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Although a variety of genetic alterations have been found across
cancer types, the identification and functional characterization of
candidate driver genetic lesions in an individual patient and their
translation into clinically actionable strategies remain major hurdles.
Here, we use whole genome sequencing of a prostate cancer tumor,
computational analyses, and experimental validation to identify and
predict novel oncogenic activity arising from a point mutation in the
phosphatase and tensin homolog (PTEN) tumor suppressor protein.
We demonstrate that this mutation (p.A126G) produces an enzy-
matic gain-of-function in PTEN, shifting its function from a phosphoi-
nositide (PI) 3-phosphatase to a phosphoinositide (PI) 5-phosphatase.
Using cellular assays, we demonstrate that this gain-of-function ac-
tivity shifts cellular phosphoinositide levels, hyperactivates the PI3K/
Akt cell proliferation pathway, and exhibits increased cell migration
beyond canonical PTEN loss-of-function mutants. These findings sug-
gest that mutationally modified PTEN can actively contribute to well-
defined hallmarks of cancer. Lastly, we demonstrate that these
effects can be substantially mitigated through chemical PI3K inhibi-
tors. These results demonstrate a new dysfunction paradigm for
PTEN cancer biology and suggest a potential framework for the
translation of genomic data into actionable clinical strategies for
targeted patient therapy.

functional genomics | PTEN | tumor suppressor

The application of next generation sequencing in cancer biology
has produced a deluge of genomic alterations present across

human cancers (1, 2). This information has helped identify common
mutational signatures in cancer types and subtypes (3–5). However,
application of systematic patient-specific sequencing data to guide
personalized cancer treatment has been limited in practice (6–8).
The key challenge is functional understanding of the individual
genetic lesions in the given phenotypic context and its translation
into actionable strategies for targeted treatment.
To test the utility of an unbiased computational and experi-

mental framework in causal variant identification and character-
ization, we sequenced to high coverage the entirety of a prostate
tumor biopsy and its matched normal (buccal) tissue from a
59-y-old Hispanic male with aggressive prostate adenocarcinoma
[stage T3a; Gleason score 7 (4+3)] (SI Appendix, Fig. S1A).

Results
Whole-Genome Sequencing of Prostate Cancer Sample Identifies
Mutant PTEN. Paired-end Illumina 100-base pair (bp) reads were
mapped to the reference genome, and, after quality filtering, re-
alignment, and recalibration, the average fold-coverage of tumor
and normal tissue was 98× and 47×, respectively (SI Appendix,
Table S1). We developed a somatic variant-calling pipeline to
comprehensively characterize single nucleotide variants (SNVs),
insertions/deletions (INDELs), structural variation (SV), and copy
number variants (CNVs) present uniquely within the tumor genome
(SI Appendix, Fig. S2). This approach allows for detection of novel
driver lesions within a patient that are overlooked by targeted SNV

panels focusing on known mutations of a few dozen genes. We
identified a total of 6,050 tumor-specific variants consisting of 4,823
SNVs, 356 INDELs, 867 copy number variants, and four structural
variants (Table 1). We note that the allelic fraction distribution of
detected SNVs had an upper quartile value of 20%, which is in line
with pathological estimates of ∼15% tumor purity (SI Appendix, Fig.
S1 A and B). We manually curated all structural variants and any
copy number variants within coding or regulatory regions. In
parallel, to prioritize potentially pathogenic SNV and INDEL
mutations, we focused on rare (≤2% 1,000 Genomes global allele
frequency) variants that were predicted to be deleterious coding
or regulatory mutations (Table 1). After applying this stringent
set of criteria, we were left with a total of 12 candidate driver mu-
tations to further investigate (SI Appendix, Table S2).

PTEN p.A126G Is Predicted to Alter Protein Function. Manual cura-
tion of the 12 variants identified a nonsynonymous somatic sub-
stitution predicted to convert alanine to glycine at amino acid 126

