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Abstract

JAK3 is a non-receptor tyrosine kinase, predominantly expressed in hematopoietic cells and that has
been implicated in the signal transduction of the common gamma chain subfamily of cytokine
receptors. As a result, JAK3 plays an essential role in hematopoieisis during T cell development.
JAKS inactivating mutations result in immunodeficiency syndromes (SCID) in both humans and
mice. Recent data indicate that abnormal activation of JAK3 due to activating mutations is also found
in human hematological malignancies, including acute megakaryoblastic leukemia (AMKL) and
cutaneous T cell lymphoma (CTCL). After a brief summary of the JAK3 structure and function, we
will review the evidence on the emerging role of JAK3 activation in hematological malignancies that
warrant further studies to test the relevance of specific inhibition of JAK3 as a therapeutic approach
to these challenging clinical entities.
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1. Introduction

Janus Kinase 3 (JAK3) also known as Leucocyte JAK (L-JAK) was cloned in 1994 from natural
killer cells by the group of John O'Shea (Kawamura et al., 1994). JAK3 belongs to a family of
four membrane-associated intracellular non-receptor tyrosine kinase proteins (JAK1, JAK2,
JAKS, and TYK?2) that mediate signals initiated by cytokine and growth factor receptors. This
review highlights the recent observation that abnormal activation of JAK3 is also found in
human hematologic malignancies, indicating that a tight balance in its activity is essential for
normal hematopoietic development.

2. Structure

The JAK3 gene is located on human chromosome 19p13.1 and comprises 24 exons (Fig. 1).
The commonly described isoform (JAK3S) encodes an 1124-amino acid (aa) protein with a
predicted molecular mass of 125 kD. Alternative splicing in exon 24 also leads to the expression
of JAK3B (a 1094-aa protein lacking part of the kinase domain) and JAK3 M (a 1131-aa
protein).
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The JAKS3 protein presents seven JAK homology (JH) domains common with the other JAK
proteins (Baker et al., 2007). Although the crystal structure of the entire JAK3 protein, or any
other JAK, has not yet been published, the structure of the JH1 kinase domain has been solved
(Fig. 1) (Boggon et al., 2005). The JH1 domain is a kinase domain whose activity is regulated
in part by phosphorylation of key tyrosine residues (Y980 and Y981) in its kinase activation
loop. This domain bears a bilobar structure, characteristic of kinase domains. Its role is to
catalyze the transfer of the y-phosphate from the ATP phosphate donor onto a protein substrate.
In this process, ATP complexed with a divalent cation is recruited to the ATP binding pocket,
acommon feature of kinases that can be targeted by small molecule inhibitors to block catalytic
kinase activity. The JH2 or pseudokinase domain, which has no kinase activity, is thought to
interact with signal transducers and activators of transcription (STAT) and negatively regulate
kinase activity of the JH1 domain. The JH3-JH7 domains are predicted to fold as SH2 (JH3-
JH4) and FERM (JH4-JH7) domains. JH6 and JH7 play an important role in binding to the
common gamma chain, or y, receptor and a mutation at the position Y100 abolishes this
interaction and inhibits JAK3 activation.

3. Expression and activation

In sharp contrast with the ubiquitous expression of the other JAKs, JAK3 is predominantly
expressed in hematopoietic tissues (Ghoreschi et al., 2009; Thomis and Berg, 1997), but has
also been detected in brain, spinal cord, heart, skeletal muscle, liver, pancreas, prostate, kidney,
and lung. JAK3 expression is also found in epithelial cancer cells, including primary breast
cancer and cell lines (SW480: colorectal adenocarcinoma, A549: lung carcinoma, and G361:
melanoma).

