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mesh-works associated with endocytic structures, lamellipodia,

and podosomes/invadopodia (Hawkins and Stephens, 2016; Li

and Marshall, 2015). Further, INPP4B has been recently identi-

fied as a conditional tumor suppressor, and a plausible mecha-

nism of action has been constructed based on its ability to act

as a specific PI(3,4)P2 4-phosphatase, thus limiting the activation

of AKT (Fedele et al., 2010; Gewinner et al., 2009).

A major problem with defining the impact of specific phospha-

tases in shaping the PI(3,4,5)P3 and PI(3,4)P2 signals generated

by activation of class I PI3Ks is current technical limitations in

their quantitative measurement. Historically, the most accurate

method for measuring these lipids has been radiolabelling, lipid



of synthetic d6-labeled standards allowed us to accurately quan-

tify the amounts of endogenous C38:4 PI(3,4)P2 and PI(4,5)P2 in

our biological extracts (Figures S1A and S1B).

Identification of the Major Phosphatases Controlling
PI(3,4,5)P3 and PI(3,4)P2 Accumulation in
EGF-Stimulated Mcf10a Cells
We disrupted expression of phosphoinositide phosphatases in

Mcf10a cells, and then we used our new and existing HPLC-

MS methods to measure the effect on epidermal growth factor

(EGF)-stimulated accumulation of PI(3,4,5)P3 and PI(3,4)P2.

Initially, we employed an siRNA screen directed against all phos-

phoinositide phosphatases previously reported to act on these

two lipids and expressed at significant levels in these cells

(INPP5B, INPP5E, INPP5F, INPP5J, INPP5K, SHIP1, SHIP2,

SYNJ1/2, OCRL, and PTEN; Balla, 2013; Kiselev et al., 2015),



Figure 2. The Identification of Phosphatases that Shape PI(3,4,5)P3 and PI(3,4)P2 Signals in EGF-Stimulated Mcf10a Cells

(A) PI(3,4,5)P3 levels in Mcf10a cells treated with EGF (10 ng/mL) for 0, 1, 5, or 15 min.

(B) PI(3,4)P2 levels in Mcf10a cells treated with EGF (10 ng/mL) for 0, 1, 5, or 15 min.

(C) PI(4,5)P2 levels in Mcf10a cells treated with EGF (10 ng/mL) for 0, 1, 5, or 15 min.

Methods: Isogenic WT or PTEN�/� Mcf10a cells were genetically manipulated through siRNA-mediated suppression or CRISPR-gene editing, as indicated, then

starved and stimulated with EGF. Measurement of PI(3,4,5)P3 or PI(3,4)P2 and PI(4,5)P2 was performed by HPLC-MS using C4 or C18 columns, respectively, and

data represent means ± SD of 3 biological replicates (for siRNA suppression in WT or PTEN-KO cells) or 3 technical replicates (for PTEN-INPP4B-KO or PTEN-

SHIP2-KO cells).

Supporting information is presented in Figures S2 and S3.



is in agreement with previous studies indicating EGF signals pri-

marily through PI3Ka in these cells (Juvin et al., 2013). Further,

the lack of involvement of class II PI3Ks in generating PI(3,4)P2

responses was confirmed by siRNA knockdown of these en-

zymes (Figures S4C and S4D).

The identification of a class I PI3K as the source of PI(3,4)P2

accumulation in these experiments implied a major role for

5-phosphatase-mediated dephosphorylation of PI(3,4,5)P3. Sur-

prisingly, given that we had demonstrated an involvement of

SHIP2 in regulating PI(3,4,5)P3 levels, siRNA knockdown of





and the subsequent stimulation of class I PI3K activity, as well

as the formation and consumption of PI(3,4,5)P3, PI(3,4)P2,

PI(4,5)P2, PI3P, and PI4P (Figure 4C). We parameterized the

model using all the time course measurements in WT, knock-

down and knockout backgrounds, with and without PI3K

inhibition (presence or absence of PI-103), using the genetic

algorithm in COPASI software (Dalle Pezze and Le Novère,

2017; Mendes et al., 2009). Parameterization of alternative

models with different kinetic expressions demonstrated that

the best fit to the experimental data was obtained if the assump-

tion is made that the phosphatases involved in class I PI3K-acti-

vated phosphoinositide signaling pathways operate in their

linear range, i.e., they are not saturated with their lipid substrate

(STAR Methods; Data S1 and S2). Simulations created by the

operation of this model are depicted by continuous lines in

Figure 4B.