Significance

Identification of putative functional genetic mutations involved in
cancer has been dramatically accelerated by developments in next
generation sequencing technologies. However, analyzing an in-
dividual patient genome and interpreting mutation spectra to
inform cancer origin and targeted treatment have been chal-
lenging. This study presents a framework interpreting a single
patient’s genome and identifies a novel causal mutation in the
phosphatase and tensin homolog (PTEN) tumor suppressor.
Through computational and experimental approaches, we dem-
onstrate that this mutation causes PTEN to retain known tumor
suppressor function while gaining protumor activity. This finding
suggests a new role for PTEN and other tumor suppressor in-
volvement in cancer formation and reveals the potential wealth
of biological information currently underexploited by the lack of
systematic approaches for cancer genome interpretation services.
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(p.A126G) of the PTEN protein. Given the well-characterized
role of PTEN as an important modulator of prostate cancer growth
(9) and the location of the mutation in the active site of the PTEN
protein, we prioritized this genetic lesion as the top candidate driver
mutation. Interestingly, this mutation has been detected in an
invasive breast carcinoma case within The Cancer Genome Atlas
database (case ID: TCGA-LL_A5YP) (2) but has remained
uncharacterized or targeted in extant somatic variant detection
platforms (Illumina TruSeq Amplicon v1 or Ion AmpliSeq v2).
PTEN is a commonly mutated tumor suppressor that, by
dephosphorylating PI(3,4,5)P3 (PIP3) and PI(3,4)P2 to PI(4,5)P2
and PI(4)P, respectively, functions as a phosphoinositide (PI)
3-phosphatase, inhibiting the PI3K/Akt pathway controlling
cellular proliferation, metabolism, and growth (10, 11). Studies
have shown that decreased activity or loss of PTEN can elicit
cancer phenotypes so it is traditionally classified as a tumor
suppressor gene (i.e., a gene where loss-of-function mutations lead
to oncogenesis) (12). However, recent work suggests a more ex-
pansive role for PTEN in cancer biology. For example, mutant
PTEN alleles have been shown to inhibit WT PTEN activity by
interacting in a dominant negative manner (13). Amino acid 126
(Fig. 1A, green) is within the highly conserved catalytic “P-loop”
site of PTEN and is two amino acids away from the catalytic
cysteine at residue 124 (purple) (Fig. 1 A and B). Curiously, the
p.A126G mutation produces a binding pocket amino acid sequence
identical to VSP family proteins (14–16), which are PTEN-homolo-
gous phosphoinositide 5-phosphatases (17) (Fig. 1C). Although the
mutation does not clearly disrupt the P-loop (Fig. 1D), mutant ho-
mology with VSPs led us to hypothesize a change in substrate
specificity for the mutant form of PTEN. To this end, we used
the Ins(1,3,4,5)P4 molecule to model PI(3,4,5)P3, calculating binding

free energies of 3- and 5-oriented substrate in the PTEN WT and
mutant binding pockets.
Using the available crystal structure of PTEN bound to

L(+)-tartrate (18), we obtained docking coordinates for the Ins
(1,3,4,5)P4 substrate. Ins(1,3,4,5)P4 was superimposed with the tar-
trate molecule to orient it with either the 5- or 3-phosphate posi-
tioned in the catalytic site (SI Appendix, Fig. S3 A and B). Our
calculations, based on these simulations of binding free energy, show
that the WT active site thermodynamically favors a 3-oriented sub-
strate whereas the mutant p.A126G allele prefers a 5-oriented sub-
strate (Fig. 1E and SI Appendix, Fig. S3C). Further, we repeated
these analyses on other reported residue 126 somatic mutations
(COSMIC v64) (1) and found that none were predicted to produce
the gain-of-function activity identified in the A126G PTEN mutant
(Fig. 1E and SI Appendix, Fig. S3C). These results suggest that
p.A126G shifts binding preference toward 5- rather than 3-oriented
phosphoinositides, causing a shift in PTEN enzymatic specificity.

Live-Cell Functional Assays Demonstrate That PTEN p.A126G Is a
5-Phosphatase. To validate the prediction that p.A126G shifts
PTEN from a 3- to 5-phosphatase, we performed in vivo enzymatic
assays using PTEN phosphoinositide substrates to assess the activity
of WT, catalytically dead (p.C124S), and mutant (p.A126G) PTEN
proteins. We performed these experiments by creating a voltage-
dependent VSP-PTEN chimera (19, 20) that we can selectively ac-
tivate and monitor for changes of phosphoinositide levels in living
cells (Fig. 2A). When activated by depolarization, p.A126G PTEN
(Fig. 2B, in green) shows the ability to reduce PI(3,4,5)P3 levels,
albeit at a reduced rate relative toWT (in black) (Fig. 2B). However,
p.A126G PTEN produces PI(3,4)P2 whereas WT depletes it (Fig.
2C). Unlike VSP phosphatases, PI(4,5)P2 levels remain unchanged
during activation in our engineered p.A126G PTEN, suggesting that

