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ABSTRACT 

Introduction: Phosphoinositides play a key role in the regulation of focal adhesions 
(FAs) turnover during cell adhesion and migration. However, their potential role in FA 

turnover at leading and trailing edge of cell are not yet fully understood. In this study, 

we investigate their spatial co-localisation with paxillin directly at leading and trailing 

edge of MDA-MB-231 breast cancer cell line. 
Materials and methods: Cell lines and cell culture experiments were done using MDA-

MB-231human adenocarcinoma cells. Co-trnasfection and confocal microscopy were 

performed to visualise phosphoinositides and FAs by using GFP-C1-PLCdelta-PH/Btk-

PH-GFP and 3 µɡ paxillin-RFP as biosensors. Then, ImageJ was used to measure  co-

localisation point between Phosphatidylinositol 4,5-trisphosphate (PtdIns(4,5)P2) or 
Phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3) and paxillin Spearman's rank 

correlation value was taken between PtdIns(4,5)P2/PtdIns(3,4,5)P3.  

Results: Our results demonstrate that the spatial co-localistion of PtdIns(4,5)P2 and 

PtdIns(3,4,5)P3 with FA at leading and trailing age of cell were slightly changed.  

Conclusions: This suggests that PtdIns(4,5)P2 and PtdIns(3,4,5)P3 play an equal role at 

the leading and trailing edges of the cancer metastasis through interaction with FA 

proteins. 

 

© 2021 The Authors. Published by Iberoamerican Journal of Medicine. This is an open access article 

under the CC BY license (http://creativecommons. org/licenses/by/4.0/).    
HOW TO CITE THIS ARTICLE: AL-Fahad D. The possible role of PtdIns(4,5)P2 and PtdIns(3,4,5) at the leading and trailing edges 

of the breast cancer cell line. Iberoam J Med. 2021;3(1):26-32. doi: 10.5281/zenodo.4421799. 
 

1. INTRODUCTION 

Phosphoinositides and their downstream signaling 

molecules have been shown to be involved in several 

processes linked with cancer including adhesion, 

proliferation and invasion [1]. The Phosphoinositide 3-

kinases (PI3Ks) family plays a crucial role in several 

cellular functions including cell growth, motility, 

proliferation, differentiation and survival. There are several 

stimuli including growth factors, extracellular matrix and 

cytokines that activate class I PI3K and serine/threonine-
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specific protein kinase Akt signalling complexes [2]. Then, 

PI3K produces PtdIns(3,4,5)P3 which in turns activate Akt, 

PDK1 and cytosolic proteins that implicated in the 

regulation of cancer cell migration [3]. The PI3K–Akt–

mTOR (Mammalian target of rapamycin) pathway is often 

activated in cancer. PDK1 activates Akt and then Akt 

activates mTOR[3]. Phospholipases C (PLCs) are 

stimulated by extracellular stimuli including 

neurotransmitters, growth factors and hormones [4]. 

Lysophosphatidic acid (LPA) induces the generation of 

PI3P through activation of a class II PI3K (PI3K-C2β). 

Both PI3P and PI3K-C2β are implicated in LPA-mediated 

cell migration [5]. The PI3K Class IB isoform p110γ is 

overexpressed in human pancreatic cancer tissues [6] and 

p110α is also overexpressed in breast, ovarian and colon 

cancer [7-10]. PTEN is frequently mutated in cancer and 

participates in oncogenesis through changing the level of 

PtdIns(3,4,5)P3 [11, 12]. 

