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ABSTRACT

The study of leukemia includes determining the difference between normal blood
cells and abnormal (leukemic) cells. The erroneous activation of endogenous
pathways may account for the transformation of normal cells to a leukemic state.
Cytokines are soluble factors that mediate cell-cell communcation, proliferation,
differentiation, and survival of hematopoietic cells. Cytokine signaling activates
tyrosine kinases to phosphorylate downstream effector molecuies. Cells may
become leukemic by activating intracellular kinases and therefore activating cytokine
signaling péthways. The Bcr-Abl fusion protein is a constitutively activated tyrosine
kinase that is the causative abnormality of chronic myelogenous leukemia (CML). To
determine proteins important in Ber-Abl transformation and cytokine signaling,
proteins that were tyrosine phosphorylated in Ber-Abl-expressing or cytokine
stimulated cells were studied. Examination of CML patient samples for novel
tyrosine phosphorylated proteins demonstrated that CrkL is the major tyrosine
phosphorylated protein in CML neutrophils as compared to normal neutrophils.
CrkL, a member of the Crk family of oncoproteins, is an SH2, SH3 domain
containing adaptor protein. Crk is known to transform cells by activating intracellular
tyrosine kinases and associating with a variety of cytoplasmic tyrosine
phosphorylated proteins. Treatment of hematopoietic cells with stem cell factor or
thrombopoietin results in tyrosine phosphorylation of CrkL, but minimal tyrosine
phosphorylation is seen following treatment with IL-38, GM-CSF, or erythropoietin.
Similar to Crkl, Signal Transducer and Activator of Transcription (Stat) 5 is
constitutively tyrosine phosphorylated in Ber-Abl expressing cells and inducibly
tyrosine phosphorylated in cells stimulated with thrombopoietin. However, Stats
tyrosine phosphorylation is also seen in cells stimulated with [L-3, GM-CSF, and

erythropoietin. Here we show that in GM-CSF stimulated or Ber-Abl-expressing



cells, CrkL interacts with tyrosine phosphorylated Stat5. Additionally, following
cytokine stimulation or in the presence of Ber-Abl, CrkL is found in the nucleus, can
be detected in a Stat5/DNA complex, and increases transcriptional activation from a
Stat responsive reporter construct. This suggests a novel role for CrkL, functioning
as a nuclear adaptor protein that can associate with and activate Stat proteins in Ber-
Abl-expressing or cytokine stimulated cells. Through these studies we have
identifed an interaction induced by constitutive activation of a pathway normally
activated by cytokine stimulation. This may indicate a role for the Stat5/CrKI

interaction in leukemogenesis.



CHAPTER |

Introduction

Hematopoiesis and Cytokines

Hematopoiesis is the development of a pluripotent stem cell through distinct
lineages to form blood cells (1). A pluripotent stem cell has self-renewal abilities and
the potential to develop into different differentiated cell types, each with specific
functions and morphology. As a progenitor cell differentiates into one lineage, the
ability to establish any other lineage is lost. There are two basic developmental
cascades in hematopoiesis, the myeloid and lymphoid lineages. The lymphoid
cascade produces B and T cells. The myeloid pathway produces erythrocytes,
megakaryocytes, platelets, monocytes, macrophages, neutrophils, basophils and

eosinophils (2).

A broad spectrum of cytokines, soluble factors that mediate cell-cell communication,
collaborate to control the differentiation, proliferation, maturation, and survival of
hematopoietic cells (3). Cytokines were identified by their ability to enable growth in
tissue culture of immature progenitor cells from bone marrow (4-7). In tissue culture,
hematopoietic cells may be dependent on cytokines for growth and survival and
deprivation of cytokines induces apoptosis (8, 9). Cytokines are produced by
activated T cells, macrophages, and stromal cells (10). Cytokines target specific
receptors on the surface of developing blood cells, expression of which is regulated
by environmental signals (11). Therefore, receptor expression determines the
cytokine responsiveness of a cell. Receptors couple ligand binding to tyrosine
phosphorylation of effector molecules, ultimately coordinating a genetic program
through positive and negative regulation of transcription (12). Thus, the cytokine

receptors couple an extracellular signal to a nuclear response.



Cytokines are categorized by receptor homology in which family members may
have redundant signaling. For example, IL-3, IL-5, and GM-CSF receptors have
unique ligand binding alpha chains which dimerize following ligand binding with a
common signal transducing beta chain. IL-3 supports the growth of progenitor cells
of all lineages. GM-CSF induces myeloid lineage development to mature
neutrophils, monocytes, and eosinophils (13). Whereas IL-3 and GM-CSF
stimulate multiple hematopoietic lineages, IL-5 stimulates a more restricted set
including eosinophils and B cells (14). The restricted action of IL-5 is likely due to the
restricted expression of the receptor on eosinophils and B cells (15). Redundancy
can be demonstrated in that stimulation of eosinophils by either GM-CSF, IL-3, or
IL-5 induces almost identical biological effects (16). Although GM-CSF and IL-3
stimulate multiple lineages, mice deficient in the IL-3/IL-5/ GM-CSF family of
receptors have a normal hematopoietic constitution except for a reduced number of
peripheral eosinophils (17). These data suggest that there may be redundancy
between families as well as within a family of cytokine receptors. The cytokine

families are categorized in Appendix |, Table 3.

Although cytokine receptors lack an intrinsic kinase domain, the induction of tyrosine
phosphorylation is critical to their function. Cytokine receptors associate with distinct
kinases that couple ligand binding to intracellular phosphorylation events. For
example, following ligand binding Janus kinases are activated and phosphorylate
sites on the receptor complexes. These phosphorylation events allow the
recruitment and activation of specific effector proteins, such as Signal Transducers
and Activators of Transcription (Stat) proteins, that results in transcriptional activation.

