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The Netherlands
2Department of Cell Biology and Histology, University of Amsterdam, Academic 
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3
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Abstract

T cell development in the murine thymus and thymic egress of mature thymocytes are

tightly regulated processes that involve several positive and negative selection events and

multiple signal transduction pathways in thymocytes. Disregulation of one or more of

these pathways leads to uncontrolled expansion and to lymphomagenesis over time and to

significantly altered kinetics of thymic emigration. In this review, the processes that are

involved in normal and malignant thymocyte development and in thymic egress are

discussed, with particular focus on PI3K- and Notch1-mediated signaling.

Development and migration of ��� T-lineage thymocytes in the murine thymus

Pluripotent common lymphoid progenitors (CLPs) arise in the bone marrow. A rare

population of CLPs express CXCR4, CCR7, CCR9 and P-selectin glycoprotein ligand

(PSGL1), which are thought to induce a chemotactic response towards their respective

ligands, CXCL12, CCL21, CCL25 and P-selectin, expressed by stromal cells that reside

in the thymus (1-7). Upon entry at post-capillary venules near the thymic cortico-

medullary junction (8), CLPs are referred to as early thymic progenitors (ETPs). Upon

adopting a T-lineage fate (9-12), CXCR4 expression by T-lineage ETPs induces thymic

migration towards CXCL12, which is produced by epithelial cells located in the

subcapsular region of the outer thymic cortex (3, 13); similar CCR7-mediated

chemotactic responses are also indicated to be involved (14).

A simplified scheme of �� T-lineage thymocyte development is depicted in Figure 1.

During the first stages of development of in the outher thymic cortex, T-lineage ETPs do

not express the T cell markers CD4 and CD8, and hence are called double-negative (DN)

thymocytes (15). Four different DN stages can be distinguished based on differential

expression of CD117 (also referred to as the c-Kit receptor), CD44 and CD25 and on

responsiveness to growth factors, which include stem cell factor (SCF), interleukin-7 (IL-

7) and Notch ligands. The earliest DN thymocytes (DN1 thymocytes) express CD117 and

CD44 at the cell surface (15-17), and primarily depend on cortical thymic-stroma-

produced SCF and IL-7 to survive and proliferate, which bind to their respective

receptors expressed at the cell surface of DN1 thymocytes, CD117 and the IL-7 receptor

(IL-7R) (15, 16, 18-25). DN1 thymocytes differentiate into DN2 thymocytes by up

regulating CD25 (the IL-2R� chain), and SCF/CD117 and IL-7/IL-7R interactions

continue to drive survival and proliferation (15-17, 19-22, 25). During the DN2 stage of

thymocyte development, the majority of thymocytes gradually commence rearrangements

of the T cell receptor � (TCR�) chain gene locus and adopt an �� T-lineage fate; only a
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Figure 1. Anatomical microenvironments in the adult thymus. The thymus is a lobed organ divided by

mesenchymal septae. Lobes are organized into discrete cortical and medullary areas, each of which is

characterized by the presence of particular stromal cell types, as well as thymocyte precursors at defined

maturational stages. �� T-lineage thymocyte differentiation can be followed phenotypically by the

expression of cell-surface markers, including CD4, CD8, CD44, CD25, CD69 and CD62L, as well as the

status of the TCR. Interactions between thymocytes and thymic stromal cells are known to be important in

driving a complex program of T cell maturation in the thymus, which ultimately results in the generation of

self-tolerant SP CD4
+

and SP CD8
+

thymocytes, which emigrate from the thymus to establish the

peripheral T cell pool. 4, CD4; 8, CD8; 44, CD44; 25, CD25; 69, CD69; TCR
low

, low �� TCR expression;

TCR
hi

, high �� TCR expression Adapted from (256).

minority of thymocytes commence rearrangements of the TCR� chain gene locus to

mature into �� TCR-expressing T cells (26). During TCR� chain gene locus

rearrangements, the basic helix-loop-helix (bHLH) protein E47 increases chromatin

accessibility by directly binding to target gene segments, to allow recombination-

activating gene 1 (Rag1) and Rag2 to mediate rearrangements (17, 26-29). As developing

thymocytes progress towards the DN3a stage, thymocytes lose expression of CD44 (15),

and down modulate IL-7R cell surface expression (25, 30); CD117 cell surface

expression is down modulated upon succesful rearangement of the TCR� chain gene
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locus (17). Consequently, support of CD117- and IL-7R-mediated proliferation is lost.

However, CD117 and IL-7R-mediated signaling is still functional in DN3a thymocytes

and remains to be required for survival (20-22, 30). In addition, extracellular Delta-like 1

(DLL1) and DLL4, important ligands for Notch receptors in the thymic cortex, bind to

Notch receptors expressed by DN3a thymocytes to contribute to their glucose

metabolism, growth and survival (31-34).

Although DN3a thymocytes are dependent on SCF/CD117-, IL-7/IL-7R- and

DLL1/Notch-mediated signaling to grow and survive, cell surface expression of a

functional pre-TCR, which comprises of the protein product of a succesfully rearranged

TCR� chain gene, the invariant pre-TCR� chain (pT�) and CD3 molecules, is pivotal for

DN3a thymocytes to be selected in a process termed �-selection (26, 28). In this process,

pre-TCR-mediated signaling, in collaboration with DLL1/Notch-mediated signaling,

allows DN3a thymocytes to differentiate into DN3b thymocytes, and rescues death by

neglect due to down modulation of remaining IL-7R and CD117 cell surface expression

and signaling (15, 16, 30, 31, 35-37) (Chapter 2). �-selected DN3b cells up regulate

CD27, CD2 and CD5, which are thought to be proportional to both the cell surface level

and the signaling capacity of the pre-TCR (38-40). In addition, pre-TCR-mediated

signaling induces allelic exclusion, in which further rearrangement of the TCR� chain

gene loci is prevented; E47 activity is down regulated, resulting in decreased chromatin

accessibility (29), and Rag1 and Rag2 expression is down regulated (41, 42). Pre-TCR-

mediated signaling induces a massive wave of proliferation (35, 37) (Chapter 2), and

allows the DN3b cells to differentiate via the DN4 stage, at which CD25 expression is

lost, and the immature single-positive CD8
+

stage, towards the double-positive (DP)

stage of thymocyte development, which is characterized by CD4 and CD8 expression.

During the DN to DP transition, thymocytes migrate from the outer cortex to the inner

cortex due to up regulation of CCR5, CCR9 and down regulation of CXCR4 (3, 43, 44).

In addition, thymocytes re-express Rag1 and Rag2 and commence rearrangements of

both copies of the TCR� chain gene locus, which is possibly facilitated by pre-TCR-

mediated signaling to increase chromatin accessibility (45-50). Upon pre-TCR-mediated

expression of the succesfully rearranged TCR� chain gene loci (51), DP thymocytes

commonly express two �� TCRs, which are comprised of CD3 molecules, and one

rearranged TCR� chain in complex with one of two rearranged TCR� chains to replace

pT� (46, 49). Cell surface �� TCR expression allows DP thymocytes to be subjected to

the second major selection checkpoint in thymocyte development, known as positive

selection (52). In this selection process, the expressed �� TCRs of DP thymocytes are

tested for appropriate binding to self-peptide/major histocompatibility complex (MHC)

complexes that are present at the cell surface of inner cortical epithelial cells. Appropriate

binding leads to the functional allelic TCR� exclusion via post-translational mechanisms

that involve selective retention of the positively selected TCR� chain on the cell surface

with down modulation and thus, exclusion of the unselected TCR� chain (46, 53, 54).

This process is, however, not airtight as mature T cells can express more than one TCR�

chain (55, 56). Positively selected DP thymocytes down regulate Rag1 and Rag2, up

regulate �� TCR and CD69 cell surface expression; other antigens expressed by

positively selected DP thymocytes include CCR9, CCR7, very late antigen 4 (VLA4) and

VLA5, and possibly CCR3 and CCR4, and direct migration from the thymic cortex to the
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thymic medulla of the thymus where the DP thymocytes differentiate into single-positive

(SP) CD4
+

or CD8
+

thymocytes (43, 46, 57-68). Recognition of MHC class II molecules

by the �� TCR induces formation of SP CD4
+

thymocytes, whereas recognition of MHC

class I molecules by the �� TCR induces down regulation of CD4 expression to give rise

to SP CD8
+

thymocytes. However, DP thymocytes that bind too weakly to self-

peptide/MHC complexes present at the cell surface of inner cortical epithelial cells die

due to failure to succesfully undergo positive selection (death by neglect). Conversely,

DP thymocytes that bind too strongly to encountered self-peptide/MHC complexes

present at the cell surface of epithelial cells of the inner thymic cortex and at the cell

surface of epithelial cells and bone-marrow-derived CD11c
+

dendritic cells (DC) of the

thymic medulla, are forced to undergo apoptosis. This selective removal of auto-reactive

T cells from the mature repertoire represents the third major selection checkpoint in

thymocyte development, and is termed negative selection (44, 52, 69).

During the final stages of SP thymocyte maturation, CD24 down regulation and Qa2 up

regulation mark the imminent departure of SP CD4
+

and SP CD8
+

thymocytes from the

thymic medulla into the periphery (70). Kruppel-like transcription factor 2 (KLF2) is up

regulated (71), a factor which has been indicated to induce expression of �7 integrin,

CD62L and sphingosine 1-phospate1 (S1P1) (72, 73). S1P1 subsequently induces

internalization of CD69, and allows the mature thymocytes to exit the thymus across a

S1P gradient that is established between thymus and blood (70, 74, 75). In addition,

adhesion molecules, cytokines, the �� TCR and several chemokines, possibly including

CCR4, CCR7, CCR8 and CCR9, are also indicated to be associated with thymic exit (44,

64, 76, 77) (Chapter 5).

PI3K signaling pathway in ��� T-lineage thymocyte development

The phosphatidylinositol 3 kinase (PI3K) signaling pathway has been shown to be

important for thymocyte development with regard to cellular metabolism, survival,

growth, proliferation, differentiation and motility (19, 31, 37, 78-80) (Chapter 2). A

simplified scheme of PI3K-mediated signaling in thymocytes is shown in Figure 2. Three

different families of PI3Ks can be distinguished based on structure characteristics and

substrate specificity (81-84). Class IA PI3Ks are expressed as heterodimers, and consist

of a regulatory subunit (p85�, p55�, p50�, p85� or p55�), which localizes the

heterodimer to the site of action, and a catalytic subunit (p110�, p110� or p110�), which

carries out the enzymatic function. The regulatory subunit is shown to stabilize and

inactivate the catalytic subunit when not phosphorylated at tyrosine residue 688 (Tyr688),

and this dephosphorylated state is maintained by the regulatory subunit-associated

phosphatase small heterodimer partner 1 (SHP1) (85, 86). Upon stimulation of cell

surface receptors, including CD117 and cytokine receptors like IL-7R, costimulary

molecules, including CD28, and antigen receptors, including the pre-TCR and the mature

�� TCR, the regulatory subunit of class IA PI3Ks is recruited to the plasma membrane

(19-22, 35, 79, 87, 88). SHP1 dissociation from the regulatory subunit and/or down

regulation of SHP1 activity allows for tyrosine kinase-mediated phosphorylation of the

regulatory subunit at Tyr688, and leads to full activity of the catalytic subunit, through

regulatory subunit-mediated phosphorylation events and catalytic subunit-mediated

autophosphorylation events of the catalytic subunit (19, 85, 86, 89). In addition, class IA

PI3Ks as well as class IB PI3K (formed by the p101 regulatory subunit in complex with
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Figure 2. The PI3K signaling pathway in developing thymocytes. Multiple signaling pathways downstream

of PIP3 ensure survival, growth, proliferation, protein synthesis, cytoskeletal changes and cell mobility. IL-

7R, interleukin-7 receptor; PI3K, phosphatidylinositol 3 kinase; PIP2, phosphatidylinositol-(4,5)-

biphosphate; PIP3, phosphatidylinositol-(3,4,5)-triphosphate; Pten, phosphatase and tensin homologue

deleted on chromosome 10; PDK1, phosphoinositide-dependent kinase; PKB, protein kinase B; TSC2,

tuberous sclerosis complex 2 (TSC2), GSK3�, glycogen synthase kinase 3�, IKK, I�B-kinases; MDM2,

mouse double minute 2; Itk, inducible T cell kinase; PLC, phospholipase C; Rac GEF, Rac Guanine-

nucleotide exchange factor. Adapted from (78).

the p110� catalytic subunit) can be activated through G-protein-coupled receptors

(GPCRs), including several chemokine receptors and N-formyl-methionyl-leucyl-

phenylalanine (fMLP) receptors: upon ligation, downstream trimeric G��� proteins are

activated, and dissociation of the G� subunit from the G�� subunits allows the free G��

subunit complex to interact with and phosphorylate class I PI3Ks at the plasma

membrane (88, 90-92). The protein product of the proto-oncogene Ras has a positive

effect on class I PI3K activity by stabilizing catalytic subunit localization at the plasma

membrane after regulatory subunit-mediated recruitment to stimulate catalytic activity

(93-95).

Class II PI3Ks comprise of 3 family members, PI3K-C2�, PI3K-C2� and PI3K-C2�, of

which PI3K-C2� and PI3K-C2� are expressed in thymocytes (81-84). Little is known

about the activation of class II PI3Ks. Although they are predominantly found to be

located in the nucleus, the Golgi apparatus and clathrin-coated pits, class II PI3Ks are

thought to be activated downstream of growth factor receptors, chemokine receptors and
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integrins (81-84, 88, 91, 96). The only class III PI3K that has been identified to this date,

Vps34, is associated with p150 (also referred to as Vps15) and has been suggested to be

constitutively active (78, 92, 97).

The activity and function of class II and class III PI3Ks in thymocytes are largely

unknown, but it has been shown that activated class II PI3Ks phosphorylate the D-3

position of the inositol ring of plasma membrane-located phosphatidylinositol (PI) and

phosphatidylinositol-(4)-monophosphate (PI(4)P), to generate (PI(3)P) and

phosphatidylinositol-(3,4)-biphosphate (PI(3,4)P), respectively, whereas activated class

III PI3K merely targets PI to generate PI(3)P and is indicated to regulate vesicle transport

(78, 92). The function of class I PI3Ks in thymocytes is studied in more detail. Like class

II and class III PI3Ks, activated class I PI3Ks primarily target the D-3 position of

phosphoinositides that are located in the plasma membrane for phosphorylation.

Although PI and PI(4)P have been shown to be phosphorylated by activated class I PI3Ks

to give rise to elevated amounts of PI(3)P and PI(3,4)P, respectively, the most important

target of activated class I PI3Ks is thought to be phosphatidylinositol-(4,5)-biphosphate

(PIP2), which is phosphorylated and converted into phosphatidylinositol-(3,4,5)-

triphosphate (PIP3) (92). PIP3 acts as a second-messenger molecule, as it recruits

pleckstrin homology (PH) domain-containing intracellular enzymes to the plasma

membrane that induce activation of downstream signaling cascades. An important PH-

domain-containing enzyme that is recruited to PIP3 is phosphoinositide-dependent kinase

1 (PDK1). Recruited PDK1 phosphorylates the co-recruited PH domain-containing

Akt/protein kinase B (PKB) at threonine residue 308 (Thr308) (98). Subsequent

phosphorylation events at serine residue 473 (Ser473) by the Rictor-mammalian target of

rapamycin (mTOR) complex (99), and possibly at Thr474 by unknown mechanisms

(100) are required to fully activate Akt/PKB. Akt/PKB subsequently phosphorylates

multiple downstream targets such as tuberous sclerosis complex 2 (TSC2), glycogen

synthase kinase 3� (GSK3�), I�B-kinases (IKKs), p27kip1, mouse double minute 2

(MDM2), Bad, Caspase 9, and the forkhead family of transcription factors to ensure

survival, growth and proliferation (101-113). Other enzymes that are recruited to PIP3

include PH-domain containing Guanine-nucleotide exchange factors (GEFs) like Vav-1,

Vav-2 and Vav-3, which regulate cytoskeletal changes to control cell motility, and PH-

domain containing members of the Tec family of tyrosine kinases like Tec and Itk that

control apoptosis, growth and proliferation (78). Important direct negative regulators of

the class I PI3Ks include the Src homology 2 (SH2) domain-containing inositol 5’-

phosphatase (Ship) and Ship2, which remove the 5-phosphate from the inositol ring of

PIP3 to generate PI(3,4)P (78, 92, 114). In contrast to SHP1, the phosphatase SHP2 may

positively regulate class I PI3K-mediated signaling, as SHP2 has been shown to be

physically associated with Ship in hematopoietic cells upon stimulation and may be

involved in Ship dephosphorylation, resulting in its functional dislocation and/or

inactivation (114-116). In addition, phosphatase and tensin homologue deleted on

chromosome 10 (Pten) has been shown to be a major negative regulator of PI3K-

mediated signaling by dephosphorylating PIP3 to PIP2 (117, 118).

