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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



21

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-
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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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