or serine residues situated next to a proline and a C-terminal PPIase catalytic 
domain. Phosphorylation of a target protein by proline-directed kinases induces 
the interaction with Pin1 via the WW-domain which in turn allows the PPI-domain 
to catalyze the cis-trans isomerization after which Pin1 can dissociate again (Hsu et 
al., 2001; Yaffe et al., 1997). As the Ser/Thr-pro motif is a signature sequence that is 
often phosphorylated by proline-directed kinases, such as CDKs and MAP kinases, 
Pin1 acts as a signaling integrator that can regulate a vast array of phosphorylated 
proteins downstream of these kinases. The resulting change in the conformation of 
the peptide-backbone as a consequence of proline isomerization can have a variety 
of consequences for target proteins such as a change in their localization or activity, 
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induce their degradation or induce their interaction with other proteins (Lu and Zhou, 
2007; Theuerkorn et al., 2011; Yeh and Means, 2007). Additionally, the existence of 
trans-specific conformational phosphatases such as PP2A, bestows a wider role for 
Pin1 in regulating protein dephosphorylation (Zhou et al., 2000). 

Pin1 knock-out mice develop normally to a young age but show phenotypes of 
accelerated aging such as decreased body weight, accelerated telomere loss, defects 
in motor coordination, osteoporosis and testicular and retinal atrophies (Liou et al., 
2002). Degeneration of neurons has been observed in Pin1-/- mice and Pin1 has also 
been implicated in the etiology of Alzheimers’ disease (Liou et al., 2003). Pin1 can bind 
to hypophosphorylated TAU and restores TAU binding to microtubules and decreases 
the intracellular accumulation of neurofibrillary tangles thought to be important in 
the development of the disease (Lu et al., 1999). Pin1 also decreases the extracellular 
depositions of β-amyloid plaques derived from processing of the amyloid precursor 
protein APP (Pastorino et al., 2006). Interestingly, Pin1-/- mice do not develop tumors 
when crossed into some tumor-inducing mouse models (Ryo et al., 2002). Pin1-/- 
knock-out animals show similarities in phenotypes with CyclinD1 knock-out mice and 
in fact Pin1-/- null mice have a decreased abundance of CyclinD1 in many tissues which 
in part may explain the lack of tumor development (Liou, 2002). Murine Embryonic 
Fibroblasts (MEFs) from Pin1-/- mice grow slower compared to wild-type MEFs and 
are retarded in their re-entry in to the cell-cycle induced by insulin-like growth factor I 
(IGF1) stimulation after serum starvation (You et al., 2002). 

While Pin1-/- mice show cellular defects that are consistent with accelerated aging, 
unexpectedly Pin1-/- MEFs show increased viability when challenged by oxidative 
stress-induced by H2O2 (Pinton et al., 2007). This suggests roles for Pin1 in ROS 
management and a number of proteins that are known to be key regulators of cellular 
ROS are regulated by Pin1 (Brenkman et al., 2008; Kim et al., 2010). The FOXO family 
of transcription factors are potent tumor suppressors that act downstream of a number 
of cellular pathways to regulate gene transcription. Among the many genes that are 
regulated by FOXO, genes encoding proteins that decrease cellular ROS are often 
up-regulated in response to FOXO activation. In fact the ability of FOXO to regulate 
cellular ROS is essential for the maintenance of a quiescent cell state (Kops et al., 
2002) and for the maintenance of the hematopoetic stem cell compartment (Sykes 
et al., 2011; Tothova et al., 2007) Down-regulation of FOXO activity in both of these 
cases induces an increase in oxidative stress and subsequent cell death. Pin1 also 
acts downstream of oxidative stress to induce apoptosis through the p66Shc protein 
and the death associated factor Daxx (Pinton, 2007; Ryo et al., 2007). In response to 
other genotoxic stresses such as UV irradiation and etoposide Pin1 interacts with and 
increases the transcriptional activity of p53 (Zacchi et al., 2002; Zheng et al., 2002). 
Pin1 is a phospho-serine/threonine dependent modulator of protein conformation 
that appears to have a significant role in regulating cellular responses to oxidative and 
other cellular stresses. 
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Phosphoinositides
Phosphoinositides (PIs) are an important group of phospholipids with diverse cellular 
functions. The basic building block is phosphatidylinositol (PtdIns), which comprises 
a hydrophilic inositol head group linked by a phospho di-ester bond to two fatty 
chains. One of the chains is a long hydrophobic saturated fatty acid and the other is 
predominantly an unsaturated fatty acid such as arachidonate. Importantly, the inositol 
head group can be reversibly phosphorylated at the 3, 4 and 5 positions of the inositol 
ring. Monophosphorylation, bisphosphorylation and trisphosphorylation can all occur 
and to date seven phosphorylated versions of PtdIns have been identified: PtdIns3P, 
PtdIns4P, PtdIns5P, PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2 and PtdIns(3,4,5)P3. PIs are 
minor constituents of membranes and are present in a variety of sub-cellular organelles 
such as the plasma membrane, the Golgi, the endoplasmatic reticulum, lysosomes as 
well as in the nucleus (Di Paolo and De Camilli, 2006; Irvine, 2003). Within the matrix 
of the nuclear compartment it is not clear how PIs are maintained and it is thought that 
they may form proteolipid complexes that effectively hide the hydrophobic tail but still 
present the head group for interaction and modification (Blind et al., 2012). An array of 
kinases, phosphatases and phospholipases maintain the level of phosphoinositides within 
these sub-cellular compartments and in response to both extracellular and intracellular 
cues the activities of these enzymes can be changed which in turn leads to a change 
in the phosphoinositide profile. The levels of phosphoinositides have been shown to 
be crucial for the existence and development of many eukaryotes and deregulation of 
phosphoinositides and their modifiers can lead to severe pathophysiological disorders 
and diseases such as cancer, myotubular myopathies and Lowe’ syndrome (Halstead et 
al., 2005; McCrea and De Camilli, 2009; Wymann and Schneiter, 2008).

Signalling via PIs can be mediated in two distinct ways. The first is the canonical 
pathway in which PtdIns(4,5)P2 is hydrolyzed in response to tyrosine kinase and 
G-protein coupled receptors to generate diacylglycerol (DAG), a membrane bound 
second messenger and Ins(1,4,5)P3 which regulates intracellular calcium ion homeostasis 
(Berridge and Irvine, 1984). Ins(1,4,5)P3 can be further phosphorylated to generate a 
myriad of higher phosphorylated inositol phosphates, some of which have been found to 
have distinct second messenger functions (Chakraborty et al., 2011; Monserrate and York, 
2010; Saiardi, 2012). The second is through proteins that contain a lipid-binding domain 
(LBD) that interacts with specific PIs to initiate downstream signaling. The interaction of 
LBDs regulates the localization of the protein which in turn can regulate downstream 
signaling (Lemmon, 2008). For example, the Pleckstrin Homology (PH) domain of PKB/
AKT selectively interacts with PtdIns(3,4,5)P3 and PtdIns(3,4)P2. In response to insulin 
signaling, the abundance of both of these lipids increases leading to the translocation of 
PKB/AKT and an upstream PKB/AKT regulatory kinase (PDK1) to the plasma membrane. 
The relocalization to the membrane of both of these kinases is thought to facilitate 
AKT phosphorylation and activation by PDK1 (Alessi et al., 1996; Stokoe et al., 1997). 
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Numerous LBDs have been defined and include the ENTH (Epsin N-terminal homology), 
ANTH (AP180 N-terminal homology), FYVE (Fab1, YOTB, Vac1, EEA1), C1 (conserved 
region-1 from protein kinase C (PKC)), C2 (Ca2+-dependent phosphatidylserine binding), 
PX (Phox-homology), BAR (Bin, amphiphysin and Rvs), MARCKs (myristoylated alanine-
rich PKC substrate), FERM (4.1 protein, Ezrin, Radixin, Moesin), PDZ (PSD95, Dlg-1, 
Zo-1), PHD-finger (Plant Homeo Domain) and Tubby domains (encoded by TUB genes) 
(Lemmon, 2008). Additionally, positively charged patches of amino acids such as lysine 
and arginine within proteins can also mediate phosphoinositide interaction. 

Roles of phosphoinositides in oxidative stress
Phosphatidylinositol-5-phosphate-4-kinase (PIP4K)
PIP4K or type II PIPkinases were among the first phosphoinositide kinases to be 
purified and cloned. Initially partially purified from human erythrocytes as a 53kDa 
phosphatidylinositol-4-phosphate-5-kinase (PIP4K) (Bazenet et al., 1990; Ling et al., 
1989) it was subsequently purified and cloned by two groups (Boronenkov and 
Anderson, 1995; Divecha et al., 1992) In 1997 Rameh et al. showed that these enzymes 
rather than phosphorylating the 5-position of PtdIns4P to generate PtdIns(4,5)P2 
actually phosphorylate the 4-position of PtdIns5P to generate PtdIns(4,5)P2 (Rameh 
et al., 1997). This observation demonstrated that cells have two different pathways for 
the synthesis of PtdIns(4,5)P2 and that the novel phosphoinositide PtdIns5P might also 
have second messenger function. Indeed we now believe that a major function of the 
PIP4Ks is to regulate cellular levels of PtdIns5. 

PIP4K family

To date three isoforms of PIP4Ks, α, β and γ, have been identified. The three isoforms 
have overlapping but also different tissue expression patterns: PIP4Kα and β are both 
highly expressed in brain, PIP4Kα is highly expressed in blood cells whereas PIP4Kβ is 
the predominant isoform expressed in muscle (Castellino et al., 1997). PIP4Kγ appears 
to be expressed highly in kidney (Clarke et al., 2009). Each isoform also appears to be 
differentially localized within a cell. The α-isoform is predominantly cytosolic but can 
also be observed in the nucleus. The β-isoform localizes to the plasma membrane, 
the cytosol and the nucleus where it can specifically localize to nuclear speckles 
(Boronenkov et al., 1998; Bultsma et al., 2010; Ciruela et al., 2000). The γ-isoform is 
predominantly present in intracellular membranes (Clarke et al., 2008; Itoh et al., 1998). 
However this isotype specific cellular localisation is likely to be an oversimplification as 
we now know that endogenous PIP4Ks can heterodimerize and influence each other’s 
cellular localization (Bultsma, 2010; Wang et al., 2010).

PIP4K structure and function

The crystal structure of PIP4Kβ showed that it exists as a homodimer containing 
a large acidic flat surface containing four β-sheets, which likely serve to dock the 
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protein to a membrane (Rao et al., 1998). The PIP4Kβ dimer interacts with acidic 
membrane bilayers and its interaction is stimulated 10- fold by the inclusion of 
PtdIns4P and PtdIns(4,5)P2 compared to other acidic phospholipids (Burden et al., 
1999). PIP4Kα has not been crystallized but is highly homologous to PIP4Kβ and 
may feature similar membrane properties. PIP4Kα can also exist as a homodimer 
(Hinchliffe et al., 1999) but more importantly can form heterodimers with PIP4Kβ and 
-γ (Bultsma, 2010; Clarke, 2008; Wang, 2010). PIP4Kα is three orders of magnitude 
more active compared to either PIP4Kβ or PIP4Kγ and therefore the β and γ isoforms 
may act as PIP4Kα targeting proteins. Indeed over-expression of PIP4Kβ was shown 
to target PIP4Kα to the nucleus (Bultsma, 2010). However the differential tissue 
distribution suggests that each have their own specific role. This may suggest that the 
β and γ isoforms have functions that are not related to their ability to phosphorylate 
and regulate phosphoinositides or that there are specific regulators of PIP4Kβ and γ 
which increase their intrinsic PIP4K activity.

Post-translational modifications

Using a mass spectrometric approach we identified a number of phosphorylation sites 
on PIP4Kβ (Jones et al., 2006). Serine 326 (Ser326) is phosphorylated upon oxidative 
stress or UV irradiation while threonine 322 (Thr322) appears to be constitutively 
phosphorylated. Ser326 can be phosphorylated by p38 MAPK upon UV irradiation-
induced stress but it is likely that there are other kinases capable of phosphorylating 
that site since basal phosphorylation can still be observed after p38 inhibition (Jones 
et al., 2006). We also identified phosphorylation of serine residues at the N-terminus 
of PIP4Kβ although it is not clear what the functions of these sites are. In a global mass 
spectrometry approach both Thr322 and Ser326 as well as N-terminal phosphorylation of 
PIP4Kβ were shown to be increased in cells blocked in mitosis compared to interphase 
(Daub et al., 2008). Two phosphorylation sites have been identified on PIP4Kα, Thr376 
and Ser304. Thr376 can be phosphorylated by protein kinase D (PKD) and mutation of 
this residue into an aspartate inhibits the activity in vitro (Hinchliffe and Irvine, 2006). 
Ser304 can be phosphorylated by protein kinase CK2, and when mutated to aspartate 
this leads to the re-localization of over-expressed PIP4Kα to the plasma membrane 
(Hinchliffe, 1999).

A search for PI modulators that interact with Pin1
Changes in PI metabolism have been linked to the regulation of cellular responses 
to oxidative stress. For example PKB/AKT, a downstream target of PtdIns(3,4,5)P3, 
phosphorylates and inactivates FOXO transcription factors (Brunet et al., 1999). 
Although Pin1 also modulates cellular responses to oxidative stress it is not known 
whether Pin1 might regulate PI metabolism. To search for potential PI modulators 
that interact with Pin1 we used recombinant wild type GST-Pin1 to affinity purify 
phosphoinositide kinases from cell lysates. We also made use of a mutant Pin1, 
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GST-Pin1-WW that is mutated in the WW domain, which reduces its interaction with 
phosphopeptides. By comparing the lipid kinases that were affinity purified by the wild 
type and mutant Pin1 we expected to identify kinases that bind to Pin1 in a phospho-
serine or threonine dependent manner. Using these tools we identified an enzyme 
that interacted with Pin1 in a phospho-dependent manner that synthesised PtdIns(4,5)
P2. PtdIns(4,5)P2 can be synthesised by two different families of enzymes, PIP5K and 
PIP4K, which utilize two different substrates to generate PtdIns(4,5)P2. Using specific 
substrates to discriminate their activities we identified the PIP4K as the purified activity 
that synthesized PtdIns(4,5)P2 in the Pin1 pull-down. Affinity purification by Pin1 from 
lysates derived from cells that were knocked down for the expression of PIP4Kα, β 
or γ demonstrated that Pin1 interacted specifically with PIP4Kα and β but not with 
the γ-isoform. PIP4Kα and β share a similar region that encompasses both the Thr322 
and Ser326 phosphorylation sites which are situated next to a proline and potentially 
form typical Pin1 binding motifs. Mutational analysis together with in vitro binding 
assays and co-immunoprecipitation experiments confirmed that Pin1 interaction with 
PIP4Kβ requires the phosphorylation at Thr322 or Ser326. These sites of phosphorylation 
are absent from PIP4Kγ potentially explaining why Pin1 does not interact with this 
isoform. PIP4Kβ becomes phosphorylated on Ser326 in response to UV irradiation and 
H2O2 stimulation and we demonstrated that the endogenous interaction between 
PIP4Kβ and Pin1 could also be increased by UV irradiation and H2O2 stimulation, 
while immunolocalization demonstrated that PIP4Kβ and Pin1 co-localize in nuclear 
speckles (Keune et al., 2012).

Pin1 regulates the levels of cellular PtdIns5P
The interaction studies suggested that PIP4K together with Pin1 might collaborate 
to regulate cellular responses to oxidative stress. PIP4Ks regulate two potential 
second messengers. They synthesize PtdIns(4,5)P2 and they remove PtdIns5P by 
phosphorylating it (Fig. 2.). RNAi-mediated depletion of PIP4K in mammalian cells 
or knockout of PIP4K in C.elegans and in Drosophila leads to an increase in PtdIns5P 
levels with little or no changes in PtdIns(4,5)P2 levels suggesting that PIP4Ks are 
endogenous regulators of the levels of PtdIns5P. We next sought to determine if 
the levels of PtdIns5P might also be regulated by exposure to H2O2. We showed that 
oxidative stress induced a robust and dose-dependent increase in PtdIns5P in various 
cell types such as murine erythroleukemia (MEL), U2OS, MDA-MB-468, HT1080 and 
MEF cells (Jones et al., 2006; Jones et al., 2012). Therefore, we determined how Pin1 
might regulate PIP4K activity in vivo by assaying the levels of PtdIns5P in response 
to oxidative stress in wild type murine embryonic fibroblasts (MEFs) and compared 
this to MEFs isolated from Pin1-/- mice. Strikingly we observed that PtdIns5P levels 
were 2-3 fold higher in Pin1-/- MEFs compared to wild type MEFs after stimulation 
with H2O2. 
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The increase in PtdIns5P in Pin1-/- MEFS underlies 
their increased cell viability after exposure to H2O2

When assayed by clonogenic growth assays we confirmed that Pin1-/- MEFs show 
increased viability after H2O2 treatment. These data suggested that increased PtdIns5P 
levels observed in Pin1-/- MEFs might play a role in the increased cell viability observed 
after treatment with H2O2. In order to directly test this hypothesis we generated MEFs 
that over-express PIP4Kα as a tool to reduce the cellular PtdIns5P level. Measurement 
of the levels of various PIs demonstrated that over-expression of PIP4Kα significantly 
reduced only the levels of PtdIns5P but did not change the levels of other PIs. We 
then assessed cell viability by clonogenic growth assays after H2O2 stimulation. We 
observed that over-expression of PIP4Kα which removed PtdIns5P decreased the cell 
viability of Pin1-/- MEFs. These observations strongly point to a role for PtdIns5P in 
regulating oxidative stress sensitivity in Pin1-/- MEFs.

PtdIns5P regulates the cellular accumulation of ROS 
During evolution cells have acquired multiple mechanisms to regulate and manage 
exogenous and endogenous sources of oxidative stress. The two evolutionary 
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Fig. 2. Cellular routes of phosphatidylinositol-5-phosphate (PtdIns5P) regulation. The level of
PtdIns5P can be regulated by dephosphorylation of PtdIns(3,5)P2 by the family of myotubularin
phosphatases (MTMRs), dephosphorylation of PtdIns(4,5)P2 by 4’phosphatases and by
phosphorylation of PtdIns5P by PIP4Ks. To date no in vivo evidence exists for a PtdIns-5-
kinase that directly phosphorylates PtdIns to generate PtdIns5P.

Figure 2. Cellular routes of phosphatidylinositol-5-phosphate (PtdIns5P) regulation. The level of 
PtdIns5P can be regulated by dephosphorylation of PtdIns(3,5)P2 by the family of myotubularin 
phosphatases (MTMRs), dephosphorylation of PtdIns(4,5)P2 by 4’phosphatases and by 
phosphorylation of PtdIns5P by PIP4Ks. To date no in vivo evidence exists for a PtdIns-5-kinase 
that directly phosphorylates PtdIns to generate PtdIns5P.
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conserved transcription factors NFE2-related factor 2 (NRF2) and FOXO take center 
stage in regulating the expression of genes that are involved in the detoxification of 
cellular ROS (DeNicola et al., 2011; Tothova, 2007). The NRF2 protein is subject to 
continuous proteasomal degradation as a consequence of its interaction with and poly-
ubiquitination by the Kelch-like ECH-associated protein 1 (KEAP1) (Kobayashi et al., 
2004; McMahon et al., 2003). Upon exposure to electrophiles, the interaction between 
KEAP1 and NRF2 is reduced which stabilizes NRF2 leading to its translocation in to the 
nucleus where it regulates the expression of more than 100 genes (Hayes et al., 2010). 
Among genes induced by NRF2 are NADP(H) quinone oxireductase 1(NQO1) that 
catalyses the reduction or detoxification of quinones, the glutathione S-transferases 
(GSTs) which conjugate GSH to cellular components for detoxification, and heme-
oxygenase (HO-1) that catalyses the breakdown of heme into biliverdin (Maher and 
Yamamoto, 2010). In response to oxidative stress the FOXO family of transcription 
factors translocate to the nucleus where they regulate the expression of genes involved 
in apoptosis (FasL and Bcl-2) cell cycle progression (p27), DNA repair (GADD45) and 
ROS regulation (catalase and MnSOD) (Greer and Brunet, 2005) (Fig. 3.).

To further elucidate the role of PtdIns5P in the regulation of oxidative stress 
sensitivity we assessed the expression of some NRF2 and FOXO target genes in 
Pin1-/- MEFS that do or don’t over-express PIP4Kα to reduce the level of PtdIns5P. 
The abundance of the NRF2 target genes NQO1 and GSTA1 was higher in Pin1-/- 

MEFs compared to wild type MEFs and further increased upon H2O2 treatment. When 
PIP4Kα was over-expressed the H2O2 induced increase of NQO1 and GSTA1 was 
attenuated suggesting that increased PtdIns5P levels are required for the increase in 
the expression of these genes. The expression of the FOXO target genes SOD2 and 
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induced activation of PtdIns5P might impinge on NRF2 function.

Figure 3. Oxidative stress induces activation and nuclear translocation of FOXO and NRF2 
transcription factors. Both induce expression of genes involved in ‘stress management’ such as 
MnSOD, Catalase and Gadd45 by FOXO and NQO1, GSTA1 and HO-1 by NRF2. Stress induced 
activation of PtdIns5P might impinge on NRF2 function.
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GADD45 were also up-regulated in Pin1-/- MEFS upon H2O2 treatment compared to 
wild type MEFS, but the over-expression of PIP4Kα did not affect their expression. 

The expression and up-regulation of detoxifying genes such as NQO1 and GSTA1 
often primes the cell to increase its ability to manage changes in ROS levels. ROS 
levels can easily be measured using CM-H2DCFDA, which accumulates within the cell 
and becomes fluorescent upon oxidation. When wild-type MEFs and Pin1-/- MEFs were 
labelled with CM-H2DCFDA and monitored for intracellular ROS it transpired that under 
control conditions and in response to treatment with H2O2, wild type MEFs accumulate 
fluorescence at a higher rate than Pin1-/- MEFs suggesting that the cellular ROS levels 
are higher in wild type MEFs. The reduced accumulation of fluorescence observed in 
Pin1-/- MEFs was increased when PIP4Kα was over-expressed to reduce the PtdIns5P 
levels. These data strongly imply that ROS induced changes in PtdIns5P can regulate 
gene expression in order to recalibrate the cells ability to manage cellular ROS levels.

As ROS and stress pathways take centre stage in the understanding of several 
diseases such as cancer and Alzheimer as well as the aging process, it also seems that 
phosphoinositides are more and more involved. We found that Increased PtdIns5P 
levels in Pin1-/- MEFs upon oxidative stress can activate NRF2 target genes (Fig. 3). 
NRF2 has been implicated in tumour promoting and tumour suppressive functions 
as well as having a strong link with ageing. How exactly PtdIns5P impinges on NRF2 
function remains to be determined.
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Abstract
Oxidative signaling and oxidative stress contribute to aging, cancer, and diseases 
resulting from neurodegeneration. Pin1 is a proline isomerase that recognizes 
phosphorylated substrates and regulates the localization and conformation of its 
targets. Pin1–/– mice show phenotypes associated with premature aging, yet mouse 
embryonic fibroblasts (MEFs) from these mice are resistant to hydrogen peroxide 
(H2O2)–induced cell death. We found that the abundance of phosphatidylinositol-5-
phosphate (PtdIns5P) was increased in response to H2O2, an effect that was enhanced 
in Pin1–/– MEFs. Reduction of H2O2-induced PtdIns5P compromised cell viability in 
response to oxidative stress, suggesting that PtdIns5P contributed to the enhanced 
cell viability of Pin1–/– MEFs exposed to oxidative stress. The increased PtdIns5P in the 
Pin1–/– MEFs stimulated the expression of genes involved in defense against oxidative 
stress and reduced the accumulation of reactive oxygen species. Pin1 and PtdIns5P 
4-kinases (PIP4Ks), enzymes that phosphorylate and thereby reduce the amount 
of PtdIns5P, interacted in a manner dependent on the phosphorylation of PIP4K. 
Although reintroduction of Pin1 into the Pin1–/– MEFs reduced the amount of PtdIns5P 
produced in response to H2O2, in vitro assays indicated that the isomerase activity 
of Pin1 inhibited PIP4K activity. Whether this isomerise-mediated inhibition of PIP4K 
occurs in cells remains an open question, but the data suggest that the regulation of 
PIP4K by Pin1 may be complex. 
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Introduction
Oxidative signaling by hydrogen peroxide (H2O2) or other reactive oxygen species 
(ROS) has an important role in aging, cancer, and diseases associated with neuronal 
dysfunction (1). H2O2 is produced within the cell as a consequence of electron leakage 
during oxidative phosphorylation (2) and also through the specific activation of 
oxidases, such as the NADPH (reduced form of nicotinamide adenine dinucleotide 
phosphate) oxidases (3). The intracellular generation of H2O2 also occurs downstream 
of oncogenic signaling induced by activated Ras (4). H2O2 generated by tumor cells 
has been implicated in the remodeling of the tumor and stromal microenvironment 
to increase nutrient availability and facilitate tumor cell growth (5, 6). By modifiying 
critical amino acid residues, intracellular H2O2 can regulate enzyme activity and thus 
regulate signaling pathways (7). For example, the tumor suppressor protein and lipid 
phosphatase PTEN (phosphatase and tensin homolog) is inactivated by H2O2, leading 
to an increase in cellular phosphatidylinositol (3,4,5)-triphosphate [PtdIns(3,4,5)P3] and 
the subsequent activation of the kinase PKB (also known as Akt) (8). 

However, oxidative stress, induced by excessive exposure to H2O2, can lead to 
DNA damage, trigger senescence, or induce apoptosis. The importance of ROS 
in disease is exemplified by the development of pathologies in mice genetically 
manipulated to mismanage ROS (9–11) and by the demonstration that overexpression 
of enzymes that induce ROS is sufficient to induce cell transformation (12). Therefore, 
defining the signaling pathways and identifying protein targets that are regulated by 
ROS will enable better understanding of disease processes associated with aging and 
of tumorigenesis. 

Polyphosphoinositides are a minor phospholipid constituent of cell membranes, 
and these lipids function in cell signaling and are often deregulated in diseases (13). 
The synthesis and degradation of the seven different polyphosphoinositides are 
controlled by an array of kinases, phosphatases, and lipases. In response to changes 
in the extracellular environment, intracellular environment, or both, these enzymes 
can establish subcellular profiles of phosphoinositides that interact with and regulate 
proteins containing specific lipid-binding domains to control cell proliferation, survival, 
and migration, as well as trafficking of proteins through the subcellular membrane 
compartments and gene transcription (14). 

The abundance of the phosphoinositide phosphatidylinositol-5-phosphate 
(PtdIns5P) is increased in response to ultraviolet (UV) irradiation (15) and osmotic 
shock (16) in mammalian cells and by dehydration and osmotic stress in plant cells 
(17, 18). Furthermore, the amount of PtdIns5P is constitutively high in some leukemia 
cells (19). By interacting with proteins containing the plant homeobox domain finger 
motif, PtdIns5P increases the transcriptional activity of the stress-dependent tumor 
suppressor p53 in mammalian cells (20) and causes the relocalization of the histone H3 
lysine 4 methylase ATX1 from the nucleus to the cytoplasm in response to dehydration 
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stress in plants (17). The abundance of PtdIns5P can be increased by the stress-
activated lipid kinase PIKfyve (21, 22) and by two families of phosphatases (17, 23–26). 
By phosphorylating PtdIns5P to produce PtdIns(4,5)P2, the PtdIns5P 4-kinases (PIP4Ks) 
can reduce the abundance of cellular PtdIns5P (27). In response to activation of the 
proline-directed kinase p38, PIP4Kβ becomes phosphorylated at Ser326 (human), which 
decreases its activity, leading to an increase in the nuclear abundance of PtdIns5P (15). 
Thus, PtdIns5P appears to function downstream of cellular stressors. 

Protein phosphorylation by proline-directed kinases, such as p38, can be 
transduced into conformational changes by a phosphorylation-dependent interaction 
with the evolutionarily conserved rotamase Pin1 (28, 29). Pin1 contains a WW motif, 
which specifically interacts with target proteins phosphorylated on serine or threonine 
residues situated next to proline residues, and a proline isomerase activity (PPI) that 
induces conformational changes (30, 31). The PPI activity of Pin1 can regulate protein 
catalytic activity, localization, stability, dephosphorylation, and interaction with other 
proteins (31). Although Pin1 has been implicated in control of cell cycle, transcription, 
splicing, DNA replication checkpoint and DNA damage response, survival of neurons, 
and development and migration of germ cells (31), Pin1-deficient mice are viable and 
fertile, developing to young adulthood apparently normally (32). However, they display 
various premature phenotypes of aging (31), such as reduced body size, atrophy of 
the testis and retina, motor coordination and behavioral defects, neuron degeneration 
and loss, osteoporosis, lordokyphosis, skin atrophy, and accelerated telomere loss 
(31), suggesting a role for age-dependent accumulation of cellular damage. However, 
Pin1–/– mice are not cancer-prone and do not develop tumors in model systems (32, 
33). The abundance of Pin1 is often increased in human tumors, suggesting a possible 
oncogenic role for Pin1 (34–36). 

Unexpectedly, compared to wild-type mouse embryonic fibroblasts (MEFs), 
MEFs derived from Pin1–/– mice are resistant to cell death caused by oxidative stress 
induced by exogenous H2O2 (37). Because of this stress-resistant phenotype and 
because phosphoinositides have roles in oxidative signaling (38), we investigated 
whether Pin1 regulated the phosphoinositide abundance to control oxidative stress 
responses and the sensitivity of cells to oxidative stress. Using Pin1 to affinity-purify 
lipid kinases, we identified the PIP4K family of lipid kinases as interacting with Pin1 
in a p38-dependent manner. The interaction between Pin1 and PIP4K depended on 
the phosphorylation of PIP4K at Ser326 or Thr322 and was stimulated by exposure of 
cells to UV radiation or H2O2. Compared to MEFs from wild-type mice, MEFs isolated 
from Pin1–/– mice displayed increased PtdIns5P in response to exposure to H2O2. 
Reducing the amount of H2O2-induced PtdIns5P in Pin1–/– MEFs reduced cell viability 
in response to oxidative stress. The expression of genes encoding proteins required 
for eliminating ROS was increased in Pin1–/– MEFs, leading to an increase in the cellular 
ability to cope with oxidative stress. Reducing the amount of PtdIns5P in Pin1–/– MEFs 
decreased the expression of these genes and increased the accumulation of cellular 
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ROS. Thus, PtdIns5P is a redox- and Pin1-regulated second messenger, which alters 
gene expression to calibrate the sensitivity of cells to ROS and determine cell fate in 
response to oxidative stress. 

Results
Pin1 interacts with PIP4 kinases
The WW domain of Pin1 interacts with proteins that are phosphorylated on serine 
or threonine residues situated next to a proline residue. We performed affinity 
purification using glutathione S-transferase (GST) fused to wild-type Pin1 (GST-
Pin1) or GST fused to Pin1 mutated in the WW domain (GST–Pin1-WW) to reduce 
its interaction with phosphopeptides to identify lipid kinases that interacted with 
Pin1 in a phosphorylation-dependent manner. Using a general lipid kinase substrate 
(Folch lipid fraction from brain with the addition of synthetic PtdIns5P because it is 
normally present at low concentrations) in the presence of [γ-32P]ATP, we identified 
an enzyme that synthesized PtdInsP2 that interacted with GST-Pin1, but not with the 
GST–Pin1-WW (Fig. 1A). 

PtdIns(4,5)P2 can be generated by two distinct families of lipid kinases (39): the 
phosphatidylinositol-4-phosphate 5-kinases (PIP5Ks) phosphorylate PtdIns4P on 
the 5’ position (39), and the PIP4Ks phosphorylate PtdIns5P on the 4’ position (27, 
40, 41) (Fig. 1A). To discriminate between the two families, we incubated the GST 
pull-downs either with the Folch lipid fraction as a source of the PIP5K substrate 
phosphatidylinositol-4-phosphate or with the synthetic PtdIns5P as a substrate for 
PIP4K and found that GST-Pin1 affinity-purified a PIP4K in a manner dependent on the 
WW domain of Pin1 and thus likely dependent on phosphorylation of PIP4K (Fig. 1B). 

To determine which of the three different isoforms of PIP4K—PIP4Kα (42), PIP4Kβ 
(43), or PIP4Kγ (44)—interacted with Pin1, we knocked down each individual isoform 
with short hairpin RNA (shRNA) in U2OS cells and subjected the cell lysates to affinity 
purification with GST-Pin1. Suppression of either PIP4Kα or PIP4Kβ expression reduced 
the amount of PIP4K activity affinity-purified by GST-Pin1, whereas suppression of 
PIP4Kγ did not (Fig. 1C). Real-time quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) demonstrated that the shRNA constructs had the largest 
effect on the abundance of the transcripts of the targeted PIP4Ks, although the 
shRNA targeting PIP4Kβ and PIP4Kγ also reduced PIP4Kα expression to a lesser 
extent. PIP4Ks can homo- and heterodimerize, and the activity of the α isoform is at 
least two to three orders of magnitude greater than the activity of the β or γisoform 
(40, 45). The increase in PIP4K activity associated with GST-Pin1 after suppression of 
PIP4Kγ might result from PIP4Kα that is no longer part of a heteromeric complex. The 
reduced PIP4K activity observed upon knockdown of PIP4Kβ might be a consequence 
of the decrease in PIP4Kα mRNA or might suggest that PIP4Kα can interact with Pin1 
through its interaction with PIP4Kβ. 
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Figure 1. PIP4K interacts with Pin1 in a phosphorylation-dependent manner. (A) The indicated 
GST fusion protein (1 μg) coupled to glutathione beads was used to affinity-purify lipid kinases 
from U2OS cell lysates (1 mg), and then a lipid kinase assay was performed. Labeled lipids were 
extracted and chromatographed by thin layer chromatography (TLC) together with a standard 
radiolabeled PtdIns(4,5)P2 marker (PIP2). Bottom: a Coomassie-stained gel of the fusion proteins 
coupled to the beads. Data are representative of three experiments. The schematic shows the 
two pathways for lipid kinase–mediated synthesis of PtdIns(4,5)P2. (B) Affinity-purified lipid kinases 

interaction with Pin1 (Fig. 2C). In the absence of coexpressed MKK6, the
interaction between PIP4Kb and Pin1 was reduced by mutation of Thr322

but not by mutation of Ser326. Mutation of both residues to alanine also
reduced the interaction with GST-Pin1. When PIP4Kb and its mutants
were coexpressed with MKK6, the interaction with GST-Pin1 was in-
creased compared to the interaction in the absence of MKK6, and muta-
tion of Ser326 to alanine or Thr322 to alanine reduced the interaction (Fig.
2C, right). Thus, both residues appear to contribute to the interaction with
Pin1 and that phosphorylation enhanced the interaction.

To confirm the importance of Thr322 and Ser326 in the interaction of
Pin1 with full-length PIP4Kb in cells, we mutated Thr322, Ser326, or both
residues to alanine residues and coexpressed them with HA-tagged Pin1
or HA-tagged Pin1-WWmutant (HA–Pin1-WW). When overexpressed in
HEK293 cells, we detected constitutive phosphorylation of both Thr322

and Ser326 with antibodies that recognized each phosphorylated site spe-
cifically [Fig. 2, C (left) and D]. Mutation of neither Thr322 nor Ser326 to
alanine strongly affected phosphorylation of the other residue (Fig. 2, C
and D). PIP4Kb coimmunoprecipitated with HA-Pin1, whereas PIP4Kb
failed to coimmunoprecipitate with HA–Pin1-WW (Fig. 2D, compare lanes
2 and 3), consistent with a phosphorylation-dependent interaction. Mutation

of Ser326 or Thr322 to alanine reduced the interaction, and the interaction
was not further reduced by mutation of both residues (see inset graph in
Fig. 2D). Consistent with the affinity purification data, these coimmu-
noprecipitation data suggested that both Thr322 and Ser326 contribute to
the interaction with Pin1, and the interaction depends on the WW do-
main of Pin1.

To establish whether phosphorylation at a single site was sufficient
for the interaction of PIP4Kb with Pin1 and to confirm a direct interac-
tion with Pin1, we synthesized nonphosphorylated peptides or peptides
phosphorylated at Thr322 or Ser326 and peptides phosphorylated at both
residues and assessed their interaction with GST-Pin1 or Pin1 mutants by
surface plasmon resonance (SPR). GST-Pin1 did not interact with the non-
phosphorylated peptides, whereas it exhibited a concentration-dependent
interaction with the doubly phosphorylated Thr322/Ser326 peptide (Fig. 2E).
Unexpectedly, Pin1 exhibited a concentration-dependent interaction with
the Thr322-phosphorylated peptide but not with the Ser326-phosphorylated
peptide (Fig. 2E). We confirmed the specificity of binding by SPR using
GST–Pin1-WW, which did not interact with any of the peptides (fig. S1).
A mutant of Pin1 lacking catalytic activity, GST–Pin1-PPI, interacted to a
similar extent and with similar specificity as GST-Pin1 (fig. S1).

A B D

C

E

Fig. 1. PIP4K and PIP5K interact with Pin1 in a phosphorylation-dependent
manner. (A) The indicated GST fusion protein (1 mg) coupled to glutathi-
one beads was used to affinity-purify lipid kinases from U2OS cell lysates
(1 mg), and then a lipid kinase assay was performed. Labeled lipids were
extracted and chromatographed by thin layer chromatography (TLC)
together with a standard radiolabeled PtdIns(4,5)P2 marker (PIP2). Bottom:
a Coomassie-stained gel of the fusion proteins coupled to the beads. Data
are representative of three experiments. The schematic shows the two
pathways for lipid kinase–mediated synthesis of PtdIns(4,5)P2. (B) Affinity-
purified lipid kinases were used in a lipid kinase assay, with either synthetic
PtdIns5P or Folch brain lipid extract as the substrate. Data are representa-
tive of three experiments. (C) Lipid kinase assays were performed with ki-
nases affinity-purified from lysates in which lentiviral shRNA constructs
targeting the indicated PIP4K isoforms were expressed. shX is a nonspecific
shRNA. Data are representative of two experiments. The left graph shows the

amount of radiolabeled PIP2 synthesized (indicative of PIP4K activity) in a
GST or GST-Pin1 affinity purification (average ± range of two experiments).
The right graph shows the abundance of the indicated mRNA, using qRT-
PCR, after knockdown by the indicated shRNA (average ± SD of triplicate
samples representative of two experiments). (D) Myc-tagged PIP4Ka and
PIP4Kb were overexpressed in HEK293 cells, and the lysates were used
for affinity purification with GST-Pin1, GST–Pin1-WW, or GST–Pin1-PPI. Bound
proteins were analyzed by Western blotting with a Myc antibody. Ten percent
of the total input was also analyzed. Data are representative of two
independent experiments. (E) The indicated complementary DNA (cDNA)
constructs were expressed in HEK293 cells, and samples of the lysates
were immunoprobed with either an HA (top blot) or an Myc (middle blot)
antibody. The lysates were immunoprecipitated with the antibody recogniz-
ing HA, and the precipitates were analyzed by Western blotting with the Myc
antibody (bottom blot). Data are representative of three experiments.
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interaction with Pin1 (Fig. 2C). In the absence of coexpressed MKK6, the
interaction between PIP4Kb and Pin1 was reduced by mutation of Thr322

but not by mutation of Ser326. Mutation of both residues to alanine also
reduced the interaction with GST-Pin1. When PIP4Kb and its mutants
were coexpressed with MKK6, the interaction with GST-Pin1 was in-
creased compared to the interaction in the absence of MKK6, and muta-
tion of Ser326 to alanine or Thr322 to alanine reduced the interaction (Fig.
2C, right). Thus, both residues appear to contribute to the interaction with
Pin1 and that phosphorylation enhanced the interaction.

To confirm the importance of Thr322 and Ser326 in the interaction of
Pin1 with full-length PIP4Kb in cells, we mutated Thr322, Ser326, or both
residues to alanine residues and coexpressed them with HA-tagged Pin1
or HA-tagged Pin1-WWmutant (HA–Pin1-WW). When overexpressed in
HEK293 cells, we detected constitutive phosphorylation of both Thr322

and Ser326 with antibodies that recognized each phosphorylated site spe-
cifically [Fig. 2, C (left) and D]. Mutation of neither Thr322 nor Ser326 to
alanine strongly affected phosphorylation of the other residue (Fig. 2, C
and D). PIP4Kb coimmunoprecipitated with HA-Pin1, whereas PIP4Kb
failed to coimmunoprecipitate with HA–Pin1-WW (Fig. 2D, compare lanes
2 and 3), consistent with a phosphorylation-dependent interaction. Mutation

of Ser326 or Thr322 to alanine reduced the interaction, and the interaction
was not further reduced by mutation of both residues (see inset graph in
Fig. 2D). Consistent with the affinity purification data, these coimmu-
noprecipitation data suggested that both Thr322 and Ser326 contribute to
the interaction with Pin1, and the interaction depends on the WW do-
main of Pin1.

