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Abstract 
 

Phosphatidylinositol (PI) is a minor phospholipid with a characteristic fatty acid profile; it is 

highly enriched in stearic acid at the sn-1 position and arachidonic acid at the sn-2 position. PI 

is phosphorylated into seven specific derivatives, and individual species are involved in a vast 

array of cellular functions including signalling, membrane traffic, ion channel regulation and 

actin dynamics. De novo PI synthesis takes place at the endoplasmic reticulum where 

phosphatidic acid (PA) is converted to PI in two enzymatic steps. PA is also produced at the 

plasma membrane during phospholipase C signalling, where hydrolysis of phosphatidylinositol 

(4,5) bisphosphate (PI(4,5)P2) leads to the production of diacylglycerol which is rapidly 

phosphorylated to PA.  This PA is transferred to the ER to be also recycled back to PI.  For the 

synthesis of PI, CDP-diacylglycerol synthase (CDS) converts PA to the intermediate, CDP-

DG, which is then used by PI synthase to make PI. The de novo synthesised PI undergoes 

remodelling to acquire its characteristic fatty acid profile, which is altered in p53-mutated 

cancer cells.  In mammals, there are two CDS enzymes at the ER, CDS1 and CDS2.  In this 

review, we summarise the de novo synthesis of PI at the ER and the enzymes involved in its 

subsequent remodelling to acquire its characteristic acyl chains. We discuss how CDS, the rate 

limiting enzymes in PI synthesis are regulated by different mechanisms. During phospholipase 

C signalling, the CDS1 enzyme is specifically upregulated by cFos via protein kinase C.  
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1. Introduction 
 

Phosphatidylinositol (PI) is a minor anionic lipid in mammalian cells. It is composed of a 

glycerol backbone, two acyl chains esterified at the sn-1 and sn-2 positions and an inositol ring 

linked to the sn-3 position by a phosphate (Fig. 1). Although PI constitutes only 5-10% of total 

cellular lipids in mammalian cells, it plays a major role primarily as it is the source for 

generating seven phosphorylated derivatives of PI. The inositol headgroup has three hydroxyls 

that are accessible for phosphorylation by lipid kinases and can be mono-, di- or tri-

phosphorylated, increasing its negative charge with multiple phosphorylations (Fig. 1). 

Phosphorylated PIs have many functions in the cell including membrane traffic, recruitment of 

proteins, regulation of the actin cytoskeleton, endocytosis, autophagy, and cell signalling via 

phospholipase C (PLC) and phosphoinositide 3-kinases [1-6].  

 

The synthesis of PI is confined to the endoplasmic reticulum (ER), the largest membrane 

compartment of the cell, which is also the site of synthesis of the major phospholipids, 

phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS) and 

triacylglycerol (TG). Phosphorylation of PI mainly takes place on the cytosolic facing surface 

of other organelles by resident kinases but not at the ER. For example, at the plasma membrane, 

PI is converted to PI(4,5)P2 by sequential phosphorylation by the Type IIIα PI 4-kinase and 

PIP 5-kinase where it is a substrate for both phosphoinositide 3-kinases and PLCs during signal 

transduction. Phospholipase C is the only enzyme that degrades PI(4,5)P2 such that it requires 

the resynthesis of the PI backbone. There are thirteen PLCs in the mammalian genome, which 

are differentially regulated [7-9]. Phospholipase Cs are present in almost all cells and their 

activity can be regulated by agonists/hormones/neurotransmitters acting on cell surface 

receptors including G-protein-coupled receptors as well as receptor tyrosine kinases. 
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Additionally, some PLCs are activated by increases in cytosol Ca2+ and by small GTPases 

including Rac [7, 9]. Phospholipase C hydrolyses PI(4,5)P2 and this results not only in the 

formation of the two second messengers, diacylglycerol (DG) and inositol (1,4,5) trisphosphate 

(IP3), but it simultaneously also causes a decrease in PI(4,5)P2 levels. As PI(4,5)P2 regulates 

ion channel function as well as required for the endocytic process at the plasma membrane, 

resynthesis of PI(4,5)P2 and thus resynthesis of PI at the ER has to be tightly coupled to PLC 

signalling at the plasma membrane (Fig. 2). 

 

The intersection point between the de novo synthesis of PI at the ER and PI resynthesis 

subsequent to PLC signalling at the PM is the intermediate, phosphatidic acid (PA). At the 

plasma membrane, PA is an indirect product of PLC and a direct product of phospholipase D 

(PLD) whilst at the ER it is formed from the precursor, glycerol-3-phosphate (G-3-P) (Fig. 3). 

For de novo synthesis, G-3-P undergoes two rounds of acylation through the actions of 

acyltransferases. The first acylation forms lysophosphatidic acid (LPA) whereas the second 

acylation produces PA. One of the unusual features of PI in mammalian cells is its characteristic 

fatty acid composition. PI is highly enriched in stearic acid (C18:0) at the sn-1 position and 

with arachidonic acid (C20:4) at the sn-2 position (designated C18:0/C20:4 (the number of 

carbons : number of double bonds in each fatty acid) or 38:4 for the whole molecule.)) 

Depending on the specific tissue and cell type, up to 40-85 % of all PI species possess this acyl 

chain composition (C38:4) with the second most prevalent species of PI being C38:3 [10-12].  

 

In this review, we summarise and discuss the enzymes involved in de novo synthesis of PI, 

remodelling of PI to acquire its characteristic fatty acid composition and resynthesis of PI after 

PLC signalling. The changes in the characteristic fatty acid profile of PI in cancer cells will be 
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highlighted. As the ER is a continuous membrane system comprising of the nuclear envelope, 

flat sheets, and a network of highly-curved tubules, the localisation of the PI synthesis 

machinery within the different ER compartments will be discussed. Finally, we will describe 

studies that identify mechanisms that can regulate the synthesis of PI via changes in expression 

of the CDP-DG synthase (CDS) enzymes. 