The JAK/Stat signaling pathway is reviewed in detail in Appendix |.

to



Hematopoietic cells may become malignant by constitutive activation of pathways
regulated by cytokines. This could lead to excessive proliferation, a block to
differentiation, or inhibition of programmed cell death that are characteristic of
transformed cells. As cytokine signaling is controlled by tyrosine phosphorylation, a
mechanism for cytokine independence and malignant transformation is the aberrant
activation of specific tyrosine kinases (18). It follows that defining the pathways
normally activated by cytokines that are constitutively activated in leukemic cells

would lead to an improved understanding of the disease.

Chronic Myelogenous Leukemia

Chronic myelogenous leukemia (CML) is a malignancy of a pluripotent
hematopoietic stem cell. All myeloid lineages are involved, however, significant
expansion of granulocyte (neutrophil) and megakaryocyte (platelet) lineages are
most common. CML accounts for 20% of all leukemias (19). The disease proceeds
from a chronic phase to an accelerated phase followed by a blastic phase. Chronic
phase is characterized by excesive numbers of myeloid cells that diferentiate and
function normally. The chronic phase tyically lasts 4-6 years. With disease
progression, to accelerated phase and blast crisis, myeloid cells lose the capacity for
terminal differentiation. Disease progression is accompanied by increased genetic
instability at a cytogenetic level (20). Although bone marrow transplant is a curative
therapy, less than a third of patients with CML are eligible for this procedure. This is
either due to an inability to find a human leukocyte antigen (HLA) matched donor or

concemns about mortality from this procedure in older patients.

Ber-Abl
The major distinguishing feature of CML is a specific chromosomal translocation,

known as the Philadelphia (Ph) chromosome, that is identifiable throughout the



course of the disease (21, 22). The Ph chromosome is a somatic mutation that results
from a reciprocal translocation between chromosomes 9 and 22 and fuses
breakpoint cluster region (Bcr) sequences on chromosome 22q11 with c-Abl
sequences from chromosome 9q34 (22-24). As a consequence of this chromosomal
translocation, a fusion mMRNA and protein, Ber-Abl, is created. Specifically, Bcr exons
1 through 3 replace the first exon of c-Abl to form a fusion protein of 210 kilodaltons
(kDa). An alternate form of Ber-Abl that includes only Ber exon 1 has been identified
(185 kDa, p185), however, virtually all CML patients express the p210 form of Ber-
Abl(25, 26).

Several experiments suggest that Ber-Abl is the causative agent of CML. In bone
marrow reconstitution studies using bone marrow infected with p210 Ber-Abl
retrovirus, transplanted mice develop a CML-like syndrome along with other
leukemias (27, 28). Consistent with this, transgenic mice expressing the p185 form of
Ber-Abl develop acute myeloid or lymphoid leukemia, similar to CML blast crisis or

acute lymphoblastic leukemia associated with the expression of p185 Bcr-Abl (29).

Additionally, Ber-Abl expression transforms fibroblasts and immature hematopoietic
cells and induces IL-3 independent growth of myeloid cells (30-33). Thus, retroviral
expression of Ber-Abl in bone marrow or bone marrow derived cell lines (BaF3)
grow regardless of the presence of IL-3 and induce nonregressing, lethal tumors in
nude mice when injected subcutaneously. As noted above, CML disease
progression is accompanied by genetic instability. Similarly, Ber-Abl transfected

BaF3 cells have a higher mutation rate in comparison to untransfected cells (20).

The mechanism of Ber-Abl transformation is not known. The Ber-Abl fusion protein

has elevated protein tyrosine kinase activity as compared to c-Abl (34, 35). The



importance of the kinase activity of Ber-Abl is illustrated by mutants of the kinase
domain ATP binding pocket that lack kinase activity and are non-transforming (36).
Ber-Abl activates pathways that increase proliferation, inhibit apoptosis, and result in
adhesion defects in hematopoietic progenitor cells. Ber-Abl, through

phosphorylation or protein-protein interactions, leads to the activation of a variety of
signaling pathways. Many of these proteins have roles in multiple pathways and
interact between pathways to create the complicated signal transduction observed in
Ber-Abl expressing cells. Figure 1 is a diagram of some of these interactions. Many

of the pathways activated by Bcr-Abl are also activated by cytokine stimulation.

Ber-Abl activation induces Ras activation with Ras becoming GTP loaded (37).
Expression of a dominant negative ras in 32D cells expressing Ber-Abl or K562
cells, derived from a patient with chronic myelogenous leukemia, resulted in
increased apoptosis, suggesting that Ber-Abl inhibition of apoptosis may be ras
dependent (38). Expression of dominant negative ras inhibited transformation of
mouse bone marrow cells by Ber-Abl (39). Ras activation results in activation of Map
kinases, JNK and ERK kinases. JNK activation results in activation of Jun transcription
factor, and a dominant negative Jun impairs Ber-Abl transformation (40). Interestingly,
bcl-2 gene transcription is activated by Ras in Ber-Abl expressing cells, whereas a
truncated Ber-Abl lacking Ber sequences that are necessary to activate Ras fails to
activate transcription of bcl-2 (41). Ras activation is commonly associated with
proliferation, however, Bcl-2 is involved in apoptotic pathways, suggesting that Ras
may also be involved in survival effects. ERK activity has been implicated in the
proliferation and transformed phenotype of K562 cells, although the mechanism is

not known (42).
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Figure 1. Diagram of Ber-Abl signal transduction pathways. The adaptor
proteins include CrkL, Cbl, Grb2, and Shc. Cytoskeletal proteins include actin,
paxillin, and vinculin. Guanine nucleotide exchange factors C3G and Sos activate
GTPases Rap-1 and Sos, respectively. The tumor suppressor Rap-1 has been
implicated in cell adhesion wheras Sos activates the Ras pathway to regulate
proliferative, anti-apoptotic and cytoskeletal signaling. Kinases activated include
phosphatidylinositol 3-kinase (PI-3K), the dual function mitogen activated protein
kinases (MapK), and the serine/threonine Ras activated kinase (Raf). Transcription
factor Stat5 is activated. Bcl-2 and Bel-x are mitochondrial membrane anti-apoptoiic
proteins. Although the arrows indicate pathways, these protein interactions may not

be direct.