To establish whether phosphorylation at a single site was sufficient
for the interaction of PIP4Kb with Pin1 and to confirm a direct interac-
tion with Pin1, we synthesized nonphosphorylated peptides or peptides
phosphorylated at Thr322 or Ser326 and peptides phosphorylated at both
residues and assessed their interaction with GST-Pin1 or Pin1 mutants by
surface plasmon resonance (SPR). GST-Pin1 did not interact with the non-
phosphorylated peptides, whereas it exhibited a concentration-dependent
interaction with the doubly phosphorylated Thr322/Ser326 peptide (Fig. 2E).
Unexpectedly, Pin1 exhibited a concentration-dependent interaction with
the Thr322-phosphorylated peptide but not with the Ser326-phosphorylated
peptide (Fig. 2E). We confirmed the specificity of binding by SPR using
GST–Pin1-WW, which did not interact with any of the peptides (fig. S1).
A mutant of Pin1 lacking catalytic activity, GST–Pin1-PPI, interacted to a
similar extent and with similar specificity as GST-Pin1 (fig. S1).
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Fig. 1. PIP4K and PIP5K interact with Pin1 in a phosphorylation-dependent
manner. (A) The indicated GST fusion protein (1 mg) coupled to glutathi-
one beads was used to affinity-purify lipid kinases from U2OS cell lysates
(1 mg), and then a lipid kinase assay was performed. Labeled lipids were
extracted and chromatographed by thin layer chromatography (TLC)
together with a standard radiolabeled PtdIns(4,5)P2 marker (PIP2). Bottom:
a Coomassie-stained gel of the fusion proteins coupled to the beads. Data
are representative of three experiments. The schematic shows the two
pathways for lipid kinase–mediated synthesis of PtdIns(4,5)P2. (B) Affinity-
purified lipid kinases were used in a lipid kinase assay, with either synthetic
PtdIns5P or Folch brain lipid extract as the substrate. Data are representa-
tive of three experiments. (C) Lipid kinase assays were performed with ki-
nases affinity-purified from lysates in which lentiviral shRNA constructs
targeting the indicated PIP4K isoforms were expressed. shX is a nonspecific
shRNA. Data are representative of two experiments. The left graph shows the

amount of radiolabeled PIP2 synthesized (indicative of PIP4K activity) in a
GST or GST-Pin1 affinity purification (average ± range of two experiments).
The right graph shows the abundance of the indicated mRNA, using qRT-
PCR, after knockdown by the indicated shRNA (average ± SD of triplicate
samples representative of two experiments). (D) Myc-tagged PIP4Ka and
PIP4Kb were overexpressed in HEK293 cells, and the lysates were used
for affinity purification with GST-Pin1, GST–Pin1-WW, or GST–Pin1-PPI. Bound
proteins were analyzed by Western blotting with a Myc antibody. Ten percent
of the total input was also analyzed. Data are representative of two
independent experiments. (E) The indicated complementary DNA (cDNA)
constructs were expressed in HEK293 cells, and samples of the lysates
were immunoprobed with either an HA (top blot) or an Myc (middle blot)
antibody. The lysates were immunoprecipitated with the antibody recogniz-
ing HA, and the precipitates were analyzed by Western blotting with the Myc
antibody (bottom blot). Data are representative of three experiments.
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To confirm that PIP4Kα and PIP4Kβ interacted with Pin1, we overexpressed the Myc-
tagged forms of the α or β isoforms in human embryonic kidney (HEK) 293 cells and 
assessed their interaction with GST-Pin1, GST–Pin1-WW, or a fusion of GST with Pin1 
lacking the PPI activity (GST–Pin1-PPI) by Western blotting (Fig. 1D). Both PIP4Kα and 
PIP4Kβ associated with GST-Pin1 in a phosphorylation-dependent and PPI-independent 
manner (Fig. 1D). We also observed coimmunoprecipitation of hemagglutinin (HA)–
tagged Pin1 and Myc-tagged PIP4Kα or PIP4Kβ (Fig. 1E) expressed in HEK293 cells. 
Thus, we have identified an interaction between Pin1 and PIP4Kα and PIP4Kβ and 
showed that the interaction required the intact phosphopeptide binding site of Pin1. 

Pin1 interacts with PIP4Kβ phosphorylated at Thr322 and Ser326

We previously demonstrated that PIP4Kβ is phosphorylated at Thr322 and Ser326 in 
response to UV irradiation (arrows in Fig. 2A) (15). Phosphorylation at Ser326 is 
dependent on the proline-directed stress kinase p38 (15); however, the kinase 
responsible for phosphorylation at Thr322 is unknown. When phosphorylated, either 
of these sites can form potential interaction sites for Pin1, although the presence 
of glycine at residue 321 and proline at residue 324 (numbering based on PIP4Kβ) 
might suggest a stronger affinity to Ser326 (30) (Fig. 2A). Therefore, we investigated 
whether the Pin1/PIP4K interaction depended on p38 signaling. Coexpression of 
PIP4Ks with a constitutively active form of mitogen-activated protein kinase kinase 6 
(MKK6), a specific upstream activator of p38, increased the interaction of both PIP4Kα 
and PIP4Kβ with GST-Pin1 (Fig. 2B). In contrast, PIP4Kγ did not interact with Pin1 
under basal conditions, and this interaction was not detected in lysates from cells 
coexpressing MKK6 (Fig. 2B), which may be explained by the lack of the equivalent TP 
and SP motifs in PIP4Kγ present in PIP4Kβ and conserved in PIP4Kα. 

To determine the importance of phosphorylation of Thr322 and Ser326 in the 
interaction with Pin1, we expressed mutated forms of PIP4Kβ with or without 
coexpression of constitutively active MKK6 and assessed the interaction with Pin1 

were used in a lipid kinase assay, with either synthetic PtdIns5P or Folch brain lipid extract as the 
substrate. Data are representative of three experiments. (C) Lipid kinase assays were performed 
with kinases affinity-purified from lysates in which lentiviral shRNA constructs targeting the 
indicated PIP4K isoforms were expressed. shX is a nonspecific shRNA. Data are representative of 
two experiments. The left graph shows the amount of radiolabeled PIP2 synthesized (indicative of 
PIP4K activity) in a GST or GST-Pin1 affinity purification (average ± range of two experiments). The 
right graph shows the abundance of the indicated mRNA, using qRT-PCR, after knockdown by the 
indicated shRNA (average ± SD of triplicate samples representative of two experiments). (D) Myc-
tagged PIP4Kα and PIP4Kβ were overexpressed in HEK293 cells, and the lysates were used for 
affinity purification with GST-Pin1, GST–Pin1-WW, or GST–Pin1-PPI. Bound proteins were analyzed 
by Western blotting with a Myc antibody. Ten percent of the total input was also analyzed. Data are 
representative of two independent experiments. (E) The indicated complementary DNA (cDNA) 
constructs were expressed in HEK293 cells, and samples of the lysates were immunoprobed with 
either an HA (top blot) or an Myc (middle blot) antibody. The lysates were immunoprecipitated 
with the antibody recognizing HA, and the precipitates were analyzed by Western blotting with 
the Myc antibody (bottom blot). Data are representative of three experiments.  
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Figure 2. The interaction between PIP4Kβ and Pin1 requires the phosphorylation of Thr322 and Ser326. 
(A) Sequence alignment of the region around the Thr322 and Ser326 phosphorylation sites of PIP4Kβ 
in all three PIP4K isoforms. Arrows denote Thr322 and Ser326 from PIP4Kβ. (B) Myc-tagged PIP4Kα, 
PIP4Kβ, and PIP4Kγ were overexpressed in HEK293 cells alone or together with constitutively 
active MKK6. The lysates were then used for affinity purification with GST-Pin1, and bound proteins 
were analyzed by Western blotting with an antibody recognizing Myc. The graph below shows 
the average binding and SD of Pin1 to PIP4Kα and PIP4Kβ quantified from three independent 
experiments. (C) Myc-tagged PIP4Kβ, PIP4Kβ-T322A, PIP4Kβ-S326A, and PIP4Kβ-T322A/S326A 

We obtained similar results with phosphorylated and nonphosphoryl-
ated peptides coupled to Sepharose beads and used to affinity-purify
Pin1 from HeLa cell lysates (fig. S2A), suggesting that the dependence
on phosphorylation of Thr322 was not an artifact of peptide coupling to

the SPR chip surface. Thus, phosphoryl-
ation of Thr322 is sufficient for binding of
PIP4K peptides to Pin1 in vitro. Because mu-
tation of either Ser326 or Thr322 reduced the
interaction when Pin1 and PIP4Kb were
overexpressed in cells, it is likely that the
interaction between these two proteins in-
volves more than just a single phosphorylated
site and depends on a specific conforma-
tion of PIP4Kb.

To confirm that Pin1 and PIP4Kb inter-
act directly and that Ser326 contributed to the
interaction with Pin1, we used a protein over-
lay assay with wild-type HA-tagged PIP4Kb
or HA-tagged PIP4Kb-S326A purified from
HEK293 cells before and after UV irradia-
tion, which would stimulate p38 activity. The
purified proteins were separated by SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto nitrocellulose, and
overlaid with GST-Pin1 (fig. S2B). GST-Pin1
interacted with PIP4Kb, and this interaction
appeared to increase after UV irradiation.
Consistent with a role for the phosphoryla-
tion of Ser326, the UV irradiation–dependent
interaction with Pin1 was reduced when Ser326

was mutated to alanine (fig. S2B). We also
confirmed the WW domain–dependent in-
teraction between Pin1 and PIP4Kb when
the proteins were coexpressed in HeLa cells
(fig. S3C) and showed that mutation of
either Thr322 or Ser326 to alanine did not
compromise the interaction with Pin1, but
mutation of both sites abolished the inter-
action (fig. S3C). Thus, the cellular data
suggest that phosphorylation of either Ser326

or Thr322 can mediate the direct interaction
between PIP4K and Pin1 and that conditions
that promote Ser326 phosphorylation, such
as UV stress, may enhance the interaction.

Pin1 interacts with endogenous
PIP4K in a stress- and
p38-dependent manner
UV irradiation induces the phosphoryla-
tion of PIP4Kb at Ser326 by p38 (15). To ex-
amine whether this stress stimulated the
interaction between endogenous Pin1 and
endogenous PIP4Kb, we generated HEK293
cell lines in which endogenous PIP4Kb or
Pin1 was stably knocked down by RNA in-
terference (RNAi) and compared the inter-
action in control cells with that in cells
subjected to UV irradiation. Targeted RNAi
reduced PIP4Kb to 33% and Pin1 to 20%
of their respective abundance in cells with

control RNAi (Fig. 3A). In HEK293 cells, UV irradiation increased Ser326

phosphorylation 1.77 ± 0.16–fold over nonstimulated cells (average ± SD,
representative data are shown in Fig. 3B, lanes 5 and 6). Endogenous
PIP4Kb only interacted with endogenous Pin1 after UV irradiation, and
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Fig. 2. The interaction between PIP4Kb and Pin1 requires the phosphorylation of Thr322 and Ser326. (A)
Sequence alignment of the region around the Thr322 and Ser326 phosphorylation sites of PIP4Kb in all three
PIP4K isoforms. Arrows denote Thr322 and Ser326 from PIP4Kb. (B) Myc-tagged PIP4Ka, PIP4Kb, and
PIP4Kg were overexpressed in HEK293 cells alone or together with constitutively active MKK6. The lysates
were then used for affinity purification with GST-Pin1, and bound proteins were analyzed by Western
blotting with an antibody recognizing Myc. The graph below shows the average binding and SD of Pin1
to PIP4Ka and PIP4Kb quantified from three independent experiments. (C) Myc-tagged PIP4Kb, PIP4Kb-
T322A, PIP4Kb-S326A, and PIP4Kb-T322A/S326A were overexpressed in HEK293 cells alone or together
with constitutively active MKK6. Myc-tagged PIP4K proteins that interacted with GST-Pin1 were detected
as described in (B). Phosphorylation of Thr322 and Ser326 was detected with antibodies specifically recog-
nizing each residue (P-T322–PIP4Kb and P-S326–PIP4Kb respectively). (D) Myc-tagged PIP4Kb or the indi-
cated mutant forms were coexpressed with HA-Pin1 or HA–Pin1-WW in HEK293 cells. Lysates were
immunoprecipitated with antibody recognizing HA, separated by SDS-PAGE, and probed with antibodies
recognizing Myc or HA. The inset shows the average binding and SD of wild-type (WT) and PIP4Kb
mutants to GST-Pin1 from three independent experiments. Samples of the total lysates were probed
with the indicated antibodies. (E) Surface plasmon resonance of PIP4Kb peptides with GST-Pin1. The fol-
lowing peptides [100 response units (RU)] were coupled through their cysteine residues to a Bio-Rad GLM
sensor chip: T322, CLCSYGTPPDSP; P-T322, CLCSYGT(p)PPDSP; P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNL;
P-S326, CSYGTPPDS(p)PGNLL; S326, CSYGTPPDSPGNLL; and Empty, no peptide. The peptides were then
probed for interaction with varying concentrations of GST-Pin1 as indicated. Data are representative of
three to five different injections and have been carried out using two different SPR chips.
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We obtained similar results with phosphorylated and nonphosphoryl-
ated peptides coupled to Sepharose beads and used to affinity-purify
Pin1 from HeLa cell lysates (fig. S2A), suggesting that the dependence
on phosphorylation of Thr322 was not an artifact of peptide coupling to

the SPR chip surface. Thus, phosphoryl-
ation of Thr322 is sufficient for binding of
PIP4K peptides to Pin1 in vitro. Because mu-
tation of either Ser326 or Thr322 reduced the
interaction when Pin1 and PIP4Kb were
overexpressed in cells, it is likely that the
interaction between these two proteins in-
volves more than just a single phosphorylated
site and depends on a specific conforma-
tion of PIP4Kb.

To confirm that Pin1 and PIP4Kb inter-
act directly and that Ser326 contributed to the
interaction with Pin1, we used a protein over-
lay assay with wild-type HA-tagged PIP4Kb
or HA-tagged PIP4Kb-S326A purified from
HEK293 cells before and after UV irradia-
tion, which would stimulate p38 activity. The
purified proteins were separated by SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto nitrocellulose, and
overlaid with GST-Pin1 (fig. S2B). GST-Pin1
interacted with PIP4Kb, and this interaction
appeared to increase after UV irradiation.
Consistent with a role for the phosphoryla-
tion of Ser326, the UV irradiation–dependent
interaction with Pin1 was reduced when Ser326

was mutated to alanine (fig. S2B). We also
confirmed the WW domain–dependent in-
teraction between Pin1 and PIP4Kb when
the proteins were coexpressed in HeLa cells
(fig. S3C) and showed that mutation of
either Thr322 or Ser326 to alanine did not
compromise the interaction with Pin1, but
mutation of both sites abolished the inter-
action (fig. S3C). Thus, the cellular data
suggest that phosphorylation of either Ser326

or Thr322 can mediate the direct interaction
between PIP4K and Pin1 and that conditions
that promote Ser326 phosphorylation, such
as UV stress, may enhance the interaction.

Pin1 interacts with endogenous
PIP4K in a stress- and
p38-dependent manner
UV irradiation induces the phosphoryla-
tion of PIP4Kb at Ser326 by p38 (15). To ex-
amine whether this stress stimulated the
interaction between endogenous Pin1 and
endogenous PIP4Kb, we generated HEK293
cell lines in which endogenous PIP4Kb or
Pin1 was stably knocked down by RNA in-
terference (RNAi) and compared the inter-
action in control cells with that in cells
subjected to UV irradiation. Targeted RNAi
reduced PIP4Kb to 33% and Pin1 to 20%
of their respective abundance in cells with

control RNAi (Fig. 3A). In HEK293 cells, UV irradiation increased Ser326

phosphorylation 1.77 ± 0.16–fold over nonstimulated cells (average ± SD,
representative data are shown in Fig. 3B, lanes 5 and 6). Endogenous
PIP4Kb only interacted with endogenous Pin1 after UV irradiation, and
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Fig. 2. The interaction between PIP4Kb and Pin1 requires the phosphorylation of Thr322 and Ser326. (A)
Sequence alignment of the region around the Thr322 and Ser326 phosphorylation sites of PIP4Kb in all three
PIP4K isoforms. Arrows denote Thr322 and Ser326 from PIP4Kb. (B) Myc-tagged PIP4Ka, PIP4Kb, and
PIP4Kg were overexpressed in HEK293 cells alone or together with constitutively active MKK6. The lysates
were then used for affinity purification with GST-Pin1, and bound proteins were analyzed by Western
blotting with an antibody recognizing Myc. The graph below shows the average binding and SD of Pin1
to PIP4Ka and PIP4Kb quantified from three independent experiments. (C) Myc-tagged PIP4Kb, PIP4Kb-
T322A, PIP4Kb-S326A, and PIP4Kb-T322A/S326A were overexpressed in HEK293 cells alone or together
with constitutively active MKK6. Myc-tagged PIP4K proteins that interacted with GST-Pin1 were detected
as described in (B). Phosphorylation of Thr322 and Ser326 was detected with antibodies specifically recog-
nizing each residue (P-T322–PIP4Kb and P-S326–PIP4Kb respectively). (D) Myc-tagged PIP4Kb or the indi-
cated mutant forms were coexpressed with HA-Pin1 or HA–Pin1-WW in HEK293 cells. Lysates were
immunoprecipitated with antibody recognizing HA, separated by SDS-PAGE, and probed with antibodies
recognizing Myc or HA. The inset shows the average binding and SD of wild-type (WT) and PIP4Kb
mutants to GST-Pin1 from three independent experiments. Samples of the total lysates were probed
with the indicated antibodies. (E) Surface plasmon resonance of PIP4Kb peptides with GST-Pin1. The fol-
lowing peptides [100 response units (RU)] were coupled through their cysteine residues to a Bio-Rad GLM
sensor chip: T322, CLCSYGTPPDSP; P-T322, CLCSYGT(p)PPDSP; P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNL;
P-S326, CSYGTPPDS(p)PGNLL; S326, CSYGTPPDSPGNLL; and Empty, no peptide. The peptides were then
probed for interaction with varying concentrations of GST-Pin1 as indicated. Data are representative of
three to five different injections and have been carried out using two different SPR chips.
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We obtained similar results with phosphorylated and nonphosphoryl-
ated peptides coupled to Sepharose beads and used to affinity-purify
Pin1 from HeLa cell lysates (fig. S2A), suggesting that the dependence
on phosphorylation of Thr322 was not an artifact of peptide coupling to

the SPR chip surface. Thus, phosphoryl-
ation of Thr322 is sufficient for binding of
PIP4K peptides to Pin1 in vitro. Because mu-
tation of either Ser326 or Thr322 reduced the
interaction when Pin1 and PIP4Kb were
overexpressed in cells, it is likely that the
interaction between these two proteins in-
volves more than just a single phosphorylated
site and depends on a specific conforma-
tion of PIP4Kb.

To confirm that Pin1 and PIP4Kb inter-
act directly and that Ser326 contributed to the
interaction with Pin1, we used a protein over-
lay assay with wild-type HA-tagged PIP4Kb
or HA-tagged PIP4Kb-S326A purified from
HEK293 cells before and after UV irradia-
tion, which would stimulate p38 activity. The
purified proteins were separated by SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto nitrocellulose, and
overlaid with GST-Pin1 (fig. S2B). GST-Pin1
interacted with PIP4Kb, and this interaction
appeared to increase after UV irradiation.
Consistent with a role for the phosphoryla-
tion of Ser326, the UV irradiation–dependent
interaction with Pin1 was reduced when Ser326

was mutated to alanine (fig. S2B). We also
confirmed the WW domain–dependent in-
teraction between Pin1 and PIP4Kb when
the proteins were coexpressed in HeLa cells
(fig. S3C) and showed that mutation of
either Thr322 or Ser326 to alanine did not
compromise the interaction with Pin1, but
mutation of both sites abolished the inter-
action (fig. S3C). Thus, the cellular data
suggest that phosphorylation of either Ser326

or Thr322 can mediate the direct interaction
between PIP4K and Pin1 and that conditions
that promote Ser326 phosphorylation, such
as UV stress, may enhance the interaction.

Pin1 interacts with endogenous
PIP4K in a stress- and
p38-dependent manner
UV irradiation induces the phosphoryla-
tion of PIP4Kb at Ser326 by p38 (15). To ex-
amine whether this stress stimulated the
interaction between endogenous Pin1 and
endogenous PIP4Kb, we generated HEK293
cell lines in which endogenous PIP4Kb or
Pin1 was stably knocked down by RNA in-
terference (RNAi) and compared the inter-
action in control cells with that in cells
subjected to UV irradiation. Targeted RNAi
reduced PIP4Kb to 33% and Pin1 to 20%
of their respective abundance in cells with

control RNAi (Fig. 3A). In HEK293 cells, UV irradiation increased Ser326

phosphorylation 1.77 ± 0.16–fold over nonstimulated cells (average ± SD,
representative data are shown in Fig. 3B, lanes 5 and 6). Endogenous
PIP4Kb only interacted with endogenous Pin1 after UV irradiation, and
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Fig. 2. The interaction between PIP4Kb and Pin1 requires the phosphorylation of Thr322 and Ser326. (A)
Sequence alignment of the region around the Thr322 and Ser326 phosphorylation sites of PIP4Kb in all three
PIP4K isoforms. Arrows denote Thr322 and Ser326 from PIP4Kb. (B) Myc-tagged PIP4Ka, PIP4Kb, and
PIP4Kg were overexpressed in HEK293 cells alone or together with constitutively active MKK6. The lysates
were then used for affinity purification with GST-Pin1, and bound proteins were analyzed by Western
blotting with an antibody recognizing Myc. The graph below shows the average binding and SD of Pin1
to PIP4Ka and PIP4Kb quantified from three independent experiments. (C) Myc-tagged PIP4Kb, PIP4Kb-
T322A, PIP4Kb-S326A, and PIP4Kb-T322A/S326A were overexpressed in HEK293 cells alone or together
with constitutively active MKK6. Myc-tagged PIP4K proteins that interacted with GST-Pin1 were detected
as described in (B). Phosphorylation of Thr322 and Ser326 was detected with antibodies specifically recog-
nizing each residue (P-T322–PIP4Kb and P-S326–PIP4Kb respectively). (D) Myc-tagged PIP4Kb or the indi-
cated mutant forms were coexpressed with HA-Pin1 or HA–Pin1-WW in HEK293 cells. Lysates were
immunoprecipitated with antibody recognizing HA, separated by SDS-PAGE, and probed with antibodies
recognizing Myc or HA. The inset shows the average binding and SD of wild-type (WT) and PIP4Kb
mutants to GST-Pin1 from three independent experiments. Samples of the total lysates were probed
with the indicated antibodies. (E) Surface plasmon resonance of PIP4Kb peptides with GST-Pin1. The fol-
lowing peptides [100 response units (RU)] were coupled through their cysteine residues to a Bio-Rad GLM
sensor chip: T322, CLCSYGTPPDSP; P-T322, CLCSYGT(p)PPDSP; P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNL;
P-S326, CSYGTPPDS(p)PGNLL; S326, CSYGTPPDSPGNLL; and Empty, no peptide. The peptides were then
probed for interaction with varying concentrations of GST-Pin1 as indicated. Data are representative of
three to five different injections and have been carried out using two different SPR chips.
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We obtained similar results with phosphorylated and nonphosphoryl-
ated peptides coupled to Sepharose beads and used to affinity-purify
Pin1 from HeLa cell lysates (fig. S2A), suggesting that the dependence
on phosphorylation of Thr322 was not an artifact of peptide coupling to

the SPR chip surface. Thus, phosphoryl-
ation of Thr322 is sufficient for binding of
PIP4K peptides to Pin1 in vitro. Because mu-
tation of either Ser326 or Thr322 reduced the
interaction when Pin1 and PIP4Kb were
overexpressed in cells, it is likely that the
interaction between these two proteins in-
volves more than just a single phosphorylated
site and depends on a specific conforma-
tion of PIP4Kb.

To confirm that Pin1 and PIP4Kb inter-
act directly and that Ser326 contributed to the
interaction with Pin1, we used a protein over-
lay assay with wild-type HA-tagged PIP4Kb
or HA-tagged PIP4Kb-S326A purified from
HEK293 cells before and after UV irradia-
tion, which would stimulate p38 activity. The
purified proteins were separated by SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto nitrocellulose, and
overlaid with GST-Pin1 (fig. S2B). GST-Pin1
interacted with PIP4Kb, and this interaction
appeared to increase after UV irradiation.
Consistent with a role for the phosphoryla-
tion of Ser326, the UV irradiation–dependent
interaction with Pin1 was reduced when Ser326

was mutated to alanine (fig. S2B). We also
confirmed the WW domain–dependent in-
teraction between Pin1 and PIP4Kb when
the proteins were coexpressed in HeLa cells
(fig. S3C) and showed that mutation of
either Thr322 or Ser326 to alanine did not
compromise the interaction with Pin1, but
mutation of both sites abolished the inter-
action (fig. S3C). Thus, the cellular data
suggest that phosphorylation of either Ser326

or Thr322 can mediate the direct interaction
between PIP4K and Pin1 and that conditions
that promote Ser326 phosphorylation, such
as UV stress, may enhance the interaction.

Pin1 interacts with endogenous
PIP4K in a stress- and
p38-dependent manner
UV irradiation induces the phosphoryla-
tion of PIP4Kb at Ser326 by p38 (15). To ex-
amine whether this stress stimulated the
interaction between endogenous Pin1 and
endogenous PIP4Kb, we generated HEK293
cell lines in which endogenous PIP4Kb or
Pin1 was stably knocked down by RNA in-
terference (RNAi) and compared the inter-
action in control cells with that in cells
subjected to UV irradiation. Targeted RNAi
reduced PIP4Kb to 33% and Pin1 to 20%
of their respective abundance in cells with

control RNAi (Fig. 3A). In HEK293 cells, UV irradiation increased Ser326

phosphorylation 1.77 ± 0.16–fold over nonstimulated cells (average ± SD,
representative data are shown in Fig. 3B, lanes 5 and 6). Endogenous
PIP4Kb only interacted with endogenous Pin1 after UV irradiation, and
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Fig. 2. The interaction between PIP4Kb and Pin1 requires the phosphorylation of Thr322 and Ser326. (A)
Sequence alignment of the region around the Thr322 and Ser326 phosphorylation sites of PIP4Kb in all three
PIP4K isoforms. Arrows denote Thr322 and Ser326 from PIP4Kb. (B) Myc-tagged PIP4Ka, PIP4Kb, and
PIP4Kg were overexpressed in HEK293 cells alone or together with constitutively active MKK6. The lysates
were then used for affinity purification with GST-Pin1, and bound proteins were analyzed by Western
blotting with an antibody recognizing Myc. The graph below shows the average binding and SD of Pin1
to PIP4Ka and PIP4Kb quantified from three independent experiments. (C) Myc-tagged PIP4Kb, PIP4Kb-
T322A, PIP4Kb-S326A, and PIP4Kb-T322A/S326A were overexpressed in HEK293 cells alone or together
with constitutively active MKK6. Myc-tagged PIP4K proteins that interacted with GST-Pin1 were detected
as described in (B). Phosphorylation of Thr322 and Ser326 was detected with antibodies specifically recog-
nizing each residue (P-T322–PIP4Kb and P-S326–PIP4Kb respectively). (D) Myc-tagged PIP4Kb or the indi-
cated mutant forms were coexpressed with HA-Pin1 or HA–Pin1-WW in HEK293 cells. Lysates were
immunoprecipitated with antibody recognizing HA, separated by SDS-PAGE, and probed with antibodies
recognizing Myc or HA. The inset shows the average binding and SD of wild-type (WT) and PIP4Kb
mutants to GST-Pin1 from three independent experiments. Samples of the total lysates were probed
with the indicated antibodies. (E) Surface plasmon resonance of PIP4Kb peptides with GST-Pin1. The fol-
lowing peptides [100 response units (RU)] were coupled through their cysteine residues to a Bio-Rad GLM
sensor chip: T322, CLCSYGTPPDSP; P-T322, CLCSYGT(p)PPDSP; P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNL;
P-S326, CSYGTPPDS(p)PGNLL; S326, CSYGTPPDSPGNLL; and Empty, no peptide. The peptides were then
probed for interaction with varying concentrations of GST-Pin1 as indicated. Data are representative of
three to five different injections and have been carried out using two different SPR chips.
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We obtained similar results with phosphorylated and nonphosphoryl-
ated peptides coupled to Sepharose beads and used to affinity-purify
Pin1 from HeLa cell lysates (fig. S2A), suggesting that the dependence
on phosphorylation of Thr322 was not an artifact of peptide coupling to

the SPR chip surface. Thus, phosphoryl-
ation of Thr322 is sufficient for binding of
PIP4K peptides to Pin1 in vitro. Because mu-
tation of either Ser326 or Thr322 reduced the
interaction when Pin1 and PIP4Kb were
overexpressed in cells, it is likely that the
interaction between these two proteins in-
volves more than just a single phosphorylated
site and depends on a specific conforma-
tion of PIP4Kb.

To confirm that Pin1 and PIP4Kb inter-
act directly and that Ser326 contributed to the
interaction with Pin1, we used a protein over-
lay assay with wild-type HA-tagged PIP4Kb
or HA-tagged PIP4Kb-S326A purified from
HEK293 cells before and after UV irradia-
tion, which would stimulate p38 activity. The
purified proteins were separated by SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto nitrocellulose, and
overlaid with GST-Pin1 (fig. S2B). GST-Pin1
interacted with PIP4Kb, and this interaction
appeared to increase after UV irradiation.
Consistent with a role for the phosphoryla-
tion of Ser326, the UV irradiation–dependent
interaction with Pin1 was reduced when Ser326

was mutated to alanine (fig. S2B). We also
confirmed the WW domain–dependent in-
teraction between Pin1 and PIP4Kb when
the proteins were coexpressed in HeLa cells
(fig. S3C) and showed that mutation of
either Thr322 or Ser326 to alanine did not
compromise the interaction with Pin1, but
mutation of both sites abolished the inter-
action (fig. S3C). Thus, the cellular data
suggest that phosphorylation of either Ser326

or Thr322 can mediate the direct interaction
between PIP4K and Pin1 and that conditions
that promote Ser326 phosphorylation, such
as UV stress, may enhance the interaction.

Pin1 interacts with endogenous
PIP4K in a stress- and
p38-dependent manner
UV irradiation induces the phosphoryla-
tion of PIP4Kb at Ser326 by p38 (15). To ex-
amine whether this stress stimulated the
interaction between endogenous Pin1 and
endogenous PIP4Kb, we generated HEK293
cell lines in which endogenous PIP4Kb or
Pin1 was stably knocked down by RNA in-
terference (RNAi) and compared the inter-
action in control cells with that in cells
subjected to UV irradiation. Targeted RNAi
reduced PIP4Kb to 33% and Pin1 to 20%
of their respective abundance in cells with

control RNAi (Fig. 3A). In HEK293 cells, UV irradiation increased Ser326

phosphorylation 1.77 ± 0.16–fold over nonstimulated cells (average ± SD,
representative data are shown in Fig. 3B, lanes 5 and 6). Endogenous
PIP4Kb only interacted with endogenous Pin1 after UV irradiation, and
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Fig. 2. The interaction between PIP4Kb and Pin1 requires the phosphorylation of Thr322 and Ser326. (A)
Sequence alignment of the region around the Thr322 and Ser326 phosphorylation sites of PIP4Kb in all three
PIP4K isoforms. Arrows denote Thr322 and Ser326 from PIP4Kb. (B) Myc-tagged PIP4Ka, PIP4Kb, and
PIP4Kg were overexpressed in HEK293 cells alone or together with constitutively active MKK6. The lysates
were then used for affinity purification with GST-Pin1, and bound proteins were analyzed by Western
blotting with an antibody recognizing Myc. The graph below shows the average binding and SD of Pin1
to PIP4Ka and PIP4Kb quantified from three independent experiments. (C) Myc-tagged PIP4Kb, PIP4Kb-
T322A, PIP4Kb-S326A, and PIP4Kb-T322A/S326A were overexpressed in HEK293 cells alone or together
with constitutively active MKK6. Myc-tagged PIP4K proteins that interacted with GST-Pin1 were detected
as described in (B). Phosphorylation of Thr322 and Ser326 was detected with antibodies specifically recog-
nizing each residue (P-T322–PIP4Kb and P-S326–PIP4Kb respectively). (D) Myc-tagged PIP4Kb or the indi-
cated mutant forms were coexpressed with HA-Pin1 or HA–Pin1-WW in HEK293 cells. Lysates were
immunoprecipitated with antibody recognizing HA, separated by SDS-PAGE, and probed with antibodies
recognizing Myc or HA. The inset shows the average binding and SD of wild-type (WT) and PIP4Kb
mutants to GST-Pin1 from three independent experiments. Samples of the total lysates were probed
with the indicated antibodies. (E) Surface plasmon resonance of PIP4Kb peptides with GST-Pin1. The fol-
lowing peptides [100 response units (RU)] were coupled through their cysteine residues to a Bio-Rad GLM
sensor chip: T322, CLCSYGTPPDSP; P-T322, CLCSYGT(p)PPDSP; P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNL;
P-S326, CSYGTPPDS(p)PGNLL; S326, CSYGTPPDSPGNLL; and Empty, no peptide. The peptides were then
probed for interaction with varying concentrations of GST-Pin1 as indicated. Data are representative of
three to five different injections and have been carried out using two different SPR chips.
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were overexpressed in HEK293 cells alone or together with constitutively active MKK6. Myc-tagged 
PIP4K proteins that interacted with GST-Pin1 were detected as described in (B). Phosphorylation of 
Thr322 and Ser326 was detected with antibodies specifically recognizing each residue (P-T322–PIP4Kβ 
and P-S326–PIP4Kβ respectively). (D) Myc-tagged PIP4Kβ or the indicated mutant forms were 
coexpressed with HA-Pin1 or HA–Pin1-WW in HEK293 cells. Lysates were immunoprecipitated with 
antibody recognizing HA, separated by SDS-PAGE, and probed with antibodies recognizing Myc or 
HA. The inset shows the average binding and SD of wild-type (WT) and PIP4Kβ mutants to GST-Pin1 
from three independent experiments. Samples of the total lysates were probed with the indicated 
antibodies. (E) Surface plasmon resonance of PIP4Kβ peptides with GST-Pin1. The following peptides 
[100 response units (RU)] were coupled through their cysteine residues to a Bio-Rad GLM sensor chip: 
T322, CLCSYGTPPDSP; P-T322, CLCSYGT(p)PPDSP; P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNL; P-S326, 
CSYGTPPDS(p)PGNLL; S326, CSYGTPPDSPGNLL; and Empty, no peptide. The peptides were then 
probed for interaction with varying concentrations of GST-Pin1 as indicated. Data are representative 
of three to five different injections and have been carried out using two different SPR chips.  
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(Fig. 2C). In the absence of coexpressed MKK6, the interaction between PIP4Kβ and 
Pin1 was reduced by mutation of Thr322 but not by mutation of Ser326. Mutation of both 
residues to alanine also reduced the interaction with GST-Pin1. When PIP4Kβ and its 
mutants were coexpressed with MKK6, the interaction with GST-Pin1 was increased 
compared to the interaction in the absence of MKK6, and mutation of Ser326 to alanine 
or Thr322 to alanine reduced the interaction (Fig. 2C, right). Thus, both residues 
appear to contribute to the interaction with Pin1 and that phosphorylation enhanced 
the interaction. 

To confirm the importance of Thr322 and Ser326 in the interaction of Pin1 with 
full-length PIP4Kβ in cells, we mutated Thr322, Ser326, or both residues to alanine 
residues and coexpressed them with HA-tagged Pin1 or HA-tagged Pin1-WW mutant 
(HA–Pin1-WW). When overexpressed in HEK293 cells, we detected constitutive 
phosphorylation of both Thr322 and Ser326 with antibodies that recognized each 
phosphorylated site specifically [Fig. 2, C (left) and D]. Mutation of neither Thr322 
nor Ser326 to alanine strongly affected phosphorylation of the other residue (Fig. 2, 
C and D). PIP4Kβ coimmunoprecipitated with HA-Pin1, whereas PIP4Kβ failed to 
coimmunoprecipitate with HA–Pin1-WW (Fig. 2D, compare lanes 2 and 3), consistent 
with a phosphorylation-dependent interaction. Mutation of Ser326 or Thr322 to alanine 
reduced the interaction, and the interaction was not further reduced by mutation of 
both residues (see inset graph in Fig. 2D). Consistent with the affinity purification data, 
these coimmunoprecipitation data suggested that both Thr322 and Ser326 contribute 
to the interaction with Pin1, and the interaction depends on the WW domain of Pin1. 

To establish whether phosphorylation at a single site was sufficient for the 
interaction of PIP4Kβ with Pin1 and to confirm a direct interaction with Pin1, we 
synthesized nonphosphorylated peptides or peptides phosphorylated at Thr322 or 
Ser326 and peptides phosphorylated at both residues and assessed their interaction 
with GST-Pin1 or Pin1 mutants by surface plasmon resonance (SPR). GST-Pin1 did not 
interact with the nonphosphorylated peptides, whereas it exhibited a concentration-
dependent interaction with the doubly phosphorylated Thr322/Ser326 peptide (Fig. 2E). 
Unexpectedly, Pin1 exhibited a concentration-dependent interaction with the Thr322-
phosphorylated peptide but not with the Ser326-phosphorylated peptide (Fig. 2E). We 
confirmed the specificity of binding by SPR using GST–Pin1-WW, which did not interact 
with any of the peptides (Supplementary Fig. 1). A mutant of Pin1 lacking catalytic 
activity, GST–Pin1-PPI, interacted to a similar extent and with similar specificity as 
GST-Pin1 (Supplementary Fig. 1). 

We obtained similar results with phosphorylated and nonphosphorylated peptides 
coupled to Sepharose beads and used to affinity-purify Pin1 from HeLa cell lysates 
(Supplementary Fig. 2A), suggesting that the dependence on phosphorylation of Thr322 
was not an artifact of peptide coupling to the SPR chip surface. Thus, phosphorylation 
of Thr322 is sufficient for binding of PIP4K peptides to Pin1 in vitro. Because mutation of 
either Ser326 or Thr322 reduced the interaction when Pin1 and PIP4Kβ were overexpressed 
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Figure 3. Pin1 and PIP4Kβ interact in vivo. (A) pRetroSuper-shRNAi (short hairpin–mediated RNA 
interference) constructs targeting PIP4Kβ (RNAi PIP4Kβ) or Pin1 (RNAi Pin1) or a negative control 
(pRetro) were used to generate stable HEK293 cell lines, and cell lysates were immunoblotted with 
antibodies recognizing the indicated proteins. The graph shows the relative abundance of PIP4Kβ 
and Pin1 in the cell lines stably expressing the indicated RNAi. (B) Cell lines expressing the indicated 
RNAi were untreated or treated with UV irradiation (100 J/m2) as indicated. Nuclear lysates were 
immunoprecipitated (IP) with either preimmune antisera or antibodies recognizing PIP4Kβ, and 
precipitates were immunoblotted with antibodies recognizing the proteins as indicated to the 
right. (C) Cell lines expressing the indicated RNAi were untreated or treated with UV irradiation 
(100 J/m2), and then nuclear lysates were immunoprecipitated with antibodies recognizing PIP4Kβ, 
and precipitates were immunoblotted with antibodies recognizing the proteins as indicated to the 
right. (D) Cell line in which PIP4Kα or Pin1 was knocked down was untreated or treated with UV 
irradiation (100 J/m2). Nuclear lysates were immunoprecipitated with a PIP4Kβ-specific antibody, 
and the indicated proteins were detected in the immunoprecipitates. The gel below shows the 
extent to PIP4Kα knockdown (lower panel) compared to PIP4Kβ knockdown (upper panel). 
(E) The indicated cell lines were subjected to UV irradiation in the presence or absence of the p38 
inhibitor SB203580 as indicated. Nuclear lysates were immunoprecipitated with a PIP4Kβ-specific 
antibody, and the indicated proteins were detected in the immunoprecipitates. The immunoblots 
are representative of two independent experiments. 
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in cells, it is likely that the interaction between these two proteins involves more than 
just a single phosphorylated site and depends on a specific conformation of PIP4Kβ. 

To confirm that Pin1 and PIP4Kβ interact directly and that Ser326 contributed to 
the interaction with Pin1, we used a protein overlay assay with wild-type HA-tagged 
PIP4Kβ or HA-tagged PIP4Kβ-S326A purified from HEK293 cells before and after UV 
irradiation, which would stimulate p38 activity. The purified proteins were separated by 
SDS–polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto nitrocellulose, 
and overlaid with GST-Pin1 (Supplementary Fig. 2B). GST-Pin1 interacted with PIP4Kβ, 
and this interaction appeared to increase after UV irradiation. Consistent with a role 
for the phosphorylation of Ser326, the UV irradiation–dependent interaction with Pin1 
was reduced when Ser326 was mutated to alanine (Supplementary Fig. 2B). We also 
confirmed the WW domain–dependent interaction between Pin1 and PIP4Kβ when 

Figure 4. Pin1 modulates the in vitro activity of PIP4Kα and PIP4Kβ. (A) Top: Abundance of the 
indicated Myc-tagged protein in lysates expressing PIP4Kα, PIP4Kβ, or empty vector (EV) used 
for affinity purification. Bottom: Amount of Myc-tagged PIP4Kα or PIP4Kβ present after affinity 
purification with the indicated GST-Pin1 fusion protein. (B) Lipid kinase activity affinity-purified 
with the indicated GST-Pin1 fusion protein. Data are representative of multiple experiments. 
(C)  Average data of multiple lipid kinase activity assays for PIP4Kα (left) and PIP4Kβ (right) 
affinity-purified with the indicated GST-Pin1 fusion proteins. Data are the averages ± SD of 
multiple experiments (PIP4Kα, n = 2, and PIP4Kβ, n = 3) each performed in triplicate. 
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the proteins were coexpressed in HeLa cells (Supplementary Fig. 3C) and showed 
that mutation of either Thr322 or Ser326 to alanine did not compromise the interaction 
with Pin1, but mutation of both sites abolished the interaction (Supplementary 
Fig. 3C). Thus, the cellular data suggest that phosphorylation of either Ser326 or Thr322 
can mediate the direct interaction between PIP4K and Pin1 and that conditions that 
promote Ser326 phosphorylation, such as UV stress, may enhance the interaction. 