Spatial and temporal organisation of Phosphatidylinositol 

3,4,5-trisphosphate; PtdIns(3,4,5)P3, Phosphatidylinositol 

4,5-trisphosphate; PtdIns (4,5)P2 are involved in the 

activation of many proteins [13]. PtdIns(4,5)P2 and 

PtdIns(3,4,5)P3 have the ability to participate in the 

regulation of dynamic functions of the membrane and cell 

shape  through the control of FAs between cytoskeleton 

and plasma membrane [2, 13-15]. During FA formation 

many kinases are recruited to FA sites, such as PIP5Kγ90 

which generates PtdIns(4,5)P2 pools in cell membranes 

[16-19]. PtdIns(4,5)P2 synthesis in the cell membrane 

recruits many kinases to the cell membrane which are 

implicated in the regulation of FA turnover [18]. 

PtdIns(4,5)P2 also increases in the binding between FAs 

and integrin during the assembly process [18, 20-22]. 

PtdIns(3,4,5)P3 also plays a role in the regulation of FA 

turnover through restructuring of FAs via association with 

α-actinin and deactivation of the interaction between α-

actinin and β-integrin [23, 24]. 

 

2. MATERIALS AND METHODS 

2.1. ETHICS 

This study was approved to be conducted under the 

legislations and in agreement with the guidelines and 

regulations of the committee of experiments of the school 

of biomedical sciences, University of Reading. 

2.2. CELL LINES AND CELL CULTURE 

Experiments were done using MDA-MB-231(ATCC® 

HTB­26™) human adenocarcinoma cells were obtained 

from the American Type Culture Collection (ATCC, 

Manassas, VA). The Mycoplasma kit (Cat No. K1-0210, 

EZ-PCR™) Mycoplasma Test Kit, 20 assays, 

Project.A3088606 was used to test the MDA-MB-231 

cells. The cells were transferred into 10ml of DMEM 

(Gibco®) supplemented with 10% (v/v) fetal bovine serum 

(FBS, Gibco), 5ml of 20 mM L-glutamine (100X, Gibco) 

and 5ml of 1% v/v Penicillin/Streptomycin (10,000 

units/ml, 10,000μg/ml, Gibco), and spun at 200g for 5 

minutes. The MDA-MB-231 cells were grown in T75 

flasks. MDA-MB-231 cells were passaged each for three 

days and sometimes longer depending on the confluence of 

the cells and the type of experiment.  After disposal of old 

media the cells were washed with 10ml of Dulbecco’s 

phosphate buffered saline (PBS, without calcium chloride 

and magnesium chloride, Sigma) once. The cells were then 

trypsinized with 2ml of 0.05% Trypsin-EDTA (1X, Gibco) 

in the humidified environment of 5% CO2/95% air at 37°C 

for 3-5 minutes. After detaching the cells 5ml of fresh 

culture media was added and suspended to quickly 

inactivate the trypsin. The cell suspension was mixed well 

to ensure single cell separation. To count cells a 

haemocytometer was used after cells were washed and 

suspended. A clean glass cover-slip was fixed on top of 

haemocytometer. 25μl of cell suspension was pipetted and 

placed at one edge of the coverslip and flow through the 

empty chamber. The cells were then counted in four large 

corners squares under microscope. 

2.3. CO-TRANSFECTION AND LIVE CELL IMAGING 

Collagen (BD Bioscience®, Entrez Gene ID: 84352, 29393) 

was prepared using 4.41mg/ml chilled rat tail type 1 non-

pepsinzed collagen and mixed with DMEM (100µL/mL) in 

the sterilised tube in the culture hood. 15-20µL of NaOH 

was added (pH normalized to 7.0) drop by drop on 

collagen/DMEM mixture until the colour changed to pink. 

