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PREFACE
Blood cell development—or hematopoiesis—is a complex, multi-step
process known to be controlled by a range of extracellular signals, including
cytokines and growth factors. The elucidation of the Janus kinase-signal transducer and activator of transcription (Jak-Stat) pathway represents one of the
great advances in our understanding of how these various signals can facilitate rapid alterations in gene expression in hematopoietic and other target
cells. This book aims to describe the role of the Jak-Stat pathway in the
normal development and function of hematopoietic cells, and to describe
how perturbations of this pathway contribute to several hematopoietic disorders, including malignancy.
In Chapter One, Tetsuya Nosaka describes the function of the four
members of the mammalian Jak tyrosine kinase family and details their role
in normal hematopoiesis as revealed by gene targeting. In Chapter Two,
Nicholas Cacalano and James Johnston focus more specifically on Jak3, revealing its close association with both interleukin-2 receptor and common
gamma chain signaling in hematopoiesis, and the consequences of its ablation in immunodeficiency syndromes. In Chapter Three, Thomas Smithgall
explores an exciting new area involving activation of Stats by non-Jak tyrosine kinases: specifically Src, Fes and Btk. In Chapter Four, I detail the
function of Stats in normal hematopoietic processes, which is extended by
David Frank in Chapter Five to include their role in leukemia and the implications of this for potential therapeutic intervention. In Chapter Six, Erika
Bach and Norbert Perrimon describe the role of the Jak-Stat pathway in
hematopoiesis and immune responses using Drosophila as a model organism. Finally, in Chapter Seven, Sandra Nicholson and Warren Alexander
describe important negative regulators of the Jak-Stat pathway, the SOCS
family of proteins, with emphasis on their function in hematopoiesis.
These contributions highlight the central role played by the Jak-Stat
pathway in hematopoiesis. Importantly, it lies downstream of receptors for
the clinically-relevant cytokines granulocyte colony-stimulating factor, erythropoietin, thrombopoietin, and the interferons. In addition, this pathway is
perturbed in a variety of malignancies and hematopoietic disorders. Therefore,
it can be safely anticipated that therapeutics currently under development which
target this pathway will have wide and important hematological application.
Alister C. Ward

CHAPTER 1

Jaks and Normal Hematopoiesis
Tetsuya Nosaka

Introduction

C

ytokines regulate cell fate including proliferation, differentiation, and apoptosis
of hematopoietic progenitor cells, while lineage commitment of the hematopoietic stem cells is determined stochastically. Cytokines exert their specific function
through binding to specific members of the cytokine receptor superfamily. The specific
expression of these receptors is a vital determinant of hematopoietic cell differentiation.
The Jak tyrosine kinases, consisting of four members in mammals: Jak1, Jak2, Jak3, and
Tyk2, were each “Just Another Kinase” until their biological functions were unveiled.1 In
1993, Ihle and colleagues reported that Jak2 associates with the membrane-proximal region of the erythropoietin receptor (EpoR) —which itself lacks a tyrosine kinase domain
—and phosphorylates it on tyrosine residues upon Epo stimulation.2 Meanwhile, Jak1
and Tyk2, and Jak1 and Jak2 were found by genetic complementation experiments using
mutant cell lines to be involved in the signaling of the receptors for IFN!/∀ and IFN#,
respectively.3-5 Since then Jaks have been recognized as one of the most important tyrosine
kinases in cytokine signaling. A number of experiments in vitro have disclosed that Jak
family tyrosine kinases are indispensable for signal transduction via the cytokine receptor
superfamily. In addition, generation of Jak-deficient mice has revealed the biologically
important and nonredundant roles of Jaks in vivo.