 

2. Enzymes involved in PI synthesis 
 

2.1 PA synthesis by acyl transferases (GPATS and LPAATS) 
 

During the de novo biosynthesis of all phospholipids and neutral lipids, fatty acids are 

successively introduced into the sn-1 and sn-2 positions to the substrate G-3-P to make PA 

(Fig. 2). PA can have two fates; it is either dephosphorylated to DG for the synthesis of 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) or triacylglycerols (TG) or 

converted to CDP-DG for the synthesis of PI. The de novo biosynthesis of PA at the ER starts 

with the acylation of G-3-P to make lysoPA (LPA) by G-3-P acyltransferase (GPAT). Four 

mammalian GPATs have been cloned with the closely-related GPAT3 and GPAT4 localised 

to the ER whilst the closely-related GPAT1 and GPAT2 localised at the outer mitochondrial 

membrane [13, 14]. LPA is further acylated by the enzyme, lysophosphatidic acid 

acyltransferase (LPAAT) which esterifies a fatty acyl-CoA at the sn-2 position of the glycerol 

backbone. Of the five canonical LPAATs, at least, three LPAATs (1,2,3) are localised at the 

ER whilst two LPAATs (4 and 5) are localised at the ER and mitochondria [15, 16]. 

Interestingly, loss of LPAAT4 causes a decrease in PI, PC and PE levels in the brain with 

impaired spatial learning and memory [15, 17]. LPAATS appear to generate distinct pools of 

PA that enter dedicated biosynthetic pathways as loss of individual LPAATs lead to unique 

phenotypes (reviewed in [15]). Analysis of the acyl chain composition of PA from mouse liver 
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and brain shows C34:1 (C16:0/C18:1) as the major species with some contributions from C36:1 

and C38:4 [12, 18]. Since PA can be routed to make the major phospholipids, neutral lipids as 

well as PI (Fig. 3), the selectivity of a particular species of PA by CDS enzymes could be a 

contributory factor in determining the fatty acyl composition of the de novo-synthesised PI (see 

below).  

 

2.2 CDP-DG synthetases (CDS) 
 

The next step in the synthesis of PI is the conversion of PA to the intermediate CDP-DG (Fig. 

2). This is the rate-limiting step in the synthesis of PI [19]. PA can be converted to DG or to 

CDP-DG at the ER and this partitioning is directed by the action of CDS enzymes and PA 

phosphatases (PAPs also known as lipins) (Fig. 3). How this branchpoint is regulated is not 

fully understood. In mice, humans and zebrafish, two homologous genes of CDS (CDS1 and 

CDS2) have been identified that are 73% identical and 92% similar at the amino acid level [20-

25]. Human CDS1 and CDS2 are of similar size; CDS1 is 461 amino acids long with a 

calculated molecular weight of ~53 kDa whilst CDS2 is 445 amino acids with a calculated 

molecular weight of ~51 kDa (Fig. 4). A single CDS gene homologous to mammalian CDS is 

found in most species including E coli [26], S. cerevisiae [27] and Drosophila [28]. The 

structure of Cds from the bacterium, Thermotoga maritama (TmCdsA) identifies a homodimer 

with each monomer containing nine transmembrane helices arranged into a novel fold with 

three domains (Fig. 4A, B). The enzyme can simultaneously accept CTP and PA in an unusual 

funnel-shaped cavity which penetrates half way into the membrane [29]. CDS1 and CDS2 are 

also found as a dimer when expressed in COS-7 cells [30]. 
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CDS activity is also present in mitochondria, where it is required for cardiolipin synthesis [31]. 

This CDS activity is encoded by Tam41, originally identified in yeast, [32]; Tam41 protein is 

found in the matrix of the mitochondria as a peripheral protein and bears no sequence 

relationship to CDS1 and CDS2 (Fig. 4A-C). Likewise, mammalian cells also contain 

TAMM41 in mitochondria, a peripheral protein required for cardiolipin synthesis [30]. 

TAMM41 contains the MMP37 domain (MMP37, mitochondrial matrix proteins of 37 kDa) 

(Fig. 4).  

 

A limited number of studies have addressed whether CDS1 and CDS2 have a preference for 

the acyl chain composition of their substrate, PA. Purified rat CDS1 from brain was found to 

select sn-1-stearoyl-sn-2-arachidonoyl-PA as its substrate. However, substantial CDS activity 

was also observed using egg yolk PA as well as with di C18:1 PA but very little with di C18:0 

PA. (Egg yolk PA mainly comprises of saturated (C16:0 (34%) and C18:0 (11%)) and mono-

unsaturated fatty acids (18:1 (31%)) and some di-unsaturated fatty acids (18:2 (18%))) [22]. 

When membranes prepared from COS-7 cells expressing CDS1 or CDS2 enzymes were 

examined using different PA species, CDS1 was able to use PA with many different fatty acid 

compositions, whilst CDS2 preferentially used PA which contains stearic and arachidonic acid 

at the sn-1 and sn-2 position respectively [33]. As described in Section 3, PI can also acquire 

its characteristic acyl composition after de novo synthesis by remodelling the acyl chains using 

phospholipases and acyltransferases. 

 

CDS activity in the ER is essential for PI synthesis. Two separate studies, conducted in H9c2 

cardiomyoblasts and in HeLa cells, have reported that knockdown of either CDS1 or CDS2 

using siRNA results in a decrease in PI levels [34, 35]. Knockdown of either CDS1 or CDS2 
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in H9c2 cardiomyoblasts results in loss of stress fibres, disruption of Golgi and fragmentation 

of mitochondria likely resulting from the loss of polyphosphoinositides [34]. In HeLa cells, PA 

levels are increased upon CDS1 or CDS2 knockdown [35]. Interestingly, many more PA 

species are significantly increased upon CDS1 knockdown compared to CDS2 knockdown. In 

the presence of oleic acid, CDS1 or CD2 knockdown Hela cells exhibit the formation of 

supersized lipid droplets (LDs) due to an increase in triacylglycerol (TG). This is a consequence 

of PA accumulation in the knockdown cells; the PA, which usually would have been used for 

PI synthesis, is re-routed and used for TG production (Fig. 3). Studies done in other organisms 

including different yeasts (e.g. S. Cerevisiae and S. Pombe) and Drosophila report that loss of 

the single CDS gene results in changes in lipid composition. In these organisms, Cds mutants 

generally show a decrease in PI together with an increase in PA with the PA shunted towards 

triacylglycerol [36-39].  

