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CHAPTER 8

General discussion 





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Genetic deficiency of the only PIP4K in C. Elegans (our unpublished data) and in 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. 

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 
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 
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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. 

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 
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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? 

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 
(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 
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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 
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 
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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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