Modes of Jak Activation in Cytokine Signaling
The specificity of cytokine-mediated Jak-Stat signaling derives from the specific interaction of the phosphotyrosine of the cytokine receptor and the SH2 domain of the Stat
protein.6,7 Although preferential usage of a Jak for a subunit of the cytokine receptor exists
(Table 1), the particular Jak engaged does not appear to determine the specificity of the
downstream signaling. In contarst, Stats directly regulate the target gene expression in a
cytokine receptor-specific manner.8-10 On the other hand, since Jak activation is required
for all signaling pathways including the Ras/Raf/Mitogen activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase (PI3-k)/Akt cascades, loss of Jak function leads to a
wide range of aberrant signaling, in contRrst to loss of Stat function which results in a
more restricted phenotype.11
The patterns of Jak activation in signaling via the cytokine receptor superfamily can
be classified into three modes (Fig. 1 and Table 2). In the case of the receptors for Epo and
thrombopoietin (TPO) which consist of a single receptor chain, and the receptors which
use a common ∀ chain as a single signaling chain (IL-3, IL-5, GM-CSF), Jak2 is activated
The Jak-Stat Pathway in Hematopoiesis and Disease, edited by Alister C. Ward.
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Table 1.
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Jak requirements for function of cytokines essential for normal
hematopoiesis and immune responses against pathogens

Figure. 1. Three modes of Jak activation through cytokine receptors. EpoR: single signaling chain-single Jak. Epo
stimulation induces dimerization of EpoR, resulting in autophosphorylation of Jak2. Activated Jak2 phosphorylates EpoR on tyrosine residues, followed by recruitment of Stat5. Then Jak2 phosphorylates Stat5, resulting in
dimerization of Stat5. Dimerized Stat5 enters the nucleus to regulate target gene expression. Tyrosine phosphorylation of EpoR also activates both Ras/Raf/MAP kinase and PI3K/Akt pathways. IL-6R: single signaling
chain-multiple Jaks. IL-6 stimulation induces dimerization of gp130. Although Jak1, Jak2, and Tyk2 are phosphorylated after receptor chain aggregation, only Jak1 plays a major role in phosphorylation of gp130, while Jak2 and
Tyk2 are dispensable.12 The ! chain of the IL-6R contributes to the ligand-specific binding of the receptor, since
gp130 is shared among the other cytokines. IL-2R: multiple signaling chains-multiple Jaks. IL-2 stimulation
induces transphosphorylation of Jak1 and Jak3 which associate with a serine-rich region (S) of the ∀ chain and
C-terminus of the common # chain, respectively.13,14 Activation of both Jak1 and Jak3 is essential for subsequent
activation of Stat5 and signal transducing adaptor molecule (STAM) which activates c-Myc transcription (not
shown).15 The other tyrosine kinase Syk which associates with a serine-rich region of the ∀ chain, and Src-family
tyrosine kinases such as Lck, Fyn, and Lyn which associate with an acidic region (A) of the ∀ chain, are also activated
upon IL-2 stimulation.16 Src-family tyrosine kinases activate pathways of both Ras/Raf/MAP kinase and PI3K/
Akt, whereas Syk induces c-Myc expression.

via dimerization of the single receptor chain or the common ∀ chain. In the latter case, a
ligand-specific ! chain does not associate with Jaks and is not directly involved in intracellular signaling. The second mode of activation is typified by receptors of the IL-6 family
—IL-6, IL-11, oncostatin M (OSM), leukemia inhibitory factor (LIF), ciliary neurotrophic
factor, cardiotrophin-1, and G-CSF—where multiple Jaks are activated with a single signaling chain. However, in this case, only Jak1 appears to be essential for signaling, with
activation of Jak2 or Tyk2 not mandatory in spite of the activation of these kinases upon
ligand stimulation.12 The third mode is typified by signaling of the cytokines which use a
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Three modes of cytokine signaling using Jaks in hematopoietic cells

1. Single signaling chain-single Jak: (Jak2 is used)
Epo, TPO, ∀c family (IL-3, IL-5, GM-CSF)
2. Single signaling chain-multiople Jaks: (Jak1 is essential)
IL-6 family (IL-6, IL-11, OSM, LIF), G-CSF
3. Multiple signaling chains-multiple Jaks:
#c family (IL-2, IL-4, IL-7, IL-9, IL-15), IFN!/∀, IFN#, IL-10, IL-13, TSLP, IL-12

common # chain (#c) family (IL-2, IL-4, IL-7, IL-9, and IL-15), as well as IFN!/∀, IFN#,
IL-10, IL-13, thymic stromal lymphopoietin (TSLP), and IL-12. The receptors for these
cytokines consist of multiple signaling chains and multiple Jaks are used. In the case of
IL-2 signaling, for example, Jak1 and Jak3 associate with the ∀ chain of the IL-2R and the
#c chain, respectively,13,14 and transphosphorylate each other upon the ligand binding.
Therefore, deletion of either Jak1 or Jak3 abolishes the response to IL-2. Because Jak
activation by auto- or trans-phosphorylation is indispensable for tyrosine phosphorylation
of the hemopoietin receptor superfamily in each of the modes described above, Jaks inevitably play critical roles in hematopoiesis.17,18