Pin1 interacts with endogenous PIP4K in a stress- and p38-dependent manner

UV irradiation induces the phosphorylation of PIP4Kβ at Ser326 by p38 (15). To 
examine whether this stress stimulated the interaction between endogenous Pin1 and 
endogenous PIP4Kβ, we generated HEK293 cell lines in which endogenous PIP4Kβ or 
Pin1 was stably knocked down by RNA interference (RNAi) and compared the interaction 
in control cells with that in cells subjected to UV irradiation. Targeted RNAi reduced 
PIP4Kβ to 33% and Pin1 to 20% of their respective abundance in cells with control 
RNAi (Fig. 3A). In HEK293 cells, UV irradiation increased Ser326 phosphorylation 1.77 
± 0.16–fold over nonstimulated cells (average ± SD, representative data are shown 
in Fig. 3B, lanes 5 and 6). Endogenous PIP4Kβ only interacted with endogenous Pin1 
after UV irradiation, and the interaction was lost upon RNAi-mediated suppression of 
the expression of either Pin1 (Fig. 3B, compare lane 4 with lane 6) or PIP4Kβ (Fig. 3C). 

Because our data suggested that both PIP4Kα and PIP4Kβ interacted with Pin1 
and because PIP4Kα can interact with β (46), we assessed whether the interaction 
of PIP4Kβ with Pin1 was dependent on PIP4Kα by suppressing its expression using 
RNAi. Although coimmunoprecipitation experiments indicated that in HEK293 cells, 
the association between endogenous Pin1 and endogenous PIP4Kβ depended on UV 
irradiation, the interaction was not affected by knockdown of PIP4Kα (Fig. 3D). 

Pretreatment of HEK293 cells with SB203580, a specific inhibitor of the kinase activity 
of p38, appeared to reduce the phosphorylation of PIP4Kβ at Ser326, as previously shown 
(15), and to reduce the UV irradiation–induced interaction between Pin1 and PIP4Kβ 
(Fig. 3E). The increase in Pin1 association with PIP4Kβ appeared much stronger than the 
actual increase in PIP4Kβ phosphorylation at Ser326. This increased binding may reflect 
phosphorylation of Thr322, the extent of which we have been unable to monitor for the 
endogenous protein. Furthermore, using SPR, we found that the Ser326 phosphorylation–
specific antibody exhibited a reduced ability to recognize a peptide phosphorylated at 
both Ser326 and Thr322 (Supplementary Fig. 3), suggesting that Western blotting may 
underestimate the extent of phosphorylation of PIP4Kβ Ser326 phosphorylation when 
both sites are phosphorylated. These experiments with endogenous proteins indicated 
that UV irradiation can induce the association between PIP4Kβ and Pin1. 

Pin1 interaction regulates PIP4K activity

The interaction between Pin1 and its targets can modulate their rate of 
dephosphorylation, stability, or localization. We did not detect an appreciable difference 
in the abundance of PIP4Kβ in Pin1 knockdown cells compared to cells expressing the 
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control RNAi before or after treatment with UV irradiation (Supplementary Fig. 4A), nor 

was there any difference in abundance of PIP4Kα or PIP4Kβ in Pin1–/– MEFs compared 

to their abundance in wild-type MEFs (Supplementary Fig. 4B). No differences were 

observed in the rate of degradation (Supplementary Fig. 4C) or in the gross subcellular 

localization (nucleus, cytosol, and membrane fractions) of PIP4Kβ (Supplementary 

Fig. 4D) between wild-type and Pin1–/– MEFs. 

To assess the effect of Pin1 on the activity of PIP4K, we overexpressed PIP4Kα and 

PIP4Kβ; affinity-purified the proteins with either GST-Pin1, GST–Pin1-WW, or GST–

Pin1-PPI; and determined the amount of PIP4K purified by Western blotting and the 

PIP4K activity by a lipid kinase activity assay (Fig. 4). As expected, lipid kinase activity 

was not present in samples affinity-purified with the Pin1-WW mutant because the 

PIP4K did not interact with this mutant (Fig. 1D). Although similar amounts of PIP4K 

were affinity-purified by either the wild-type Pin1 or the PPI mutant, as assessed by 

Western blotting (Fig. 4A), we found ~2.5 times more lipid kinase activity associated 

with the PPI-deficient Pin1 compared to that associated with wild-type Pin1 (Fig. 4, B 

and C). These data suggested that the isomerase activity of Pin1 inhibits the catalytic 

activity of PIP4Kα and PIP4Kβ in vitro. 

Pin1 reduces the cellular amount of PtdIns5P in response to H2O2

Although Pin1-deficient mice show premature aging–associated phenotypes, MEFs 

isolated from the mice counterintuitively show decreased sensitivity to oxidative 

stress compared to wild-type MEFs (37). We monitored the amount of PtdIns5P, 

the substrate for PIP4K, in MEFs derived from control or Pin1–/– mice in response to 

oxidative stress. Because PtdIns5P cannot easily be measured by high-performance 

liquid chromatography (HPLC), we calculated the relative amount of PtdIns5P with 

a mass assay based on the phosphorylation of PtdIns5P to PtdIns(4,5)P2. In Pin1–/– 

MEFs, H2O2 treatment increased PtdIns5P in a dose-dependent manner, with 125 μM 

stimulating a measurable increase in PtdIns5P (Supplementary Fig. 5A). The increase 

in PtdIns5P in response to H2O2 was greater in Pin1–/– MEFs compared to the increase 

in wild-type MEFs (Fig. 5A). Reintroduction of Pin1 into Pin1–/– MEFs significantly 

reduced the increase in PtdIns5P in response to H2O2 compared with cells transfected 

with an empty vector control (Fig. 5B). Pin1 deletion did not change the abundance of 

PIP4Kα or PIP4Kβ (Supplementary Fig. 4B and Fig. 5C), and H2O2 triggered a similar 

fold increase in PIP4Kβ phosphorylation at Ser326 in both Pin1–/– MEFs (1.67 ± 0.16 

average fold increase after stimulation with H2O2 for 10 min, n = 3) and wild-type 

MEFs (1.60 ± 0.14 average fold increase after stimulation with H2O2 for 10 min, n = 3) 

(Fig. 5C). Stimulation of wild-type MEFs with H2O2 increased the amount of Pin1 that 

coimmunoprecipitated with PIP4Kα (2.2 ± 0.15) or PIP4Kβ (2.1 ± 0.13) (quantified as 

the mean ± range of two experiments and presented as the fold increase above cells 

not treated with H2O2) (Fig. 5D). The observed H2O2-induced interaction between Pin1 

and PIP4K might suggest a role for PIP4K in regulating the abundance of PtdIns5P, and 
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Figure 5. Redox-regulated changes in the amount of PtdIns5P are modulated by the presence 
of Pin1. (A) WT or Pin1–/– MEFs were stimulated with 1 mM H2O2 as indicated for 45 min, after 
which lipids were extracted and used to measure the amount of PtdIns5P. Data represent the 
fold increase (average and SD) and are representative of three different experiments. The 
fold increase by H2O2 shown is relative to the control (absence of H2O2) for each genotype. 
(B) Pin1–/– MEFs were transduced with either empty vector (EV) or HA-Pin1 and kept as controls 
or stimulated with 1 mM H2O2 for 45 min. Lipids were extracted and used to measure PtdIns5P. 
The immunoblot shows the abundance of HA-Pin1 and actin after transduction. Data represent 
the averages ± SD of three independent experiments. (C) WT or Pin1–/– MEFs were stimulated 
with 1 mM H2O2 for the indicated times. Lysates were immunoprecipitated with a PIP4Kβ-specific 
antibody, and the indicated proteins were detected in the immunoprecipitates. The indicated 
proteins in the lysates were also immunoblotted. Data are representative of two independent 
experiments. (D) WT MEFs were stimulated with 1 mM H2O2 as indicated, after which the lysates 
were immunoprecipitated with PIP4Kα- or PIP4Kβ-specific antibodies and the indicated proteins 
were detected in the immunoprecipitates. The indicated proteins in the total lysates were 
immunoblotted. Data are representative of two independent experiments.
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RNAi-mediated suppression of PIP4Kα and PIP4Kβ in Pin1–/– MEFs increased the basal 
and H2O2-stimulated increase in PtdIns5P (Supplementary Fig. 5B). 

To determine the intracellular location where Pin1 might modulate PtdIns5P, 
we overexpressed PIP4Kβ tagged with green fluorescent protein (GFP) in HeLa 
cells. GFP-PIP4Kβ was detected in both the nucleus and the cytoplasm; however, 
immunofluorescence microscopy showed that PIP4Kβ and Pin1 colocalized 
predominantly in a punctuate pattern in the nucleus (Supplementary Fig. 6), suggesting 
that Pin1 likely regulates a pool of nuclear PtdIns5P. Although we were unable to 
colocalize endogenous PIP4Kβ and Pin1 using the available antibodies, the presence 
of both endogenous PIP4Kβ and Pin1 in nuclear fractions (Supplementary Fig. 4, D 
and E) and their coimmunoprecipitation from nuclear fractions (Fig. 3) suggested that 
this colocalization was unlikely a consequence of overexpression. 
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Increased PtdIns5P in Pin1–/– MEFs enhances their resistance to H2O2

We next investigated whether PtdIns5P contributed to responses of MEFs to H2O2. In 

response to stimulation with concentrations of H2O2 between 50 and 200 μM, cells can 

undergo cell cycle arrest and induce a senescent phenotype (47), which can be easily 

analyzed using clonogenic survival and proliferation assays (47). Exposure of wild-type 

MEFs to H2O2 reduced the number of colonies from 1000 to 200, demonstrating their 

sensitivity to H2O2. In the absence of H2O2, Pin1–/– MEFs grew slower and generated 

fewer colonies than wild-type MEFs (Fig. 6A). However, there was no reduction in the 

number of colonies obtained after exposure of the Pin1–/– MEFs to H2O2 (Fig. 6A). 

We next sought to determine whether the generation of PtdIns5P was important in 

regulating the cellular sensitivity to H2O2. 

Because PIP4Kα exhibits higher catalytic activity than PIP4Kβ (40), we overexpressed 

PIP4Kα in wild-type and Pin1–/– MEFs, which significantly reduced H2O2-induced 

PtdIns5P (Fig. 6B). In accordance with a role for PtdIns5P in the resistance to H2O2 

toxicity, overexpression of PIP4Kα in Pin1–/– MEFs or in wild-type MEFs significantly 

reduced the number of viable colonies after treatment with H2O2 (Fig. 6A), whereas 

there was no reduction in viable colonies for Pin1–/– MEFs expressing the empty vector. 

Because H2O2 stimulation leads to changes in various phosphoinositides (48, 49), we 

measured their abundance in control and PIP4Kα-overexpressing cells untreated or 

treated with H2O2 (Fig. 6C). H2O2 induced a decrease in PtdIns(4,5)P2 in both wild-type 

and Pin1–/– MEFs, and this reduction was not affected by overexpression of PIP4Kα. 

The only difference, besides PtdIns5P generation, between wild-type and Pin1–/– MEFs 

was an increase in H2O2-induced PtdIns(3,4)P2, which was only observed in Pin1–/– 

MEFs. However, the increase in PtdIns(3,4)P2 induced by H2O2 was not significantly 

different in cells overexpressing PIP4Kα (Fig. 6C). Reintroduction of Pin1 into Pin1–/– 

MEFs increased the number of colonies in untreated cells and resulted in sensitivity 

to treatment with H2O2 (Supplementary Fig. 7). Therefore, our data indicated that 

an increase in PtdIns5P has a role in the increased cell viability in response to H2O2 

observed in Pin1–/– MEFs, although we cannot exclude the possibility that other lipids 

that change in response to alterations in PtdIns5P may also play a role. 

Pin1-regulated changes in PtdIns5P modulate ROS accumulation

Cell viability in response to oxidative stress can be regulated by many different 

mechanisms, including the evolutionarily conserved FOXO and NRF2 transcription 

pathways, which stimulate the expression of genes that are involved in the detoxification 

of ROS (50–53). Previous studies have demonstrated a role for Pin1 in the regulation 

of both pathways (38, 54). In Pin1–/– MEFs, transcripts of the NRF2 target genes 

NQO1 [encoding NAD(P)H:quinone oxidoreductase 1] and GSTA1 (encoding GST 

α1) were increased in response to H2O2 (Fig. 7A). The expression of GSTA1 was also 

increased after H2O2 treatment in wild-type MEFs, and its abundance was greater in 

Pin1–/– MEFs than in wild-type MEFs in the absence of stimulation with H2O2 (Fig. 7A). 
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Figure 6. PtdIns5P plays a key role in modulating the sensitivity of Pin1–/– MEFs to oxidative 
stress. (A) WT or Pin1–/– MEFs were transduced with the indicated constructs, and then 1000 cells 
were plated in 10-cm dishes. The following day, H2O2 (final concentration, 100 μM) was added, 
and the cells were allowed to grow for 10 days. The colonies were stained with crystal violet and 
quantified. The immunoblot shows the abundance of PIP4Kα and actin in the two cell lines. Data 
are the averages ± SD and are representative of three different experiments. (B) WT or Pin1–/– 
MEFs transduced with the indicated constructs were stimulated with 1 mM H2O2 as indicated, 
after which lipids were extracted and used to measure the amount of PtdIns5P. Data are the 
averages ± SD of three independent experiments. Student’s t test was performed for statistical 
analysis. (C) WT or Pin1–/– MEFs transduced with the indicated constructs (EV, empty vector) 
were labeled with [32P]-orthophosphate, after which lipids were extracted, dried, deacylated, 
and chromatographed using HPLC. Data represent the averages ± SD of three independent 
experiments. Compared to control cells, no significant changes in any phosphoinositide were 
observed in cells overexpressing PIP4Kα. Student’s t test was performed for statistical analysis.
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In accordance with the role for PtdIns5P in the regulation of these redox-controlled 
genes, overexpression of PIP4Kα reduced H2O2-induced expression of NQO1 and 
GSTA1 in Pin1–/– MEFs (Fig. 7A). Expression of PIP4Kα also reduced the increased 
expression of GSTA1 in Pin1–/– MEFs in the absence of H2O2 stimulation (Fig. 7A). 
Tertiary butylhydroquinone (TBHq) is an activator of the NRF2 pathway (55), and the 
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Figure 7. Pin1-regulated changes in PtdIns5P modulate ROS accumulation. (A) WT or Pin1–/– MEFs 
transduced with EV or PIP4Kα were exposed to 100 μM H2O2 for 8 hours as indicated. qRT-PCR 
was performed with primers for NQO1 and GSTA1. The relative amounts of each transcript were 
normalized to the abundance of actin mRNA. Data are the averages ± SD of triplicate samples and 
are representative of two experiments. (B) The indicated MEFs transduced with EV or PIP4Kα were 
stimulated with 20 μM TBHq, 100 μM TBHq, or 100 μM H2O2 for 2.5 hours, and the abundances 
of NQO1 and GSTA1 transcripts were measured by qRT-PCR and presented normalized as in 
(A). Data are the averages ± SD of triplicate samples and are representative of two experiments. 
(C)  The indicated MEFs transduced with EV or PIP4Kα were stimulated with 100 μM H2O2 or 
100  μM TBHq for 8 hours as indicated. qRT-PCR was performed with primers for SOD2 and 
GADD45. The relative amounts of each transcript were normalized to the abundance of actin 
mRNA. Data are the averages ± SD of three independent experiments. (D) The indicated MEFs 
were labeled with CM-H2DCFDA, and both basal (top) and H2O2-induced (middle) ROS were 
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increase in expression of NQO1 and GSTA1 by TBHq was also attenuated by PIP4Kα 
overexpression in both wild-type and Pin1–/– MEFs (Fig. 7B). 

FOXO transcription factors are inhibited by Pin1 (38), and expression of the FOXO 
target genes SOD2 (encoding superoxide dismutase 2) and GADD45 (encoding 
growth arrest and DNA damage 45) was increased in Pin1–/– MEFs, compared to 
wild-type MEFs, under basal conditions and after stimulation with either TBHq or H2O2 
(Fig. 7C). However, their expression was not decreased by PIP4Kα overexpression in 
either wild-type or Pin1–/– MEFs in the absence or presence of TBHq or H2O2 (Fig. 7C). 
Thus, although Pin1 inhibited the expression of SOD2 and GADD45, this regulation 
did not appear to involve PtdIns5P. Although increased PtdIns5P can promote the 
activation of the kinase Akt, which stimulates NRF2 (56, 57) and inhibits FOXO (58) 
transcription, the activation of Akt in response to either insulin or H2O2 stimulation 
was comparable between wild-type and Pin1–/– MEFs (Supplementary Fig. 8). 

NRF2-induced expression of genes encoding proteins, such as NQO1 and 
GSTA1, has been associated with an increase in the capability of cells to prevent 
ROS accumulation (52, 59). We monitored ROS accumulation in wild-type and 
Pin1–/– MEFs with and without overexpression of PIP4Kα. Cells were labeled with 
CM-H2DCFDA [5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, 
acetyl ester], which, upon oxidation, generates a fluorescent signal that accumulates 
within the cell and serves as an indication of the oxidative environment of the cell. 
The rate of basal fluorescence accumulation was reduced in Pin1–/– MEFs compared 
to the rate in wild-type MEFs, and this reduction was reversed by the overexpression 
of PIP4Kα (Fig. 7D). Exposure of the cells to 100 μM H2O2 increased the rate of 
fluorescence accumulation in wild-type MEFs, which was less in the Pin1–/– MEFs. 
In response to H2O2, overexpression of PIP4Kα in the Pin1–/– MEFs resulted in a 
rate of fluorescence accumulation that was indistinguishable from that of wild-type 
MEFs (Fig. 7D). The decreased basal ROS accumulation could be a consequence 
of the slower rate of proliferation observed in Pin1–/– MEFs; however, PIP4Kα 
overexpression in Pin1–/– MEFs, despite increasing the rate of ROS production, 
did not alter their proliferation rate (Supplementary Fig. 9A). Furthermore, Pin1–/– 
MEFs have decreased amounts of cyclin D1 (32) and increased amounts of p27 (38), 
both of which reduce cell cycle progression. Neither of the genes encoding these 
proteins was regulated by PIP4Kα overexpression (Supplementary Fig. 10). These 
data suggested that increased PtdIns5P generated in Pin1–/– MEFs increased cell 
viability in response to oxidative stress by stimulating the expression of genes that 
limit cellular ROS accumulation. 

measured by 2,7-dichlorofluorescein diacetate (DCF) fluorescence. The bar graph shows the area 
under the curve for fluorescence accumulation in the indicated MEFs. Data are the averages ± SD 
and are representative of three independent experiments. Statistical significance in all graphs was 
determined using Student’s t test, and calculated P values are shown. NS, not significant. 
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Discussion
Here, we showed that PtdIns5P is a redox-regulated second messenger that increases 
upon exposure of cells to H2O2. Furthermore, in Pin1–/– MEFs, which are more resistant 
to oxidative stress than their wild-type counterparts, the increase in PtdIns5P is 
enhanced. Overexpression of PIP4Kα to reduce the increase in PtdIns5P induced 
by Pin1 deletion sensitized Pin1–/– MEFs to the toxic effects of H2O2. PtdIns5P may 
contribute to resistance to oxidative stress by promoting the expression of genes that 
limit the cellular accumulation of ROS. 

Our strategy to purify lipid kinases (phosphoinositide and diacylglycerol kinases) 
that interact with Pin1 in a phosphorylation-dependent manner identified the PIP4K 
family of enzymes that reduce the abundance of PtdIns5P. In cells, the interaction 
between PIP4Kβ and Pin1 required phosphorylation at either Thr322 or Ser326. Because 
phosphorylation of Thr322 and Ser326 is likely controlled by different kinases, we 
speculate that the interaction between PIP4K and Pin1, and therefore the amount of 
PtdIns5P, will be regulated by different inputs. We found that in cells, Pin1 interacted 
with either the high-activity isoform PIP4Kα or the low-activity PIP4Kβ isoform, which 
can interact with and target PIP4Kα to the nucleus (46). Furthermore, we showed 
that the interaction between PIP4K and Pin1 was enhanced by exposure of cells to 
H2O2-induced oxidative stress. We suggest that the redox-regulated phosphorylation 
of PIP4K stimulates the interaction between PIP4K and Pin1 to reduce stress-induced 
PtdIns5P generation, which is consistent with our observation that PtdIns5P is increased 
in cells lacking Pin1. However, H2O2 still increased PtdIns5P in MEFs in which both 
PIP4Kα and PIP4Kβ were knocked down, suggesting that the Pin1-PIP4K interaction 
was not the major driver for the increase in PtdIns5P in response to H2O2. How H2O2 
increases PtdIns5P synthesis is not clear, but it may require the activity of myotubularins 
or PIKfyve, both of which could increase the abundance of PtdIns5P. Surprisingly, we 
found that in vitro, the isomerase activity of Pin1 inhibited PIP4K activity. This suggests 
that the Pin1 interaction with PIP4K may facilitate the removal of PtdIns5P, and Pin1 
isomerase activity may keep PIP4K activity in check. 

The regulation of PtdIns5P likely occurs in the nucleus because Pin1 and PIP4Kβ 
colocalized in punctuate nuclear structures and were coimmunoprecipitated from 
nuclear fractions. Consistent with a nuclear function for PtdIns5P, we found that 
reducing PtdIns5P by overexpression of PIP4Kα reduced the induction of NRF2 
target genes by H2O2. The NRF2 and FOXO transcription pathways are implicated 
in the response to oxidative stress by stimulating genes encoding proteins involved 
in limiting ROS and are inhibited by Pin1 (38, 54). In response to H2O2 or TBHq 
treatment, Pin1 deficiency increased the expression of genes that are downstream 
targets for either NRF2 (NQO1 and GSTA1) or FOXO (SOD2, GADD45, and p27). 
However, the reduction in PtdIns5P by the overexpression of PIP4Kα only attenuated 
the increase in NQO1 and GSTA1 expression, suggesting that PtdIns5P might play a 
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role in regulating NRF2-mediated transcription. NRF2 activation enhances the cells’ 
capability to manage ROS accumulation (52, 60–62), and we found that cellular ROS 
accumulation was decreased in Pin1–/– MEFs, consistent with their increased resistance 
to oxidative stress. Overexpression of PIP4Kα, to reduce the amount of PtdIns5, 
increased the rate of ROS accumulation in Pin1–/– MEFs and reduced their resistance 
to oxidative stress. 

The product of GSTA1 can also act as a scaffolding protein and reduce the activation 
of the c-Jun N-terminal kinase pathway (63, 64), which may be part of the mechanism 
by which increased PtdIns5P enhances cell viability in response to oxidative stress. We 
suggest that ROS-mediated increases in nuclear PtdIns5P may recalibrate the cellular 
response to subsequent changes in oxidative stress, possibly by stimulating NRF2-
mediated gene transcription. Multiple mechanisms regulate NRF2 activity, including 
signals that affect its stability (65–67) or its nuclear import and export (68, 69). In 
addition, NRF2 activity is regulated by multiple pathways, including the extracellular 
signal–regulated kinase (70), p21 kinase (71), or phosphoinositide 3-kinase (PI3K) 
pathways (72). We did not find evidence for PtdIns5P acting through the kinase Akt, 
which is activated by the PI3K pathway and which could stimulate NRF2 (56, 57) and 
inhibit FOXO (58) signaling.

Pin1-deficient mice display widespread phenotypes of premature aging (31), 
and mutations in enzymes that regulate cellular PtdIns5P have been associated with 
the development of diseases with similar phenotypes. Mutations in PIP4Kα have 
been associated with the development of schizophrenia (73–77), and mutations in 
myotubularins, which can generate PtdIns5P, are associated with the development of 
various severe diseases, including X-linked myotubular myopathy and Charcot-Marie-
Tooth syndrome (78, 79). Furthermore, the phenotypes observed in Pin1-knockout 
mice also suggest that Pin1 might regulate the activity of other phosphoinositide-
metabolizing enzymes. 

We analyzed the amounts of different phosphoinositides in the wild-type and Pin1–/– 
MEFs in the absence and presence of H2O2. In addition to the increase in PtdIns5P, we 
found that the amounts of PtdIns(3,4)P2 induced by H2O2 were significantly increased 
in Pin1–/– MEFs, suggesting that Pin1 might regulate either the dephosphorylation 
of PtdIns(3,4,5)P3 or PtdIns(3,4)P2 or the synthesis of PtdIns(3,4)P2. PtdIns(3,4)P2 is 
important in Akt signaling (80), and its regulation by Pin1 warrants further investigation. 
The use of the affinity purification strategy described here followed by the specific 
measurement of lipid kinase or phosphatase activity should be useful in identifying 
how PtdIns(3,4)P2 might be regulated by proline-directed phosphorylation and Pin1. 

Signaling by intracellular H2O2 leads to pleiotropic phenotypes. Low concentrations 
of H2O2 can stimulate proliferation and enhance cell function, whereas higher 
concentrations can induce cell senescence and apoptosis. The modification of 
specific amino acid residues in the context of the correct protein microenvironment 
enables tight regulation of specific signaling pathways by H2O2. Our studies suggest 
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that Pin1 and PtdIns5P signaling modulates enzymes that regulate the cellular 
accumulation of ROS, which in turn dictates the cellular sensitivity to oxidative stress 
and thus may be important for aging, inflammatory responses, tumor development, 
and neurodegeneration.

Materials and methods
Cell culture, transfections, and shRNA or small interfering RNA 
treatments
HeLa, HEK293, MEFs, and U2OS cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal calf serum and 4 mM glutamine 
(Invitrogen). HeLa cells were transfected with FuGENE 6 (Roche). The following 
plasmids were used: pcDNA3, pcDNA3-Myc-PIP4Kβ, pcDNA3-Myc-PIP4Kβ, pEGFP-
PIP4Kβ, pcDNA3-MKK6-Gly (constitutively active), pBABE-PIP4Kα, and pLKO.1 
(lentiviral vector). GST-Pin1 and the mutants pCAN–HA-Pin1, pCAN–HA–Pin1-WW, 
and pCAN–HA–Pin1-PPI were subcloned into the puromycin pBABE retroviral vector 
with Bam HI and Eco RI restriction sites. shRNA constructs were generatedby cloning 
the following sequences in pRetroSuper: PIP4Kβ 5′-AGATCAAGGTGGACAATCA-3′ 
and PIP4Kα 5′-ATAGTGGAATGTCATGGGA-3′.

Retroviral particles were generated in Phoenix ecotropic cells and subsequently 
used to transduce HEK293 cells expressing the ecotropic receptor. The retroviral 
packaging cell line Plat-E was used to generate virus to transduce MEFs. Cell 
populations were selected with puromycin (2 mg/ml). The lentiviral vector pLKO.1 
(Sigma) containing shRNA targeting sequences was used to knock down the three 
PIP4K isoforms in U2OS cells (table S1). 

Viral particles were generated in HEK293FT cells in six-well plates with 2 mg of 
total DNA consisting of the pLKO vector and plasmids encoding GAGPol and vesicular 
stomatitis virus glycoprotein (ratio of 4:2:1, respectively). Cells were transduced in 
the presence of polybrene (5 mg/ml), and populations of cells were selected with 
puromycin (2 mg/ml). Control small interfering RNA (siRNA) oligonucleotides 
(siGENOME nontargeting siRNA pool; D-001206-13-20, Dharmacon) or those 
targeting Pin1 (D-003291-08, Dharmacon) were transfected into U2OS cells with 
DharmaFECT1 (Dharmacon). Point mutants (T322A, S326A, T372A, T322A/S326A, 
and T322A/S372A) were generated by site-directed mutagenesis.

Sensitivity to oxidative stress
Cells (1000) were plated in a 10-cm dish and allowed to adhere overnight. The next day, 
H2O2 (50 or 100 mM) was added to the cells, which were then allowed to grow for 10 
days. Colonies were stained with crystal violet (dissolved in 0.5% phosphate-buffered 
saline–0.5% formaldehyde). After extensive washing to remove nonspecifically bound 
dye, the plates were dried and scanned, and colonies were either counted manually or 
automatically with ImageJ to define the size of the colonies.
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PtdIns5P measurements
Cells (250,000) were plated in six-well plates and allowed to grow overnight. Cells 
were then serum-starved for 2 hours before exposure to H2O2 (100 mM to 1 mM) for 
45 min. Cells were drained and immediately frozen at −80°C. PtdIns5P measurements 
were carried out as previously described (15). These data were normalized either to 
cell number or to the amount of phospholipid phosphate.

Coimmunoprecipitations and Western blotting procedures
Protein abundance was analyzed by standard Western blotting procedures with 
the antibodies recognizing the following proteins. Phosphorylated Thr322-PIP4Kβ, 
phosphorylated Ser326-PIP4Kβ, PIP4Kβ, and PIP4Kβ were generated in house (15, 
40), as was the antibody recognizing GST. Antibodies recognizing Myc or HA were 
monoclonal supernatants from clones 9E10 and 12CA5, respectively. The antibody 
recognizing Pin1 was from Upstate Biotechnology, and antibody recognizing the 
C-terminal domain of PIP4Kα was from Abgent. Immunoprecipitations were performed 
after lysing the cells in a buffer [50 mM tris (pH 8), 10 mM EDTA, 50 mM KCl, and 1% 
NP40] that contained protease inhibitors (Roche cOmplete EDTA free), sodium fluoride 
(20 mM), and sodium orthovanadate (1 mM). Immunoprecipitates were collected with 
protein G agarose and were washed three times in immunoprecipitated wash buffer 
[50 mM tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, and 0.1% Tween 20]. Then, either the 
beads were used in lipid kinase assays or bound proteins were eluted, separated by 
SDS-PAGE, and Westernblotted with antibodies as indicated.

GST-Pin1 affinity purification
GST-Pin1, GST–Pin1-WW, and GST–Pin1-PPI fusion proteins were purified from 
bacteria after induction with isopropyl-β-D-thiogalactopyranoside. GST protein (1 
μg) coupled to glutathione agarose was incubated with lysates either from U2OS 
cells or from HEK293 cells overexpressing different isoforms of phosphatidylinositol-
5-phosphate-4-kinase (PIPK). Tubes were rotated for 1 hour at 4°C, after which the 
beads were collected by centrifugation and washed three times [50 mM tris (pH 7.5), 
5 mM EDTA, 150 mM NaCl, and 0.1% Tween 20] followed by one wash in 50 mM tris 
(pH 7.5). Then, either the beads were used for lipid kinase assays directly or proteins 
were eluted in SDS loading buffer, separated by SDS-PAGE, and Western-blotted with 
specific antibodies.

Lipid kinase assays
For lipid kinase assays after affinity purification, the beads were resuspended in 50 ml 
of 10 mM tris pH 7.4 containing either 1 nmol of PtdIns5P or Folch lipid mix extraction 
with or without the addition of 1 nmol PtdIns5P. The reaction was initiated by the 
addition of 2× PIPK buffer [100 mM tris-HCl (pH 7.4), 20 mM MgCl2, 2mM EGTA, and 
140 mMKCl] with 20 mM adenosine 5′-triphosphate and 10 mCi of [γ-32P]ATP. The 
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reaction was stopped, and the lipid was extracted, dried, and separated by thin layer 
chromatography. Quantitation was carried out with phosphorimager screens (Bio-Rad).

In vivo metabolic labeling 
Metabolic labeling of MEFs and U2OS cells was performed with [32P]-orthophosphate 
for 2 hours. Labeling was terminated by quenching cell monolayers with 1.2 M HCl 
followed by total lipid extraction and deacylation. The head groups were analyzed by 
HPLC as described previously (15).

Quantitative RT-PCR
Total RNA was extracted with the RNeasy Mini kit (>100,000 cells) together with 
QIAshredder spin columns (all from Qiagen). cDNA was synthesized from 1 mg of total 
RNA with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 
Quantitative PCR was performed with the Universal ProbeLibrary System (Roche) on 
a 7900HT PCR System (Applied Biosystems). qRT-PCR primers are listed in table S1A.

Surface plasmon resonance
A ProteOn XPR36 (Bio-Rad)was used for determining the interaction ofGST fusion 
proteins with various peptides derived from PIP4Kβ. The following peptides were 
coupled through their N-terminal cysteine residue to a Bio-Rad GLM chip: S326, 
CSYGTPPDSPGNLLS; P-S326, CSYGTPPD(p)SPGNLL; T322, CLCSYGTPPDSP; P-T322, 
CLCSYG(p)TPPDSP; and P-T322/P-S326, CLCSYG(p)TPPD(p)SPGNLL. Peptides were 
coupled to yield a value of 100 RU. GST fusion proteins were isolated and injected 
onto the chip surface at various concentrations (31.25 nM to 1 mM). These data were
normalized to a surface that was activated but did not have any peptide coupled. The 
chip surface was regenerated by two injections of 0.5% SDS followed by an injection 
of 50 mM NaOH and 50 mM HCl.

Detection of ROS
Cells were plated in a 96-well clear-bottomed black plate (Greiner Bio-One) 24 hours 
before ROS measurements. Cells were incubated with phenol-free DMEM containing 
CM-H2DCFDA (5 mM; Molecular Probes) for 30 min at 37°C and 5% CO2. Intracellular 
oxidation was monitored for 30 min by measuring fluorescence at 515 to 560 nm with 
a Fluorostar plate reader (BMG Labtech) supplemented with constant 5% CO2 flow. 
DCF fluorescence was corrected for total cellular protein as measured by BCA (Pierce).
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Fig. S2. Phosphorylation of Thr322 and Ser326 of PIP4Kβ contributes to its interaction 
with Pin1.
Fig. S3. Antibodies recognizing phosphorylated Ser326 peptide show reduced recognition 
of peptides phosphorylated at both Thr322 and Ser326.
Fig. S4. The localization, abundance, and rate of degradation of PIP4Ks are not altered 
when Pin1 abundance is reduced.
Fig. S5. H2O2 treatment increases the abundance of PtdIns5P, which is further increased 
by knockdown of PIP4Kα and PIP4Kβ.
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Fig. S1. Binding of PIPK4ββββ peptides to Pin1 requires the Pin1-WW domain. The following peptides were 
coupled to the SPR chip: 1. control peptide CLCSYGTPPDSP, 2. P-Thr322CLCSYGT(p)PPDSP, 3. P-Thr322/P-
Ser326CLCSYG(p)TPPD(p)SPGNL, 4. P-Ser326CSYGTPPDS(p)PGNLL, 5. CSYGTPPDSPGNLL, 6. empty. 
Interaction with different concentrations of either GST-Pin1-WW or GST-Pin1-PPI was measured. The binding 
curves were referenced by subtracting the response units obtained in the reference channel (empty channel). GST-
Pin1-PPI interacted similarly to wild-type Pin1; however, no interaction was observed with GST-Pin1-WW.  

 

 

 

 

  

Supplementary Figure 1. Binding of PIPK4β peptides to Pin1 requires the Pin1-WW 
domain. The following peptides were coupled to the SPR chip: 1. control peptide 
CLCSYGTPPDSP, 2.  P-Thr322CLCSYGT(p)PPDSP, 3. P-Thr322/P-Ser326CLCSYG(p)TPPD(p)SPGNL, 
4. P-Ser326CSYGTPPDS(p)PGNLL, 5.  CSYGTPPDSPGNLL, 6. empty. Interaction with different 
concentrations of either GST-Pin1-WW or GST-Pin1-PPI was measured. The binding curves 
were referenced by subtracting the response units obtained in the reference channel (empty 
channel). GSTPin1-PPI interacted similarly to wild-type Pin1; however, no interaction was 
observed with GST-Pin1-WW.
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Fig. S2. Phosphorylation of Thr322 and Ser326 of PIP4Kββββ contributes to its interaction with Pin1. (A) Agarose 
beads alone or beads coupled to nonphosphorylated or phosphorylated peptides as described below were used to 
affinity purify Pin1 from lysates of HeLa cells expressing HA-Pin1 (1 mg). Bound proteins were separated by SDS-
PAGE and immunoblotted with an HA antibody coupled to HRP (top). Total lysates expressing HA Pin1 were 
immunoprobed for HA (bottom). The last lane is lysate from nontransfected HeLa cells. Beads, bead without a 
peptide; S326, CSYGTPPDSPGNLL; P-326, P-Ser326CSYGTPPDS(p)PGNLL; T322, CLCSYGTPPDSP; P-322, P-
Thr322CLCSYGT(p)PPDSP; P-322/P-326, P-Thr322/ P-Ser326CLCSYG(p)TPPD(p)SPGNL. (B) HA-tagged wild-type 
PIP4Kβ or PIP4Kβ mutated at Ser326 to an alanine were expressed and stimulated with UV irradiation as indicated 
and immunopurified using an HA antibody. The eluted proteins were separated by SDS-PAGE and blotted to 
nitrocellulose. The blot was then overlaid with GST-Pin1 and the direct interaction was visualized using a GST-
antibody (bottom). The blot was stripped and re-probed with an HA antibody to visualize total PIP4Kβ (top). These 
data show that Pin1 interacts directly with PIP4Kβ in a manner enhanced by the presence of phosphoSer326 and UV 
irradiation. (C) HeLa cells were transfected with the indicated cDNAs and irradiated with 100J/m2 UV irradiation or 
left as control. Lysates were immunoprecipated with an HA antibody and immunoblotted with the indicated 
antibodies. These data show that in HeLa cells mutation of both Thr322 and Ser326 to alanine are required to reduce 
Pin1 binding to PIP4Kβ. 

 

Supplementary Figure 2. Phosphorylation of Thr322 and Ser326 of PIP4Kβ contributes to its 
interaction with Pin1. (A) Agarose beads alone or beads coupled to nonphosphorylated or 
phosphorylated peptides as described below were used to affinity purify Pin1 from lysates 
of HeLa cells expressing HA-Pin1 (1 mg). Bound proteins were separated by SDSPAGE and 
immunoblotted with an HA antibody coupled to HRP (top). Total lysates expressing HA Pin1 were 
immunoprobed for HA (bottom). The last lane is lysate from nontransfected HeLa cells. Beads, 
bead without a peptide; S326, CSYGTPPDSPGNLL; P-326, P-Ser326CSYGTPPDS(p)PGNLL; T322, 
CLCSYGTPPDSP; P-322, P-Thr322CLCSYGT(p)PPDSP; P-322/P-326, P-Thr322/ P-Ser326CLCSYG(p)
TPPD(p)SPGNL. (B) HA-tagged wild-type PIP4Kβ or PIP4Kβ mutated at Ser326 to an alanine were 
expressed and stimulated with UV irradiation as indicated and immunopurified using an HA 
antibody. The eluted proteins were separated by SDS-PAGE and blotted to nitrocellulose. The 
blot was then overlaid with GST-Pin1 and the direct interaction was visualized using a GSTantibody 
(bottom). The blot was stripped and re-probed with an HA antibody to visualize total PIP4Kβ (top). 
These data show that Pin1 interacts directly with PIP4Kβ in a manner enhanced by the presence 
of phosphoSer326 and UV irradiation. (C) HeLa cells were transfected with the indicated cDNAs 
and irradiated with 100J/m2 UV irradiation or left as control. Lysates were immunoprecipated with 
an HA antibody and immunoblotted with the indicated antibodies. These data show that in HeLa 
cells mutation of both Thr322 and Ser326 to alanine are required to reduce Pin1 binding to PIP4Kβ.
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Fig. S3. Antibodies recognizing phosphorylated-Ser326 peptide show reduced recognition of peptides 
phosphorylated at both Thr322 and Ser326. Peptides [P-Ser326 CSYGTPPDS(p)PGNLL (top panel) or P-Thr322/P-
Ser326 CLCSYG(p)TPPD(p)SPGNL (bottom panel)] were coupled to the SPR chip and tested for their interaction 
with the indicated dilutions of the phospho-S326 specific antibody. The antibody interacted well with the singly 
phosphorylated peptide but the interaction with the doubly phosphorylated peptide was attenuated.  

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3. Antibodies recognizing phosphorylated-Ser326 peptide show reduced 
recognition of peptides phosphorylated at both Thr322 and Ser326. Peptides [P-Ser326 CSYGTPPDS(p)
PGNLL (top panel) or P-Thr322/P-Ser326 CLCSYG(p)TPPD(p)SPGNL (bottom panel)] were coupled 
to the SPR chip and tested for their interaction with the indicated dilutions of the phospho-S326 
specific antibody. The antibody interacted well with the singly phosphorylated peptide but the 
interaction with the doubly phosphorylated peptide was attenuated.