 

2.3 Phosphatidylinositol Synthase (PIS) 
 

CDP-DG is the substrate for the enzyme PI synthase (PIS) (also referred to as CDP-

diacylglycerol-inositol 3-phosphatidyltransferase (CDIPT). PIS can catalyse the reversible 

exchange of inositol for CMP on CDP-DG resulting in the production of PI [40]. However, 

it is unlikely that the enzyme will work in the reverse direction in cells due to low levels of 

CMP under normal conditions. Most eukaryotes (with the exception of plants [41]) express 

a single PIS enzyme, which localizes to the ER. PIS is a transmembrane enzyme, which is 

related to the prokaryotic enzyme, PIP synthase, where CDP-DG together with inositol-3-

phosphate is synthesised into PIP [42]. (PIS is classified as a CDP-alcohol phosphotransferase, 

which use CDP-DG as donor substrate for this reaction, and either inositol in eukaryotes or 

inositol phosphate in prokaryotes as the acceptor alcohol). Whilst the structure of eukaryotic 
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PIS is not available, the structure of PIP synthase from Renibacterium salmoninarum, with and 

without bound CDP-DG has been determined [42]. These structures reveal the location of the 

acceptor site, and the molecular determinants of substrate specificity and catalysis. This 

structure offers a view of the transmembrane (TM) architecture and catalytic machinery of 

this enzyme family. RsPIP synthase adopts a homodimeric architecture, with each protomer 

possessing six transmembrane helices surrounding a large polar cavity. PIS is expected to 

have a similar architecture to RsPIP synthase [42]. The acyl chain specificity of the substrate 

for PIS, CDP-DG, has been examined and PIS appears to exhibit no acyl chain specificity 

toward its substrates when analysed in vitro in a mixed micelle assay which could bias the 

data [43].  

 

3. Remodelling of PI to acquire its characteristic fatty acid chains 
 

One of the most striking characteristics of mammalian PI is its fatty acyl chain composition. 

The PI fingerprint is predominantly 38:4 carbon acyl chain content (C18:0/C20:4) in many 

primary rodent tissues including liver, kidney, brain, macrophages and platelets [10-12, 44-

46]. This enrichment of sn-1-stearoyl-sn-2-arachidonoyl species is variable dependent on the 

tissue. In brain, this enrichment is greater than 85% of the total PI content whilst in both 

human and mouse platelets, it is 38%, with the remainder being C38:3 (19%) and the 

saturated C32:0 (20%) representing >75% of PI. During thrombin stimulation, when PLC is 

activated, a decrease in PI occurs and the main decrease observed is in the unsaturated species 

[10]. This would suggest that some kind of selection takes place when PI is converted into 

PI(4,5)P2 by the lipid kinases, the substrate for PLC. Saturated PI is not a good substrate for 

the lipid kinases or alternatively, it is localised at the ER where lipid kinases are not present.  
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How does PI acquire its specific fatty acid composition? Although CDS enzymes may select 

PA enriched in stearic and arachidonic acid, fatty acid remodelling after the de novo synthesis 

of PI through sequential de-acylation and re-acylation reactions is also very important [47, 48]. 

De novo synthesised PI is enriched in saturated and mono-unsaturated acyl chains [19, 47, 48] 

and is remodelled such that majority of the PI molecules acquire stearic acid at the sn-1 position 

and arachidonic acid at the sn-2 position. This remodelling of PI occurs by the concerted efforts 

of phospholipases A to cleave the fatty acid followed by acylation by acyl-CoA–specific 

lysophospholipid acyltransferase enzymes that incorporate a new fatty acid (Fig. 5). 

  

3.1 Phosphatidylinositol-specific Phospholipases A1 and A2  
 

LysoPIs can exist as sn-1 acylated or sn-2 acylated and are produced by distinct 

phospholipases. For remodelling the sn-2 position, sn-1 acylated lyso-PI has to be generated 

by the activity of PLA2. There is an abundance of PLA2 enzymes but one specifically involved 

in PI remodelling has yet to be identified [49]. For PI to acquire stearic acid at the sn-1 position, 

a phospholipase A1 specific for PI to make 2-acylated lysoPI is required (Fig. 5). One such 

candidate enzyme is a member of the DDHD-domain containing family of intracellular 

phospholipases A1 [50]. The DDHD domain is 180 amino acids long and is characterised by 

four conserved amino acids (three Asp and one His, hence its name). DDHD1 was originally 

identified as a PA-preferring PLA1 with activity against PI, PC and PE in vitro [51]. However, 

recent studies confirm that DDHD1 is a PLA1 for PI and PS based on the lipid profiles of brains 

from DDHD1-/- mice [52]. Analysis of the lipid content from brain tissue from DDHD-/- mice 

revealed that DDHD1 inactivation causes a substantial decrease in the level of C20:4 lysoPI 

with a corresponding increase in PI. Genetic and biochemical studies in C.elegans also 
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identified a DDHD1 homologue (ipla-1) as a PLA1 that is involved in the remodelling of the 

fatty acid at the sn-1 position of PI [50, 53]. Mutation in ipla-1 caused reduced stearic acid 

content of PI from 25% to 6% with no change in PC, PE or PS. 

 

One of the outstanding questions regarding DDHD1 is whether it is only involved in the 

remodelling of de novo synthesised PI as suggested above or has additional functions. 

Hydrolysis of sn-1-stearoyl-sn-2-arachidonoyl-PI by DDHD1 could provide sn-2-

arachidonoyl-lysoPI which is a potent activator of the orphan receptor, GPR55 particularly in 

the brain [54]. Moreover, deleterious mutations in human DDHD1 cause a rare neurological 

disorder, hereditary spastic paraplegia [52]. This implies that DDHD1 has multiple functions; 

remodelling of PI after de novo synthesis as well as providing the agonist for the GPR55 

receptor.  

 

3.2 Fatty acid remodelling of Phosphatidylinositol at the sn-2 position by sn1-lysoPI 

acyltransferase (LPIAT) 
 

For PI to acquire arachidonic acid at the sn-2 position, a lysoPI acyl transferase is required. 

Recent studies have identified the enzyme, LPIAT (also known as MBOAT7), an integral 

membrane enzyme at the ER with substrate activity for sn-1-acyl-lysoPI [55, 56] (see Fig. 