Jak Function Determined by Targeted Gene Disruption
Since cytokines and hematopoietic growth factors are somewhat redundant in their
function,19 mice deficient for single factors generally display no severe developmental abnormalities, except for rare cases such as Epo,20 stem cell factor,21,22 IL-7,23 and platelet
derived growth factor.24-26 Of these, Epo and IL-7 exert their function via receptors with
no intrinsic tyrosine kinase activity, and so rely entirely on Jak function. The phenotype of
Jak2-deficient mice27,28 (to be described later) is recapitulated in Epo- or EpoR-deficient
mice.20 Likewise, the phenotype of Jak3-deficient mice29-31 is very similar to that of IL-7-23,
IL-7R ! chain-,32 or #c chain-33,34deficient mice.

Jak1 Performs Nonredundant Functions in Three Classes of Cytokine
Receptor-Mediated Biological Responses
Activation of Jak1 is essential for signal transduction of class II cytokine receptors as
well as those of the #c and gp130 famililies. Jak1-deficient mice die within 24 hr of birth,
probably by neuronal defects due to impaired gp130-mediated signaling.35 Hematologically,
Jak1-/- mice exhibit severely impaired lymphoid development. B cell differentiation is
blocked at the transition step of pro-B to pre-B cells. Thymocyte numbers are greatly
reduced, but CD4/CD8 profile is not perturbed. These profiles of lymphoid development
are very similar to those of Jak3-/- mice, indicating that IL-7 signaling, which is essential
for lymphoid development, requires activation of both Jak1 and Jak3 as obligate partners
to one another. In addition, Jak1-/- embryonic fibroblasts fail to respond to IFN!/∀ and
IFN#, resulting in impaired antiviral activity, and Jak1-/- macrophages fail to respond to
IL-10 in inhibiting production of tumor necrosis factor ! induced by LPS. Interestingly,
colony forming assays using fetal liver cells from Jak1+/+ and Jak1-/- embryos revealed that
Jak1 is dispensable for G-CSF responses, in contrast to the results obtained from in
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vitro experiments.36 Thus Jak1 appears indispensable for lymphoid development principally mediated by IL-7, and immune responses mediated by IFNs.

Jak2 is Essential for Definitive Erythropoiesis and Signaling
of TPO, IL-3, GM-CSF, and IFN#, but not for the Generation
of Lymphoid Progenitors
Jak2 also plays nonredundant roles in signaling via a variety of cytokine receptors.
Jak2-deficient mice27,28 die around day 12.5 postcoitum due to lack of definitive erythropoiesis. The phenotype of Jak2-deficiency is similar to that of Epo or EpoR-deficiency,20
but the reduction in the numbers of erythrocytes is more severe in Jak2-/- mice than in
Epo-/- or EpoR-/- mice. This is because Jak2 is involved not only in signaling of Epo, but
also that of TPO which also contibutes to the expansion of early erythroid progenitor
cells. Furthermore, Jak2-/- fetal liver cells are unable to trasduce sigrals upon stimulation
with GM-CSF, IL-3, and IL-5, whose functions in hematopoiesis are redundant as reported in mice doubly-deficient for common ∀ chain and IL-3 ligand.37 Jak2 is also required for IFN# signaling, but not for IFN!/∀ signaling in vitro and in vivo. Thus fibroblasts from Jak2-deficient embryos are no longer protected by IFN# from the cytopathic
effect of viral infection. On the other hand, fetal liver cells from Jak2-deficient embryos
contain lymphoid progenitor cells which can reconstitute lymphoid development in
sub-lethally irradiated Jak3-deficient mice, as well as hematopoietic stem cells which
co-express CD34 and c-kit. Jak2-/- fetal liver cells and Jak2-/- fibroblasts respond normally
to G-CSF and IL-6, respectively. Taken together, Jak2 seems to play a crucial role in definitive erythropoiesis and is essential for signaling through a distinct group of cytokines
which are involved in erythroid/myeloid differentiation, but is dispensable for lymphoid
development. Other studies have shown that aberrant signaling through Jak2 causes
dysregulated cell growth. For example, constitutive activation of Jak2 by oligomerization
as a result of a TEL-Jak2 fusion generated by chromosomal translocation leads to acute
lymphoid and chronic myeloid leukemias in humans.38,39