Supplementary Figure 4. The localization, abundance, and rate of degradation of PIP4KS are not 
altered when Pin1 abundance is reduced. (A) U2OS cells were transfected with nontargeting or 
Pin1-targeting siRNAi as indicated and the cells were treated with UV irradiation for the times 
shown. Lysates were then immunoblotted with the indicated antibodies (right). (B) Lysates (1 mg) 
from wild-type or Pin1–/– MEFs were immunoprecipitated with the indicated antibodies (top) and 
precipitates were immunoblotted with either a PIP4Kβ-specific antibody (left blot) or a PIP4Kα-
specific antibody (right blot). These data show that the levels of PIP4Kα and β are not changed in 
Pin1–/– MEFs. (C) U2OS cells were transfected with nontargeting or Pin1-targeting siRNA as indicated 
and were treated with cycloheximide for the times shown to determine the rate of degradation of 
PIP4Kβ. Lysates were then immunoblotted with the indicated antibodies. (D) Wild-type or Pin1–/– 
MEFs were used to derive nuclear (N), cytosolic (C) or membrane (M) fractions before (–) or after 
(+) treatment with UV irradiation. Each fraction was separated by SDS-PAGE and immunoblotted 
as indicated.
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Fig. S4 
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Fig. S5. H2O2 treatment increases the abundance of PtdIns5P, which is further increased by knockdown of 
PIP4Kαααα and PIP4Kββββ. (A). H2O2 dose-dependently increases the level of PtdIns5P in Pin1–/– MEFs. Cells were 
treated with increasing concentrations of H2O2 as indicated and then the cellular amount of PtdIns5P was determined. 
Assays were carried out in biological triplicates and the data represent mean ± SD. (B). Knockdown of PIP4Kα and 
PIP4Kβ increases both basal and H2O2–induced PtdIns5P in Pin1–/– MEFs (right graph) qRT-PCR was performed to 
confirm knockdown of both PIP4Kα and PIP4Kβ (left graph). The data represent the average ± SD of biological 
triplicates. Statistical significance was determined using a Student t-test. 

 

 

Supplementary Figure 5. H2O2 treatment increases the abundance of PtdIns5P, which is further 
increased by knockdown of PIP4Kα and PIP4Kβ. (A). H2O2 dose-dependently increases the level 
of PtdIns5P in Pin1–/– MEFs. Cells were treated with increasing concentrations of H2O2 as indicated 
and then the cellular amount of PtdIns5P was determined. Assays were carried out in biological 
triplicates and the data represent mean ± SD. (B). Knockdown of PIP4Kα and PIP4Kβ increases 
both basal and H2O2–induced PtdIns5P in Pin1–/– MEFs (right graph) qRT-PCR was performed to 
confirm knockdown of both PIP4Kα and PIP4Kβ (left graph). The data represent the average ± 
SD of biological triplicates. Statistical significance was determined using a Student t-test.
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Fig. S6. PIP4Kββββ and Pin1 colocalize in the nucleus. HeLa cells were transfected with GFP-PIP4Kβ and HA-Pin1 
and cells were fixed and stained with an HA antibody and DAPI to visualize the nuclei. The channels are shown 
individually and the merge represents the GFP and HA channels. These data demonstrate that Pin1 and PIP4Kβ 
predominantly colocalize in nuclear speckles.  

 

 

 

  

Supplementary Figure 6. PIP4Kβ and Pin1 colocalize in the nucleus. HeLa cells were transfected 
with GFP-PIP4Kβ and HA-Pin1 and cells were fixed and stained with an HA antibody and DAPI to 
visualize the nuclei. The channels are shown individually and the merge represents the GFP and 
HA channels. These data demonstrate that Pin1 and PIP4Kβ predominantly colocalize in nuclear 
speckles.



74

Regulation of Phosphatidylinositol-5-Phosphate Signaling by Pin1 Determines Sensitivity...

 

 

Fig. S7. Reexpression of Pin1 in Pin1–/– MEFs reconstitutes sensitivity to H2O2. Pin1–/– MEFs transduced with the 
constructs shown above [empty vector (EV) or Pin1 (HA-Pin1)] were assessed for their sensitivity to H2O2 using a 
clonogenic assay. Typical images of the colonies are shown and quantitated and presented in graphical form below. 
The immunoblot demonstrates the transduction and expression of Pin1 and actin as control. These data show that 
reexpression of Pin1 induces oxidative stress sensitivity in Pin1–/– MEFs. These data are representative of two 
experiments and show the average ± SD of triplicate measurements.  

 

  

Supplementary Figure 7. Re-expression of Pin1 in Pin1–/– MEFs reconstitutes sensitivity to H2O2. 
Pin1–/– MEFs transduced with the constructs shown above [empty vector (EV) or Pin1 (HA-Pin1)] 
were assessed for their sensitivity to H2O2 using a clonogenic assay. Typical images of the 
colonies are shown and quantitated and presented in graphical form below. The immunoblot 
demonstrates the transduction and expression of Pin1 and actin as control. These data show 
that re-expression of Pin1 induces oxidative stress sensitivity in Pin1–/– MEFs. These data are 
representative of two experiments and show the average ± SD of triplicate measurements.



75

3

Regulation of Phosphatidylinositol-5-Phosphate Signaling by Pin1 Determines Sensitivity...

Supplementary Figure 8. Knockout of Pin1 does not alter the kinetics of Akt activation in response 
to insulin or H2O2. Wild-type or Pin1–/– MEFs were stimulated with insulin (A) or H2O2 (B) for the 
indicated times. Lysates were prepared and immunoblotted with the antibodies as shown (right). 
These data demonstrate that insulin and H2O2 stimulation led to phosphorylation of Akt with 
comparable kinetics in both wild-type and Pin1–/– MEFs.

Supplementary Figure 9. Overexpression of PIP4Kα in wild-type or Pin1–/– MEFs does not alter 
their rate of proliferation. Growth curve of MEFs measured using Alamar Blue. Pin1–/– MEFs grow 
slower than wild-type MEFs. Overexpression of PIP4Kα does not influence cell growth.
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Supplementary Figure 10. Overexpression of PIP4Kα in wild-type or Pin1–/– MEFs does not alter 
the expression of p27 or cyclin D1. Wild-type or Pin1–/– MEFs transduced with empty vector or 
PIP4Kα were stimulated as indicated with 100 μM H2O2 for 8 hours or kept as control. qRT-PCR 
was performed using primers for p27 (A) or cyclin D1 (B). These data demonstrate that PIP4Kα 
overexpression does not influence the changes in p27 or cyclin D1 expression induced by the 
deletion of Pin1.
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pLKO.1 shRNA targeting sequences:         
Protein   shRNA (sense strand) NCBI gene ID     
            
hPIP4Kalpha CCAGCATCGTTCTAGCTATTT 5305     
hPIP4Kbeta CAAACGCTTCAACGAGTTTAT 8396     
hPIP4Kgamma GCCTTGATCTTTGTAATATCT 79837     
mPIP4Kalpha CCTTACTCATTACGATGCAAA 18718     
mPIP4Kalpha CCGAGCCATTTCAAGTTTAA 18718     
mPIP4Kbeta CAAACGCTTCAACGAGTTTAT 108083     
RT-PCR primer sequences:           
Gene   Forward   Reverse       
hPIP4Kalpha 5’-tggaattaagtgccatgaaaact-3’ 3’-tttgcatcataatgagtaaggatgt-5’ 

hPIP4Kbeta 5’-tgcatgtgggagaggagagt-3’ 3’-tcttcagctgtgccaagaac-5’   
hPIP4Kgamma 5’-ttggcattgatgaccaagatt-3’ 3’-actcggtacatccccagga-5’   
mPIP4Kalpha 5'-cgatggagtggaaatatatgtgat-3' 3'-actagcttctctagccactgtcg-5' 

mPIP4Kbeta 5'-aaaactgaagcgggacgtt-3' 3'-ccaccaggagactgtaatcca-5' 

mNQO1  5’-agcgttcggtattacgatcc-3’  3’-agtacaatcagggctcttctcg-5’   
mGSTA1 5’-ggcagaatggagtgcatca-3’ 3’-tccaaatcttccggactctg-5’   
mSOD2  5’-gacccattgcaaggaacaa-3’ 3’-gtagtaagcgtgctcccacac-5’   
mGADD45a 5’-agagcagaagaccgaaagga-3’ 3’-cgtaatggtgcgctgactc-5’   
mCyclinD1 5’-gagattgtgccatccatgc-3’ 3’-ctcctcttcgcacttctgct-5’   
mP27   5’-gagcagtgtccagggatgag-3’ 3’-tctgttctgttggccctttt-5’   
 

Table S1. shRNA targeting sequences and qRT-PCR primer sequences. Human genes are designated by h and 
mouse by m. 

 

Supplementary Table 1. shRNA targeting sequences and qRT-PCR primer sequences. Human 
genes are designated by h and mouse by m. 
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Abstract
Phosphoinositides are critical cellular regulators that function by interacting with specific 
lipid binding domains present in proteins. Phosphoinositide-protein interactions can 
mediate localisation, activity and interaction of target proteins and thereby influence 
downstream signalling. Understanding phosphoinositide-protein interactions and 
identifying proteins that interact with phosphoinositides is crucial in understanding 
diseases associated with deregulated phosphoinositide signalling. We show that the 
prolyl-isomerase Pin1 interacts with multiple phosphoinositides of which PtdIn(4,5)P2 
showed the highest affinity. Overexpression of PIP5K to increase cellular PtdIn(4,5)P2 
attenuates Pin1 dependent transcriptional activation of the CDKN1B and CCND1 
promotors. The interaction between Pin1 and phosphoinositides requires a functional 
WW domain present in Pin1, as phophopeptides could compete with phosphoinositides 
for the same binding site. The interaction between phosphoinositides and Pin1 
denotes a novel mode of regulation for Pin1. 
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Introduction
Phosphoinositides (PI) are minor constituents of membranes and are present in 
a variety of sub-cellular organelles such as the plasma membrane, the Golgi, the 
endoplasmic reticulum, lysosomes and also in the nucleus (1-2). To date seven 
phosphorylated version of PIs have been identified including PtdIns3P, PtdIns4P, 
PtdIns5P, PtdIns(3,4)P2, PtdIns(4,5)P2, PtdIns(3,5)P2 and PtdIns(3,4,5)P3. In response to 
both extracellular and intracellular cues the abundance of PIs are tightly modulated by 
an array of lipid kinases, phosphatases and lipases. Deregulation of phosphoinositide 
metabolism can lead to diseases such as cancer, myotubular myopathies and Lowe’ 
syndrome (3-4). Within the nucleus and excluded from the nuclear envelope, PIs 
are present but it is not clear how they are maintained since vesicle or membrane 
structures have not been visualised. PIs may form proteolipid complexes with their 
hydrophobic lipid tails buried within a protein structure that allows presentation of 
the inositol ring for interaction and modification (5), somewhat analogous to binding 
and presentation of inositides by the phosphoinositide transfer protein family. An 
important modus of signalling through PIs is via proteins with lipid binding domains 
(LBD). LBDs can interact with specific PIs to initiate downstream signalling. For 
example the PH-domain of PLCδ1 associates specifically with PIs (4,5)P2, PHD-fingers 
interact with PIs 5P and the FYVE domain interacts with PIs 3P (6). Protein interaction 
with phosphoinositides can regulate localisation, activity and interaction partners. 
Identifying proteins that interact with PIs and understanding how this impinges on 
downstream signalling is crucial to understanding the underlying mechanisms of how 
phosphoinositides impinge on human diseases development.

Pin1 is a member of the Parvulin family of prolyl-isomerases (7) and was 
discovered as a protein that interacts with an essential mitotic kinase NIMA (Never 
In Mitosis Gene A). Pin1 is unique among the parvulins as it binds specifically to 
phosphorylated threonines or serines next to a proline (8). Subsequent isomerisation 
of proline residues lead to changes in the conformation of the peptide backbone 
leading to the regulation of protein catalytic activity, localisation, dephosphorylation 
or degradation (9-10). Pin1 catalyzes the cis-trans isomerization of S/T-P bonds 
interconverting two distinct conformations and effectively allows two different 
binding moieties for targeting proteins such as PP2A, a trans-specific phosphatase 
(11). The fact that proteins can have more than one Pin1 binding sites suggest that 
Pin1 could control many conformations of the same protein. Pin1 therefore acts as 
a downstream signalling cassette for proline directed phosphorylation to regulate 
protein conformation. Pin1 has two well characterised domains that determine 
interaction and activity towards downstream targets. The WW-domain binds 
to a phosphorylated serine or threonine next to a proline and the PPI-domain is 
responsible for its isomerisation activity (12-14). Pin1 has been found to interact with 
a myriad of proteins of which over thirty have been strongly implicated in aging and 
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in human cancer development. Overexpression of Pin1 has been found in several 
human cancers and correlates with worse patient prognosis in prostate cancer. 
(15-17), while in mice, Pin1-/- deletion attenuates tumour development when the 
mice are crossed into some tumour-inducing mouse models (18). Pin1-/- knock-out 
animals show similarities in phenotypes with CCND1 knock-out mice and indeed 
have decreased abundance of CCND1 in many tissues (19). 

Although Pin1 activity has been implicated in the regulation of numerous cellular 
processes, it is still not clear exactly how Pin1 itself might be regulated. Pin1 can be 
phosphorylated at serine 16 and serine 71, by cyclic AMP-Kinase (12) and DAPkinase1 
(20) respectively and phosphorylation of either site leads to inhibition of Pin1 function. 
Recently we found that Pin1 interacts with and regulates a phosphoinositide kinase 
that regulates the levels of PtdIns5P and PtdIns(4,5)P2. Deletion of Pin1 increased 
PtdIns5P levels in response to cellular stressors (21). Since proteins that interact with 
phospholipid kinases often interact with the lipid that they generate we investigated 
if Pin1 might associate with phosphoinositides directly. Using Surface Plasmon 
Resonance (SPR) we identified that Pin1 interacted with at least three different 
phosphoinositides and showed some specificity towards PtdIns(4,5)P2. When cellular 
levels of PtdIns(4,5)P2 were increased by overexpressing PIP5K, the family of enzymes 
responsible for the synthesis of the major pools of PtdIns(4,5)P2, Pin1 enhanced 
transcriptional activation of the promoters of CDKN1B and CCND1 was attenuated. 
Mechanistically we show that the interaction between Pin1 and phosphoinositides 
requires a functional WW domain and that phosphopeptides and phosphoinositides 
compete for the same binding site. We suggest that interaction between the WW 
domain of Pin1 and phosphoinositides represent a novel mode of regulation. 

Materials and methods
Cell Culture, transfections and reagents
HeLa and HEK293 cells were cultured according to ATCC recommendations. Transient 
transfection in HEK293 cells was performed using the calcium phosphate method. 
Myc-PIP5KA, Myc-PIP5KB and Myc-PIP5KC were derived from human sequences. 
GST-Pin1, GST-Pin1-PPI and GST-Pin1-PPI were a gift from S.Cooke (Babraham 
Institute, Cambridge). Anti-Myc antibody was a mouse monoclonal supernatant from 
clone 9E10. Protein G sepharose and glutathione agarose were purchased from 
GE Healthcare.

GST-fusion protein production 
Bacterial colonies transformed with the GST-Pin1 vectors were diluted into 5 ml of LB 
medium containing ampicillin (50 µg/ml) and grown overnight. Cultures were diluted to 
100ml, grown at 37°C for 1 hour and the IPTG (100 µM final concentration) was added 
and the cultures were grown overnight at 30°C. Cells were collected by centrifugation 
(400 rpm for 10 minutes), washed with PBS and resuspended in 5 mls of PBS. Cells 
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were disrupted by sonication (Diagenode cell disruptor set at the high intensity setting) 
and Triton-X-100 was added to a final concentration of 1%. Cell debris was removed 
by centrifugation and the supernatant was incubated with glutathione agarose beads 
for 2 hours. After extensive washing (PBS-1% Triton-X-100), the bound proteins were 
eluted using 10mM reduced glutathione in 50 mM Tris pH 8, 0.3 M NaCl. Purification 
of the eluted proteins were quantitated using Biorad reagent, run on a SDS-PAGE gel 
and stained with coomassie blue. 

Preparation of SPR lipid sensor chips
To prepare a hydrophobic SPR sensor chip for the capture of single molecules/micelles 
a GLC chip (Bio-Rad) was used. The long chain hydrocarbon molecule undecylamine 
(C11H25N) was covalently coupled to reactive carboxylic groups of the GLC chip to 
create a hydrophobic surface. Sulpho-N-hydroxysuccinimide (sulpho-NHS) (Bio-Rad) 
and 1-ethyl-3-[3-dimethyl-aminopropyl]carbodiimide hydrochloride (EDC or EDAC) 
were used in the formation of an amine-reactive ester bond, which can react with 
undecylamine. Under these conditions, undecylamine is positively charged and is 
attracted to the negative chip surface via electrostatic interactions. Its amine group 
can form an ester bond with a previously activated carboxylic group, resulting in stable 
and covalent coupling of undecylamine to the sensor chip surface. 

Lipids (phosphoinositide or PC single molecules/micelles) were injected at 
30 µl/min for 400 s at 25°C onto the activated GLC sensor chip surface. The running 
buffer (RB) used for phosphoinositide single molecule/micelle chips was PBS, while 
PBS supplemented with 10  µM ZnSO4 was used for when binding of recombinant 
GST-tagged PHD-finger domains was tested. Measurements of protein binding to 
phosphoinositide single molecules/micelles were referenced by subtracting the 
binding response generated in the respective reference PC channel employing 
ProteON™ manager software (Bio-Rad).

Affinity pull downs
GST-fusion protein affinity pull down assays in cell lysates used 1µg of GST-protein 
(with tube rotation for 1 hour at 4°C). Affinity purified proteins were collected using 
glutathione beads (with tube rotation for 1 hour at 4°C). After extensive washing (four 
times using 50mM Tris pH 7.5, 5mM EDTA, 150mM NaCl and 0.1% Tween 20), the 
purified proteins were separated by SDS-PAGE for Western blotting. 

Lipid kinase assay
To determine PIP5K activity GST pull-downs were performed followed by lipid kinases 
assays. A mixture of PtdIns4P (0.5 nmole) together with 5 nmoles of phosphatidylserine 
was the substrate for immunopurified PIP5K. The radiolabelled reaction products 
were subjected to TLC analysis. Phosphorimaging (Pharos FX Plus molecular imager 
with Image One software, Biorad) was used to visualise radioactivity in spots on the 
TLC plate.
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Luciferase assays
Reporter assays were performed using the Dual-GLO® Luciferase System (Promega). 
Cells transfected with a renilla vector CCND1-luc or CDKN1B were lysed in passive lysis 
buffer and transferred to a white polystyrene 96-well plate (Corning). Luminescence 
was measured using a POLARstar Omega plate reader (BMG).

Results
Pin1 associates with Phosphoinositides
On the basis of our recent findings that Pin1 can interact with a phosphoinositide 
kinase and plays a role in modifying the levels of the mono-phosphoinositide PtdIns5P 
(21) we questioned if Pin1 could interact with phosphoinositides. In order to study 
binding to multiple phosphoinositides simultaneously and in real time, we made use 
of Surface Plasmon Resonance (SPR). A SPR sensor chip was loaded with PtdIns3P, 
PtdIns5P and PtdIns(4,5)P2 and referenced against phosphatidylcholine. Lipids 
were presented as micelles and loaded on to an activated GLC sensor chip. Typical 
phosphoinositide binding domains (PH-PLCd1, 2xPHD-ING2 and 2xFYVE-EEA1) were 
used as positive controls to check the integrity and validity of the chip (6). PH-PLCδ1 
associated strongly with PtdIns(4,5)P2, 2xPHD-ING2 with PtdIns5P and 2xFYVE-EEA1 
with PtdIns3P as described previously (Figure 1A-C). The method of lipid presentation 
has been developed to observe interaction of PHD fingers with phosphoinositides 
and will be described in detail elsewhere. PHD finger containing proteins are localised 
in the nucleus where they interact with nuclear lipids and are unlikely to interact 
with a membrane environment. Therefore it was not surprising that we have been 
unable to observe PHD finger/PI interaction when PIs are presented in liposomes 
of phosphatidylcholine (data not shown), however they show strong interaction 
with phosphoinositides presented on nitrocellulose membranes. We suggest that 
the presentation on membranes or in the SPR described above might reflect the 
manner in which PI are presented in the nucleus. Under these conditions, however, 
PLCδ1 showed increased promiscuous binding to PtdIns5P and PtdIns3P which is not 
observed when PIs are presented in artificial liposomes made of phosphatidylcholine. 
However we have observed a similar increase in binding promiscuity of PLCδ1 when 
phosphoinositides are presented in liposomes containing endogenous levels of 
phosphatidylethanolamine. These data illustrate how lipid presentation dictates lipid 
interaction specificity. It should be noted that GST alone never showed interaction 
with any of the lipids (Figure 1D). Recombinant GST-Pin1-WT was purified from 
bacteria, and quantified by comparison to BSA standards after gel electrophoresis 
and coomassie blue staining and tested for its interaction with phosphoinositides. 
GST-Pin1 interacted most strongly with PtdIns(4,5)P2 but also interacted with PtdIns3P 
and PtdIns5P (Figure 1E). 
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Figure 1. SPR analysis of phosphoinositide binding proteins. Proteins with typical phosphoinositide 
binding domains were tested on a SPR sensor chip containing phosphoinositide micelles. 
A.  Association of PH-PLCd1 was determined to test the integrity of PtdIns(4,5)P2 containing 
micelles. B. 2XPHD-ING2 to test PtdIns5P and 2xFYVE-EEA1 (C.) to test PtdIns3P. D. GST alone 
was used as control. E. Association of GST-Pin1-WT with phosphoinositide micelles was tested 
by SPR. Data are representative of four to six different injections and have been carried out using 
two different SPR chips.
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Pin1 interacts with PIP5K, the major regulator of cellular PtdIns(4,5)P2 
Many targets that interact with phosphoinositdes also interact with enzymes that 
regulate their synthesis. This might help to localise target proteins with specific lipid 
pools thereby increasing interaction specificity. Our previous studies showed that 
Pin1 could interact with the PIP4K family of lipid kinases. Although these enzymes 
synthesise PtdIns(4,5)P2 by phosphorylating PtdIns5P, it is unlikely that they are 
responsible for the majority of PtdIns(4,5)P2 synthesis as the the levels of their substrate 
is very low. PIP5Ks phosphorylate PtdIns4P to generate PtdIns(4,5)P2 and the level of 
PtdIns4P is approximately 10-20 times higher than the level of PtdIns5P. We assessed 
the ability of GST-Pin1 to affinity purify an endogenous PIP5K from HeLa cell lysates. 
After affinity purification, PIP5K activity was measured using PtdIns4P and 32P-ATP. 
GST-Pin1 purified a PIP5K enzymatic activity from lysates (Figure 2A) and the amount 
of activity purified was reduced when a mutant of Pin1 that is unable to interact with 
phosphorylated peptides was used (Figure 2A). There are three major isoforms of 
PIP5K that synthesise PtdIns(4,5)P2 and we assessed if Pin1 showed isoform binding 
specificity. Myc-PIP5K1A, Myc-PIP5K1B and Myc-PIP5K1C were transiently expressed 
in HEK293 cells. Affinity purification by GST-Pin1-WT, GST-Pin1-WW and GST-Pin1-
PPI followed by western blotting was used to assess interaction. All three PIP5K 
isoforms interacted with wild type GST-Pin1 and GST-Pin1-PPI, while the interaction 
with GST-Pin1-WW was dramatically decreased. No interaction was observed with 
GST alone (Figure 2B). Next we overexpressed Myc-PIP5K1A in HEK293 cells and 
measured PIP5K activity that was affinity purified by GST-Pin1-WT, GST-Pin1-WW and 
GST-Pin1-PPI. Half of the beads were used to determine the amount of PIP5K1A that 
was affinity purified. The other half was used to measure PIP5K activity. The amount of 
PIP5K activity isolated was dependent upon phosphorylation as there was no PIP5K 
activity associated with GST-Pin1-WW. Additionally, although a similar amount of 
Myc-PIP5K1A was affinity purified by Wild type and GST-Pin1-PPI, the PIP5K activity 
associated with GST-Pin1-PPI was higher than in the wild type pull down (Figure 2C). 
These data show that Pin1 interacts with a PIP5K in a phosphorylation dependent 
manner and that the proline isomerase activity of Pin1 might act to negatively 
regulate PIP5K activity. 

PIP5K inhibits Pin1 dependent transcription of CCND1 and CDKN1B
Pin1 predominantly resides in the nucleus and has been shown to regulate 
transcription of numerous genes including NFΚB (22), Jun, Fos and CCND1 and 
CDKN1B (16, 23). PIP5K and PtdIns(4,5)P2 have also been found in the nucleus and 
have been suggested to impinge on transcription and splicing. We therefore assessed 
if PIP5K overexpression and PtdIns(4,5)P2 synthesis could regulate Pin1 dependent 
transcription. Pin1 dose dependently activated luciferase transcription from both the 
CDKN1B promoter and the CCND1 promoter (Figure 3A and B). To test the effect of 
increased levels of PtdIns(4,5)P2 upon Pin1 dependent transcription of CCND1 and 
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CDKN1B, we overexpressed PIP5K. Pin1 induced a robust activation of the CCND1and 
CDKN1B promoter (Figure 3C and D). Although, expression of PIP5K alone did not 
significantly affect basal transcription, its co-expression attenuated Pin1 mediated 
transcription (Figure 3C and D). These data show that PIP5K expression attenuates 
Pin1 mediated transcription and that this might occur as a consequence of enhanced 
PtdIns(4,5)P2 generation. 

   

Figure 2. Pin1 interacts with PIP5kinases in a phosphorylation dependent manner. A. HeLa 
cell lysates were incubated with GST-Pin1 or GST-Pin1-WW before the addition of glutathione-
sepharose beads. Endogenous PIP5K activity bound to the washed beads was determined. The 
panel shows a section of the TLC plate corresponding to the PtdIns(4,5)P2 spot. B. HEK293 
cells were transiently transfected with Myc-PIP5KA, Myc-PIP5KB and Myc-PIP5KC. Lysates were 
used for affinity purification with GST-Pin1, GST-Pin1-WW, GST-Pin1-PPI or GST. Bound proteins 
were analyzed by Western blotting with a Myc antibody. Five percent of the total input was 
also analyzed. C. Myc-PIP5KA was overexpressed in HEK293 cells. Lysates were incubated with 
GST-Pin1, GST-Pin1-WW or GST-Pin1-PPI before the addition of glutathione-sepharose beads. 
Half of the washed beads were used to determine PIP5K activity and the other half was used to 
determine the amount of Myc-tagged PIP5KA bound to the beads. The panels show Western 
blotting detection of myc-tagged PIP5KA protein and a scan of the section of the TLC plate 
corresponding to the PtdIns(4,5)P2 spot.
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PtdIns(4,5)P2 interacts with the WW domain of Pin1 and competes for 
phospho-peptide interaction 
As PIP5K attenuated Pin1 mediated transcription we postulated that the interaction 
between PtdIns(4,5)P2 and Pin1 might overlap the site required for phospho-peptide 
binding. We therefore purified GST-WT, PPI and WW from bacteria and assessed their 
interaction with phosphoinositides using SPR (Figure 4). Surprisingly the ability of GST-
Pin1-PPI to interact with PtdIns(4,5)P2 was increased approximately two fold (400 to 
800 RU units). Interaction of the WW mutant with phosphoinositides was severely 
reduced (400 to 150 RU units). These data suggest that phosphoinositides interact 
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Figure 3. Expression of PIP5K inhibits Pin1 dependent transcription of CCND1and CDNK1B. 
A and B. HeLa cells were transfected with either CCND1-luc or CDNK1B-luc and Renilla 
together with increasing concentrations of HA-Pin1. A luciferase reporter assay was performed 
and data are presented as corrected over Renilla. C. and D. HeLa cells were transfected with 
plasmids encoding GFP-PIP5K or Myc-PIP5K alone or together with HA-Pin1 and CCND1-luc or 
CDNK1B -luc. Luciferase reporter analyses were performed and data are presented as corrected 
over Renilla.
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with Pin1 partly through the WW domain. To assess if the phosphorylated peptides and 
phosphoinositides share an interaction site on Pin1 we carried out competition assays 
with phosphorylated peptides derived from PIP4K2B and assessed interaction with 
phosphoinositides by SPR. As a control we utilised non-phosphorylated peptides. We 
previously showed that Pin1 exclusively interacts with the phosphorylated peptides and 
that this interaction was completely attenuated by mutation of the WW domain mutant 
(21). Incubation of GST-WT-Pin1 with 1μM non-phosphorylated peptide did not reduce 
the interaction of Pin1 with phosphoinositides to a significant extent while 10μM non-
phosphorylated partially reduced the interaction (400 to 250 RU units). Incubation with 
1μM phosphorylated peptide reduced the interaction with phosphoinositides (400 to 
150 RU Units) and 10μM phosphorylated peptide dramatically reduced interaction 
(400-45 RU Units) (Figure 5A). When competition assays were carried out with the WW 
domain mutant we did not observe any phosphopeptide dependent reductions in the 
residual phosphoinositide binding (Figure 5B). Phosphopeptide competition with the 
PPI mutant showed similar reductions in phosphoinositide interaction as the wild type 
Pin1 (Supplementary Figure 1). These data demonstrate that the phosphopeptide 
interaction site of Pin1 overlaps with the novel PtdIns(4,5)P2 interaction site revealed 
in this study. 
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Figure 4. Coomassie stained gel of recombinant GST-Pin1-WT and the phospho-binding 
mutant GST-Pin1-WW and prolyl-isomerase activity mutant GST-Pin1-PPI used for SPR analysis. 
Association of GST-Pin1-WT, GST-Pin1-WW and GST-Pin1-PPI with PtdIns(4,5)P2 was tested by 
SPR. Data are representative of four to six different injections and have been carried out using 
two different SPR chips. 
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Discussion
In this study we provide evidence that the phosphospecific prolyl-isomerase Pin1 
interacts with phosphoinositides. Pin1 is known to interact with a subset of proteins 
that have been phosphorylated by proline directed kinases and to catalyse the 
isomerisation of a nearby proline residue. The interaction between phosphorylated 
proteins and Pin1 occurs through the WW domain and we show that the interaction 
between Pin1 and phosphoinositides also overlaps with this binding site. Mutations 
within the WW domain, which attenuate interaction with phospho-peptides, reduce 
the interaction of Pin1 with phosphoinositides and phospho-peptides are able to 
compete for the interaction of phosphoinositides with Pin1. The data suggest that 
cellular PtdIns(4,5)P2 levels might not only act to regulate the localisation of Pin1, 
as demonstrated for other phosphoinositide interaction proteins, but also may 
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Figure 5. Phospho-peptides compete for Pin1 interaction with phosphoinositides by SPR analysis. 
A. SPR analysis of GST-Pin1-WT binding to PtdIns(4,5)P2 in the presence of phosphorylated and 
non-phosphorylated peptides (peptide concentration 1uM and 10 uM). B. SPR analysis of GST-
Pin1-WW binding to PtdIns(4,5)P2 in the presence of phosphorylated (PP) and non-phosphorylated 
(NP) peptides (peptide concentration 1uM and 10 uM).
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suppress the function of Pin1 on other substrates. In this respect we observed that 
overexpression of PIP5K in cells, an enzyme that increases the levels of PtdIns(4,5)P2 
also suppressed the ability of Pin1 to enhance transcription from the CDKN1B and 
CCND1 promoter, two known transcriptional targets of Pin1. Finally we found that the 
family of PIP5Ks, that regulate cellular PtdIns(4,5)P2 synthesis, interact with Pin1 in a 
phosphorylation dependent manner suggesting that proline directed phosphorylation 
might target Pin1 to domains rich in PtdIns(4,5)P2. 

Pin1 is a critical regulator of many cellular processes and has been linked to human 
diseases such as cancer and Alzheimers and also to the aging process (24-25). Pin1 has 
been shown to interact with and possibly regulate over thirty proteins involved in cancer 
development. However, little is known about how Pin1 might be regulated in vivo. Pin1 
is phosphorylated at serine 16 and serine 71 (20) both of which negatively regulate 
Pin1. Serine 16 phosphorylation inhibits Pin1 interaction with phosphopeptides and 
serine 71 phosphorylation inhibits the prolyl-isomerase activity. This study suggests 
that phosphoinositides are negative regulators of Pin1 and together with our previous 
study (21) builds on the concept that Pin1 and phosphoinositide signalling are 
intimately connected. Our previous study demonstrated that Pin1 interacted with the 
family of PIP4K through the direct phosphorylation of threonine 322 and serine 326 
in response to oxidative stress. Interestingly, in Pin1 knock out MEFs we showed that 
the level of PtdIns5P, the substrate for PIP4K, is increased in response to oxidative 
stress. However in Pin1 knock out MEFs we did not observe significant changes in 
the total cellular PtdIns(4,5)P2 levels, suggesting that Pin1 might act on PIP5K to 
regulate a specific pool of PtdIns(4,5)P2. Conceptually, the ability of Pin1 to interact 
with phosphorylated lipid kinases and phosphoinositides suggest that Pin1 could 
modulate membrane phosphoinositde remodelling in response to proline directed 
protein phosphorylation. 

Pin1 interaction with phosphoinositides could act to sequester Pin1 to specific 
membrane domains. The fact that were show that Pin1 can interact with various 
phosphoinositides, including PtdIns(4,5)P2, PtdIns3P and PtdIns5P suggest that the 
sequestration could occur in the plasmamembrane and nucleus (PtdIns(4,5)P2 and 
PtdIns5P) and to endocytic compartments (PtdIns3P). The sequestration might act to 
inhibit Pin1 or to concentrate and provide a ready pool of Pin1 to interact with and 
regulate co-localised phosphorylated proteins. The demonstration that overexpression 
of an enzyme that generates PtdIns(4,5)P2 can inhibit Pin1 mediated enhancement 
of transcription suggests that PtdIns(4,5)P2 can sequester and inhibit Pin1. We 
have shown that the enhancement of transcription from the CDKN1B promoter is 
dependent on both an intact PPI and WW domain (data not shown). The role of Pin1 
in transcriptional control is complex. It can both positively and negatively regulate 
the activity of transcription factors such as NFΚb, FOXO and Myc (22, 26-27), and can 
also inhibit transcription directly through inducing the hyperphosphorylation of RNA 
polymerase (28). Exactly how PtdIns(4,5)P2 signalling regulates transcription mediated 
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by Pin1 remains to be determined, however it is interesting to note that Pin1 and 
PtdIns(4,5)P2 localise to nuclear SC35 positive speckles that are thought to sequester 
components such as splicing factors and RNA polymerase required for transcription. 

The WW domain are 38-40 amino acid structural motifs that function as interaction 
modules and are classed into five groups of which group IV interacts specifically with 
phosphopeptides (29). Group IV consists of a number of proteins including PDX-1 
C-terminus-interacting factor 1, PinA and SSPl1. Whether all group IV proteins interact 
with phosphoinositide remains to be determined. Although, structural analysis will be 
required to determine exactly how Pin1 interacts with phosphoinositides, arginine 17 
and serine 16 which are crucial for interaction with the phosphate group of the peptide 
(29) might be required for interaction with phosphoinositides. Our study demonstrating 
an interaction between Pin1 and phosphoinositides is reminiscent of a previous study 
demonstrating that SH2 domains, which are well characterised to interact with tyrosine 
phosphorylated proteins, are also able to interact with phosphoinositides. In that 
study the authors also demonstrated that phosphoinositide interaction competed 
for tyrosine phosphopeptide binding suggesting that phosphoinositide production 
in response to insulin signalling might negatively regulate tyrosine phosphorylation 
driven downstream signalling (30). 

Our studies suggest that Pin1 interacts with phosphoinositides and that 
modulating the abundance of phosphoinositides or PIP5K may influence Pin1 
functions such as transcription. As yet we do not know if phosphoinositides binding 
inhibits all phosphopeptide interaction with Pin1 or if specific phosphoinositides 
inhibit specific subsets of phospho-peptides from interacting. In this way Pin1 binding 
to phosphoinositides may be an important way to regulate downstream specificity 
for Pin1. 
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Supplementary Figure 1. SPR analysis of GST-Pin1-PPI binding to PtdIns(4,5)P2 in the presence 
of phosphorylated (PP) and non-phosphorylated (NP) peptides (peptide concentration 1uM and 
10 uM).
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Introduction
Phosphorylation at the 3, 4, or 5, position of the inositol head group of 
phosphatidylinositol generates seven different phosphoinositides that form the 
basis of a ubiquitous membrane signalling system. An array of tightly regulated 
phosphoinositide kinases and phosphatases, ultimately control the subcellular 
profile of phosphoinositides (Irvine, 2005). Phosphoinositides can regulate protein 
localisation, ion channel function and protein enzymatic activity, which can impact on 
cellular processes including vesicle transport, cytoskeletal dynamics, cell proliferation 
and survival, gene transcription, cell polarity and migration (McCrea and DeCamilli, 
2009). Phosphoinositides are tethered tightly into the membrane and can recruit 
and localise proteins to specific subcellular membrane domains through specific 
phosphoinositide interacting domains (PID) (Lemmon, 2003). Because the membrane 
can be considered more akin to a two dimensional system, membrane interaction is 
analogous to inducing protein/protein interactions and acts to concentrate upstream 
regulators and downstream targets together leading to enhanced downstream 
signalling and specificity. Phosphoinositide signalling occurs on many different 
intracellular membranes including the inner surface of the plasma membrane, the 
golgi, the endoplasmic reticulum and on membrane vesicles that move between 
these compartments and their deregulation had been implicated in an array of human 
diseases (McCrea and DeCamilli, 2009). 

A more quirky aspect of phosphoinositide signalling occurs within the nucleus, 
which will be the subject of this review. This review is rather a personal view of 
phosphoinositide signalling in the nucleus and for a more comprehensive review 
of the literature the reader is directed to the following (Irvine, 2006; Gonzales and 
Anderson, 2006).

What is quirky about nuclear phosphoinositide 
signalling?
Phosphoinositides are normally present within the context of a membrane. 
Phosphoinositides contain two long hydrophobic fatty acyl tails linked to a glycerol 
group, which is coupled via a phosphodiester linkage to the phosphorylated inositol 
head group. This chemical structure is ideally suited to form the interface between 
the hydrophobic membrane, through insertion of the fatty acyl tails, and the cytosol. 
The nucleus is an organelle that is bounded by a double bilayer membrane, the outer 
part being contiguous with the endoplasmic reticulum. Sense would postulate that 
inositide signalling in the nucleus might occur on the inner surface of this double 
bilayer. The first clue that this may not be the case came from studies in MEL cells 
in which Cocco and colleagues (Cocco et al., 1987) first demonstrated that changes 
in nuclear inositides could occur independently of those in the plasma membrane. 
In this case nuclei were isolated from control MEL cells or from cells that had been 
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differentiated down the erythrocyte pathway. The isolated nuclei were then incubated 
with radiolabelled ATP, which became incorporated into phosphoinositides. As the 
nuclei were intact and not disrupted, as assessed by electron microscopy, these data 
showed that phosphoinositides were present in nuclei and that the kinases that can 
make them are also present and must be located at the same sites. What was fascinating 
and previously undocumented, was that upon differentiation there were changes in the 
amount of radiolabelled phosphoinositide present in the nuclei. This suggested that 
phosphoinositides are dynamically regulated in response to extracellular signals and 
that phosphoinositides in the nucleus may constitute a signalling pathway that could 
specifically control nuclear functions. The rest is history and since then a complex 
phosphoinositide signalling system has been uncovered in the nucleus, the major 
aspects of which are outlined in Fig. 1.

Figure 1
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Figure 1. Phosphoinositide pathways and downstream targets in the nucleus. The figure shows the 
major phosphoinositide pathways that are present in the nucleus with some of the downstream 
targets (dark blue) and nuclear functions (green) that are regulated. Second messengers are 
outlined in red boxes. (for interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article).

So far so good! Nothing too quirky about this pathway yet! The surprise came when 
the same researchers isolated the nuclei in the presence of detergents. The chemical 
nature of detergents means that they are extremely good at solubilising membrane 
structures. In fact, if you did a similar experiment with isolated plasma membranes 
there would be no phosphoinositides left. However, isolation of nuclei in the presence 
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of detergents did not prevent either the radiolabelling of nuclear phosphoinositides 
in the control conditions nor did it remove the changes in phosphoinositide labelling 
observed upon differentiation. What the detergents did remove, however, was the 
double bilayer membrane as assessed by electron microscopy (Cocco et al., 1987). In a 
more detailed analysis, we prepared nuclei from rat liver, which have a beautiful intact 
nuclear envelope after isolation, and used increasing concentrations of detergent to 
remove the envelope, which was analysed by electron microscopy. Radiolabelling of 
nuclear phosphoinositides and the mass of various phosphoinositides and phospholipids 
were also measured (Vann et al., 1997). The data clearly demonstrated that removal of 
the nuclear envelope correlated with loss of phospholipids such as phosphatidylcholine, 
but did not correlate with either the removal of phosphoinositides or phosphoinositide 
kinases. In a different study on the dynamic changes in nuclear phosphoinositides 
induced by IGF-1 treatment, we also found that in fact it was important to remove 
the nuclear envelope in order to be able to monitor changes in the nuclear signalling 
phosphoinositides (Divecha et al., 1991). These data together with other studies 
suggest that the phosphoinositide pools that can be regulated and are therefore likely 
involved in regulating nuclear processes, are present within the nucleus rather than in 
the nuclear envelope (Divecha et al.,1991; Banfic et al.,1993; Cocco et al.,1987,1988; 
Payrastre et al.,1992). However, and this is where nuclear phosphoinositide signalling 
becomes quirky, using electron microscopy no internal membrane structures have been 
found within the nucleus. So where are these phosphoinositides localised and how 
are they maintained there? Using a specific PID or antibodies that interact specifically 
with the phosphoinositide phosphatidylinositol(4,5)bisphosphate (PtdIns(4,5)P2), it 
appears that PtdIns(4,5)P2, and by inference other phosphoinositides, is clustered in 
nuclear structures called interchromatin granules (Watt et al., 2002; Boronenkov et al., 
1998; Mellman et al., 2008). These structures are also nuclear regions that are highly 
enriched in factors used for splicing mRNA. Although this would suggest a role for 
PtdIns(4,5)P2 in splicing it not clear whether these regions are where splicing occurs 
or if they are storage compartments for splicing components. The exact chemical 
nature of phosphoinositides in these structures is far from clear. Because of the fatty 
acyl tail it is unlikely that phosphoinositides are likely to be just “floating around”. It 
is possible that they form some micelle like structure, however one would imagine 
that this type of chemical structure would also be efficiently solubilised by detergents. 
More likely, phosphoinositides are sequestered by proteins that interact with and hide 
their hydrophobic tails but are able to present the inositol head group for further 
phosphorylation or phospholipase C mediated cleavage.