5). In mice lacking LPIAT, C18:0/C20:4 PI levels are reduced and moreover there is also an 

absolute decrease in total PI levels in the brain [12, 44]. Recovery of homozygotes is less 

than expected and at E18.5, the forebrain of the LPIAT-/- mice is smaller; the cerebral cortex 

and the hippocampus are specifically reduced in size. LPIAT deficiency causes atrophy of 

the cerebral cortex and hippocampus and disordered lamination of the cortical layer [44]. It 

is noteworthy that this phenotype is similar PITPα/PITPβ mice where lamination of the 
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cortical layer is disrupted ultimately leading to apoptosis [57]. Additionally, neurite 

outgrowth of hippocampal neurons from the LPIAT knockout mice is reduced in vitro, again 

like that observed in PITPα knockdown hippocampal neurons [58]. PITPα/β are single 

domain lipid transfer proteins that can bind and transfer PI in vitro [59, 60]. PITPα prefers to 

bind PI and PC with shorter acyl chains with the following preference order:  

16:1>16:0>18:1>18:0>20:4 [61]. These data would suggest that PITPα prefers to bind newly-

synthesised PI rather than the remodelled PI. 

 

In humans, MBOAT7 (LPIAT) is highly expressed in the liver and a variant of MBOAT7 

(rs641738 T allele) has been identified that increases the risk of non-alcoholic fatty liver 

disease (NAFLD) [62, 63]. This allele is associated with lower protein expression in the liver 

and is accompanied by changes in fatty acid composition of PI analysed from plasma. In the 

liver, MBOAT7 is localised to the ER, MAMs (ER membranes associated with mitochondria) 

and lipid droplets. This allele also disposes humans to hepatocellular carcinoma [63]. These 

results suggest that stearoyl arachidonoyl-PI has specific functions in mammalian cells that 

cannot be fulfilled by other PI species. It is worth noting that the acyl composition of PI in 

other organisms is not enriched in stearic and arachidonic acids. Dominant PI species in soy 

is 16:0/18:2 [64], yeast is 16:0/18:1 and 16:0/16:1 [65]; and in Drosophila, the amino acyl 

chains in PI are 16:0 (31%) 16:1 (15%); 18:1 (22%) and 18:2 (19%). No arachidonic acid is 

present in Drosophila heads [66]. In Dictyostelium discoideum, the major PI species is 16:0 

that is ether-linked at sn-1 and 18:1, which is acyl-linked at sn-2 [67]. One possibility is that 

in mammalian cells, inositol lipids are a source of bioactive metabolites such as arachidonic 

acid (for making prostaglandins, leukotrienes etc.), sn-2-arachidonoyl-lysoPI (acting as an 

agonist for the orphan receptor GPCR55) and the endocannabinoid, 2-arachidonoyl glycerol 

[68]. The making of these signalling molecules may be one of the key reasons why PI is 
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enriched in arachidonic acid. It is interesting to note that of all the tissues, stearoyl 

arachidonoyl PI is most enriched in brain compared to other tissues at 85% [11]. 

 

3.3 Fatty acid remodelling of Phosphatidylinositol at the sn-1 position by sn-2-lysoPI 

acyltransferase (LYCAT) 
 

Studies in C.elegans identified three acyltransferases that incorporated stearic acid into the sn-

1 position of PI [53, 69]. Mammalian LYCAT was identified as the closest homologue of the 

C.elegans enzymes. LYCAT was originally identified as a lysocardiolipin acyltransferase in 

an in vitro assay. Subsequently, LYCAT was shown to exhibit a preference for lysoPI with a 

preference for incorporating C18:0 at the sn-1 position. LYCAT-knockdown mice exhibits a 

reduction in stearate and an increase in palmitate within PI in various tissues [69]. LYCAT also 

determines the fatty acid composition of PI in vivo. LYCAT-deficient mice are outwardly 

healthy and fertile. In the mice, stearoyl-CoA acyltransferase activity toward the sn-1 position 

of PI is reduced, and the fatty acid composition of PI, but not those of other major 

phospholipids, is altered. Furthermore, expression of mouse LYCAT rescues the phenotype of 

C. elegans acl-8 acl-9 and acl-10 triple mutants. Thus LYCAT is a determinant of PI molecular 

species at the sn-1 position and its function is conserved in C. elegans and mammals. In PI of 

the LYCAT-/- liver, the amounts of 18:0/20:4 species is reduced by 27% and the amounts of 

16:0/18:2, 18:0/18:2, 18:1/18:2, and 16:0/20:4 species are increased. The change in PI 

composition is reflected in PI(4)P and PI(4,5)P2 as well. The extent of 18:0/20:4 species is 

reduced by 40% and 50%, respectively, and the amounts of 16:0/18:2, 18:0/18:2, 18:1/18:2, 

16:0/20:4, and 16:0/22:6 species increased [69]. Like LPIAT, LYCAT localises to the ER [69], 

indicating that remodelling of PI takes place here.  
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PI(4,5)P2 and PI(3)P play important roles in endocytic traffic and in LYCAT siRNA-treated 

human ARPE-19 cells clathrin-mediated endocytosis is perturbed. Interestingly, LYCAT 

silencing selectively perturbed the levels and localisation of PI(4,5)P2. The acyl chain profile 

of PI(4,5)P2 was also altered but not that of PI suggesting that LYCAT remodels the acyl chain 

of a selective pool of PI which is channelled into PI(4,5)P2 in this cell-type. As described in 

Section 5, LYCAT was found to localise extensively with ER-derived PIS vesicles and tubules 

known to transiently interact with ER-PM contact sites. This would suggest that remodelled PI 

is transferred to the plasma membrane whilst the bulk of the PI made by PIS in non-tubular ER 

may not be remodelled [70]. 

 

4. Fatty acyl composition of phosphatidylinositol in Cancer cells  
 

The hallmark signature of PI lipids in cells from animal tissue is predominantly stearoyl - 

arachidonoyl PI, as discussed above. In contrast, analysis of cultured cell-lines of both human 

and mouse origin reveal that disparate cancer cell lines possess a more varied composition. 

Transformed cells contain little 1-stearoyl-2-arachidonoyl-PI (C38 carbon); instead PI 

species have shorter and less saturated acyl chains compared to normal cells (C36 and C34 

carbons). Each cell line has a unique fingerprint. Four PI species 38:4, 38:3, 36:2 and 34:1 

were the predominant species present in different combinations. The cancer cell lines have a 

higher level of mono- and di-saturated acyl chains (C36). Fragmentation of the 36 carbon 

lipids revealed that most of the lipid was 18:1/18:1 suggesting of an increase in the production 

of oleic acid (18:1). [11].  
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The transformed cells examined above were mutated in p53 (e.g. R172H, R248W, or R273H) 

leading to gain of function. However, transformed cells, which were p53-null (PC3) or had 

normal levels (Capan-2) of p53 did not have high levels 36 carbon PI. Importantly, the 

changes were only observed in PI but not PC. Thus, mutation of p53 rather than loss was 

responsible for this change. This was confirmed by introducing p53 mutations in MEFs and 

12 cell lines were created: 6 controls and 6 mutants. The mutant cell lines had a 50% increase 

in C36 carbon mainly 18:1/18:1 [11].  

