
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The role of the phosphatase Pten in T cell development

Hagenbeek, T.J.

Publication date
2008

Link to publication

Citation for published version (APA):
Hagenbeek, T. J. (2008). The role of the phosphatase Pten in T cell development. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/the-role-of-the-phosphatase-pten-in-t-cell-development(b8f19877-87fd-4349-80c0-ef92df80c1ee).html


Chapter 6

Malignant Pten-deficient thymocytes utilize independent PI3K- and Notch1-

mediated signaling for survival and proliferation, and acquire activating NOTCH1
mutations upon loss of �c- and/or (pre-)TCR-mediated signaling

(to be submitted for publication)



108



109

Malignant Pten-deficient thymocytes utilize independent PI3K- and Notch1-

mediated signaling for survival and proliferation, and acquire activating NOTCH1
mutations upon loss of �c- and/or (pre-)TCR-mediated signaling

Thijs J. Hagenbeek
1,2,3

and Hergen Spits
1,2,3

1
Department of Immunology, The Netherlands Cancer Institute, 1066 CX Amsterdam,

The Netherlands
2Department of Cell Biology and Histology, University of Amsterdam, Academic 
Medical Center, 1105 AZ Amsterdam, The Netherlands
3
Department of Immunology Discovery, Genentech Inc., South San Francisco, California

CA 94080, United States of America

Running title

PI3K and Notch1 in T cell lymphoma

Keywords

Pten, Cre-LoxP, PI3K, Notch1, activating mutations, T cell lymphoma

Footnotes 
Financial support 
Dutch Cancer Society (KWF Kankerbestrijding) 2000-2279 (H. Spits); Dutch National 
Research Organization (NWO) 901-08-093 (H. Spits). 
Requests for reprints 
Hergen Spits, Department of Immunology Discovery, Genentech, Inc., 1 DNA Way, MS

229, South San Francisco, CA 94080, United States of America. Phone: 650-467-7712;

Fax: 650-467-8706; E-mail: spits.hergen@gene.com



110

Abstract

Notch1- and PI3K-mediated signaling are important for malignant T cells for survival and

proliferation. In this study, we examined whether freshly isolated malignant Ptenfloxflox
x

Lck-Cre thymocytes in a wild-type, �c-/-
, CD3�-/-

, Rag2-/-
, and �c-/-

x Rag2-/-
background

and/or related established thymocyte cell lines were dependent on Notch1- and PI3K-

mediated signaling to survive and proliferate. Although all tested samples were found to

be sensitive to PI3K and/or mTOR specific inhibitors, indicating that PI3K activity was

important for survival and proliferation in a Pten-deficient background, whereas 64% of

all tested samples were found to be sensitive to Notch pathway specific inhibitors,

reflecting dependency Notch signaling, separate Notch1 and PI3K dependent mechanisms

were found to exist in malignant Pten-deficient thymocytes to drive survival and

proliferation, as only PI3K specific inhibitors, but not Notch pathway specific inhibitors,

reduced PIP3 abundance and Akt/PKB phosphorylation. Reversely, only the Notch

pathway specific inhibitor DAPT, but not the PI3K specific inhibitor wortmannin,

reduced Notch1 nuclear localization. Moreover, forced expression of constitutive active

Akt/PKB allowed cells to survive and proliferate in the presence of wortmannin, but not

in the presence DAPT, whereas forced expression of constitutive active Notch1 allowed

cells to survive and proliferate in the presence of DAPT, but not in the presence of

wortmannin. Although in the absence of �c- and/or (pre-)TCR-mediated signaling, PI3K

activity was shown to be pivotal for survival and proliferation, lack of these signals

predisposed malignant Pten-deficient thymocytes to acquire activating Notch1 mutations.

Introduction

The class I phosphatidylinositol-3 kinases (PI3Ks) comprise of a large family of lipid

kinases that transduce survival, growth, proliferation, differentiation and motility signals

that emanate from cytokine receptors, costimulatory molecules such as CD28, G-protein-

coupled receptors such as chemokine receptors, and activated antigen receptors, that are

expressed at the cell surface of developing thymocytes (1-7). PI3K-mediated

phosphorylation of plasma membrane-located phosphatidylinositol-(4,5)-biphosphate

(PIP2) gives rise to elevated levels of phosphatidylinositol-(3,4,5)-triphosphate (PIP3),

which recruit PH-domain-containing intracellular enzymes to the plasma membrane (1).

One of these recruited molecules, phosphoinositide-dependent kinase 1 (PDK1)

phosphorylates the co-recruited Akt/protein kinase B (PKB) at Thr308 (8); subsequent

phosphorylation events at Ser473 (9), and possibly Thr474 (10) are required to fully

activate Akt/PKB. Activated Akt/PKB in turn regulates activities of multiple downstream

targets to ensure survival, growth and proliferation (11). In addition, guanine-nucleotide

exchange factors (GEFs) and the Tec family of tyrosine kinases are recruited to PIP3,

which upon activation control cytoskeletal changes, apoptosis, growth and proliferation

(1). Phosphatase and tensin homologue deleted on chromosome 10 (Pten) is an important

direct negative regulator of the PI3K signaling pathway, as it dephosphorylates PIP3 to

PIP2 (12).

The importance of PI3K-mediated signaling in thymocyte development is reflected in

several mouse models in which PI3K-mediated signaling is altered: suppression leads to
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impaired thymocyte development (3, 13-23), whereas constitutive activation leads to

enhanced thymocyte development and gives rise to massively expanding

thymic/peripheral T cell lymphomas that originate in the thymus (4, 5, 14, 18, 24-35).

Next to cell surface receptors that regulate PI3K activity, Notch receptors have been

shown to be pivotal players in thymocyte development (36). Four mammalian Notch

receptors (Notch1-4) have been identified, and all are expressed by developing

thymocytes (36, 37) (W. Dontje and H. Spits, personal communication). Canonical

signaling is initiated when Notch receptors bind to extracellular ligands that are expressed

by the thymic stroma, which belong to the Delta-like (DLL; DLL-1, -3 and -4) or the

Serrate (Jagged-1 and -2) family. Upon specific metalloprotease- and � secretase

complex-mediated cleavage events, the intracellular domain of Notch (ic-Notch)

translocates to the nucleus where it binds the transcription factor recombining binding

protein-J� (RBP-J�). Upon binding, several repressors of RBP-J�-mediated transcription,

including Msx2-interacting nuclear target protein (MINT) and Notch-regulated ankyrin

repeat protein (Nrarp), are replaced with several coactivators of RBP-J�-mediated

transcription, including members of the Mastermind (MamL)-like family, to induce

transcription of multiple factors that regulate growth, survival and proliferation (36, 38,

39).

Although all Notch receptors are expressed by developing thymocytes, Notch1-mediated

signaling in early thymocyte precursors is most important for inducing and maintaining T

lineage specification (36, 40), and to prevent them from adopting a B cell (41), natural

killer (NK) cell (42) or plasmacytoid dendritic cell (pDC) (43) fate. In addition, Notch1-

mediated signaling has been suggested to favor the development of �� T lineage

thymocytes over �� T lineage thymocytes (36), and to be pivotal for � selection, in which

developing �� T cells are selected based on cell surface expression of a functional pre-T

cell receptor (TCR) (44). During later developmental stages of �� T lineage thymocytes,

Notch1 is possibly involved in CD4
+

versus CD8
+

lineage choice (36, 40). Notch1-

mediated signaling has also been shown to be involved in T cell lymphomas that are

derived from thymic populations driving survival and proliferation. This first became

apparent when a rare translocation of NOTCH1 into the TCR� locus was detected, which

resulted in increased Notch1-dependent transcription in human T cell acute lymphoblastic

leukemia (T-ALL) (45). In line with this, mice reconstituted with hematopoietic

progenitors from the bone marrow that were forced to overexpress ic-Notch1 developed

T cell lymphomas (46-48). In addition, Notch1-transformed T cell lymphomas were

shown to be sensitive to specific blockade of various key molecules in the canonical

Notch signaling pathway, including � secretase complex components and MamL (49-51).

Finally, mutations in the heterodimerization (HD) domain and/or truncations that remove

the PEST domain of NOTCH1 have been frequently observed that enhance �-secretase

complex-mediated cleavage of Notch1, and ic-Notch1 half-life, respectively (50, 52-58).