The chilled culture media was added into the 

collagen/DMEM mixture to make the final required 

amount. These steps were prepared on ice in the culture 

hood and bubbles in solution were avoided. 100μl of the 

mixture was poured into ibidi glass bottom dishes then 

spread to cover the dish. The dishes were incubated at 5% 

CO2/95% humidified air environment at 37C° initially for 

30 minutes. The dishes were seeded with 1 x 105 MDA-

MB-231 or MCF7 cells for 24 hour at 70% confluence 

before transfection. The next day, GFP-C1-PLCdelta-PH 

(Addgene (Plasmid #21179)/Btk-PH-GFP (Addgene 

(Plasmid #51463) and 3µɡ paxillin-RFP (Addgene) were 

added in 100µl of serum-free media in labelled eppendorf 
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tubes. 6µl Polyethylenimine (PEI) transfection reagent 

(Sigma Aldrich®, CAS Number: 9002-98-6) was then 

added to each labelled tube then immediately mixed by 

vortex for 10 seconds. The labelled tubes were incubated 

for 15 minutes in the culture hood. The GFP/RFP /PEI 

mixture was added into each dish containing 2ml of 

complete media. The dishes were swirled gently and 

incubated overnight. The ibidi dish was put in the confocal 

chamber and connected to CO2 and warmed at 37oC. The 

488nm and 568nm channels of confocal microscopy were 

used and laser intensity and exposure time were adjusted to 

visualise PtdIns(4,5)P2 or PtdIns(3,4,5)P3 and paxillin. 

2.4. CO-LOCALISATION ANALYSIS 

PtdIns(4,5)P2 or PtdIns(3,4,5)P3 and FAs the images were 

taken. ImageJ was used to measure co-localisation point 

between PtdIns(4,5)P2 or PtdIns(3,4,5)P3 and paxillin 

Spearman's rank correlation value was taken between 

PtdIns(4,5)P2 /PtdIns(3,4,5)P3. 

2.5. STATISTICAL ANALYSIS 

GraphPad Prism 5 software (GraphPad Software, San 

Diego, CA) was used for three independent experiments in 

triplicate (n=3), and P values <0.05 were considered 

statistically significant by one-way analysis of variance 

after Dunn’s multiple comparisons for three or more 

variables. 

 

3. RESULTS 

3.1. SPATIAL REGULATION OF PTDINS(3,4,5)P3 AND 

(PTDINS(4,5)P2) WITHIN A SINGLE FA AT THE 

LEADING AND TRAILING EDGES OF THE CELL 

MDA-MB-231 cells were seeded on different surfaces 

(fibronectin 20µg/ml and collagen 2mg/ml) and transfected 

with Btk-PH-GFP or mCherry and PLC 1-PH-GFP or 

mCherry, and then fixed with paraformaldehyde. Later, the 

cell were incubated with an anti-paxillin monoclonal 

antibody, and then stained with Alexa Fluor secondary 

antibody. The co-localisation values between PtdIns(4,5)P2 

or PtdIns(3,4,5)P3 and paxillin were measured by ImageJ 

at both the leading and trailing edges, through selecting the 

regions of interest (ROI) of PtdIns(4,5)P2 or 

PtdIns(3,4,5)P3. The reverse co-localisation value between 

paxillin and PtdIns(4,5)P2 or PtdIns(3,4,5)P3 was also 

measured by ImageJ at the leading and trailing edges, 

through selecting the ROI of paxillin (Figure. 1).Co-

localisation value at the leading edge was slightly higher 

than training edges but not significantly and reverse co-

localisation was similar to regular co-localisation. The co-

localisation values of PtdIns(4,5)P2 with paxillin on 

collagen at the leading and trailing edge were 0.60±0.05 

and 0.56±0.02, respectively, and reverse co-localisation 

values at the leading and trailing edge were 0.64 ±0.03 and 

0.62±0.02, respectively (Figure 2). The co-localisation 

values of PtdIns(4,5)P2 with paxillin on fibreonectin at the 

leading and trailing edge were 0.57±0.06 and 0.51±0.05, 

respectively, and reverse co-localisation values at the 

leading and trailing edge were 0.60±0.05 and 0.56±0.03, 

respectively (Figure 2), as summarised in Table 1. 