The predicted ratio of flux through 5-phosphatase and

3-phosphatase attack on PI(3,4,5)P3 is 1.4:1, suggesting a

substantial fraction of PI(3,4,5)P3 is recycled back to PI(4,5)P2

upon class I PI3K activation (Figure 4D). When PTEN is geneti-

cally deleted, this recycling is not possible and PI(3,4)P2 is

produced at a higher rate, as a result of more PI(3,4,5)P3 being

available to 5-phosphatases (Figure 4D). EGF-stimulated accu-

mulation of PI(3,4)P2 in all mutant cells could be simulated if

SHIP2 plus other 5-phosphatases (X) support PI(3,4)P2 produc-

tion with a relative flux of�2.65:1 (Figure 4D). The observed level



produced similar amounts of d6-PI(3,4)P2 to cytosol derived

from cells containing SHIP2, consistent with the conclusion

above that Mcf10a cells contain multiple PI(3,4,5)P3 5-phospha-

tase activities.

Cytosol from cells lacking INPP4B was able to dephosphory-

late d6-PI(3,4)P2, generating d6-PIP, at a very similar rate to

cytosol fromWT cells (Figure 5C). Remarkably, however, cytosol

from cells lacking PTEN produced no measurable d6-PIP in

these assays (Figure 5C). The dephosphorylation of d6-

PI(3,4)P2 by PTEN-KO cytosol could be rescued by the addition

of catalytically active, but not catalytically dead, recombinant

PTEN (Figure S6B), demonstrating that PTEN can act as a

direct PI(3,4)P2 phosphatase under these conditions. Further,



PTEN Regulates PI(3,4)P2 Accumulation in a Mouse
Model of Prostate Cancer
The above studies clearly identify PTEN as a major PI(3,4)P2

phosphatase in vitro. To extend these observations to an in vivo

context in which PTEN has been shown to play an important role,

we investigated the prostate epithelial cell-specific deletion of

PTEN in a mouse model of prostate cancer (Trotman et al.,

2003). In the PB-Cre43 PTEN model, expression of Cre-recom-

binase occurs from the onset of prostate development in

newborn mice, and deletion of PTEN leads to hyperplasic

growth, followed by prostate intraepithelial neoplasia (PIN)

from 5 weeks and adenocarcinoma from 6 months (C. Sandi,

personal communication).

We measured PI(3,4)P2 and PI(3,4,5)P3 accumulation by

HPLC-MS in prostate biopsies taken from Ptenflox/flox,PbCre�/�

(WT) or Ptenflox/flox,PbCre+/� (PTEN-KO) mice at 10 weeks of

age (Figures 7A and 7B). We also visualized PI(3,4)P2 accumula-



(legend on next page)



We found no evidence for PI(3,4)P2 accumulation aboveWT in



careful in vitro studies have previously suggested that PI(3,4)P2

is a very poor substrate for PTEN, at least compared to

PI(3,4,5)P3 (McConnachie et al., 2003). Further, PTEN was actu-

ally a much more effective PI(3,4)P2 phosphatase in our assays

than INPP4B, an established 4-phosphatase that is considered

to catalyze the major route of PI(3,4)P2 dephosphorylation, to

form PI3P (Fedele et al., 2010; Gewinner et al., 2009). Phosphoi-

nositide-metabolizing enzymes are notoriously susceptible to

in vitro assay conditions, particularly with respect to substrate

presentation (Irvine et al., 1984), and we think it is probable

that the use of cytosol and a complex lipid interface in our assays

(which included PI(4,5)P2, an established co-factor for PTEN;

Redfern et al., 2008) favored the detection of PTEN’s PI(3,4)P2-

phosphatase activity compared to analogous previous studies.