Although the role of Notch1 in T cell development and T cell lymphomagenesis is under

extensive investigation, the role of Notch3 and Notch4 has not been investigated in great

detail. Evidence indicates that Notch3 supports both thymocyte development and T cell

lymphomagenesis, since forced T cell-specific expression of ic-Notch3 allows developing

T lineage thymocytes to succesfully undergo � selection in the absence of a functional

pre-TCR (59), and forced expression of ic-Notch3 appears to cooperate with pre-TCR

signaling to induce T cell lymphomagenesis (59, 60). Like ic-Notch1 and ic-Notch3, ic-
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Notch4 is suggested to support T cell development, as cord blood-derived hematopoietic

progenitors that ectopically expressed ic-Notch4 gave rise in the bone marrow in

immunodeficient mice to T cell populations upon transplantation that were

phenotypically reminiscent of immature thymic populations (61). However, in a separate

study, ectopic expression of Notch4 in human thymocyte precursors favored NK cell

development over T cell development upon in vitro co-culture with OP9 stromal cells

that express DLL-1 (W. Dontje, H. Spits and B. Blom, manuscript in preparation).

A functional link between Notch-mediated signaling and PI3K signaling driving survival

and proferation of developing T-lineage thymocytes and malignant T cell lymphomas has

been documented by several groups. Constitutive activation of Akt/PKB has been shown

to bypass the requirement for Notch-mediated signaling with regard to growth and �

selection of thymocyte precursors (62). In addition, Mungamuri et al. have shown that

Notch1-mediated signaling is utilized by malignant T cells to inhibit p53 activity via

PI3K-dependent signaling (63), and T cell lymphomas that harbour activating mutations

in NOTCH1 appear to become resistant to � secretase complex activity inhibition upon

Pten loss (51). Finally, ic-Notch1 has been suggested to form a functional complex with

Lck and PI3K in peripheral T cells (64).

In the present study, we investigated the role of PI3K activity and Notch1-mediated

signaling in T cell lymphomas that arise as a result of Pten deletion in thymocytes in a

wild-type, �c-/-
, CD3�-/-

, Rag2-/-
, and �c-/-

x Rag2-/-
background (35). Results showed that

Pten-deficient T cell lymphomas simultaneously, but independently require both PI3K

pathway-mediated and canonical Notch1 pathway-mediated signaling to drive survival

and proliferation, even in the absence of �c- and/or (pre-)TCR-mediated signaling.

Surprisingly, only malignant Pten-deficient thymocytes in a �c- and/or (pre-)TCR-

deficient background had acquired activating mutations in the HD and PEST domain of

NOTCH1, indicating that loss of �c- and/or (pre-)TCR-mediated signaling predisposed

malignant Pten-deficient thymocytes to further enhance Notch1-mediated signaling to

contribute to survival and proliferation.

Materials and methods

Cell culture

The generation of Ptenflox/flox
x CD4-Cre mice, and Ptenflox/flox

x Lck-Cre mice in a wild-

type, �c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x Rag2-/-
background has been described previously

(5, 35). Mice were maintained under specific pathogen-free conditions in the animal

colonies of the Netherlands Cancer Institute (Amsterdam, The Netherlands), the

Academic Medical Center (Amsterdam, The Netherlands) and Genentech, Inc. (South

San Francisco, CA). Mice were sacrificed upon manifestation of T cell lymphoma.

Clinical signs of T cell lymphomagenesis included social isolation, lethargy, ruffling of

fur, hunched posture and shallow breathing. Harvested thymus was homogenized using 1

ml syringe plungers and 40-70 μM cell strainers (BD Biosciences, Bedford, MA).

Thymocytes were resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM) (Life

Technologies, Paisley, Scotland) supplemented with 8% FCS (ICN, Strasbourg, France),

and were used in experiments. Alternatively, thymocytes were expanded in vitro to be

used in experiments as thymocyte cell lines. Freezing of thymocyte cell lines was
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performed in IMDM (Life technologies) + 8% FCS (ICN), complemented with 20%

dimethyl sulfoxide (DMSO), and 20% FCS (ICN).

Expansion assays

1 x10
6

freshly isolated thymocytes or thymocyte cell lines were plated in IMDM + 8%

FCS, and treated with vehicle (DMSO), LY294002 (Sigma, St. Louis, MO), wortmannin

(Sigma), rapamycin (Sigma), N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine

t-butyl ester (DAPT) (Sigma), or Compound E (Axxora, LLC, San Diego, CA) at

indicated concentrations. To measure expansion after 2 to 3 days of culture, thymocytes

were stained with 0.4% trypan blue solution (Mediatech, Herndon, VA) and viable cells

were counted. Alternatively, 5 x 10
3

thymocytes were plated, cultured for 2 days, and

pulsed overnight with tritiated thymidine (0.5 μCi/well). Incorporated thymidine was

determined by liquid scintillation counting. All conditions were plated in triplicate and

the mean ± the standard deviation is presented. Statistical analysis was performed using

the Student’s T-test.

Flow cytometric analysis
Thymocyte phenotypes were analyzed using monoclonal anti-mouse antibodies to CD3�,

CD4, CD8� and pan-TCR�, conjugated to FITC, PE, Cy-5, PerCP, and APC (all

purchased from BD Pharmingen, San Diego, CA). PIP3 abundance was analyzed after

intracellular staining for PIP3 using anti-PIP3 IgG biotin-conjugated antibody (Echelon,

Salt Lake City, UT) and streptavidin conjugated to PE, APC or PE-Cy-7. For analysis of

apoptosis, thymocytes were stained using 7-aminoactinomycin D (7AAD) (BD

Pharmingen) and a monoclonal antibody to Annexin V (BD Pharmingen) in Annexin V

binding buffer (BD Pharmingen) according to manufacturer’s instructions. Thymocyte

proliferation was assessed by labeling prior to culture with 1 μM carboxyfluorescein

succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR) for 10 minutes at 37°C, or by

intracellular staining after culture using a monoclonal anti-human antibody to Ki-67 (BD

Pharmingen), that cross reacts with mouse Ki-67. Intracellular stainings were performed

using the Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences), according to

manufacturer’s instructions. Flow cytometry was performed using a FACSCalibur (BD

Biosciences) or LSRII (BD Biosciences) and CellQuest (BD Biosciences), FACSDiva

(BD Biosciences) and FlowJo (Tree Star, Inc., Ashland, OR) software. Analysis of

intracellular localization of ic-Notch1 was performed using an ImageStream

multispectral imaging flow cytometer (Amnis Corp., Seattle, WA). First, thymocytes
were cultured for 4 hours in the presence of 5 μM wortmannin or 10 μM DAPT.

Subsequently, cells were stained for ic-Notch1 using an monoclonal anti-mouse Notch1

antibody (BD Pharmingen), and counterstained with the nuclear stain DRAQ5 (Biostatus

LTD, Leicestershire, United Kingdom). Nuclear co-localization of ic-Notch1 and

DRAQ5 was assessed by determining the log-transformed Pearson’s correlation

coefficient of the pixel values of the DRAQ5 and ic-Notch1 images on a per cell basis,

using the IDEAS analysis software (Amnis Corp.). One of two representative analyses is

shown.

Constructs and retroviral production

Myristoylated (myr)Akt/PKB cDNA (provided by Dr. P.J. Coffer, University Medical
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Center, Utrecht, the Netherlands) was ligated into the multiple cloning site of retroviral

vector LZRS upstream of an internal ribosomal entry site (IRES) and enhanced green

fluorescent protein (GFP) as described previously (65, 66). LZRS ic-Notch1 IRES GFP

was described previously (43). An empty LZRS IRES GFP vector was used as a control.

Retrovirus-containing supernatants were produced as described (66) using the 293T-

based Phoenix ecotropic packaging cell line (67).

Retroviral transduction

For transduction experiments, 5 x 10
5

thymocytes were plated onto retronectin-coated

plates (30 μg/ml) (Takara Bio Inc., Otsu, Shiga, Japan) and incubated for 6 to 8 hours

with retrovirus-containing supernatant. After transduction, cells were cultured for 2 days,

and GFP
+

populations were sorted to >99% purity using a FACSAria (BD Biosciences).

Western blot

Thymocytes were cultured in the presence of wortmannin or DAPT at indicated

concentrations for indicated times, and subsequently analyzed for the phosphorylation of

Akt/PKB at Ser473 by Western blot analysis using a phospho-Akt/PKB (Ser473)-specific

antibody (Cell Signaling Technology, Danvers, MA). To confirm equal loading, total

Akt/PKB was determined using an Akt/PKB-specific antibody (Cell Signaling

Technology, Danvers, MA).