 

In a separate study, the role of wild type p53 was examined in HCT116 cell line [71]. (This 

cell line was also used in the previous study and had a predominance of C36 and C34 carbons 

in their PI lipids [11]). In this study they asked if increases in p53 would affect the acyl chain 

composition of phospholipids. During cellular stress, levels of the transcription factor p53 

are increased and this induces a complex network of many genes to trigger a context-

dependent anti-proliferative cellular response including cell cycle arrest, apoptosis, 

autophagy and senescence [72]. Essentially p53 allows the cells protection from becoming 

malignant. Increased expression of p53 shifted the fatty acid profile of many phospholipids 

from di-unsaturated species (e.g. 18:1/18:1) to either saturated or mono-unsaturated. These 

changes were most prominent in the PI species [71]. The increase in p53 resulted in a decrease 

in both PI(4,5)P2 and PI(3,4,5)P3. PI levels were not determined so it is not clear whether the 

decrease in PI(4,5)P2 results from defects in phosphorylation by PI 4-kinase and PIP 5-kinase 

or due to a drop in PI levels. One of the outcomes of decreased levels of PI(4,5)P2 resulted 

in reduced AKT activation. The increase in p53 was found to repress the enzyme, stearoyl 

CoA desaturase 1 (SCD1). This enzyme is responsible for the biosynthesis of mono-

unsaturated fatty acids (C16:1 and C18:1) from the corresponding preferred substrates, 

palmitoyl- (C16:0) and stearoyl-CoA (C18:0). Repression of stearoyl CoA desaturase, the 
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enzyme that converts saturated to mono-unsaturated fatty acids, causes a shift in the content 

of phospholipids with mono-unsaturated acyl chains towards more saturated phospholipid 

species, particularly of the phosphatidylinositol headgroup class. Interestingly addition of 

oleic acid (18:1) restored the levels of PI(4,5)P2 and PI(3,4,5)P3 and AKT phosphorylation 

[71].  

 

Inhibition of stearoyl CoA desaturase expression by p53 will also result in increases in 

palmitic acid. The histone deacetylase, SIRT6 interacts with p53 and this interaction 

increases following palmitic acid treatment [73]. In response to palmitic acid, both p53 and 

SIRT6 form a complex and bind to the promotors of CDS1 and CDS2, two enzymes required 

for PI synthesis. Thus, wild type p53 not only switches the acyl chain composition of PI from 

mono-unsaturated to saturated acyl chains, it also promotes an increase in the enzymes that 

make CDP-DG, the rate limiting intermediate for PI synthesis.  

 

The way that p53 affects the acyl composition of PI appears to be complex. Whilst wild type 

p53 appears to affect acyl composition by repressing the enzyme that makes C16:1 and 

C18:1, mutation of p53 results in loss C38 carbon PI with an increase in C36 PI. Since p53 

regulates a vast network of genes downstream, multiple mechanisms must be in play to 

modulate the acyl composition of PI. Presumably, distinct modulation of the acyl 

composition of PI in cells mutated with p53 or cells where p53 is increased reflects the 

differing needs of the cells.  Thus it is of interest that mutant p53 is stabilized by binding to 

type I phosphatidylinositol phosphate 5-kinase α and its product, PI(4,5)P2 in the nucleus 

[74].  

 



17 | P a g e  
 

5. Localisation of PI synthesising enzymes in sub-domains of the ER 
 

CDS and PIS enzymes, expressed in cultured cell-lines, localise at the ER. The ER is 

partitioned into sub-domains specialised for different functions including rough and smooth 

ER and the double membrane of the nuclear envelope. In addition, the ER can be present as 

flat sheets or dynamic tubules that contact other organelles including mitochondria, plasma 

membranes and endosomes. The ER also interacts with microtubules to position the ER 

dynamically. GFP-tagged PIS localises to both in the dynamic ER tubules and in the central 

perinuclear ER, but is particularly enriched in rapidly moving mobile structures [75]. 

Interestingly, only the active PIS localises to these mobile structures as the catalytically 

inactive enzyme failed to partition to the mobile compartment, The formation of these 

structures is dependent on the cycling of the small GTPase, Sar, from the GDP to GTP form. 

Sar is the GTP binding proteins required for the formation of COPII vesicles that ferry cargo 

from the ER to the cis-Golgi. In addition to PIS, Rab10, CEPT1(CEPT1 converts DG to PE 

and to PC), LYCAT and vacuole membrane protein 1 (VMP-1) localise at the tip of ER tubules 

during tubule elongation [70, 76, 77].  

 

Vacuole membrane protein 1 (VMP1) is an ER-resident multi-spanning protein first 

identified for its role in autophagy and more recently, a more general role for VMP1 in 

regulating membrane contact sites (MCSs) [77]. VMP1 forms ER microdomains in close 

contact with other organelles such as lipid droplets, autophagosomes and endosomes. In 

HeLa cells, VMP1 showed a high level of colocalization with the enzymes PIS and CEPT1. 

About 50% of PIS and 70% of CEPT1 puncta co-localized with VMP1 [77]. VMP1 is also 

detected at the tip of growing ER tubules, thus supporting the possibility that VMP1 may have 

a role in ER dynamics through the regulation of these ER subdomains. The presence of CEPT1 
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and PIS enzymes could reflect local enrichment of PI and choline/ethanolamine-containing 

phospholipids, thus raising the possibility that VMP1/CEPT1/PIS1/LYCAT domains might 

function as platforms for the synthesis of phospholipids that are essential for lipid trafficking 

between organelles.  

 

Co-localization of VMP1 with PIS/LYCAT domains suggests that these domains may be 

involved in PI trafficking of remodelled PI, and therefore required for the formation of 

phosphorylated PIs. Previous reports have shown that VMP1 regulates PI(3)P in autophagy. 

The omegasome is an ER-derived region that organizes the formation of autophagosomes. In 

this structure, PI is converted to PI(3)P by the class III PI3K enzyme, VPS34. Previous studies 

have shown that VMP1 co-localizes with the PI-enriched ER-derived omegasome and, in the 

absence of VMP1, PI(3)P accumulates aberrantly at the ER leading to the formation of small 

isolation-membrane-like structures. Autophagosomes arise from PIS puncta, and thus it is 

tempting to speculate that VMP1/PIS puncta may represent contact sites between the ER and 

the autophagosome membrane, which could facilitate the transfer of PI [78, 79]. 