Ber-Abl expression induces an increase in spontaneous motility, membrane ruffling,
and filapodia extensions and retractions suggesting an involvement of Ber-Abl in
cellular motility (43). Ber-Abl localizes to the cytoskeleton and mutants that fail to
localize to the cytoskeleton have reduced transforming potential. (44-47) Ber-Abl
phosphorylates focal adhesion proteins (45). Immunofluescence has demonstrated
that Ber-Abl expression disrupts the normal array of F-actin filaments resulting in
altered morphology (nonspherical, abnormal extensions with actin), spontaneous
motility and membrane ruffling (43). Ber-Abl expressing cells have decreased ability
to adhere to stromal layers and increased cell motility on fibronectin and collagen IV

(43, 48).

The Abl domains of Ber-Abl include a Src homology (SH) 3 motif, an SH2 motif, a
kinase domain, a nuclear localization signal, and a unique carboxy terminus which
contains DNA and actin binding motifs. Wild type c-Abl has two alternate exon 1,
referred to as 1A and 1B. Deletion of the amino terminus resulted in an increase in
autokinase activity, suggesting that the variable amino terminal region has negative
regulatory effects on c-Abl kinase activity (49). The Abl SH2 domain favors binding
to the specific sequence pTyr-X-X-Pro, where X signifies any amino acid (50). The
specificity of SH2 domains for tyrosine phosphate is determined by conserved
residues in the SH2 binding pocket, whereas additional amino acids in the pocket
determine specificity for the amino acids surrounding the phosphorylated tyrosine
(51). Interestingly, point mutations in the Abl SH2 domain inhibit transforming ability
of Ber-Abl in fibroblasts, but do not impair the ability of Ber-Abl to induce growth

factor independence of myeloid cells (36, 52, 53).

The Abl SH3 interacts with proline rich regions on target proteins and regulates

kinase activity. The Abelson murine leukemia virus, a transforming retrovirus, contains



a fusion of viral gag sequences to c-Abl sequences lacking the amino terminus (SH3
domain). This Abl variant (v-Abl) has increased tyrosine kinase activity in comparison
to c-Abl (54, 55). c-Abl with a deleted SH3 domain is also an activated kinase that

can transform fibroblasts and hematopoietic cells (56, 57).

Ber Abl

i
Y177 : —
1 2 3 [ SH3 {1 SH2 I Kinase I PPPP

Figure 2. Domains of Ber-Abl. Ber is labeled as 1, 2, and 3, for the corresponding

PRI TITTTTETTINS ._..J.
Carboxy i

bl S

o

exons. Abl domains include the SH3, SH2, kinase, proline rich region labeled
PPPP, and the carboxy terminus region that includes the actin binding domain,

nuclear localization signal, and DNA binding sequence.

c-Abl activated by SH3 domain deletions versus fusion to Ber sequences induces
different disease phenotypes. Retroviral expression of c-Abl with an SH3 deletion
in bone marrow cells did not result in the growth of myeloid colonies in vitro (58).
Transplantation of these cells into mice induced only lymphoid malignancies (58). In
contrast, Ber-Abl lacking a major portion of the SH3 domain retained the ability to
induce a myeloproliferative disease in mice (58). The c-Abl SH3 deletion mutant
resulted in decreased phosphorylation of Stat5 in NIH3T3 cells in comparison to
Ber-Abl or Ber-Abl lacking the SH3 domain (58). This suggests that Stat5 activation
might be one of the pathways responsible for the differing phenotypes of these

Abl mutants.



The Arg tyrosine kinase has high homology to Abl in the kinase, SH2, and SH3
domains, but is divergent in the carboxyl terminus amino acid sequence (59). Both
Abl and Arg proteins are widely expressed (59). Similar to Abl, Arg is expressed in
1A and 1B forms that differ in their amino terminal sequences (60). However, in
contrast to Abl, Arg is localized largely to the cytoplasm (60). In contrast to c-Abl, a
gag-Arg fusion analogous to v-Abl is not transforming (61). However, if the entire
carboxy terminus of Abl is swapped for Arg in the gag fusion, the resulting protein is
transforming (61). This suggests a significant functional difference between c-Arg and

c-Abl due to carboxy terminal sequences.

The ubiquitously expressed c-Abl non-receptor tyrosine kinase is localized both to
the nucleus and cytoplasm in hematopoietic cells and binds to DNA (62, 63). This is
in contrast to Ber-Abl which is exclusively localized to the cytoplasm (62). Although
the biological functions of c-Abl are not fully understood, there is some evidence that
indicate a role for c-Abl in cell cycle control. Thus, overexpression of c-Abl causes

cell cycle arrest in NIH3TS3 fibroblasts in G1 phase. (57, 64)

Mitotic checkpoints control the G1 to S transition and the G2 to M transition to
prevent premature commitment to mitosis. The cell cycle dependent kinases and
structural proteins (cyclins) are expressed in succession to control the cell cycle.
Upon phosphorylation of the retinoblastoma (Rb) protein by cell cycle dependent
kinases, Rb releases the transcriptional factor E2F which then is available to activate
transcription of genes necessary for the G1 to S transition. The retinoblastoma
protein binds to the ATP-binding pocket of the c-Abl kinase domain resulting in
kinase inhibition in the Molt-4 human T-cell leukemia cell line (65). Abl activation in S
phase correlates with phosphorylation and release of Rb from the Abl complex

suggesting that Abl may be regulated by cell cycle proteins (65).



In M phase, the chromosomes condense, are segregated, and decondense, the
mitotic spindles are assembled and dissembled, cytokinesis occurs, and the nuclear
membrane is disassembled and reassembled. Phosphorylation of histone H1 is
important for chromosome condensation and, therefore, initiation of M phase. Cell
division cycle (cdc)2 kinase associates with histone H1 and this association is
decreased by activation of c-Abl (66). c-Abl binds DNA through a motif in the
carboxyl terminus in which serine phosphorylation by cdc2 kinase abolishes DNA
binding (67). This suggests that c-Abl may be a negative regulator of M phase by

inhibiting chromosome condensation.