In addition to its restricted expression, the discrete function of JAK3 in hematopoiesis is also
due to its unique ability to bind only one cytokine receptor, the common gamma chain or vy,
whose expression is also restricted to hematopoietic tissues. The y. subunit is shared by several
heteromeric cytokine receptors important for the development of lymphoid cells, including
IL2-1L4-, IL7-, IL9-, IL-13, IL15-, and IL21-receptors (Rochman et al., 2009). JAK1 binds to
the B-subunit of these cytokine receptors. Once the receptors are engaged by their ligands,
conformational changes lead to the activation and auto-transphosphorylation of JAK3 (Fig. 2).
Then, phosphorylation of the intracellular part of the receptor by JAK3 creates docking sites
for several signaling molecules, including Signal Transducers and Activators of Transcription
(STAT) factors, Phosphatidyl-Inositol 3-Kinase (PI3K) and Insulin Receptor Substrate (IRS).
Phosphorylation of STAT factors allows their translocation to the nucleus to regulate the
transcription of a wide variety of target genes that are highly dependent on the STAT factor
and cell-context (Ihle, 2001).

Several factors are responsible for attenuating the signals initiated by cytokine receptor-ligand
interactions in order to ensure a transient activation of the pathway and controlled cellular
responses. These factors include tyrosine phosphatases (e.g. Srchomology 2 domain-
containing phosphatase-1: SHP-1) that allow dephosphorylation of JAK3 (Han et al., 2006) or
E3 ubiquitin ligases (i.e. suppressors of cytokine signaling or SOCS and cytokine signaling
inducible SH2 domain-containing proteins or CIS), which are responsible for ubiquitination
and proteasome-dependent degradation of the kinase (Piessevaux et al., 2008; Yasukawa et al.,
2000).

4. Biological function and mutations in hematologic disorders

The function of JAK3 is linked to the function of the cytokine receptors that use the y. receptor
chain. As a result, the best-characterized role of JAK3 in hematopoiesis is during lymphocyte
development in which these receptors were shown to have an important role (Ghoreschi et al.,
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2009; Thomis and Berg, 1997). The function of JAK3 in non-hematopoietic cells remains to
be determined, as is whether y, is required for its activation in these cells.

The role of JAK3 in hematopoiesis is highlighted by the presence of germline inactivating
mutations (missense/nonsense, splicesite, deletion or insertion mutations) on both copies of
JAKS in about 10% of patients with the autosomal recessive T- and NK-cell negative/B-cell
positive type of severe combined immunodeficiency (SCID); a condition characterized by a
profound defect in mature T and NK cells, and to a lesser extent B lymphocytes (Russell et al.,
1995). Patients present life-threatening infections in the first months of life, which can often
be cured by hematopoietic stem cell transplantation, suggesting that JAK3 does not have an
essential role outside of hematopoiesis. A similar phenotype is observed in JAK3-deficient
mice that have a striking deficiency in thymic progenitor cell development, an absence of
lymph nodes and a severely reduced number of circulating CD8* T and NK cells (Nosaka et
al., 1995).

Patients with inactivating mutations of y. have a similar SCID phenotype to that of JAK3-
SCID patients. Furthermore, y¢-deficient mice have an identical phenotype to JAK3-deficient
animals indicating that JAK3 requires the scaffold structure of y. to become activated and that
JAKZ is likely to be the only JAK to transduce v, signals (Ghoreschi et al., 2009; Rochman et
al., 2009; Thomis and Berg, 1997). It is thought that inhibition of the IL-7 receptor, which is
also mutated in about 10% of autosomal recessive SCID patients, is the basis for most of the
abnormalities associated with a JAK3 or y. deficiency.