PtdIns(4,5)P2 signalling in the nucleus
Within the nucleus PtdIns(4,5)P2 is central to phosphoinositide signalling being a 
substrate for both phospholipase C (PLC EC 3.1.4.11) and phosphatidylinositol-
3-kinase (PtdIns-3-kinase EC 2.7.1.153) and is itself a second messenger (van den 
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Bout and Divecha, 2009). We and others demonstrated that stimulation of Swiss 
3T3 cells with IGF-1 led to a decrease in PtdIns(4,5)P2 and PtdIns4P levels with a 
consequent increase in nuclear Diacylglycerol (Divecha et al.,1991; Cocco et 
al.,1988). The simplest interpretation was that IGF-1 could stimulate the activity of 
a nuclear phospholipase C. Consequently it was shown that Phospholipase C b1 
is present in nuclei (Martelli et al., 1992; Divecha et al., 1993) and that it can be 
phosphorylated at serine-982 by MAP kinase (EC 2.7.11.24) in response to IGF-1 
stimulation (Xu et al.,2001). Interestingly, overexpression of a mutant that is unable to 
be phosphorylated by MAP kinase attenuates the increase in nuclear phospholipase 
C activity and attenuates IGF-1 induced proliferation. How does increased nuclear 
phospholipase C regulate cell proliferation? Interestingly, PLCb1 has been implicated 
in the regulation of the Jun AP1 complex, although how this occurs is not clear 
(Ramazzotti et al., 2008). Phospholipase C mediated cleavage of PtdIns(4,5)P2 
generates diacylglycerol (DAG) and inositol(1,4,5)trisphosphate (Ins(1,4,5)P3). DAG 
is a potent activator of Protein kinase C (Nishizuka,1984), which translocates to the 
nucleus in response to IGF-1 stimulation (Divecha et al.,1991; Banfic et al.,1993; 
Martelli et al., 1991). There are many nuclear substrates of PKC, however, which if any 
regulate proliferation in response to IGF-1 stimulation is not clear. The other second 
messenger, Ins(1,4,5)P3 can regulate a number of pathways. Ins(1,4,5)P3 receptors 
that regulate calcium flux have been found on the inner nuclear envelope (Malviya 
et al., 1990; Humbert et al., 1996) and recent studies have suggested that nuclear 
Ins(1,4,5)P3 may specifically mediate increases in nuclear calcium (Rodrigues et al., 
2007, 2008, 2009; Gomes et al., 2008). Increased nuclear calcium could potentially 
regulate an array of transcriptional regulators to modulate proliferation (Bading et 
al., 1997; Hardingham et al., 1997). Ins(1,4,5)P3 can also be further phosphorylated 
in the nucleus to generate a number of highly phosphorylated inositols. These are 
water soluble second messengers, which have been implicated in the control of 
chromatin remodelling, mRNA export and telomere function (Tsui and York, 2010). 
In a similar manner to phosphoinositides, inositol phosphates also regulate protein 
function by specifically interacting with protein domains. In this case they are unlikely 
to regulate localisation, but are more likely to modulate protein conformation which 
in turn regulates their activity and function. At the plasma membrane PtdIns(4,5)P2 
can also act as a second messenger. It can interact with and regulate the function 
of ion channels, actin binding proteins, focal adhesion and endocytic complex 
components and pro-apoptotic proteins (van den Bout and Divecha, 2009). For 
PtdIns(4,5)P2 to function as a specific second messenger within the nucleus we expect 
that PtdIns(4,5)P2 levels would be controlled by nuclear specific factors and that there 
would be nuclear specific downstream targets. PtdIns(4,5)P2 can be synthesised by two 
different enzyme families that are highly related. Phosphatidylinositol-4-phosphate 
(PtdIns4P)-5-kinases (PIP5Ks EC 2.7.1.68) phosphorylate PtdIns4P (Loijens et al., 1996) 
on the 5-position while phosphatidylinositol-5-phosphate (PtdIns5P)-4-kinases (PIP4Ks 
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EC 2.7.1.149) phosphorylate PtdIns5P on the 4-position (van den Bout and Divecha, 
2009). So which family is responsible for the synthesis of PtdIns(4,5)P2 in the nucleus? 
Isoforms of both families are present in the nucleus (Ciruela et al., 2000; Boronenkov 
et al., 1998; Mellman et al., 2008), however, the mass level of PtdIns4P is at least 20 
fold higher than the level of PtdIns5P. This suggests that PtdIns(4,5)P2 is synthesised 
primarily through the PIP5K pathway. In order to further analyse this we incubated 
isolated nuclei with radiolabelled ATP for short time periods and then isolated the 
PtdIns(4,5)P2 and determined on which position the label was incorporated.We found 
that the relative labelling ratio of the 5 to the 4 position was approximately 1.8 (Vann 
et al., 1997). There are two possible interpretations to these experimental data. 
The first is that approximately two times more PtdIns(4,5)P2 is synthesised through 
the  PIP5K than the PIP4K pathway (we cannot determine if the radiolabel was on 
the same molecule or on different molecules of PtdIns(4,5)P2). The second is that the 
labelling of the 4-position occurs because of new synthesis of PtdIns4P from PtdIns 
phosphorylation, which is passed on to PIP5K for synthesis of PtdIns(4,5)P2. In order 
to differentiate between these possibilities, we undertook a similar nuclear labelling 
experiment in the presence of inhibitors of the enzymes that can synthesise PtdIns4P, 
PI4K (EC 2.7.1.67). High concentrations of wortmannin inhibit the PI4KIII family of 
enzymes while adenosine is a specific inhibitor of the PI4KII family (Balla and Balla, 
2006). Interestingly, both inhibitors blocked PtdIns4P synthesis to about 50% each in 
isolated intact nuclei and to approximately 90% when incubated in combination.When 
we determined the ratio of radiolabelling of the 5 to the 4 position of PtdIns(4,5)P2 

labelled in the presence of the inhibitors we found that treatment with wortmannin 
increased the ratio to 10:1 while adenosine had no effect. Neither wortmannin nor 
adenosine had any effect on the in vitro activity of the PIP4K enzymes. These simple 
and elegant in vitro studies suggest that in nuclei there are two families of enzymes that 
synthesise PtdIns4P, but that only the wortmannin sensitive enzymes provide PtdIns4P 
that is used by the PIP5K to generate PtdIns(4,5)P2. Furthermore it would appear that 
at least 90% of nuclear PtdIns(4,5)P2 is derived from the PIP5K pathway with the PIP4K 
pathway possibly providing a small minority of the nuclear PtdIns(4,5)P2. These data 
suggest that PtdIns4P generated by the adenosine sensitive enzyme may be involved 
in direct signalling, while the PtdIns4P synthesised from the wortmannin sensitive 
enzyme may be required for the synthesis of PtdIns(4,5)P2. The data also suggest that 
the role of the PIP4K may not be related to their ability to generate PtdIns(4,5)P2 but 
that they may have a more specialised function in the nucleus (see later). 

Nuclear specific regulators of PtdIns(4,5)P2 synthesis
It is still unclear which isoforms of PIP5K are present in the nucleus. This is in part a 
consequence of the lack of suitable antibodies and because when overexpressed in 
cells, PIP5K generally localise to the plasma-membrane. However, PIP5Kα (Mellman et 
al., 2008; Boronenkov et al., 1998) and two splice variants of PIP5Kγ have been shown 
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to be present in the nucleus. How their localisation is regulated is not clear. However, 
two nuclear specific regulators of PIP5K have been defined. We initially demonstrated 
that the Retinoblastoma protein (pRB) interacts with all isoforms of PIP5K (Divecha 
et al., 2002). This was very exciting as pRB is a nuclear localised master regulator of 
differentiation, cell survival and progression through the cell cycle,. More over the pRB 
pathway is deregulated in some manner in nearly all human tumours. pRB interacts 
with all isoforms of PIP5K and the interaction stimulates PIP5K activity. To demonstrate 
that PtdIns(4,5)P2 synthesis in the nucleus is regulated by pRB, we First demonstrated 
that large T antigen, a viral oncoprotein able to inactivate and sequester pRB, was 
able to block the interaction between pRB and PIP5K. Using a temperature sensitive 
mutant of large T antigen stably expressed in MEL cells, we showed that when large 
T sequesters pRb there is a decrease in the mass of nuclear PtdIns(4,5)P2. In fact we 
have shown that pRb acts as a scaffold protein for a number of different enzymes 
involved in phosphoinositide regulation including PIP4K and the specific zeta isoform 
of Diacylglycerol kinase (Los et al., 2006). pRB also interacts with the p55 regulatory 
subunit of PI-3-kinase (Xia et al., 2003). Fig. 2.

Another well characterised regulator of PIP5K has emerged from the Anderson 
laboratory. Using Yeast two hybrid analysis, Star-Pap was identified as an interactor 
with PIP5K a (Mellman et al., 2008). Interaction regulates the localisation of PIP5K a to 
nuclear speckles, where PtdIns(4,5)P2, presumably synthesised by PIP5Kα, regulates 
the activity of Star-Pap. Star-Pap is a poly(A) polymerase that regulates the length 
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Figure 2. The retinoblastoma protein acts a scaffold for phosphoinositide metabolism. PIP5K, 
PIP4K and DAG kinasez interact with the pRB protein. PLCb1 was not found to interact with 
pRB. In vitro we showed that addition of pRB activated PIP5K and DAGK activity, while inhibiting 
PIP4K activity. In vivo attenuating the interaction between PIP5K and pRB led to a decrease in 
nuclear but not cytoplasmic PtdIns(4,5)P2. The dark blue shapes are potential targets that may 
be affected by pRB mediated regulation of phosphoinositides in the nucleus. (for interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of 
this article).
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of the poly-A tail of a select set of mRNAs, some of which appear to be involved in 
regulating responses to oxidative stress. RNAi mediated suppression of PIP5K a leads 
to a decrease in the levels of a subset of mRNA that are also regulated by Star-Pap. 
The data suggest that the Star-PAP complex acts as a hub for nuclear PtdIns(4,5)P2 
signalling to control the response to oxidative stress. Interestingly, pRB is also critical 
for responses to oxidative damage and thus may impinge on the Star-PAP pathway 
through regulation of PtdIns(4,5)P2 synthesis. Whether Star-PAP is directly regulated 
by PtdIns(4,5)P2 is not clear as star-PAP is also regulated by phosphorylation by Casein 
kinase 1, an enzyme that is also regulated by PtdIns(4,5)P2 (Gonzales et al., 2008)

Thus far few nuclear specific PtdIns(4,5)P2 interactors have been identified. Using a 
number ofdifferent strategies to enrich and purify PtdIns(4,5)P2 interacting proteins from 
the nuclei of MEL cells, we have identified an enrichment of proteins that are part of the 
pre-mRNA and mRNA splicing complexes and in proteins involved in regulating DNA 
damage responses. Clearly further definition of PIP5K and PtdIns(4,5)P2 interactors will 
be critical for understanding the complexity of the PtdIns(4,5)P2 synthesis in the nucleus.

PtdIns5P signalling in the nucleus
The presence of the PIP4K family in the nucleus suggests that either they regulate a 
small minor pool of PtdIns(4,5)P2 or that they can regulate the level of their substrate 
PtdIns5P. Using specific assays we showed that PtdIns5P is present in the nucleus and 
that its levels increase when PIP4K enzymes are suppressed using RNAi (Jones et al., 
2006). We have also demonstrated that in Caenorhabditis elegans and in Drosophila, 
knockout of the single PIP4K enzyme leads to increased levels of PtdIns5P, without 
significant changes in the levels of PtdIns(4,5)P2. 

These data suggest that in vivo the role of PIP4K is to regulate PtdIns5P levels. 
The level of nuclear PtdIns5P is increased in response to oxidative stress and UV 
treatment and this occurs downstream of the activation of the stress activated p38 
pathway (Jones et al., 2006). So what are the consequences of increased PtdIns5P in 
the nucleus? A seminal paper from Gozani et al. (Gozani et al., 2003) demonstrated 
that the PHD finger of the growth inhibitory protein 2 (ING2) was able to interact with 
phosphoinositides. This paper was the first to define a protein domain that could 
interact with PtdIns5P. What is really interesting about this is that PHD fingers are 
generally only found in nuclear proteins many of which are involved in regulating 
gene transcription through the modulation of chromatin structure. ING2 also regulates 
the level of acetylation of the tumour suppressor p53 and increases in PtdIns5P 
induced acetylation and activation of p53 in a stress dependent manner. P53 is a 
master regulator of cell proliferation and is highly mutated and inactivated in human 
tumours. These data therefore link stress activated modulation of nuclear PtdIns5P 
to the function of an important human tumour suppressor gene. To determine how 
common PHD interaction with phosphoinositides is, we have cloned over thirty of 
them and have assessed them for interaction with phosphoinositides. We find that of 
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these approximately 10 interact strongly with phospholipids. Some PHD fingers also 
interact with trimethylated lysine 4 of histone H3 suggesting that they can translate 
the histone code in to changes in chromatin structure and gene expression (Shi et 
al., 2006). However, of the thirty PHD fingers that we have cloned only four showed 
interaction with peptides containing trimethylated lysine 4 of histone H3. A subset 
of PHD fingers interact both with phosphoinositides and with modified histones, 
however it is not clear if phosphoinositide interaction can modulate or compete 
for histone interaction. We have also found that PtdIns5P can also regulate the 
levels of trimethyl-lysine 4-histone H3 at the nucleosome of some promoters and 
therefore modulate gene expression. The PHD finger of ATX1, a plant homologue 
of the mammalian trithorax proteins, does not interact with Trimethyl-lysine 4 of H3 
but shows exquisite preference for interaction with PtdIns5P (Alvarez-Venegas et al., 
2006) ATX1 contains a SET domain that can trimethylate lysine 4 of histone H3. Using 
expression arrays the WRKY70 gene was shown to be regulated by both ATX1 and by 
increased levels of PtdIns5P. The expression of WRKY70 and the level of trimethylated 
lysine 4 of histone H3 on nucleosomes around its promoter was used to study how 
changing PtdIns5P modulated ATX1 activity in vivo. We showed that drought stress 
induced an increase in total levels of cellular PtdIns5P, that was mediated by the plant 
homologue of myotubularin, a PtdIns(3,5)P2 3-phosphatase. The increase in PtdIns5P 
led to a decrease in the presence of the trimethyl mark on lysine 4 of histone H3 
at the promoter of WRKY70. Using CHIP analysis we found that increased PtdIns5P 
also led to a decrease in the levels of ATX1 associated with promoters. In fact using 
immunofluorescence microscopy we showed that increased cellular PtdIns5P led to 
a change in the localisation of ATX1 from the nucleus to the cytoplasm which was 
dependent on the integrity of the PHD finger. Other PHD fingers also interact with 
a different subset of histone marks including acetylated histones (Zeng et al., 2010; 
Matsuyama et al., 2010) and again according to our own data some of these are also 
able to interact with phosphoinositides. The data suggest that nuclear PtdIns5P levels 
may have an important role in modulating where and to what extend PHD finger 
containing proteins are activated and how they then impinge on chromatin structure 
and gene expression. 

So how are the levels of nuclear PtdIns5P regulated? As alluded to earlier, nuclear 
PtdIns5P levels are under the control of the stress activated p38 pathway (Jones 
et al., 2006). We found that a PIP4K activity that can phosphorylate and remove 
PtdIns5P, is present in the nucleus and is regulated by p38 in a stress dependent 
manner. There are three isoforms of PIP4K, α, β and γ and we showed that the α 
isoform was predominantly cytosolic, while the β isoform was cytosolic and nuclear 
(Ciruela et al., 2000). We showed that PIP4Kβ was directly phosphorylated by p38 at 
serine 326 and that phosphorylation led to a decrease in PIP4K activity associated 
with PIP4Kβ. To demonstrate that PIP4Kβ controls nuclear PtdIns5P levels, we showed 
that overexpression of PIP4Kβ decreased, while RNAi mediated suppression increased 
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nuclear PtdIns5P (Jones et al., 2006). Interestingly, detailed analysis of the difference 
in the activities of the three isoforms of PIP4K, α, β and γ, showed that PIP4Kβ has two 
thousand times less PIP4K activity compared to PIP4Kα (Wang et al., 2010; Bultsma 
et al., 2010) How then does PIP4Kβ, which has very little PIP4K activity, regulate 
nuclear PtdIns5P? To begin to understand this we immunoprecipitated PIP4Kβ from 
cells and identified associated proteins using mass spectrometry. Interestingly, PIP4Kβ 
associates with PIP4Kα. We then carried out a series of experiments to demonstrate 
that in vivo the majority of PIP4K activity in a PIP4Kβ immunoprecipitate was actually 
derived from its association with PIP4Kα (Bultsma et al., 2010). Our previous data 
demonstrated that PIP4Kα was actually a cytosolic enzyme while PIP4Kβ was a nuclear 
enzyme. So how does PIP4Kβ regulate nuclear PtdIns5P levels. We found that when 
co-overexpressed PIP4Kβ was able to target the activity of PIP4Kα to the nucleus 
(Bultsma et al., 2010). So, while things appear more complicated than at first view, 
it does appear that PIP4Kβ is important in regulating nuclear PtdIns5P levels. How 
phosphorylation by the p38 pathway regulates PIP4K activity associated with PIP4Kβ 
is not clear but it may regulate the association between PIP4Kα and PIP4Kβ. 

While PIP4Ks are able to regulate PtdIns5P levels by phosphorylating it to 
PtdIns(4,5)P2 what is really unclear is how PtdIns5P is synthesised. There are other 
enzymatic activities, present in the nucleus, which could synthesise PtdIns5P. The 
PIP5K family can synthesise PtdIns5P from PtdIns, albeit very inefficiently. PtdIns5P 
can also be generated by dephosphorylation of PtdIns(4,5)P2 and a PtdIns (4,5)P2-4-
phosphatase (EC 3.1.3.78) has been characterised in mammalian cells that translocates 
to the nucleus upon stress induction (Ungewickell et al., 2005; Zou et al., 2007). Finally 
myotubularins can dephosphorylate PtdIns(3,5)P2 to generate PtdIns5P (Coronas et 
al., 2008;Walker et al., 2001) although PtdIns(3,5)P2 has not been demonstrated in the 
nucleus. Alternatively, and perhaps more interesting, there may be a novel enzymatic 
activity that synthesises nuclear PtdIns5P. 

Conclusions
While we have a picture of phosphoinositide signalling in the nucleus there are many 
aspects to it that we just don’t understand. We have no clue as to how phosphoinositides 
enter the nucleus or to the identity of the putative proteins that may sequester 
phosphoinositides in the nucleus. How do phosphoinositides gain access to these 
proteins? Are there factors that can load phosphoinositides onto these proteins? Does 
this occur in the nucleus or outside of the nucleus? Which phosphoinositide is loaded 
onto the protein? What happens after phospholipase C mediated cleavage? How is 
the phosphoinositide resynthesised? 

What is also very unclear is how do hot spots of nuclear phosphoinositides 
regulate the function of histone interacting proteins. One could imagine a number 
of different possibilities. The lipid hot spots may act as hubs where chromatin loops 
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out and nucleosomes and phosphoinositides are brought together. Hubs of this type 
have been described where transcription occurs (Malyavantham et al., 2008a,b), 
however, whether phosphoinositides are also present remains to be determined. 
An alternative is that the hot spots function rather like a drive through. Changes in 
phosphoinositides induce the recruitment of a protein to the hotspot. Interaction with 
the phosphoinositide may induce modification of the protein such as phosphorylation 
or acetylation, which may change the location, interaction partners or the activity of 
the protein. 

The complexity of nuclear inositide signalling suggests that it is likely to be 
involved in the regulation ofmost if not all nuclear processes. How phosphoinositides 
function within the nucleus requires that we understand how their levels are regulated 
and how the changes in nuclear phosphoinositides are transduced into output signals. 
This really means that we need to identify specific nuclear proteins that interact with 
and are regulated by phosphoinositides. These are not simple tasks but the fact that 
nuclear phosphoinositides control gene expression, mRNA stability and export and 
chromatin remodelling and that specific regulatory factors are required that are only 
utilised within the nuclear compartment, means that the rewards are likely to be great. 
As nuclear phosphoinositides impinge on the pRB, p53 pathway and on chromatin 
structure,we expect that unravelling the complexity of nuclear inositide signalling will 
offer up some new insights in to the development of novel targets for cancer therapy.
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Abstract
The β-isoform of PIP4K (PtdIns5P-4-kinase) regulates the levels of nuclear PtdIns5P, 
which in turn modulates the acetylation of the tumour suppressor p53. The crystal 
structure of PIP4Kβ demonstrated that it can form a homodimer with the two subunits 
arranged in opposite orientations. Using MS, isoform-specific antibodies against 
PIP4Ks, RNAi (RNA interference) suppression and overexpression studies, we show 
that PIP4Kβ interacts in vitro and in vivo with the PIP4Kα isoform. As the two isoforms 
phosphorylate the same substrate to generate the same product, the interaction could 
be considered to be functionally redundant. However, contrary to expectation, we find 
that PIP4Kβ has 2000-fold less activity towards PtdIns5P compared with PIP4Kα, and 
that the majority of PIP4K activity associated with PIP4Kβ comes from its interaction 
with PIP4Kα. Furthermore, PIP4Kβ can modulate the nuclear localization of PIP4Kα, 
and PIP4Kα has a role in regulating PIP4Kβ functions. The results of the present study 
suggest a rationale for the functional interaction between PIP4Kα and PIP4Kβ and 
provide insight into how the relative levels of the two enzymes may be important in 
their physiological and pathological roles.

Key words: phosphoinositide, PtdIns(4,5)P2, PtdIns5P, PtdIns5P kinase.
Abbreviations used: CUL3, Cullin 3; DSS, disuccinimidyl suberate; DTT, dithiothreitol; 
ECL, enhanced chemiluminescence; EE, Glu-Glu tag (EYMPME); FRB, final 
resuspension buffer; GST, glutathione transferase; HA, haemagglutinin; HEK, human 
embryonic kidney; i.d., internal diameter; ING2, inhibitor of growth protein 2; MEL, 
murine erythroleukaemia; Myr, myristoyl; PBS-T, PBS containing 0.1% Tween 20; 
PIP4K, PtdIns5P-4-kinase; PIP5K, PtdIns4P-5-kinase; PKB, protein kinase B; PtdSer, 
phosphatidylserine; RBX1, ring-box 1; RNAi, RNA interference; shRNAi, short hairpin 
RNAi; SPOP, speckle-type POZ protein.
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Introduction
Combinations of phosphorylation at the 3, 4 or 5 position of the inositol head group 
of phosphatidylinositol generates seven different phosphoinositides that form the 
basis of a ubiquitous membrane signalling system. An array of tightly regulated 
phosphoinositide kinases and phosphatases ultimately control the subcellular profile 
of phosphoinositides [1]. Phosphoinositides can regulate protein localization, ion 
channel function and protein enzymatic activity, which can have an impact on cellular 
processes including vesicle transport, cytoskeletal dynamics, cell proliferation and 
survival, gene transcription, cell polarity and migration [2].

PtdIns(4,5)P2 is central to phosphoinositide signalling, being a substrate for both PLC 
(phospholipase C) and PtdIns-3-kinase and itself a second messenger [3]. PtdIns(4,5)P2 
can be synthesized by two different enzyme families that are highly related. PIP5Ks 
(PtdIns4P-5-kinases) phosphorylate PtdIns4P [4] on the 5-position, whereas PIP4Ks 
(PtdIns5P-4-kinases) phosphorylate PtdIns5P on the 4-position [5]. The cellular level of 
PtdIns4P is much greater than PtdIns5P and it is likely that the majority of PtdIns(4,5)P2 
in the cell is synthesized through PIP5K activity. In accordance with this hypothesis, 
overexpression or suppression of different isoforms of PIP5K impinge on many of the 
processes that are known to be regulated by PtdIns(4,5)P2 [3]. In contrast with PIP5Ks, 
the role of PIP4Ks is less well understood. Of the three isoforms of PIP4K [6–9], the α 
and β isoforms can phosphorylate PtdIns5P and PtdIns3P [10], whereas the γ isoform 
is likely to be inactive. PIP4Kγ, however, can interact with PIP4Kα and β, probably to 
target their activities to a particular subcellular localization [11].

Overexpression of PIP4Ks does not lead to phenotypes that are induced by PIP5Ks, 
suggesting that PIP4Ks do not increase the cellular level of PtdIns(4,5)P2 to the same 
extent as PIP5Ks. However, this may only reflect the relative levels of PtdIns5P to 
PtdIns4P in the cell. In megakaryocytes, for example, PIP4Kα-mediated synthesis of 
PtdIns(4,5)P2 is important in platelet formation [12] and in platelets it is required for 
secretion [13,14]. Deletion of the only PIP4K in Caenorhabditis elegans and Drosophila 
melanogaster led to an increase in whole-animal levels of PtdIns5P (Y. Bultsma, 
W.-J. Keune and N. Divecha, unpublished work) and, in MEL (murine erythroleukaemia) 
cells, RNAi (RNA interference)-mediated suppression of PIP4Kβ increased, whereas the 
overexpression of PIP4Kβ decreased, the levels of nuclear PtdIns5P [15]. These data 
suggest that PIP4Ks, through phosphorylation, probably control the level of PtdIns5P.

The relative expression level of PIP4K isoforms varies in mouse tissues. For example, 
in brain, PIP4Kα and β are approximately equal, whereas there is nearly 10-fold more 
PIP4Kβ mRNA in muscle and in the heart. In the spleen, PIP4Kα expression is 3–4-fold 
higher than PIP4Kβ. PIP4Kγ, on the other hand, is highly expressed in the kidney 
[11]. The differential expression suggests that each PIP4K may have specific functions 
within the target organ. At a cellular level, PIP4Kα localizes in the cytosol, whereas 
PIP4Kγ associates with an endomembrane compartment that partially co-localizes 



116

PIP4Kβ interacts with and modulates nuclear localization...

with the Golgi [9,11]. PIP4Kβ appears to localize predominantly in the nucleus [16]. 
However, PIP4Kβ interacts with both a TNF (tumour necrosis factor) receptor [8] 
and the EGF (epidermal growth factor) receptor [17], suggesting that it may also be 
required in the cytosol. Deletion of PIP4Kβ in mice leads to increased insulin-induced 
PKB (protein kinase B) activation in muscle [18] and, in cells, overexpression of kinase-
active but not kinase-inactive PIP4Kβ attenuates insulin-induced PKB activation [19]. 
Finally, overexpression of IpgD, a bacterial PtdIns(4,5)P2-4-phosphatase that generates 
PtdIns5P, also increased PKB activity [19]. Taken together, these data point to a role 
for cytosolic PIP4Kβ and PtdIns5P in PKB activation, possibly through the regulation 
of PtdIns(3,4,5)P3 [19] and/or PKB dephosphorylation [20].

PIP4Kβ is also present in the nucleus and its nuclear import is dictated by 
a 16-amino-acid α-helical insertion [16] that is not present in other PIP4Ks. In the 
nucleus, activation of the p38 stress pathway inhibits PIP4Kβ activity leading to an 
increase in PtdIns5P. PtdIns5P can interact with the PHD finger of ING2 (inhibitor of 
growth protein 2) [21], which in turn modulates the acetylation and transcriptional 
activity of the tumour suppressor protein p53 [15]. PHD-finger-containing proteins 
appear to be nuclear-specific downstream targets of PtdIns5P [22,23]. Through its 
interaction with SPOP (speckle-type POZ protein), PIP4Kβ can regulate the activity 
of the CUL3 (Cullin 3) ubiquitination complex. The CUL3 ubiquitination activity also 
appears to be stimulated by increased levels of PtdIns5P [24].

The differential tissue expression and subcellular localization of PIP4Ks provide a 
reasonable explanation for the requirement for different isoforms within a cell. However, 
during a search for proteins that regulate PIP4Kβ, we discovered that PIP4Kβ interacts 
with PIP4Kα. Previous studies indicate that PIP4Kα and PIP4Kβ phosphorylate the 
same substrate to generate the same product, suggesting that their interaction may 
have no functional advantage. In the present paper we have studied the activity of 
both enzymes in vitro and in vivo and, together with RNAi and overexpression assays, 
have developed a rationale for a functional interaction between PIP4Kα and PIP4Kβ.

Materials and methods
PIP4K plasmids, antibodies and chemicals
GST (glutathione transferase)–PIP4Kα and β, EE [Glu-Glu tag (EYMPME)]–PIP4Kα, 
EE–PIP4KαKD (G131L/Y138F), Myr (myristoyl)–PIP4Kα and HA (haemagglutinin)–
PIP4Kβ were derived from human sequences. Myc–PIP4Kα, Myc–PIP4Kβ and Myc–
PIP4KβKD (D278A) were derived from rat sequences. Peptides (p5, CGVGGNLLCSYG; 
p6, CNLLSFPRFFGP; and p19, CMATPGNLGSSVL) were coupled to keyhole-limpet 
haemocyanin and used to immunize New Zealand white rabbits (for specificity of 
the antibodies see Supplementary Figure S2 at http://www.BiochemJ.org/bj/430/
bj4300223add.htm). Antibody 3 is a rat monoclonal antibody that has been described 
previously [25]. The anti-PIP4Kα-C-term (antibody against the C-terminal of PIP4Kα) 
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was from Abgent (AP8041b). Anti-HA and anti-Myc antibodies are monoclonal 
supernatants from clones 12CA5 and 9E10 respectively. Protein G– and Protein 
A–Sepharose, glutathione–Sepharose and Ni2+–Sepharose were purchased from 
GE Healthcare. DSS (disuccinimidyl suberate) was from Pierce Chemicals. All other 
chemicals were of analar grade.

Generation of HEK (human embryonic kidney)-293 cells stably 
expressing shRNAi (short hairpin RNAi)
shRNAi constructs, generated by cloning the sequences below into pRetroSuper, 
were used to generate viral particles in Phoenix ecotropic cells: RNAi-PIP4Kα, 
5′-ATAGTGGAATGTCATGGGA-3′; and RNAi-PIP4Kβ: 5′-AGATCAAGGTGGACAATCA-3′. 
HEK-293 cells stably expressing the ecotropic receptor were infected with retroviral 
particles using Polybrene. Cell populations were selected using puromycin (2 μg/ml). 
In general, cells were maintained in the absence of the antibiotic selection for at least 
48 h prior to the experiments.

siRNA targeting of PIP4Ks
Control siRNA oligonucleotides (siGENOME non-targeting siRNA pool; Dharmacon, 
catalogue number D-001206-13-20), or those targeting PIP4Kα (PIP4K2A siGENOME 
SMARTpool; Dharmacon, catalogue number M-006778-01) or PIP4Kβ (PIP4K2B 
siGENOME siRNA; Dharmacon, catalogue numbers D-006779-02, D-006779-04 and 
D-006779-06) were transfected into HEK-293 cells using Dharmafect 1 (Dharmacon). 
After 48 h, cell lysates were used in immunoprecipitation experiments.

PIP4K activity measurements and PtdIns5P mass measurements
In vitro PIP4K activity was measured using liposomes with 1 nmol of PtdIns5P and 
10 nmol of PtdSer (phosphatidylserine) as a substrate, 20 μM ATP, 10 μCi of [32P]ATP 
and the appropriate amount of enzyme in 100  μl of PIPkin buffer [50  mM Tris/HCl 
(pH 7.4), 10 mM MgCl2, 1 mM EGTA and 70 mM KCl] for 10 min. The reactions were 
terminated and extracted as described previously [26]. [32P]PtdIns(4,5)P2, a measure of 
PIP4K activity, was separated by TLC and quantified using a phosphoimager (Bio-Rad). 
To determine how PIP4K activity varied with respect to the levels of PtdIns5P, liposomes 
were made with 50 nmol of PtdSer and various amounts of PtdIns5P. Phosphoimager 
counts were converted into μmol of PtdIns(4,5)P2 by quantifying standard amounts of 
[32P]ATP spotted on to the TLC. Vmax was determined at a saturating concentration 
of PtdIns5P and the Km was determined graphically at 50% of the Vmax value. PtdIns5P 
was measured as described previously [26].

Subcellular fractionation and cross-linking
MEL nuclei were purified as described previously [27], except that the FRB (final 
resuspension buffer, see below) was made with 10 mM Hepes instead of Tris/HCl to 
prevent quenching of the cross-linker. Nuclei, controls or treated with the indicated 
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concentrations of cross-linking agent (DSS), were terminated by the addition of 1 M 
glycine, pH 7.5 (to a final concentration of 20 mM). Nuclear proteins were extracted 
using FRB (see below) containing 1% Chaps and 0.5 M NaCl, and immunoprecipitated 
using the antibody indicated. Immune complexes were collected on Protein G–
Sepharose and were solubilized using 1×SDS/PAGE loading buffer, separated by SDS/
PAGE and analysed by Western blotting.

HEK-293 cells were trypsinized, washed with PBS and resuspended in hypotonic 
swell buffer [5 mM Tris/HCl (pH 7.4), 1.5 mM KCl and 2.5 mM MgCl2] for 6 min on 
ice. The cells were then disrupted by passage through a 22-gauge needle. The nuclei 
were pelleted by centrifugation (352  g for 4  min at 4  °C) and the supernatant was 
removed and membranes were collected by high-speed centrifugation (14000  rev./
min in a microfuge) at 4 °C for 15 min. The supernatant (cytosol) was collected and 
the membranes were sonicated into FRB (membrane fraction). The nuclei were further 
purified by centrifugation (352 g for 4 min) through a sucrose cushion [10 mM Tris/HCl 
(pH 7.4), 1 mM EGTA, 1.5 mM KCl, 5 mM MgCl2 and 460 mM sucrose] and washed 
with FRB [10 mM Tris/HCl (pH 7.4), 1 mM EGTA, 1.5 mM KCl, 5 mM MgCl2 and 290 mM 
sucrose]. Nuclei were resuspended in FRB or were extracted by resuspending them 
in Dignam C buffer [20 mM Tris/HCl (pH 7.9), 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM 
EDTA, 25% glycerol and 0.5 mM DTT (dithiothreitol)] followed by incubation on ice for 
30 min. The insoluble fraction was pelleted by centrifugation (20000 g for 10 min), the 
supernatant was dialysed against Dignam D buffer [20 mM Tris/HCl (pH 7.9), 0.1 M KCl, 
0.2 mM EDTA, 10% glycerol and 0.5 mM DTT], and the samples were stored at −80 °C.

Sucrose density centrifugation
For sucrose density centrifugation, 1 ml each of 40%, 31.25%, 22.5%, 13.72% and 5% 
sucrose solutions were layered sequentially in a centrifuge tube and allowed to form a 
gradient overnight by standing at 4 °C. The cytosol (50 μl) and nuclear fraction (50 μl) 
were adjusted to 5% sucrose and loaded on top of the cushions and then centrifuged 
for 18 h at 45000 rev/.min using a Sorvall 5555Ti rotor. After centrifugation, 15×1 ml 
fractions were isolated from the bottom of the centrifuge tube using a syringe and 
needle. The samples were mixed with SDS-loading buffer, separated by SDS/PAGE 
and analysed by staining the gel or by Western blotting.

Mass spectrometry
Gel-band destaining and washing
Coomassie-Blue-stained gel bands were destained with 3×20  min changes of 1  ml 
of 200 mM ammonium bicarbonate and 40% (v/v) acetonitrile. Gel bands were the 
dehydrated by the addition of 500 μl of acetonitrile for 15 min followed by rehydration 
in 500 μl of water for a further 15 min. This dehydration–rehydration procedure was 
performed a total of three times, followed by a final dehydration in acetonitrile.
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In-gel tryptic digestion
Gel bands were rehydrated in 25  μl of 50  mM ammonium bicarbonate, 9% (v/v) 
acetonitrile and 20 ng/μl sequencing grade trypsin (Sigma–Aldrich) for 20 min. The 
bands were then covered in 100 μl of 50 mM ammonium bicarbonate and 9% (v/v) 
acetonitrile and incubated at 37  °C for 18  h. Following digestion, samples were 
acidified by the addition of 10  μl of 10% (v/v) formic acid. The digest supernatant 
was then transferred to a fresh Eppendorf tube and the digest was dried in a vacuum 
centrifuge at 40 °C for 30 min. The dried peptides were then resuspended in 20 μl 
of water containing 0.1% trifluoroacetic acid (Sigma–Aldrich) prior to LC-MS analysis.

Nano-LC-MS/MS analysis
Peptides were separated using a Nano-Acquity UPLC system (Waters) as detailed 
below. A sample was loaded on to a Waters C18 Symmetry trap column [180 μm i.d. 
(internal diameter), 5 μm, 5 cm] in water, 0.1% (v/v) acetonitrile and 0.1% (v/v) formic 
acid at a flow rate of 7 μl/min for 5 min. Peptides were then separated using a Waters 
NanoAcquity BEH C18 column (75 μm i.d., 1.7 μm, 25 cm) with a gradient of 3–30% 
(v/v) acetonitrile and 0.1% formic acid over 30 min at a flow rate of 400 nl/min.

The nano-LC effluent was sprayed directly into the LTQ-Orbitrap XL mass 
spectrometer aided by the Proxeon nano source at a voltage offset of 2.5 kV. The 
mass spectrometer was operated in parallel-data-dependent mode where the MS 
survey scan was performed at a nominal resolution of 60000 (at m/z 400) resolution 
in the Orbitrap analyser between an m/z range of 400–2000. The top six multiply 
charged precursors were selected for CID (collision-induced dissociation) in the LTQ at 
a normalized collision energy of 35%. Dynamic exclusion was enabled to prevent the 
selection of a formally targeted ion for a total of 20 s.

Immunoprecipitations
Washed cells were resuspended in lysis buffer [50 mM Tris/HCl (pH 8.0), 50 mM KCl, 
10 mM EDTA and 1% Nonidet P40], and after 15 min the nuclei and cell debris were 
removed by centrifugation (14000 rev./min in a microcentrifuge at 4 °C for 10 min). 
Lysates were incubated with the appropriate antibodies overnight and immune 
complexes were captured using Protein G–Sepharose (1 h at 4 °C). Immunoprecipitates 
were washed three times with immunoprecipitation wash buffer [50  mM Tris/HCl 
(pH 7.5), 150 mM NaCl, 5 mM EDTA and 0.1% Tween 20], resuspended in 1× SDS/PAGE 
loading buffer and subjected to SDS/PAGE and transferred on to nitrocellulose. After 
incubation with the antibodies indicated, antibody–protein interactions were detected 
with ECL (enhanced chemiluminescence; GE Healthcare) or Supersignal (Pierce).

SDS/PAGE and Western blotting
Protein extracts were quantified using Bio-Rad Bradford reagent and adjusted to 
1× SDS-loading buffer. After boiling, the extracts were either treated or not with 
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iodoacetamide (50 mM) to modify cysteine residues and then separated by SDS/PAGE. 
Proteins were transferred on to nitrocellulose, blocked in PBS-T (PBS containing 
0.1% Tween 20) containing 5% (w/v) fat-free milk for 1  h, and then incubated with 
the primary antibody appropriately diluted in MagicMix [PBS-T, 1% Western blocking 
reagent (Roche) and 3% BSA]. Antibody dilutions used were: p19 and p6, 1:10000; 
anti-PIP4Kα-C-term, 1:1000; anti-Myc, 1:100; and anti-HA, 1:100. The blots were 
washed with PBS-T and then incubated with the appropriate HRP (horseradish 
peroxidase)-conjugated secondary antibody diluted in MagicMix [anti-rabbit, anti-
mouse and anti-rat used at 1:10000 (GE Healthcare), and anti-rabbit-TrueBlot used 
at 1:10000 (eBioscience)]. Antibody–protein interactions were visualized using ECL 
(GE Healthcare) or Supersignal (Pierce). Blots were stripped by incubation at 55 °C in 
50 ml of strip buffer [50 mM Tris/HCl (pH 7.4), 2% SDS and 50 mM 2-mercaptoethanol] 
for 20 min followed by extensive washing in PBS-T. The blots were blocked again and 
then used as above.

Production of recombinant proteins
Bacterial colonies transformed with the appropriate vector were diluted into 5  ml 
of LB (Luria–Bertani) medium containing ampicillin (50 μg/ml) and grown overnight. 
Cultures were diluted to 100  ml, grown at 37  °C for 1  h and then IPTG (isopropyl 
β-D-thiogalactoside; 100  μM final concentration) was added and the cultures were 
grown overnight at 30 °C. Cells were collected by centrifugation (3345 g for 10 min), 
washed with PBS and resuspended in 5 ml of PBS. Cells were disrupted by sonication 
(Diagenode cell disruptor set at the high-intensity setting) and Triton X-100 was added 
to a final concentration of 1%. Cell debris was removed by centrifugation and the 
supernatant was incubated with glutathione–Sepharose beads for 2 h. After extensive 
washing (PBS containing 1% Triton X-100), the bound proteins were eluted using 
10 mM reduced glutathione in 50 mM Tris (pH 8) and 0.3 M NaCl. Eluted proteins were 
quantified using Bio-Rad reagent and by SDS/PAGE and Coomassie Blue staining, 
and dialysed into an appropriate buffer. GST was cleaved by incubation with thrombin 
for 2  h at room temperature (20  °C). The uncleaved protein and the cleaved GST 
portion were removed by an additional incubation with glutathione–Sepharose. The 
cleaved protein was quantified using standardized amounts of BSA after SDS/PAGE 
and Coomassie Blue staining.