In human U-937 cells, NIH3T3 fibroblasts, and MCF-7 breast cancer cells, c-Abl is
activated in response to DNA damage from ionizing radiation or alkylating agents (66,
63). Partial inhibition of a G1 arrest occurred following irradiation of c-Abl -/- mouse
embryonic fibroblasts as compared to wild type cells (66). Therefore, DNA damage
induces the activation of c-Abl which leads to cell cycle arrest. In contrast,
hematopoietic cells from untreated chronic phase CML patients were exposed to
gamma radiation and were found to have a reduced number of G2 arrested and S
phase cells (69). Therefore, expression of Ber-Abl leads to a lack of cell cycle arrest
induced by DNA damage which may contribute to the propensity for acumulation of
mutations in CML patients as the disease progresses. Additionally, gamma
irradiated p210 expressing 32D myeloid cells had increased cell survival due to an

inhibition of gamma-irradiation induced programmed cell death (70).

c-Abl null mice are viable, but are smaller and have decreased survival after birth as
compared to control mice (71). 18 day embryos showed no difference between null
and wild type in body weight and cellularity of thymuses and spleens, however,

85% of the homozygous null mice have lymphopenia. c-Abl expression is highest
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in the thymus and spleen. Within the first three weeks of life, hepatocytes from null
mice contain fatty vacuoles associated with runting and wasting, atrophied thymuses,
and occasionally atrophied spleens. The null thymus had a severe decrease in
thymocytes. Abl null mice also have reduced B cell precursors in the bone marrow.
B cell progenitor cell lines derived form bone marrow cultures of Abl null mice had an
increased rate of cell death after growth factor deprivation and increased
susceptibility to apoptosis following glucocorticoid treatment (72). This suggests that

the Abl null cells have an increased sensitivity to apoptosis.

Schwartzberg et. al. developed a mouse that was homozygous for an Abi (Abl
M1) lacking the carboxy terminal domain but that retains the ability to
autophosphorylate and potentially phosphorylate substrates. (73) Abl m1
homozygous mice were fertile (30-80% were runted) and had normal embryonic
development, but had decreased viability postpartum and increased susceptibility
to bacterial infection. M1 mice had deficiencies in lymphopoieses with decreased
early bone marrow B cell progenitors, although mature bone marrow B cells
appeared normal in numbers. During embryogenesis, the percentage of immature
B cells in the spleen were identical to wild type, although the overall number was
decreased. At one week of age, the proportion of pre-B cells was reduced in the
spleen. This may be due to a difference in the requirement of Abl in embryonic
versus adult hematopoiesis. A small percentage of null mice had small thymuses
with decreased early thymocytes and peripheral mature T cells, although highly
variable. Additional abnormalities included kidney shape spleens, shorter skulls, and
early opening of the eyes resulting in scarring and permanent damage. The Abl M1
mice have a remarkably similar phenotype to the Abl null mice, suggesting an

important role for the carboxyl terminus for the function of c-Abl.



To determine if the Abl family member Arg may have a redundant role in
development, Koleske et. al. developed Arg knockout mice (74). The Arg null mice
were obtained at expected Mendelian rates. Although Arg is highly expressed in
the brain, null mice had no gross histological abnormalities of the brain. Blood cells
were normal in blood, spleen, bone marrow, and thymus. Arg -/- mice displayed
multiple behavioral phenotypes including difficulty completing motor skills tests,
decreased mating and aggression behaviors, and abnormal reflexes such as not
being startled by acoustic stimuli (74). To determine processes that depend on both
Arg and Abl, mice were mated to produce double knockouts (74). The double null
resulted in an embryonic lethal phenotype with defective neural tube development,
excessive apoptosis in multiple tissues of the body, and hemorrhage into the
pericardial sac (74). Double null neuronal cells had disordered actin distribution in
neuroepithelium, but normal pattemns of phosphotyrosine staining. The G1/S
checkpoint was intact in double null cells. Therefore, a lack of Abl leads to deficiencies
in lymphoid development, a lack of Arg leads to neurological defects, and double
null mice displayed hemorrhaging and neural tube defects, but no obvious
abnormalities of blood cell number or percentage. Further distinctions were made in
null mice containing a single allele of the altemate gene. Abl-/- Arg+/- mice died at
embryonic day 15.5-16 and displayed hemorrhaging in the pericardial space (74).
Abl +/- Arg-/- mice had decreased survival prior to birth, were runted at birth, but had

normal viability following birth (74).

c-Abl is highly conserved as determined from sequence comparison from mouse,
human, fruit fly, and nematode, although the carboxyl terminal region is less
conserved. Fruit flies with homozygous deletions that include the Abl locus resulted
in three categories of mutants: larval lethal, pupal lethal, and an adult with a range of

defects in eye development, fertility, and viability (75). The mechanism for these
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phenotypes is not yet defined, but the more severe phenotypes were associated
with deletions that included more centromeric regions suggesting the involvement of

another gene in the phenotypes observed.

Although Abl has many protein-protein interactions and is highly conserved, some
function of Ber is necessary for transformation. This has been demonstrated in that c-
Abl lacking exon 1 is not transforming, regardless that exon 1 of c-Abil is deleted in
Ber-Abl, (56). Ber exon 1 has multiple activities, including a function necessary for
transformation that involves non-phosphotyrosine dependent binding to the Abl
SH2 regulatory domain (76). Ber has a coiled-coil oligomerization domain which is
necessary for Ber-Abl mediated transformation of Rat-1 fibroblasts and induction of
interleukin-3 independence in lymphoid cells (44). Disruption of this domain prevents
tetramerization of Ber-Abl and abolishes the transforming ability of Ber-Abl (77). Ber
has a tyrosine at amino acid 177 which is a site for Grb2 binding, a protein that links
to Ras nucleotide exchange factor Sos (78-80). Exon 1 also contains a
serine/threonine kinase activity that is not necessary for transformation by Ber-Abl
(81, 82). Ber exon 2 has homology to a rho/rac guanine nucleotide exchange factor.
However, both Ber exons 2 and 3 are not necessary for transforming ability as Ber-

Abl lacking either one of these exons is still transforming.