Notch1 mutation screen

Genomic DNA from freshly isolated wild-type (n=11), Ptenfloxflox
x Lck-Cre (n=9),

Ptenfloxflox
x CD4-Cre (n=3), Ptenfloxflox

x Lck-Cre x �c-/-
(n=3), Ptenfloxflox

x Lck-Cre x

CD3�-/-
(n=2), Ptenfloxflox

x Lck-Cre x Rag2-/-
(n=6) and Ptenfloxflox

x Lck-Cre x �c-/-
x

Rag2-/-
(n=6) thymocytes, and from Ptenfloxflox

x Lck-Cre (n=5), Ptenfloxflox
x Lck-Cre x �c-

/-
(n=6), Ptenfloxflox

x Lck-Cre x CD3�-/-
(n=2), Ptenfloxflox

x Lck-Cre x Rag2-/-
(n=7) and

Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
(n=5) thymocyte cell lines, was isolated using the

DNeasy Blood & Tissue kit (Qiagen Sciences, Inc., Germantown, MD). Amplification

and sequencing of exons 26, 27 (both encoding the HD domain) and exon 34 (encoding

the PEST domain) of NOTCH1, was performed by nested PCR by Polymorphic DNA

Technologies (Alameda, CA). Outer primers that were used for amplification: exon 26:

5’-CCTGCCAAGTCCTCAT-3’, 5’-TGAGTTTCTTTAGAGTCCC-3’, exon 27: 5’-

ACCCTGTGCATGCCT-3’, 5’-GACAGTGGAATGACCC-3’, exon 34a: 5’-

CCACATCTGACAAGTAG-3’, 5’-CCTGGTGGTCTAGGA-3’, exon 34b: 5’-

GAGAGGCTGCTGTGTA-3’, 5’-TGGCACACCCACTCT-3’, exon 34c: 5’-

ACTGTGCTGGGAAGGA-3’, 5’-ATGGCAGCACTGGCT-3’, exon 34d: 5’-

ATAAATAAAAAGGCAGTGTTTCTG-3’, 5’-AGCCTCAGAACCTGC-3’. Used inner

primers/sequencing primers: exon 26: 5’-GATGCCCTCTTCATCC-3’, 5’-

TACGGGAGGACCTAAC-3’; exon 27: 5’-CAGAGGTCAGAAAGTGT-3’, 5’-

CTAAACACTGGGGCAG-3’; exon 34a: 5’-TGACTCGAGGGAGTC-3’, 5’-

TTGGGTCTAGATAGATCTC-3’; exon 34b: 5’-CCATCATGCTATGCTG-3’, 5’-

CCCAATGGCTACCTG-3’; exon 34c: 5’-CTGGGTAGTGGTCATG-3’, 5’-

GTTGGCCTTTGAGCCA-3’; exon 34d: 5’-CTGTGGAAAATAAAAGTACATAAAT-

3’, 5’-AGCCACACCTCAGTG-3’. The structure of the HD domain and negative
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regulatory region (NRR) domain of Notch1 was produced using PyMOL (DeLano

Scientific LLC, Palo Alto, CA) software.

Results

Malignant Pten-deficient thymocytes are dependent on PI3K and Notch signaling.

To investigate whether both PI3K and Notch signaling are required for survival and

proliferation of malignant Pten-deficient thymocytes, thymocytes from tumor-bearing

Ptenfloxflox
x Lck-Cre mice were isolated, and cultured for 2-3 days in the presence of

PI3K pathway and Notch pathway-specific small molecule inhibitors. Wortmannin,

Figure 1 Malignant Pten-deficient thymocytes are sensitive to Notch and PI3K pathway blockade ex vivo.

(a) Representative cell counts of freshly isolated malignant Ptenfloxflox
x Lck-Cre thymocytes, after 2-3 days

of culture in the presence of vehicle (DMSO) (n=3), or increasing concentrations of LY294002 (n=3),

wortmannin (n=3), rapamycin (n=3) or DAPT (n=3). (b) Representative percentages of Annexin V
-

7AAD
-

freshly isolated malignant Ptenfloxflox
x Lck-Cre thymocytes, after 2-3 days of culture in the presence of

vehicle (DMSO) (n=3), or increasing concentrations of LY294002 (n=3), wortmannin (n=3), rapamycin

(n=3) or DAPT (n=3), as determined by flow cytometric analysis. (c) Representative Ki-67 flow cytometric

analyses of freshly isolated malignant Ptenfloxflox
x Lck-Cre thymocytes, after 2-3 days of culture in the

presence of vehicle (DMSO) (n=3), or increasing concentrations of LY294002 (n=3), wortmannin (n=3),

rapamycin (n=3) or DAPT (n=3). Annexin V
-

7AAD
-

cells were gated. D/DMSO, dimethyl sulfoxide; LY,

LY294002; Wort, wortmannin; Rapa, rapamycin; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester; 7AAD, 7-aminoactinomycin D.
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LY294002 and rapamycin were used to specifically block PI3K activity and/or activity of

an important downstream target of PI3K, the mammalian target of rapamycin (mTOR)

(68-71). DAPT was used to specifically inhibit � secretase complex activity, and

therefore Notch-mediated signaling (72, 73). In the presence of wortmannin, LY294002,

rapamycin or DAPT, the absolute number of cells in the cultures dropped in a dose-

dependent manner as compared to vehicle (DMSO)-treated control cultures, which was

assessed by trypan blue exclusion cell counts (Figure 1a, and Figure 8a). This was the

result of increased apoptosis, as determined by flow cytometry upon anti-Annexin V and

7AAD co-staining (Figure 1b). In addition, co-staining with anti-Ki-67 revealed that

remaining live Annexin V
-

7AAD
-

cells expressed decreased amounts of intracellular Ki-

67 upon specific blockade (Figure 1c), indicating that inhibition of proliferation

contributed to decreased numbers of cells. Although the used small molecular inhibitors

may have impaired proliferation directly, it needs to be noted that the presence of

apoptotic and dead cells may have contributed to impaired proliferation of the remaining

viable cells. These results reflected the importance for Notch-mediated signaling with

regard to survival and proliferation of malignant Pten-deficient thymocytes. In addition,

these results suggested that mTOR is an important downstream target of PI3K- and/or

Notch-mediated signaling to drive survival and proliferation, and that Pten loss in itself

does not drive activity of downstream targets of PI3K and Notch receptors, but that

activity of PI3K and Notch receptors is required.

Malignant Pten-deficient thymocyte cell lines are dependent on PI3K and Notch

signaling.

Malignancy of Pten-deficient thymocytes found in tumor-bearing Ptenfloxflox
x Lck-Cre

mice was reflected in the ability of these cells to extensively proliferate in vitro. Four

separate Ptenfloxflox
x Lck-Cre thymocyte cell lines were created (Table 1 and Figure 8a).

Flow cytometric analysis revealed, that 1 of 4 thymocyte cell lines was derived from a

malignant thymic ISP CD8
+

population, as cells uniformely expressed cell surface CD8
+
,

accompanied by high intracellular, but low cell surface TCR� and CD3� expression

(Table 1, and data not shown). 3 of 4 thymocyte cell lines expressed CD4 and CD8, and

high levels of intracellular and cell surface TCR� and CD3�, and hence were categorized

as DP thymocytes (Table 1, and data not shown). Similar to results obtained from freshly

isolated malignant Ptenfloxflox
x Lck-Cre thymocytes, all Ptenfloxflox

x Lck-Cre thymocyte

cell lines were sensitive to specific small molecule inhibitors that target PI3K and/or

mTOR activity, in terms of absolute cell numbers (Figure 2a, and data not shown),

apoptosis (Figure 2b, and data not shown) and proliferation (Figure 2c and 2d, and data

not shown). However, However, the Ptenfloxflox
x Lck-Cre thymocyte cell lines were not

equally sensitive to � secretase complex activity inhibition (Figure 3, 8a, and data not

shown). 2 of 4 thymocyte cell lines were sensitive to DAPT treatment in a dose-

dependent manner (Figure 3). Cell numbers were decreased, as assessed by both trypan

blue exclusion cell counts (data not shown) and thymidine incorporation (Figure 3a). This

was the result of either increased apoptosis (M100; Figure 3b and 3c) or decreased

proliferation (F15T; Figure 3b and 3c). Experiments using a separate small molecule

inhibitor that targets � secretase complex activity, Compound E (73), gave similar results

