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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. 



21

2

PtdIns5P and Pin1 in oxidative stress signaling

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 

PtdIns(3,5)P2PtdIns3P
PikFYVE

PtdIns5P

PtdIns3P

PtdIns4P

Nuclear levels of PIPs

PtdIns5PPtdIns PtdIns(4,5)P2

MTMR

4’-phosphatasesPtdIns-5-kinase

PIP4K

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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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.

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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