The dual-specificity phosphatase and tumor suppressor Pten

The PTEN gene was originally identified as a candidate tumor suppressor gene located on

human chromosome 10q23 (117, 119). All mammalian PTEN orthologs were found to
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encode proteins of 40-50 kilodaltons. Sequence analysis revealed homology of the

protein product of PTEN with the cytoskeletal protein tensin, and it was originally

thought to encode a protein tyrosine phosphatase (PTP), based on its sequence identity

with PTP superfamily enzymes (117, 120, 121). However, although Pten was shown to

contain an N-terminal phosphatase - or PTPase – domain (Figure 3), Pten was initially

found to be a poor catalyst of most phosphorylated artificial PTP protein and peptide

substrates (119, 122, 123). It was later reported that Pten dephosphorylates the D3

position of the inositol ring of PIP3 to directly counteract the activity of PI3Ks (118).

Although the shape of the active site pocket, electrostatic interactions with positively

charged sidechains and hydrogen bonds with polar sidechains make PIP3 a more

favorable substrate than protein substrates (124, 125), the phosphatase domain of Pten

has been shown to additionally interact with and dephosphorylate Tyr-phosphorylated

amino acid residues of focal adhesion kinase (FAK) and the adaptor Src homology 2

domain collagen-containing protein (Shc) to negatively regulate their activity (Figure 3)

(126-128). As FAK and Shc regulate cell motility and migration, uncontrolled activation

of FAK and Shc as a result of Pten inactivation or loss may play a role in tumor

metastasis. Pten also contains a C-terminal C2 domain, which regulates phospholipid-

mediated intracellular signal transduction and/or phospholipid metabolism, and may

function as phospholipid targeting motifs (Figure 3) (124, 129). In addition, the C2

domain of Pten has also been indicated to regulate cell migration independent from its

phosphatase activity, possibly reflecting an important feature of its tumor suppressor

activity (130).

Figure 3. Protein structure of Pten. Pten constists of 403 amino acids. The N-terminal phosphatase/PTP

domain contains a PIP2-binding motif, which targets Pten to the cell membrane, and a catalytic domain,

which binds to and catalyzes dephosphorylation of PIP3, FAK and Shc. The C-terminal portion of Pten

encodes the C2 domain, which regulates phospholipid-mediated intracellular signal transduction and/or

phospholipid metabolism, which promotes protein-protein interactions and which contains cell membrane-

targeting motifs, and a PDZ-binding motif, which facilitates interaction with other PDZ-binding motif-

containing proteins. The integrity of the interface between the phosphatase/PTP and C2 domains is thought

to be important for Pten phosphatase activity. PIP2, phosphatidylinositol-(4,5)-biphosphate; PIP3,

phosphatidylinositol-(3,4,5)-triphosphate; FAK, focal adhesion kinase; Shc, Src homology 2 domain

collagen-containing protein; PTP, protein tyrosine phosphatase. Adapted from (136).
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The phosphatase domain and the C2 domains of Pten associate across a large interface

(124), and this suggests that the integrity of the interface between the two domains is

important for Pten phosphatase activity. Indeed, Pten phosphatase activity is thought to

be regulated by phosphorylation events that induce significant conformational changes in

the structure of Pten, forcing Pten to be inactivated or allowing Pten to become active.

Casein Kinase 2 (CK2) has been shown to phosphorylate Pten at Ser370 and Ser385,

facilitating further dephosphorylation by GSK3� at Ser 362 and Thr366; these

phosphorylation events result in decreased Pten phosphatase activity (131, 132).

Similarly, phosphorylation events at Ser385 and adjoining sites of Pten by LKB1, as well

as Src kinase-mediated tyrosine phosphorylation of Pten possibly negatively regulate

phosphatase activity (133, 134). However, phosphorylation events mediated by RhoA-

associated kinase (ROCK) were suggested to activate Pten phosphatase activity (135).

Next to the C2 domain of Pten, several motifs in the protein sequence may function as

localization signals. The N-terminal region of Pten contains a putative consensus PIP2

binding motif which, like the C2 domain, targets Pten to the cell membrane (Figure 3)

(136, 137). In addition, the extreme C-terminal segment of Pten contains two PEST

homology regions and a consensus PDZ-binding site which may facilitate protein-protein

interactions (Figure 3) (136). In spite of the fact that Pten has multiple domains for cell

membrane binding, it is thought that Pten interacts with the cell membrane in transient

fashion, allowing dynamic regulation of phosphatase activity. Indeed, Pten is commonly

found to be both cytoplasmic and nuclear (138-143). In the cytoplasm, Pten has been

suggested to be associated with cytoplasmic structures, including PIP3-containing

endomembranes, possibly to perform yet unknown biological functions and/or to prevent

Pten from acting at the cell membrane (136, 144, 145). The Pten sequence contains

several putative nuclear localisation signal (NLS)-like sequences in its phosphatase and

C2 domains (146), and may translocate to the nucleus either by binding to Vault proteins

that transport Pten into the nucleus (147, 148), by mechanisms that involve neural

precursor cell expressed, developmentally downregulated 4-1 (NEDD4-1)-mediated

monoubiquitination (149), and/or through passive diffusion through nuclear pores (150).

In the nucleus, Pten has been indicated to affect multiple processes, including down

regulation of Cyclin D1, prevention of MAPK phosphorylation (151), enhancement of

apoptosis-induced DNA fragmentation (152), regulation of nuclear PIP3 abundance to

modulate activity of several nuclear PH-domain containing proteins (153, 154), and

binding to nuclear p53 with its C2 domain, leading to inhibition of p53 degradation to

enhancement of p53-dependent transcription (155, 156). In addition, Pten has been

indicated to ensure genomic integrity, as Pten was shown to prevent double-stranded

DNA double-strand breaks (DSBs) through up regulation of Rad51, and as the C

terminus of nuclear Pten has been indicated to bind to and to modulate activity of Cenp-c,

which is required for proper kinetochore assembly and for the metaphase to anaphase

transition during mitosis (157, 158).

Given the multiple functions of Pten in regulation of survival, metabolism, growth,

proliferation, motility and genomic integrity, several nonsense, frameshift, deletion, or

insertion mutations that specifically inactivate phosphatase activity or that result in

premature termination of translation of the PTEN gene, and complete loss of PTEN
expression, have been found in human and murine tissues from multiple origin, including

brain, prostate, breast, liver, intestine, kidney and hematopoietic cells, and have been
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associated with T cell and/or B cell-mediated autoimmunity, dysplasia/hyperplasia, and

malignant transformation and metastasis (37, 80, 117, 136, 159-168) (Chapters 2, 4 and

5). These findings indicated a strong correlation between loss of Pten function and

cancer, and it was concluded that Pten functions as a tumor suppressor. In addition,

similar germ line mutations in the PTEN gene have been associated with Cowden

syndrome and related diseases, having as a common feature the development of

hyperplastic, disorganized, but nonmalignant growths of various tissues, including brain,

breast and thyroid gland tissues. In addition, patients suffer from a significantly increased

risk of certain cancers, including brain, breast, endometrial, and thyroid cancers (169,

170).

Disregulation of class I PI3K-mediated signaling in normal ��� T-lineage thymocyte

development

Disregulation of the class I PI3K-mediated signaling pathway has been shown to have

profound effects on the thymocyte development. Deletion of p110� and/or p110� in vivo

(171-175), introduction of dominant-negative p85� in vitro (19), abrogation of PI3K

activity by a small molecular inhibitor in vitro (35) and deletion of Akt/PKB in vivo (35),

resulted in increased apoptosis, impaired growth, decreased proliferation, and perturbed

differentiation of thymocytes to various degree. In addition, partial or complete loss of

PDK1 had a significant inhibitory effect on growth, proliferation and differentiation of

thymocytes during various stages of development (176). This defect was partly restored

after Pten loss (D.A. Cantrell, personal communication), indicating that other

downstream targets of PIP3 than PDK1 and Akt/PKB may be involved in thymocyte

survival, proliferation and differentiation. Indeed, mice lacking the GEF Vav-1 showed

profound defects in positive and negative selection (177). In line with this, thymocyte

development was severely blocked in a Vav1/2/3-/-
background (178); similar results were

obtained from mice that express Clostridium botulinum C3-transferase under the T cell-

specific Lck-promotor to abolish biological function of RhoA, which is an important

downstream target of Vav-mediated signaling (179-181). Pten loss did not compensate

for the loss of RhoA activity (D.A. Cantrell, personal communication), underlining the

importance of the Vav-dependent branch of the PI3K signaling pathway for thymocyte

development. Conversely, forced expression of a constitutive active form of p85�

(p65
PI3K

) (172, 182), a truncated constitutive active form of p110� (p110ABD) (183),

constitutive active myristoylated Akt/PKB (myrAkt/PKB) (31, 35, 184, 185) or

constitutive active gagAkt/PKB (106, 186), increased glucose metabolism, cell size,

survival and cell cycle progression, and inhibited apoptosis of thymocytes, induced a

bypass of pre-TCR signaling, and/or enhanced positive selection. Although negative

selection did not appear to be affected by forced expression of p110ABD (183) or

gagAkt/PKB (106), forced expression of myrAkt/PKB was suggested to have an

attenuating effect (185). Similarly, abrogation of lipid phosphatase activity of Pten or loss

of Pten expression in thymocytes resulted in increased resistance to apoptosis and

enhanced proliferation (37, 80, 162) (Chapter 2), bypass of IL-7 and pre-TCR-mediated

signaling (37) (Chapter 2), enhanced positive selection (80), and attenuation of negative

selection (80).
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Disregulation of class I PI3K-mediated signaling in malignant ��� T-lineage

thymocyte development

Most human childhood and adult T cell acute lymphoblastic leukemias (T-ALL) are

characterized by deletion of Pten expression, constitutively activation of Akt/PKB, clonal

expansion and infiltration of T cells displaying immature thymic phenotypes, and

sensitivity to chemical compounds that specifically inhibit PI3K-mediated signal

transduction pathways, indicating that constitutive activation of PI3K-mediated signaling

in thymocytes is important for lymphomagenesis and for survival and proliferation of

malignant thymocytes (187, 188). This indication is supported by several mouse models,

in which genetic alterations that induce constitutive activation of class I PI3K-mediated

signaling, including constitutive activation of class I PI3Ks or Akt/PKB, ultimately gave

rise to clonally expanding thymic T cell lymphomas that either resided in the thymus to

be regarded as hyperplastic, and/or had acquired the capability to infiltrate the periphery

to be regarded as malignant; loss of negative regulators of PI3K-mediated signaling,

including SHP1 and Pten, gave similar results (80, 159, 162, 166, 168, 182, 184, 187,

189-191) (Chapter 4). Observations that indicated that T cell-specific constitutive

activation of PI3K-mediated signaling can give rise to both clonally expanding thymus-

residing hyperplastic as well as infiltrating, and thus malignant, thymocyte populations,

were confirmed by experiments in which clonally expanding hyperplastic and malignant

Pten-deficient thymocytes were simultaneously transplanted into immunodeficient hosts:

only transplantation of clonally expanding Pten-deficient thymocytes that were capable to

infiltrate the periphery in the donor-setting, but not of Pten-deficient thymocytes that

clonally expanded exclusively in the thymus of the donors, gave rise to clonally

expanding, infiltrating and lethal T cell lymphoma upon transplantation (168) (Chapter

4). Importantly, Pten deficiency in thymocytes gave rise to malignant transformation to

similar extent in the absence of CD3�, the � common cytokine receptor component (�c;

CD132) and/or Rag2, indicating that although �c- and (pre-)TCR-mediated signaling

through PI3Ks may have contributed to malignant transformation of Pten-deficient

thymocytes in a wild-type background, �c- and (pre-)TCR-mediated activation of PI3Ks

were not required for Pten-deficient thymocytes to transform (Hagenbeek et al., Chapter

5). However, specific small molecule-mediated inhibition of PI3K activity in malignant

Pten-deficient thymocytes in a wild-type, �c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x Rag2-/-

background ex vivo and in vitro resulted in abolishment of constitutive phosphorylation

of Akt/PKB, a severe block in proliferation and induction of apoptosis (Hagenbeek et al.,

Chapter 6), showing that PI3K activity was required for the cells to survive and

proliferate. Therefore, other cell surface receptors that are expressed by malignant

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

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

background. In addition, it is possible that Pten loss intrinsically led to increased activity

of PI3Ks, as SH2 domain collagen-containing protein (Shc) and Focal adhesion kinase

(FAK), proteins that are activated by several chemokine receptors and that are known to

be negatively regulated by Pten (136), activate PI3Ks (88, 192, 193). How PI3Ks are

activated in malignant thymocytes in a Pten-deficient background in a wild-type, �c-

and/or (pre-)TCR-deficient background awaits further investigation.

Like PI3Ks, activity of PDK1 and Akt/PKB are required for malignant transformation of

thymocytes in a Pten-deficient background, as in the absence of PDK1, Pten loss in
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thymocytes did not induce lymphomagenesis in vivo (D.A. Cantrell, personal

communication). In addition, when malignant Pten-deficient thymocytes in a wild-type,

�c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x Rag2-/-
background were cultured in the presence of the

small molecular inhibitor rapamycin that specifically targets mTOR, results were

comparable to those obtained using small molecule inhibitors that specifically target

PI3K activity, indicating that mTOR is an important downstream target of

PI3K/PDK1/Akt/PKB-mediated signaling in malignant Pten-deficient thymocytes

(Hagenbeek et al., Chapter 6). Taken together, these data indicate that the

PI3K/PDK1/Akt/PKB/mTOR signaling pathway is important for Pten-deficient

thymocytes to transform, and for survival and proliferation as disease progresses. Many

studies are ongoing which specifically target PI3K, PDK1, Akt/PKB and mTOR activity

in various tumor settings, and results of those studies may lead to development of

effective treatments of human T cell malignancies that depend on PI3K-mediated

signaling (97, 113, 194-196).

Class I PI3K-mediated signaling in thymic exit of ��� T-lineage thymocytes

Thymic exit has been shown to critically depend on KLF2, S1P1, CD69 and chemokine

receptors (44, 70-72, 74-76). A functional relationship between these factors and class I

PI3K-mediated signaling has been indicated in other systems (88, 90-92, 197-199)

(Sinclair et al., Nat. Immunol. 2008 in press, Chapter 3), but a clear functional link

between class I PI3K-mediated signaling and thymic exit remains to be established.

Several studies have been performed to directly address the role of class I PI3Ks in

thymic exit, but these studies have generated conflicting results. A positive regulatory

function of class I PI3Ks in thymic exit has been indicated in several reports, as deletion

of p110� impaired thymic egress of mature SP thymocytes (172), as simultaneous

deletion of p110� and p110� resulted in severely decreased numbers of peripheral T cells

(173-175), and as forced expression of constitutive active p85�, p65
PI3K

, resulted in a

simultaneous decrease in the numbers of mature SP CD4
+

thymocytes and enhanced

appearance of peripheral SP CD4
+

T cells (172, 182). In contrast, several findings

indicate that PI3Ks negatively regulate thymic exit: forced expression of constitutive

active p110�, p110ABD, impaired thymic exit (200), and although the numbers of

peripheral T cells was not shown to be significantly decreased in a T cell-specific Pten-

deficient background (168) (Chapter 4), Pten loss was shown to induce accumulation of

both SP CD4
+

and SP CD8
+

thymocytes in the thymus that showed reduced CD24

expression (Sinclair et al., Nat. Immunol. 2008 in press, Chapter 3).

Expression, function and regulation of several factors involved in thymic exit have been

shown to regulate PI3Ks or to be regulated by PI3Ks in thymocytes and peripheral T

cells, and future research focusing on how these factors control thymic exit may provide

a better understanding of the role of PI3Ks in thymic exit. The �� TCR and �c-containing

cytokine receptors which are expressed by mature SP thymocytes have been shown to

positively mediate PI3K activity and may modulate thymic exit. A functional connection

between the �� TCR and PI3K to negatively regulate thymic exit is indicated, as �� TCR

signaling has been shown to positively regulate PI3K activity (87), and since forced

expression of p110ABD, or loss of Pten impaired thymic exit (200) (Sinclair et al., Nat.
Immunol. 2008 in press, Chapter 3). More directly, �� TCR signaling negatively

regulates both thymic egress of mature SP thymocytes upon antigen challenge, by down
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modulating S1P1 and up regulating CD69 (70, 75, 77). This is in line with recent findings

using peripheral T cells, which showed that �� TCR ligation directly increases PI3K

activity, leading to down modulation of KLF2 expression, and subsequent CD62L and

CCR7 down modulation (Sinclair et al., Nat. Immunol. 2008 in press, Chapter 3).

However, since KLF2 is up regulated by mature thymocytes before thymic egress (71),

and KLF2 induces expression of several factors important for thymic exit, including �7

integrin, CD62L and S1P1 in mature SP thymocytes (72, 73), clarification of the

regulation of KLF2 expression and activity in mature SP thymocytes by the �� TCR and

PI3K may prove to be of importance.