(data not shown). In contrast, the F04T (256) and F07T thymocyte cell lines were found

to be less sensitive to DAPT and Compound E treatment (Figure 8a, and data not shown);
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Table 1 Ptenflox/flox
x Lck-Cre thymocyte cell lines in a wild-type, �c-/-

, CD3�-/-
, Rag2-/- or �c-/- x Rag2-/-

background. Genotypes, names, and CD4, CD8 and intracellular TCR� phenotypes as determined by flow

cytometric analysis are presented. Pten-/-
= Ptenflox/flox

x Lck-Cre; Ic-TCR�, intracellular TCR�.

even at high concentrations (50 μM), 50-100% of cells survived and proliferated (data

not shown). As a control, the thymocyte cell line EL-4 B5 (74) was incubated with

wortmannin, LY294002, rapamycin, DAPT or Compound E, and upon analysis, survival

and proliferation was not found to be significantly inhibited (data not shown), indicating

that the small molecular inhibitors used were not generally toxic. These findings suggest

that separate downstream signaling molecules are utilized by PI3K and Notch receptors

to ensure survival and proliferation of malignant Pten-deficient thymocytes.

�c- and TCR-mediated signaling are not required to activate PI3K in malignant

Pten-deficient thymocytes.

We found previously that in spite of �c, CD3�, Rag2, or simultaneous �c and Rag2 loss,

Ptenfloxflox
x Lck-Cre mice developed massively expanding thymic T cell lymphomas that

infiltrated the periphery (Hagenbeek et al., manuscript in preparation). To determine

whether �c- and TCR-mediated signaling were required to induce the PI3K activity that

was needed for malignant Ptenfloxflox
x Lck-Cre thymocytes to survive and proliferate,
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Figure 2 Malignant Pten-deficient thymocytes are sensitive to PI3K pathway blockade in vitro. (a) Cell

counts of a representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell line, after 2-3 days of culture in

the presence of vehicle (DMSO) (n=27), or increasing concentrations of LY294002 (n=20), wortmannin

(n=21) or rapamycin (n=13). (b) Percentages of Annexin V
-

7AAD
-

cells, after 2-3 days of culture in the

presence of vehicle (DMSO) (n=27), or increasing concentrations of LY294002 (n=20), wortmannin

(n=21) or rapamycin (n=13), as determined by flow cytometric analysis. Representative analyses using one

Ptenfloxflox
x Lck-Cre thymocyte cell line is presented (c) Forward scatter (cell size) flow cytometric

analyses of a representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell line, after 2-3 days of culture in

the presence of vehicle (DMSO) (n=27), or increasing concentrations of LY294002 (n=20), wortmannin

(n=21) or rapamycin (n=13). Annexin V
-

7AAD
-

cells were gated. (d) Ki-67 flow cytometric analyses of a

representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell line, after 2-3 days of culture in the presence

of vehicle (DMSO) (n=27), or increasing concentrations of LY294002 (n=20) or wortmannin (n=21).

Annexin V
-

7AAD
-

cells were gated. D/DMSO, dimethyl sulfoxide; LY, LY294002; Wort, wortmannin;

Rapa, rapamycin; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; FSC,

forward scatter; 7AAD, 7-aminoactinomycin D.

freshly isolated malignant thymocytes from tumor-bearing Ptenfloxflox
x Lck-Cre x �c-/-

,

Ptenfloxflox
x Lck-Cre x CD3�-/-

, Ptenfloxflox
x Lck-Cre x Rag2-/-

, and Ptenfloxflox
x Lck-Cre x

�c-/-
x Rag2-/-

mice, were cultured in the presence of wortmannin, LY294002 and

rapamycin. In addition, several thymocyte cell lines were created from these tumor-

bearing mice that phenotypically resembled either DN, (I)SP CD8
+

and/or DP thymocyte

populations, as determined by CD4, CD8, TCR� and CD3� flow cytometric analysis
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Figure 3 Malignant Pten-deficient thymocytes are sensitive to Notch pathway blockade in vitro. (a)

Tritium thymidine incorporation assay of two representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell

lines, after 2-3 days of culture in the presence of vehicle (DMSO) (n=27), or increasing concentrations of

DAPT (n=27). (b) Percentages of Annexin V
-

7AAD
-

cells, after 2-3 days of culture in the presence of

vehicle (DMSO) (n=27), or increasing concentrations of DAPT (n=27), as determined by flow cytometric

analysis. Analyses of two representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell lines are presented.

(c) Ki-67 flow cytometric analyses of two representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell

lines, after 2-3 days of culture in the presence of vehicle (DMSO) (n=27), or increasing concentrations of

DAPT (n=27). Annexin V
-

7AAD
-

cells were gated, and IgG isotype controls are shown. CPM, counts per

minute; DMSO, dimethyl sulfoxide; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-

butyl ester; 7AAD, 7-aminoactinomycin D.

(Table 1); these thymocyte cell lines were used in similar experiments. Requirement for

Notch-mediated signaling for survival and proliferation was determined by culturing cells

in the presence of DAPT or Compound E.

Representative analyses of Ptenfloxflox
x Lck-Cre x �c-/-

, Ptenfloxflox
x Lck-Cre x CD3�-/-

,

Ptenfloxflox
x Lck-Cre x Rag2-/-

and Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes and/or

thymocyte cell lines are shown in Figures 4, 5, 6, 7, and 8. Upon culture of 2 Ptenfloxflox
x
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Lck-Cre x �c-/-
thymocyte cell lines (M01T and MRTT) in the presence of wortmannin or

LY294002, trypan blue exclusion cell counts and flow cytometric analyses of anti-

Annexin V stained cells revealed that most cells underwent apoptosis; rapamycin-treated

cultures followed a similar trend (Figure 4a, 4b and 4c). In addition, flow cytometric

Figure 4 Malignant Pten-deficient thymocytes in a �c-/-
background are sensitive to Notch and PI3K

pathway blockade in vitro. (a) CFSE Annexin V flow cytometric analyses of two representative malignant

Ptenflox/flox
x Lck-Cre x �c-/-

thymocyte cell lines, after 2-3 days of culture in the presence of vehicle

(DMSO) (n=9), LY294002 (n=3), wortmannin (n=9), rapamycin (n=4) or DAPT (n=9). The shown dot

plots are ungated. Numbers in gates of dot plots indicate percentages of each population. Absolute cell

numbers of life cells are presented in each dot plot. The gates were set to include 99% of the control,

isotype stained cells of each sample in the negative quadrant. (b) Percentages of Annexin V
-

CFSE
high

(live

undividing) cells, after 2-3 days of culture in the presence of vehicle (DMSO) (n=9), LY294002 (n=3),

wortmannin (n=9), rapamycin (n=4) or DAPT (n=9), as determined by flow cytometric analysis. Analyses

of two representative malignant Ptenflox/flox
x Lck-Cre x �c-/-

thymocyte cell lines are presented. (c)

Percentages of Annexin V
-

CFSE
low

(live dividing) cells, after 2-3 days of culture in the presence of vehicle

(DMSO) (n=9), LY294002 (n=3), wortmannin (n=9), rapamycin (n=4) or DAPT (n=9), as determined by

flow cytometric analysis. Analyses of two representative malignant Ptenflox/flox
x Lck-Cre x �c-/-

thymocyte

cell lines are presented. (d) Ratio of percentages of Annexin V
-

CFSE
high

(live undividing)/Annexin V
-

CFSE
low

(live dividing) cells, after 2-3 days of culture in the presence of vehicle (DMSO) (n=9), LY294002

(n=3), wortmannin (n=9), rapamycin (n=4) or DAPT (n=9), as determined by flow cytometric analysis.

Analyses of two representative malignant Ptenflox/flox
x Lck-Cre x �c-/-

thymocyte cell lines are presented.