Table 1. Number of somatic candidate variants based on filtering strategy

Filter SNV INDEL CNV SV

Total somatic variants 4,823 356 867 4
Somatic variants within coding or regulatory region 367 12 4 0

Somatic variants and ≤2% AF in 1000G or ESP 358 12 0 0
Somatic variants and either nonsynonymous SNV or splice site donor/acceptor SNV or coding INDEL 28 1 0 0

Somatic variants and predicted damaging by SIFT and/or PolyPhen2 12 0 0 0

1000G, 1,000 Genomes Project; AF, allele frequency; ESP, NHLBI Exome Sequencing Project.
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B

D E

Fig. 1. Summary of PTEN amino acid 126. (A) PTEN
domains and catalytic site (P-loop) conservation
across species. PTEN is a 403-amino acid protein with
five functional domains. The catalytic “P-loop” re-
gion (yellow) spans amino acids 123–130 and is
completely conserved across a broad range of eu-
karyotes. The catalytic cysteine residue at position
124 is highlighted in purple, and amino acid 126 is
highlighted in green. (B) PTEN protein structure with
catalytic P-loop, residue 124, and residue 126 high-
lighted in yellow, purple and green, respectively.
(C) Amino acid comparison of the catalytic CX5R
motif between WT PTEN, PTENA126G, and Ci-VSP.
Gray boxes represent conserved regions. (D) PTEN
WT (red) and p.A126G (gray) binding pocket over-
lay. (E) Binding free energies of 5- and 3-oriented
Ins(1,3,4,5)P4 to different PTEN alleles. Arrows in-
dicate the direction of ΔΔG5→3

bind .
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the mutation had no detectable activity toward PI(4,5)P2 (Fig. 2D).
To demonstrate the specificity of the signals, a phosphatase-dead
PTEN mutant (p.C124S) is shown (Fig. 2 B and C, purple). Further,
we repeated these experiments on other reported residue 126 so-
matic mutations (COSMIC v64) (1) and found that none produced
the gain-of-function activity identified in the p.A126G PTEN mu-
tant (Fig. 2 E and F). Additionally, we performed ELISAs
measuring cellular PI(3,4,5)P3 and PI(3,4)P2 levels in PTEN-null
prostate cancer cells (PC-3) transiently expressing canonical WT,
catalytic dead (p.C124S), and mutant (p.A126G) PTEN (Fig. 3 A
and B). We found that p.A126G PTEN significantly decreases
PI(3,4,5)P3 (Fig. 3A) (P ≤ 0.05) and increases PI(3,4)P2 (Fig.
3B) (P ≤ 0.05) relative to the catalytic dead p.C124S allele,
consistent with our initial findings. These results suggest that
the p.A126G mutation shifts PTEN enzymatic specificity from a
3- to a 5- phosphatase.

Novel PTEN 5-Phosphatase Mutant Activity Disrupts PI3K/Akt
Signaling and Cell Migration. To assess the sole impact of the
p.A126G PTEN enzymatic specificity change on the regulation of
PI3K/Akt cellular signaling, we transiently expressed WT, catalytic
dead (p.C124S), and mutant (p.A126G) PTEN in PTEN-null PC-3
cells. We found that p.A126G PTEN significantly increases phos-
pho-Akt and phospho-S6 levels in the cell relative to WT (Fig. 3 C–
E). These results demonstrate hyperactivation of the PI3K/Akt
pathway, which is associated with tumorigenic phenotypes, including
increased cell proliferation and reduced cellular apoptosis; they are
consistent with our findings that p.A126G exhibits a decreased