To determine the role of c-Ber in myeloid development, Voncken et. al. created a c-
ber knockout mouse (83). The c-Ber knockout mice were obtained in normal
Mendelian ratios and males and females were fertile. The null mice had normal
peripheral neutrophil numbers, however, following endotoxemia induced by
lipopolysacharide (LPS), null mice neutrophil numbers were increased as compared
to wild type mice. Following LPS exposure, wild type mice neutrophil numbers did

not change within the first 24 hours, whereas null mice doubled peripheral neutrophils
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within 6 hours. Endotoxemia induced by LPS also led to more severe septic shock
and increased tissue injury due to inflammation in the null mice. Additionally, Ber null
neutrophils have increased superoxide production (the major defense against
microorganisms). This suggests that c-Bcr has a role in neutrophil response to

infection.

This thesis investigates proteins that may be important in both cytokine and Ber-Abil
signaling. CrkL is the major tyrosine phosphorylated protein in Ber-Abl-expressing
cells. CrkL is also tyrosine phosphorylated in hematopoietic cells following
stimulation with a variety of cytokines. Thus, CrkL is a clear example of overlap
between the two systems. We hypothesize that the CrkL adaptor protein may
mediate interactions between Ber-Abl and tyrosine phosphorylated effector
molecules necessary for transformation. As Ber-Abl induces IL-3 independence in
myeloid cells, indicating an activation of cytokine signaling pathways, it follows that
CrkL interactions detected in Ber-Abl expressing cells may also be observed
following cytokine stimulation. In examining signaling pathways mediated by CrkL in
cytokine stimulated or Ber-Abl-expressing cells, we discovered that CrkL interacts
with Signal Transducer and Activator of Transcription (Stat)5. Similar to CrkL, Stat5 is
also tyrosine phosphorylated following cytokine stimulation or in Ber-Abl-expressing
cells. The inducible phosphorylation and association of Stat5 with CrkL suggested a

role in signaling, therefore, this interaction was further investigated.

CrkL
Adaptor proteins contain SH3 and SH2 domains and have no catalytic functions. As
stated earlier, SH2 domains target binding to phosphotyrosine with specificity

depending on amino acids surrounding the tyrosine. SH3 domains bind proline rich



sequences. Although adaptor proteins have no intrinsic enzymatic activities, they

function by recruiting effector molecules to signaling complexes (84).

CrkL N—1 SH2 SH3 — SH3 —C
Crkll N—]| SHz SH3 +— SH3 +—C

Figure 3. Domains of CrkL. The SH2 and SH3 domains are as labeled. The N
indicates the amino terminus and the C indicates the carboxy terminus. There is 60%
homology between the SH2 and SH3 domains of CrkL and Crkll. CrkL is 39 kDa,
Crkll is 42 kDa.

v-Crk was originally identified in the avian sarcoma virus CT10 and indicates that c-
Crk is a proto-oncogene. (85) Although v-Crk lacks kinase activity, transformation by
CT10 results in an increase in both Crk and intracellular tyrosine phosphorylation. (85-
87). Crk has two isoforms, Crk Il which includes both amino and carboxy terminal
SH3 domains and Crk | that includes only the amino terminal SH3 domain.
Expression of Crk I in Rat 3Y1 cells allows proliferation of cells in soft agar and
induces tumors in nude mice (88). CrkL was initially characterized by cross
hybridization of mouse genomic DNA fragments to human chromosome 22 by
fluorescence in situ hybridization. Binding of a probe indicated conservation in
sequence and possible coding domains (89). ten Hoeve, et. al. identified a strong
cross-hybridization and purified the human cDNA homologous to the mouse
fragment. Sequencing of the cDNA revealed a Crk-like gene, CrkL. The CrkL gene

is located on human chromosome 22q11 whereas Crk is located on 17p13. The Crk
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family members are ubiquitously expressed and contain strong homology in the
SH2 and SH3 domains. The biological function of CrkL and Crk are not well defined

and mouse knockouts have not yet been reported.

Examination of CML patient samples for novel tyrosine phosphorylated proteins
demonstrated that CrkL is the major tyrosine phosphorylated protein in CML
neutrophils as compared to normal neutrophils (90-92). In contrast, Crk-1l is not
tyrosine phosphorylated in Ber-Abl expressing cells (90, 92-94). Although
phosphotryptic mapping indicated that CrkL is tyrosine phosphorylated on multiple
residues when overexpressed alone or co-expressed with Ber-Abl, tyrosine 207 of
CrkL is the major Ber/Abl phosphorylation site (93, 96). CrkL is phosphorylated
following cytokine stimulation with IL-2 (97), steel factor (stem cell factor) (98),
erythropoietin (99), IL-3 (99), and thrombopoietin (93) suggesting that processes
involving CrkL in Ber-Abl expressing cells may also occur in cytokine stimulated

cells.

CrkL has been shown to bind directly to Ber-Abl (100) and is known to associate
with a variety of tyrosine phosphorylated proteins (87, 101). The SH2 domain of
CrkL has been shown to bind tyrosine phosphorylated CBL, HEF1, CAS and
Paxillin (102-104). These proteins mediate cytoskeletal signaling of cell adhesion and
motility through integrin binding to the extracellular matrix. Ber-Abl expression
induces an increase in spontaneous motility, membrane ruffling, and filapodia
extensions and retractions suggesting an involvement of Ber-Abl in cellular motility
(43). Interestingly, mutation of tyrosine 207 of CrkL inhibits all CrkL tyrosine
phosphorylation but does not inhibit fibroblast transformation and Paxillin binding