Jak3 is Essential for Lymphoid Development
Among the Jak family members, Jak3 is unique in that it is predominantly expressed
in hematopoietic tissues, particularly in lymphoid cells, and is only activated by the cytokines
of #c family.40-42 In contrast, Jak1,rJak2, and Tyk2 are expressed ubiquitously and involved
in signaling of more than two types of cytokine receptors. Mutations in the human Jak3
gene were first reported in 1995 in patients with autosomal recessive SCID43,44 whose
phenotype is indistinguishable from that of X-linked SCID (XSCID) which is caused by
mutations in #c chain.45 At the same time, Jak3-deficiency was proven to be sufficient to
develop SCID in mice by gene targeting experiments.29-31 Furthermore, a mutation of #c
found in a family of patients with a moderate phenotype (XCID) was shown to result in
partial loss of Jak3 association,13 suggesting that the #c-Jak3 pathway is pivotal for driving
lymphoid development. Jak3-deficient mice show severe lymphopenia (reduction in B
and T cell numbers and no NK cells) with tiny thymuses. However, in spite of the extremely low thymic cellularity, Jak3-/- thymocytes do not display any block of differentiation, although the CD4/CD8 ratio is increased. Bone marrow and spleen cells from
Jak3-/- mice show markedly diminished numbers of mature B cells and a developmental
blockade of B cell differentiation at the pro-B to pre-B stage. However, a few cells with a
mature B cell phenotype do exist in Jak3-/- mice. Hence, the B cell differentiation blockade in
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Jak3-/- mice is incomplete, in comparison with the complete arrest of lymphoid differentiation observed in recombination activating gene (RAG)-1-46 or RAG-2-47 deficient mice.
One major functional defect of Jak3-/- lymphocytes is an inability to proliferate upon
stimulation with the #c family of cytokines. Among these, IL-7 plays a critical role for
lymphoid development. Lack of responses to IL-7 results in a failure of lymphoid progenitor expansion in early hematopoietic development. The phenotype of deficiency in #c or
Jak3 is nearly identical to that in IL-7 except that IL-7-/- mice retain NK cells which
respond to IL-15. Jak3-/- splenocytes show impaired response to antigenic stimulation by
polyclonal activators such as concanavalin A, anti-CD3 antibody, and lipopolysaccharide
(LPS), due to a lack of response to IL-2 and IL-4 that are required for maximal proliferation of T and B cells. However, the frequency of generation of immunologically competent mature lymphocytes can be theoretically increased by expanding early lymphoid progenitor cells as a reservoir, although Jak3-/- mature lymphocytes lack the ability to expand
with #c family cytokines. For this purpose, IL-3 which is similar to IL-7 in the effect on
expansion of early lymphoid progenitors can be used, based on the usage of Jak2 for IL-3
signaling. In fact, IL-3 treatment of new-born Jak3-/- mice partially restores lymphoid
development.48 On the other hand, complete rescue of lymphoid development in Jak3-/mice is achieved by bone marrow transplantation after retroviral gene transfer of a wild
type Jak3 gene into Jak3-/- bone marrow cells.49 This finding has opened a possibility of
gene therapy for Jak3-deficient SCID and #c-deficient XSCID patients. In 2000, XSCID
patients were reported to be successfully treated for at least 10 months of follow-up period
by retroviral gene transfer of the #c gene.50 This is one of the most exciting medical advances which has eventuated from the study of signal transduction via cytokine receptors.
Of course, further improvements of the delivery system for more efficient introduction of
the deficient gene into hematopoietic stem cells would be required for a complete cure.
A lack of response to IL-15 in Jak3-deficient mice appears to be responsible for the
absence of NK cells and intestinal intraepithelial #∃ T cells—which is also seen in
IL-15-deficient mice.51 The phenotype of the IL-7 receptor ! chain-deficient mice is more
severe than that of the Jak3- or IL-7-deficient mice in the aspect of lymphoid development, probably due to abrogation of TSLP signaling which also uses the ! chain of the
IL-7 receptor together with the TSLP-specific second chain of the receptor (also called ∃1/
CRLM-2) in conjunction with Jak1 and Jak2, respectively.52-55 Reconstitution experiments of Jak3-/- mice by interbreeding the transgenic mice expressing Jak3 in the thymus
but not in peripheral T cells revealed that Jak3 expression in the thymus restores normal T
cell development, but not the function of peripheral T cells.56 This finding indicates that
constitutive expression of Jak3 in peripheral T cells is required to maintain T cell function.
Interestingly, transgenic expression of Bcl-2 in #c-deficient mice rescues T lymphopoiesis,
but not B or NK cell development,57 and retroviral gene transfer of Bcl-2 into Jak3-/- bone
marrow cells followed by transplantation into Jak3-deficient mice also improves peripheral T cell numbers.58 These findings suggest that #c/Jak3-mediated signaling contributes
to survival of T lineage cells. Curiously, Jak3-/- splenic T cells show a spontaneously “activated” phenotype without antigenic stimulation. These cells actively synthesize DNA and
proliferate in vivo. Transgenic expression of Jak3 on mature T cells in Jak3-deficient mice
rescues the quiescent state of peripheral T cells, suggesting that Jak3 not only contributes
to expansion and survival of thymocytes, but also plays an important role for T cell homeostasis.59 An unexpected expansion of cells of the myeloid lineages caused by Jak3-/- T
cells was also reported in Jak3-deficient mice, suggesting that Jak3 is also involved in
downregulating a myeloproliferative signal.60 Finally, immunoglobulin class switching is
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impaired in human SCID patients with Jak3 mutations, due to lack of IL-4 response,
resulting in readily detectable levels of serum IgM with greatly diminished levels of IgG,
IgA, and IgE.44