Using an unbiased mass spectrometry approach to identify novel tyrosine kinase mutations in
myeloid leukemia, a novel JAK3A572V mutation was identified in the CMK cell line derived
from a patient with acute megakaryoblastic leukemia (AMKL) (Walters et al., 2006). Although
this alanine to valine substitution in the JH2 pseudokinase domain of JAK3 appears quite
conservative, it affects a conserved amino acid predicted to be on the cleft side of the C helix
at the same position as the catalytic glutamic acid residue in active kinase domains. This
catalytic cleft region of the JH2 domain is thought to interact with the JH1 domain and play a
role in regulation of the kinase activity. JAK3A572V mediates proliferation of the CMK cells,
induces cytokine independent growth of BaF3 cells in vitro and leads to constitutive
autophosphorylation of the JAK3 kinase and phosphorylation of several downstream effectors,
including STAT5, AKT or ERK (Cornejo et al., 2009; Walters et al., 2006). Together,
JAK3A572V is a bona fide activating mutation of JAK3, which is predicted to disrupt an
important autoregulatory interaction between the JH2 and JH1 domains. Using resequencing
strategies, other groups have reported additional activating mutations in AMKL cell lines and
patients (De Vita et al., 2007; Sato et al., 2008), including a JAK3A573V mutation (Malinge
et al., 2008), targeting the neighboring conserved amino acid, while other groups did not find
JAK3 mutations in their cohort of patients (Norton et al., 2007). Although other genetic lesions
(e.g. chromosomal translocations) that would lead to JAK3 aberrant activation are not detected
with classical sequencing approaches, these observations indicate that JAK3 activating
mutations constitute rare events in AMKL.

The finding of JAK3 mutations in megakaryoblastic malignancies was unexpected as JAK3 is
generally associated with lymphoid development and was not previously shown to participate
in myeloid cell development. Interestingly, expression of the JAK3A572V mutant allele in a
murine bone marrow transplant model not only showed a subtle megakaryocyte hyperplasia
(Walters et al., 2006), but also a more striking lymphoproliferative disease characterized by
the expansion of CD8*TCRof*CD44*CD122*Ly-6C* T cells that closely resemble an
effector/memory T cell subtype (Cornejo et al., 2009). In addition, prominent skin infiltration
reminiscent of Pautrier's microabcesses, a morphologic feature characteristic of several forms
of human cutaneous T cell lymphoma (CTCL), was visible in JAK3A572V animals.
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Subsequently, a JAK3A572V mutation was found in 1 of 30 cutaneous T cell lymphoma
patients, and who was diagnosed with a severe CD4* mycosis fungoides (Cornejo et al.,
2009). This incongruence between the mouse model and the human phenotype suggests that
the cell-context in which the mutation arises is important for the cellular phenotype of the
disease. In support of this hypothesis, when JAK3A572V expressing bone marrow cells were
introduced into Kb~ Db/~ (i.e. MHC class I-deficient) syngeneic animals that cannot develop
CD8* T cells, recipients developed a CD4* lymphoproliferative disease (Cornejo et al.,
2009). Although functional analysis are required to confirm the role of JAK3 activation in the
initiation or progression of human CTCL, these results show that constitutive JAK3 activity
could also drive CD4* T cell lymphoproliferation in mice.

These observations indicate that JAK3A572V mutation is found in 1/30 cases of CTCL and
that its expression in murine hematopoietic progenitors is sufficient to efficiently induce a
lymphoproliferative disorder. However, although rare JAK3 activating mutations are
associated with AMKL, expression of JAK3A572V in a retroviral transduction/bone marrow
transplant model does not result in megakaryoblastic leukemia (Cornejo et al., 2009; Walters
et al., 2006). Therefore, JAK3 mutations likely arise as a secondary/late oncogenic hit during
megakaryoblastic transformation after acquisition of other critical mutations that confer altered
self-renewal properties and a megakaryocyte phenotype to the malignant clone. In this context,
the receptor scaffold required for JAK3 activity remains to be identified.

5. Therapeutic use of JAK3 inhibitors

As a kinase that can be targeted at the level of the ATP binding pocket, JAK3 has historically
been a very attractive target for the development of small molecule inhibitors. Indeed, its
restricted expression and function within the hematopoietic compartment should in principle
result in very limited side effects on other organs. Therefore, based on the essential role of
JAK3in T and NK-cell development, the original idea was to obtain inhibitors that could serve
as immunosuppressors (Pesu et al., 2008). Several small molecule compounds have been
reported to inhibit JAK3, although selectivity of some of these small molecules against JAK3
as compared to the other JAK family members and tyrosine kinases in general remains to be
established (Changelian et al., 2008). Nevertheless, some JAK3 inhibitors have already shown
efficacy in preventing graft rejection and autoimmune disease in animal models of organ
transplants (Changelian et al., 2003) and are now being evaluated in Phase 1 and Phase 2 clinical
trials for kidney transplants. In addition, JAK3 inhibitors (i.e. CP-690, 550, R348 and VVX509)
are also being tested in the context of other inflammatory diseases, including psoriasis and
rheumatoid arthritis.