indicating that tyrosine phosphorylation may not be necessary for CrkL function (95).
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The consensus binding sequence for the CrkL SH3 domain appears to be the
same as Crk, Pro-X-Leu-Pro-X-Lys, in which X is any amino acid (103, 105, 106) The
amino-terminal SH3 domain of CrkL targets proline rich sequences in C3G, SOS,
p85 regulatory subunit of PI13-K, c-Abl and Ber-Abl (96, 103, 107). Although far
western analysis has shown that the amino terminal CrkL SH3 domain binds directly
to a proline-rich region in the C-terminus of BCR-ABL, direct binding of CrkL to Ber-
Abl is not required for BCR-ABL transformation (100, 108). Many of the CrkL
interacting factors are involved in multiple pathways and are activated in Ber-Abl
expressing cells. For example, P13-kinase activates the serine kinase AKT which
phosphorylates and inactivates BAD. Serine phosphorylated BAD binds 14-3-3
which is subsequently prevented from contributing to apoptosis (103). PI3-kinase
has also been implicated in the proliferation of Ber-Abl-expressing cells as
wortmanin, a specific inhibitor of PI3-kinase, inhibits growth of these cells (109). C3G
and SOS are guanine nucleotide exchange factors that activate p21Rap1 and
p21Ras, respectively. Therefore, Ras can link to Ber-Abl through either Grb2 or
CrkL.

Overexpression of CrkL in fibroblasts induces transformation and in hematopoietic
cells increases adhesion to fibronectin (95). In both fibroblasts and hematopoietic
cells, individual mutations or deletions of CrkL SH2 and SH3 amino terminal domain
abrogated transformation and adhesion, respectively, indicating that interactions with
other proteins such as Cbl and Paxillin (SH2 domain) and Abl, Sos, and C3G (N-

terminal SH3 domain) are essential for biological activity (95).

Signal Transducer and Activator of Transcription 5

Signal transducers and activators of transcription (Stat) proteins are activated by a

variety of cytokines (see appendix |, table 5). The Stat proteins were originally
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identified through studies of proteins that bind to interferon (IFN) response elements,
IFN alpha response elements (ISRE) and IFN gamma activation sites (GAS) (110-116).
The two proteins first identified, termed Stat1 and 2, are distinct but highly homologous.
This indicated the existence of a family of Stat proteins and now there are seven
members of the Stat family. Stat5 is the predominant Stat protein activated by Ber-Abl.
Stat5 was originally identified in studies of lactation in sheep in which a prolactin inducible
DNA binding activity termed mammary growth factor (MGF) was found (117). MGF
was purified from mammary gland tissue of lactating sheep through it's ability to bind to
a beta casein promoter (117). MGF was highly homologous to Stat family proteins and
was named Stat5a. The sheep cDNA for Stat5a was used to screen a murine MC/9
and a mouse mammary tissue library (118, 119). Two highly homologous genes were
identified in these studies, termed Statba and Statsb (118, 119). Stat5b was
independently cloned by purifying proteins that bind to the IL-6 responsive 2-
macroglobulin promoter (120). The Statba and Stat5b genes are closely positioned on
human chromosome 17 (121). Stat5a and Stat5b have a similar, yet restricted pattern of
expression in which the highest expression is in the mammary gland, but transcripts can
also be detected in ovary, thymus, lung, adrenal gland, kidney, spleen, muscle, liver,

and myeloid cells (117, 122, 123).

Y694

L A

N- DNA [ SH3 | SH2 TA -G

Figure 4. Domains of Stat5. The transactivation domain in noted as TA and the
DNA binding domain is depicted as DNA. Tyrosine (Y) 694 is the activating

tyrosine.
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In cytokine signaling, Stat SH2 domains bind tyrosine phosphorylated cytokine
receptors or associated proteins and are subsequently tyrosine phosphorylated by
the kinases associated with the activated receptor. The carboxy terminus of all Stat
proteins contain a conserved tyrosine that is a site of phosphorylation (124, 125).
Tyrosine phosphorylated Stat proteins dimerize and translocate to the nucleus to
activate transcription (126). However, a nuclear localization sequence in Stat proteins
has not been well defined. Dimerization occurs by the SH2 domain of one Stat
protein targeting the phosphorylated tyrosine on a second Stat protein. (127, 128)
Consistent with this, mutations in the phosphotyrosine binding pocket of the SH2
domain or mutation of the carboxy terminal conserved tyrosine phosphorylation site
prevent Stat dimerization (124). The SH2 domains of the Stat proteins differ in their
recognition of tyrosine phosphorylated motifs, allowing for specificity in binding to
and activation by different cytokine receptor complexes. Similarly, both homo- and
heterodimerization of Stats can occur depending on the binding specificity of the

SH2 domain and the sequences surrounding the phosphotyrosine (122, 129, 130).

Distal to the conserved tyrosine phosphorylation site of Stat proteins is a non-
conserved carboxy terminal transactivation domain. The variability of sequences in this
transactivation domain may contribute to the specificity of Stat transcriptional activation.
Deletions in the carboxy terminus abolish transcriptional activity but do not prevent
tyrosine phosphorylation, dimerization, or DNA binding of Stat proteins, thus creating a
dominant negative mutant (131-135). Stat5 also has a serine residue in the carboxy
terminal domain, whose phosphorylation is important for full transcriptional activity (136-
140). Amino terminal mediated interactions have been observed between Stat dimer

pairs allowing for oligomerization and increased transcriptional activation (141-143).



Crystal structure of Stat proteins demonstrates that Stat proteins utilize an
immunoglobulin-like fold to bind DNA as a dimer much like Nf-kappaB (127, 128).
The DNA binding domain of Stat proteins is located at amino acids 300-500 (144).
This domain was delineated by comparing chimeric Stat proteins with differing DNA
binding specificities (144, 145). The function of this domain has been confirmed by
mutation of a number of conserved residues in this region that inactivate the DNA
binding activity of Stat proteins without affecting tyrosine phosphorylation or
dimerization (134, 144, 145). The glucocorticoid receptor can act as a transcriptional co-
activator for Stat5 and enhance Stat5-dependent transcription (146). Other DNA

binding factors that interact with Stat5 have yet to be identified.