Tyk2 is Required for the Full Response to IL-12, but Plays a Restricted
Role in IFN!/∀ Signaling
The function of Tyk2 was originally demonstrated to be an essential tyrosine kinase
for IFN!/∀ signaling by genetic complementation of a mutant cell line.3 However,
Tyk2-deficient mice61,62 are developmentally normal and, unexpectedly, Tyk2-/- cells show
only partially impaired responses to IFN!/∀ stimulation. Reduced signaling of IFN!/∀ in
Tyk2-/- cells is overcome by increased amounts of IFN!/∀, suggesting that Tyk2 plays only
a restricted role in IFN!/∀ signaling. Another unexpected finding was that the response to
IFN# was also reduced in Tyk2-/- cells, demonstrating a cross-talk between IFN!/∀ and
IFN# signaling components.63 It should be noted that this cross-talk is unidirectional;
IFN# signaling depends on IFN!/∀ signaling, while IFN!/∀ signaling is not affected by
IFN# signaling as observed in Jak2-/- mice.
In contrast to the semi-redundant role of Tyk2 in IFN!/∀ signaling, Tyk2-/-splenocytes
show a markedly decreased IL-12-stimulated production of IFN#, although it is not completely abolished. On the other hand, IL-12-induced proliferation of CD3+ splenocytes is
not significantly affected by the absence of Tyk2. Consistent with this finding is that the
cytoplasmic region of IL-12R∀II alone was shown to be sufficient to deliver a proliferative
signal by using Jak264 (see Table 1). Thus Tyk2 plays an important role in IL-12-mediated
IFN# production in association with IL-12R∀I. However, there is no obligatory requirement for it in IFN!/∀ signaling in vivo.

Conclusions
Gene targeting experiments in mice has clarified that Jak1, Jak2, and Jak3 play
nonredundant and critical roles in cytokine signaling and hematopoietic development,
whereas Tyk2 is not absolutely required for any cytokine signaling and is dispensable for
the normal development of the hematopoietic system (summarized in Table 3). Now it is
quite obvious that the three Jaks are indispensable for normal hematopoiesis, and aberrant
signaling of Jak2 or Jak3 due to structural alterations leads to leukemia or immunodeficiency, respectively. This makes Jaks one of the most attractive molecular targets for drug
design65 and gene therapy.49
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Table 3. Phenotypes of Jak-deficient mice
Gene