The co-localisation values of PtdIns(3,4,5)P3 with paxillin 

on collagen at the leading and trailing edge were 0.49±0.16 

and 0.43±0.05, respectively, and reverse co-localisation 

values at the leading and trailing edge were 0.52 ±0.13 and 

0.46±0.08, respectively (Figure 3). The co-localisation 

values of PtdIns(3,4,5)P3 with paxillin on fibronectin at the 

leading and trailing edge were 0.56±0.10 and 0.56±0.16, 

respectively, and reverse co-localisation values at the 

leading and trailing edge were 0.61±0.08 and 0.44±0.15, 

respectively (Figure 3), as summarised in Table 2. 

 

Table 1.  Co-localisation between PtdIns(4,5)P2 and paxillin at the leading and trailing edge on collagen and fibronectin 

 
PIP2/paxillin (leading 

edge) 

PIP2/paxillin (trailing 

edge) 

Paxillin/PIP2 

(leading edge) 

Paxillin/PIP2 

(trailing edge) 

Collagen 0.60±0.05 0.56±0.02 0.64±0.03 0.62±0.02 

Fibronectin 0.57±0.06 0.51±0.0.5 0.60±0.05 0.56±0.03 

Table 2.  Co-localisation between  PtdIns(3,4,5)P3 and paxillin at the leading and trailing edge on collagen and fibronectin 

 
PIP3/paxillin (leading 

edge) 

PIP3/paxillin (trailing 

edge) 

Paxillin/PIP3 

(leading edge) 

Paxillin/PIP3 

(trailing edge) 

Collagen 0.49±0.16 0.43±0.05 0.52±0.13 0.46±0.08 

Fibronectin 0.56±0.10 0.56±0.16 0.61±0.08 0.44±0.15 

Values are expressed as mean±SD. 

Values are expressed as mean±SD. 
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4. DISCUSSION 

The aim of this paper was to investigate the spatial co-

localistion between PtdIns(4,5)P2/ PtdIns(3,4,5)P3 and 

FAs. In order to study the spatial organisation between 

PtdIns(4,5)P2/PtdIns(3,4,5)P3 and FAs it is important to 

use co-transfection experiments. The measurement of 

strength of spatial co-localisation between two molecules 

ranged from 1 to -1. The co-localisation values can express 

the strength degree of co-localisation between proteins, 

such as if the value range from 0.1-0.19 very weak, 0.20-

0.39 weak, 0.40-0.59 moderate, 0.60-0.79 strong and 0.80-

1 very strong [25-27]. 

Previous studies have shown that spatio-temporal 

distribution of FAs and both PtdIns(4,5)P2 and  

PtdIns(3,4,5)P3 and their second messengers at the leading 

edge play roles in recruiting many proteins to leading edge. 

The enzymes responsible for the production of these lipids 

are different in terms of their concentrations at the front 

and rear of the cell; therefore, they are distributed 

unequally in the cell membrane [28-31]. However, our data 

showed that PtdIns(4,5)P2/ PtdIns(3,4,5)P3 were equally 

distributed at leading and trailing edges of MDA-MB-231 

cells (Figure 1). The co-localisation and reverse co-

localisation between PtdIns(4,5)P2/PtdIns(3,4,5)P3 and FA 

were measured at the leading and trailing edges of the cell 

by selecting the region of interest (ROI) for 

PtdIns(4,5)P2/PtdIns(3,4,5)P3 and FA. In other words, the 

ROI of PtdIns(4,5)P2/PtdIns(3,4,5)P3 was selected and its 

localisation with FA was measured which is called regular 

localisation analysis. The ROI of paxillin was selected and 

its localisation with PtdIns(4,5)P2/PtdIns(3,4,5)P3 was 

measured which is called reverse localisation analysis. Our 

Data showed moderate co-localisation, but the co-

localisation value at the leading edge was slightly higher 

Figure 1: Spatial co-localisation between PtdIns(4,5)P2/ PtdIns(3,4,5)P3 and paxillin at the leading and trailing edges of  MDA-