All Stat proteins have been shown to recognize highly related DNA sequences.
These sequences have been identified by mutagenesis of response or promoter
elements, oligonucleotide competition studies, or isolation of Stat binding sites from
random oligonucleotide pools (122, 147). In particular, these experiments have
shown that Stat proteins bind to a semipalindromic sequence TTNNNNNAA, known
as a GAS sequence. However, the affinities of Stat proteins for different GAS
elements varies depending on the nucleotides in or around the GAS sequence.
Table 1 lists Stat5 binding sequences and indicates TTC(N),GAA is the optimal
binding site for Stat5. Although a fair number of genes containing this site have been

identified, an extensive screen of genes activated by Stat5 has not been published.

Table 1. Stat5 response elements

Gene Target sequence Reference

Rat beta-casein TTCTTGGAA (117, 148-150)
sheep beta-casein TTCTAGGAA (151)
B cell ymphoma TTCGGAGAA (152)



(BCL)-X
cytokine inducible

protein (CIS)

Fc gamma Receptor1

c-Fos

IL-2 Receptor alpha

interferon regulatory
factor (IRF)-1

oncostatin-M (OSM)

Pim.1

serine protease
inhibitor (Spi)2.1

p21 WAF/Cip1

Consensus

TTCATTGAA
TTCCTGGAA
TTCTTGGAA
TTCTAGGAA
TTCCGGGAA
TTCCCAGAA
TTCCCGTAA
TTCTGAGAA
TTCCCCGAA

TTCGAAGAA
TTCCCAGAA
TTCCCAGAA
TTCTACTAA

TTCTGAGAA
TTCTTGGAA
TTCXXXGAA

(153)

(148, 154)
(155)
(156)
(157-159)

(160)

(161)
(162)

(163)

Several mutations result in dominant negative Stat proteins. As expected, deletion

of the carboxy terminal transactivation domain accomplishes this (133). Interestingly,

there are several naturally occurring Stat isoforms that contain deletions of this

carboxy terminal region, suggesting that these proteins may serve to regulate Stat

activity (164, 165). Mutation of the carboxy terminal tyrosine phosphorylation site of

Stat proteins also results in a dominant negative Stat protein (166). This mutant

inhibits tyrosine phosphorylation of the endogenous Stat proteins suggesting that



this mutant may fail to dissociate from activated receptors or kinases thus preventing
endogenous Stat proteins from binding and becoming tyrosine phosphorylated.
Expression of a dominant negative Stat5 in wild type mouse fetal liver results in
increased apoptosis cells and a decreased growth rate (152). Stat5 binds
sequences in the initiation site of Bel-xL, a factor that inhibits cell death upon growth
factor withdrawal, and mediates erythropoietin induced transcriptional activation of
Bel-xL (152, 167). Cells expressing Bcl-xL have reduced apoptosis after
erythropoietin withdrawal to a level similar to that seen in cells expressing a

constitutively active Stat5 expressing cells.

A constitutively activated Stat5 mutant was identified by Onishi et al. using PCR
driven random mutagenesis and a retrovirus mediated expression screening system
(168). This mutant has two amino acid substitutions, one upstream of the DNA
binding domain (H299R) and the other in the transactivation domain (S711F).
Expession of this constitutively active Stat5 allowed HCD-57 cells to survive longer

than parental or cells overexpressing wild type Stat5a (152).

Stat5 is tyrosine phosphorylated following stimulation of the appropriate cell types
by interferon alpha/beta, interferon gamma, IL-10, IL-2, IL-4, IL-7, IL-9, IL-15, IL-6,
G-CSF, LIF, IL-3, IL-5, GM-CSF, erythropoietin, prolactin, thrombopoietin, growth
hormone, epidermal growth factor, PDGF, and stem cell factor (c-kit), and angiotensin
Il (see appendix |, table 5). Although activated by a multitude of cytokines, knockout
mice phenotypes suggest a more discrete set of cytokines dependent on Stat5s.
Stat5a null mice indicate that Stat5a is the primary target of prolactin (169). In
examining a potential role for Stat5a in responses to other cytokines, bone marrow
macrophages from Statba deficient mice had decreased proliferation and gene

expression in response to granulocyte/macrophage-colony stimulating factor (GM-
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CSF) (170). Stat5b null mice indicate that Stat5b is the primary target of growth
hormone (171). Additionally, Stat5b deficient mice have a modest decrease in both
thymic and splenic cellularity (172). The Stat5a/b deficient mice were derived by
double targeting of embryonic stem cells, since their genetic colocalization would not
allow a purely genetic approach (173). Double homozygous deficient mice had
more severe prolactin and growth hormone defects as well as defects in responses
to cytokines that utilize the beta common family of cytokine receptors (IL-3, IL-5,
GM-CSF) (170, 172, 174-176). Specifically, colony forming assays of bone marrow
cells from Stat5a/b null mice demonstrated a decreased response to IL-3, IL-5 and
GM-CSF with fewer colonies and smaller colony size. Adult red cell numbers,
hemoglobin levels, hematocrits, and platelet count are normal, however, Stat5a/b

null mice had a decrease in white cell numbers (173).

Although Stat5a/b double null adult mice had normal red blood cell counts, null
embryo fetal livers had decreased erythroid colony forming progenitors as
compared to wild type (152). Fetal liver cells had increased apoptosis of erythroid
progenitors and erythropoietin was not as successful in rescuing fetal liver cells as
compared to wild type, although there was some effect. This suggests that Stat5
mediates erythropoietin signaling to rescue colony forming units from apoptosis
which is consistent with erythropoietin induction of Stat5 trancriptional activation of the

Bel-xL gene.

As stated earlier, Ber-Abl is known to induce IL-3 independence in myeloid cells
indicating an activation of cytokine signaling pathways by Bcr-Abl. Overexpression
of the erythropoietin receptor (Epo-R) in myeloid cells also induces IL-3
independence (177). Although Bcer-Abl expressing myeloid cells are resistant to

apoptosis induced by etoposide, growth factor withdrawal, or serum deprivation,



cells expressing Epo-R are resistant only to IL-3 withdrawal suggesting additional
mechanisms of survival in Ber-Abl expressing cells (177). As noted above,
erythropoietin may protect cells from apoptosis through activation of Stat5. In Ber-
Abl-expressing cells Stat5 is constitutively tyrosine phosphorylated (178-183).
Therefore, Stat5 is a likely candidate for mediating at least a part of Ber-Abl's

transforming function.