Phenotype

Cytokines affected

Jak1

• defective lymphoid development
• perinatal lethality

• #c family (IL-2, IL-4, IL-7, IL-9, IL-15)
• gp130 family (IL-6, IL-11, OSM,LIF)
• class II cytokine receptor family (IFN !/∀
!/∀,
IFN##, IL-10)

Jak2

• no definitive erythropoiesis
• embryonical lethality (day 12.5)

• Epo, TPO, IFN##
• ∀c family (IL-3, IL-5, GM-CSF)

Jak3

• SCID
• dysregulated myelopoiesis

• #c family (IL-2, IL-4, IL-7, IL-9, IL-15)

Tyk2

• reduced antiviral response
• reduction in IL-12 induced IFN#
production

• IFN!/∀, IFN# (due to cross-talk), IL-12

Cytokines with nonredundant roles in hematopoiesis and immune responses against pathogens are
shown in bold.
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CHAPTER 2

Jak3-Dependent Pathways
in Hematopoiesis and SCID
Nicholas A. Cacalano and James A. Johnston

Introduction

H

ematopoiesis is a critical developmental process that depends on highly regulated
growth and differentiation of pluripotent bone marrow stem cells. The process
of hematopoiesis regulates the production of myeloid, erythroid, and lymphoid
cells from bone marrow progenitors and maintains the correct balance of different blood
cell lineages. The control of hematopoiesis depends on signals delivered through surface
receptors of the hematopoietic superfamily present on progenitor cells in response to a
complex cocktail of cytokines in the bone marrow microenvironment and peripheral
blood.1-4 Members of the cytokine receptor superfamily lack endogenous tyrosine kinase
activity, but bind members of the Jak family of tyrosine kinases including Jak1, Jak2, Jak3,
and Tyk2. Jak3 expression is restricted to cells of hematopoietic lineage, and binds specifically to the common gamma chain (#c) component of several multisubunit hematopoetic
receptor complexes. #c-dependent cytokines include IL-2, IL-4, IL-7, IL-9, IL-15 and
IL-21. Signaling through all of these receptors requires functional Jak1 and Jak3, and
mutation of either kinase or their associated receptor chains ablates functional signal transduction. The importance of this signaling pathway has been underlined by naturally occurring mutations in #c or Jak3 which disrupt kinase-receptor interaction and block
signal transduction. Naturally occuring mutations in Jak3 or #c cause Severe Combined
Immmunodeficiency (SCID). This type of SCID is the most common inherited immunodeficiency, appearing in 1:50,000 live births. SCID mice and humans have profound
defects in lymphocyte development and development of secondary lymphoid organs. They
have a significant block in productive TCR and BCR gene rearrangements and markedly
reduced survival of lymphoid progenitor cells.5-8
It has been found that Jak3-dependent cytokine signaling is critical for multiple, opposing effects on hematopoietic cells. Jak3 is required for delivering survival and proliferative signals to lymphocyte progenitor cells derived from the bone marrow, by activating
cell cycle progression through transcriptional regulation of cell cycle activators, cyclins
D1, D2 and D3,9-12 while simultaneously delivering potent survival signals by increasing
expression of the anti-apoptotic Bcl-2 family of proteins and activation of the cell survival
kinase Akt.13 Interestingly, at later stages of lymphocyte development, Jak3 signal transduction ensures proper control of the immune system by delivering critical differentiation
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and cell death signals to mature, activated peripheral T cells. Jak3 is required in the periphery for deletion of self-reactive T cells, generation of memory antigen-specific CD8+ T
cells, and for triggering the Fas ligand-dependent activation induced cell death (AICD)
pathway, crucial for the proper negative control of immune responses and prevention of
autoimmune reactions. Indeed, gene-targeting experiments in mice have demonstrated
the dual requirement for Jak3-dependent activation of cell cycle progression and cell survival, as well as for the negative control of lymphocyte activation.14,15 Jak3, #c, and IL-7
receptor deficiency results in profound defects in T, B, and NK cell development and
cytokine-dependent proliferative responses of peripheral lymphocytes.16-20 The T cells that
develop in Jak3, #c, Stat5a/b, IL-2, and IL-2 receptor knockout mice are activated peripheral T cells, and in some cases, can cause fatal autoimmune disease.17,20 This chapter will
discuss our current knowledge of the multiple roles of Jak3 in hematopoiesis and peripheral lymphocyte function by detailing the function of specific cytokine-activated biochemical
pathways in T, B and natural killer (NK) cell development. In addition, we will analyse the
results of gene targeting experiments as well as the phenotypes of humans with mutations
in Jak3. Finally, the function of individual Jak3-dependent receptors will be discussed
through the analysis of mice lacking single receptor chains, but retaining all other Jak3
signaling complexes.