ability to reduce PI(3,4,5)P3 relative to WT (Fig. 2B). Impor-
tantly, we note that treatment with isoform-specific inhibitors
of PI3K, predicted to antagonize loss of PTEN-mediated de-
phosphorylation of PI(3,4,5)P3, are capable of restoring Akt and S6
phosphorylation to near WT levels (21). Further, to ensure no bias
in characterizing the effect of the p.A126G mutation on global
phosphorylation levels, we performed mass spectrometry on puri-
fied phosphopeptides of PC-3 cells transiently expressing catalytic
dead (p.C124S) and mutant (p.A126G) PTEN (SI Appendix, Fig. S4
A and B). We then performed differential phosphoprotein abun-
dance analysis on p.A126G-expressing cells, using catalytic dead
(p.C124S)-expressing cells as the background. We identified a total
of 601 enriched and 497 depleted (at least twofold) phosphopep-
tides relative to the catalytic dead background (SI Appendix, Fig.
S4C). We note that, of the two PH-domain–containing PIP3-regu-
lated proteins expressed in PC-3 cells (Akt and PDK1), only
phospho-Akt is seen above twofold enrichment. This finding is
consistent with the above Akt Western blots demonstrating aber-
rant phospho-Akt expression in mutant cells. SI Appendix, Table S7
lists PH-domain–containing phosphopeptides enriched or depleted
greater than twofold relative to p.C124S. To identify common
processes and pathways that are enriched within the total pool of
identified phosphopeptides, we performed GO-enrichment
annotation clustering (SI Appendix, Tables S5 and S6). SI Appendix,
Fig. S4D provides a selected subset of the most enriched statistically
significant (P ≤ 0.05) annotation clusters in p.A126G-expressing
cells. We found enrichment of PTEN-regulated downstream
pathways and processes, including the cancer-associated mTOR
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Fig. 2. Characterization of the phosphatase activity of PTEN A126 mutants. (A) Representative total internal reflection fluorescence (TIRF) images of a CHO cell
coexpressing PTENCiV(A126G) and PHTAPP1-GFP acquired before (Top) and during (Bottom) depolarization by whole-cell voltage clamp. (Scale bar: 10 μm.) Insets denote
holding potential. The fluorescence intensity directly correlates to the amount of membrane-associated PHTAPP1-GFP and thus reports on PI(3,4)P2 levels. (B–D) Time
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PTEN A126 mutations. Note that only PTENCiV(A126G) produced PI(3,4)P2 from PI(3,4,5)P3. Experiments were performed as in B and C with relative fluorescence
measured at the end of the depolarization step. Error bars represent SEM; the number of independent experiments is noted for each sample.
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pathway and groupings associated with PI3K/Akt pathway hyper-
activation, such as transcriptional and translational activation. In-
triguingly, we also found enrichment of processes affiliated with
polarized cell migration and projection.
Although PI3K/Akt pathway hyperactivation is also seen in

PTEN loss-of-function variants, the up-regulation of PI(3,4)P2 that
we observed for PTEN p.A126G (Fig. 2C and SI Appendix, Fig.
S4D) is unique to this mutation. Interestingly, increased PI(3,4)P2
levels are thought to promote increased cell migration (22–24).
Given these findings and our mass spectrometry data showing en-
richment of cell migration processes, we hypothesized that the in-
creased PI(3,4)P2 levels in p.A126G would cause increased cell
migration relative to PTEN loss-of-function mutations. To test this
hypothesis, we performed scratch wound healing assays on conflu-
ent monolayers of cells solely expressing the various PTEN proteins
(Fig. 3G). We demonstrate that, compared with cells expressing
catalytic dead (p.C124S) PTEN, p.A126G PTEN-expressing
cells show increased cell migration after 24 h and sensitivity to

intervention with PI3K inhibitors (Fig. 3F) (P ≤ 0.05). To rule out
differential cell proliferation rates confounding these results, we
performed cell viability, proliferation, and clonogenic cell sur-
vival assays across WT, catalytic dead (p.C124S), and mutant
(p.A126G) PTEN. We found no statistically significant difference
in proliferation between the alleles up to 96 h posttransfection (SI
Appendix, Figs. S5–S8) although we did note a trend of higher
total cell number and colony formation capacity in the mutant
(p.A126G) PTEN-expressing cells. These results suggest that
p.A126G PTEN expression in cells causes an oncogenic pheno-
type that sensitizes the cells to PI3K inhibition.

Discussion
Here, we have described an interdisciplinary framework identi-
fying PTEN p.A126G as a top candidate driver mutation and
have been able to predict and subsequently demonstrate that the
p.A126G mutation produces a novel enzymatic gain-of-function
in PTEN from a 3-phosphatase to a 5-phosphatase. Critically, we

W
ild

 ty
pe

Cat
aly

tic
 d

ea
d 

(C
12

4S
)

M
ut

an
t (

A12
6G

)
0.0

0.5

1.0

1.5

P
IP

3 
le

ve
ls

(r
el

at
iv

e 
to

 c
at

al
yt

ic
 d

ea
d

)
N.S.