In contrast to these findings, several observations suggest that the �� TCR may

positively regulate thymic exit. Positively selected ��-lineage mature SP thymocytes

show high cell surface �� TCR expression, which is maintained by related peripheral T

cell populations, contradicting indications that the �� TCR would negatively impact

thymic exit. In addition, Rag2-deficient, and thus �� TCR-deficient thymocytes

differentiate into mature SP thymocytes in a Pten-deficient background, but thymic

egress was strongly diminished (37) (Chapter 2) (Hagenbeek et al., Chapter 5). Since

Akt/PKB is constitutively phosphorylated in these thymocytes, this suggests that

constitutive activation of the PI3K pathway does not compensate for �� TCR-mediated

thymic exit, and suggests that PI3K is not downstream of the �� TCR to modulate

thymic exit.

Similar to �� TCR-mediated signaling, several cytokines that engage �c-containing

cytokine receptors, including IL-2, IL-7 and IL-15, have been shown to modulate PI3K

activity and subsequent KLF2, CD62L and CCR7 expression in activated peripheral T

cells: directly after ligation of the �� TCR, IL-2 down modulates KLF2, CD62L and

CCR7 expression, while IL-15 was able to maintain high expression levels (Sinclair et

al., Nat. Immunol. 2008 in press, Chapter 3); after activation, IL-2 and IL-7 induce re-

expression of KLF2 (201, 202). However, in thymocytes it was found that although Pten

deficiency was able to bypass �c-mediated signaling with regard to survival and

proliferation, �c deficiency resulted in impaired appearance of peripheral T cells in a

Pten-deficient background, suggesting that although �c-containing cytokine receptors

may be involved in thymic exit, this does not involve PI3K activity (Chapter 5).

At present, it is not clear how factors like the �� TCR, �c-containing cytokine receptors,

PI3K, and KLF2 regulate thymic exit, but it is apparent that these factors are involved in

a complex interplay to regulate thymic exit.

Notch signaling in normal ��� T-lineage thymocyte development

Next to class I PI3K activity-regulating cell surface receptors like CD117, IL-7R, CD28

and the �� (pre-)TCR, Notch receptors are pivotal players in thymocyte development

(12). Four mammalian Notch receptors (Notch1-4) have been identified, and all are

expressed by developing thymocytes as heterodimeric Type I transmembrane receptors,

consisting of an extracellular domain, which binds noncovalently to a domain consisting

of the remainder of the extracellular domain and the complete transmembrane and

intracellular domains (12, 203, 204). Canonical signaling is initiated when Notch

receptors bind to extracellular ligands that are expressed by the thymic stroma, which
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Figure 4. The canonical Notch signaling pathway. After binding of Notch ligands at the cell surface of

signaling cells to Notch receptors at the cell surface of receiving cells, proteolytic cleavages at the S2 and

S3 cleavage sites result in release and nuclear translocation of the Notch intracellular domain (ic-Notch1, in

this figure referred to as NotchIC), where it binds p300, MamL and CBF to induce transcription of various

Notch target genes including those belonging to the HES and HRT families. NotchIC, intracellular Notch;

MamL, Mastermind-like; CBF1, C protein binding factor 1 (also referred to as RBP-J�); HES,

hairy/enhancer-of-split; HRT, family and the hairy-related transcription factor. Adapted from (257).

belong to the DLL (DLL1, DLL3 and DLL4) or the Serrate (Jagged1 and Jagged2)

family (Figure 4). Ligand-receptor binding induces a conformational change in the Notch

extracellular domain, which exposes an extracellular S2 cleavage site (205). Cleavage at

the S2 cleavage site is mediated by the metalloprotease tumor necrosis factor � (TNF�)-

converting enzyme (TACE) (206). Subsequently, Notch receptors undergo related

intramembraneous proteolysis at a conserved S3 cleavage site, which is mediated by the

Presenilin1/2, Nicastrin, Pen-2, and Aph-1-containing � secretase complex, and the

intracellular domain of Notch (ic-Notch) is released to the cytoplasm to translocate to the

nucleus (206, 207). In the nucleus, ic-Notch binds the transcription factor recombining

binding protein-J� (RBP-J�) (also referred to as C protein binding factor 1 (CBF1), or

CBF1/Su(H)/Lag1 (CSL)). 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-



22

J�-mediated transcription, including members of the Mastermind-like (MamL) family

and the histone acetyltransferase p300/CBP; the ternary ic-Notch1/RBP-

J�/MamL/p300/CBP complex activates transcription of multiple factors that regulate

growth, survival and proliferation (12, 205, 208-210). Among the primary targets are

several genes belonging to the bHLH family of proteins, including the hairy/enhancer-of-

split (HES) family and the hairy-related transcription factor (HRT; also referred to as

HESR, HERP, or CHF) family (211). Thymocyte-specific targets of the canonical Notch

signaling pathway include CD25 and pT� (212, 213).

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

mediated signaling in ETPs has been shown to induce T lineage specification upon

interactions with DLL1 at the thymic cortico-medullary junction entry site (9, 12, 213). In

addition, canonical Notch1-mediated signaling prevents ETPs from adopting a B cell

(213, 214), natural killer (NK) cell (10, 215), plasmacytoid dendritic cell (pDC) (216) or

myeloid-lineage cell (215) fate. Canonical Notch1-mediated signaling remains to be

required to maintain the T-lineage fate thoughout the early stages of thymocyte

development in the thymic cortex (9, 10, 12). Canonical Notch1-mediated signaling does

not directly support expansion, but is required for sustained expression of the IL-7R

(215), and therefore allows IL-7R-mediated activation of class I PI3Ks to ensure survival

and proliferation, and IL-7R-mediated activation of signal transducer and activator of

transcription 5 (STAT5) to ensure differentiation (19, 37, 217, 218) (Chapter 2). As early

thymocytes develop, canonical Notch1-mediated signaling is not required for

development of thymocytes towards the �� T-lineage, although Notch signals do support

the proliferation and/or survival of ��-selected thymocytes or their immediate precursors

(219-221). However, canonical Notch1-mediated signaling does support the development

of �� T-lineage thymocytes during several stages of development (12). DLL1/Notch-

mediated signaling has been shown to mediate glucose metabolism, cell growth and

survival of developing DN3a �� T-lineage (31). This is PI3K-dependent, since

myrAkt/PKB could compensate for the absence of the Notch ligand DLL1 in vitro (31).

Furthermore, DLL1/Notch1-mediated signaling was found to be important for developing

�� T-lineage DN3a thymocytes to be succesfully subjected to � selection in several

studies: i) conditional loss of Notch1 at the DN2/DN3a stage of thymocyte differentiation

resulted in impaired V�-to-DJ� rearrangements of the TCR� chain gene locus, and

impaired � selection (222), ii) similar conditional loss of RBP-J� impaired � selection

(223), iii) loss of Mint enhanced generation of DN4 thymocytes, indicative of enhanced �

selection (224), iv) Notch1 has been shown to cooperate with pre-TCR-mediated

signaling in DN3a thymocytes to allow succesful subjection to � selection (225), and, v)

the presence of extracellular DLL1 appeared to be required for � selection of pre-TCR-

deficient DN3a thymocytes that over expressed a constitutive active Notch1 (36). The

requirement for DLL1/Notch1 for proper � selection possibly involves PI3K-mediated

signaling through Akt/PKB, since myrAkt/PKB compensated for defective � selection in

the absence of DLL1 in vitro (225). Although these findings indicate an important role

for DLL1-mediated signal transduction in thymocyte development, DLL4 has also been

shown to support early T cell development, and is probably the critical Notch ligand in

vivo, because DLL1-deficient mice do not have a defect in T cell development (32-34).

During later developmental stages of �� T lineage thymocytes, Notch1 is suggested to be
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involved in SP CD4
+

versus SP CD8
+

lineage choice (9, 12, 226).

Disregulation of Notch-mediated signaling in malignant ��� T-lineage thymocyte

development

The importance of Notch-mediated signaling for survival and proliferation of thymocytes

is reflected in the fact that Notch-mediated signaling is frequently found to be

constitutive active in various mouse models for �� T-lineage T cell malignancies and in

human leukemias. Constitutive active Notch1-mediated signaling was first found in

human T-ALL, in which a rare translocation of NOTCH1 into the TCR� chain gene locus

was detected, which resulted in increased Notch1-dependent transcription (227). The

importance of constitutive active Notch1-mediated signaling in T cell lymphomagenesis

was confirmed in experiments that showed that upon transplantation, bone marrow CLPs

that overexpressed constitutive active ic-Notch1 gave rise to massively expanding T cell

lymphomas over time (228-230). Moreover, malignant thymocytes recurrently appeared

to be primarily addicted to Notch1-mediated signaling, as treatment with specific small

molecule inhibitors that specifically block activity of various key molecules in the

canonical Notch1 signaling pathway, including � secretase complex components and

MamL, appeared to negatively impact survival and proliferation (167, 231, 232)

(Hagenbeek et al., Chapter 6). This sensitivity that was frequently associated with

activating mutations in the heterodimerization (HD) domain and the PEST domain of

NOTCH1, which enhance �-secretase complex-mediated cleavage of the Notch1

transmembrane receptor, and ic-Notch1 half-life, respectively (232-239) (Hagenbeek et

al., Chapter 6).

Although these results suggested that canonical Notch1-mediated signaling often

represents the “primary oncogene addiction” of malignant thymocytes to ensure survival

and proliferation, Notch1-mediated signaling also utilizes other signaling pathways that

promote survival and proliferation. Notch1-mediated signaling positively modulates

nuclear factor-�B (NF-�B)-dependent signaling in malignant thymocytes at various

levels: i) direct transcriptional downstream targets of Notch1 include the RELB, NFKB2
and NOTCH3 genes, of which the protein products positively influence NF-�B-mediated

transcription and signaling, ii) Notch1 is directly associated with IKK2 to positively

modulate the activity of the IKK complex, and iii) NF-�B-dependent signals are

positively regulated by Notch1-mediated signals through indirect mechanisms, possibly

involving physical interactions with class I PI3Ks, p56Lck and tumor necrosis factor

(TNF) receptor-associated factors (TRAFs) (240-242). The importance of NF-�B activity

downstream of Notch1-mediated signaling was underlined by the observation that several

human Notch1-dependent T-ALL cell lines were susceptible to NF-�B-specific

pharmacological inhibition (241, 243). In addition, Notch1-mediated signaling induces

transcription of c-Myc, an important oncogene of which the protein product drives

survival and proliferation of malignant T cells (244, 245). Activity of c-Myc has been

shown to be negatively regulated by the tumor suppressor E3 ligase FBW7, which also

targets Cyclin E activity and Notch1 for ubiquitination and degradation; as a consequence

of inactivating mutations in FBW7 that abrogate binding to Notch1, c-Myc and Cyclin E,

human T-ALL cell lines and primary T-ALL survive and proliferate in the presence of �

secretase complex-specific small molecule inhibitors (246).
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Several other tumor suppressors are inactivated as a result of constitutive active Notch1-

mediated signaling in malignant thymocytes. These suppressors induce cooperation

between Notch1-mediated signals and other signaling pathways to ensure survival and

proliferation. Notch1-mediated signaling was shown to be utilized by malignant T cells to

inhibit p53 activity through PI3K- and mTOR-dependent signals, resulting in enhanced

survival (247). In addition, a recent report showed that Notch1/Hes1-mediated signaling

negatively regulated the expression of Pten and consequently, amplified the activity of

the PI3K/Akt/PKB signaling pathway in malignant T cells (167). Further studies indeed

indicated that Notch1 and PI3Ks can cooperate in malignant thymocytes to drive survival

and proliferation, as loss of Pten, specific knockdown of Pten or introduction of

constitutive active Akt/PKB induced resistance to � secretase complex activity inhibition

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

� secretase complex activity inhibition acquired sensitivity (167, 248). Moreover,

malignant thymocytes that harbour activating mutations in NOTCH1 have been found to

be resistant to � secretase complex activity inhibition in a Pten-deficient background

(167). These results suggested that malignant thymocytes that had primarily become

addicted to Notch1-mediated signaling utilized constitutively activated PI3K-mediated

signaling to overcome sensitivity to Notch signaling blockade.

Although these data strongly indicate that extensive cooperation between Notch1- and

PI3K-mediated signaling exists to drive survival and proliferation of malignant

thymocytes, not all T-lineage malignancies show such cooperation. This was shown in

experiments using freshly isolated malignant Pten-deficient thymocytes and established

Pten-deficient thymocyte cell lines, in which constitutive active PI3K-mediated signaling

could be assumed to represent the primary oncogene addiction, as Pten expression was

lost before birth and before the onset of thymic lymphomagenesis (37, 168) (Chapters 2

and 4). Indeed, malignant Pten-deficient thymocytes showed constitutive activation of

PI3K signaling, as these cells were significantly impaired in survival and proliferation in

the presence of small molecule inhibitors that specifically target activity of PI3Ks or the

downstream PI3K target mTOR, which was reversible by forced expression of

constitutive active myrAkt/PKB (Hagenbeek et al., Chapter 6). In line with this, the

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

mediated signaling, were shown to be negatively affected by the PI3K-specific small

molecule inhibitor wortmannin (Hagenbeek et al., Chapter 6). A proportion of all tested

samples were not sensitive to specific blockade of � secretase activity, which showed that

constitutive activation of PI3K represented the primary oncogene addiction in these cells,

and that a secondary oncogene addiction represented by constitutive active Notch1-

mediated signaling was not acquired (Hagenbeek et al., Chapter 6). However, the

majority of all tested samples had acquired this secondary oncogene addiction, as these

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

reversible by introduction of constitutive active ic-Notch1 (Hagenbeek et al., Chapter 6).

In support of this, about one in five malignant Pten-deficient thymocyte samples had

acquired activating NOTCH1 mutations in either the HD domain, or in both the HD

domain and PEST domain, which directly showed that Notch1-mediated activity was

indeed enhanced after Pten loss and malignant transformation (Hagenbeek et al., Chapter

6). Intriguingly, such mutations were only found to be acquired by malignant Pten-

deficient thymocytes upon loss of �c- and/or (pre-)TCR-mediated signaling (Hagenbeek
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et al., Chapter 6). These findings support the notion that �c- and (pre-)TCR-mediated

signaling are primarily responsible for PI3K activation in malignant Pten-deficient

thymocytes, and that upon loss these two major PI3K-activating cell surface receptors,

cells are predisposed to become addicted to Notch1-mediated signaling. The mechanism

of this remains to be determined.

Notch1-mediated signaling and PI3K-mediated signaling drive survival and proliferation

of the majority of analyzed malignant Pten-deficient thymocytes through separate

mechanisms: cells that were forced to express constitutive active ic-Notch1 specifically

proliferated in the presence of the � secretase activity small molecule inhibitor DAPT, but

not in the presence of wortmannin. Conversely, cells that were forced to express

constitutive active myrAkt/PKB expanded in the presence of wortmannin, but not in the

presence of DAPT. In addition, 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. Moreover, in contrast to wortmannin treatment, the

abundance of PIP3 and activity of Akt/PKB were not affected by DAPT treatment. These

results are in contrast with the study performed by Palomero et al. (167), which showed

that Pten loss induced resistance to � secretase activity inhibition. This apparent

discrepancy can be explained by the consideration that sensitivity to � secretase activity

inhibition may be dependent on what is acquired as the primary oncogene addiction or as

the secondary oncogene addiction: if PI3K-mediated signaling represents the primary

oncogene addiction, and Notch1-mediated signaling represents the secondary oncogene

addiction, PI3K and Notch1-dependent signals can act independently to drive survival

and proliferation, and hence, sensitivity to � secretase activity inhibition is maintained;

however, if Notch1-mediated signaling represents the primary oncogene addiction, and

PI3K-mediated signaling represents the secondary oncogene addiction, as found by

Palomero et al. (167), PI3K-mediated signaling can substitute for Notch1-mediated

signaling, and resistance to � secretase activity inhibition can be obtained. It is impossible

to determine which oncogene addiction was obtained first in human T cell malignancies,

and since both PI3K- and Notch1-mediated signaling are important for survival and

proliferation of malignant thymocytes, future treatment of human T-ALL should

simultaneously target Notch1 and PI3K signaling pathways.

Other Notch receptors in normal and malignant ��� T-lineage thymocyte

development

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

extensive investigation, the role of Notch2, Notch3 and Notch4 has not been investigated

in great detail. Notch2 does not appear to play a role in T-lineage thymocyte

development, but appears to be primarily involved in development of marginal zone B

cells and probably in development of plasma cells (249-252). Notch3 supports both

thymocyte development and T cell lymphomagenesis, as 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 (253). Moreover, forced expression of

ic-Notch3 appears to cooperate with pre-TCR signaling to induce T cell

lymphomagenesis (253, 254). Like ic-Notch1 and ic-Notch3, ic-Notch4 may support T

cell development, since cord blood-derived hematopoietic progenitors that were forced to

express ic-Notch4 gave rise to T cell populations in the bone marrow in immunodeficient
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mice upon transplantation that were phenotypically reminiscent of immature thymic

populations (255). However, in a separate study, forced 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 DLL1 (W. Dontje, H. Spits and B.

Blom, manuscript in preparation).