Jak3-Regulated Signal Transduction Pathways
Treatment of cells with cytokines induces a marked increase in total cellular tyrosine
phosphorylation. However, members of the cytokine receptor superfamily lack endogenous tyrosine kinase activity, which suggested that the intracellular domains of the signaling chains were non-covalently associated with cytoplasmic tyrosine kinases. In genetic
complementation experiments using interferon-non-responsive mutant cell lines, interferon signaling could be reconstituted with cDNAs encoding tyrosine kinases of the Janus
(Jak) family.21,22 Four Jak family members were identified: Jak1, Jak2, Jak3, and Tyk2, all
of which are important in signal transduction through a variety of cytokine receptors. In
contrast to Jak1, Jak2, and Tyk2, which are ubiquitously expressed in all cell types, Jak3
expression is restricted to cells of hematopoietic lineage, suggesting an important, specific
role for this kinase in hematopoiesis.23-26 Indeed, stimulation of lymphoid cells with several different #c-dependent cytokines was found to induce rapid tyrosine phosphorylation
of Jak3 as well as other downstream signaling molecules.27-29 The structures of the receptor complexes that use Jak3 as a signaling component are shown in Figure 1. All of these
receptors are heteromeric complexes containing either two or three polypeptide chains.30
Each receptor contains a ligand-specific high affinity binding chain as well as a chain
shared by all members of this subfamily of hematopoietic receptors, p64, which was subsequently named the common gamma chain (#c )(Fig. 1)31-39 An important finding which
implicated Jak3 in signal transduction through this family of receptors was the finding
that Jak3 was physically associated with #c, and immunoprecipitating anti-#c antibodies
can co-precipitate Jak3 with #c.40,41 The receptors for IL-4, IL-7 and IL-9 are all heterodimers
containing #c as well as their respective ligand-specific chains that are non-covalently associated with another family member, Jak1. By comparision, the receptors for IL-2 and
IL-15 are trimeric complexes which contain ligand-specific components (IL-2R! and
IL-15R!), as well as two shared chains, #c and IL-2R∀. In these complexes, the shared
IL-2R∀ chain is associated with Jak1 (Fig. 1). Signaling through all of these receptors
requires functional Jak1 and Jak3, as mutation of either kinase or their associated receptor
chains ablates functional signal transduction.42-46 Although there is only weak sequence
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Figure 1. IL-2-related cytokine receptors.

homology among members of the cytokine receptor superfamily, there is a loosely homologous region in the membrane-proximal portion of the cytoplasmic tail, known as the
Box1/Box2 motif, which encodes conserved proline-containing motifs that have been shown
to be critical for the association of the receptors to the amino-terminal regions of Jak
kinases.47-49 The importance of these sequences have been demonstrated by the identification of naturally occurring mutations in #c or Jak3 which disrupt the association and cause
human genetic disease.50
A critical event in cytokine signal transduction is the Jak kinase-mediated phosphorylation of tyrosine residues on the signaling components of the receptor complex. Phosphorylated tyrosines serve as docking sites for signaling molecules that contain Src homology (SH) 2 and phosphotyrosine binding (PTB) domains and initiate a cascade of
protein-protein interactions that are required for the activation of survival and proliferative pathways. Extensive analysis of receptor mutants that fail to activate one or more of
these pathways has demonstrated the role of these biochemical signals in cell survival,
proliferation, and differentiation at many stages of hematopoietic development.51-53 Shown
in Figure 2 are some of the most well studied signaling pathways activated by cytokine receptors.

Stat Proteins
One of the best studied pathways involves the latent cytoplasmic SH2-containing
transcription factors known as Stats (signal transducers and activators of transcription).
Early experiments in IFN !/∀-non-responsive mutant cell lines that identified Jak kinase