CFSE, carboxyfluoroscein succinimidyl ester; DMSO, dimethyl sulfoxide; DAPT, N-[N-(3,5-

Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester.
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analysis of CFSE and anti-Annexin V co-stained cells revealed that the ratio between the

few remaining Annexin V
-

CFSE
high

non-proliferating live cells and Annexin V
-

CFSE
low

proliferating live cells was increased 5 to 25-fold (Figure 4d), indicating that next to

apoptosis induction, a proliferation block was induced. Similar results were obtained

from DAPT-treated M01T cultures (Figure 4a, upper dot plots, 4b, 4c and 4d). The

MRTT thymocyte cell line appeared to be less sensitive to � secretase complex activity

Figure 5 Malignant Pten-deficient thymocytes in a CD3�-/-
background are sensitive to Notch and PI3K

pathway blockade in vitro. (a) Cell counts of a representative malignant Ptenflox/flox
x Lck-Cre x CD3�-/-

thymocyte cell line, after 2-3 days of culture in the presence of vehicle (DMSO) (n=5), or increasing

concentrations of wortmannin (n=5) or DAPT (n=5). (b) Percentages of Annexin V
-

7AAD
-

cells, after 2-3

days of culture in the presence of vehicle (DMSO) (n=5), or increasing concentrations of wortmannin (n=5)

or DAPT (n=5), as determined by flow cytometric analysis. Analyses of a representative malignant

Ptenflox/flox
x Lck-Cre x CD3�-/-

thymocyte cell line are presented. (c) CFSE flow cytometric analyses of a

representative malignant Ptenflox/flox
x Lck-Cre x CD3�-/-

thymocyte cell line, after 2-3 days of culture in the

presence of vehicle (DMSO) (n=5), or increasing concentrations of wortmannin (n=5) or DAPT (n=5).

Annexin V
-

7AAD
-

cells were gated, and unstained Annexin V
-

7AAD
-

cells are shown in grey. D/DMSO,

dimethyl sulfoxide; Wort, wortmannin; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine

t-butyl ester; CFSE, carboxyfluoroscein succinimidyl ester; 7AAD, 7-aminoactinomycin D.
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inhibition, as only a ~2-fold decrease in absolute cell number was observed after DAPT

treatment of both Annexin V
-

CFSE
high

cells (Figure 4a, lower dot plots, and 4b) and

Annexin V
-

CFSE
low

cells (Figure 4a, lower dot plots, and 4c). This decrease was due to

apoptosis induction, as the ratio between Annexin V
-

CFSE
high

and Annexin V
-

CFSE
low

cells was found to be unaltered in DAPT-treated cultures as compared to DMSO-treated

control cultures (Figure 4d). Upon analysis of 3 separate Ptenfloxflox
x Lck-Cre x �c-/-

thymocyte cell lines (M03T, F10T and M41T), all were found to be dependent on PI3K-

and mTOR-mediated signaling (data not shown). However, we observed that M03T and

F10T (Figure 8b), but not M41T (Figure 8f), were less dependent on Notch-mediated

signaling to survive and proliferate, indicating that in these cells, mTOR is a downstream

target of PI3K-mediated signaling, but not of Notch-mediated signaling.

Figure 6 Malignant Pten-deficient thymocytes in a Rag2-/-
background are sensitive to Notch and PI3K

pathway blockade ex vivo. (a) Representative cell counts of malignant thymocytes, freshly isolated from

three tumor-bearing Ptenflox/flox
x Lck-Cre x Rag2-/-

mice, after 2-3 days of culture in the presence of vehicle

(DMSO) (n=4), LY294002 (n=4), wortmannin (n=4), rapamycin (n=4) or DAPT (n=4). (b) Representative

percentages of Annexin V
-

7AAD
-

malignant thymocytes, freshly isolated from three tumor-bearing

Ptenflox/flox
x Lck-Cre x Rag2-/-

mice, after 2-3 days of culture in the presence of vehicle (DMSO) (n=4),

LY294002 (n=4), wortmannin (n=4), rapamycin (n=4) or DAPT (n=4), as determined by flow cytometric

analysis. (c) Representative Ki-67 flow cytometric analyses of malignant thymocytes, freshly isolated from

three tumor-bearing Ptenflox/flox
x Lck-Cre x Rag2-/-

mice, after 2-3 days of culture in the presence of vehicle

(DMSO) (n=4), LY294002 (n=4), wortmannin (n=4), rapamycin (n=4) or DAPT (n=4). Annexin V
-
7AAD

-

cells were gated. DMSO, dimethyl sulfoxide; LY, LY294002; Wort, wortmannin; Rapa, rapamycin; DAPT,

N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; 7AAD, 7-aminoactinomycin D.
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A representative analysis of a Ptenfloxflox
x Lck-Cre x CD3�-/-

thymocyte cell line (F140T)

is shown in figure 5. Both wortmannin and DAPT diminished absolute cell numbers

(Figure 5a), and induced apoptosis (Figure 5b) in a dose-dependent manner. Flow

cytometric analysis of anti-Annexin V 7AAD CFSE co-stained cells revealed that

wortmannin did not influence CFSE dilution by Annexin V
-

7AAD
-
cells, but that DAPT

had a dose-dependent negative effect (Figure 5c). These results indicated that DAPT, but

not wortmannin, impaired proliferation. Similar results were obtained from a separate

Ptenfloxflox
x Lck-Cre x CD3�-/-

thymocyte cell line (M13T), although this cell line

appeared to be less dependent on Notch-mediated signaling to survive and proliferate

(Figure 8c, and data not shown).

Figure 7 Malignant Pten-deficient thymocytes in a �c-/-
x Rag2-/-

background are sensitive to Notch and

PI3K pathway blockade ex vivo. (a) Representative tritium thymidine incorporation assay of freshly

isolated malignant Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes, after 2-3 days of culture in the

presence of vehicle (DMSO) (n=3), 10 μM LY294002 (n=3), 2 μM wortmannin (n=3), 100 pg/ml

rapamycin (n=3) or 10 μM DAPT (n=3). (b) Representative percentages of Annexin V
-

7AAD
-

freshly

isolated malignant Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes, after 2-3 days of culture in the

presence of vehicle (DMSO) (n=3), 10 μM LY294002 (n=3), 2 μM wortmannin (n=3), 100 pg/ml

rapamycin (n=3) or 10 μM DAPT (n=3), as determined by flow cytometric analysis. (c) Representative Ki-

67 flow cytometric analyses of freshly isolated malignant Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes,

after 2-3 days of culture in the presence of vehicle (DMSO) (n=3), LY294002 (n=3), wortmannin (n=3),

rapamycin (n=3) or DAPT (n=3). Annexin V
-

7AAD
-

cells were gated. CPM, counts per minute; DMSO,

dimethyl sulfoxide; LY, LY294002; Wort, wortmannin; Rapa, rapamycin; DAPT, N-[N-(3,5-

Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; 7AAD, 7-aminoactinomycin D.
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Flow cytometric analysis of freshly isolated malignant thymocytes from 3 tumor-bearing

Ptenfloxflox
x Lck-Cre x Rag2-/-

mice that were cultured in the presence of wortmannin and

LY294002 revealed that the decreased absolute cell numbers (Figure 6a) were due to

both apoptosis induction (Figure 6b) and proliferation inhibition (Figure 6c). Rapamycin

treatment had a similar, but less stringent effect (Figure 6a, 6b and 6c), suggesting that

one or more downstream targets of PI3K besides mTOR were utilized to ensure survival

and proliferation. DAPT treatment induced apoptosis in all 3 samples and partially

blocked proliferation of F8 PR cells, but not of M2 PR and M3 PR cells (Figure 6a, 6b

and 6c). Similar analyses of 1 separate freshly isolated malignant Ptenfloxflox
x Lck-Cre x

Rag2-/-
thymocyte sample (F247T) and of 3 separate Ptenfloxflox

x Lck-Cre x Rag2-/-

thymocyte cell lines (M2 PR, M3 PR and M244T) confirmed the requirement of PI3K,

Figure 8 Sensitivity to Notch pathway blockade of malignant Pten-deficient thymocytes in a wild-type, �c-/-

, CD3�-/-
, Rag2-/-

or �c-/-
x Rag2-/-

background, harbouring wild-type Notch1 or mutated Notch1. Mean

relative cell counts of freshly isolated Ptenflox/flox
x Lck-Cre thymocytes and Ptenflox/flox

x Lck-Cre thymocyte

cell lines in a (a) wild-type, (b) �c-/-
, (c) CD3�-/-

, (d) Rag2-/-
or (e) �c-/-

x Rag2-/-
background, carrying wild-

type NOTCH1, after 2-3 days of culture in the presence of vehicle (DMSO) (light-gray bars) or DAPT

(dark-gray bars). DMSO is set as 100%. (f) Mean relative cell counts of freshly isolated Ptenflox/flox
x Lck-

Cre x Rag2-/-
and Ptenflox/flox

x Lck-Cre x �c-/-
x Rag2-/-

thymocytes and Ptenflox/flox
x Lck-Cre x �c-/-

and

Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocyte cell lines, carrying activating mutations in NOTCH1, after

2-3 days of culture in the presence of vehicle (DMSO) (light-gray bars) or DAPT (dark-gray bars). DMSO

is set as 100%. Pten-/-
= Ptenflox/flox

x Lck-Cre; DMSO, dimethyl sulfoxide; DAPT, N-[N-(3,5-

Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; R2, Rag2.
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mTOR and Notch receptors for survival and proliferation (Figure 8d, and results not

shown).