HEK-293 cells were transfected with the appropriate plasmid encoding an 
HA-tagged protein using calcium phosphate. The transfected cells were washed once 
with ice-cold PBS, trypsinized and lysed in lysis buffer. The HA-tagged protein was 
immunopurified by using the anti-HA antibody followed by Protein G–Sepharose. 
After extensive washing with IP wash buffer, the HA-tagged protein was eluted with 
3×HA peptide (YPYDVPDYA) [1 mg/ml in 50 mM Tris/HCl (pH 8) and 0.3 M NaCl] by 
incubation at 30 °C for 30 min. The eluted protein was quantified using standardized 
amounts of BSA after SDS/PAGE and Coomassie Blue staining.
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Reconstitution of PIP4Kα–PIP4Kβ complexes using recombinant proteins
Cleaved bacterially expressed PIP4Kα was incubated alone or together with HA–
PIP4Kβ in a volume of 150 μl of PIPkin buffer containing 0.1% Nonidet P40, 1 μg/ml 
BSA and 15 mM DTT for 1 h. The complexes were collected by HA immunoprecipitation 
overnight at 4 °C, and were separated by SDS/PAGE and analysed by Western blotting.

Ubiquitination assays
HEK-293 cells were transfected using calcium phosphate. MG-132 (10 μM) was added 
for the final 6 h, then the cells were washed once with PBS and lysed directly into PBS 
containing 0.2% SDS and 8 M urea, and sonicated. His-tagged proteins were purified 
on Ni2+ columns and separated using SDS/PAGE and analysed by Western blotting.

Confocal microscopy
HeLa cells were transfected on glass coverslips using FuGENE™. HT1080 cells were 
transduced with the constructs indicated, selected with the appropriate antibiotics and 
plated on to coverslips. The cells were fixed using PBS containing 4% formaldehyde 
(20 min), permeabilized with PBS containing 0.1% Triton X-100 (5 min) and blocked 
with PBS containing 3% BSA (10  min). Appropriate antibodies were diluted in PBS 
containing 3% BSA and incubated with the coverslips for 30  min at 37  °C in a 
humidified incubator. The coverslips were washed with PBS and incubated for 30 min 
with fluorophore-conjugated secondary antibodies diluted appropriately in PBS 
containing 3% BSA. The coverslips were mounted using Vectashield, sealed using nail 
varnish and analysed by confocal microscopy (Zeiss).

Results
PIP4Kβ complexes
In order to study the localization of PIP4Kβ and identify proteins that interact with it, 
a cell line expressing HA-tagged PIP4Kβ (HA–PIP4Kβ) was generated. Cytosolic and 
nuclear extracts were isolated from these cells and were further fractionated using 
sucrose gradient centrifugation. Protein molecular masses between 67 and 230 kDa 
could be separated (Supplementary Figures S1A and S1B at http://www.BiochemJ.
org/bj/430/bj4300223add.htm), and the BRG1 chromatin remodelling complex 
(molecular mass>500000  kDa) eluted in fractions 12–15 (Figure 1A). Cytosolic HA–
PIP4Kβ eluted between a molecular mass of 120 and 200, whereas the nuclear HA–
PIP4Kβ eluted with a molecular mass between 120 and 150 kDa (Figure 1A); however, 
the monomeric form of PIP4Kβ (49 kDa), which should elute in fractions 4–6, was not 
seen. The observed molecular mass suggested that PIP4Kβ exists only in complexes 
in both the cytosol and in the nucleus.

To assess whether the endogenous nuclear PIP4Kβ is also in complexes, isolated 
nuclei from MEL cells were treated with increasing concentrations of a non-hydrolysable 
cross-linking agent (DSS), immunoprecipitated and analysed by SDS/PAGE and 
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Figure 1. Analysis of PIP4Kβ complexes. (A) Nuclear extracts from HEK-293 cells expressing HA–
PIP4Kβ were separated by sucrose density centrifugation and each fraction was separated by SDS/
PAGE and the gel was stained with silver. The Western blot below shows the presence of the BRG1 
complex (>500 000 kDa) in fractions 12–15. A 2 μl aliquot of every fraction from the sucrose density 
centrifugation of the cytosolic or nuclear fraction was spotted on to nitrocellulose and probed 
with the anti-HA antibody, and relevant fractions containing HA immunoreactivity were analysed 
by Western blotting. (B) MEL nuclei were treated with increasing concentrations of the irreversible 
cross-linking agent DSS. Nuclear extracts were then immunoprecipitated with either a pre-immune 
serum or a PIP4Kβ-specific serum (p5 or p6) and Western blotted with an anti-PIP4K rat monoclonal 
antibody (Antibody 3). Increasing concentrations of DSS induced the formation of the cross-linked 
dimer (arrow). (C) Nuclei were treated as shown, extracted and immunoprecipitated with the 
antibodies indicated. The Western blot was probed with a specific rat monoclonal antibody against 
PIP4K (Antibody 3). The results shown are representative of at least two different experiments. The 
molecular mass in kDa is indicated. IP, immunoprecipitation; WB, Western blot.

immunoblotting. Increasing concentrations of the cross-linker induced the loss of the 
monomeric 49 kDa protein, resulting in the appearance of a 97 kDa complex. Higher 
concentrations of DSS resulted in disappearance of the dimeric complex, possibly 
through irreversible cross-linking of PIP4Kβ into the nuclear pellet or cross-linking-
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dependent loss of the epitope recognized by the antibodies (Figure 1B). The data 
suggest that endogenous nuclear PIP4Kβ is predominantly a dimer, which is in line 
with previous data obtained from the crystal structure of the PIP4Kβ [28], although 
higher molecular mass complexes were also seen (Figure 1C). Extraction of nuclear 
proteins with Chaps/NaCl or with RIPA buffer before the addition of the cross-linking 
agent did not prevent the formation of the 97 kDa PIP4Kβ dimer, demonstrating the 
strength and stability of the complex (Figure 1C).
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Figure 2. PIP4Kβ interacts with PIP4Kα. (A) HA–PIP4Kβ was purified from HEK-293 cells 
expressing HA–PIP4Kβ using HA-immunoaffinity chromatography. Eluted proteins were separated 
by SDS/PAGE and the Coomassie Blue-stained gel was cut into 60 slices and each slice was 
analysed by MS. The Figure shows the peptides which uniquely defined the presence of PIP4Kα 
(top) or PIP4Kβ (bottom), in fractions 33 and 34. (B) The lysate from HEK-293 cells expressing 
Myc–PIP4Kβ (lane 1) was used for affinity purification with either GST (lane 2), GST–PIP4Kα 
(lane 3), GST–PIP4Kβ (lane 4) or GST–PIP4Kγ (lane 5). Bound proteins were analysed by Western 
blotting using an anti-Myc antibody. Lane 1 shows 10% of the lysate input used for each affinity 
purification. (C) EE–PIP4Kα and HA–PIP4Kβ were expressed in HEK-293 cells, as indicated (below) 
and immunoprecipitated and Western blotted with the antibodies indicated. The experiment is 
representative of three separate experiments. (D) HA–PIP4Kβ purified from HEK-293 cells was 
combined with purified bacterially expressed PIP4Kα, after removal of the GST tag by thrombin 
cleavage, incubated at room temperature for 1 h and then immunoprecipitated using the anti-HA 
antibody. Immunoprecipitates were analysed byWestern blot and were probed first for PIP4Kα 
(upper panel) after which the blot was stripped and reprobed with an anti-HA antibody (lower 
panel). Total protein input (10%) was also Western blotted. The arrow denotes PIP4Kα co-
immunoprecipitated in the HA immunoprecipitate. IP, immunoprecipitation; WB, Western blot.
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PIP4Kβ associates with PIP4Kα
To identify potential interacting partners of PIP4Kβ, an immunoprecipitate of HA–
PIP4Kβ was separated by SDS/PAGE and stained with Coomassie Blue. The gel was 
cut into 60 slices, all of which were analysed by MS (Figure 2A). In slices 33 and 34, 
corresponding to a molecular mass of approx. 49 kDa, 14 peptides were identified, 
three of which uniquely identified PIP4Kβ and two identified PIP4Kα (Figure 2A). 
The data suggested that endogenous PIP4Kα interacts with HA–PIP4Kβ. To further 
investigate the interaction between PIP4Kα and PIP4Kβ, lysates from HEK-293 cells 
overexpressing Myc–PIP4Kβ were used for affinity purification using bacterially 
expressed and purified GST, GST–PIP4Kα, GST–PIP4Kβ or GST–PIP4Kγ (Figure 2B). 
GST–PIP4Kα, β and γ could affinity-purify Myc–PIP4Kβ, but GST alone could not. To 
demonstrate that the interaction between PIP4Kα and PIP4Kβ occurs in vivo, lysates 
from HEK-293 cells, expressing EE–PIP4Kα either alone or with HA–PIP4Kβ, were 
immunoprecipitated with the anti-EE or anti-HA antibody and analysed by Western 
blotting. Immunoprecipitation with the anti-HA antibody affinity-captured EE–PIP4Kα 
only when both proteins were co-overexpressed. When the reciprocal experiment 
was carried out, HA–PIP4Kβ was co-immunoprecipitated by the anti-EE antibody only 
when both proteins were also co-expressed (Figure 2C).

To demonstrate that the interaction between PIP4Kα and β is direct, both proteins 
were purified, combined in vitro and were analysed by HA immunoprecipitation 
followed by Western blotting (Figure 2D). The blot also shows 10% of the PIP4Kα and 
β input. The anti-HA antibody immunoprecipitated approx. 80% of HA–PIP4Kβ and, 
when HA–PIP4Kβ was combined with PIP4Kα, the anti-HA antibody immuno-affinity 
purified approx. 80–90% of the PIPKα, showing that PIP4Kα and PIP4Kβ can interact 
directly (Figure 2D).

To demonstrate that endogenous PIP4Kα and PIP4Kβ can interact in vivo we 
developed two antibodies, p5 and p6, which are specific for PIP4Kβ, and one antibody, 
p19, which is specific for PIP4Kα (Supplementary Figure S2 at http://www.BiochemJ.org/
bj/430/bj4300223add.htm). As the molecular masses of PIP4Kα and PIP4Kβ are identical, 
HEK-293 cell lines, in which PIP4Kα or PIP4Kβ expression was stably suppressed by RNAi, 
were used for co-immunoprecipitation studies to further ensure specificity. The shRNAi 
construct targeting PIP4Kα decreased PIP4Kα protein levels to 54%, whereas targeting 
PIP4Kβ decreased PIP4Kβ protein levels to 15% (Figure 3A). Pre-immune antibodies 
did not immunoprecipitate either PIP4Kα or β. Both p5 and p6 immunoprecipitated 
endogenous PIP4Kβ and co-immunoprecipitated endogenous PIP4Kα. The specificity 
was demonstrated by the lack of co-immunoprecipitation of PIP4Kα when its expression 
was suppressed using RNAi (Figure 3B). Immunoprecipitation of endogenous PIP4Kα 
also co-immunoprecipitated endogenous PIP4Kβ and the interaction was specific as 
RNAi-mediated suppression of PIP4Kα reduced the co-immunoprecipitation of PIP4Kβ 
(Figure 3C). The data show that PIP4Kα and PIP4Kβ interact directly and that the 
interaction occurs in vivo between endogenous PIP4Kα and PIP4Kβ.
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Figure 3
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Figure 3. Endogenous PIP4Kβ associates with PIP4Kα. (A) Lysates from HEK-293 cells, stably 
expressing the indicated pRetroSuper construct, were probed using the antibodies shown. 
RNAi to PIP4Kα suppressed its expression to 54% of the control value, whereas the RNAi to 
PIP4Kβ suppressed its expression to 15% of the control value. (B) Lysates from HEK-293 cells 
stably expressing the indicated RNAi construct were immunoprecipitated with the antibodies 
shown and the Western blot was probed with an anti-PIP4Kα antibody. The blot was stripped 
and reprobed with an anti-PIP4Kβ antibody. (C) Lysates from HEK-293 cells stably expressing 
the indicated RNAi construct were immunoprecipitated as indicated and the Western blot was 
probed for the presence of PIP4Kβ. The blot was stripped and reprobed for PIP4Kα. The data 
are representative of three separate experiments. IP, immunoprecipitation; WB, Western blot.

PIP4Kβ has 2000-fold less PIP4K activity compared with PIP4Kα
PIP4Kα and β phosphorylate the same substrate to generate the same product and 
so it is questionable why they would interact with each other. The interaction may 
be fortuitous, as the two proteins are highly related or, alternatively, the interaction 
may modulate each others activities and/or their localization. In order to rationalize 
why PIP4Kα and PIP4Kβ interact with each other, their enzymatic activity towards 
PtdIns5P was reassessed. GST–PIP4Kα and β were expressed in bacteria, purified 
and quantified by SDS/PAGE and Coomassie Blue staining (Figure 4A). Both enzymes 
phosphorylated PtdIns5P at the 4-position to generate PtdIns(4,5)P2, as demonstrated 
by dephosphorylation of the product with a specific recombinant PtdIns(4,5)P2-5-
phosphatase (results not shown). Therefore both PIP4Kα and β are bona fide PIP4Ks. 
However, PIP4Kα phosphorylated PtdIns5P approx. 434-fold better than PIP4Kβ 
(Figure  4A). As the difference in activity between the PIP4Kα and β could be a 
consequence of their expression in bacteria, Myc-tagged proteins, expressed in 
and purified from HEK-293 cells, were tested for PIP4K activity. As observed with 
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Figure 4
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Figure 4. PIP4Kβ has 2000-fold less PIP4K activity than PIP4Kα. Purified GST–PIP4Kα and β 
were quantified by SDS/PAGE and Coomassie Blue staining (top panel). Matched quantities of 
protein were then assayed for PIP4K activity (autoradiograph, middle panel and quantification in 
the histogram and table). (B) Myc–PIP4Kα and β were purified from HEK-293 cells and quantified 
by Western blots probed with the anti-Myc antibody (top panel). Matched inputs were assayed 
for PIP4K activity (autoradiograph, middle panel and quantification in the histogram and table). 
(C) PIP4Kα (left-hand side) or PIP4Kβ (right-hand side) activity was assayed using liposomes 
containing PtdSer (50 nmol) and increasing amounts of PtdIns5P. The data are represented 
graphically and the kinetic parameters (K m and V max) were determined and are shown in the 
table. Note that for the graph the phosphoimaging exposure time for the PIP4Kα was 5 min, 
whereas the exposure time for PIP4Kβ was 90 min. (D) PtdIns5P was measured in HEK-293 
cells transfected as indicated. Expression of the various constructs are shown in the top panels, 
whereas PtdIns5P levels are shown in the histogram. WB, Western blot.
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the bacterially expressed proteins, PIP4Kα had approx. 207-fold more activity than 
PIP4Kβ (Figure 4B). To determine more accurately the difference in PIP4K activity 
between PIP4Kα and β, we assessed the activity of bacterially expressed PIP4Kα and 
β at different concentrations of PtdIns5P presented in PtdSer liposomes (Figure 4C). 
The results show that while both enzymes had approximately the same Km with respect 
to PtdIns5P, the Vmax of PIP5Kα was 2000-fold higher than PIP4Kβ (see the table in 
Figure 4C for quantification). To assess whether PIP4Kα and PIP4Kβ have the same 
activity in vivo, cellular PtdIns5P levels were measured after the co-expression of 
each PIP4K isoform with a PtdIns(4,5)P2 4-phosphatase (IpgD), which increases the 
level of PtdIns5P in vivo [29]. The co-expression of PIP4Kα partially attenuated an 
increase in the level of cellular PtdIns5P induced by the expression of GFP (green 
fluorescent protein)–IpgD. In contrast, expression of an equivalent amount of PIP4Kβ 
did not attenuate the IpgD-induced increase in PtdIns5P (Figure 4D). This was not a 
consequence of the nuclear localization of PIP4Kβ as we show here (see Figure 6C) 
that overexpressed PIP4Kβ is localized in the cytoplasm, nucleus and at the plasma 
membrane in HeLa cells. These data show that, in vitro and in vivo, PIP4Kβ is much 
less active compared with PIP4Kα.

PIP4Kα provides the majority of PIP4K activity in PIP4Kβ 
immunoprecipitations
To determine whether PIP4Kα provides the majority of PIP4K activity in a heteromeric 
complex, PIP4K activity was assessed in complexes containing either wild-type or 
kinase-inactive EE–PIP4Kα. Overexpression of EE–PIP4Kα led to a dramatic increase 
in PIP4K activity in the EE immunoprecipitate that, as expected, was not present 
when an inactive EE–PIP4Kα kinase was expressed (Figure 5A). Co-overexpression of 
wild-type HA–PIP4Kβ did not lead to any changes in PIP4K activity associated with the 
EE immunoprecipitation but, as expected, HA–PIP4Kβ was co-immunoprecipitated as 
assessed by Western blotting (Figure 5A). Overexpression of HA–PIP4Kβ induced a very 
small increase in PIP4K activity associated with the HA immunoprecipitate; however, 
when EE–PIP4Kα was co-expressed with HA–PIP4Kβ there was a 20-fold increase in 
PIP4K activity associated with the HA–PIP4Kβ immunoprecipitate (Figure  5A). Co-
overexpression of the kinase-inactive PIP4Kα actually decreased the amount of PIP4K 
activity associated with the HA immunoprecipitate. The level of HA–PIP4Kβ in the 
various immunoprecipitates was similar (21163, 16891 and 15280 arbitrary imager 
units), suggesting that the changes in PIP4K activity were a consequence of co-
immunoprecipitation of active EE–PIP4Kα.

To determine to what extent of the PIP4K activity associated with PIP4Kβ is due to its 
interaction with PIP4Kα, we stably suppressed the expression of PIP4Kα and assessed 
the PIP4K activity in an immunoprecipitation of endogenous PIP4Kβ. RNAi-targeting 
of PIP4K decreased the level of PIP4Kα protein by approx. 50% (Figure 3A) and PIP4K 
activity was also decreased by approx. 50–70% in isolated membrane, cytosol and 
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nuclear fractions (Figure 5B). When endogenous PIP4Kβ was immunoprecipitated from 
the cytosol/membrane or nuclear fractions of cells suppressed for the expression of 
PIP4Kα, the associated PIP4K activity decreased by approx. 50% (Figure 5C), although 
the amount of PIP4Kβ immunoprecipitated remained similar (6601, 9288, 7838 and 
7227 arbitrary image units respectively in the four separate immunoprecipitations). 
We also carried out a similar analysis using cells transiently transfected with siRNA 
oligonucleotides targeting either PIP4Kα or β. Suppression of PIP4Kα decreased 
PIP4Kα protein (6314 to 487 arbitrary imager units) assessed by Western blotting, 
whereas PIP4K activity in a PIP4Kα immunoprecipitate decreased to 27% of the control 
(Figure 5D). Similarly, suppression of PIP4Kα decreased the PIP4K activity in a PIP4Kβ 
immunoprecipitate to 34% of control. Suppression of PIP4Kβ as expected diminished 
the PIP4K protein levels (33205 in the control to 5554 arbitrary imager units in the 
siRNA PIP4Kβ) and the PIP4K activity in the PIP4Kβ immunoprecipitate to 28% of the 
control (Figure 5D). These data are consistent with the PIP4Kα subunit providing the 
majority of PIP4K acitivity present in a PIP4Kβ immunoprecipitate.

To investigate whether active PIP4Kβ is required in the complex, we measured the 
PIP4K activity of either active or inactive Myc–PIP4Kβ in complex with the endogenous 
PIP4Kα. Suppression of the expression of PIP4Kα reduced the PIP4K activity associated 
with the immunoprecipitate of Myc–PIP4Kβ by 75% showing that the majority of activity 
comes from the endogenous PIP4Kα subunit (Figure 5E). Strikingly, the PIP4K activity 
associated with kinase-inactive Myc–PIP4Kβ was also reduced to 24% compared with 
that associated with the active Myc–PIP4Kβ (Figure 5E). Immunoblotting showed that 
wild-type and kinase-inactive Myc–PIP4Kβ co-immunoprecipitated the same amount 
of endogenous PIP4Kα (3363 in the wild-type PIP4Kβ immunoprecipitate compared 
with 3574 arbitrary units in the kinase-inactive PIP4Kβ immunoprecipitate). The 
specificity of the co-immunoprecipition of endogenous PIP4Kα was demonstrated by 
the decrease in the PIP4Kα band in the knockdown (505 and 400 arbitrary units). 
Both the wild-type and the kinase-inactive PIP4kβ were immunoprecipitated to similar 
extents (21878 and 24723 in the pRetroSuper cells compared with 20903 and 23537 
arbitrary imager units in the RNAi PIP4Kα cells). These data suggest that PIP4Kα can 
either activate PIP4Kβ in the complex or that the kinase activity of PIP4Kβ is required 
for optimal PIP4Kα activity.

PIP4Kβ can modulate the localization of PIP4Kα
To determine whether PIP4Kβ can modulate the total amount of nuclear PIP4Kα, 
the level of endogenous PIP4Kα was determined in cytosol and nuclear fractions 
from HEK-293 cells stably suppressed for PIP4Kβ expression. The majority of PIP4Kα 
was cytosolic with a small amount that was nuclear. Although RNAi suppressed the 
expression of PIP4Kβ to 15% of the control level, the total amount of PIP4Kα present 
in the nucleus was not reduced significantly. This suggests that translocation of 
PIP4Kα into the nucleus may not be solely dependent on its interaction with PIP4Kβ 
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Figure 5. PIP4Kα provides the majority of activity in the PIP4Kα–PIP4Kβ complex. (A) 
HEK-293 cells were transfected with the constructs shown and the lysates were divided and 
immunoprecipitated using an antibody against the EE (left-hand panel) or HA (right-hand panel) 
tag. Immunoprecipitates were split and PIP4K activity was assessed (histogram) and the rest was 
analysed by Western blotting using the antibodies indicated (upper blot). The blot was stripped 
and then reprobed with the antibodies indicated (lower blot). It appears that PIP4KαKD interacts 
less well with PIP4Kβ, however, this is a consequence of its lower expression (see left-hand 
blot EE-IP WB PIP4Kα). The ratio of PIP4Kα/PIP4KαKD in the input is 3.95 and is similar in 
the PIP4Kβ immunoprecipitate (4.4). (B) Membrane, cytosol and nuclear fractions were isolated 
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Figure 6. PIP4Kβ regulates the localization of PIP4Kα in the nucleus. (A) Lysates from cytosol 
and nuclear fractions, isolated from HEK-293 cells expressing the RNAi constructs indicated, 
were immunoprecipitated with an antibody specific against PIP4Kα (p19) and Western blotted 
using the antibody against PIP4Kα. (B) HeLa cells were transfected with Myc–PIP4Kα, fixed and 
stained using the anti-Myc antibody. (C) Cells were transfected with HA–PIP4Kβ and stained 
using the anti-HA antibody. (D) Cells were co-transfected with Myc–PIP4Kα and HA–PIP4Kβ, 
fixed and stained with rabbit anti-Myc antibody (left-hand micrograph) and mouse anti-HA 
(middle micrograph) and the merge is shown on the right-hand side. (E) Lysates from HEK-293 
cells stably expressing the RNAi constructs indicated, were immunoprecipitated (IP) with p6 (anti-
PIP4Kβ antibody) and Western blotted (WB) for PIP4Kα (upper panel). The blot was stripped and 
reprobed with p6 (anti-PIP4Kβ). The data show that the ratio of PIP4Kα to PIP4Kβ in a PIP4Kβ 
immunoprecipitate is higher in the nuclear extracts (1.55) compared with the cytosol (0.21). The 
arrows denote the different molecular masses of PIP4Kα in the membrane, cytosol and nuclear 
fraction. The data are representative of at least two separate experiments.
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(Figure 6A). As the antibodies against PIP4Kα cannot be used to immunolocalize 
the endogenous protein, Myc–PIP4Kα was expressed alone or together with HA–
PIP4Kβ, and their subcellular distribution was determined using confocal microscopy. 
Overexpressed Myc–PIP4Kα was found predominantly in the cytosol with some 
staining in the nucleus (Figure 6B). PIP4Kβ on the other hand was present both in 
the cytoplasm and in nuclear speckles (Figure 6C). When the two enzymes were co-
expressed, the localization of PIP4Kβ remained unchanged, but PIP4Kα could be 
clearly observed in nuclear speckles that co-localized with PIP4Kβ (see merge in 
Figure 6D). These data indicate that while PIP4Kβ may not control the overall nuclear 
import of PIPKα, it may modulate the subnuclear localization of PIP4Kα.

Although it is difficult to determine the absolute amounts of PIP4Kα and β 
using antibodies and Western blotting, we investigated the amount of PIP4Kα 
associated with PIP4Kβ in each subcellular fraction. Western blotting of PIP4Kβ 
immunoprecipitates from the membrane fraction revealed that the molecular masses 
of PIP4Kα and β were smaller when compared with their cytosolic counterparts 
(Figure 6E). These bands are the correct proteins as they are not present in the RNAi 
PIP4Kβ-knockdown lines. The decrease in molecular mass may be a consequence of 
post-translational modification or, alternatively, of proteolytic processing. Strikingly, 
the ratio of PIP4Kα/PIP4Kβ in the PIP4Kβ immunoprecipitate from nuclear extracts 
(1.55) was 6-fold higher when compared with the immunoprecipitate from the 
cytosol (0.21) (Figure 6E). This suggests that that there is a larger percentage of 
PIP4Kα–PIP4Kβ complex in the nucleus compared with the cytosol. The result is not 
just a reflection of the total levels of PIP4Kα in the different subcellular fractions 
as the majority (80%) of PIP4Kα is cytosolic (Figure 6A). How the PIP4Kα–PIP4Kβ 
complex becomes enriched in the nuclear fraction is not clear. The nucleus may 
preferentially sequester the PIP4Kα–PIP4Kβ complex compared with the PIP4Kβ 
homodimers or the nuclear environment might favour exchange of subunits to 
generate the heterocomplex.

PIP4Kα affects the ubiquitination of PIP4Kβ by the SPOP–CUL3 complex
As PIP4Kα can interact with PIP4Kβ, PIP4Kα should play a role in functions that are 
primarily associated with PIP4Kβ. The nuclear SPOP–CUL3 ubiquitination complex 
[CUL3, SPOP and RBX1 (ring-box 1)] can interact with and ubiquitinate PIP4Kβ. 
Furthermore, the ubiquitination activity of the complex appears to be stimulated 
by an increase in the level of PtdIns5P [24]. How does overexpression of wild-type 
PIP4Kβ, which should decrease the level of PtdIns5P, increase its own ubiquitination? 
We considered that overexpression of PIP4Kβ will increase the level of the PIP4Kβ 
homodimer, which will have much less PIP4K activity than the PIP4Kα–PIP4Kβ 
complex, and therefore could potentially act as a dominant-negative kinase when 
recruited to the SPOP–CUL3 complex. This could increase the local level of PtdIns5P 
and therefore increase SPOP–CUL3-mediated ubiquitination of PIP4Kβ. If so, then 
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overexpression of PIP4Kα should rebalance the ratio of the PIP4Kα–PIP4Kβ complex 
and therefore reduce PIP4Kβ ubiquitination. Furthermore, overexpression of a kinase-
inactive PIP4Kα would not be expected to suppress PIP4Kβ ubiquitination.

As shown previously [24], ubiquitination of Myc–PIP4Kβ was only observed when 
it was co-expressed with all three CUL complex proteins (Figure 7A, compare lane 1 
with lane 2, and lane 7 with lane 8) and ubiquitination was enhanced when the kinase-
inactive PIP4Kβ was expressed (Figure 7A, compare lane 2 with lane 8). Strikingly, 
co-expression of the wild-type PIP4Kα enzyme suppressed ubiquitination of PIP4Kβ 
(Figure 7A, compare lane 2 with lane 4, and lane 8 with lane 10); however, co-expression 
of the kinase-inactive PIP4Kα (EE–PIP4KαKD) did not (compare lane 2 with lane 6, and 
lane 8 with lane 12). To test whether nuclear PIP4Kα is required to suppress PIP4Kβ 
ubiquitination, PIP4Kα was targeted to the plasma membrane by a myristoylation 
sequence and PIP4Kβ ubiquitination was assessed. When co-expressed with PIP4Kβ, 
Myr–PIP4Kα was not present in the nucleus, localized predominantly on the membrane 
and did not influence the nuclear localization of PIP4Kβ (Supplementary Figure S3 
at http://www.BiochemJ.org/bj/430/bj4300223add.htm). Myr–PIP4Kα is active and 
in vivo can attenuate IpgD-induced PtdIns5P generation to the same extent as the 
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Figure 7. PIP4Kα regulates CUL3-mediated ubiquitination of PIP4Kβ. HEK-293 cells were 
transfected as indicated and His-tagged proteins were affinity-purified using Ni2+–Sepharose 
and analysed by Western blotting with an anti-Myc antibody to visualize Myc–PIP4Kβ and its 
ubiquitinated products. The arrow denotes where non-ubiquitinated Myc–PIP4Kβ would migrate. 
Total cell lysates were also separated by SDS/PAGE and probed as shown. (B) His-tagged 
proteins were purified from lysates of cells expressing the constructs indicated and analysed by 
Western blotting using an anti-Myc antibody. Total cell lysates were also Western blotted with 
the antibodies indicated. Note all cells received the three CUL complex proteins (CUL3, RBX1 
and SPOP). The data are representative of three separate experiments. IP, immunoprecipitation; 
WB, Western blot.
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wild-type PIP4Kα (results not shown). Overexpression of the Myr–PIP4Kα, however, 
did not suppress the ubiquitination of the PIP4Kβ (Figure 7B), suggesting that the 
interaction with PIP4Kβ and targeting of PIP4Kα to the nucleus is required to suppress 
SPOP–CUL3-mediated PIP4Kβ ubiquitination.

Discussion
PIP4Kβ exists as a dimer through the interaction between two anti-parallel β-sheets 
at the N-terminus of the protein [28,30]. When expressed in cells, we also found that 
PIP4Kβ forms dimers as assessed by sucrose density centrifugation studies. Under 
these conditions, no monomers were detected. The dimer appeared to be extremely 
stable as extraction with RIPA buffer containing 0.2% SDS before cross-linking did not 
prevent dimer formation. The dimeric surface creates a large flat positively charged 
surface able to interact electrostatically with the membrane [30]. The interaction of 
PIP4Kβ with the membrane occurs in order to present the enzyme to its substrate 
PtdIns5P, which is then phosphorylated to generate PtdIns(4,5)P2. However, our 
studies show that when compared with the PIP4Kα isoform, the PIP4Kβ dimer is 
2000-fold less active in vitro. This led us to question whether PIP4Kβ is less active in 
vivo than PIP4Kα. Overexpression of IpgD, a bacterial PtdIns(4,5)P2 4-phosphatase, 
induced PtdIns5P generation which could be partially attenuated by the expression of 
PIP4Kα, but not by an equivalent level of expression of PIP4Kβ, showing that PIP4Kβ 
activity is also much lower in vivo than PIP4Kα. The inability of PIP4Kβ to decrease 
IpgD-induced PtdIns5P levels is not due to its nuclear localization as we show that 
PIP4Kβ is present in the cytosol, membrane and in the nucleus.

If the role for both PIP4Kβ and PIP4Kα is to regulate the level of PtdIns5P, then 
the much reduced PIP4K activity of PIP4Kβ is surprising. However, the unexpected 
discovery that PIP4Kβ interacts with and targets PIP4Kα provides an explanation as to 
how the low activity PIP4Kβ isoform can regulate PtdIns5P levels. They also suggest 
that the level of nuclear PtdIns5P may depend on nuclear PIP4Kα. Although we show 
that PIP4Kα and β can interact with each other, the nature of the interaction is not 
clear. It is possible that it exists as a heterodimer, or that a PIP4Kα monomer may 
interact with the PIP4Kβ dimer in a trimeric complex. Indeed, PIP4K purified from 
erythrocytes showed a native molecular mass of 150000 kDa, suggesting the presence 
of a trimer [31]. Quantitative proteomic studies of PIP4Kα and PIP4Kβ in chicken 
DT40 cells suggest that the complex of α and β is a dimer. Furthermore, the amino 
acid sequence of the β-sheet that forms the dimer interface in PIP4Kβ is identical in 
PIP4Kα, and in silico modelling studies confirm the suggestion that PIP4Kα and β 
could form heterodimers [32].

The much lower PIP4K activity of PIP4Kβ compared with PIP4Kα begs the question 
as to whether there is a role for active PIP4Kβ in the complex. We show that the PIP4K 
activity is higher when active PIP4Kβ, compared with the inactive PIP4Kβ, is complexed 
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with endogenous PIP4Kα. These data suggest either that PIP4Kα can dramatically 
stimulate the activity of PIP4Kβ, or that PIP4Kβ kinase activity is required to activate 
PIP4Kα in the complex. The conformation of the active PIP4Kβ may also be different 
to the inactive kinase, which may be important for the regulation of the activity of the 
PIP4Kα subunit. In the absence of specific inhibitors against each isoform and crystal 
structures of the various complexes it is difficult to conclude the exact role of the 
active PIP4Kβ subunit in the complex.

It is also pertinent to question whether the formation of the PIP4Kα–PIP4Kβ 
complex is regulated. If the affinities of interaction between PIP4Kβ homodimers 
and the heterocomplex are similarly equal then the formation of the heterocomplex 
may just be controlled by the ratio of the levels of expression of PIP4Kα to PIP4Kβ. 
In this case changes in the ratio of expression of PIP4Kα to PIP4Kβ will modulate 
the amount of PIP4Kα–PIP4Kβ complex, and therefore the amount of PIP4K 
activity, targeted by PIP4Kβ. Physiologically, the ratio of the levels of PIP4Kα and 
PIP4Kβ differ dramatically between tissue types. Perhaps more importantly, the 
gene encoding PIP4Kβ is located in the ERBB2 amplicon that is often amplified 
in human breast tumours, which can lead to increased expression of PIP4Kβ [33]. 
The increased expression of PIP4Kβ could: (i) increase the concentration of the 
homodimer, which may have a specific function within the cell, independent of 
PIP4Kα; (ii) increase targeting of PIP4Kα to decrease PtdIns5P levels; or (iii) increase 
the homodimer concentration, which may act in a dominant-negative manner and 
thereby lead to an increase in the level of PtdIns5P. Clearly, what the outcome is will 
very much depend on the absolute ratio of PIP4Kα to PIP4Kβ. Being able to control 
the expression of PIP4Kβ, together with measurement of the PtdIns5P level in both 
the cell and in the nucleus, should clarify some of these issues. Quantitative mass 
spectrometric evidence for random dimerization of PIP4Kα and β in chicken DT40 
cells are presented in another study [32].

Alternatively or additionally, the heterocomplex formation may be regulated. 
PIP4Kβ is extensively post-translationally modified (Y. Bultsma, W.-J. Keune and 
N.  Divecha, unpublished work) and these modifications may be able to regulate 
complex formation. We previously showed that p38 MAPK (mitogen-activated 
protein kinase) phosphorylates PIP4Kβ at Ser326 and induces a decrease in its PIP4K 
activity [15]. As PIP4Kα accounts for the majority of PIP4K activity in a PIP4Kβ 
immunoprecipitate, we considered that the decrease in activity might be due to 
phosphorylation-dependent inhibition of the interaction between PIP4Kα and β. We 
assessed this and found that UV stimulation, okadaic acid, etoposide, doxorubicin 
or H2O2 treatment did not change the interaction between PIP4Kα and PIP4Kβ 
(Supplementary Figure S4 at http://www.BiochemJ.org/bj/430/bj4300223add.htm), 
although they did induce Ser326 phosphorylation of PIP4Kβ (results not shown). 
Phosphorylation of Ser326 on PIP4Kβ may lead to a conformational change that 
inhibits the activity of the associated PIP4Kα.
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Interestingly, in HEK-293 cells and in MEL cells (results not shown) the PIP4Kα–
PIP4Kβ complex appears to be more prevalent in nuclear extracts than in the 
cytosolic fraction. This does not reflect the total level of PIP4Kα in the two fractions 
as the majority of PIP4Kα is cytosolic. Notwithstanding that during the nuclear 
isolation procedure there may be a preferential loss of the PIP4Kβ dimer or of the 
PIP4Kα enzyme, this may suggest that heterocomplex formation is regulated in the 
nucleus. We do not believe that there is significant redistribution of the enzymes 
on subcellular fractionation as immunofluorescence analysis of overexpressed 
PIP4Kα or β show a similar subcellular distribution to subcellular fractionation. 
Why then is the PIP4Kα–PIP4Kβ complex more prevalent in the nucleus? If the 
PIP4Kα isoform can only enter the nucleus as a consequence of its interaction with 
PIP4Kβ, we would expect that the nuclear PIP4Kα/PIP4Kβ ratio would reflect the 
cytosolic PIP4Kα/PIP4Kβ ratio. The PIP4Kα–PIP4Kβ complex, however, may be 
preferentially imported into the nucleus or preferentially sequestered in the nucleus 
compared with the PIP4Kβ homodimer. Alternatively, if PIP4Kα can be imported 
into the nucleus independently of PIP4Kβ, then the nuclear environment may favour 
rapid exchange of subunits to generate the PIP4Kα–PIP4Kβ complex. This may 
be a direct consequence of subcellular specific post-translational modification of 
PIP4Kβ. PIP4Kα may be imported into the nucleus independently of PIP4Kβ as, 
compared with control cells, we were unable to detect significant differences in 
the total amount of PIP4Kα present in the nucleus after PIP4Kβ expression was 
suppressed by RNAi.

It is clear, however, that control of the nuclear localization of both PIP4Kβ and α 
is complex. Previous studies on the overexpression of PIP4Kβ in HeLa cells [16] and 
on the localization of FLAG-tagged endogenous PIP4Kβ in chicken DT40 cells [34] 
suggested that the majority of PIP4Kβ was nuclear. However, in most cells that we have 
studied, overexpressed PIP4Kβ localizes to the nucleus, the cytosol and the plasma 
membrane as observed by others [24] and in the present study in HeLa cells. However, 
in MCF7 cells the majority of PIP4Kβ appears nuclear, whereas in T47D, another 
breast cancer cell line, PIP4Kβ is mainly cytosolic (results not shown). The reason for 
these differences is not clear, but may be a consequence of differential expression of 
import factors or post-translational modification of PIP4Kβ. In the case of PIP4Kα in 
HT1080 cells, overexpressed PIP4Kα is predominantly cytosolic. Co-overexpression of 
PIP4Kα and PIP4Kβ leads to a clear increase in total PIP4Kα targeted to the nucleus 
(Supplementary Figure S5 at http://www.BiochemJ.org/bj/430/bj4300223add.htm), 
suggesting that in some cells, overexpressed PIP4Kβ will target more PIP4Kα into 
the nucleus. Our results also show that PIP4Kβ can target PIP4Kα to nuclear speckles 
and that PIP4Kβ-mediated targeting of PIP4Kα is functional and can regulate the 
ubiquitination activity of the SPOP–CUL3 complex.

The ability of inactive mutant proteins to localize or modulate active counterparts 
has been reported in numerous signalling cascades and has been well-characterized 
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in the myotubularin family. Myotubularins are a family of lipid phosphatases some 
of which are inactive, such as MTMR13, due to a mutation in a critical active-site 
cysteine residue [35]. MTMR13 interacts with and activates MTMR2 [36] and mutation 
in either MTMR2 or the inactive MTMR13 can induce Charcot–Marie–Tooth syndrome 
4B [37]. These data exemplify the importance of how the interaction between the 
active PIP4Kα and less-active PIP4Kβ may impinge on phosphoinositide regulation in 
physiological and pathological conditions.

We would like to note that while the present study was in progress we became 
aware that another group independently discovered the association between PIP4Kα 
and PIP4Kβ [32].
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Supplementary Figure 1. Characterization of the separation of different molecular mass proteins 
by sucrose density gradient centrifugation. (A) SDS/PAGE showing molecular mass standards 
used in the sucrose gradients. Alb, albumin; Ado, aldolase; Cat, catalase; Fer, ferritin; Thyr, 
thyroglobin; Mix, mixture of standards. (B) Separation of the standards by sucrose density 
gradient centrifugation.
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Supplementary Figure 2. Characteriza-
tion of specific antibodies against PIP4K 
isoforms. (A) The indicated amounts 
(μg) of purified GST–PIP4Kα and β were 
separated by SDS/PAGE and the gel was 
stained with Coomassie Blue. (B) On 
the basis of the gel in (A), the indicated 
amounts of each recombinant protein 
(ng) were separated by SDS/PAGE, 
transferred on to nitrocellulose and 
probed with the antibodies indicated. 
The upper panel of each blot shows a 
longer exposure. The data show that 
p19 and the PIP4Kα C-terminus antibod-
ies specifically recognize only PIP4Kα, 
whereas p5 and p6 recognize only 
PIP4Kβ. WB, Western blot.
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Supplementary Figure 3. Localization of PIP4Kβ and Myr–PIP4Kα. Myr-PIP4Kα was co-expressed 
with GFP–PIP4Kβ, fixed and stained for PIP4Kβ (green channel) or for PIP4Kα (red channel). It 
demonstrates that the Myr–PIP4Kα is predominantly on the membrane, but does not translocate 
to the nucleus with PIP4Kβ nor does it prevent the localization of GFP–PIP4Kβ in the nucleus.