Concluding remarks

�� T-lineage thymocytes are dependent on a plethora of cell surface receptors and

downstream intracellular signaling pathways to survive, proliferate, differentiate and

migrate. Important cell surface receptors during thymocyte development, including

CD117, IL-7R, Notch1, the �� (pre-)TCR, and chemokine receptors, are all differentially

expressed during various stages of thymocyte development, are associated with multiple

downstream signaling cascades, and regulate intracellular PI3K activity. As PI3K-

mediated signaling represents a major and complex modulating mechanism during

multiple stages of thymocyte development, tight regulation of its activity is pivotal for

normal thymocyte development. Decreased signaling leads to impairment of

development, whereas constitutive activation leads to T cell hyperplasias and T cell

lymphomagenesis. In addition, although Notch1-mediated signaling has been shown to be

associated with the PI3K pathway in T cell malignancies, separate intracellular signaling

cascades appear to be involved in onset and progression of disease. Since both PI3K- and

Notch1-mediated signaling are simultaneously important for survival and proliferation of

malignant thymocytes, future treatment of human T cell malignancies should be designed

to simultaneously target the complex and highly branched signaling pathways that are

mediated by Notch1 and PI3Ks.
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Abstract

Thymocyte egress from the thymus is a tightly regulated process involving several factors

present in the thymic medulla, which interact with thymocyte cell surface receptors to

modulate downstream intracellular pathways. In this study, we assessed the contribution

of the TCR, �c cytokines and PI3K signaling to thymic exit of thymocytes in healthy and

tumor-bearing Ptenflox/flox
x Lck-Cre mice in a �c-/-

, CD3�-/-
, Rag2-/-

and �c-/-
x Rag2-/-

background. Although PI3K-mediated signaling was constitutively active due to Pten

loss, the number of peripheral T cells was reduced in healthy and tumor-bearing

Ptenflox/flox
x Lck-Cre x �c-/-

and Ptenflox/flox
x Lck-Cre x CD3�-/-

mice, indicating that �c-

and TCR-mediated signaling positively regulate thymic exit independently from PI3K. In

addition, a complete absence of peripheral T cells was observed in healthy Ptenflox/flox
x

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

x Lck-Cre x �c-/-
x Rag2-/-

mice, and only few

thymocytes “leaked” to the periphery upon lymphomagenesis, reflecting the dominant

requirement of PI3K-independent TCR-mediated regulation of thymic exit.

Transplantation of malignant Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes into

immunodeficient recipients confirmed that thymic exit, but not peripheral expansion of

these cells, was impaired due to loss of �c and TCR signaling. We conclude that TCR and

�c signaling are involved for thymic egress of healthy and malignant Pten-deficient

thymocytes, which does not involve PI3K-mediated signaling.

Introduction

During development, ��-lineage thymocytes are subjected to positive and negative

selection processes to ensure expression of a functional and specific �� T cell receptor

(TCR), deletion of T cells with high affinity TCR specific for self antigens and

persistence of cells with TCR with low affinity for self MHC antigens. CD4, CD8 double

positive (DP) thymocytes that interact with self MHC antigens with low affinity up

regulate the �� TCR and the early activation antigen CD69 (1), migrate to the thymic

medulla and further differentiate into single-positive (SP) CD4
+

and SP CD8
+

thymocytes

(2), which eventually will populate the periphery. How the matured thymocytes egress

from the thymus is yet incompletely understood. Thymic exit has been shown to critically

depend on Kruppel-like transcription factor 2 (KLF2), sphingosine 1-phospate1 (S1P1),

CD69 and chemokine receptors (2-8). KLF2 induces expression of �7 integrin, CD62L

and S1P1 (4, 9). S1P1 subsequently induces internalization of CD69, and allows the

mature thymocytes to exit the thymus across a S1P gradient that is established between

thymus and blood (5, 6, 8). In addition, it has been reported that several chemokines and

adhesion molecules are associated with thymic exit (2, 7, 10).

Studies using several mouse models support a positive regulatory role of

phosphatidylinositol 3 kinase (PI3K) in thymic exit (11-15). The PI3K signaling pathway

is important for thymocyte development with regard to survival, growth, proliferation,

differentiation and motility (16-20). Class 1A PI3Ks (formed by a p85�, p55�, p50�,

p85� or p55� regulatory subunit in complex with a p110�, p110� or p110� catalytic

subunit) are recruited to cytokine receptors, costimulary molecules and activated antigen

receptors and are activated through phosphorylation events (17, 18, 21). Class 1B PI3K
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(formed by the p101 regulatory subunit in complex with the p110� catalytic subunit) is

similarly activated, albeit through G-protein-coupled receptors such as chemokine

receptors (22). Upon activation, class I PI3Ks phosphorylate cell membrane-localized

phosphatidylinositol-(4,5)-biphosphate (PIP2) to phosphatidylinositol-(3,4,5)-triphosphate

(PIP3), which co-recruits the pleckstrin homology (PH) domain-containing enzymes

phosphoinositide-dependent kinase 1 (PDK1) and Akt/protein kinase B (PKB), to ensure

full activation of multiple downstream targets that regulate apoptosis, cell cycle

progression and protein synthesis (16). Other downstream targets of PIP3 include PH-

domain containing Guanine-nucleotide exchange factors (GEFs), which regulate

cytoskeletal changes to control cell motility, and PH-domain containing members of the

Tec family of tyrosine kinases that control apoptosis, growth and proliferation (16). An

important direct negative regulator of the PI3K signaling pathway is phosphatase and

tensin homologue deleted on chromosome 10 (Pten), which dephosphorylates PIP3 to

PIP2 (23).

A positive regulatory role of PI3K in thymic exit is supported by observations that

deletion of p110� impaired thymic egress of mature SP thymocytes (15), and

simultaneous deletion of p110� and p110� resulted in severely decreased numbers of

peripheral T cells (11-13). Moreover, forced expression of a constitutive active form of

p85�, p65
PI3K

, resulted in a simultaneous decrease in the numbers of mature SP CD4
+

thymocytes and enhanced appearance of peripheral SP CD4
+

T cells (14, 15). PI3K can

be activated by various receptors, including the TCR (21), and cytokine receptors that

contain the common cytokine receptor � chain (�c) (17, 24-28).

In the present study we assessed the contribution of the TCR, �c cytokines and PI3K

signaling to thymic exit of thymocytes in healthy and tumor-bearing Ptenflox/flox
x Lck-Cre

mice in a �c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x Rag2-/-
background. We conclude that TCR and

�c signaling are involved in thymic egress of healthy and malignant Pten-deficient

thymocytes, which does not involve PI3K-mediated signaling.

Methods

Generation, genotyping and monitoring of mice

The conditional vector, the generation of mice carrying the Ptenflox
allele by blastocyst

microinjection, and PCR detection of the Ptenflox
allele have been described previously

(20, 29). To generate T cell-specific Pten-deficient mice, Ptenflox/flox
mice were crossed

with proximal Lck promotor (Lck)-Cre mice (30). PCR detection of the Lck-Cre transgene

was described previously (20, 31). Ptenflox/flox
x Lck-Cre mice were crossed with CD3�-/-

(32) or �c-/-
x Rag2-/-

(33) mice in order to generate the various double and triple deficient

mice. 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 at different timepoints after birth to monitor T cell

development in a Pten-deficient background (20), and to monitor the onset of T cell

lymphomagenesis. Clinical signs of T cell lymphomagenesis included lethargy, hunched

posture, ruffling of fur, shallow breathing and social isolation.
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Isolation of cells

Harvested organs were homogenized using 1 ml syringe plungers and 40-70 μm cell

strainers (BD Biosciences, Bedford, MA). Cells were resuspended in Iscove’s Modified

Dulbecco’s Medium (Life Technologies, Paisley, Scotland) supplemented with 8% FCS

(ICN, Strasbourg, France). Cells were stained with 0.4% trypan blue solution (Mediatech,

Herndon, VA) and viable cells were counted.

Flow cytometric analysis
All monoclonal anti-mouse antibodies to CD2, CD3�, CD4, CD5, CD8a, CD25, CD44,

and pan-TCR�, conjugated to FITC, PE, Cy-5, PerCP, APC, and APC-Cy7 were

purchased from BD Pharmingen (San Diego, CA). Flow cytometry was performed using

a FACScan, FACSCalibur or LSRII (BD Biosciences) and CellQuest (BD Biosciences),

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

Transfer of thymocytes
0.5 to 1 x 10

6
bulk wild-type control, malignant Ptenflox/flox

x Lck-Cre and Ptenflox/flox
x

Lck-Cre x �c-/-
x Rag2-/-

thymocytes were resuspended in 100 μl RPMI 1640 Medium

(Invitrogen, Carlsbad, CA) supplemented with 2% FCS (ICN). Cell suspensions were

injected into the orbital sinus of immunodeficient �c-/-
x Rag2-/-

recipient mice (33, 34).

Upon manifestation of clinical signs of T cell lymphomagenesis, mice were sacrificed.

Thymus, spleen, liver, kidney and blood were harvested, homogenized and analyzed by

trypan blue exclusion cell counts and flow cytometry as indicated.

Statistical Analysis

Time to fatal illness of Ptenflox/flox
x Lck-Cre mice (35), and Ptenflox/flox

x Lck-Cre mice in

a �c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x Rag2-/-
background was analyzed using the Kaplan-

Meier method. Factors associated with missing cell counts were identified using logistic

regression. The association between genotype and time to fatal illness was tested in an

accelerated failure time model; a loglogistic distribution was found to fit the data best.

Thymus and spleen cell counts from healthy and tumor-bearing Pten-deficient mice were

compared to cell counts from control mice using age-adjusted log-linear regression with

Poisson distribution and are depicted in absolute cell numbers. Recognizing that subjects

belonged to genetically identical clusters, regression models of cell counts employed

Generalized Estimating Equation (GEE) solutions, with cluster included as a random

variable and specifying an exchangeable working correlation structure to avoid

underestimation of standard errors.

Results

T cell-specific Pten deficiency induces premature death of ��c and/or (pre-)TCR

deficient mice

To investigate the role of Pten in T cell lymphomagenesis in a �c and/or (pre-)TCR

deficient background, Ptenflox/flox
x Lck-Cre mice (n=125), Ptenflox/flox

x Lck-Cre x �c-/-

mice (n=19), Ptenflox/flox
x Lck-Cre x CD3�-/-

mice (n=31), Ptenflox/flox
x Lck-Cre x Rag2-/-

mice (n=12) and Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice (n=9) were followed from
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birth. Control groups consisted of wild-type mice (n=144), �c-/-
mice (n=21), CD3�-/-

mice (n=49), Rag2-/-
mice (n=12) and �c-/-

x Rag2-/-
mice (n=2). All control mice

remained healthy during the course of the study (data not shown). Survival kinetics of

Ptenflox/flox
x Lck-Cre mice were described previously (35). The first clinical signs of T

cell lymphomagenesis in Ptenflox/flox
x Lck-Cre x �c-/-

, Ptenflox/flox
x Lck-Cre x CD3�-/-

,

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

and Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice were

observed 58, 31, 80 and 41 days after birth, respectively, with a median time to fatal

illness of 77, 68, 127 and 70 days, respectively, and all mice died within 109, 95, 277 and

90 days, respectively (Figure 1 and data not shown).

Figure 1 Decreased survival of Ptenflox/flox
x Lck-Cre mice in a wild-type, �c-/-

, CD3�-/-
, Rag2-/-

or �c-/-
x

Rag2-/-
background. Kaplan–Meier plots of survival of Ptenflox/flox

x Lck-Cre (n=125), Ptenflox/flox
x Lck-Cre

x �c-/-
(n=19), Ptenflox/flox

x Lck-Cre x CD3�-/-
(n=31), Ptenflox/flox

x Lck-Cre x Rag2-/-
(n=12) and Ptenflox/flox

x

Lck-Cre x �c-/-
x Rag2-/-

(n=9) mice. Mice were monitored for survival for a maximum period of 180 days.

The proportion of mice without fatal illness is plotted against animal age in days. The |, �, +, * and x

symbols indicate Ptenflox/flox
x Lck-Cre, Ptenflox/flox

x Lck-Cre x �c-/-
, Ptenflox/flox

x Lck-Cre x CD3�-/-
,

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

and Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice, respectively, whose age at

fatal illness could not be determined because they were healthy at time of sacrifice or close of study.

The first 8 to 10 weeks after birth, survival did not significantly vary by genotype.

Thereafter, survival time was significantly shorter in Ptenflox/flox
x Lck-Cre mice in a �c-/-

,
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CD3�-/-
and �c-/-

x Rag2-/-
background as compared to Ptenflox/flox

x Lck-Cre and Ptenflox/flox

x Lck-Cre x Rag2-/-
mice (Figure 1). However, single Rag2 loss in a Ptenflox/flox

x Lck-Cre
background did not alter survival kinetics. Although these results are statistically

significant, biological significance may not have been revealed due to the low number of

T cell-specific Pten-deficient mice analyzed in a �c and/or (pre-)TCR-deficient

background.

T cell lymphomas in Ptenflox/flox x Lck-Cre mice in ��c and/or (pre-)TCR deficient

backgrounds originate in the thymus

Previous analyses showed that T cell-specific Pten loss compensated for the loss of �c,

CD3�, or �c and Rag2 with regard to thymic cellularity and thymocyte population

distribution (20). Thymocyte counts of 62 of 86 wild-type control mice, 47 of 78

Ptenflox/flox
x Lck-Cre mice (35), 21 of 21 �c-/-

mice and 19 of 19 Ptenflox/flox
x Lck-Cre x

�c-/-
mice, 40 of 49 CD3�-/-

mice and 25 of 31 Ptenflox/flox
x Lck-Cre x CD3�-/-

mice, 12 of

12 Rag2-/-
mice and 12 of 12 Ptenflox/flox

x Lck-Cre x Rag2-/-
mice and 2 of 2 �c-/-

x Rag2-/-

mice and 8 of 9 Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice, were performed to assess

whether �c and/or (pre-)TCR deficient mice had developed thymic T cell lymphoma over

time due to Lck-Cre-mediated Pten loss. Analyses revealed that thymic cellularity

increased significantly upon T cell lymphomagenesis, and that thymocyte counts of all

tumor-bearing Ptenflox/flox
x Lck-Cre mice in an IL-7R and/or (pre-)TCR-deficient

background were comparable to thymocyte counts of tumor-bearing Ptenflox/flox
x Lck-Cre

mice in a wild-type background (35) (Figure 2, upper panel, and Table 1). These analyses

indicate that regardless of loss of �c and/or (pre-)TCR-mediated signaling, Lck-Cre-

mediated Pten loss induced massive thymocyte expansion, giving rise to T cell

lymphomas in all cases.

Flow cytometric analysis of malignant thymocytes derived from 8 of 19 Ptenflox/flox
x Lck-

Cre x �c-/-
mice, 12 of 31 Ptenflox/flox

x Lck-Cre x CD3�-/-
mice, 10 of 12 Ptenflox/flox

x Lck-
Cre x Rag2-/-

mice and 5 of 9 Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice, revealed that

massive expansion of thymocytes that displayed cell surface markers characteristic for

various stages of thymocyte development had occurred, comparable to expansion kinetics

observed in Ptenflox/flox
x Lck-Cre mice (35). Results are summarized in Table 2. Nearly

all tumor-bearing mice had massively expanded DP populations, and all detected

thymocyte populations showed elevated CD2, CD5, CD25 and/or CD44 expression at the

cell surface, reflecting constitutive activation due to Pten loss ((35) and data not shown).

Next to expansion of DP populations, tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

mice had

also expanded DN TCR�-expressing (3 of 8) and/or ISP CD8
+

TCR�
low

(4 of 8)

populations, or SP CD4
+

and SP CD8
+

TCR�
high

populations (1 of 8); all analyzed tumor-

bearing Ptenflox/flox
x Lck-Cre x CD3�-/-

mice had additionally expanded DN populations

(8 of 12), CD8
+

populations (9 of 12), and/or SP CD4
+

populations (2 of 12). Increased

numbers of DN and CD8
+

thymocytes (3 of 10), or SP CD4
+

thymocytes (1 of 10) were

observed to be coexistent with DP populations in tumor-bearing Ptenflox/flox
x Lck-Cre x

Rag2-/-
mice, and 1 of 10 Ptenflox/flox

x Lck-Cre x Rag2-/-
mice had only expanded DN and

SP CD4
+

populations; this was the only mouse in which DP cells were absent. In tumor-

bearing Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice, an exclusive DP population was found

(1 of 5), or DP cells were found to be coexistent with DN populations (3 of 5) and/or



93

CD8
+

populations (2 of 5), or a SP CD4
+

population (1 of 5). It needs to be noted that

assessment of maturity of CD8
+

populations on basis of intensity of cell surface TCR

expression (36) in a CD3�-/-
or Rag2-/-

background was problematic, as CD3� loss

strongly reduces expression of the TCR at the cell surface (32), and Rag2 loss completely

abolishes TCR expression (20, 37).