Malignant Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes were sensitive to wortmannin,

LY294002, rapamycin, DAPT and Compound E treatment ex vivo and in vitro, with

regard to survival and proliferation (Figure 7a, 7b, 7c, 8e and 8f, and data not shown).

However, malignant thymocytes isolated from tumor-bearing Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
mouse M1 developed resistance to � secretase complex activity inhibition in

vitro over time with regard to survival and proliferation (Figure 8e, and data not shown).

The PI3K signaling pathway is not regulated by Notch-mediated signaling in

malignant Pten-deficient thymocytes.

Previous analyses of malignant Pten-deficient thymocytes and thymocyte cell lines in a

wild-type, �c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x Rag2-/-
background suggested that PI3K- and

Notch-mediated signaling utilize non-redundant mechanisms to ensure survival and

proliferation. To investigate this, we first assessed whether specific blockade of PI3K-

and Notch-mediated signaling altered abundance and activity of known PI3K-dependent

target molecules to transduce survival and proliferation signals. Malignant Ptenfloxflox
x

Lck-Cre thymocyte cell lines were incubated with wortmannin, LY294002, rapamycin

and DAPT, and analyzed the abundance of PIP3 and Akt/PKB and the phosphorylation

status of Akt/PKB at Ser473. As expected, specific blockade of PI3K activity by

wortmannin and LY294002 resulted in decreased levels of PIP3 after an overnight culture

(Figure 9a). Rapamycin did not have an effect on PIP3 abundance; indeed, mTOR is

known to act downstream of PIP3 (11) (Figure 9a). The abundance of total Akt/PKB was

not altered in the presence of wortmannin for up to 6 hours (Figure 9b, upper panel, and

data not shown). However, almost no phosphorylation at Ser473 of Akt/PKB was

detected between 30 minutes and 6 hours of incubation with wortmannin (Figure 9b,

upper panel, and data not shown), reflecting loss of Akt/PKB activity. This confirmed

that Pten loss cannot compensate for PI3K activity to drive downstream PI3K-mediated

signaling. In contrast, � secretase complex activity inhibition did not alter abundance of

PIP3 and Akt/PKB, nor did it decrease phosphorylation of Akt/PKB at Ser473 (Figure 9a

and 9b, lower panel). This suggested that Notch-mediated signaling acted independently

from PI3K-mediated signaling to regulate survival and proliferation. It needs to be noted

that Notch-mediated signaling may have influenced PI3K signaling downstream or

independent of PIP3 and Akt/PKB.

The canonical Notch signaling pathway is not regulated by PI3K activity in

malignant Pten-deficient thymocytes.

Canonical Notch signaling involves the translocation of the cleaved intracellular domain

of Notch receptors to the nucleus to induce transcription of target genes (36, 38, 39). To

investigate whether PI3K activity regulates the canonical Notch signaling pathway, we

assessed whether specific blockade of Notch- and PI3K-mediated signaling altered

nuclear localization of the intracellular domain of Notch1. Notch1 was examined, as it

has been indicated to be the prime Notch receptor to regulate survival and proliferation of

malignant T-lineage cells (50). Nuclear localization of Notch1 was measured by
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Figure 9 Blockade of PI3K activity, but not of Notch signaling, impairs generation of PIP3 and

phosphorylation of Akt/PKB in malignant Pten-deficient thymocytes in vitro. (a) Representative PIP3 flow

cytometric analyses of a representative malignant Ptenfloxflox
x Lck-Cre thymocyte cell line, after an

overnight culture in the presence of vehicle (DMSO) (n=7), or increasing concentrations of LY294002

(n=2), wortmannin (n=7), rapamycin (n=4) or DAPT (n=4). Life-gated cells are presented. (b)

Representative phospho-Akt/PKB (Ser473)-specific Western blot analyses of a representative malignant

Ptenfloxflox
x Lck-Cre thymocyte cell line, after a 0, 30, 60, 90, or 120 minute culture in the presence of

vehicle (DMSO) (n=2), or increasing concentrations of wortmannin (n=2), or DAPT (n=2). Anti-Akt/PKB

staining confirmed equal loading. Two separate Ptenfloxflox
x Lck-Cre thymocyte cell lines were analyzed in

two separate experiments. DMSO, dimethyl sulfoxide; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester.

ImageStream multispectral imaging flow cytometric analysis of the fluorescence overlap

on a per cell basis between anti-Notch1-PE and the nuclear stain DRAQ5. A

representative experiment using a DAPT- and wortmannin-sensitive Ptenfloxflox
x Lck-Cre

x �c-/-
x Rag2-/-

thymocyte cell line (see Figure 7) is shown in Figure 10. After 4 hours of

incubation, DAPT-mediated � secretase complex activity inhibition reduced anti-Notch1-

PE and DRAQ5 fluorescence overlap (Figure 10b), as compared to DMSO-treated

control cultures (Figure 10a). In addition, more cytoplasmic Notch1 was detected in

DAPT- versus DMSO-treated cultures (data not shown). These results suggested that

canonical Notch1-mediated signaling was important for these cells to survive and
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proliferate (Figure 7). In contrast, wortmannin treatment did not significantly influence

Notch1 nuclear localization (Figure 10a and 10c). This suggested that although PI3K did

regulate survival and proliferation in these cells (Figure 7), canonical Notch1-mediated

signaling that is equally important for proliferation of Pten-deficient thymocytes was not

regulated by PI3K activity.

Figure 10 Blockade of Notch signaling, but not of PI3K activity, impairs Notch1 nuclear localization in

malignant Pten-deficient thymocytes in vitro. Flow cytometric anti-Notch1-PE and DRAQ fluorescence

overlap analysis of a representative Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
thymocyte cell line, after 4 hours of

culture in the presence of (a) vehicle (DMSO) (n=2), (b) DAPT (n=2), or (c) wortmannin (n=2). Pten-/-
=

Ptenflox/flox
x Lck-Cre; DMSO, dimethyl sulfoxide; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester.

PI3K- and Notch1-mediated signaling independently drive survival and

proliferation of Pten-deficient thymocytes.

To confirm that PI3K and Notch1 independently regulate survival and proliferation of

malignant Pten-deficient thymocytes, Ptenfloxflox
x Lck-Cre, Ptenfloxflox

x Lck-Cre x �c-/-
,

Ptenfloxflox
x Lck-Cre x CD3�-/-

and Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
thymocyte cell

lines were retrovirally transduced with GFP-encoding control virus, virus encoding GFP

and constitutive active Notch1 (intracellular (ic)-Notch1), or virus encoding GFP and

constitutive active Akt/PKB (myristoylated (myr)-Akt/PKB). GFP
+

cells were purified by

flow cytometry and cultured in the presence of wortmannin or DAPT. A representative

experiment using a Ptenfloxflox
x Lck-Cre x �c-/-

x Rag2-/-
thymocyte cell line is shown in

Figure 11. As expected, cells that were transduced with GFP-encoding control virus

were blocked in proliferation and underwent apoptosis in the presence of wortmannin

(Figure 11a, and results not shown) or DAPT (Figure 11b, and results not shown) in a

dose-dependent manner. In contrast, cells that were transduced with myr-Akt/PKB

encoding virus were able to bypass the wortmannin-induced block of PI3K activity

(Figure 11a), but were not able to bypass the DAPT-induced block of � secretase complex

activity (Figure 11b). Conversely, cells that were transduced with ic-Notch1 encoding

virus were rescued from apoptosis and were allowed to proliferate in the presence of

DAPT (Figure 11b), but not in the presence of wortmannin (Figure 11a). These results

indicate that wortmannin and DAPT are specific small molecule inhibitors, and validate

the previous inhibition experiments described in Figures 1-9. In addition, these results

confirm that PI3K- and Notch1-mediated signaling are both required for proliferation and

survival of malignant Pten-deficient thymocytes but independently from each other.
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Figure 11 ic-Notch1 specifically rescues Notch pathway blockade and myr-Akt/PKB specifically rescues 

PI3K pathway blockade in malignant Pten-deficient thymocytes in vitro. Relative cell counts of a 

representative Ptenfloxflox
 x Lck-Cre x �c-/-

 x Rag2-/-
 thymocyte cell line, transduced with empty retroviral 

vector, ic-Notch1-expressing retroviral vector or myrAkt/PKB-expressing retroviral vector, after 2-3 days 

of culture in the presence of vehicle (DMSO) (n=5), or increasing concentrations of (a) wortmannin (n=5) 

or  (b) DAPT (n=5). DMSO is set as 100%. At least 2 separate experiments using 5 separate Ptenfloxflox
 x 

Lck-Cre thymocyte cell lines in a wild-type, �c-/-
, CD3�-/-

 and �c-/-
 x Rag2-/-

 background were performed. 