In intact Mcf10a cells, deletion of PTEN alone had a very small

impact on EGF-stimulated accumulation of PI(3,4)P2, and dele-

tion of INPP4B alone had no discernible effect. However, com-

bined deletion of PTEN and INPP4B had a very large, synergistic

effect on EGF-stimulated PI(3,4)P2 accumulation, suggesting

that in the cellular environment these two enzymes can each

compensate effectively for the other’s absence with respect to

PI(3,4)P2 hydrolysis.

Our results indicate that the degree to which PI(3,4)P2 pro-

duced by class I PI3K at the plasma membrane can be dephos-

phorylated by PTEN to form PI4P has been underestimated. This

conclusion is supported by studies showing overexpressed

PTEN can influence PI(3,4)P2-reporter distributions in lympho-

cytes (Cheung et al., 2007), and it is also consistent with the rela-

tively small accumulations of PI3P seen in most examples of

class I PI3K activation (Hawkins et al., 1992; Stephens et al.,

1991). It is also consistent with original observations that cell

lysates can actively dephosphorylate PI(3,4)P2 at the 3- position

(Stephens et al., 1991). It is important to note, however, that

PI(3,4)P2 produced via different routes (e.g., class II PI3Ks) or

in different locations (e.g., endosomes or clathrin-coated pits)

is likely to be controlled by different phosphatases, and, at least

in some of these contexts, the dephosphorylation of PI(3,4)P2 by

INPP4A/B to form PI3P is likely to predominate (Posor et al.,

2015; Sasaki et al., 2010).

In mouse prostate, deleting PTEN alone had a profound effect

on PI(3,4)P2 levels; in 10-week-old prostates the levels of

PI(3,4)P



date. In the context of class I PI3K activation, loss of PTEN raises

the levels of PI(3,4,5)P3, increases flux through PI(3,4,5)P3

5-phosphatases, and slows dephosphorylation of the resulting

PI(3,4)P
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bromophenol Blue Sigma-Aldrich B8026

Methanol Romil H410

Chloroform Romil H140

Acetone VWR chemicals 20066.330

Dimethyl sulphide Sigma-Aldrich 34869

Formic acid Fisher Scientific F/1900/PB08

Acetonitrile Romil M050

HEPES Sigma-Aldrich H3375

MgCl2 VWR Chemicals 25108.295

Protease inhibitor cocktail Roche 11836170001

Bovin Serum Albumin Sigma-Aldrich A7906

KCl VWR Chemicals 26764.260

Trichloroacetic acid 6.1N Sigma-Aldrich T0699

Embedding medium Thermo Scientific 1310

Mayer’s hematoxylin solution Sigma-Aldrich SLBP6175V

Eosin Y solution Sigma-Aldrich SLBP1949V

Critical Commercial Assays

AMAXA nucleofection system Lonza Kit T

Lasky ozone generator AirTree Ozon technology C-L010-DT

Deposited Data

Original Images deposited at Mendeley Data Mendeley Data https://doi.org/10.17632/tnj6m88k6w.1

Experimental Models: Cell Lines

PTEN�/� and Parental Mcf10a Horizon Discovery HD101-006

Experimental Models: Organisms/Strains

PB-Cre4 mice JAX Strain 026662

PTENloxP/loxP mice JAX Strain 004597

‘WT’ (PTENloxP/loxP, PbCre�/�) mice This paper N/A

‘PTEN-KO’ (PTENloxP/loxP, PbCre+/�) mice This paper N/A

INPP4B�/� mice Kofuji et al., 2015 N/A

BPH-1 DSMZ ACC143

DU-145 Dr Scholes ex Tenovus Institute

PC-3 ATCC CRL 1435

EVSA-T DSMZ ACC 433

LnCAP-95 Dr Meeker John Hopkins University

T47D ATCC HTB 133

LnCAP ATCC CRL 1740

CAL-120 DSMZ ACC 459

BT-549 ATCC HTB 122

MDA-MB-436 ATCC HTB 130

HCC-70 ATCC CRL 2315

HCC-1937 ATCC CRL 2336

MDA-MB-157 ATCC HTB 24

HCC-1187 ATCC CRL 2322

Oligonucleotides

INPP4B knockout sgRNA designed by https://chopchop.rc.