Figure 2 T cell-specific loss of Pten in a �c-/-
, CD3�-/-

, Rag2-/-
or �c-/-

x Rag2-/-
background leads to

increased thymic, but not splenic cellularity over time. Thymocyte (upper panel) and splenocyte (lower

panel) counts of healthy/tumor-bearing Ptenflox/flox
x Lck-Cre (n=47), �c-/-

(n=21), healthy/tumor-bearing

Ptenflox/flox
x Lck-Cre x �c-/-

(n=19), CD3�-/-
(n=40), healthy/tumor-bearing Ptenflox/flox

x Lck-Cre x CD3�-/-

(n=25), Rag2-/-
(n=12), and healthy/tumor-bearing Ptenflox/flox

x Lck-Cre x Rag2-/-
(n=12), �c-/-

x Rag2-/-

(n=2) and healthy/tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
(n=8) mice, compared to age-

matched wildtype control mice (n=62). H., healthy; T.B., tumor-bearing.

Tumor-bearing Ptenflox/flox x Lck-Cre mice in ��c and/or (pre-)TCR deficient

backgrounds do not show increased spleen cellularity

Previously we documented that thymic T cell lymphomas in Ptenflox/flox
x Lck-Cre mice

infiltrated the periphery (35). To assess whether the thymic lymphomas induced by Pten

loss in a �c and/or (pre-)TCR deficient background metastasized into the periphery,
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Table 1 Thymocyte and splenocyte counts of wild-type mice, and Ptenflox/flox
x Lck-Cre mice in a wild-type,

�c-/-
, CD3�-/-

, Rag2-/-
or �c-/-

x Rag2-/-
background. Number of analyzed mice, absolute thymocyte and

splenocyte numbers, and thymus/spleen ratios are presented. Note that the thymic cellularity of healthy

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

mice remained relatively low; this was due to the fact that only two 1-week-

old mice were available for analysis.
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splenocyte counts were performed on 34 of 86 wild-type control mice, 28 of 78

Ptenflox/flox
x Lck-Cre mice (35), 21 of 21 �c-/-

mice and 19 of 19 Ptenflox/flox
x Lck-Cre x

�c-/-
mice, 9 of 49 CD3�-/-

mice and 12 of 31 Ptenflox/flox
x Lck-Cre x CD3�-/-

mice, 12 of

12 Rag2-/-
mice and 12 of 12 Ptenflox/flox

x Lck-Cre x Rag2-/-
mice and 2 of 2 �c-/-

x Rag2-/-

mice and 8 of 9 Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice (Figure 2, lower panel, and

Table 1).

At young age, splenocyte counts of healthy Ptenflox/flox
x Lck-Cre x �c-/-

mice were

significantly decreased as compared to wild-type and were similar to splenocyte counts

obtained from �c-/-
mice. In addition, despite the presence of lymphomas in the thymus of

Ptenflox/flox
x Lck-Cre x �c-/-

mice over time, no massive increase of numbers of T cells in

the periphery was observed, and peripheral T cell counts were significantly lower than

peripheral T cell counts obtained from tumor-bearing Ptenflox/flox
x Lck-Cre mice in a

wild-type background. As it has been reported that �c-mediated PI3K activity positively

regulates survival and proliferation of thymocytes and peripheral T cells (20, 27, 28), and

as Pten loss did not compensate for the loss of �c with regard to splenocyte counts in a

healthy and tumor setting, these findings suggested that low splenic cellularity reflected

�c cytokine-dependent, but PI3K-independent, impairment of thymic exit. Splenocyte

counts of healthy Ptenflox/flox
x Lck-Cre x CD3�-/-

mice were not different from those in

wild-type and healthy Ptenflox/flox
x Lck-Cre mice. However, in tumor-bearing animals,

significantly less peripheral T cells were observed that in tumor-bearing Ptenflox/flox
x Lck-

Cre mice, suggesting that the TCR positively regulates thymic exit in PI3K-independent

fashion. In line with this, we observed that in healthy Ptenflox/flox
x Lck-Cre x Rag2-/-

and

Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice, splenocyte counts were comparable to

splenocyte counts obtained from Rag2-/-
and �c-/-

x Rag2-/-
mice, which was in line with

previous observations that revealed a complete absence of peripheral T cell populations

in healthy Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice (20). Moreover, although

thymocytes of tumor-bearing Ptenflox/flox
x Lck-Cre x Rag2-/-

and Ptenflox/flox
x Lck-Cre x 

�c-/-
x Rag2-/-

mice had expanded massively, splenocyte counts remained significantly

lower than splenocyte counts obtained from tumor-bearing Ptenflox/flox
x Lck-Cre mice,

and were comparable to wild-type splenocyte counts. Collectively, the findings obtained

from healthy and malignant T cel-specific Pten-deficient mice in a (pre-)TCR deficient

background support a positive regulatory role of TCR signaling in thymic exit which is

independent of PI3K signaling. It needs to be noted that low spleen cellularities in

healthy and tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

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

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

x Rag2-/-
mice additionally reflects impaired �� TCR

T cell and NK cell development as a result of �c loss, and impaired B cell development as

a result of Rag2 loss.

Although peripheral T cell numbers in tumor-bearing Ptenflox/flox
x Lck-Cre mice in a �c

and/or (pre-)TCR deficient background were much lower than in tumor-bearing

Ptenflox/flox
x Lck-Cre mice, thymocyte populations that expressed high cell surface CD2,

CD5, CD25 and/or CD44 had infiltrated the periphery to similar extent (Table 2, and data

not shown). In Ptenflox/flox
x Lck-Cre x �c-/-

mice, only one T cell lymphoma was found

exclusively in the thymus, while all other thymic T cell lymphomas gave rise to

malignant peripheral populations (Table 2). In 5 of 8 tumor-bearing mice, splenic DP

populations coexisted either with DN populations (2 of 5), a SP CD4
+

population (1 of 5),
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Table 2 CD4 and CD8 phenotype of T cell lymphomas found in Ptenflox/flox
x Lck-Cre mice in a �c-/-

, CD3�-

/-
, Rag2-/-

or �c-/-
x Rag2-/-

background. Flow cytrometric analysis of CD4 and CD8 cell surface expression

by thymocytes and corresponding peripheral cells isolated from tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

(n=8), Ptenflox/flox
x Lck-Cre x CD3�-/-

(n=12), Ptenflox/flox
x Lck-Cre x Rag2-/-

(n=10), Ptenflox/flox
x Lck-Cre x

�c-/-
x Rag2-/-

(n=5) mice. DN, double negative CD4
-
CD8

-
; DP, double positive CD4

+
CD8

+
; ISP8

+
,

immature single positive CD8
+
; SP4

+
or SP8

+
, single positive CD4

+
or CD8

+
; n.d., not determined.
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DN and SP CD4
+

populations (1 of 5), or DN, SP CD4
+

and ISP CD8
+

TCR�
low

populations (1 of 5) (Table 2). In 2 of 8 tumor-bearing mice, exclusive SP CD4
+

populations were detected in the spleen (Table 2). In 5 of 8 tumor-bearing Ptenflox/flox
x

Lck-Cre x CD3�-/-
mice, peripheral DP populations were detected, either in combination

with CD8
+

cells (2 of 5), DN and CD8
+

populations (1 of 5), SP CD4
+

and CD8
+

populations (1 of 5), or DN, SP CD4
+

and CD8
+

populations (1 of 5) (Table 2). In 2 of 8

tumor-bearing mice, peripheral SP CD4
+

cells were coexistent with peripheral DN and

CD8
+

cells; 1 of 8 tumor-bearing mice showed only peripheral SP CD4
+

infiltration

(Table 2). In 7 of 10 tumor-bearing Ptenflox/flox
x Lck-Cre x Rag2-/-

mice, DP thymocytes

had infiltrated the periphery, either exclusively (2 of 7), or in combination with CD8
+

cells (1 of 7), DN and CD8
+

populations (1 of 7), or DN and SP CD4
+

population (3 of 7)

(Table 2). Thymic T cell lymphomas in 3 of 10 tumor-bearing mice gave rise to SP CD4
+

populations (2 of 3) or DN and SP CD4
+

populations (1 of 3) in the periphery (Table 2).

In all 5 tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice, peripheral DP

populations were detected in combination with DN cells (1 of 5), CD8
+

cells (1 of 5), DN

and CD8
+

cells (1 of 5), or SP CD4
+

cells (1 of 5); 1 of 5 tumor-bearing mice displayed

exclusive thymocyte and peripheral DP populations (Table 2).

Figure 3 Only TCR�
+

thymocytes exit the thymus in �c-/-
, healthy and tumor-bearing Ptenflox/flox

x Lck-Cre
x �c-/-

mice. Flow cytrometric analysis of CD4, CD8 and TCR� cell surface expression by thymocytes and

corresponding splenocytes isolated from a representative �c-/-
, a representative healthy Ptenflox/flox

x Lck-Cre
x �c-/-

and a representative tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

mouse. At least 8 mice were analyzed

per group. Numbers in quadrants of dot plots indicate percentages of each population. The gates were set to

include 99% of the control, isotype stained cells of each sample in the negative quadrant. DN, double

negative CD4
-
CD8

-
; DP, double positive CD4

+
CD8

+
; CD4

+
or CD8

+
, single positive CD4

+
or CD8

+
; cs-

TCR�, cell surface TCR�.
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Only TCR��
+

Pten-deficient thymocytes leave the thymus

The relatively low splenic cellularity found in Pten-deficient mice in a �c-/-
, CD3�-/-

,

Rag2-/-
and �c-/-

x Rag2-/-
background suggested that thymic exit was impaired due to loss

of �c cytokine and/or TCR-mediated signaling. To confirm this, we analyzed TCR�

expression in all thymic and splenic populations. In �c-/-
mice and in both healthy and

tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

mice, all mature SP thymocyte and related

peripheral T cell populations expressed cell surface TCR� (Figure 3). It needs to be noted

that not all CD8-expressing thymocytes expressed high levels of cell surface TCR�,

reflecting their immature state (36). Due to the fact that Pten loss allows TCR�
-

thymocytes to bypass pre-TCR-mediated � selection (20), and enhances TCR-mediated

positive selection and attenuates TCR-mediated negative selection (19), both TCR�
+

and

TCR�
-

SP CD4
+

and CD8
+

thymocytes were detected in both healthy and tumor-bearing

Ptenflox/flox
x Lck-Cre x CD3�-/-

mice (Figure 4). However, only cell surface TCR�-

expressing CD4 and CD8 peripheral T cells were found in the periphery (Figure 4). In

Figure 4 Only TCR�
+

thymocytes exit the thymus in CD3�-/-
, healthy and tumor-bearing Ptenflox/flox

x Lck-
Cre x CD3�-/-

mice. Flow cytrometric analysis of cell surface CD4, CD8 and cell surface and/or

intracellular TCR� expression by thymocytes and corresponding splenocytes isolated from a representative

CD3�-/-
, a representative healthy Ptenflox/flox

x Lck-Cre x CD3�-/-
and a representative tumor-bearing

Ptenflox/flox
x Lck-Cre x CD3�-/-

mouse. At least 3 mice were analyzed per group. Numbers in quadrants of

dot plots indicate percentages of each population. The gates were set to include 99% of the control, isotype

stained cells of each sample in the negative quadrant. DN, double negative CD4
-
CD8

-
; DP, double positive

CD4
+
CD8

+
; CD4

+
or CD8

+
, single positive CD4

+
or CD8

+
; cs-TCR�, cell surface TCR�; ic-TCR�,

intracellular TCR�.
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line with this, healthy Ptenflox/flox
x Lck-Cre x Rag2-/-

mice were observed not to have

peripheral T cell populations (Figure 5). In tumor-bearing Ptenflox/flox
x Lck-Cre x Rag2-/-

mice, small populations of peripheral T cells were detected (Figure 5), although their

numbers were much lower than in tumor-bearing Ptenflox/flox
x Lck-Cre mice. This

indicated that some malignant thymocytes were able to bypass the need for TCR

signaling to modulate thymic exit, or that as a result of massive proliferation of

thymocytes, some thymocytes “leaked” to the periphery by uncontrolled mechanisms.

Figure 5 Only malignant Pten-deficient thymocytes exit the thymus in a Rag2-/-
background. Flow

cytrometric analysis of CD4, CD8 and TCR� cell surface expression by thymocytes and corresponding

splenocytes isolated from a representative Rag2-/-
, a representative healthy Ptenflox/flox

x Lck-Cre x Rag2-/-

and a representative tumor-bearing Ptenflox/flox
x Lck-Cre x Rag2-/-

mouse. At least 2 mice were analyzed per

group. Numbers in quadrants of dot plots indicate percentages of each population. The gates were set to

include 99% of the control, isotype stained cells of each sample in the negative quadrant. In histogram

plots, the IgG isotype control stained cells are shown in grey. DN, double negative CD4
-
CD8

-
; DP, double

positive CD4
+
CD8

+
; CD4

+
or CD8

+
, single positive CD4

+
or CD8

+
; cs-TCR�, cell surface TCR�.

Defects in thymic exit, but not in peripheral expansion, are responsible for the low

numbers of T cells the periphery of tumor-bearing Ptenflox/flox x Lck-Cre x ��c-/- x

Rag2-/- mice

The observations in tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

, Ptenflox/flox
x Lck-Cre x

CD3�-/-
and Ptenflox/flox

x Lck-Cre x Rag2-/-
mice did not preclude the possibility that loss

of �c and TCR expression perturbed peripheral expansion rather than thymic egress. To

adress this issue, thymocytes from wild-type, tumor-bearing Ptenflox/flox
x Lck-Cre, and

tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice were transplanted into �c-/-

x

Rag2-/-
immunodeficient recipients, and peripheral infiltration and proliferation were
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assessed (Figure 6). A representative donor mouse of each genotype with corresponding

�c-/-
x Rag2-/-

immunodeficient recipients is shown in Figure 6a. Malignant Ptenflox/flox
x

Lck-Cre thymocytes gave rise to massively expanded peripheral populations (Figure 6a,

donor dot plots, and Figure 6b, donor graphs), as previously reported (35). Although

thymocytes had expanded massively in the tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

x

Rag2-/-
donor mouse (Figure 6a, donor dot plots, and Figure 6b, upper donor graph), only

few malignant peripheral T cells were detectable in terms of absolute cell numbers

(Figure 6a, donor dot plots, and Figure 6b, lower donor graph). All Pten-deficient cells

expressed high levels of CD2, CD25 and/or CD44, reflective of constitutive activation

(data not shown). Three weeks after transplantation of thymocytes of tumor-bearing

animals, clinical signs of T cell lymphomagenesis were apparent in �c-/-
x Rag2-/-

immunodeficient recipients that had received Pten-deficient thymocytes, and all mice

were sacrificed. Upon flow cytometric analysis, malignant T cell populations were

observed in thymus, spleen, liver, kidney and blood of �c-/-
x Rag2-/-

immunodeficient

recipients that were phenotypically identical to populations that were observed in the

periphery of the Pten-deficient donors (Figure 6a, �c-/-
x Rag2-/-

recipient dot plots, and

data not shown). Strikingly, upon transplantation, a similar massive peripheral expansion

of Ptenflox/flox
x Lck-Cre thymocytes and Ptenflox/flox

x Lck-Cre x �c-/-
x Rag2-/-

thymocytes

was observed (Figure 6b, �c-/-
x Rag2-/-

recipients graphs). These results support the

hypothesis that Pten loss allowed �c- and TCR-deficient thymocytes to survive and

proliferate in the periphery and that impairment of thymic exit, but not peripheral

expansion, was responsible for the difference in peripheral T cell numbers in the

Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
donors due to �c and TCR loss.