 

The localisation of PIS at these ER subdomains does not coincide with the localisation of CDS 

enzymes. This raises the question of substrate provision for PIS. CDP-DG is a minor lipid in 

that it does not accumulate in substantial amounts - it is rapidly metabolised into PI. The lipid 

would need to be highly mobile and may partition into these ER subdomains by diffusion. The 

interesting question is: why is it necessary for PIS to partition into these domains or 

alternatively, why do CDS enzymes not partition into these regions? Further work that 

examines the endogenous enzymes is needed to confirm that this behaviour is not an artefact 

of over-expression.  
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There are some indications that PIS may be dysfunctional in disease. Increased PIS 

expression has been associated with oral cancer [80] and recent insights gained from studies 

on zebrafish have linked ablated expression of the enzyme with the development of hepatic 

steatosis and inflammation of the intestinal mucosa [81, 82]. Additionally in zebrafish, PIS 

expression in the eye is required to maintain particular cell populations [83] including 

photoreceptor and lens epithelial cells; loss-of-function mutations in this enzyme give rise to 

the opaque lens or cataract phenotype in this organism [83]. 

 

5.1 PI synthesis at the nuclear envelope is restricted by CNEP-1 
 

Although the ER is contiguous with the nuclear envelope, PI synthesis is apparently restricted 

to the peripheral and cortical ER. CNEP-1 (CTD nuclear envelope phosphatase 1) is an 

activator of the PA phosphatase (also known as lipin), which is the metabolic branchpoint 

between the production of PI and the major membrane lipids, PC and PE (Fig. 3). CNEP-1 

localises to the nuclear envelope [84, 85] where it activates PA phosphatase to bias 

phospholipid flux towards PC and PE and to limit PI synthesis. In the absence of CNEP-1, PI 

levels are increased and causes the formation of ectopic ER sheets in the vicinity of the nucleus 

that wrap around the nuclear envelope and cause downstream defects in nuclear envelope 

disassembly. Thus, one mechanism that can determine whether PA is converted to PI or DG is 

regulated by the presence of lipin enzymes. 

 

6. Phospholipase C signalling 
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During PLC signalling, the PA formed at the plasma membrane is enriched with stearic acid at 

sn-1 and arachidonic acid at the sn-2 position. This composition of PA reflects the fatty acid 

profile of PI(4,5)P2. Phospholipase D is often activated at the same time as PLC and the PA 

formed will reflect the fatty acid profile of PC, the substrate for PLD [86]. Whether these PA 

species, derived from different sources, are kept separate and enter different metabolic pools 

at the ER is not well understood. The central dogma has been that the PA derived from 

phosphorylation of DG derived from PLC-mediated PI(4,5)P2 hydrolysis is converted into PI 

thus maintaining the characteristic fatty acid composition of PI [87, 88]. This metabolic bias 

would go towards enrichment of PI if several enzymes of the PI(4,5)P2 cycle are selective for 

C18:0/20:4 acyl chain containing species. Analysis of the composition of PI in platelets after 

stimulation with  thrombin revealed that the fatty acid profile was altered such that the newly-

synthesised PI was no longer enriched in stearic and arachidonic acid and was suggested that 

the de novo synthetic pathway lacks the specificity to produce the characteristic stearate and 

arachidonate composition of PI [89]. Other studies supported this conclusion (reviewed in 

[40]). The identification of acyl transferases, LPIAT and LYCAT (see Fig. 5) suggest that 

enrichment of PI to its characteristic fatty acid composition is achieved by deacylation-

reacylation cycle and that a closed cycled may not always operate. In other words, the 

intermediates of the PI(4,5)P2 cycle are not strictly recycled back to regenerate PI(4,5)P2  and 

can exit the cycle [90]. This would necessitate PI to be resynthesised de novo to replace the 

lost intermediates. In the brain, DG derived from PLCβ-mediated PI(4,5)P2 hydrolysis is used 

to make 2-arachidonoyl-glycerol (2-AG), an agonist for endocannabinoid receptors. Two DAG 

lipases have been identified – DAGLα and DAGLβ that are responsible for making 2-AG [68].  

 

Furthermore, it has been demonstrated that there are various species of both PI and PA that are 

not involved within the PIP2 cycle, or at least, not used by the machinery specific for the PIP2 
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cycle. When looking at PA and PI in MEF cells, it was noted that the smaller acyl chained PIs 

did not exists, i.e. 30:0 and 30:1, even though the same acyl chain composition of PA makes 

up 21% of total PA within the cells. The implications being there must be some pools of PA in 

the ER not involved in the PIP2 cycle, and due to the very short acyl chains on these molecules 

it is plausible that this PA is, to an extent, purely structural and used to provide stability in 

regions of positive curvature of the ER, concentrating in the outer monolayer [91].  

 

6.1 Regulation of CDS enzymes during phospholipase C signalling  
 

The rate-limiting enzyme in the synthesis of PI is the formation of CDP-DG from PA catalysed 

by CDS enzymes. During intense PLC signalling, as much at 30-40% of the PI can be 

consumed and therefore the amount of CDS activity could dictate how rapidly PI is 

resynthesised. Studies in Drosophila and zebrafish suggests that CDS activity regulates both 

the availability of PI(4,5)P2 and the extent of PI(4,5)P2-dependent signalling. Drosophila 

express a single cds gene and mutation in cds, displays light-induced irreversible loss of 

phototransduction and retinal degeneration [28]. Phototransduction in photoreceptor cells in 

flies is dependent on light-activated-Gq-PLCβ activation and the amplitude of the light 

response is modulated by Cds levels; Cds-dependent PI(4,5)P2 recycling limits PLC–mediated 

phototransduction [28, 92, 93]. In zebrafish, CDS-dependent phosphoinositide availability 

limits VEGF-A signalling [25]. Like humans and mice, zebrafish have two CDS genes, cds1 

and cds2. Cds2 mutants resulted in vascular-specific defects in vivo and this is due to the failure 

of VEGF-A-stimulated PLC activity; exogenously-added PI(4,5)P2 rescued the phenotype 

indicating that CDS2 controlled the supply of PI(4,5)P2. Experiments done in cultured HUVEC 

endothelial cell-line found that knockdown of either CDS1 or CDS2 caused defective invasion 

and reduced ERK activation, an in vitro model for the vascular defects observed in the animals. 
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These data indicate that the level of expression of CDS enzymes may be a determining factor 

in the rapid replenishment of PI(4,5)P2. 