MB-231 cells on variety of surfaces .Cells were plated on collagen 2mg/ml and co-transfected with PLC�1-PH-GFP/ Btk-PH-GFP 

(green )then fixed and immunostained for paxillin (red). The spatial interaction between PtdIns(4,5)P2/ PtdIns(3,4,5)P3 and  paxillin 

was measured through selection ROI at the leading and trailing edges of the cell. The highlighted areas show a magnification of 

spatial co-localisation region between PtdIns(4,5)P2/ PtdIns(3,4,5)P3and pxillinat the leading and trailing edges. Representative 

picture is shown. 
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than trailing edge but was not significant (Figures 2 and 3). 

The reverse co-localisation was similar to regular co-

localisation (Figures 2 and 3). The implications of these 

results that PtdIns(3,4,5)P3 are equally distributed at the 

leading and trailing edge of the cell. It can be said that 

PtdIns(3,4,5)P3 are interacted and involved within FAs at 

the leading and trailing edge of the cell. 

There are several reasons why the reverse co-localisation 

was measured. First, FAs and PtdIns(4,5)P2 and  

PtdIns(3,4,5)P3might have different distribution areas at 

the leading and trailing edge of cell, which could have 

given them different roles. Second, a single FA is very 

small in size compared to the PtdIns(4,5)P2 and 

PtdIns(3,4,5)P3domains in the cell membrane. So, a single 

FA can entirely be localised within PtdIns(4,5)P2 or 

PtdIns(3,4,5)P3domains in the cell membrane, this might 

have a different localization value. Third, the Spearman 

correlation requires a measurement of the co-localisation 

and reverse co-localisation between two variables using 

fluorescence microscope images. The advantages of 

Spearman’s rank correlation are as follows: it is monotonic 

association and does not require assumptions. It uses when 

the data makes Pearson coefficient correlation (PCC) 

unwanted or misguiding. It uses ranks data, and measures 

the strength degree of co-localisation between two 

molecules. So, this statistical method is more 

understandable in measuring fluorescence intensity when 

compared to others. 

The limitations of using the confocal microscopy in 

measurment of spatial co-localistion are some inability to 

visualise the fine details of lipids due to diffraction limit 

[32]. So, the Photo-activated localization microscopy 

(PALM), stochastic optical reconstruction microscopy 

(STORM) and fluorescence resonance energy transfer 

(FRET) have been designed to visulise the fine details of 

the spatial co-localisation more precisely [33, 34]. 

Although PALM and FRET can be used in live cells and 

can detect with a resolution of around 10nm, the 

measurement of distances is still limited to 10nm. The 

efficiency of FRET is not very high at low expression 

levels of lipids and even at high probe concentrations there 

could be low FRET signal if the concentration of the lipids 

is underneath a certain level [35]. Therefore, they might 

not confirm the interaction between PtdIns(3,4,5)P3 and 

FAs precisely. Furthermore, the membrane sheets that are 

used in these methods need detergent, which often affects 

phospholipid signals. The fixation steps that are used in 

these methods were at a lower temperatures, which could 

deform the PtdIns(3,4,5)P3 localisations. Thus, it is 

Figure 2: Quantification of spatial co-localisation between 

PtdIns(4,5)P2and paxillin at the leading and trailing edges. 

Spearman’s (rho) correlation coefficient analysis was used to 

measure a co-localisation value between PtdIns(4,5)P2and 

paxillin at the leading and trailing edges. A) On fibronectin: 

Co-localisation and reverse co-localisation values between 

PtdIns(4,5)P2 and paxillin were moderate co-localisation. A) 

On collagen:Co-localisation and reverse co-localisation 

values between PtdIns(4,5)P2and paxillin were moderate co-

localisation. Statistical analysis was performed by One-way 

ANOVA with Tukey's Multiple Comparison Test, non- 

significant differences between co-localisation values at 

P≤0.05. Data are a representative of the means±SD of three 

independent experiments in which n=10 cells were measured, 

and number of a single FA=10 for each cell.                                                                                                                         

 

Figure 3: Quantification of spatial co-localisation between 

PtdIns(3,4,5)P3and paxillin at the leading and trailing edges. 