*

A B C

G

W
ild

 ty
pe

Cat
aly

tic
 d

ea
d 

(C
12

4S
)

Muta
nt 

(A
12

6G
)

0

1

2

3

4

5

P
I(3

,4
)P

2 
le

ve
ls

(r
el

at
iv

e 
to

 c
at

al
yt

ic
 d

ea
d

l)

*
*

W
ild

 ty
pe

Cat
aly

tic
 d

ea
d 

(C
12

4S
)

M
uta

nt 
(A

12
6G

)
0

1

2

3

p
h

o
sp

h
o

-A
kt

 le
ve

ls
(r

el
at

iv
e 

to
 u

n
tr

ea
te

d
 w

ild
 ty

p
e)

Untreated
0.1uM BYL719
0.1uM AZD6482

N.S.
*

W
ild

 ty
pe

Cat
aly

tic
 d

ea
d 

(C
12

4S
)

M
uta

nt 
(A

12
6G

)
0.0

0.5

1.0

1.5

2.0

p
h

o
sp

h
o

-S
6 

le
ve

ls
(r

el
at

iv
e 

to
 u

n
tr

ea
te

d
 w

ild
 ty

p
e)

Untreated
0.1uM BYL719
0.1uM AZD6482

N.S.
*

PTEN

phospho-Akt (Ser473)

phospho-S6 (Ser240/244)

S6

Akt

1.0uM BYL719
1.0uM AZD6482

+
+ +

+ +
+

+
+

1.0uM BYL719
1.0uM AZD6482

+
+ +

+ +
+

0 12 24
0

20

40

60

80

100

Time (h)

W
o

u
n

d
 c

lo
su

re
 (%

)

Wild type
Catalytic dead (C124S)

0.1uM AZD6482

Mutant (A126G)

0.1uM BYL719
Untreated

*

D E F
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with the indicated antibodies. (D) Phospho-Akt levels were normalized over total protein levels and relative abundance was compared withWT expression (n = 4). We
observed no statistically significant difference between mutant p.A126G and catalytic dead p.C124S mutations (N.S.) but did observe a significant difference between
WT and p.A126G protein levels (*P ≤ 0.05). (E) Phospho-S6 levels were normalized over total protein levels, and relative abundance was compared withWT expression
(n = 4). There is no statistical significance to the difference betweenmutant p.A126G and catalytic dead p.C124S mutations (N.S.), but the difference betweenWT and
p.A126G protein levels is significant at the *P ≤ 0.05 level. (F) Wound closure was quantified at 0 h, 12 h, and 24 h and normalized relative to 0-h levels using TScratch
(n = 6). There is a statistical significance betweenmutant p.A126G and catalytic dead p.C124S at 24 h (*P ≤ 0.05). (G) Assessment of cell migration across PTEN alleles in
the presence or absence of the PI3K inhibitor. Representative photographs were taken at 0 h, 12 h, and 24 h postwound. (Scale bar: 200 μm.) Error bars represent SD.
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find that this changed enzymatic specificity causes an oncogenic
increase in PI(3,4)P2 levels at the expense of the PI(3,4,5)P3
concentration. Up-regulation of PI(3,4)P2 is typically associated
with increased cell migration (23, 24), and we are able to dem-
onstrate, through global phospho-proteome characterization and
in vitro cellular assays, that PTEN p.A126G interferes with cell
proliferation pathways and likely even increases the ability of
cells to migrate. Contrary to current dogma, these observations
suggest that PTEN can also act as an oncogene as well as a tumor
suppressor. Lastly, we demonstrate that cells expressing this
mutant allele are sensitive to treatment with PI3K inhibitors that
are currently undergoing clinical testing (25, 26).
These results add another layer to the findings of PTEN loss-

of-function and dominant-negative mutations implicated with
tumorigenesis (cf. ref. 13). Taken together, these findings suggest
that there is a larger and more complex impact of PTEN mu-
tations on PI3K signaling. Our results highlight the importance
of not assuming that all PTEN (or tumor suppressor) mutations
produce the same deficient phenotype. It is crucial to look at a
patient’s mutations on a case-by-case basis to tailor treatment to
each individual’s variant load and tumor phenotype.
Further studies will be required to better understand whether

this gain-of-function is a recurrent mutation and whether PTEN
p.A126G mutations can be grouped together therapeutically with
other mutations, such as INPP4B loss-of-function mutations (22),
that result in increased PI(3,4)P2 levels. These additional studies
could potentially provide alternative therapeutic routes for both
classes of patients because drugs for one group may not have been
considered as viable treatment for the other.
Our unexpected finding suggests that catalytic P-loop mutations