 

In a recent study in H9c2 cardiomyoblasts, vasopressin was found to selectively cause an 

increase in CDS1 but not CDS2 mRNA (Fig. 6). No increase in PIS mRNA was observed. 

Activation of PKC was required for the increase in CDS1 mRNA, as inhibitors of PKC blocked 

the response. Moreover, PMA was found to increase CDS1 mRNA. PKC stimulates cFos 

expression, which was responsible for the increase in CDS1 mRNA [34, 94]. Whilst this study 

identifies cFos as a regulator of CDS1 mRNA expression (Fig. 6), a previous study reported 

that an increase in cFos protein can also directly activate CDS1 at the ER [95, 96]. It is likely 

that cFos can associate itself to the ER in an amphitropic manner, providing a platform for 

physical interaction between cFos and CDS1. The N-terminal domain of cFos was found to be 

responsible for interaction with CDS1, but lipid synthesis was only promoted in vitro when the 

binding domain (K139 to R159) of cFos was present, with R146 being the crucial residue for CDS1 

activation by cFos. It is also noteworthy that lipid synthesis was not activated by cJun, another 

prominent component of the AP-1 complexes [96]. 

 

Other studies have also observed regulation of CDS1 and CDS2 but by different mechanisms. 

In PGC-1α/β heart-specific knockout mice, there is a decrease in CDS1 mRNA expression but 

an increase in CDS2 mRNA. Vice versa, expression of PGC-1α or -1β increased CDS1 mRNA 

in neonatal rat cardiac myocytes [97]. ERR (estrogen-related receptor) is a well-characterised 

PGC-1α co-activator target [98] and two conserved ERR binding site sequences present at the 

CDS1 promoter region was found to be responsible for PGC-1α-dependent activation. Yet 

another regulator is ZEB1, an E-Box transcriptional repressor [99]. The expression of CDS1 
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mRNA was found to be inversely correlated with ZEB1 in a series of 22 NSCLC (non-small 

cell lung cancer) cell-lines. This result was confirmed by over-expression of ZEB1 in H358 

cells where a decrease in CDS1 mRNA was noted whilst knockdown of ZEB1 resulted in 

increased CDS1 mRNA expression. As described previously in Section 4, analysis of the fatty 

acid composition of PI from a variety of cultured cell lines indicate a variable amount of 

enrichment in stearoyl-arachidonoyl PI and moreover, mutation in p53 results in PI that 

contains reduced length fatty acid moieties [11]. Interestingly, p53 together with SIRT6 has 

been found to be responsible for the increase in both CDS1 and CDS2 mRNA when cells were 

treated with palmitic acid for 16 h. Co-occupancy of p53 and SIRT6 on CDS1 and CDS2 

promoters were responsible for increased gene expression [73]. Palmitic acid is known to cause 

ER stress [100]. In Table 2, we summarize the regulation of CDS enzymes. It is clear that PI 

synthesis is a regulated process through transcriptional regulation of CDS genes.  

 

7. Future Directions 
 

Our knowledge of the enzymes required for the synthesis of PI and its subsequent remodelling 

to acquire its characteristic acyl chain composition is well understood in mammalian cells. 

However, several outstanding questions remain. Future studies need to focus on the 

significance of the acyl chain remodelling of PI and why is this altered in cancer? Although 

phosphoinositides are a source of metabolites such as sn-2-arachidonyl-lysoPI, and 2-

arachidonoyl glycerol, what is of note is that the absolute levels of PI are decreased when PI is 

unable to acquire arachidonic acid at the sn-2 positon?  This raises elementary questions. What 

determines how much PI is produced in cells? Why is this synthesis limited to 5-10%? Early 

studies suggested that PI synthase activity is inhibited by 1mM PI in vitro [101], thus feedback 

regulation is one potential mechanism. Another being the tight regulation of CDS enzymes: the 
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level of PI production will also be dependent on the availability of CDP-DG. The plethora of 

proteins that promote or suppress CDS levels at the transcriptional level must also have some 

effect on the levels and limits of PI.  

 

One of the most intriguing findings is the localisation of the PIS in the subdomain of the ER 

together with other lipid metabolising enzymes such as CEPT1 and LYCAT. What determines 

this localisation and what is its significance? How does it obtain the substrate CDP-DG for 

conversion to PI? Is the transfer of PI to other compartments taking place from these dynamic 

structures? To answer these questions, methods need to be developed for studying 

phosphatidylinositol localisation in living cells and tracking its movements from its site of 

synthesis to other organelles.  Hopefully, future advances will remedy this situation.  
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Fig. 1   Phosphatidylinositol structure.  

Phosphatidylinositol comprises of a glycerol backbone (black box), two acyl chains, R1 and R2 

at the sn-1 and sn-2 positions (red and green box respectively), a phosphate at the sn-3 position 

(blue box) and an inositol headgroup (orange box). The hydroxyls at position 3, 4, and 5 are 

phosphorylated either singly or at multiple sites, which yields seven unique phosphorylated 

species of PI. The synthesis of PI takes place at the ER whilst the production of the 

phosphorylated species occurs at other organelles including the plasma membrane. 

 

Fig. 2  Synthesis of PI de novo and during the PI(4,5)P2 cycle  

At the ER, de novo synthesis of PI begins with G-3-P acylated by GPAT enzymes at the sn-1 

position followed by a second acylation at the sn-2 position by LPAAT enzymes to PA. PA 

and CTP are converted to CDP-DG catalysed by CDS enzymes (CDS1 and CDS2). In the final 

step, inositol and CDP-DG are synthesised into PI catalysed by the enzyme, PI synthase (PIS). 

PI resynthesis also occurs following stimulation of PLC at the plasma membrane. 