Supplementary Figure 4. Cellular stressors do not modulate the interaction between PIP4Kα 
and PIP4Kβ. HEK-293 cells expressing the indicated RNAi constructs were treated as shown 
and cell lysates were immunoprecipitated with the p6 antibody (anti-PIP4Kβ), separated by 
SDS/PAGE and Western blots were probed for PIP4Kα. The blot in the top panel was stripped 
and then reprobed for PIP4Kβ. None of the treatments changed the interaction between 
PIP4Kα and PIP4Kβ. The arrow denotes the migration of endogenous PIP4Kα. CTL, control; IP, 
immunoprecipitation; WB, Western blot.
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Supplementary Figure 5
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Supplementary Figure 5. PIP4Kβ targets PIP4Kα to the nucleus in HT1080 cells. (A) HT1080 cells 
were transduced with Myc–PIP4Kα (human), selected and plated on to coverslips. The anti-Myc 
antibody was used to immunolocalize PIP4Kα and the cells were co-stained with DAPI to reveal 
the nuclei. Confocal analysis shows that Myc–PIP4Kα predominantly localizes to the cytosol and 
plasmamembrane. (B) HT1080 cells were transduced with Myc-PIP4Kα and HA-PIP4Kβ, selected 
with the appropriate antibiotics and plated on to coverslips. Anti-Myc and p6 were used to 
immunolocalize PIP4Kα and PIP4Kβ respectively, and DAPI was used to counterstain the nuclei. 
Confocal analysis revealed that when co-expressed with PIP4Kβ, PIP4Kα now localizes in the 
nucleus. There is also co-localization between PIP4Kα and β in the plasma membrane. The data 
suggest that PIP4Kβ can target PIP4Kα to the nucleus.
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Abstract
Phosphatidylinositol-5-phosphate 4-kinase beta (PIP4K2B) directly regulates 
the levels of two important phosphoinositide second messengers PtdIns5P and 
Phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P2). PtdIns5P has been linked to 
the regulation of gene transcription, TP53 and AKT activation and to the regulation of 
cellular reactive oxygen accumulation. PtdIns(4,5)P2 is at the heart of PI signalling as it 
is the preferred substrate for both PI-3-kinase and phospholipase C. PtdIns(4,5)P2 also 
acts as a second messenger regulating ion channel and integrin function, endocytosis, 
membrane trafficking and transcription in the nucleus. Although PIP4K2B can regulate 
cancer relevant functions in cells it is not known if PIP4K2B expression impinges on 
human tumour development and on patient survival. Here we have developed a 
specific antibody recognising PIP4K2B and have characterised its use to interrogate 
the expression of PIP4K2B in a large cohort (489) of human breast tumour samples 
with associated clinical outcome data. PIP4K2B is expressed in the ducts of normal 
breast tissue and in tumours we found a strong variability in its expression. Surprisingly, 
low PIP4K2B expression was associated with increased tumour size, high histological 
grade (NHG) and Ki67 expression and an increase in distant metastasis. Kaplan Meier 
curves showed that event free survival of patients was negatively correlated with 
PIP4K2B staining. In breast tumour (MCF7) and normal (MCF10A) breast epithelial 
cell lines, PIP4K2B knockdown led to a decrease in the transcription and expression of 
the tumour suppressor protein E-cadherin (CDH1). PIP4K2B knockdown also primed 
MCF10A cells to undergo an epithelial to mesenchymal transition (EMT) in response to 
TGFβ treatment. Data mining of two independent expression arrays using Oncomine 
confirmed an associated decrease in CDH1 expression with low PIP4K2B expression. 
The deregulation of CDH1 expression and priming of TGFβ-induced EMT by reduced 
PIP4K2B expression might in part explain the negative correlation between PIP4K2B 
expression and patient survival. 
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Introduction
Neoplasms derived from breast epithelium often originate as a consequence of 
alterations in various signalling pathways. For example amplifications of the ERBB2 
gene, mutations in BRCA1, BRCA2 and RAS genes and modulation of the estrogen/
progesterone receptor status have all been shown to play a role in the development 
of breast neoplasms. However, most cancer deaths occur as a consequence of the 
spread of therapy resistant cells throughout the body. Metastatic cells acquire somatic 
mutations and epigenetic changes that increase their ability to migrate away from the 
original tumour site, survive within lymphatics and the blood stream and to invade 
and colonise new tissues. The acquisition of these characteristics is often associated 
with a decrease in the levels of CDH1 and a subsequent decrease in cell-cell adhesion 
and increase in cell motility and degradation of the stromal matrix. CDH1 loss is also 
associated with an increased in epithelial to mesenchymal transition (EMT). CDH1 
is an epithelial Ca+-dependent cell adhesion molecule which facilitates cell-cell 
adhesion through homophilic interactions with adjacent CDH1 molecules expressed 
on neighbouring cells (1-2). Loss of CDH1 has been observed in several tumours and 
has been shown to contribute to invasiveness and the development of metastasis 
(3). EMT is an important process in normal development enabling cell migration and 
the consequent differentiation and generation of new organs and tissues. EMT is 
controlled by a number of master regulators of gene transcription such as the Snail 
family, Goosecoid and members of the ZFH family (zinc-finger homeodomain, ZEB1 
and ZEB2) (4) and has been suggested to be required for the acquisition of metastatic 
stem cell-like characteristics of tumour cells (5-6). For example TGFβ which is normally 
tumour suppressive also induces EMT-like characteristics during late stage tumour 
development enhancing cell metastasis. The loss of CDH1 is considered to be one of 
the hallmarks of the EMT programme (7-8), and recent studies have shown that loss 
of CDH1 can also facilitate the induction of the EMT programme (9). Loss of CDH1 
function can occur through mutation, gene deletion, silencing of the CDH1 promoter, 
regulation of its transcription and by proteolytic degradation. Understanding how 
various signalling pathways impinge on CDH1 levels is of utmost importance in 
understanding how the EMT programme and metastasis might be facilitated. 

Phosphoinositides are signalling lipids that regulate many cellular processes 
(10). Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2 is at the centre of 
phosphoinositide signalling providing the substrate for both receptor regulation of PLC 
(phospholipase C) and of PtdIns-3-kinase family members. PtdIns(4,5)P2 also acts as a 
signalling moiety itself by recruiting and regulating the activity of specific interacting 
proteins (11). Regulation of CDH1 signalling by phosphoinositides is complex. The 
concentration of CDH1 mRNA and protein can be regulated by AKT signalling, one of 
the major downstream targets for PtdIns-3-kinase signalling. CDH1 activation also leads 
to increased PtdIns(3,4,5)P3 signalling required for the regulation of cell-cell adhesions 
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suggesting the existence of complex signalling feedback loops (12). The localisation 
of CDH1 can also be regulated by PtdIns(4,5)P2 signalling (13). Two families of lipid 
kinases are known to generate PtdIns(4,5)P2; PIP5Ks regulate the bulk of PtdIns(4,5)P2 
by phosphorylation of PtdIns4P and the gamma isoform of PIP5K regulates CDH1 
trafficking and localisation (13). PIP4Ks phosphorylate PtdIns5P on the 4-position to 
generate PtdIns(4,5)P2 and their likely role in vivo is to regulate cellular pools of both 
PtdIns5P and PtdIns(4,5)P2. There are three isoforms of PIP4K, 2A, 2B and 2C, (14-17) 
which appear to have distinct subcellular localisations, although PIP4K can homo and 
heterodimerise. PIP4K2B localises in the plasma membrane, the cytoplasm and in 
nuclear speckles. Overexpression of PIP4K2B can suppress AKT activation induced by 
insulin and PIP4K2B knockout mice show enhanced insulin sensitivity in muscle and 
increased AKT activation (18-19). In the nucleus PIP4K2B controls nuclear PtdIns5P 
levels (20) and through its interaction with PHD finger containing proteins PtdIns5P 
can regulate gene transcription (21). Furthermore in response to H2O2 PtdIns5P acts 
as a signalling intermediate to regulate the expression of genes required for the 
management of oxidative stress responses (22). 

In normal tissues PIP4K2B is highly expressed in brain and in muscle and its levels 
in tumour cells vary markedly. High expression levels of PIP4K2B can be found in 
several breast cancer derived cell-lines such as UACC-812, BT474 and T47D cells and 
is particularly associated with ERBB2 positive breast cell lines. The gene encoding 
PIP4K2B is located at 17q21.2 and can be amplified as part of the ERBB2 amplicon (23). 

Using a specific antibody against PIP4K2B (24) we interrogated PIP4K2B expression 
in 489 human breast tumour samples for which extensive associated clinical outcome 
data was available. An inverse correlation between PIP4K2B expression and tumour 
size, the proliferation marker Ki67 and observation of distant metastasis during follow 
up was found. Kaplan Meier survival curves showed a decrease in event free survival 
in patients that expressed low levels of PIP4K2B leading to worse patient outcome. 
Loss of PIP4K2B in breast tumour cells led to decreased transcription of the cell-cell 
adhesion protein CDH1 and to enhanced EMT in response to TGFβ signalling. 
Reduced CDH1 expression in breast tumours might in part underlie the poorer survival 
observed in patients with low PIP4K2B expression.

Materials and methods
Cell lines and reagents
Cell lines (HEK293, MCF7 and MCF10A) were obtained from the American Type 
Culture Collection. HEK293 cells were cultured in DMEM medium (Invitrogen) 
supplemented with 10% FCS whilst MCF7 cells were grown in RPMI medium 
(Invitrogen) supplemented with 10% FBS. MCF10A cells were grown in DMEM/F12 
medium (Invitrogen) supplemented with horse serum (Invitrogen), 20ng/ml EGF (R&D), 
0.5 μg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma) and 10 μg/ml insulin 
(Sigma). TGFβ (R&D systems). The following plasmids were used: pRetro and pLKO.1 
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(lentiviral vector). pGL3-E-cadherin-luciferase was a gift from J.A. Martignetti (Mount 

Sinai School of Medicine, New York, USA). RNAi constructs were generated by cloning 

the sequence below into pRetroSuper. PIP4K2B 5′-AGATCAAGGTGGACAATCA-3′. 
Retroviral particles were generated in Phoenix ecotropic cells to transduce HEK293 

cells expressing the ecotropic receptor. Cell populations were selected with puromycin 

(2ug/ml). 

The lentiviral vector pLKO.1 containing shRNA targeting sequences were used to 

knock down PIP4K2B in MCF7 and MCF10A cells. Viral particles were generated in 

HEK293FT cells in 6 well plates using 2 μg of total DNA consisting of pLKO.1 vector 

and plasmids encoding GAGPol and VSVG (the ratio of being 4:2:1, respectively). 

Cells were transduced in the presence of polybrene (5μg/ml) and populations of cells 

were selected using puromycin (2μg/ml).

Patients and tumour samples
The tissue microarray used included tumour cores from 489 consecutive breast cancer 

cases diagnosed at the Department of Pathology, Malmö University Hospital, Sweden 

between 1988 and 1992. (25)

Immunocytochemistry
For immunocytochemistry HEK293 cells were harvested, washed in PBS and fixed for 

4 hours in 4% paraformaldehyde. Cell pellets were dehydrated in a graded ethanol 

series and embedded in paraffin. The TMA slides were deparaffinised, rehydrated and 

microwave-treated in target retrieval solution citrate buffer (10mM, pH 6.0), Sections 

were incubated with the indicated antibodies and were visualised was visualized using 

DAB. The PIP4K2BP6 antibody was used at 1:500, while the Anti-ERBB2 antibody was 

used according to manufactures instructions (Pathway CB-USA, 760-2694)

PIP4K2B staining intensities were subdivided into six categories (groups 0, 1, 2, 

3, 4 and 5) and for further statistical analysis we combined groups 0 and 1, groups 

2 and 3 and groups 4 and 5 to generate three intensity groupings. ERBB2 staining 

was scored semi-quantitatively by the intensity and percentage of staining as 0 and 

1+ negative, 2+ equivocal and 3+ as positive. Evaluation was performed by two 

independent observers (one a pathologist), with the pathologist’s score superseding 

the other observer’s at consolidation. Conflicting observations were low (< 5%) for all 

evaluations made. All immunohistochemical evaluations were performed without prior 

knowledge of tumour characteristics. 

Cell viability/proliferation assay
MCF7 cells were plated (3000 cells/well) in clear 96-well plates and allowed to adhere 

overnight. Cell viability/proliferation was monitored at day 1, 3 and 5 post plating. 

Alamar Blue reagent (Invitrogen) was added to the plate, incubated for 2 hours at 

37ºC and fluorescence was measured on a POLARstar Omega plate reader (BMG) 

using 530nm excitation and 590nm emission.
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Anchorage-dependent and -independent clonogenic growth assays
MCF7 cells were plated at low density (1000 cells/10cm plate) and allowed to grow for 
10 days. Colonies were stained with crystal violet (0.5% w/v in PBS-0.5% formaldehyde 
v/v). After extensive washing to remove non-specifically bound dye the plates were 
dried, scanned and colonies were quantified with Image J software. For colony density 
analysis, colonies were stained with ethidium bromide (Sigma) and fluorescence and 
phase-contrast images were taken with an Axiocamera and quantified with Image 
J software. Data were presented as number of colonies divided by colony area. 
Anchorage-independent growth was monitored in soft agar. Cells were embedded 
in low-melting agarose (Sigma) and allowed to grow for 10 days. Images were taken 
using an Axiocamera and colonies were quantified with Image J software.

Western immunoblot analysis
Protein expression was analysed by standard Western blotting procedures employing 
the following antibodies: PIP4K2BP6 was generated in house by immunising New 
Zealand white rabbits with a specific PIP4K2B peptide (CNLLSFPRFFGP) coupled 
to keyhole limpet haemocyanin). Control antibody supernatant was obtained by 
immunopurification of PIP4K2BP6 serum using a PIP4K2B epitope containing column. 
ERBB2 (Labvision Neomarkers) CDH1 (BD), Actin (Chemicon International), Fibronectin 
(BD), Vimentin (Novo Castro), B-catenin (Cell Signalling Technology) and Tubulin 
(Sigma).

Luciferase assay
Reporter assays were performed using the Dual-GLO® Luciferase System (Promega). 
Cells transfected with a renilla vector and pGL3-E-cadherin-luciferase were lysed in 
passive lysis buffer and transferred to a white polystyrene 96-well plate (Corning). 
Luminescence was measured using a POLARstar Omega plate reader (BMG).

RT-PCR analysis
RNA was isolated with an RNeasy® Plus Mini kit and QIAshredder spin columns 
(Qiagen). cDNA was generated using the high capacity reverse transcription kit 
(Applied Biosystems). qPCR assays were performed in MicroAmp® optical 384-well 
reaction plate (Applied Biosystems) and analysed using an Applied Biosystems 
7900HT Sequence Detection System (SDS). Ribosomal protein L32 was used as a 
housekeeping gene loading control. Primers were designed and probes selected 
using the universal probe library. SDS 2.1 software provided with the 7900HT system 
was used to interpret the raw qPCR data to produce Ct values. Once normalised 
for housekeeping gene expression and control samples these values represented 
quantitation of mRNA transcript levels. 
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Results
PIP4K2B antibody characterisation
In order to study PIP4K2B signalling we developed a PIP4K2B-specific antibody 
(24) generated to the peptide sequence NLLSFPRFFGP which is present in 2B 
but absent in both the 2A and 2C isoforms (Figure 1A). The antibody, PIP4K2BP6, 
specifically recognised purified GST-PIP4K2B compared to an equivalent amount 
of GST-PIP4K2A by both ELISA and by western blotting (Figure 1B and C). We first 
assessed if PIP4K2BP6 could be used to stain cells that had been fixed and embedded 
in paraffin in which we had suppressed or increased the expression of PIP4K2B. As 
an additional control, we also used a pre-immune serum from the rabbit used to 
generate the PIP4K2BP6 antibody. The PIP4K2BP6 antibody specifically stained wild 
type HEK293 cells compared to the pre-immune serum (Figure 1D panel 1 and 2). 
The specific staining observed with PIP4K2BP6 was diminished when endogenous 
PIP4K2B expression was suppressed by shRNA (Figure 1D panel 3 and insert) and 
the staining intensity was increased in cells that overexpressed PIP4K2B (Figure 1D 
panel 4). We next stained sections derived from several normal breast and tumour 
samples. To control for antibody staining, the PIP4K2BP6 serum was immuno-
depleted for PIP4K2B antibodies by passing the serum through a column to which 
the P6 peptide had been coupled. Immunoblotting demonstrated that the PIP4K2BP6 
antibody no longer recognised GST-PIP4K2B after passing through the P6 column 
(Supplementary Figure 1). In normal breast tissue, PIP4K2B was strongly expressed 
in the luminal epithelial cells of ducts and acini where it was predominantly localised 
at the plasma membrane. Little staining was observed in the myoepithelial cell layer 
(Figure 1E panel 1). In tumours heterogeneous staining was observed in which plasma 
membrane staining was often lost and cytosolic and nuclear staining became apparent 
(Figure 1F panel 1). The specificity of PIP4K2B staining was demonstrated by using 
the P6-peptide depleted antiserum which showed decreased staining of both normal 
and tumour tissue (Figure 1E and F panel 2). The heterogeneous cellular localisation 
of PIP4K2B observed in normal and tumour tissue was also observed in several breast 
cancer cell-lines fixed and embedded in paraffin, which showed both nuclear, cytosolic 
and membrane staining. Notably we observed strong nuclear staining of PIP4K2B in 
MCF7 cells (Supplementary Figure 2). 

PIP4K2B staining in breast tumours correlates with several clinico-
pathologic tumour parameters 
To study PIP4K2B levels in breast tumours a tissue micro array (TMA) containing 489 
advanced breast tumour samples was stained with the PIP4K2BP6 antibody. PIP4K2B 
expression varied dramatically between tumour cores across the array (Figure 2A 
panel  1-3). For statistical analysis we categorised PIP4K2B expression in to three 
groups with 1 representing the lowest intensity and 3 the highest (Figure 2B). As the 
PIP4K2B gene can be co-amplified with the ERBB2 gene (23), we also assessed ERBB2 
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Figure 1. Characterisation of the PIP4K2BP6 antibody. A. Sequence alignment of PIP4K2A, 
PIP4K2B and PIP42C of the region around the epitope (highlighted in red) to which the P6 
antibody was raised. B. Serial dilutions of P6 serum were applied to a 96-well Elisa plate containing 
recombinant PIP4K2B and PIP4K2A protein. C. Recombinant PIP4K2B and PIP4K2A were 
analysed by Western blotting with the PIP4K2BP6 antibody. D. HEK293 cells were transduced 
with a control vector (pRetro panel 1 and 2), or a shRNA construct targeting PIP4K2B (panel 3). 
The shRNA vector targeting PIP4K2B decreased PIP4K2B protein levels compared to control 
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Figure 2. Expression of PIP4K2B and ERBB2 in breast tumour samples. A. Examples of typical 
staining patterns observed in breast tumour tissue stained with PIP4K2BP6. Low (1), intermediate 
staining (2) and high intensity (3) staining are shown. Scale bar represents 50μM (1) 100μM 
(2 and 3). B. After staining with the PIP4K2BP6 antibody the intensity was scored and examples of 
the scoring for the three different categories of PIP4K2B staining intensities are shown. Group 1, 
weak or no staining, group 2, intermediate staining and group 3, high staining. C. Cores derived 
from the same breast tumour sample were stained for PIP4K2B and for ERBB2. The images in the 
red boxes show higher magnifications as indicated by the scale bars. 

vector (inset next to panel 3). Cells were also transduced with a construct to overexpress PIP4K2B 
(panel  4). Cells were fixed and embedded in paraffin and stained with a control pre-immune 
antibody (1) or the PIP4K2BP6 antibody (2, 3 and 4). The images show that PIP4K2BP6 specifically 
recognises PIP4K2B. E. Normal breast tissue was stained with PIP4K2BP6 before (panel 1) or 
after (panel 2) specific depletion of PIP4K2BP6 with the P6 peptide. F. Breast tumour tissue was 
stained with PIP4K2BP6 before (panel 1) or after (panel 2) specific depletion of PIP4K2BP6 with 
the P6 peptide. Scale bar represents 50μmm (E) or 100μm (F)
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expression in this TMA. ERBB2 staining was scored semi-quantitatively by the intensity 

and percentage of staining as 0 and 1+ negative, 2+ equivocal and 3+ as positive. 

Figure 2C shows a sample core that strongly stained positive for both PIP4K2B and 

ERBB2. Strong membrane staining of ERBB2 could be seen, while PIP4K2B staining 

again appeared more cytosolic. Analysis of the whole TMA clearly demonstrated 

a strong significant correlation between high ERBB2 expression and high PIP4K2B 

expression (Figure 3A) confirming and extending the studies of Luoh et al (23). 

We next analysed correlations between PIP4K2B expression and clinical 

pathological parameters (Figure 3A). There was a statistically significant correlation 

between PIP4K2B expression and the Nottingham histological grade (NHG) 

(P  =  0.007, Pearson Chi Square test); low PIP4K2B expression was associated with 

a high NHG. PIP4K2B expression also negatively correlated with both tumour size 

(P = 0.021, Pearson Chi Square test) and expression of the proliferation marker Ki67 

(P = 0.011, Pearson Chi Square test) indicating that tumours with low expression of 

PIP4K2B appear to be larger in size, more proliferative and associated with more 

malignant grade. ER and PR status did not correlate with PIP4K2B expression nor 

was there a statistically significant correlation with age or lymph node positivity. The 

majority of cores included in the TMA originated from ductal and lobular tumours with 

no statistically significant difference between PIP4K2B expression and histological 

type. Interestingly, observation of distant metastasis during follow up correlated with 

PIP4K2B expression (P = 0.040, Pearson Chi Square test); more patients with low 

PIP4K2B expression exhibited metastasis during follow up compared to high PIP4K2B 

expression. Together these data correlate low PIP4K2B expression with worse clinico-

pathological parameters.

To investigate if PIP4K2B expression correlated with breast cancer outcome, 

a Kaplan Meier curve was generated. PIP4K2B expression correlated with patient 

outcome (Log Rank chi-squared = 6.753, P = 0.034) as defined by time from diagnosis 

until local, regional or distant metastasis or breast cancer-specific death (Figure 3B). 

Low PIP4K2B expression correlated with poorer patient outcome indicating that loss 

of PIP4K2B may facilitate a more malignant tumourigenic phenotype. Intermediate 

or high PIP4K2B expression (group 2 and 3, respectively) correlated with better 

cumulative survival and less observation of cancer specific events. 

PIP4K2B knock down in MCF7 cells affects colony formation in 
anchorage-dependent clonogenicity.

To begin to deconstruct the correlation between poorer patient survival with tumours 

that have low PIP4K2B expression we examined the role of PIP4K2B in the growth 

of the MCF7 breast tumour cell line. PIP4K2B expression was targeted using two 

separate lentiviral-driven shRNAs against PIP4K2B. Western blotting demonstrated 

that both of these constructs strongly reduced the level of PIP4K2B protein by more 

than 90% compared to vector alone (pLKO1) transduced cells (Figure 4A). Although 
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Consecutive array PIP4K2B 
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Figure 3. Clinico-pathological parameters of the TMA correlated with expression of PIP4K2B. 
A. Correlation between PIP4K2B staining and clinico-pathological and molecular parameters 
of advanced breast cancer. B. Kaplan-Meier curve showing the effect of PIP4K2B expression 
levels on event free survival as a function of time from diagnosis until local, regional or distant 
metastasis or breast cancer-specific death. Low PIP4K2B expression group 1 correlated with poor 
patient outcome in contrast to the intermediate and high expression of PIP4K2B (group 2 and 3), 
(Log Rank chi-squared = 6.753, P = 0.034)
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Figure 4. PIP4K2B knock down in MCF7 cells decreases colony formation in anchorage-
dependent clonogenic growth assays. A. MCF7 cells were transduced with a control lentiviral 
vector or two different shRNA vectors targeting PIP4K2B (#1 and #2). Cell lysates were subjected 
to western blotting to detect PIP4K2B and actin. B. MCF7 cells as described in A were plated 
and viability/proliferation was measured on day 1, 3 and 5 post plating using alamar blue. Data 
are representative of three experiments and represent the mean ± SD. No statistically significant 
changes were observed between samples. C. Cells were fixed and labelled with propidium 
iodide and analysed by FACS. D. MCF7 cells were plated in soft agarose to assess anchorage-
independent growth. Images were taken with an Axiocamera and quantified with Image J 
software. Images are representative of 3 separate biological replicates. The graph presents the 
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numbers of three different sizes of colonies (Image J Arbitrary Units, from small 0.002 to big 0.05) 
divided by total number of colonies. Data are representative of two experiments performed in 
triplicate and the data represent the mean ± SD. E. 1000 cells from pLKO1 control and PIP4K2B 
knock-down cell lines were plated in a 10 cm plate and grown for 10 days to assess anchorage 
dependent clonogenic growth. Typical images of the colonies are shown and quantitation 
showed significant differences (** P <0.01, *** P <0.001 (student t-test)) between pLKO and 
PIP4K2B knockdown constructs (#1 and #2). F. Colony morphology of cells from E, was evaluated 
by staining with ethidium bromide (EtBr) to assess cell number per colony and phase contrast 
images were used to determine the colony area The data are presented as the number of cells 
per colony surface area (Image J, arbitrary units). ** P <0.01, *** P <0.001 (student t-test).
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Figure 5. Lentiviral mediated knock down of PIP4K2B leads to a decrease in CDH1 expression. 
A. MCF7 cells transduced with control (1) or with shRNA constructs targeting PIP4K2B (2 and 3) 
were fixed and immunostained with antibodies to CDH1 and analysed by fluorescence microscopy. 
Total immunofluorescence staining was determined and is graphically presented. Statistically 
differences were determined using Student t-test between control and PIP4K2B knockdown cells 
(** P <0.01). B. MCF10A cells were transduced with control (pLKO1) or with lentiviral-mediated 
shRNAs against PIP4K2B (#1 and #2). Lysates were obtained on the days indicated, separated by 
SDS-PAGE and immunoprobed with the indicated antibodies. C. MCF10A cells were transduced 
with control (pLKO1) or with lentiviral-mediated shRNAs against PIP4K2B (#1 and #2) and 
maintained as controls or were treated with the protease inhibitor MG132 as indicated. Cell 
lysates were analysed by western blotting with the indicated antibodies. D. MCF10A cells were 
transduced with control (pLKO1) or with lentiviral- shRNAs targeting PIP4K2B (#1 and #2) and 
relative mRNA expression of PIP4K2B and CDH1 was measured using qRT-PCR and presented as 
fold change compared to pLKO1 control. E. MCF10A cells transduced with the indicated shRNAs 
were transfected with Renilla and E-cadherin-luc. A luciferase reporter assay was performed and 
data are presented after correction for the expression of Renilla luciferase. 

a small reduction in cell growth was apparent in the first two days using shPIP4K2B 
#2 this was not observed using shPIP4K2B #1, and after day two the growth rate was 
comparable with the growth rate of the pLKO1 transduced control cells (Figure 4B). 
No statistically significant differences in cell cycle distribution between PIP4K2B 
knockdown cells compared to control cells were found (Figure 4C). We next studied 
anchorage-dependent and -independent clonogenic growth. Cells were plated in soft 
agar and anchorage independent growth was analysed after ten days. No significant 
changes were observed in colony numbers between control and PIP4K2B knock 
down cells. Although, there was a small reduction in colony numbers when PIP4K2B 
was knocked down with shPIP4K2B #2, this was not observed with shPIP4K2B #1 
(Figure 4D). In anchorage-dependent clonogenic assays, both PIP4K2B knockdown 
constructs led to a decrease in the number of colonies observed compared to pLKO1 
control (Figure 4E). Microscopic analysis of the colonies suggested that knockdown of 
PIP4K2B led to a change in the morphology of the colonies. More specifically colonies 
from cells in which PIP4K2B was knockdown were less tightly packed than the pLKO1 
transduced control cells. 

To quantify this we stained the colonies with ethidium bromide to visualise nuclei 
and quantify cell number and measured colony area. The data are presented as the 
number of cells/colony area and quantitation showed a statistically significant decrease 
when PIP4K2B was knocked down (Figure 4F). The reason for the decrease in cell 
number per colony area is likely to be complex and might be explained by changes in 
contact growth inhibition, surface area/cell number maintenance mechanisms or may 
reflect a decrease in cell/cell contact together with increased cell migratory behaviour. 

Lentiviral-mediated knock down of PIP4K2B leads to a decrease in 
CDH1 expression
As colonies from PIP4K2B knockdown cells appeared less tightly packed we 
investigated if there were any changes in the levels of CDH1. Previous studies have 
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shown that loss of cell-cell contacts are often associated with loss of CDH1 in cancer 
cells which can contribute to a malignant transition (3, 9). MCF7 cells transduced with 
PIP4K2B knockdown constructs showed less total CDH1 expression as assessed by 
immunofluorescence (Figure 5A). We observed less staining at cell/cell junctions and 
less overall staining (Figure 5A). We also assessed CDH1 levels in the non-tumourigenic 
breast cell line MCF10A. PIP4K2B was knocked down using two separate shRNAs (#1 
and #2) and CDH1 levels were assessed over 4 days. In control cells CDH1 levels 
steadily increased. However in PIP4K2B knockdown cells the levels of CDH1 remained 
low. PIP4K2B expression was reduced by approximately 80% and this was maintained 
throughout the time course, although shPIP4K2B #2 appeared to be slightly less 
efficient than shPIP4K2B #1 at day 1 perhaps explaining the difference in relative 
inhibition of CDH1 expression observed (Figure 5B). AKT activation decreases CDH1 
expression and increases CDH1 sequestration in intracellular vesicles. As PIP4K2B 
has been suggested to modulate AKT activation (18), we monitored AKT activation 
(serine 473 phosphorylation) and the phosphorylation status of its downstream target 
AKT1S1. No significant differences in either AKT or AKT1S1 were observed between 
control and PIP4K2B knockdown cells although AKT activation was down regulated 
during the time course of the experiment. 

CDH1 expression can be regulated transcriptionally and post transcriptionally 
and we determined if PIP4K2B might regulate proteasome-mediated degradation of 
CDH1. PIP4K2B knockdown decreased CDH1 at day 1 and day 4 but the decrease 
was not prevented by pre-incubation with the proteosome inhibitor MG132 
(Figure 5C). To determine if PIP4K2B knock down might affect the transcription of 
CDH1, we measured the levels of CDH1 mRNA. PIP4K2B expression was reduced 
by both knockdown constructs and correlated with a significant decrease in CDH1 
mRNA (Figure 5D). Furthermore, to establish if transcription of the CDH1 gene might 
be decreased, we assessed CDH1 promoter activity in MCF10A cells after knock 
down of PIP4K2B using the CDH1 gene promoter coupled to luciferase transcription. 
Both shPIP4K2B #1 and shPIP4K2B #2 constructs decreased luciferase activity driven 
by the CDH1 promoter (Figure 5E). These data indicate that PIP4K2B regulates 
CDH1 transcription. 

Lentiviral mediated knock down of PIP4K2B induces EMT 
characteristics in MCF10A cells
Deregulation and loss of CDH1 expression is considered to be one of the hallmarks 
of EMT, although CDH1 loss can also induce EMT. We considered that PIP4K2B knock 
down and subsequent down-regulation of CDH1 might prime cells to undergo EMT 
more readily. TGFβ is a well characterised inducer of EMT in MCF10A cells and was 
therefore used to stimulate cells to acquire mesenchymal features (26). PIP4K2B was 
knocked down in MCF10A cells and the cells were maintained untreated or treated 
with TGFβ for 72 hours. Cell lysates were prepared and probed with antibodies 
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against various markers of EMT (Figure 6A). Treatment of control cells with TGFβ 
led to the expected decrease in CDH1 and increase in the mesenchymal markers 
fibronectin (FN1) and vimentin (VIM). PIP4K2B knock down decreased the basal level 
of CDH1 to a similar extent as that observed after treatment of control cells with TGFβ 
(Figure 6A). Treatment with TGFβ further decreased CDH1 levels. Reduced PIP4K2B 
expression also augmented the increase in the mesenchymal markers, fibronectin 
and vimentin, upon TGFβ treatment. SNAI1 is a master transcriptional regulator of 
the EMT programme and can repress CDH1 transcription. In control cells the level 
of SNAI1 was increased in response to TGFβ treatment and this was augmented 
by PIP4K2B knockdown (Figure 6A). TGFβ controls EMT through regulating gene 
transcription and therefore we assessed if the changes in EMT markers observed 
in PIP4K2B knockdown cells might be regulated transcriptionally. MCF10A cells 
were transduced with the pLKO1 empty vector or two separate shRNAs (#1 and #2) 
targeting PIP4K2B. Cells were stimulated with TGFβ for 48 hours or left as control 
and the levels of PIP4K2B, CDH1, VIM, FN1 and SNAI1 mRNA were assessed by 
qRT-PCR (Figure 6B). Both shRNAs against PIP4K2B knocked down PIP4K2B mRNA 
to approximately 50% compared to PLKO in both control cells and those treated with 
TGFβ. CDH1 mRNA levels decreased in control cells and VIM, FN1 and SNAI1 mRNA 
increased, as expected, when stimulated with TGFβ. PIP4K2B knockdown decreased 
basal levels of CDH1 mRNA to a level similar to control cells treated with TGFβ. 
The basal levels of VIM, FN1 and SNAI1 mRNA were not significantly increased by 
knockdown of PIP4K2B but their expressions were increased compared to control 
cells after TGFβ treatment. PIP4K2B knock down did not significantly change the 
expression of Slug (SNAI2) before or after treatment with TGFβ. These data suggest 
that PIP4K2B-mediated regulation of CDH1 expression levels primes cells to undergo 
EMT in response to TGFβ. 

As reduced CDH1 expression is associated with a more aggressive tumour type 
showing increased tendency to metastasise, the poorer patient prognosis observed in 
tumours that have low PIP4K2B expression might in part be explained by a reduction 
in CDH1 expression. To determine if low CDH1 expression correlates with decreased 
PIP4K2B expression in human breast tumours, we interrogated their expressions 
in a publically available database using Oncomine. The expression data sets for 
PIP4K2B and CDH1 were down loaded from the unpublished Bittner breast tumour 
array and from the published Curtis array (27). The data were sorted with respect to 
PIP4K2B expression and the CDH1 levels were determined in the top and bottom 
10% of the PIP4K2B expressing population. We observed a significant decrease in 
the expression levels of CDH1 in the low PIP4K2B expressing tumours compared to 
the high PIP4K2B expressing populations in both arrays (P = 0.0039 in the Bittner 
array and P = 0.000437 in the Curtis array, Figure 6F). No significant changes were 
observed in SNAI1 or TWIST1, two upstream repressors of CDH1. 
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Discussion
In this study we describe the characterisation and use of a PIP4K2B specific antibody 
to interrogate its expression in paraffin embedded cells and tissues. We have used this 
antibody to probe a TMA of breast tumours and show that the expression of PIP4K2B 
correlates with several clinico-pathological parameters. To our knowledge this is the 
first time expression of PIP4K2B has been studied in a large cohort of patient tumour 
samples. We found that high expression of PIP4K2B correlates with ERRB2 expression, 
which concurs with the findings of Luoh et al. (23). Interestingly in their study they 
found one tumour that showed amplification of the PIP4K2B gene in the absence of 
amplification of ERRB2. Although we did not study gene amplification, we observed 58 
tumours that showed high expression of PIP4K2B which were scored negative for ERRB2 
expression, suggesting that PIP4K2B can be overexpressed in the absence of increased 
ERRB2 expression. The number of tumours that expressed ERRB2 with or without 
PIP4K2B expression was too low to derive significant clinical outcome data relating the 
role of PIP4K2B in clinico-pathological parameters of ERRB2 positive tumours. Analysis 
of the whole array showed that tumours with low expression of PIP4K2B had significantly 
greater size, NHG grade, Ki67 staining and distant metastasis during follow up. Kaplan 
Meier survival curves indicated that decreased expression of PIP4K2B was associated 
with poorer patient outcome related to a greater incidence of metastases. 

In order to define plausible mechanisms for poorer patient outcome in PIP4K2B 
low expressors, we investigated how PIP4K2B knockdown might impinge on a number 
of different tumour specific parameters in breast tumour and normal breast cell lines. 
PIP4K2B knockdown had little effect on the growth rate of MCF7 cells in soft agar but 
did decrease their growth in anchorage dependent clonogenic assays. Furthermore, 
we observed a significant change in the morphology of the colonies during anchorage 
dependent colony growth when PIP4K2B was depleted. PIP4K2B knockdown significantly 
decreased the number of cells observed per colony area. The change in colony 
morphology could occur as a consequence of changes in many different parameters 
of tumour cell growth, however we observed that PIP4K2B knockdown significantly 

Figure 6. Knock down of PIP4K2B down-regulates CDH1 and primes cells to undergo an EMT 
in response to TGFβ treatment. A. MCF10A cells were transduced with control (pLKO1) or 
with lentiviral-mediated shRNAs against PIP4K2B (#1 and #2) and then maintained as controls 
(-) or treated with 10 ng/ml TGFβ (+) for 72 hours to induce EMT. Lysates were separated by 
SDS-PAGE, western blotted and probed with the indicated antibodies. B. RNA was extracted 
from a similar panel of cells described in A, and the mRNA for epithelial (CDH1) or mesenchymal 
(VIM, FN1) markers or transcription factors that control EMT switching (SNAI1 and SNAI2) were 
measured using qRT-PCR. Relative mRNA expression was normalised against non-stimulated 
pLKO1 cells. C. Expression data sets for PIP4K2B and CDH1 were downloaded from the Bittner 
array (336 samples) and the Curtis breast tumour array (2136 samples). The data were sorted for 
PIP4K2B expression and the CDH1 levels were determined in the bottom (34) and top (High) 
10% of PIP4K2B expressors. Statistical significance was determined using Student t-test and the 
probabilities are represented on the graphs as ** P <0.01, *** P <0.001.
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decreased the expression of CDH1, a tumour suppressor and a critical regulator of cell/
cell adhesion. CDH1 expression regulates cell/cell contact and its loss is associated with 
an increased malignant phenotype and can drive invasive carcinoma formation in a mouse 
model (3, 9, 28-29). In order to correlate PIP4K2B expression with CDH1 expression in 
human tumours, we interrogated public databases of gene transcription arrays of primary 
human tumours and found that decreased expression of PIP4K2B was associated with 
decreased CDH1 expression confirming our studies in human breast tumour and normal 
cell lines. Previous studies have demonstrated that low tumour CDH1 is associated 
with high grade tumours and poor prognosis (30-32). Finally we observed that down 
regulation of PIP4K2B primes MCF10A cells for TGFβ induced EMT. The priming may 
be a consequence of the decrease in CDH1 expression or might be a consequence of a 
direct effect of PIP4K2B in TGFβ signalling. SNAI1 expression can be directly regulated by 
TGFβ-mediated activation of Smad2/3 and we observed an increase in Snail expression 
after TGFβ treatment in PIP4K2B knockdown cells compared to control cells. 

How PIP4K2B regulates CDH1 transcription is not clear. PIP4K2B can negatively 
regulate AKT activity and increased AKT has been associated with decreased CDH1 
expression through the activation of the transcriptional regulator SNAI1. However, during 
the 4-day time course of PIP4K2B knock down in MCF10A cells we did not observe 
PIP4K2B dependent changes in AKT activity suggesting that AKT is unlikely to mediate 
the effect of PIP4K2B knockdown on CDH1 expression. CDH1 expression is regulated 
by a number of transcriptional repressors including ZEB1, ZEB2, SNAI1, SNAI2 and 
TWIST family members, although PIP4K2B knockdown in MCF10A cells did not change 
the basal expression levels of SNAI1 or SNAI2. PIP4K2B can regulate the nuclear levels 
of both PtdIns(4,5)P2 and PtdIns5P. Changes in nuclear phosphoinositides have been 
associated with changes in gene transcription although the direct mechanisms are still 
unclear. Interestingly Vitamin-D3 induced CDH1 transcription, which may constitute 
a major mechanism for the tumour suppressive effects of Vitamin D3 in colon cancer, 
requires the expression of PIP4K2B (33). Although the mechanism was not defined, the 
authors suggest that synthesis of nuclear PtdIns(4,5)P2 might be important for PIP4K2B 
mediated regulation of CDH1 expression. We have previously demonstrated that PIP4K2B 
is important in regulating the levels of its substrate PtdIns5P within the nucleus. PtdIns5P 
can regulate chromatin remodelling and transcription through its ability to interact with 
nuclear proteins that contain a PHD zinc finger motif. We suggest that a decrease in 
CDH1 expression in tumours that express low levels of PIP4K2B ultimately might lead to 
a decrease in patient event free survival. Targeting other tumour arrays will be important 
to determine if PIP4K2B expression also correlates with poor patient prognosis
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Supplementary materials

Supplementary Figure 2. Cells as indicated were fixed and embedded in paraffin and sections 
were cut and mounted. The sections were stained with the PIP4K2BP6 antibody after antigen 
retrieval. 

Supplementary Figure 1. The PIP4K2BP6 antibody was immunodepleted by passing it through 
a column to which the P6 antigenic peptide was coupled. The antibody before or after, as 
indicated, was used to probe western blots of increasing levels of PIP4K2B. 





CHAPTER 8

General discussion 





PtdIns5P and PIP4Kinases
PtdIns5P and enzymes that regulate the levels of PtdIns5P (PIP4Ks and Myotubularins) 
have been linked to several diseases, including diabetes, cancer, Alzheimer and 
Myotubular myopathies (1-4). To understand the role of PtdIns5P in normal physiology 
and disease, we must know whether and how it functions as a signalling molecule. To 
date, PtdIns5P has been implicated in stress responses and apoptosis (5-7). PtdIns5P 
levels are increased by exposure to cellular stress caused by UV and gamma-irradiation, 
oxidative stress caused by H2O2 or dehydration and osmotic stress. We have shown 
that PtdIns5P levels determine the cellular response to these stressors (8). 