DMSO, dimethyl sulfoxide; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl 

ester; ic-Notch1, intracellular Notch1; myr-Akt, myristoylated Akt/PKB. 

 

 

 Loss of �c- and/or TCR-mediated signaling induces activating NOTCH1 mutations 

in malignant Pten-deficient thymocytes. 

 Activating mutations in the heterodimerization (HD) domain and/or PEST domain of 

NOTCH1 have been detected in various murine T cell lymphoma models and in human 

leukemias (50, 52-58, 75), and have been indicated to increase sensitivity of malignant T 

cells to � secretase complex activity inhibition with regard to survival and proliferation 

(50). As 9 of 9 freshly isolated malignant Pten-deficient thymocytes and 7 of 16 Pten-

deficient thymocyte cell lines were dependent on Notch-mediated signaling (Figures 1-9), 

and it may very well have been that these cells acquired activating mutations in NOTCH1 
to further drive Notch1-mediated survival and proliferation. To reveal activating 

mutations, exons 26 and 27, encoding the HD domain of Notch1, and exon 34, encoding 

the PEST domain of Notch1, were sequenced. Surprisingly, no NOTCH1 mutations were 

found in Ptenfloxflox
 x Lck-Cre and Ptenfloxflox

 x CD4-Cre samples (Table 2). 1 of 6 �c 

deficient samples showed a mutation in the HD domain, and loss of CD3�, Rag2, or 

simultaneous loss of �c and Rag2, also induced mutations in the HD domain (2 of 4 

Ptenfloxflox
 x Lck-Cre x CD3�-/-

 samples, 2 of 9 Ptenfloxflox
 x Lck-Cre x Rag2-/- samples, and 

2 of 4 Ptenfloxflox
 x Lck-Cre x �c-/-

 x Rag2-/-
 samples) or in both the HD domain and the 

PEST domain (1 of 9 Ptenfloxflox
 x Lck-Cre x Rag2-/- samples (Table 2 and Figure 12). 

This indicated that in these tumor-bearing mice, clonal expansion of thymocytes had 

taken place. All mutations were found to be heterozygous, although malignant 

thymocytes obtained from 1 tumor-bearing Ptenfloxflox
 x Lck-Cre x �c-/-

 x Rag2-/-
 mouse 
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displayed loss of heterozygosity upon culture in vitro (data not shown). Paradoxically, 

freshly isolated thymocytes obtained from 2 tumor-bearing Ptenfloxflox
 x Lck-Cre x Rag2-/-

 

mice “lost” the activating NOTCH1 HD domain mutation or the PEST domain mutation 

upon in vitro culture (Table 2). This indicated that in these tumor-bearing mice, at least 2 

malignant thymocyte populations expanded, of which the malignant thymocyte 

populations carrying the NOTCH1 HD domain mutation or PEST domain mutation were 

not capable to expand in vitro. This suggests that activating NOTCH1 mutations can 

support thymocyte hyperplasia and do not always give a selective advantage for 

malignant transformation. Our observation that in the absence of activating NOTCH1 

mutations, malignant Pten-deficient thymocytes were sensitive to � secretase activity 

inhibition in vitro indicates that involvement of Notch1 in proliferation can be 

independent of activating mutations.  

Taken together, these findings indicate that loss of �c- and/or TCR-mediated signaling 

predisposes malignant Pten-deficient thymocytes to mutate Notch1 which may contribute 

to driving enhanced survival and excessive proliferation. The mechanism of this remains 

to be determined. 

 

 

 
 
Table 2 Loss of �c, CD3� and/or Rag2 predisposes malignant Pten-deficient thymocytes to acquire 

activating Notch1 mutations. Genotypes, numbers, source of cells (freshly isolated or cell line) and location 

of NOTCH1 mutations are presented. Pten-/-
 = Ptenflox/flox

 x Lck-Cre; CD4-Cre = Ptenflox/flox
 x CD4-Cre; F, 

freshly isolated; CL, thymocyte cell line. 
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Figure 12 NOTCH1 mutations found in malignant Pten-deficient thymocytes in a �c-/-
, CD3�-/-

and/or Rag2-

/-
background disrupt the HD domain structure. The protein structure of the NRR domain of Notch1

surrounding the HD domain of Notch1 is depicted in white. Black spots indicate mutations found in

malignant Ptenfloxflox
x Lck-Cre thymocytes in a �c-/-

(1668 L > P), CD3�-/-
(1639 A > T), Rag2-/-

(1556 W >

R, 1668 L > P, 1708 I > S), and �c-/-
x Rag2-/-

(1665 I > F, 1668 L > P) background. HD,

heterodimerization, NRR, negative regulatory region.

Discussion

In this study, we make use of the Cre-loxP recombination system to specifically delete

Pten expression in Lck-expressing T lineage thymocytes in a wild-type, �c-/-
, CD3�-/-

,

Rag2-/-
, and �c-/-

x Rag2-/-
background (5, 35). Upon manifestation of T cell

lymphomagenesis, malignant thymocytes were isolated and tested for their dependence

on PI3K- and Notch1-mediated signaling to survive and proliferate. All malignant

thymocytes were shown to be induced to undergo apoptosis and to be blocked in

proliferation upon incubation ex vivo or in vitro with the small molecule inhibitors

LY294002, wortmannin and rapamycin. These findings suggested that the

PI3K/Akt/PKB/mTOR signaling pathway was utilized by these cells to survive and

proliferate. 9 of 9 freshly isolated malignant Pten-deficient thymocytes and 7 of 16 Pten-

deficient thymocyte cell lines were similarly sensitive to the small molecule inhibitors

DAPT and Compound E, which specifically block � secretase complex activity,
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indicating that Notch-mediated signaling was equally important in these cells. However,

9 of 16 Pten-deficient thymocyte cell lines were found not to be sensitive to blockade of �

secretase complex activity, suggesting that mTOR is a downstream target of PI3K, but

not of Notch receptors, and that PI3K- and Notch-mediated signaling utilize separate

mechanisms to drive survival and proliferation. Indeed, upon specific PI3K activity

blockade, the levels of PIP3 and phosphorylated Akt/PKB were diminished, whereas

specific blockade of � secretase complex activity had no effect. Conversely, specific

blockade of � secretase complex activity impaired nuclear localization of Notch1,

whereas specific PI3K activity blockade had minimal effect. As malignant Pten-deficient

thymocytes that were forced to express constitutive active Akt/PKB proliferated in the

presence of wortmannin, but not in the presence of DAPT, and as malignant Pten-

deficient thymocytes that were forced to express ic-Notch1 proliferated in the presence of

DAPT, but not in the presence of wortmannin, these data further indicate that separate

PI3K- and Notch1-dependent signaling pathways exist in malignant Pten-deficient

thymocytes that support survival and proliferation.