fas.harvard.edu

50-GATCTCCGTAATCCACCCCG-30

SHIP2 knockout sgRNA designed by https://chopchop.rc.

fas.harvard.edu

50- GTGCAGGCCTTTGAGGTACA-30

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Phillip

Hawkins (phillip.hawkins@babraham.ac.uk).

mailto:phillip.hawkins@babraham.ac.uk


were maintained at 37�C with 5% CO2 in DMEM/F12 supplemented with 5% horse serum, 10 ng/mL EGF, 10 mg/mL insulin,

0.1 mg/mL cholera toxin, 0.5 mg/mL hydrocortisone, 1% w/v penicillin/streptomycin (complete medium). Starvation medium con-

sisted of DMEM/F12 supplemented with 1% charcoal/dextran treated fetal bovine serum, 0.1 mg/mL cholera toxin, 0.5 mg/mL hydro-

cortisone, 1% P/S.

Human prostate cancer cells (DU-145, BPH-1, LNCaP, LNCaP 95 and PC-3) and breast cancer cells (T-47D, EVSA-T, CAL-120,

BT-549, MDA-MB-436, HCC70, HCC-1187, HCC-1937, MDA-MB-157) were obtained from the AstraZeneca cell bank and had been

previously authenticated using DNA fingerprinting short tandem repeat assays. All revived cells were used within 10 passages and

cultured at 37�C with 5% CO2 for less than 2 months. Benign prostatic hyperplasia epithelial cell line BPH-1 was cultured in RPMI-

1640 supplemented with 20% FBS, 10 mg/mL insulin, 6.7 ng/mL sodium selenite, 5.5 mg/mL transferrin, 0.5 nM dihydrotestosterone

and 1%w/v penicillin/streptomycin. The remaining prostate and breast cancer cell lines were grown in RPMI-1640with 10%FBS and

1% w/v penicillin/streptomycin.

Human Tissue (Platelets)
Venous blood was obtained from a healthy female human volunteer with the approval of the local research ethics committee at the

University of Bristol, UK. The donor provided written informed consent, and reported as not having taken medication in the 14 days

prior to donation. Blood was drawn into 4% trisodium citrate (1:9, v/v), and acidified with acidic citrate dextrose (1:7, v/v; 120 mM

https://chopchop.rc.fas.harvard.edu/
http://crispr.mit.edu/


and incubated at 32�C for a further 24 hr. Retroviral containing media was then collected and passed through a 0.45 mm filter, before

adding to WT or PTEN�/� Mcf10a cells, as indicated, cultured in 6 well dishes. Cells were incubated at 32�



Measurement of PI(3,4)P2 and PI(4,5)P2

Sample Preparation

Lipids were extracted and derivatized with TMS-diazomethane; we added 2 M TMS-diazomethane in hexane (50 ml) to lipid extracts



Transitions:
Measurement of PI3P and PI4P
Precisely the same conditions were used for the measurement of PI(3,4)P2 and PI(4,5)P2 described above, except for the following

UPLC-MS condtions:

UPLC Conditions for PI3P/PI4P Separation

Additional sample preparation: Take 40 ml of sample prepared as above and add to 200ml 70% methanol /30% water. Inject 5 ml

Column: ACE Excel 2 C18-Amide, 150 mm x 0.5 mm

Solvent A: Water, 0.1% formic acid

Solvent B: (40% acetonitrile/60% methanol), 0.1% formic acid

Column temperature: 60�C

Gradient:
Mass spectrometer parameters as above.

Transitions:
[33]P-Pi Labeling of Mcf10a Cells
We added 0.1 mL of 1.5 M NaCl to 1 mL of [33]P-Pi and then diluted this mixture into a phosphate-depleted medium (GIBCO) and

supplemented with (20 mM HEPES, 1% Dialysed FBS, 500 ng/mL hydrocortisone, 100 ng/mL cholera toxin) to reach a final concen-

tration of 250 m



per 50 mL lysis buffer)) on ice. Cells were then scraped on ice, collected in 2 mL safe lock Eppendorf tubes, vortexed, and kept on ice
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