Discussion

Previously we had shown that Pten deficiency compensated for impaired thymocyte

development in a �c and/or (pre-)TCR deficient background (20). In this study, we

showed that Lck-Cre-mediated deletion of Pten in a �c-/-
, CD3�-/-

, Rag2-/-
and �c-/-

x

Rag2-/-
background gave rise to massively expanding thymic T cell lymphomas, which

were phenotypically similar as those observed in tumor-bearing Ptenflox/flox
x Lck-Cre

mice (35). However, although a premature death was induced as a result of Pten loss in a

�c- and/or (pre-)TCR deficient background, spleen cellularities in tumor-bearing

Ptenflox/flox
x Lck-Cre x �c-/-

and Ptenflox/flox
x Lck-Cre x CD3�-/-

mice were not found to be

increased to levels observed in tumor-bearing Ptenflox/flox
x Lck-Cre mice, and were

comparable to spleen cellularities of wild-type mice; spleen cellularities of tumor-bearing

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

and of tumor-bearing Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-

mice were comparable to Rag2-/-
and �c-/-

x Rag2-/-
controls, respectively. This could be

due to impaired thymic exit, and/or impaired peripheral expansion. We furthermore

demonstrate that although Pten loss allowed both TCR�
+

and TCR�
-

thymocytes to

survive and proliferate in a �c-/-
or CD3�-/-

background and that the thymic size expanded

to wild type levels (20), only small numbers of cell surface TCR�
+
, but not TCR�

-

thymocytes, left the thymus, regardless of health status. These results indicated that TCR

expression was required for thymic exit. As TCR signaling has been shown to induce
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Figure 6 Deletion of �c- and (pre-)TCR-mediated signaling impairs thymic export of malignant Pten-

deficient thymocytes. (a) Donor dot plots: flow cytrometric analysis of CD4 and CD8 cell surface

expression by thymocytes and corresponding splenocytes isolated from a representative donor wild-type, a

representative tumor-bearing donor Ptenflox/flox
x Lck-Cre, and a representative tumor-bearing donor

Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mouse. All analyzed mice are representative of at least 3 mice. (a) �c-/-
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x Rag2-/-
recipient dot plots: flow cytrometric analysis of CD4 and CD8 cell surface expression by

thymocytes and corresponding splenocytes isolated from representative �c-/-
x Rag2-/-

mice that received

either wild-type, malignant Ptenflox/flox
x Lck-Cre, or malignant Ptenflox/flox

x Lck-Cre x �c-/-
x Rag2-/-

thymocytes. All analyzed mice are representative of at least 3 mice. Numbers in quadrants of dot plots

indicate percentages of each population. The gates were set to include 99% of the control, isotype stained

cells of each sample in the negative quadrant. (b) Thymocyte and splenocyte counts of donor wild-type,

tumor-bearing donor Ptenflox/flox
x Lck-Cre, and tumor-bearing donor Ptenflox/flox

x Lck-Cre x �c-/-
x Rag2-/-

mice (left panels), and of �c-/-
x Rag2-/-

recipient mice that received either wild-type, malignant Ptenflox/flox
x

Lck-Cre, or malignant Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes (right panels).

PI3K activity (21), and as PI3K has been shown to be constitutively active in a Pten

deficient background (19, 20), this suggested that PI3K activity is not sufficient to

positively mediate thymic exit in the absence of a functional TCR. In addition, the results

obtained from Ptenflox/flox
x Lck-Cre x �c-/-

mice suggested that �c cytokine-mediated

thymic exit and/or peripheral expansion was impaired. Impaired peripheral expansion as

a result of �c loss was unlikely in a Pten-deficient background, since thymic cellularity as

a result of �c loss was restored by Pten loss in healthy mice (20), and thymocytes

expanded massively upon transformation. Therefore, the results obtained from Ptenflox/flox

x Lck-Cre x �c-/-
mice indicate that Pten loss, and thus constitutive PI3K activation, did

not compensate for the loss of �c with regard to thymic exit, and this indicated that �c

cytokine-mediated regulation of thymic exit is probably not PI3K-dependent. Results

obtained from Ptenflox/flox
x Lck-Cre x CD3�-/-

mice suggested that CD3�-deficient TCR

signaling could not fully replace wild-type TCR signaling in terms of thymic exit. In

addition, since Pten loss did compensate for defective TCR signaling in terms of survival

and proliferation, but not for exit of thymocytes, these data suggested that PI3K-

independent, but TCR-dependent, mechanisms exist to promote thymic exit. The

dominant role of TCR signaling over �c cytokine-mediated signaling in thymic exit was

confirmed in healthy Ptenflox/flox
x Lck-Cre x Rag2-/-

and Ptenflox/flox
x Lck-Cre x �c-/-

x

Rag2-/-
mice, in which no peripheral T cell populations were observed (20). Upon

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

and Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-

/-
thymocytes had expanded massively. Although a small population of malignant

thymocytes appeared to have aquired the ability to bypass the need for the TCR and �c

cytokines to mediate thymic exit, or was allowed to “leak” to the periphery due to

massive thymocyte expansion, transplantation of malignant Ptenflox/flox
x Lck-Cre and

Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
thymocytes into x �c-/-

x Rag2-/-
immunodeficient

recipients resulted in similar peripheral proliferation, and confirmed that TCR-dependent

and �c cytokine-dependent thymic exit, but not peripheral expansion, was impaired in the

donor Ptenflox/flox
x Lck-Cre x �c-/-

x Rag2-/-
mice. Taken together, these results indicate

that the TCR is required for thymic exit, �c cytokine signaling has an enhancing effect on

thymic exit, and that this does not involve PI3K-dependent mechanisms.

The data presented in this study contradict previous indications that TCR-mediated PI3K

activity has an enhancing effect on thymic exit. Several reports indicate that PI3K

pathway activity is required for thymic exit (11-15). A functional link between the TCR

and PI3K is supported by the observations that the TCR activated the PI3K pathway (21),

that loss of PI3K or Rho activity, or loss of PI3K, Akt/PKB, PDK1 or the GEFs Vav-1, -2

and -3 impaired (pre-)TCR-dependent development of thymocytes (11-13, 15, 17, 38-45),
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and that Pten loss or constitutive activation of PI3K and PKB/Akt bypassed (pre-)TCR-

dependent signaling in thymocytes (19, 20, 39, 46-50) and peripheral T cells. In contrast

to these studies, findings by another group indicated that PI3K activity impairs thymic

exit (51). In addition, recent findings showed that Lck-Cre-mediated Pten deficiency

resulted in accumulation of CD24
low

SP CD4
+

and CD24
low

SP CD8
+

thymocytes

(Sinclair et al., Nat. Immunol. 2008 in press). Low expression levels of CD24 by SP

thymocytes has been shown to be a hallmark of full maturity (5), and therefore these

findings reflected impaired thymic exit. Although peripheral T cell populations were not

found to be significantly decreased in a Pten-deficient background (35), it is possible that

in a �c- and/or (pre-)TCR deficient background, Pten deficiency, and thus constitutive

active PI3K, may have played a negative regulatory role in thymic exit, resulting in

decreased numbers of peripheral T cells.

Although our findings indicate that the TCR does not utilize PI3K activity to regulate

thymic exit, a functional link between TCR signaling and S1P1 and CD69 expression,

two factors pivotal for succesful thymic exit, has been established in peripheral T cells:

down regulation of S1P1 and up regulation of CD69 by peripheral T cells upon

encountering exogenous antigens in secondary lymphoid organs was shown to be TCR-

dependent, preventing the T cells to leave (5, 6). In contrast, up regulation of S1P1 and

down regulation of CD69 are required for mature thymocytes to leave the thymus (5, 8).

The precise role of the TCR with regard to thymic exit may therefore be independent of

CD69 and S1P1, and this awaits further investigation.

The transcription factor KLF2 has been shown to be pivotal for thymic exit, as it induces

expression of several receptors required for thymocyte emigration, including �7 integrin,

CD62L and S1P1 (4, 9). Several cytokines that engage �c-containing cytokine receptors,

including IL-2 and IL-7, have been shown to modulate PI3K activity and subsequent

KLF2 expression in activated peripheral T cells: directly after ligation of the TCR, IL-2

was shown to activate PI3K to down modulate KLF2 expression (Sinclair et al., Nat.
Immunol. 2008 in press); after activation, IL-2 and IL-7 were shown to induce re-

expression of KLF2 (52, 53). However, thus far �c cytokine- and PI3K-mediated

regulation of KLF2 expression in thymocytes has not been investigated. As in the present

study we show that �c deficiency resulted in impaired appearance of peripheral T cells in

a Pten-deficient background, these results suggest that �c-containing cytokine receptors

may be positively involved in thymic exit regulation independently of PI3K activity, and

that if KLF2 is regulated by �c cytokines to regulate thymic exit, this may be independent

of PI3K. Further studies are required to assess the role of �c cytokines in thymic exit in

more detail.

Taken together, the findings in this study indicate that TCR signaling is required for

healthy and malignant Pten-deficient thymocytes to leave the thymus, that signaling

through �c cytokine receptors enhances this process, and that �c cytokine- and TCR-

mediated regulation of thymic exit probably does not involve PI3K-mediated signaling.

Most human childhood and adult T cell lymphomas show constitutive active PI3K, and it

is important to develop therapies that target PI3K pathway activity to inhibit survival and

proliferation. However, previously (35) and in the present study we show that peripheral

infiltration of massively expanding malignant thymocyte populations in itself can be

responsible for progress to lethal disease. Therefore, therapies that target inhibition of

peripheral infiltration of malignant thymocytes may prove to be of importance. As most T
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cell malignancies express �c-containing cytokine receptors and the TCR, development of

therapies focusing on inhibition of �c- and TCR-mediated signaling pathways separate

from the PI3K pathway that are responsible for succesful thymic exit may prove to be

beneficial for treatment of human T cell malignancies, and the mouse models described

in this study are valuable tools in this regard.
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mediated signaling for survival and proliferation, and acquire activating NOTCH1
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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.



122

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



127

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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General discussion

In this thesis, we describe the role of the phosphatidylinositol 3 kinase (PI3K) signaling

pathway and its negative regulator phosphatase and tensin homologue deleted on

chromosome 10 (Pten) in normal and malignant T cell development, and in peripheral T

cel trafficking.

��� lineage thymocyte development

During normal T cell development, ��-lineage thymocytes are subjected to positive and

negative selection processes to ensure expression of a functional and specific �� T cell

receptor (TCR), deletion of T cells with high affinity TCR specific for self antigens and

persistence of cells with TCR with low affinity for self MHC antigens. CD4
+
CD8

+
double

positive (DP) thymocytes that interact with self MHC antigens with low affinity up

regulate the �� TCR and the early activation antigen CD69 (1), migrate to the thymic

medulla and further differentiate into single-positive (SP) CD4
+

and SP CD8
+

thymocytes

(2), which eventually will populate the periphery. For a more detailed overview of ��-

lineage thymocyte development, see chapter 1.

PI3K signaling in normal �� lineage thymocyte development

In chapter 2, we describe the role of PI3K- and Pten-mediated signaling in early

developing thymocytes by analysis of T cell-specific Pten deficient mice (3). It was found

that although during ontogeny Pten deficiency enhanced generation of DP thymocytes,

thymocyte development was comparable to wild-type after birth until the onset of T cell

lymphomagenesis at the age of 5 to 6 weeks (3). In addition, embryonic Pten-deficient

thymocytes were more resistant to apoptosis and expanded more efficiently as compared

to wild-type controls upon culture in vitro (3). This was in agreement with findings by

other groups which show that PI3K-mediated signaling is important for thymocyte

survival and proliferation (4-6).

To reveal a regulatory role of Pten in thymocyte development, T cell-specific Pten-

deficient mice were crossed with mice deficient for the common gamma cytokine

receptor component (�c), an essential component of the interleukin-7 receptor (IL-7R).

The IL-7R is a heterodimeric receptor comprised of IL-7R� (CD127) and �c (CD132)

(7), and is expressed at the cell surface of developing thymocytes (8). It has been shown

to regulate survival and proliferation through PI3K (9-11), and differentiation through

Janus kinase 3 (Jak3) and signal transducer and activator of transcription 5 (STAT5) (11,

12) of thymocytes during very early stages of development. Indeed, deficiencies in IL-7,

�c, IL-7R�, Jak3 and STAT5 severely impaired early thymocyte development in mice

(12-19), and in humans (11, 18, 20-23). In chapter 2 we show that Pten deficiency in a �c-

deficient background completely restored impaired �� lineage thymocyte survival and

proliferation as a result of �c loss, revealing the importance of PI3K-mediated signaling

for survival and proliferation downstream of the IL-7R (3). However, no �� lineage

thymocytes were observed in Pten �c double-deficient mice (3). IL-7 and its receptor are

required for optimal TCR� rearrangements, and thus for �� lineage differentiation (14,

24-27), and these results indicated that �� lineage thymocyte development is mediated by
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IL-7R-dependent, but PI3K-independent mechanisms. Indeed, IL-7R-mediated TCR�

rearrangements were shown to depend on STAT5 (12).

In the study described in chapter 2, T cell-specific Pten deficient mice were additionally

crossed with mice that were deficient for several components of the (pre-)TCR, including

CD3� and TCR�, which was lost as a result of Rag2 deficieny. Loss of CD3� (28) or

Rag2 (29) induces a severe, or a complete block, respectively, of thymocyte development

at the point of � selection, in which developing �� T cells are selected based on cell

surface expression of a functional pre-TCR (30). It was found that Pten loss allowed

thymocytes to bypass � selection in a CD3� deficient background with regard to

expansion and differentiation, and gave rise to two pools of DP thymocytes: TCR�
+

(~45%) and TCR�
-
(~55%) cells (3). This finding indicated that PI3K-mediated signaling

downstream of the pre-TCR regulates survival, proliferation and differentiation around

the � selection checkpoint. This was confirmed in T cell-specific Pten Rag2 double

deficient mice, in which DP thymocytes were found that did not express TCR� (Chapter

5). Importantly, blocked thymocyte development in a �c Rag2 double deficient

background was also completely restored by Pten loss, excluding the possibility that IL-

7R-mediated signaling amplified PI3K activity in T cell-specific Pten CD3�/Rag2 double

deficient mice, and that pre-TCR mediated signaling amplified PI3K activity in T cell-

specific Pten �c double deficient mice. Taken together, chapter 2 shows that the loss of

Pten allows �� lineage thymocytes to bypass IL-7 and pre-TCR–mediated signaling.

PI3K, mTOR and peripheral ��� T cell trafficking

In chapter 3, we explored the signaling pathways that determine the repertoire of

adhesion and chemokine receptors expressed by peripheral T cells and control the

trafficking patterns of T cells following immune activation (Sinclair et al., Nat. Immunol.
2008 in press). The data revealed that PI3K and its downstream target mammalian target

of rapamycin (mTOR), evolutionarily conserved regulators of cell metabolism (31), have

additional functions to control peripheral T cell trafficking into secondary lymphoid

organs. It was shown by other groups that two key lymph node homing receptors, CD62L

(L-selectin) and CCR7 are highly expressed on naïve T cells but are down regulated

following immune activation (32-40), and that CD62L down regulation is mediated by

two different mechanisms: ectodomain proteolysis (shedding) and suppression of CD62L

gene transcription (41-45). In chapter 3, it is documented that the p110� isoform of PI3K

was necessary for CD62L shedding and for transcriptional downregulation of CD62L in

effector T cells. Moreover, deletion of Pten, and thus activation of PI3K signaling was

found to be sufficient to down regulate CD62L expression in T cells. Distinct PI3K-

controlled signal transduction pathways were found to mediate CD62L proteolytic

cleavage and transcription: TCR-mediated PI3K control of CD62L shedding is mediated

by mitogen-activated protein kinases (MAPKs), whereas IL2-mediated PI3K control of

CD62L gene transcription was regulated by the nutrient sensor mTOR via regulation of

Kruppel-like transcription factor 2 (KLF2). The expression of the chemokine receptor

CCR7 by peripheral T cells was also shown to be determined by KLF2 (46) and upstream

PI3K/mTOR mediated signaling, since loss of Pten, and thus activation of PI3K signaling

was sufficient to down regulate CCR7 expression, and as IL-2-induced down modulation

of CCR7 in antigen primed peripheral T cells was abrogated in the presence of specific
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small molecule inhibitors of PI3K and mTOR activity. In line with this, since the loss of

CD62L and CCR7 by activated T cells is an important mechanism that prevents effector

T cells from re-entering secondary lymphoid tissues and facilitates their redirection to

peripheral tissues (33, 37, 44, 47), pre-treatment with the mTOR inhibitor rapamycin

induced peripheral T cells to migrate towards secondary lymphoid tissues upon transfer

in vivo. As PI3K/mTOR signaling is known to be nutrient sensitive and regulates cell

metabolism and protein synthesis (31), these results showed that peripheral T cells match

metabolic and trafficking programs, since the use of common signaling pathways to

control T cell metabolism and expression of lymph node homing receptors would ensure

that during immune responses lymphocytes match metabolic competence to migration

patterns.

PI3K signaling pathway in malignant ��� lineage thymocyte development

In chapter 4, we describe the role of PI3K- and Pten-mediated signaling in malignant T

cell lymphomagenesis by analysis of T cell-specific Pten deficient mice (48). Mice

initially showed modest thymic hyperplasia and subsequently developed expanding and

infiltrating T cell lymphomas, leading to a premature death within 5 to 23 weeks. All

thymocyte and peripheral T cell populations found in tumor-bearing T cell-specific Pten

deficient mice frequently displayed phenotypes characteristic for immature developing

thymocyte precursors and shared elevated levels of clonally rearranged TCR� chains. In

concert, CD2, CD5, CD3� and CD44, proteins associated with increased expression and

signaling capacity of both the immature pre-TCR and the mature �� TCR (5, 49-51),

were more abundantly expressed, reflecting a constitutive state of activation. These

findings were in agreement with previous analyses of human T cell acute lymphoblastic

leukemia (T-ALL), which showed that malignant T cells appeared to be arrested at

specific stages of normal thymocyte development (52, 53), and with previous findings

that showed that malignant and clonal T cell development was characterized by a massive

expansion of activated T cells that display a strongly restricted heterogeneity of the

TCR� variable region (TCRv�) segment (5, 54-58). Although most T cell lymphomas

found in T cell-specific Pten deficient mice had acquired the capability to infiltrate the

periphery, not all populations left the thymus and expanded clonally exclusively in the

thymus. In line with this, only transplantation of malignant thymocytes with infiltrating

capacity gave rise to lethal T cell lymphoma in immunodeficient recipients. These results

indicate that T cell-specific Pten deletion during thymocyte development gives rise to

clonally expanding T cell lymphomas that frequently infiltrate the periphery, but

originate in the thymus.