in PTEN might have unique effects and that other mutant P-loop
residues may display similar gain-of-function properties. Mecha-
nistically, we suggest that increased PI(3,4)P2 levels in the p.A126G
PTEN mutant impact cell migration and may modulate tumor mi-
gration and metastasis. However, further work is necessary to fully
understand the implications of the build up of PI(3,4)P2 and to
determine whether other concurrent mutations produce even more
pronounced phenotypes.
In summary, by sequencing a single cancer patient and performing

a detailed functional characterization of a somatic mutation, we have
identified a putatively neomorphic PTEN mutation. Overall, our
interdisciplinary approach highlights the complexity of precision
cancer medicine in general and provides important insights into
novel biology of PI3K/PTEN signaling and PTEN dysfunction.

Methods
Whole-Genome DNA Extraction, Sequencing, and Mapping.We extracted germ-
line DNA from saliva and somatic DNA from a fresh frozen prostate tumor
biopsy using a Qiagen DNeasy Blood and Tissue DNA Purification kit. Each
sample was sequenced on an individual Illumina HiSEq. 2000 lane producing
100-bp paired end reads. We assessed each sequencing run for multiple quality
metrics, including number of reads, read quality, and reads mapping to the
human genome (SI Appendix, Table S1). Sequencing reads were mapped to
the human reference genome (hg19) using the BWA mapping algorithm
(v 0.6.2) (27). Reads were dynamically trimmed using the “-q” flag to eliminate
any nucleotides with Phred quality scores less than 20. Mapped reads were
filtered to include only properly paired reads. Tumor and normal mapped pair
reads were duplicate-marked via Picard tools (v 1.96) (broadinstitute.github.io/
picard/) and underwent joint INDEL realignment and base quality score reca-
libration using the Genome Analysis Tool Kit (v 2.7–2-g6bda569) (28).

Variant Calling and Annotation. Germ-line SNV and INDEL variant calling was
performed using “Unified Genotyper” via the Genome Analysis Tool Kit
(v 2.7–2-g6bda569) (28). Somatic SNVs were called using MuTect (v 1.1.4) (29).
Somatic INDELs were called using Indelocator (v IndelGenotyper.36.3336),
which is within the Genome Analysis Tool Kit (28). Somatic SVs were called
using Breakdancer (v 1.2) (30). Somatic CNV calling was done using VarScan
(v 2.3.2) (31). All tools were run using the best practices outlined in their
respective manuals. Germ-line and somatic variants were annotated for a
series of functional predictions, conservation scores, in addition to publically
available database annotations using a combination of perl scripts and
ANNOVAR (32).

Cells, Drug Compounds, and Plasmids. PC-3 cells were purchased from the
American Type Culture Collection and maintained in RPMI 1640 with 10%
(vol/vol) FBS, and CHO cells were grown as previously described (17). PI3K-p110α
inhibitor BYL719 (Selleckchem) and PI3K-p110β inhibitor AZD6428
(Selleckchem) were dissolved in DMSO. PTEN WT (Addgene plasmid 10750),
p.C124S catalytic dead (Addgene plasmid 10744), and p.A126G mutant ex-
pression vectors were used for transient transfections into the PC-3 cells. The
PTEN p.A126G vector was created by site-directed mutagenesis using the PTEN
WT plasmid and the following primers: forward primer, 5′-CTGTAAAGGTG-
GAAAGGGACGAACTG-3′; reverse primer, 5′-CCTTTCCACCTTTACAGTGAATTG-
CTG-3′. Construction of PTENCiV chimera (previously named Ci-VSPTEN16) WT
was described earlier (19). p.C124S catalytic dead, p.A126G, p.A126P, p.A126V,
and p.A126S mutant plasmids were created by site-directed mutagenesis using
the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). All
sequences were verified before use (Seqlab Sequence Laboratories).

Expression vectors used for transfection of CHO cells were as follows:
PLCδ1-PH (UniProt accession number P51178) or Btk-PH (Q06187) in pEGFP-
N1 vector; TAPP1 (Q9HB21) in FUGW vector (contains eGFP); bovine phos-
phatidylinositol 3-kinase p110α (constitutively active mutant K227E; P32871)
(33) in pcDNA3; and PTENCiV chimera and mutants in mRFP-C vector.