Genetic deficiency of the only PIP4K in C. Elegans (our unpublished data) and in 
Drosophila (9) leads to an increase in whole animal PtdIns5P levels, indicating that 
PIP4K is a key regulator of PtdIns5P abundance in these organisms. Human cells contain 
three PIP4K isoforms (2A, 2B and 2C) that can localise to several intracellular locations 
such as the plasmamembrane, the cytosol, the ER, the nucleus and nuclear speckles. 
Consequently, their ability to phosphorylate PtdIns5P may allow them to regulate the 
abundance of PtdIns5P and PtdIns(4,5)P2 in multiple cellular locations. Understanding 
how PIP4Ks are regulated may help us to understand how local PtdIns5P levels can be 
modulated and identify PtdIns5P dependent signalling pathways. 

Pin1 signalling: implications for phosphoinositides and PIPkinases
In chapter 3, we show that the prolyl isomerase Pin1 regulates PIP4K activity to control 
PtdIns5P levels. Oxidative stress-induced PtdIns5P production was 2-3 fold higher in 
Pin1-/- murine embryonic fibroblasts (MEFs) than in wild type MEFs. The increase in 
PtdIns5P levels was partly responsible for an increased resistance of these cells to 
oxidative stress, as induced by H2O2 treatment. This was due to an enhanced ability to 
detoxify cellular ROS. Expression of two NRF2 target genes, GSTA1 and NQO1 was 
increased in Pin1-/- MEFs. NRF2 is a transcription factor and master regulator of genes 
that help cells adapt to cellular stress. Expression of PIP4K2A attenuated PtdIns5P 
levels as well as NRF2-regulated gene expression and accumulation of ROS. These 
data are consistent with a role for PtdIns5P in signalling pathways that help cells adapt 
to oxidative stress. The activity of NRF2 is regulated by multiple mechanisms and 
allows both oncogenic (10) and tumour-suppressive signalling (11-12). The stability, 
nuclear import and export of NRF2 are tightly regulated through multiple mechanisms 
including by NRF2 poly-ubiquitination by the Kelch-like ECH-associated protein 1 
(KEAP1). But how may PtdIns5P calibrate the cellular response to oxidative stress? 
PtdIns5P may act as a co-factor for kinases to promote phosphorylation of NRF2. This 
may lead to dissociation of KEAP1 and stabilise it. 

Alternatively, nuclear PtdIns5P may be involved in regulating transcriptional 
complexes to allow gene expression. NRF2 regulates many genes involved in 
detoxification of reactive metabolites and ROS. PtdIns5P may fine tune NRF2 signalling 
to allow transcription of only a subset of genes. Indeed, we observed an increase 
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in GSTA1 and NQO1 gene expression, but expression of HO-1 or GCLC, two other 
NRF2 target genes, did not significantly change upon expression of PIP4K2A. This 
indicates that PtdIns5P acts in a selective manner. The initial focus of our study was 
on PtdIns(4,5)P2 regulating enzymes, but by metabolic labelling and HPLC analysis, to 
our surprise, we also identified increased abundance of PtdIns(3,4)P2 upon oxidative 
stress in Pin1-/- MEFs. This may suggest a direct role for Pin1 in regulating either a lipid 
kinase or phosphatase activity to modulate PtdIns(3,4)P2. PtdIns(3,4)P2 is important in 
AKT signalling as knock-down of INPP4B, a 4-phosphatase, increases AKT activation 
and loss of INPP4B enhances tumorigenesis suggesting that it acts as a tumour 
suppressor in tumourigenesis (13). Inpp4a -/- mice show severe involuntary movement, 
indicating a link between PtdIns(3,4)P2 and neurodegeneration (14). Pin1 deletion in 
mice leads to tumourigenic and neurodegenerative phenotypes and the deregulation 
of PtdIns(3,4)P2 signalling by Pin1 warrants further investigation and may provide clues 
into the etiology of these pathologies. 

Phosphoinositide signalling is transduced into phenotypic outcomes via proteins 
with lipid binding domains (LBD), such as the PH-domain of PLC that associate with and 
are regulated by their interaction with these lipids. Characterisation of proteins that 
associate with phosphoinositides identifies novel cellular pathways and processes that 
might depend on phosphoinositide signalling. For example, Gozani et al. identified 
the PHD finger of ING2 as a PtdIns5P binder. ING2 induces p53-dependent apoptosis 
and abrogation of ING2 binding to PtdIns5P alleviated apoptosis induced by p53 
signalling. Another PHD finger-containing protein that we have shown to interact 
with PtdIns5P is TAF3, a component of the TFIID basal transcription complex (15). 
Additionally, the PHD finger of ATX1, a plant homologue of the mammalian trithorax 
proteins interacts with PtdIns5P and was shown to co-operate with PtdIns5P to regulate 
drought induced changes in plants, via H3K4-trimethylation at the promoter of the 
drought induced gene WRKY70 (16). Therefore PHD finger containing proteins might 
be general transducers for changes in nuclear phosphoinositides. In chapter 4, we 
discovered that Pin1 interacts with phosphoinositides. Pin1 associates with PtdIns3P 
and PtdIns5P and appears to most strongly interact with PtdIns(4,5)P2. PtdIns(4,5)P2 
competed with phosphorylated peptides in binding to Pin1. Since Pin1 can interact 
with several phosphoinositides, Pin1 may localise to various cellular compartments, 
such as the plasmamembrane (PtdIns(4,5)P2), the nucleus (PtdIns5P) or endocytic 
compartments (PtdIns3P) and that this might drive specific Pin1 signalling to regulate 
cell responses. An increase in PtdIns(4,5)P2 decreased the ability of Pin1 to enhance 
transcriptional activity from the CDKN1B and CCND1 promoter. CDKN1B and CCND1 
encode for P27 and CyclinD1 which are involved in regulating cell-cycle progression. 
How exactly PtdIns(4,5)P2 regulates Pin1-dependent transcription of CDKN1B and 
CCND1 remains to be determined. By creating local Pin1 pools, phosphoinositides 
may direct proline directed and Pin1 dependent signalling, in order to adapt to stimuli, 
such as growth factors or cellular stress that initiate increases in phosphoinositides. 
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PIP4K2B interacts with the high-activity PIP4K isoform PIP4K2A
In chapter 6, we identified an interaction between PIP4K2A and PIP4K2B and discovered 
that PIP4K2A is more than 2000-fold more active than PIP4K2B in phosphorylating 
PtdIns5P. The existence of PIP4K2B homo dimers has been described before, but 
this is the first time PIP4K isoforms are shown to form heterodimers. Modulation of 
PIP4K2A and PIP4K2B dimers may have impact on their localisation. For example, 
nuclear PIP4K2A levels increase upon expression of PIP4K2B, suggesting that PIP4K2B 
regulates the localisation of the 2A isoform. The ratio of PIP4K2A to PIP4K2B is very 
different in dissimilar tissues. For example, PIP4K2A is relatively highly expressed 
in cells of the hematopoietic lineage, while PIP4K2B expression is high in muscle. 
Perhaps PIP4K2B sequesters PIP4K2A in the nucleus which leads to decreased levels 
of PtdIns5P in the nucleus and increased levels of PtdIns5P in the membrane. Nuclear 
phosphoinositides have been linked to the regulation of chromatin complexes, 
histone modification and gene expression. The ratio of PIP4K2A and -2B may control 
the abundance of PtdIns5P in the nucleus in order to regulate gene transcription. 
For example, we have shown that a component of the basal transcription complex 
TFIID, the protein TAF3, which regulates lineage-restricted differentiation and general 
gene transcription and interacts with and is regulated by PtdIns5P. Dimerisation of 
active and non- or moderately active PIP4K is reminiscent of the myotubularin family. 
Myotubularins are a large family of PtdIns3P and PtdIns(3,5)P2 phosphatases. Inactive 
family members heterodimerise with active members to modulate their activity and 
localisation. Mutations in either active or inactive versions can lead to the development 
of similar diseases in both human and mice, such as Charcot Marie tooth syndrome 4B, 
a disorder of the peripheral nervous system (17). Myotubularins can generate PtdIns5P 
and thus PtdIns5P deregulation might be involved in the development of diseases 
caused by mutations in Myotubularins. Protein kinases and phosphoinositide kinases 
such as PI3K are important regulators of cell proliferation and –survival. They can 
thereby contribute to tumourigenesis and have been intensively studied as potential 
targets in cancer therapy. PtdIns(4,5)P2 serves as precursor for both the PI3K and PLC 
pathway which both show enhanced activity in cancer. Understanding how PIP4Ks 
and PIP5Ks regulate the abundance of PtdIns(4,5)P2 may help to unravel the complex 
signalling routes that contribute to tumourigenesis. Differential expression of PIP4K2B 
in breast cancer cell-lines has been observed previously, but do PIP4Ks significantly 
change in tumours? 

PIP4K2B expression in human breast tumours
In chapter 7, we found a strong correlation of PIP4K2B expression and expression of 
HER2 in a large cohort of breast tumour samples, which is in concordance with the 
findings of Luoh et al. PIP4K2B can be co-amplified with the HER2 gene ERBB2. ERBB2 
is a member of the EGFR family of receptor tyrosine kinases and can be dramatically 
overexpressed in breast, ovarian and gastric cancers, as compared to normal tissues 
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(18-19). ERBB2 receptor activity regulates cell-growth and differentiation by activating 
several signalling pathways such as the PI3K/Akt and Ras/Raf/Mek/MAPK pathways. 
Importantly, ERBB2 can form heterodimers with its family member ERBB3 which is 
believed to function as a strong ligand independent module to drive oncogenic 
signalling. The ERBB2 amplicon varies in size from tumour to tumour and the inclusion 
of PIP4K2B represent one of the extreme ends. Surprisingly, in the cohort that we 
analysed by IHC we did not observe a correlation between high PIP4K2B and poor 
patient survival, which might have been expected as high PIP4K2B expression strongly 
correlated with ERBB2 expression which is known to be associated with poor patient 
prognosis. However, ERBB2 staining in this tumour array did not show a strong 
association with clinicopathological parameters. The reason for this is not clear. 

Co-amplification of PIP4K2B occurs together with approximately a dozen other 
genes, such as TOP2a, GRB7, PERLD1 and STARD3, however, it is not clear if co-
amplification of other genes contributes to tumourigenesis induced by amplified 
ERRB2. Unfortunately, we were unable to dissect if low or high expression of PIP4K2B 
modulates prognosis in ERBB2 amplified patients. The prognostic value of ERBB2 
expression lies in a combination of ERBB2 staining and fluorescence in situ hybridization 
(FISH) analysis. To analyse an accurate correlation between PIP4K2B and ERBB2 it 
would be desirable to have FISH data on PIP4K2B as well, both preferably on the same 
tumour core. Several clinical-pathological correlations with low expression of PIP4K2B 
were identified on the TMA including significantly increased tumour size, NHG grade, 
Ki67 staining and distant metastasis during follow up. Overall, decreased expression 
of PIP4K2B was associated with poor patient prognosis which is in concordance with 
the observed clinical pathological correlations described above. To our knowledge 
this would be the first time PIP4K2B expression has been examined in a large group 
of patients and the first time PIP4K has been associated with breast cancer patient 
prognosis. While these studies were carried out using analysis of a TMA stained for the 
expression of PIP4K2B using our antibody, we have also confirmed our observation by 
analysing gene expression array datasets from 3000 breast tumour samples. Samples 
were grouped according to low (bottom 10%), medium and high (top 10%) PIP4K2B 
expression and cumulative survival was analysed. In accordance with our data using 
the TMA we observed that patients with low PIP4K2B expression have lower survival 
compared to medium expressors. In the data set high PIP4K2B expressors also showed 
poor patient survival (Figure 1). As expected, high PIP4K2B expression was associated 
with high ERBB2 expression, probably explaining the lower patient survival observed 
in PIP4K2B high expressing tumours.

To further elucidate PIP4K2B function in breast tumourigenesis we knocked down 
PIP4K2B using two separate lentiviral shRNA constructs in MCF7 epithelial cells and 
MCF10A normal like breast cells. We observed a statistically significant decrease in 
E-cadherin expression, a tumour suppressor and critical regulator of cell-cell adhesion. 
We interrogated public gene expression databases of primary human tumours and 
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found a significant correlation between PIP4K2B and E-cadherin expression, extending 
our studies in human breast tumour cell-lines. Loss of E-cadherin is associated with 
increased susceptibility to epithelial to mesenchymal transition and downregulation 
of PIP4K2B increased TGFβ induced EMT. Decreased E-cadherin expression and 
increased induction of EMT may provide a plausible explanation for worse patient 
prognosis in low PIP4K2B expressing breast tumours. Stratification of breast cancer 
patients is an important and ongoing process in the search for novel therapeutics and 
for deciding on best personal treatment options. Although breast tumours appear 
extremely heterogeneous between patients, separate groups can be identified based 
on gene amplification, gene mutation and hormonal status. PIP4K2B expression status 
together with other factors may strengthen prognostic value and help to stratify patients 
for individual treatment options. How the PtdIns5P-PIP4K axis precisely regulates 
E-cadherin and influences breast cancer outcome remains to be studied but may 
contribute towards the understanding of the complexity of breast cancer aetiology. 
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Summary
Phosphoinositides are implicated in virtually all aspects of cellular welfare. They 
help to maintain the structure of biomembranes, but are also essential signal 
transduction molecules. This is illustrated by PtdIns(4,5)P2, a versatile and important 
phosphoinositide that regulates many cellular processes including cell survival, calcium 
homeostasis, vesicular trafficking, cytokinesis, stress responses and cell adhesion. 
Cells use various enzymes to regulate PtdIns(4,5)P2 levels, including lipid kinases, 
lipid phosphatases and lipases. PtdIns(4,5)P2 can be synthesized by two closely 
related families of lipid kinases. Phosphatidylinositol-4-phosphate (PtdIns4P) 5-kinase 
(PIP5K) phosphorylates PtdIns4P and phosphatidylinositol-5-phosphate (PtdIns5P) 
4-kinase (PIP4K) phosphorylates PtdIns5P to make PtdIns(4,5)P2. Cellular PtdIns4P is 
approximately ten times more abundant than PtdIns5P and therefore PtdIns(4,5)P2 is 
likely generated by PIP5K mainly. In vivo studies in animals and in mammalian cells 
suggest that PIP4Ks primarily regulate the level of PtdIns5P, although they may also 
regulate a specific pool of PtdIns(4,5)P2. PtdIns5P is the latest addition to the ‘palet’ of 
phosphoinositides and it is the least understood one.

In this thesis, we have examined biochemical and functional aspects of PtdIns5P and 
the PIP4Ks that determine its levels in the cell. We have investigated how PtdIns5P 
levels change in response to redox signaling, or in response to the activity of the 
isoforms PIP4K2A and PIP4K2B and we have evaluated PIP4K2B expression in breast 
tumours.

In Chapter 1, we introduce the phosphoinositides PtdIns5P and PIP4Ks as a preface 
to the rest of the thesis. In Chapter 2, we review oxidative stress signaling and 
modulation of PtdIns5P and the prolyl-isomerase Pin1. In Chapter 3, we implicate 
Pin1 in regulating PtdIns5P levels since mouse embryo fibroblasts from Pin1 knock-out 
mice had increased amounts of PtdIns5P. Upon exposure to oxidative stress, cells were 
protected by an increase in PtdIns5P levels and more prone to die upon reduction of 
PtdIns5P levels. A reduction in PtdIns5P signaling led to increased accumulation of 
cellular Reactive Oxygen Species, coinciding with a down regulation of genes that 
manage ROS. These data imply that a ROS induced increase in PtdIns5P can lead to 
changes in gene expression that enable cells to adapt to environmental stimuli. 

Previous studies have suggested that proteins interacting with lipid kinases 
are often regulated by the same lipid. We observed that Pin1 interacted with a 
number of inositide kinases. In Chapter 4, we therefore evaluated binding of Pin1 
to phosphoinositides using Surface Plasmon Resonance (SPR). We show that 
Pin1 interacts with phosphoinositides, showing the strongest association with 
PtdIns(4,5)P2. The interaction requires the WW domain of Pin1 which mediates its 
interaction with phosphorylated proteins. Modulation of the abundance of PtdIns(4,5)P2 
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by overexpressing PIP5K decreased Pin1-dependent transcriptional activity from the 
promoters of CDKN1B and CCND1. Our data suggest that PtdIns(4,5)P2 is a negative 
regulator of Pin1. In Chapter 6, we used mass spectrometry to identify PIP4K2A 
as a PIP4K2B interacting protein. We employed several biochemical techniques 
to investigate differential activities of PIP4K2A and 2B isoforms. We found that 
PIP4K2A is 2000 times more active than PIP4K2B. Additionally, we showed that 
PIP4K2B can target PIP4K2A to the nucleus. Intracellular pairing of the two isoforms 
may be important for their physiological and pathological roles. In Chapter 7, we 
characterized a PIP4K2B-specific antibody for its use to interrogate tumour derived 
tissue samples. In a Tissue Micro Array, containing samples from 489 advanced breast 
cancer tumours with associated clinical outcomes, we observed a correlation between 
PIP4K2B expression and several clinical-pathological parameters. We demonstrated 
that decreased expression of PIP4K2B correlated with worse prognosis for breast 
cancer patients. Using breast tumour (MCF7) and normal (MCF10A) breast epithelial 
cell lines, we discovered that silencing of PIP4K2B expression decreased transcription 
and expression of the cell adhesion protein E-cadherin. 

Silencing of PIP4K2B in MCF10A cells primed them to undergo an epithelial to 
mesenchymal transition (EMT) when stimulated with TGFβ. Analysis of expression 
data sets from three thousand breast tumour samples (Curtis breast array analysed 
using Oncomine) confirmed a correlation between low E-cadherin levels and low 
PIP4K2B levels. Highly aggressive forms of breast tumours have decreased E-cadherin 
expression and the regulation of E-cadherin expression by PIP4K2B may in part explain 
why patients with low expression levels of PIP4K2B in their breast tumor cells have a 
poor prognosis.
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Nederlandse samenvatting 
Het menselijk lichaam bestaat uit meer dan 100.000 miljard cellen die we in grote 
groepen onderscheiden als organen, zoals de huid, de botten, de hersenen en het hart. 
Om organen te kunnen vormen, moeten cellen zich specialiseren in bepaalde functies. 
Zo onderscheiden we minstens 200 soorten cellen, zoals neuronen die signalen 
doorgeven in de hersenen, myocardiale cellen die zorgen voor het samentrekken van 
de hartspier en rode bloedcellen die zuurstof vervoeren in het bloed. De informatie 
voor de vorming en het functioneren van al die verschillende celtypen ligt vast in 
het erfelijk materiaal, het DNA. Elke cel bevat hetzelfde DNA dat zich bevindt in de 
chromosomen in de kern van de cel. Het DNA bevat de genen, d.w.z. stukken DNA 
die coderen voor bepaalde eiwitten. Eiwitten zijn grotendeels verantwoordelijk voor 
het ‘reilen en zeilen’ van de cel en er zijn duizenden verschillende eiwitten betrokken 
bij het functioneren van gezonde, maar ook zieke cellen.

Beslissingen die een cel neemt zijn het resultaat van signaaloverdracht tussen eiwitten, 
die zich op verschillende plaatsen in de cel kunnen bevinden. Deze signaaloverdracht 
gebeurt voor een groot deel door middel van fosforylering. Fosforylering is het proces 
waarbij een eiwit een fosfaatgroep doorgeeft aan een ander eiwit en daarmee de 
activiteit van dat andere eiwit stimuleert of remt. Een voorbeeld: Eiwitten die zich in 
het celmembraan bevinden functioneren als receptoren, ze ontvangen een signaal van 
buiten de cel door middel van de binding van een groeihormoon, en geven dit door 
aan het binnenste van de cel met behulp van fosforylering. De signaaloverdracht die 
zo ontstaat binnenin de cel zorgt er bijvoorbeeld voor dat de cel zich gaat delen en er 
zo dochtercellen ontstaan.

In dit proefschrift beschrijven we onderzoek naar signaaloverdracht door  
fosfoinositiden. Fosfoinositiden worden door de cel gebruikt voor het reguleren van  
haar huishouden en om te reageren op de omgeving. Voorbeelden hiervan 
zijn intracellulair transport, celdood, celadhesie en het afschrijven van genen 
(gentranscriptie). Een overschot van een bepaald fosfoinositide - of juist een tekort eraan 
- kan leiden tot deregulatie van signaalroutes, met als mogelijk gevolg het ontstaan 
van ernstige ziekten zoals kanker, diabetes en zenuwaandoeningen. Fosfoinositiden 
zijn een vorm van lipiden (vetten), die gekenmerkt worden door twee vetzuren en een 
inositol ring. Een inositol ring kan net als bij eiwitten gefosforyleerd worden om een 
gefosforyleerd fosfoinositide te vormen. Fosforylering van fosfoinositiden vindt plaats 
door middel van kinasen en fosfatasen. Fosfoinositiden kinasen (PIPKs) zijn de enzymen 
die een fosfaatgroep op de inositol ring kunnen zetten en fosfoinositiden fosfatasen 
kunnen hem er weer afhalen. Op dit moment zijn er zeven verschillende vormen van 
gefosforyleerde fosfoinositiden bekend. In dit proefschrift staat het fosfatidylinositol-5 
fosfaat (PtdIns5P) centraal.
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In hoofdstuk 1 geven we een algemene inleiding over fosfoinositiden en specifiek het 
fosfoinositide fosfatidylinositol-5 fosfaat (PtdIns5P). De hoeveelheid PtdIns5P in een 
cel kan gereguleerd worden door PIP4Ks (fosfatidylinositol-5-fosfaat 4-kinases) die 
de inositol ring fosforyleren op de 4-positie. Als er meer PIP4K activiteit is, is er dus 
minder PtdIns5P. 

In hoofdstuk 2 geven we een overzicht van gepubliceerd onderzoek naar de functie 
van PtdIns5P. We beschrijven de signaalroutes die geactiveerd kunnen worden 
door reactieve zuurstofradicalen (Reactive Oxygen Species, of wel ROS) en de rol 
van PtdIns5P daarin. ROS spelen een belangrijke rol in de huishouding van een 
normale cel, maar ook bij het ontstaan van ziektes en in het verouderingsproces. 
Door invloeden van buitenaf (bijvoorbeeld door roken of blootstelling aan de zon) 
kan de hoeveelheid ROS dramatisch toenemen. Ophoping van ROS veroorzaakt 
oxidatieve stress. Oxidatieve stress kan leiden tot beschadiging van het DNA van 
een cel. Deze gevolgen van oxidatieve stress zijn mede verantwoordelijk voor het 
verouderingsproces van de cel. PtdIns5P kan de ophoping van ROS verminderen. 
Hiermee kan PtdIns5P de celoverleving onder extreme omstandigheden bevorderen. 

In hoofdstuk 3 bestuderen we de wisselwerking tussen PtdIns5P en het eiwit Pin1. 
Pin1 is een klein eiwit dat een belangrijke rol speelt in de regulatie van andere, 
gefosforyleerde eiwitten. Pin1 kan signaalroutes reguleren die invloed hebben op 
bijvoorbeeld celdeling, celdood en genexpressie. Uit onderzoek bij muizen is gebleken 
dat Pin1 een rol kan spelen bij het ontstaan van kanker en de ziekte van Alzheimer. 
Muizen die Pin1 missen vertonen kenmerken van vroegtijdige veroudering, wat vaak 
geassocieerd wordt met een ophoping van DNA beschadigingen veroorzaakt door 
oxidatieve stress. Echter, bij analyse van cellen uit deze muizen bleken zij resistent 
te zijn tegen oxidatieve stress. Wij hebben onderzocht hoe dit kan en ontdekten dat 
cellen die Pin1 missen meer PtdIns5P hebben, wat weer grote invloed heeft op hoe 
deze cellen overleven onder condities van oxidatieve stress. We ontdekten tevens 
dat PIP4Ks zich door fosforylering binden aan Pin1. Het meten van de enzymatische 
activiteit van de PIP4Ks suggereerde dat Pin1 de activiteit van PIP4Ks remt. Hierdoor 
zou de hoeveelheid PtdIns5P mogelijk kunnen groeien wanneer Pin1 in de cel aanwezig 
is. Hoewel de resultaten tegenstrijdig zijn, hebben we aannemelijk gemaakt dat er een 
relatie is tussen Pin1 en PtdIns5P en dat Pin1 de mate van ontvankelijkheid van de cel 
voor oxidatieve stress zou kunnen bepalen door de hoeveelheid PIP4Ks in de cel - en 
daarmee hoeveelheid PtdIns5P - te reguleren.

In hoofdstuk 4 beschrijven we dat het eiwit Pin1 een directe interactie aangaat met 
fosfoinositiden. Eiwitten die binden aan een fosfoinositide kunnen via de fosfoinositide 
signalen doorgeven. Het vinden en karakteriseren van nieuwe eiwitten die deze 
binding aangaan leert ons veel over de rol van fosfoinositiden in signaaloverdracht. 
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Surface Plasmon Resonance (SPR) is een techniek om interactie tussen moleculen te 
onderzoeken en te kunnen bepalen hoe sterk de binding is. Met behulp van SPR 
ontdekten we dat Pin1 aan verschillende fosfoinositiden kan binden. De sterkste 
interactie vond plaats tussen Pin1 en het fosfoinositide fosfatidylinositol-4,5 bisfosfaat 
(PtdIns(4,5)P2). Om het effect van PtdIns(4,5)P2 op de functie van Pin1 te bepalen, 
hebben we de hoeveelheid PtdIns(4,5)P2 in de cel verhoogd door overexpressie van 
de kinase PIP5K, die de inositolring fosforyleerd op de 5-positie. Vervolgens hebben 
we bekeken hoe twee genen, waarvan we weten dat ze mede gereguleerd kunnen 
worden door Pin1, reageerden op de verhoogde hoeveelheid PtdIns(4,5)P2. Bij 
deze genen, p27 en CyclineD1, beide mede verantwoordelijk voor regulering van 
de celdeling, was een afname te observeren. Dit geeft aan dat PtdIns(4,5)P2 via Pin1 
effect kan hebben op de celdeling en dus op de vermeerdering van cellen. Deze 
bevinding kan zeer relevant zijn voor veel processen, inclusief het ontstaan van kanker. 

Hoofdstuk 5 behelst een review over signaalroutes van fosfoinositiden in de kern van 
de cel. In hoofdstuk 6 staat het PIP4K molecuul met isovorm 2B (PIP4K2B) centraal. 
PIP4K2B reguleert de expressie van PtdIns5P in de kern van cellen, waarmee onder 
andere de stabiliteit van het p53 eiwit beïnvloed wordt. Het p53 eiwit beschermt cellen 
tegen DNA schade en voorkomt daarmee het ontstaan van kanker. Wanneer er DNA 
schade is, zal p53 eerst de cel helpen om die te repareren, maar als de schade te 
groot is om te herstellen, zorgt p53 ervoor dat de cel doodgaat. Als het p53 eiwit zo 
gemuteerd is dat het niet meer zijn functie kan uitoefenen, dan zullen fouten in het 
DNA doorgegeven worden aan dochtercellen, waardoor uiteindelijk tumoren ontstaan. 
Het eiwit p53 wordt daarom ook wel ‘de beschermer van het genoom’ genoemd. Er 
zijn veel verschillende signaalroutes die de functie van p53 regelen en kennis hiervan 
is belangrijk om eventuele kankertherapieën te ontwikkelen. Om onze kennis van 
PIP4K2B te verhogen hebben we de 3-dimensionale (3D) structuur bekeken. De 3D 
structuur van een eiwit en eventuele bindingspartners aan die structuur spelen een 
belangrijke rol bij de activiteit van een eiwit. De 3D structuur van PIP4K2B staat toe 
dat het zich kan binden aan ander PIP4K molecuul met isovorm 2B. In dit hoofdstuk 
beschrijven we onze ontdekking dat de 2B isovormen van PIP4K zich niet alleen aan 
elkaar kunnen binden, maar dat ze ook met de isovorm 2A (PIP4K2A) kunnen paren. De 
beide isovormen 2B en 2A kunnen PtdIns5P fosforyleren en daarmee hetzelfde product 
genereren, namelijk het fosfoinositide fosfatidylinositol-4,5 bisfosfaat (PtdIns(4,5)P2). 
Echter, de 2A isovorm bleek meer dan 2000 keer zo actief te zijn als de 2B isovorm. 
Ook bleek de 4-kinase activiteit die geassocieerd wordt met PIP4K2B voornamelijk 
afkomstig van PIP4K2A. Bovendien kan PIP4K2B de locatie van zijn partner PIP4K2A 
in de cel beïnvloeden. Het opvoeren van de hoeveelheid PIP4K2B had namelijk als 
resultaat dat er zich meer PIP4K2A in de celkern bevond. Deze resultaten impliceren dat 
de verhouding in concentratie tussen de twee enzymen de respons op oxidatieve stress 
of DNA schade kan reguleren en daarmee een belangrijke fysiologische rol kan spelen.
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In hoofdstuk 7 wordt het verband tussen PIP4K2B expressie en borstkanker onderzocht. 
Het was niet bekend of PIP4K2B een rol speelt bij het ontstaan van tumoren of in de 
prognose van kankerpatiënten. Wij hebben een antilichaam ontwikkeld dat PIP4K2B 
specifiek kan herkennen en het vervolgens geoptimaliseerd voor gebruik in de detectie 
van PIP4K2B in menselijk weefsel. Met behulp van het antilichaam werd vervolgens de 
expressie van PIP4K2B geanalyseerd in borsttumoren van een groot cohort patiënten 
(489) met bijbehorende klinische gegevens. We vonden PIP4K2B zowel in cellen van 
normale melkkanalen van de borst als in tumorcellen. In tumorcellen vonden we echter 
een grote variatie in de expressie van PIP4K2B. Naarmate de tumoren groter waren 
en van hogere agressiviteit, was de PIP4K2B expressie lager. Statistische analyse 
toonde een negatieve correlatie aan tussen progressievrije overleving (de kans dat de 
borstkankerpatiënt in leven blijft zonder dat de ziekte verergert) en de expressie van 
PIP4K2B. Om de gevolgen van PIP4K2B expressie nader te onderzoeken hebben we 
gebruik gemaakt van cellijnen. Een cellijn is een aantal gekloonde cellen die buiten 
het lichaam voortdurend worden doorgekweekt zodat ze gebruikt kunnen worden voor 
wetenschappelijk onderzoek. Door het vergelijken van cellen uit het borstepitheel (het 
weefsel dat organen en andere weefsels bedekt) van een borstkankerpatiënt en een 
gezond persoon ontdekten we dat een vermindering van PIP4K2B expressie twee 
gevolgen had: ten eerste een afname van de expressie van het eiwit E-cadherine, dat 
mede verantwoordelijk is voor celadhesie (het binden aan een oppervlak of andere cel) 
en ten tweede een vergemakkelijking van epithelialemesenchymale transitie (EMT). 
EMT staat voor de overgang van een cel met epitheliale eigenschappen naar een 
cel met mesenchymale eigenschappen. Cellen met mesenchymale eigenschappen 
worden vaak geassocieerd met uitzaaiing en een slechtere prognose van de kanker. 
Analyse van eerder gepubliceerde data van tweeduizend borsttumoren bevestigt 
deze correlatie tussen E-cadherine expressie en lage PIP4K2B expressie. 

De afname van E-cadherine expressie en de vergemakkelijking van EMT vormen 
een mogelijke verklaring voor de negatieve correlatie tussen lage PIP4K2B expressie 
en progressievrije overleving van borstkanker patiënten. Identificatie van patiënten 
met lage PIP4K2B expressie - en dus een slechtere prognose - kan mogelijk helpen 
bij het bepalen van de meest geschikte therapie voor deze groep patiënten. Echter, 
de vraag hoe PIP4K2B - en vervolgens PtdIns5P - signalering precies de daling 
van E-cadherin expressie reguleert en daarmee de progressievrije overleving van 
borstkanker beïnvloedt, zal nog beantwoord moeten worden om een gedeelte van de 
complexiteit van het ontstaan van borstkanker te kunnen begrijpen. 
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List of abbreviations
ATX1 Arabidopsis homolog of trithorax
CCND1 CyclinD1
CDKN1B Cyclin-dependent kinase inhibitor 1B (p27)
CM-H2DCFDA  [5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein 

diacetate, acetylester
EMT Epithelial mesenchymal transition
ERBB2 (HER2/Neu) Human epidermal growth factor receptor 2
FISH Fluorescence in situ hybridization
GST Glutathione S-transferase
GSTA1 Glutathion S-transferase alpha 1
H2O2 Hydrogen peroxide
HPLC High performance liquid chromatography
IHC Immunohistochemistry
ING2 Inhibitor of growth protein 2
Ki67 Antigen identified by monoclonal antibody 67
LBD  Lipid Binding Domain
MEFs Murine Embryonic Fibroblasts
NHG Nottingham histological grade
NRF2 NFE2-related factor 2
NQO1 NAD(P)H dehydrogenase (quinone 1)
PH-domain Pleckstrin homology domain
PHD finger Plant homeo domain
PI3K Phosphatidylinositol 3-kinase
Pin1 Peptidyl-prolyl cis/trans isomerase, NIMA interacting 1
PIP4K Phosphatidylinositol-5-phosphate 4-kinase
PIP5K Phosphatidylinositol-4-phosphate 5-kinase
PKB Protein kinase B
PLC Phospholipase C
PtdIns Phosphatidylinositol
PtdIns4P Phosphatidylinositol 4-phosphate
PtdIns5P Phosphatidylinositol 5-phosphate 
PtdIns(4,5)P2 Phosphatidylinositol (4,5)-bisphosphate
PtdIns(3,4)P2 Phosphatidylinositol (3,4)-bisphosphate
PtdIns(3,4,5)P3 Phosphatidylinositol (3,4,5)-trisphosphate
ROS Reactive oxygen species
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
shRNA Short hairpin RNA
SPR Surface plasmon resonance
TAF3 TATA box binding protein (TBP)-associated factor 3
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TBHq Tertiary butylhydroquinone
TGFbeta Transforming growth factor beta
TMA Tissue microarray
TLC Thin-layer chromatography
UV Ultraviolet
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Dankwoord
Klaar, het is af! Het was een geweldige maar ook intensieve ervaring die begon in 
Amsterdam en na de verhuizing van ons lab naar Manchester ook weer in Amsterdam 
zal eindigen. Velen hebben bijgedragen aan de totstandkoming van dit boekje en 
natuurlijk wil ik collega’s, familie en vrienden hier graag voor bedanken.

Nal, your boundless enthusiasm formed the foundation for this thesis. Talking science 
with you was truly inspiring and it was always difficult not to start immediately with 
the next ten experiments we discussed just before. I am grateful for the many jobs 
you fulfilled as promoter, co-promotor, WJK-PhD year committee and supervisor 
which were part of the package deal relocating a Dutch PhD-student. You have not 
only taught me a great deal of lipid biochemistry but your way of connecting it with 
signalling and cancer biology was amazing. It was great to be part of your lab and I am 
going to miss the many great discussions about science, sport, music and life!

Jannie, het is niet gebruikelijk dat een PhD-student pas in een zodanig laat stadium in 
contact komt met zijn promotor. Je ‘helicopter view’ gedurende het begeleiden van 
de laatste schrijffase werkte heel verhelderend. Je was dan ook een enorme hulp bij 
het op een rij zetten van al het onderzoek. 

Het begon allemaal op het NKI op H3. Dank dan ook aan iedereen in de van Leeuwen, 
Moolenaar, Ovaa en Blitterswijk/Verheijen groepen. Former office and Divecha group 
member’s Jon, Mireille, Dalila en Shuraila. It was a great department to have started 
my PhD, and to be trained to go overseas! 

Yvette, ik had niet verwacht dat je mee zou gaan naar Manchester (en jijzelf waarschijnlijk 
ook niet) maar ik ben ontzettend blij dat je het hebt gedaan. Jij zorgde voor een goed 
geolied lab (niet altijd gemakkelijk met al die mannen) en was de drijvende kracht en 
nestor voor het PIP4K onderzoek. Veel van jouw experimenten en gemaakte ‘tools’ 
waren onmisbaar voor mijn projecten en ik heb erg genoten van de discussies over 
ons onderzoek. Ik ben er trots op om jou als een van mijn paranimfen naast me te 
mogen hebben staan gedurende de promotie.
“You should make it hot otherwise you are wasting your time”. It is the cornerstone 
of lipid research: making sure there is enough radioactive (hot) label present in 
experiments - according to Dr. Jones - and there is no way I could oppose that. David, 
your knowledge of lipids is incredible and maintaining the ‘5P facility’ was instrumental 
for a lot of my research. I enjoyed working together with you, it’s a shame we couldn’t 
crack lipid ‘X’. Also, thanks for sharing your views on environmental issues, lab safety 
and the use of ether. Lilly, people that take good coffee supply as serious as we do, 
know that it is a vital reagent for all experiments. Many thanks for your help with the 
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SPR experiments and I am sure your thorough and precise work ethic will help you 
with a successful career outside the lab. Iman, thanks for your input and views on 
the projects and it was great to have discovered Manchester with you. Rebecca, the 
radioactive room is probably pink by now, but if that’s what is needed to understand 
5P it must help! Furthermore, many thanks to all members past and present of the 
Inositide lab; Laura, Dan, Roberta, MCM, Xiaowen, and Zahid.

There are many others from the Paterson Institute I would like to thank, and I will start 
with our partners in crime from Leukaemia Biology. It was a privilege to have shared 
the lab with you guys, apart from the smell of mice in the morning and occupying our 
tissue culture hoods. Tim, thanks for your advice and helpful discussions. James, for 
your help with flowcytometry and introducing me to that small football club that plays 
in red. Bill, for showing what top level science looks like. I’m sure you will be equally 
successful becoming a medic. Gary, best fantasy league office member, thanks for 
finding that amazing car. Fil, for keeping my tennis in shape (just keep practising that 
back-hand). Jules, thanks for allowing us to blow up your speakers in the tissue culture 
room and for enriching Inositide music with DonMclean, Scott Mckenzie and Justice. 
Xu, Brigit, Tim Somerville and all members of LB for listening to PIP4K discussions 
in the ‘corridor office’. Also, special thanks to all members of both LB and Inositide 
for inspiring famous and infamous extracurricular events: croquet, Glastonbury, bar-
rally, fantasy league, queensday, Christmas-events and the annual colloquium. The 
only IL/LB member with an office downstairs, Esther. Many thanks for loads of non-
pipetting input, birthday cake and lifts to the airport!
Göran, thanks for your help with the breast cancer project. Also many thanks to Elise 
Nilsson for helping with all the stainings. Thanks to everyone in the CSI meetings, the 
Angeliki, Jon and Peter groups, for all the suggestions and discussions and everyone 
in the core facilities at the Paterson.

Jon, apart from being a great chauffeur, keeping up with my running speed and providing 
an awesome apartment, you made me one of the most British non-Brits in Manchester. 
Wilmslow hockey, thanks for giving me the opportunity to play in orange. The core crew: 
Sim, Matt, Ed, Rich and Pat, you provided an ideal distraction from the lab. 

Distractions from the lab are often necessary and playing music was always going to 
be a welcome one. Dear Cate, we made some awesome music, I will keep an eye on 
the Australian charts for your singles. 

Mannen, bedankt voor jullie steun, afleiding en heldere kijk op Manchester, pubs en ook 
onderzoek. Marinus, Allard, Beus, Casper, Chris, Myron, Maarten v. O, Bas, Dee, Erry, 
Floor, Hugo, Job, Lauren, Maarten, Remco’s, Robert, Wouter, Mac, Leon en Teun, cheers!
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At the time of finishing my thesis I have started a post-doc position at the NKI. Thanks 
to Tassos, the Perrakis crew and the rest of B8 Biochemistry for a warm welcome 
at the NKI.

Als laatste wil ik natuurlijk ook graag mijn familie bedanken. De families Joosten/
Deutekom/Swarte en aanhang. Een vreemde eend in de bijt ben je bij jullie niet 
zo snel, zelfs niet als je naar cellen kijkt. Jacques, ik wilde nog sorry zeggen dat ik 
je dochter heb meegenomen naar Noord-Engeland, maar na al jullie enthousiaste 
bezoekjes is dat toch niet meer nodig? 

Mijn zussies, Jeroen en Nick: ‘lipiden, eiwitten, DNA, kanker, hoe zat het nu ook al 
weer?’ Het was altijd fijn om met jullie te discussiëren. Jullie interesse en scherpe 
vragen hielpen altijd weer om te realiseren wat ik nu in hemelsnaam aan het doen was. 
Agnes en Dorien, bedankt voor alle steun, liefde, gevraagd en ongevraagd advies!

Pap en Mam, een betere voorbereiding om een promotieonderzoek te beginnen kun 
je met jullie niet krijgen. Jullie steun maar vooral grenzeloze interesse hebben een 
groot aandeel gehad in de voltooiing van dit boekje. Als trouwe Englandvaarders 
maakten jullie van elk bezoek een avontuur!

Tot slot,

Lieve Belle,
jij was er altijd en je bent altijd. 
Zonder jou niet en met jou alles. 

Tijn,
Hoe mooi is het om iets af te ronden met de komst van een klein wonder? Ik ben 
ongelofelijk trots dat je er bij zult zijn.
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