Many studies have been conducted which utilized small molecule inhibitors to indicate

that tumor cells depend on PI3K/Akt/PKB/mTOR-mediated signaling to survive and

proliferate (11). However, the usage of such compounds raises concern with regard to

possible side effects. LY294002 and wortmannin are competitive inhibitors of adenosine

triphosphate (ATP) binding (70), and effects of these compounds on multiple ATP-

requiring enzymes have been evaluated. Although LY294002 and wortmannin effectively

block the activity of catalytic subunits of all PI3K isoforms (11), LY294002 was shown

not to have inhibitory effects on activity of the class I regulatory p85� PI3K subunit,

PI4K, EGF receptor tyrosine kinase, c-Src, mitogen-activated protein kinase (MAPK), S6

kinase (S6K), diacylglycerol kinase (DGK), protein kinase A (PKA), PKCs and ATPase

(69); however, LY294002 has been shown to block activity of activating transcription

factor 3 (ATF3), early growth response 1 (EGR1), DNA-dependent protein kinase (DNA-

PK), ataxia telangiectasia mutated kinase (ATM), and ATM and Rad3-related kinase

(ATR) at high concentrations (76-80). Wortmannin was shown to be relatively PI3K-

specific as well (11), although it has been shown that wortmannin blocks activity of polo-

like kinases, and DNA-PK, PI4K, myosin light chain kinase (MLCK) and MAPK at high

concentrations (81-83). Importantly, LY294002 and wortmannin have been shown to

block the activity of mTOR at concentrations used to block PI3K activity (71, 84).

Therefore, the use of compounds like LY294002 and wortmannin provide limited

information and do not provide detailed information on separate signaling molecules, but

rather of signaling pathways that comprise of ATP-requiring kinases that are known to be

affected. For example, the finding in our current study that constitutive active Akt/PKB

allowed malignant Pten-deficient thymocytes to bypass the inhibitory effect of

wortmannin may imply that downstream targets of PI3K and Akt/PKB other than mTOR

were important for these cells to expand. However, in the presence of rapamycin, which

is thought to be a highly specific small molecule inhibitor of mTOR (11), survival and

proliferation of malignant Pten-deficient thymocytes was blocked. This suggests that

mTOR plays an important signal-transducing role in malignant Pten-deficient thymocytes

downstream of PI3K. Whether targets of LY294002, wortmannin and rapamycin other

than PI3K and mTOR are essential for survival and proliferation of malignant Pten-

deficient thymocytes, remains to be investigated.
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The finding that malignant Pten-deficient thymocytes were sensitive to inhibition of PI3K

activity is in agreement with reports that showed that Pten-deficient tumors are

hypersensitive to inhibition of the PI3K signaling pathway (85, 86). These results

suggested that Pten deficiency did not constitutively activate PI3K, but that Pten

deficiency lowers the treshold of PI3K activity. IL-7R- and (pre-)TCR-mediated

signaling have been shown to activate PI3K (2, 3, 18), and as IL-7R and the (pre-)TCR

represent two major factors in thymocyte survival and proliferation, PI3K activity may

have been provided by �c- and (pre-)TCR-mediated signaling in malignant Ptenfloxflox
x

Lck-Cre thymocytes. However, as malignant Ptenfloxflox
x Lck-Cre thymocytes in a �c-/-

,

CD3�-/-
, Rag2-/-

, and �c-/-
x Rag2-/-

background were found to be equally sensitive to PI3K

activity inhibition, other cell surface receptors that are expressed by malignant

thymocytes, including CD28 and chemokine receptors, may have contributed to PI3K

activation. In addition, it is possible that Pten loss intrinsically led to increased PI3K

activity, as Src homology 2 (SH2) domain collagen-containing protein (Shc) and Focal

adhesion kinase (FAK), proteins known to be negatively regulated by Pten (87), have

been indicated to activate PI3K (88, 89). How PI3K is activated in malignant thymocytes

in a Pten-deficient background in a wild-type, �c- and/or (pre-)TCR-deficient background

awaits further investigation.

As with small molecular inhibitors that modulate PI3K signaling, potential side effects

have to be taken into consideration with regard to small molecule inhibitors that target

activity of the � secretase complex, although DAPT and Compound E are regarded to be

highly specific. Indeed, in agreement with our findings, both small molecule inhibitors

have been shown to be a potent inhibitors of survival and proliferation of malignant T

cells that exploit Notch1-mediated signaling in various studies (49-51). Our findings

support the specificity of DAPT with regard to Notch1-mediated signaling. Ic-Notch1-

transduced malignant Pten-deficient thymocytes proliferated in the presence of DAPT,

but not in the presence of wortmannin, indicating that DAPT specifically impaired

Notch1-, but not PI3K-mediated signaling. In line with this, nuclear localization of

Notch1 was impaired when malignant Pten-deficient thymocytes were cultured in the

presence of DAPT, but not in the presence of wortmannin. Conversely, abundance of

PIP3 and activity of Akt/PKB, both traditional downstream targets of PI3K-mediated

signaling, were affected by wortmannin treatment, but not by DAPT treatment.

Our findings indicate that malignant Pten-deficient thymocytes utilize separate Notch1-

and PI3K-dependent mechanisms to drive survival and proliferation. Our findings

contrast with those of others who have suggested an interdependence of PI3K and Notch1

pathways in both normal and malignant T cell development. Akt/PKB was indicated to be

specifically phosphorylated by Notch-mediated signaling in Rag2-/-
thymocytes (62), and

although pre-TCR signaling and Notch-mediated signaling have been shown to both be

needed for proper � selection of developing thymocytes (44), absence of Notch-mediated

signaling could be rescued by introduction of constitutive active Akt/PKB (62). In

addition, a recent study conducted by Palomero et al. indicated that Notch1- and PI3K-

mediated signaling can be functionally linked, as Notch1 was shown to regulate the

expression of Pten and the activity of the PI3K/Akt/PKB signaling pathway in normal

and malignant T cells, and that human malignant T cells were shown to be resistant to

inhibition of � secretase complex activity in a Pten-deficient background (51), which

contrasts directly with our observations that Pten-deficient tumors are sensitive to �
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secretase inhibitors. Taken together, our data and data provided by separate groups may

indicate that Notch1- and PI3K-dependent and -independent mechanisms exist that drive

survival and proliferation of malignant T cells.

“Oncogene addiction” describes the dependence of malignant cells on specific oncogenic

pathways to induce and maintain the malignant phenotype. In malignant Pten-deficient

thymocytes, the primary oncogene addiction is represented by the PI3K signaling

pathway, as Pten deficiency inevitably gave rise to malignant transformation. Notch1-

mediated signaling was shown not to represent an oncogene addiction in 9 of 16 Pten-

deficient thymocyte cell lines, as these cells were resistant to � secretase complex

inhibition. However, all freshly isolated malignant Pten-deficient thymocytes had

acquired a second oncogene addiction represented by Notch1-mediated signaling, as

these cells were found to be sensitive to � secretase complex activity inhibition, which

was reversible by introduction of ic-Notch1. Furthermore, 7 of 16 Pten-deficient in vitro-

generated cell lines were sensitive to inhibition of � secretase. The difference in �

secretase dependency of fresh tumors compared to cell lines may be attributed to

additional genetic alterations that overcame the requirement of Notch1. In addition, about

one in five samples were found to have acquired activating NOTCH1 mutations in either

the HD domain, or in both the HD domain and PEST domain, enhancing Notch1-

mediated signaling. Intriguingly, such mutations were only found to be acquired by

malignant Pten-deficient thymocytes from �c- and/or (pre-)TCR-deficient mice. This

observation supports the notion that �c- and (pre-)TCR-mediated signaling are primarily

responsible for PI3K activation in malignant Pten-deficient thymocytes in a wild-type

background, as upon loss of one or these two cell surface receptors that regulate survival

and proliferation factors like PI3K, cells become “addicted” to Notch1-mediated

signaling. Conversely, Palomero et al. show, that when Notch1-mediated signaling

represents the primary oncogene addiction in malignant T cells, cells acquire a second

oncogene addiction represented by the PI3K signaling pathway, inducing resistance of

these cells to inhibition of � secretase complex activity (51). This was supported by

experiments that showed that specific knockdown of Pten or introduction of constitutive

active Akt/PKB induced resistance to � secretase complex inhibition in malignant T cells

(51), and that introduction of Pten into Pten-deficient malignant T cells that were resistant

to � secretase complex activity inhibition acquired sensitivity (51, 90). These findings

together with the observations reported herein indicate that if initial malignant

transformation of T cells is induced by abberant PI3K-mediated signaling, cells can

remain sensitive to � secretase complex inhibition, whereas if Notch1-mediated signaling

represents the primary oncogene addiction, constitutive activation of the PI3K signaling

pathway allows the malignant T cells to survive upon � secretase complex inhibition. The

molecular mechanisms underlying these apparent discrepancies remain to be elucidated.
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