Transfections. Twenty-four hours before transfection, PC-3 cells were plated at
a density of 1.5 × 105 cells per well in six-well plates. The PC-3 cells were then
transfected with 1.5 μg of vector DNA complexed with 5 μL of Lipofectamine
3000 (Life Technologies) in accordance with the manufacturer’s Lipofectamine
3000 protocol. CHO cells were plated onto glass bottom dishes (WillCoWells B. V.)
or coverslips 24–48 h before transfection, which was performed using jetPEI
(Polyplus Transfection) in accordance with the manufacturer’s instructions. All
experiments on CHO cells were performed 24–48 h after transfection.

Whole-Cell Patch Clamp and Fluorescence Microscopy. For total internal re-
flection fluorescence (TIRF) experiments, thewhole cell configurationof the patch
clamp technique was used using an EPC-10 amplifier controlled by PatchMaster
software (HEKA Elektronik). CHO cells were clamped to −60 mV, and chimeras
were activated by depolarizing the cell to 80 mV for 30 s. In these experiments,
series resistance (Rs) typically was below 5 MΩ, and no Rs compensation was
applied. Patch pipettes were pulled from borosilicate glass using a P2000 puller
(Sutter Instrument Company), and they had an open pipette resistance between
2 and 4 MΩ after back-filling with intracellular solution containing 135 mM KCl,
2.41 mM CaCl2, 3.5 mM MgCl2, 5 mM EGTA, 5 mM Hepes, and 2.5 mM Na2-ATP,
pH 7.3 (with KOH), 290–295 mosm/kg. Throughout the recordings, cells were
kept in extracellular solution containing 144 mM NaCl, 5.8 mM KCl, 0.9 mM
MgCl2, 1.3 mM CaCl2, 0.7 mMNaH2PO4, 5.6 mM D-glucose, 10 mM Hepes, pH 7.4
(with NaOH), 305–310 mosm/kg. All experiments were performed at room
temperature (22–25 °C).

TIRF imaging was done as described before (17). Briefly, a BX51WI upright
microscope (Olympus) equipped with a TIRF-condenser (N.A. 1.45; Olympus) and
a 488-nm laser (20 mW; Picarro) was used. Fluorescence was imaged through a
LUMPlanFI/IR 40×/0.8 N.A. water-immersion objective. Images were acquired
with a TILL-Imago QE cooled CCD camera (TILL Photonics) in combination with a
Polychrome IV light source (TILL Photonics) controlled by TILLvision software
(TILL Photonics). The frame interval was 3 s, and the laser shutter was controlled
by the Polychrome IV. The electrophysiology setup was synchronized to the
imaging setup. Cells were cotransfected with plasmids coding for an mRFP-
tagged phosphatase, a PI sensor domain, and, for experiments involving sensors
for PI(3,4)P2 or PI(3,4,5)P3, additionally p110α(K227E). Experiments were done
24–48 h posttransfection on cells selected for expression of the mRFP tag. Cells
under investigation were whole cell patch clamped as described above. Experi-
ments were carried out at room temperature (22–25 °C). Imaging data were
analyzed using TILLvision (Till Photonics) and IgorPro (Wavemetrics). Regions of
interest (ROIs) encompassed the footprint of a single cell, excluding cell margins
to avoid movement artifacts. F/F0 traces were calculated from the background-
corrected TIRF signal intensity F, normalized pixelwise to the initial intensity F0,
which was calculated as the average over the baseline interval, by averaging
over the ROI. F/F0 traces were corrected for bleaching according to mono-
exponential fits to the baseline interval as described previously (19).