Spearman’s (rho) correlation coefficient analysis was used to 

measure co-localisation value between PtdIns(3,4,5)P3and 

paxillin at the leading and trailing edges A) On fibronectin: 

Co-localisation and Reverse co-localisation values between 

PtdIns(3,4,5)P3and paxillin were moderate co-localisation. 

B) On collagen: Co-localisation and Reverse co-localisation 

values between PtdIns(3,4,5)P3and paxillin were moderate 

co-localisation. Statistical analysis was performed by One-

way ANOVA with Tukey's Multiple Comparison Test, non- 

significant difference between co-localisation values at 

P≤0.05.Data are a representative of the means±SD of three 

independent experiments in which n=10 cells were measured, 

and number of a single FA=10 for each cell. 
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difficult to detect them in live cells under these 

physiological conditions [36]. 

 

5. CONCLUSIONS 

Our results suggest that PtdIns(3,4,5)P3 and 

PtdIns(4,5)P2 are equally distributed at the leading 

and trailing edge of the cell and interacted with 

paxillin at the leading and trailing edge of the cell. 

This means that PtdIns(4,5)P2 and PtdIns(3,4,5)P3 

play an equal role at the leading and trailing edges of 

the cancer metastasis through interaction with FA 

proteins. 

 

6. ACKNOWLEDGEMENTS 

We thank our Iraqi ministry of higher education and 

scientific research and all staffs and technicians in 

University of Reading (UK). 

 

7. REFERENCES 

1. Baenke F, Peck B, Miess H, Schulze A. Hooked on fat: the role of lipid 
synthesis in cancer metabolism and tumour development. Dis Model Mech. 
2013;6(6):1353-63. doi: 10.1242/dmm.011338. 

2. Thapa N, Choi S, Tan X, Wise T, Anderson RA. Phosphatidylinositol 
Phosphate 5-Kinase Iγ and Phosphoinositide 3-Kinase/Akt Signaling Couple to 
Promote Oncogenic Growth. J Biol Chem. 2015;290(30):18843-54. doi: 
10.1074/jbc.M114.596742. 

3. Zhou H, Huang S. Role of mTOR signaling in tumor cell motility, invasion 
and metastasis. Curr Protein Pept Sci. 2011;12(1):30-42. doi: 
10.2174/138920311795659407. 

4. Lattanzio R, Piantelli M, Falasca M. Role of phospholipase C in cell 
invasion and metastasis. Adv Biol Regul. 2013;53(3):309-18. doi: 
10.1016/j.jbior.2013.07.006. 

5. Maffucci T, Cooke FT, Foster FM, Traer CJ, Fry MJ, Falasca M. Class II 
phosphoinositide 3-kinase defines a novel signaling pathway in cell migration. 
J Cell Biol. 2005;169(5):789-99. doi: 10.1083/jcb.200408005. 

6. Edling CE, Selvaggi F, Buus R, Maffucci T, Di Sebastiano P, Friess H, et al. 
Key role of phosphoinositide 3-kinase class IB in pancreatic cancer. Clin 
Cancer Res. 2010 Oct 15;16(20):4928-37. doi: 10.1158/1078-0432.CCR-10-
1210. 

7. Bader AG, Kang S, Vogt PK. Cancer-specific mutations in PIK3CA are 
oncogenic in vivo. Proc Natl Acad Sci U S A. 2006;103(5):1475-9. doi: 
10.1073/pnas.0510857103. 

8. Bader AG, Kang S, Zhao L, Vogt PK. Oncogenic PI3K deregulates 
transcription and translation. Nat Rev Cancer. 2005;5(12):921-9. doi: 
10.1038/nrc1753. 