Interestingly, JAK3 inhibitors could also benefit anti-cancer therapies. In addition to JAK3
activating mutations found in rare cases of acute megakaryoblastic leukemia and cutaneaous
T cell lymphoma, JAK3 activation has been reported in several lymphoproliferative disorders,
including mantle-cell lymphoma (MCL), Burkitt's lymphoma, HTLV-1 induced adult T cell
lymphoma/leukemia (ATLL), and anaplastic large cell lymphoma (ALCL). Except in the
context of ALCL, in which the NPM-ALK fusion protein was reported to physically interact
with and activate JAK3 (Crockett et al., 2004), the mechanistic basis for constitutive JAK3
activation, as well as its precise contribution to other lymphoid disorders, is unclear. Of note,
inhibition of JAK3 appears important for the growth of NPM-ALK™* lymphoma cells in vitro
(Aminetal., 2003; Dien Bard et al., 2009). In addition, a pan-JAK inhibitor efficiently inhibited
the proliferative phenotype of isolated murine CD8* T cells expressing JAK3A572 V in vitro
(Cornejo et al., 2009). Based on these observations, we suggest that selective inhibition of
JAK3 or downstream signaling pathways could be a novel therapeutic strategy for the treatment
of a subset of these malignancies generally associated with poor prognosis. Together, a precise
understanding of the incidence of aberrant activation of JAK3 in patients as well as the analysis
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of physiological models of constitutive JAK3 activation in mice will help validate the
therapeutic potential of JAK3 inhibitors in the treatment of human hematologic malignancies.
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Fig. 1.

Structure of the JAK3 gene and protein. The human JAK3 genomic structure is shown in the
upper panel and the JAK3 protein structure is represented in the middle panel. JAK3 is
comprised of 7 JAK homology (JH) domains. JH1 contains the C terminus kinase domain; JH2
contains a pseudokinase domain and the alanine 572 residue which mutation to valine leads to
constitutive activation of the kinase in acute megakaryoblastic leukemia and cutaneous T cell
lymphoma. The N terminus region (JH6 and JH7) is critical for y. receptor binding and signal
transduction. Y100C mutation found in SCID patients abolishes the interaction between JAK3
and the common v, chain. A cartoon representation of the JH1 domain of Jak3 (PDB code:
1YVJ) is shown (N-lobe is in green and C-lobe in blue) in the lower panel. A small molecule
staurosporine analogue is seen bound in the kinase catalytic cleft in yellow. Conserved kinase
domain residues are shown in stick representation and indicated HRD, KxxN, DFG, aC-E,
vaiK and are important for orientation of the substrate residue hydroxyl group (HRD), y-
phosphate neutralization (KxxN), a- and - phosphate positioning (aC-E, vaiK), metal binding
(DFG), and conformational transition between active and inactive states (DFG). Human Jak3
varies from canonical kinase domains with substitutions of the KxxN and vaiK motifs to xxRN
and vavkK, both commonly seen substitutions. Phosphotyrosines pTyr-980 and pTyr-981
critical for JAK3 activity are shown in stick representation. Figure was made using Pymol
(www.pymol.org).
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Fig. 2.

Schematic representation of the signal transduction initiated by cytokine receptors through
JAK3. The heterodimeric IL7 receptor is used as an example. Conformational changes resulting
from the binding of the cytokine to its receptor induce autophosphorylation of JAK3 and
phosphorylation of the cytokine receptor by JAK3, which lead to recruitment of STAT and
adaptor proteins that are then phosphorylated by JAK3 and other JAKSs. Phosphorylated STAT
factors migrate to the nucleus where they act as transcription factors of genes important for
survival, proliferation and differentiation of lymphoid cells.
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