PI(3,4,5)P3 and PI(3,4)P2 Quantification. Transfected PC-3 cells were seeded at a
density of 2 × 106 cells per 15-cm dish for PI(3,4,5)P3 and PI(3,4)P2 extractions,
respectively. At 80% confluence, the media was aspirated, and 10 mL of ice cold
0.5 M TCA was immediately added. After a 5-min incubation on ice, cells were
scraped, transferred to a 15-mL centrifuge tube, and spun at 300 × g for 5 min.
The pellet was resuspended in 3 mL of 5% trichloroacetic acid/1 mM EDTA and
centrifuged at 300 × g for 5 min, and the supernatant was discarded. Neutral
lipids were extracted by adding 3 mL of methanol:chloroform (2:1), vortexing
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three times over 10 min at room temperature, centrifuging at 300 × g for 5 min,
and discarding the supernatant. Acidic lipids were extracted by adding 2.25 mL of
methanol:chloroform:12M hydrochloric acid (80:40:1) to the pellet, resuspending,
vortexing four times over 15 min at room temperature, centrifuging at 300 × g
for 5 min, and transferring the supernatant to a new 15-mL centrifuge tube. Then
0.75 mL of methanol and 1.35 mL of 0.1 M hydrochloric acid were added to the
supernatant, vortexed, centrifuged at 300 × g for 5 min to separate organic and
aqueous phases. The organic (lower) phase was collected into a new vial and
dried in a vacuum dryer for 1 h. Samples were suspended in 65 mL of PBS-
Tween+3% Protein Stabilizer (provided by the Echelon kit), vortexed, and
spun down before adding to the ELISA. PI(3,4,5)P3 and PI(3,4)P2 phospholipid
quantification was performed according to the manufacturer’s instruc-
tions respective to each kit (K-2500s and K-3800; Echelon Biosciences).

Immunoblotting.Whole cell protein lysates were extracted from PC-3 cells 24 h
after transfection. Six micrograms of whole cell lysates were loaded into
polyacrylamide gels and subjected to SDS/PAGE electrophoresis. Nitrocellulose
membranes were incubated with anti-PTEN, anti-S6, anti-Phospho-S6, anti-
Akt, or anti-Phospho-Akt (nos. 9559, 2217, 2215, 4691, and 4060, respectively;
Cell Signaling Technology). All antibodies were diluted 1:1,200 in Tris-buffered
saline and Tween 20 with 5% BSA. Goat anti-rabbit IgG (H+L) labeled with
IRDye 680RD conjugate (Licor) was used as a secondary antibody. Bands were
detected using a Licor ODYSSEY fluorescent imaging system.

Wound-Healing Assays. Before seedingwith cells, auxiliary lines used as reference
points for imaging thewoundwere drawn on the underside of eachwell of a six-
well plate. Plates were seeded at a density of 1.5 × 105 cells per well and allowed
to grow for 48 h. Cells were transfected, and a linear wound was applied to the
monolayer using a 200-μL pipette tip 24 h later. Loose cells were removed with
three washes of PBS. Drugs, if any, were added to the cells, and images were
captured immediately after wounding (T0) and subsequently in 12-h intervals
(T12, and T24). TScratch was used to calculate percentage of wound closure (34).

Cell Proliferation Assays. Cells were transfected with PTEN WT, catalytic dead
(p.C124S), or mutant (p.A126G) plasmids. Six-well plates were seeded with PC-3
cells at a density of 5 × 104 cells per well and allowed to grow for 96 h. Presto
blue (Life Technologies) was added to each well after the 96-h posttransfection

incubation. After a 2-h incubation with presto blue, dye absorbance was
measured on a Tecan Infinite 200 PRO plate reader at 570 nm and a reference
wavelength of 600 nm. Measured absorbance values were normalized by ab-
sorbance at the reference wavelength.

Total Cell Number Assays. Cells were transfected with PTEN WT, catalytic dead
(p.C124S), or mutant (p.A126G) plasmids. Six-well plates were seeded with PC-3
cells at a density of 5 × 104 cells per well and allowed to grow for 96 h. Then 1 mL
of 0.05% Trypsin-EDTA was added for 5 min to detach cells, followed by the
addition of 3 mL of media to resuspend the detached cells. Total cell number was
measured using a Scepter 2.0 Handheld Automated Cell Counter (EMDMillipore).

Clonogenic Cell Survival Assays. Cells were transfected with PTEN WT, catalytic
dead (p.C124S), or mutant (p.A126G) plasmids. After a 96-h posttransfection in-
cubation period, six-well plates were seededwith PC-3 cells at a density of 200 cells
per well and allowed to grow for 21 d. Media was then gently aspirated, 3 mL of
methylene blue was added for 30 min, the methylene blue was then gently as-
pirated, and the six-well plates were allowed to dry at room temperature for
30 min. Individual colonies were then counted using a Fischerbrand Counter Pen
(Fischer Scientific).

Statistical Analysis. All statistical analyses were performed in the R pro-
gramming language. Statistical significance was determined by the Student’s
t test for comparisons between groups and one-way ANOVA followed by a
post hoc Tukey’s honest significant difference test for pairwise comparisons
across all groups.
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