In chapter 5 we document observations that T cell-specific Pten deletion in a �c and/or

(pre-)TCR deficient background gave rise to T cell lymphomas with similar

characteristics as those found in T cell-specific Pten deficient mice in a wild-type

background, indicating that although �c- and (pre-)TCR-mediated signaling through PI3K

may have contributed to malignant transformation of Pten-deficient thymocytes in a wild-

type background, �c- and (pre-)TCR-mediated activation of PI3Ks were not required for

Pten-deficient thymocytes to transform. However, it needs to be noted that although

during the first 8 to 10 weeks after birth survival did not significantly vary by genotype,

survival time was thereafter significantly shorter in T cell-specific Pten deficient mice in

a �c, CD3� and �c x Rag2 deficient background as compared to T cell-specific Pten
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deficient mice in a wild-type or Rag2 deficient background, whereas single Rag2 loss in a

Pten deficient background did not alter survival kinetics. Although these results were

statistically significant, biological significance may not have been revealed due to the low

number of T cell-specific Pten deficient mice analyzed in a �c and/or TCR deficient

background. More mice need to be analyzed to validate findings with regard to survival

kinetics.

��� TCR, �c and PI3K in thymic exit of normal and malignant thymocytes

In chapter 5, we assessed the contribution of the TCR, �c cytokines and PI3K signaling to

thymic exit of thymocytes in healthy and tumor-bearing T cell-specific Pten deficient

mice in a �c, CD3�, Rag2 or �c x Rag2 deficient background. Although PI3K-mediated

signaling was constitutively active due to Pten loss, the number of peripheral T cells was

reduced in healthy and tumor-bearing T cell-specific Pten deficient mice in a �c or CD3�

deficient background, indicating that �c- and TCR-mediated signaling positively regulate

thymic exit independently from PI3K. In addition, a complete absence of peripheral T

cells was observed in healthy T cell-specific Pten deficient mice in a Rag2 and �c x Rag2

deficient background, and only few thymocytes “leaked” to the periphery upon

lymphomagenesis, reflecting the dominant requirement of PI3K-independent TCR-

mediated regulation of thymic exit. Transplantation of malignant T cell-specific Pten x

�c x Rag2 triple deficient thymocytes into immunodeficient recipients confirmed that

thymic exit, but not peripheral expansion of these cells, was impaired due to loss of �c

and TCR signaling. We concluded that TCR and �c signaling are involved for thymic

egress of healthy and malignant Pten-deficient thymocytes, which does not involve PI3K-

mediated signaling.

The data presented in chapter 5 contradict previous indications that TCR-mediated PI3K

activity has an enhancing effect on thymic exit. Several reports indicate that PI3K

pathway activity is required for thymic exit (59-63). A functional link between the TCR

and PI3K is supported by the observations that the TCR activated the PI3K pathway (64),

that loss of PI3K or Rho activity, or loss of PI3K, Akt/PKB, PDK1 or the GEFs Vav-1, -2

and -3 impaired (pre-)TCR-dependent development of thymocytes (11, 59-61, 63, 65-72),

and that Pten loss or constitutive activation of PI3K and PKB/Akt bypassed (pre-)TCR-

dependent signaling in thymocytes (3-6, 66, 73-75) and peripheral T cells. In contrast to

these studies, findings by another group indicated that PI3K activity impairs thymic exit

(76). In addition, recent findings showed that Lck-Cre-mediated Pten deficiency resulted

in accumulation of CD24
low

SP CD4
+

and CD24
low

SP CD8
+

thymocytes (Sinclair et al.,

Nat. Immunol. 2008 in press, chapter 3). Low expression levels of CD24 by SP

thymocytes has been shown to be a hallmark of full maturity (77), and therefore these

findings reflected impaired thymic exit. Although peripheral T cell populations were not

found to be significantly decreased in a Pten-deficient background (48), it is possible that

in a �c- and/or (pre-)TCR deficient background, Pten deficiency, and thus constitutive

active PI3K, may have played a negative regulatory role in thymic exit, resulting in

decreased numbers of peripheral T cells.

PI3K- and Notch1-mediated regulation of survival and proliferation of malignant

�� lineage Pten-deficient thymocytes

In chapter 6, we investigated the role of PI3K activity and Notch1-mediated signaling in
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T cell lymphomas that arise as a result of Pten deletion in thymocytes in a wild-type, �c,

CD3�, Rag2 or �c x Rag2 deficient background, which are described in chapter 4 and 5

(48). Results showed that Pten deficient T cell lymphomas require PI3K activity to drive

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

signaling, as small molecular inhibitors that specifically block PI3K activity inhibited

survival and proliferation ex vivo and in vitro, and this was reminiscent of reports that

showed that Pten-deficient tumors are hypersensitive to inhibition of the PI3K signaling

pathway (78, 79). These results suggested that PI3K activity was mediated by other

receptors that �c-containing cytokine receptors and the (pre-)TCR that are expressed at

the cell surface of malignant thymocytes, including costimulatory molecules such as

CD28, and G-protein-coupled receptors such as chemokine receptors (11, 64, 80) (3, 4,

81) (82). However, 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 (83), have been

indicated to activate PI3K (84, 85). 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.

Specific blockade of � secretase complex activity, which is essential for activation of

canonical Notch-mediated signaling (86), and for survival and proliferation of malignant

T cells (87, 88), had similar effects in the majority of analyzed malignant Pten-deficient

thymocyte samples with regard to survival and/or proliferation, indicating that in these

cells, Notch signaling was also required. In contrast with a recent report that suggested

that PI3K and Notch1 pathways cooperate in malignant T cell development (88), �

secretase complex activity-specific blockade did not affect abundance of intracellular

phosphatidylinositol-(3,4,5)-triphosphate (PIP3) and phosphorylation status of Akt/PKB,

which are both classical downstream targets of PI3K-mediated signaling. In line with

this, specific blockade of PI3K activity induced a drop in both PIP3 levels and Akt/PKB

phosphorylation. Furthermore, blockade of � secretase complex activity reduced nuclear

localization of ic-Notch1, whereas blockade of PI3K activity had a minimal effect.

Moreover, malignant Pten-deficient thymocytes that were forced to express a constitutive

active form of Akt/PKB proliferated in vitro in spite of blockade of PI3K activity, but not

upon blockade of � secretase complex activity, whereas cells that were forced to express

ic-Notch1 proliferated upon � secretase complex activity inhibition, but not upon PI3K

activity inhibition. Taken together, these results indicated that PI3K- and Notch1-

mediated signaling are simultaneously, but independently needed for survival and

proliferation of malignant Pten-deficient thymocytes.

As stated, 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 (89), and although pre-TCR signaling and

Notch-mediated signaling have been shown to both be needed for proper � selection of

developing thymocytes (30), absence of Notch-mediated signaling could be rescued by

introduction of constitutive active Akt/PKB (89). 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
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malignant T cells were shown to be resistant to inhibition of � secretase complex activity

in a Pten-deficient background (88), which contrasts directly with our observations that

Pten-deficient tumors are sensitive to � 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.

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

T-ALL (87, 90-97), and have been indicated to increase sensitivity of malignant T cells to

� secretase complex activity inhibition with regard to survival and proliferation (87). As

most malignant Pten-deficient thymocytes were found to be sensitive to � secretase

complex activity inhibition ex vivo and/or in vitro, we analyzed in chapter 6 whether

malignant Pten deficient thymocytes in a �c, CD3�, Rag2 or �c x Rag2 deficient

background had acquired activating mutations in the HD and PEST domain of NOTCH1.

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, whereas no activating NOTCH1 mutations were found in Pten-deficient

thymocytes in a wild-type background. These findings indicated that loss of �c- and/or

(pre-)TCR-mediated signaling predisposed malignant Pten-deficient thymocytes to

further enhance Notch1-mediated signaling by introduction of activating mutations in

NOTCH1, contributing to survival and proliferation of the malignant cells. The

mechanism of this remains to be determined.

“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 several

established 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, about half of Pten-deficient in

vitro-generated thymocyte 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
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resistance of these cells to inhibition of � secretase complex activity (88). 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 (88), and that introduction of Pten into Pten-deficient malignant T cells

that were resistant to � secretase complex activity inhibition acquired sensitivity (88, 98).

These findings together with the observations reported in chapter 6 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.

Clinical relevance and future prospects

The mouse models described in this thesis were designed to study the role of Pten in

normal and malignant thymocyte development, and tumors arising in these mice indeed

closely resemble human malignancies of the �� T lineage, T-ALL. T-ALL is a neoplastic

disorder of the lymphoblast committed to the T-cell lineage and represents 15% of

childhood and 25% of adult ALL (99). It is a heterogeneous disease comprising several

clinico-biological entities. Although cytogenetic analysis showed a normal karyotype in a

large proportion of T-ALL, recurrent translocations, insertions and deletions activating a

small number of oncogenes were observed in 25–50% of T-ALL, and were shown to

include SCL/Tal1, Hox11, Hox11L2, Lyl1, LMO1 and LMO2 (100-112). However,

overexpression of these oncogenes was frequently found in the absence of the

corresponding locus specific chromosomal abnormalities (52, 113-115). In addition,

microdeletions leading to the loss of tumor suppressor genes like Pten and p53 are very

frequent (116), and since Pten and p53 have been shown to interact at various levels

(117), this underlines the importance of the studies presented in this thesis: T cell-specific

Pten deletion gave rise to T cell lymphomas that closely resemble human T-ALL. In

addition, expression array and flow cytometric analysis have identified several gene

expression signatures indicative of leukemic arrest at specific stages of normal thymocyte

development (52, 53), reflective of the thymic origin of T-ALL. This is reminiscent of T

cell lymphomas observed in tumor-bearing T cell-specific Pten deficient mice (chapters 4

and 5). Finally, similar to data presented in chapter 6, mutational analysis of oncogenes

implicated in T cell development has shown activating mutations of NOTCH1 in a high

proportion of T-ALL (87, 90-97). In order to develop therapies to effectively treat human

infiltrating T cell malignancies like T-ALL that originate in the thymus, we should

understand how thymocyte development is regulated on a molecular and cellular level,

and which pathways are responsible for transformation to give rise to malignant

thymocytes that infiltrate the periphery. The mouse models described in this thesis will

significantly facilitate investigations to address these questions.

Several reports that showed that Pten-deficient tumors are hypersensitive to inhibition of

the PI3K signaling pathway (78, 79). As most human childhood and adult T-ALLs show

constitutive activation of the PI3K transduction pathway, it is important to test therapies

that target PI3K transduction pathway activity to inhibit survival and proliferation.

Furthermore, although precise molecular mechanisms underlying regulation of survival
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and proliferation of malignant thymocytes remain to be eludicated, it is apparent that

signaling pathways regulated by PI3K and Notch1 are frequently simultaneously needed

(chapter 6) (88). Future treatment of human T-ALL should therefore simultaneously

target Notch1 and PI3K signaling pathways to reach optimal efficiency. In addition, the

transplantation experiments performed in chapter 4 in 5 (48) showed that peripheral

infiltration of massively expanding malignant thymocyte populations in itself can be

responsible for progress to lethal disease. Therefore, therapies that target inhibition of

peripheral infiltration of malignant thymocytes may prove to be of importance. Since

most T cell malignancies express �c-containing cytokine receptors and the TCR,

development of therapies focusing on inhibition of �c- and TCR-mediated signaling

pathways separate from the PI3K pathway that are responsible for succesful thymic exit

may prove to be beneficial for treatment of infiltrating human T cell malignancies like T-

ALL, and the mouse models described in this thesis are valuable tools in this regard.
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Summary

During development, ��-lineage thymocytes are subjected to positive and negative

selection processes to ensure expression of a functional and specific �� T cell receptor

(TCR), deletion of T cells with high affinity TCR specific for self antigens and

persistence of cells with TCR with low affinity for self MHC antigens. The tumor

suppressor protein and dual phosphatase Pten has been shown to be highly expressed in

developing thymocytes, but its regulatory function in thymocyte development is

incompletely understood. Pten is known to directly negatively counteract and therefore

modulate activity of the phosphatidylinositol 3 kinases (PI3Ks), which in T cells control

complex and highly branched signaling cascades involving lipids and proteins to regulate

several processes, including survival, growth, proliferation, motility, activation, adhesion,

and possibly differentiation. Given the pivotal role of PI3Ks in these processes, it is not

surpising that disregulation of the PI3K signaling pathway in thymocytes frequently gives

rise to T cell lymphomas, which display phenotypes characteristic for immature

developing thymocyte precursors. Disregulation of the PI3K pathway is frequently

caused by inactivation or deletion of Pten and leads to oncogenesis in a variety of tissues.

Indeed, Pten inactivation or deletion has been observed in a large proportion of T cell

malignancies, suggesting an important negative regulatory role of Pten in T cells with

regard to survival and proliferation. In this thesis we aim to clarify the regulatory role of

PI3K and Pten in normal and malignant �� lineage thymocyte development. In addition,

as Pten has been shown to be highly expressed in peripheral T cells and since PI3K has

been implicated in T cell migration, the regulatory role of PI3K and Pten in peripheral ��

lineage T cell motility are assessed.

In chapter 1, a general introduction is given on the normal and malignant development

of �� lineage thymocytes, in particular with regard to PI3K and Notch signaling

pathways.

In chapter 2, we describe the regulatory role of PI3K and Pten downstream of two

important receptors that are expressed at the cell surface of developing �� lineage

thymocytes to control survival, proliferation and differentiation, the interleukin-7

receptor (IL-7R) and the pre-T cell receptor (pre-TCR). The IL-7R is important for T cell

precursors to survive, proliferate and differentiate, and the pre-TCR is pivotal for �

selection, in which developing thymocytes are selected based on cell surface expression

of a functional pre-TCR. In addition, the pre-TCR is important for � selected thymocytes

to differentiate, survive and proliferate. We found that although loss of a key component

of the IL-7R, the common � cytokine receptor chain (�c), resulted in severely impaired

IL-7R-dependent survival and proliferation of thymocytes during very early stages of

development, T cell-specific loss of Pten restored IL-7R deficiency with regard to

survival and proliferation. Similarly, although lack of a functional pre-TCR by means of

deletion of several subunits of the pre-TCR, including CD3� or Rag2/TCR�, impaired �

selection and ensuing survival and proliferation, we found that T cell-specific loss of Pten

allowed developing thymocytes to bypass the need for pre-TCR mediated signaling with

regard to � selection and subsequent survival and proliferation, indicating that Pten

regulates elimination of thymocyte precursors that fail to express a functional pre-TCR.

Strikingly, T cell-specific Pten loss allowed developing thymocytes to survive, proliferate

and differentiate in an IL-7R and pre-TCR double deficient background. Taken together,
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these data show the importance of PI3K and Pten downstream of the IL-7R and the pre-

TCR to mediate survival, proliferation and differentiation.

In chapter 3, we showed that PI3K and its downstream target mammalian target of

rapamycin (mTOR) function to control peripheral T cell trafficking into secondary

lymphoid organs. We documented that the p110� isoform of PI3K (p110�-PI3K) was

necessary for TCR- and mitogen-activated protein kinase (MAPK)-mediated shedding of

the lymph node homing receptor CD62L in effector T cells. In addition, transcriptional

downregulation of both CD62L and another key lymph node homing receptor, CCR7,

was shown to be dependent on IL-2/p110�-PI3K/mTOR/Kruppel-like transcription factor

2 (KLF2)-mediated signaling. Moreover, deletion of Pten, and thus activation of PI3K

signaling was found to be sufficient to down regulate CD62L and CCR7 expression.

Since the loss of CD62L and CCR7 by activated T cells is an important mechanism that

prevents effector T cells from re-entering secondary lymphoid tissues and facilitates their

redirection to peripheral tissues, pre-treatment with the mTOR inhibitor rapamycin

induced peripheral T cells to migrate towards secondary lymphoid tissues upon transfer

in vivo. As PI3K/mTOR signaling is known to be nutrient sensitive and regulates cell

metabolism and protein synthesis, these results showed that peripheral T cells match

metabolic and trafficking programs, since the use of common signaling pathways to

control T cell metabolism and expression of lymph node homing receptors would ensure

that during immune responses T cells match metabolic competence to migration patterns.

In chapter 4, we describe the role of PI3K and Pten in malignant T cell

lymphomagenesis by analysis of T cell-specific Pten deficient mice. After initial modest

thymic hyperplasia mice subsequently developed T cell lymphomas that were reminiscent

of human T cell acute lymphoblastic leukemia (T-ALL): all thymocyte and peripheral T

cell populations frequently displayed phenotypes characteristic for immature developing

thymocyte precursors that displayed a limited heterogeneity of the TCR� variable region

(TCRv�) segment. In concert, the elevated cell surface expression levels of several

proteins associated with increased expression and signaling capacity of the (pre-)TCR

reflected a constitutive state of activation. Although most T cell lymphomas had acquired

the capability to infiltrate the periphery, not all populations left the thymus and expanded

clonally exclusively in the thymus, and only transplantation of malignant thymocytes

with infiltrating capacity gave rise to lethal T cell lymphoma in immunodeficient

recipients. These results indicate that T cell-specific Pten deletion during thymocyte

development gives rise to clonally expanding T cell lymphomas that frequently infiltrate

the periphery, but originate in the thymus.