Phospholipase C hydrolyses of PI(4,5)P2 resulting in the formation of the second messengers, 

IP3 and DG. DG is phosphorylated to PA at the plasma membrane by DG kinase (DGK). PA 

is also directly produced from PC by phospholipase D. At the ER, PA is resynthesized into PI 

using the same enzymes of the de novo pathway. The newly-synthesised PI is transferred to the 

plasma membrane for phosphorylation to PI(4,5)P2 by the resident enzymes, PI4KIII and 

PIP5K. Transfer of PI and PA between membranes is carried out by lipid transfer proteins, in 

particular members of the PITP family. Abbreviations: G-3-P, glycerol-3-phosphate; PI, 

phosphatidylinositol; PITPs, phosphatidylinositol transfer proteins; PI4P, PI 4-phosphate; 

PI(4,5)P2, phosphatidylinositol (4,5) bisphosphate; PLC, phospholipase C; DG, diacylglycerol; 

PA, phosphatidic acid; IP3, inositol (1,4,5) triphosphate, CDS, CDP-DG synthase; PIS, PI 
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synthase; GPAT, Glycerol phosphate acyl transferase; LPAAT, LysoPA acyl transferase; PLD, 

phospholipase D;  

 

Fig. 3 PA is converted either into PI or into DG at the ER or to cardiolipin in 

mitochondria 

At the ER, newly-synthesised PA can either be converted into CDP-DG by CDS1/2 for the 

synthesis of PI or can be converted into DG by PA phosphatases (PAP). DG can be converted 

into triacylglycerol (TG), or converted into the major phospholipids, PC and PE. CNEP-1 

activates lipin at the nuclear envelope, biasing the conversion of PA to DG towards PC 

synthesis. In mitochondria, PA is converted into CDP-DG by the mitochondrial-localised 

enzyme, TAMM41 into phosphatidylglycerophosphate (PGP). PGP is dephosphorylated to 

phosphatidylglycerol (PG) which is the substrate for cardiolipin synthase (CLS) to make 

cardiolipin. Abbreviations as in Fig. 2. CNEP-1, C-terminal domain nuclear envelope 

phosphatase-1;  

 

Fig. 4  Distinct CDS enzymes localise to the ER and mitochondria 

[A] Three CDS enzymes, CDS1, CDS2 and TAMM41, are present in the mammalian genome. 

Domain structure of the CDS enzymes, CDS1, CDS2 based on the structure of the bacterial 

enzyme, Thermotoga maritama, TmCdsA, and the structurally-unrelated CDS enzyme, 

TAMM41 containing the MMP37 domain (MMP37, mitochondrial matrix proteins of 37 kDa; 

PFAM: 09139). The transmembrane domains of CDS1 and CDS2 are shown in coloured boxes. 

Blue box, N-terminal domain, green boxes, middle domain, which is the dimerization interface, 

and the orange boxes that comprise the highly-conserved C-terminal domain.  
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[B] Cartoon representation of CDS1 and CDS2 based on the three dimensional structure of 

TmCdsA dimer. The monomers are coloured red and yellow. TAMM41 is shown as a 

peripheral membrane protein.  

[C] Localisation of CDS1 and CDS2 at the ER and TAMM41 in the inner mitochondrial 

membrane. TAMM41 is a peripheral protein localised to the inner mitochondrial membrane.  

 

Fig. 5  Remodelling of de novo- synthesised PI to acquire its specific fatty acid composition 

by phospholipase A and acyl transferases. 

De novo synthesised PI is remodelled at the ER. De novo synthesised PI mainly contains 

saturated and mono-saturated acyl chains, which are replaced through deacylation and 

reacylation reactions. PI is first deacylated by a phospholipase A1 (PLA1) or A2 (PLA2) yielding 

sn-1 lysoPI or sn-2 lysoPI. LysoPI’s are reacylated by acyltransferases, LYCAT or LPIAT, that 

use specific acyl-CoAs.  

 

Fig. 6 Regulation of CDS1 mRNA by protein kinase and cFos during the PI(4,5)P2 cycle 

Activation of phospholipase C by G-protein-coupled receptors hydrolyses PI(4,5)P2 to generate 

diacylglycerol (DG). DG activates protein kinase C that stimulates the increase in cFos. cFos 

increases the expression of CDS1 mRNA. The increase in CDS1 enzyme would facilitate the 

resynthesis of PI to provide substrate for PI(4,5)P2 resynthesis at the plasma membrane. VP, 

vasopressin; V1R, vasopressin receptor;  
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Table 1 Enzymes at the ER involved in PI synthesis and acyl chain remodelling in 

mammals 

Enzymes Alt names Enzyme reaction 

Acyl-CoA 

specificity 

References 

GPAT3,  G-3-P to LPA unknown [13] 

GPAT4  G-3-P to LPA unknown [13] 

LPAAT1,2,3,4,5 

AGPAT1 

LPAATα,β,γ,δ,ε 

LPA to PA Various [15] 

CDS1  PA to CDP-DG  [22] 

CDS2  PA to CDP-DG  [33] 

PIS  CDP-DG to PI none [43] 

LPIAT MBOAT7 LPI to PI 

C20:4-CoA at 

sn-2 

[12] 

LYCAT 

AGPAT8, 

ALCAT1, LYCAT1 

LPI to PI 

C18:O-CoA 

at sn-1 

[69] 

DDHD1  PI to sn-2 lysoPI  [50, 52] 

PLA2  PI to sn-1 lysoPI  [49] 
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Table 1: Regulation of CDS1 and CDS2 mRNA by different mechanisms.  

 

Treatment 
Up-

regulated 

Down-

regulated 
Comments References 

Vasopressin CDS1  

H9c2 cells stimulated for 16 h. 

CDS1 expression inhibited by 

PKC and AP-1 inhibitor 

[34] 

PMA CDS1  H9c2 cells stimulated for 24 h. [34] 

PGC-1α/β 

heart-specific 

knockout mice 

CDS2 CDS1 

Gene expression profiling 

revealed reduced expression of 

CDS1 

[97] 

PGC-1α or 

PGC-1β over-

expression 

CDS1  
Over-expression in Neonatal rat 

cardiac myocytes 
[97] 

Palmitic acid 

via p53 with 

SIRT6 

CDS1 

and 

CDS2 

 
p53 and SIRT6 bind the 

promoters of CDS1 and CDS2 
[73] 

Adipocyte 

differentiation 
CDS1  

3T3-L1-preadipocytes 

differentiated in vitro for 8 days 
[35] 

Low ZEB1 

expression 
CDS1  

22 NSCLC cell-lines 

expressing low ZEB1 have a 

high level of CDS1 mRNA 

[99] 

ZEB1 over-

expression 
 CDS1 

Cells expressing ZEB1 at high 

levels correlated with low 

CDS1 levels. 

[99] 
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