9. Kang S, Bader AG, Vogt PK. Phosphatidylinositol 3-kinase mutations 
identified in human cancer are oncogenic. Proc Natl Acad Sci U S A. 
2005;102(3):802-7. doi: 10.1073/pnas.0408864102. 

10. Shayesteh L, Lu Y, Kuo WL, Baldocchi R, Godfrey T, Collins C, et al. 
PIK3CA is implicated as an oncogene in ovarian cancer. Nat Genet. 1999 
Jan;21(1):99-102. doi: 10.1038/5042. 

11. Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, et al. PTEN, a 
putative protein tyrosine phosphatase gene mutated in human brain, breast, 

and prostate cancer. Science. 1997;275(5308):1943-7. doi: 
10.1126/science.275.5308.1943. 

12. Majerus PW, York JD. Phosphoinositide phosphatases and disease. J Lipid 
Res. 2009;50 Suppl(Suppl):S249-54. doi: 10.1194/jlr.R800072-JLR200. 

13. Hilpelä P, Vartiainen MK, Lappalainen P. Regulation of the actin 
cytoskeleton by PI(4,5)P2 and PI(3,4,5)P3. Curr Top Microbiol Immunol. 
2004;282:117-63. doi: 10.1007/978-3-642-18805-3_5. 

14. Sun Y, Ling K, Wagoner MP, Anderson RA. Type I gamma 
phosphatidylinositol phosphate kinase is required for EGF-stimulated 
directional cell migration. J Cell Biol. 2007;178(2):297-308. doi: 
10.1083/jcb.200701078. 

15. Raucher D, Stauffer T, Chen W, Shen K, Guo S, York JD, et al. 
Phosphatidylinositol 4,5-bisphosphate functions as a second messenger that 
regulates cytoskeleton-plasma membrane adhesion. Cell. 2000;100(2):221-8. 
doi: 10.1016/s0092-8674(00)81560-3. 

16. Legate KR, Takahashi S, Bonakdar N, Fabry B, Boettiger D, Zent R, et al. 
Integrin adhesion and force coupling are independently regulated by localized 
PtdIns(4,5)2 synthesis. EMBO J. 2011;30(22):4539-53. doi: 
10.1038/emboj.2011.332. 

17. Di Paolo G, Pellegrini L, Letinic K, Cestra G, Zoncu R, Voronov S, et al. 
Recruitment and regulation of phosphatidylinositol phosphate kinase type 1 
gamma by the FERM domain of talin. Nature. 2002;420(6911):85-9. doi: 
10.1038/nature01147. 

18. Izard T, Brown DT. Mechanisms and Functions of Vinculin Interactions 
with Phospholipids at Cell Adhesion Sites. J Biol Chem. 2016;291(6):2548-55. 
doi: 10.1074/jbc.R115.686493. 

19. Wu Z, Li X, Sunkara M, Spearman H, Morris AJ, Huang C. PIPKIγ 
regulates focal adhesion dynamics and colon cancer cell invasion. PLoS One. 
2011;6(9):e24775. doi: 10.1371/journal.pone.0024775. 

20. Chandrasekar I, Stradal TE, Holt MR, Entschladen F, Jockusch BM, 
Ziegler WH. Vinculin acts as a sensor in lipid regulation of adhesion-site 
turnover. J Cell Sci. 2005;118(Pt 7):1461-72. doi: 10.1242/jcs.01734. 

21. Wang JH. Pull and push: talin activation for integrin signaling. Cell Res. 
2012;22(11):1512-4. doi: 10.1038/cr.2012.103. 

22. Yuan Y, Li L, Zhu Y, Qi L, Azizi L, Hytönen VP, et al. The molecular basis 
of talin2's high affinity toward β1-integrin. Sci Rep. 2017;7:41989. doi: 
10.1038/srep41989. 