In chapter 5, we assessed the contribution of the TCR, �c cytokines and PI3K signaling

to thymic exit of thymocytes in healthy and tumor-bearing T cell-specific Pten deficient

mice in an IL-7R and/or (pre-)TCR deficient background. Although PI3K-mediated

signaling was constitutively active due to Pten loss, the number of peripheral T cells was

significantly reduced in these mice as compared to T cell-specific Pten deficient mice in a

wild-type background, indicating that �c- and TCR-mediated signaling positively regulate

thymic exit independently from PI3K. Transplantation of malignant T cell-specific Pten

deficient thymocytes in an IL-7R and (pre-)TCR double deficient background into

immunodeficient recipients confirmed that the capacity of these cells to exit the thymus,

but not the capacity of these cells to expand in the periphery, was impaired due to loss of

�c and TCR signaling. We concluded that TCR and �c signaling are positively involved
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in thymic egress of healthy and malignant Pten-deficient thymocytes, which does not

involve PI3K-mediated signaling.

In chapter 6, we assessed the importance of Notch1 and PI3K mediated signaling for

malignant Pten deficient thymocytes in a wild-type, IL-7R and/or (pre-)TCR deficient

background to survive and proliferate. Use of small molecule inhibitors that target Notch-

or PI3K-mediated signaling revealed frequent comparable importance of both PI3K and

Notch activity for survival and proliferation. In this regard, Notch and PI3K signaling

pathways were found to act independently from each other, as only PI3K specific

inhibitors, but not Notch pathway specific inhibitors, reduced abundance/activity of

several signaling molecules known to act downstream of PI3K, including

phosphatidylinositol-(3,4,5)-triphosphate (PIP3), and Akt/protein kinase B (PKB).

Reversely, only a Notch pathway specific block, but not a PI3K specific block, reduced

Notch1 nuclear localization. Importantly, forced expression of constitutive active

Akt/PKB allowed cells to survive and proliferate in the presence of the PI3K specific

blocker wortmannin, but not in the presence of the Notch pathway specific blocker

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 to further

enhance Notch1-dependent survival and proliferation.

In conclusion, this thesis provides new insights in how PI3K and Pten regulate normal

and malignant thymocyte development and peripheral T cell motility. It is clear that

under normal circumstances, Pten functions as an essential “brake” to ensure that T cells

in the thymus do not proliferate at will, and as such, Pten regulates the size of the thymus.

In the absence of Pten, proliferating populations of T cell precursors arise which are

deleted under normal circumstances. As the absence of Pten causes aggressive and lethal

T cell lymphomas over time, it is clear that Pten functions as a strong tumor suppressor in

T cells. Because the lymphomas that are found in the mice that are described in this thesis

are higly reminiscent of human T cell lymphomas like T-ALL, the studies presented in

this thesis may very well facilitate development of improved and more specific therapies

for the treatment of human T cell malignancies. This work also shows that the Notch1

signaling pathway plays an important part in the appearance and/or maintenance of T cell

lymphomas. In the absence of factors that induce PI3K activity, activating mutations in

the NOTCH1 gene can occur, which facilitate T cell lymphomagenesis. In future studies

it will be of importance to investigate how the PI3K pathway interacts with other

signaling pathways to regulate normal and malignant T cell development.
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Samenvatting

T cellen zijn witte bloedcellen van het immuunsysteem die een belangrijke rol spelen bij

het beschermen van het lichaam tegen ziekteverwekkers. Tijdens de ontwikkeling tot

volwassen T cellen ondergaan de voorlopers van T cellen in de thymus, de thymocyten,

positive en negatieve selectieprocessen om ervoor te zorgen dat alleen T cellen overleven

met een functionele en specifieke T cel receptor (TCR), welke nodig is voor de T cel om

specifieke ziekteverwekkers te herkennen. Pten is een fosfatase dat de activiteit van de

phosphatidylinositol 3 kinases (PI3Ks) negatief reguleert. In thymocyten en volwassen T

cellen controleren PI3Ks complexe signaleringscascades die bestaan uit vetten en

eiwitten, om zo verscheidene processen te reguleren zoals overleving, groei, celdeling,

motiliteit, activatie, adhesie en differentiatie. Omdat PI3Ks een belangrijke rol in deze

processen spelen is het niet verwonderlijk dat ontregeling van de PI3K signalerings-

cascade in thymocyten vaak T cel lymfomen tot gevolg heeft. Zo leidt het verlies van

Pten tot ontregeling van de PI3K signaleringscascade in cellen van verschillende

weefsels, inclusief in T cellen, waarbij kankercellen kunnen ontstaan. Dit suggereert dat

Pten een belangrijke negatieve regulatoire rol speelt in T cellen wat betreft overleving en

celdeling. Het is echter niet goed bekend in welke stadia van normale T cel ontwikkeling

Pten betrokken is. Het doel van het onderzoek beschreven in dit proefschrift was om

inzicht te verkrijgen in hoe PI3K en Pten functioneren in de ontwikkeling van T cellen

inclusief migratie. Er zijn namelijk aanwijzingen zijn dat PI3K en Pten ook een rol spelen

in migratie van T cellen.

Naast PI3K speelt ook Notch1 een belangrijke rol in ontwikkeling van T cellen en over

het algemeen wordt aangenomen dat deze twee signaleringscascades met elkaar

samenwerken, maar hoe dit in zijn werk gaat is niet goed bekend en werd in dit

proefschrift nader onderzocht.

In hoofdstuk 1 is een algemene introductie gegeven van de ontwikkeling van normale en

maligne thymocyten, en in het bijzonder werd aandacht geschonken aan de PI3K- en de

Notch1-gemedieerde transductiepaden.

In hoofdstuk 2 hebben we beschreven we hoe PI3K en Pten overlevings-, celdelings-, en

differentiatiesignalen moduleren die komen van een tweetal receptoren die op het

celoppervlak van ontwikkelende thymocyten voorkomen, de interleukine-7 receptor (IL-

7R) en de pre-TCR. De IL-7R is belangrijk voor T cel voorlopers om te overleven, te

delen en te differentiëren en de pre-TCR voor selectie van thymocyten die een TCR�

eiwit tot expressie brengen. Het TCR� eiwit wordt gevormd na herschikking van het

TCR� locus. Dat gen herschikkingsproces is niet altijd succesvol en cellen waarbij dat

process fout is gegaan brengen geen TCR� eiwit tot expressie en moeten verwijderd

worden. Het selecteren van thymocyten met een functionele pre-TCR op het celoppervlak

wordt � selectie genoemd. Ook is de pre-TCR belangrijk voor expansie en differentiatie

van thymocyten na � selectie. Deletie van genen die coderen voor de IL-7R of voor

componenten van het pre-TCR complex heeft verstrekkende gevolgen voor ontwikkeling

van T cellen in de thymus en voor de grootte van het thymus orgaan. We lieten zien dat

de negatieve gevolgen van het weghalen van een component van de IL-7R, de

gemeenschappelijke � keten van cytokine receptoren (�c), op de overleving, celdeling en

differentiatie van T cel voorlopers teniet werden gedaan door het verwijderen van Pten.

Verder stelde Pten deletie thymocyten in staat te prolifereren in de afwezigheid van een
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functionele pre-TCR. Deze resultaten suggereerden dat Pten een belangrijke rol speelt in

de eliminatie van ontwikkelende thymocyten die niet in staat zijn een functionele pre-

TCR op het oppervlak tot expressie te brengen. Het verlies van Pten stelde zelfs

thymocyten in staat te overleven, te delen en te differentiëren in afwezigheid van zowel

een IL-7R als een pre-TCR.

In hoofdstuk 3 hebben we laten zien dat PI3K en een belangrijk effector eiwit van PI3K,

de mammalian target of rapamycin (mTOR), migratie van perifere T cellen naar

secundaire lymfoide organen zoals lymfeknopen reguleren. PI3K bleek nodig te zijn voor

de afbraak en verminderde aanmaak van voor migratie belangrijke receptoren. Het verlies

van deze receptoren aan het celoppervlak van geactiveerde T cellen verhindert de T

cellen om secundaire lymfoide organen binnen te treden waardoor de T cellen migreren

naar perifere weefsels, en daarom had voorbehandeling van T cellen met de mTOR

remmer rapamycine tot gevolg dat T cellen na transplantatie naar secundaire lymfoide

organen migreerden. Aangezien PI3K/mTOR signalering geactiveerd kan worden door

voedingstoffen van buitenaf en naast migratie ook metabolisme en eiwitproductie

reguleert, lieten deze data zien dat perifere T cellen tijdens een immuunrespons in staat

zijn om metabole programma’s te koppelen aan migratiepatronen.

In hoofdstuk 4 hebben we we de rol van PI3K en Pten in maligne lymfomagenese van T

cellen onderzocht door gebruik te maken van muizen waarin Pten specifiek wordt

verwijderd in T cellen en voorlopers van T cellen in de thymus (T cel-specifieke Pten-

deficiënte muizen). Jonge muizen hadden een iets grotere thymus in vergelijking met

wild-type muizen. Na verloop van tijd onstonden T cel lymfoma’s die deden denken aan

T cel acute lymfoblastische leukemie (T-ALL), die voorkomt bij jonge kinderen: deze

Pten-deficiënte tumoren ontstaan in de thymus vanuit een zeer beperkt aantal voorlopers.

We lieten zien dat niet in alle gevallen de groeiende thymocyten maligne waren. Een

enkel geval werd beschreven waarin twee van de drie populaties die hard groeiden in de

thymus in staat waren uit de thymus te migreren. Alleen die migrerende populaties

veroorzaakten dodelijke tumoren. Deze resultaten lieten zien dat T cel-specifieke

verwijdering van Pten gedurende de ontwikkeling van thymocyten aanleiding geeft tot de

ontwikkeling van clonaal expanderende T cel lymfomen die vaak de periferie infiltreren,

maar die oorspronkelijk in de thymus ontstaan.

In hoofdstuk 5 hebben we de rol van de TCR, �c cytokines en PI3K signalering in het

proces van het verlaten van de thymus van thymocyten onderzocht met behulp van T cel-

specifieke Pten-deficiënte muizen uit een IL-7R- en/of (pre-)TCR-deficiënte achtergrond.

Hoewel PI3K-gemedieerde signaaltransductie altijd actief was door het verlies van Pten,

was het aantal perifere T cellen sterk verminderd in deze muizen in vergelijking met T

cel-specifieke Pten-deficiënte muizen uit een wild-type achtergrond. Dit suggereerde dat

�c- en TCR-gemedieerde signalen onafhankelijk van PI3K het verlaten van de thymus

van thymocyten bevorderen. Transplantatie experimenten waarbij gebruik gemaakt werd

van maligne thymocyten die noch Pten, noch �c, noch de (pre-)TCR produceerden lieten

zien dat het vermogen van de T cellen om de thymus uit te gaan, maar niet het vermogen

om te expanderen in de periferie aangetast was door het ontbreken van �c- en TCR-

gemedieerde signalen. We concludeerden dat �c- en TCR-gemedieerde signaaltrans-

ductiecascades positief betrokken zijn bij het verlaten van de thymus van thymocyten, en

dat dit onafhankelijk gebeurt van PI3K activiteit.
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In hoofdstuk 6 hebben we gekeken naar de rol van PI3K- en Notch1-gemedieerde

signaaltransductie in de overleving en celdeling van Pten-deficiënte maligne thymocyten

uit een IL-7R- en/of (pre-)TCR-deficiënte achtergrond. Experimenten waarbij gebruik

gemaakt werd van remmers die specifiek de activiteit van de PI3K of de Notch

signaleringscascade blokkeren lieten zien dat beide transductiepaden belangrijk waren

voor overleving en celdeling van de maligne T cellen, maar dat PI3K en Notch1-

gemedieerde signalen onafhankelijk van elkaar opereerden.

Het is bekend dat in veel T cel leukemieën mutaties optreden in Notch1. We hebben

daarom onderzocht of dit ook het geval was in de tumoren die onstaan na deletie van

Pten. Inderdaad werden mutaties aangetroffen in sommige tumoren maar verassenderwijs

werden die alleen gevonden in tumoren die geen TCR of geen IL-7R tot expressie

brachten. Het lijkt er dus op dat in veel Pten-deficiënte muizen die de IL-7R missen of

geen TCR tot expressie brengen tumoren pas ontstaan na mutaties in Notch1. Hoe die

mutaties in Notch1 precies ontstaan is momenteel onbekend.

Dit proefschrift verschaft nieuwe inzichten in hoe PI3K en Pten de ontwikkeling en

migratie van T cellen beinvloeden. Pten blijkt te fungeren als een essentiele rem die

onder normale ontstandigheden ervoor zorgt dat T cellen in de thymus niet op elk

willekeurig moment gaan delen. Als zodanig reguleert Pten de grootte van de thymus. In

de afwezigheid van Pten ontstaan er delende populaties van T cel voorlopers in de

thymus die onder normale omstandigheden worden verwijderd. Daar de afwezigheid van

Pten op ten duur het ontstaan van aggressieve T cel lymfomen veroorzaakt, blijkt Pten

ook te fungeren als een zeer sterke tumor suppressor in T cellen. Omdat de lymfomen die

zijn gevonden in de muizen die zijn beschreven in dit proefschrift sterk lijken op humane

T cel lymfomen zoals T-ALL, is het goed mogelijk dat de studies die zijn gepresenteerd

in dit proefschrift bijdragen aan de ontwikkeling van verbeterde en meer specifieke

therapieën voor humane T cel lymfomen. Tevens laat dit werk zien dat het Notch1

signaalpad eveneens een belangrijke rol speelt in het ontstaan en/of in de handhaving van

T cel lymfomen. In de afwezigheid van signalen die PI3K activiteit induceren kunnen

mutaties in Notch1 ontstaan die de kans op het ontstaan van T cel lymfomen verhoogt.

Het zal van belang zijn om in toekomstige studies te onderzoeken hoe de PI3K

signaleringscascade interacties aangaat met andere signaleringscascades om normale en

maligne T cel ontwikkeling te moduleren.
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Stellingen 
 
1. Activiteit van de IL-7 receptor, de T cel receptor en de daaruit voortvloeiende 

regulatie van PI3K activiteit zijn essentieel voor een normaal verloop van rijping 
van T cellen in de thymus (Shinkai et al., Cell 1992, Pallard et al., Immunity 
1999, dit proefschrift).  

 
2. De gevolgen van het ontbreken van zowel de IL-7 receptor als de T cel receptor in 

ontwikkelende thymocyten worden teniet gedaan door het uitschakelen van het 
tumor suppressor eiwit Pten (dit proefschrift). 

 
3. Het gebruik van gemeenschappelijke signaaltransductiepaden stelt perifere T 

cellen in staat metabolisme direct te koppelen aan een immuunrespons (dit 
proefschrift). 

 
4. Het verlies van Pten in thymocyten staat in veel gevallen garant voor de vorming 

van T cel lymfomen, zelfs wanneer de IL-7 receptor en de T cel receptor 
ontbreken (dit proefschrift). 

 
5. Na volledige rijping is het hebben van een T cel receptor voor normale en maligne 

thymocyten belangrijk voor het verlaten van de thymus, maar dit is onafhankelijk 
van PI3K (dit proefschrift). 

 
6. In tegenstelling tot wat Adolfo Ferrando veronderstelt, kunnen PI3K en Notch1 

onafhankelijk samenwerken om T cellen een meer dan eerlijke kans te geven in 
het leven (Palomero et al., Nature Medicine 2007, dit proefschrift). 

 
7. Verlies van de IL-7 receptor, de T cel receptor en Pten staat maligne thymocyten 

toe Notch1 gemedieerde signalen te bevorderen (dit proefschrift). 
 

8. Pten deletie leidt niet in alle cel types tot transformatie tot kanker cellen. 
 

9. PI3K en Pten zijn als een vrije val en een parachute: zonder parachute moge het 
resultaat van een vrije val duidelijk zijn. 

 
10. Naast Notch receptors kunnen ook Notch liganden worden gespleten zodat het 

intracellulaire domein zich naar de nucleus kan begeven teneinde een groeiarrest 
te bewerkstelligen (Kolev et al., FEBS Letters 2005 + referenties hierin). 

 
11. Het is niet vanzelfsprekend dat klinische effecten van RNAi toe te schrijven zijn 

aan het uitschakelen van het beoogde target gen (Kleinman et al., Nature 2008). 
 
12. Chronische activatie van STAT5 in germinal center B cellen veroorzaakt Hodgkin 

lymfomen (Scheeren et al., Blood in press 2008). 
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