23. Rubashkin MG, Cassereau L, Bainer R, DuFort CC, Yui Y, Ou G, et al. 
Force engages vinculin and promotes tumor progression by enhancing PI3K 
activation of phosphatidylinositol (3,4,5)-triphosphate. Cancer Res. 
2014;74(17):4597-611. doi: 10.1158/0008-5472.CAN-13-3698. 

24. Greenwood JA, Theibert AB, Prestwich GD, Murphy-Ullrich JE. 
Restructuring of focal adhesion plaques by PI 3-kinase. Regulation by PtdIns 
(3,4,5)-p(3) binding to alpha-actinin. J Cell Biol. 2000;150(3):627-42. doi: 
10.1083/jcb.150.3.627. 

25. Zinchuk V, Wu Y, Grossenbacher-Zinchuk O. Bridging the gap between 
qualitative and quantitative colocalization results in fluorescence microscopy 
studies. Sci Rep. 2013;3:1365. doi: 10.1038/srep01365. 

26. Dunn KW, Kamocka MM, McDonald JH. A practical guide to evaluating 
colocalization in biological microscopy. Am J Physiol Cell Physiol. 
2011;300(4):C723-42. doi: 10.1152/ajpcell.00462.2010. 

27. Hauke J, Kossowski T. Comparison of Values of Pearson's and Spearman's 
Correlation Coefficients on the Same Sets of Data. Quaest Geogr. 
2011;30(2):87-93. doi: 10.2478/v10117-011-0021-1. 

28. Falke JJ, Ziemba BP. Interplay between phosphoinositide lipids and 
calcium signals at the leading edge of chemotaxing ameboid cells. Chem Phys 
Lipids. 2014;182:73-9. doi: 10.1016/j.chemphyslip.2014.01.002. 

29. Thapa N, Anderson RA. PIP2 signaling, an integrator of cell polarity and 
vesicle trafficking in directionally migrating cells. Cell Adh Migr. 
2012;6(5):409-12. doi: 10.4161/cam.21192. 

30. Nishioka T, Aoki K, Hikake K, Yoshizaki H, Kiyokawa E, Matsuda M. 
Rapid turnover rate of phosphoinositides at the front of migrating MDCK cells. 
Mol Biol Cell. 2008;19(10):4213-23. doi: 10.1091/mbc.e08-03-0315. 

31. Sharma VP, DesMarais V, Sumners C, Shaw G, Narang A. Immunostaining 
evidence for PI(4,5)P2 localization at the leading edge of chemoattractant-
stimulated HL-60 cells. J Leukoc Biol. 2008;84(2):440-7. doi: 
10.1189/jlb.0907636. 



32 IBEROAMERICAN JOURNAL OF MEDICINE 01 (2021) 26-32 

 

32. Idevall-Hagren O, De Camilli P. Detection and manipulation of 
phosphoinositides. Biochim Biophys Acta. 2015;1851(6):736-45. doi: 
10.1016/j.bbalip.2014.12.008. 

33. Patterson GH. Fluorescence microscopy below the diffraction limit. Semin 
Cell Dev Biol. 2009;20(8):886-93. doi: 10.1016/j.semcdb.2009.08.006. 

34. Warren SC, Margineanu A, Katan M, Dunsby C, French PM. Homo-FRET 
Based Biosensors and Their Application to Multiplexed Imaging of Signalling 
Events in Live Cells. Int J Mol Sci. 2015;16(7):14695-716. doi: 
10.3390/ijms160714695. 

35. Balla T, Várnai P. Visualization of cellular phosphoinositide pools with 
GFP-fused protein-domains. Curr Protoc Cell Biol. 2009;Chapter 24:Unit 
24.4. doi: 10.1002/0471143030.cb2404s42. 

36. Ji C, Lou X. Single-molecule Super-resolution Imaging of 
Phosphatidylinositol 4,5-bisphosphate in the Plasma Membrane with Novel 
Fluorescent Probes. J Vis Exp. 2016;(116):54466. doi: 10.3791/54466.  

 