This thesis investigates proteins that may be important in both cytokine and Ber-Abl
signaling. CrkL is the major tyrosine phosphorylated protein in Ber-Abl-expressing
cells. CrkL is also tyrosine phosphorylated in hematopoietic cells following
stimulation with a variety of cytokines. Thus, CrkL is a clear example of overlap
between the two systems. We hypothesize that the CrkL adaptor protein may
mediate interactions between Bcr-Abl and tyrosine phosphorylated effector
molecules necessary for transformation, such as Stat5. As Ber-Abl induces IL-3
independence in myeloid cells, indicating an activation of cytokine signaling
pathways, it follows that CrkL interactions detected in Ber-Abl expressing cells may
also be observed following cytokine stimulation. In examining signaling pathways
mediated by CrkL in cytokine stimulated or Ber-Abl-expressing cells, we identified
that CrkL interacts with Signal Transducer and Activator of Transcription (Stat)5.
Similar to CrkL, Stat5 is also tyrosine phosphorylated following cytokine stimulation
or in Ber-Abl-expressing cells. The inducible phosphorylation and association of
Stat5 with CrkL suggested a role in signaling, therefore, this interaction was further

investigated.



Chapter i

Materials and Methods

Cell culture and preparation of lysates

K562, MO7e, MO7p210, 32D, 32Dp210, Rat-1, Rat-1p185, TF-1, and UT-7 cell
lines were grown in RPMI supplemented with 10% fetal bovine serum (UBI), 1%
penicillin-streptomycin, and 2% L-glutamine. MO7e, TF-1, and UT-7 cells were
supplemented with 5 ng/ml GM-CSF (Immunex Corporation). 32D cells were
supplemented with 15% WEHI-CM. COS7 and 293T cells were grown in DMEM
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and 2% L-
glutamine. Cells were serum and growth factor starved for 8 to 12 hours prior to
lysis. UT-7, TF-1 or 293T cells were stimulated with GM-CSF for 10 minutes or
alpha interferon stimulation for 45 minutes, respectively. Cells were lysed at 5 X 107
cells/1 mL lysis buffer (1% NP-40, 150 mM NaCl, 10% glycerol, 20 mM Tris-HCI
pH 8, 1 mM EDTA pH 8, 10 ug/mL aprotinin, 1 mM sodium vanadate (Na,VO,),
and 1 mM phenylmethylsulfonylfluoride (PMSF) ) (108). Whole cell lysates were
clarified by centrifugation at 10,000 rpm for 10 minutes. K562 nuclear lysates were
prepared by the Dignam method using 1x10° cells (184). Nuclear extracts from
starved or IL-3 stimulated TF-1 cells were prepared by hypotonic lysis as

described (185).

Immunoblotting

Total protein was quantitated by Bradford assay (BioRad) and 1.5-2 mg was
immunoprecipitated with 2 pg CrkL antibody (Santa Cruz), resolved by SDS-
PAGE on an 8% gel, then immunoblotted with phosphotyrosine antibody 4G10
(1.5 pg/ml) (108, 186), Statba (Zymed, 1 pg/ml), Stat5b (Zymed, 1 pg/ml), Stat5b
(Santa Cruz, 0.1 pg/ml), or CrkL (Santa Cruz, 0.1 pg/ml) antibodies. Antibodies
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were detected either by alkaline phosphatase conjugated antibody (Promega) and
developed with NBT/BCIP (Promega) or by horseradish peroxidase conjugated
antibody (Promega) and developed with enhanced chemiluminescence (Pierce).
Blots were stripped (625 mM Tris-HCI pH 6.8, 2% SDS, and 0.7% 2-

mercaptoethanol) for 30 minutes at 70 degrees or 2 hours at room temperature.

GST Fusion proteins

GST proteins were isolated from bacterial lysates and quantitated by Coomassie
staining as previously described (108). 1.5 mg of K562 whole cell lysate was
incubated for 2 hours with glutathione sepharose beads, 5 g purified GST protein,
or5 pg purified GST-CrkL fusion proteins (100). Fusion proteins included GST-CrkL
full length, GST-CrkL SH2, GST-CrkL SH3, or a GST-CrkL full length with an
arginine to lysine mutation (K39) in the SH2 phosphotyrosine binding pocket
(FLVRES). 1 mg of TF-1 or UT-7 lysates were incubated overnight with 2 ug of
purified GST alone or GST CrkL fusion proteins. Following incubation with
glutathione sepharose beads, reactions were washed twice with 0.5M LiCl and four

times with 1X PBS. Complexes were immunoblotted as above.

Far-Western Analysis

Far Western analysis was performed on COS7 expressed pcDNA3 constructs of
Ber-Abl and FLAG tagged Stat5a. COS7 cells were transfected using
lipofectAMINE (GIBCO-BRL) according to manufacturer’s instructions. Flag
immunoprecipitates were performed on 2-3 mg of whole cell lysate, resolved by
SDS-PAGE on an 8% gel, and transferred to PVDF. Membranes were blocked
overmight in 10% nonfat dried milk in PBST followed by incubation with 2 ug of
purified GST, GST-CrkL full length, GST-CrkL SH2, or Bcr-Abl per ml of binding
buffer (25mM NaPQ,, 150 NaCl, 0.1% Tween, 2.3 mM EDTA, 20 mM NaF, 1 mM



Na,Vo,, 5% nonfat dry milk, tmM DTT, 1 ug/ml aprotinin, and 1ug/ml leupeptin).

Immunoblots developed as previously described (108).

Electrophoretic Mobility Shift Assay

K562 EMSA reactions were performed using 5 pl nuclear extract, 0.1 ng **P-end
labeled wild type Stat5 DNA binding sequence, 1 pg poly dli/dC, 1 mM
dithiothreitol, 10 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA, and 5% glycerol. The
wild type Stat5 binding sequence is 5’ agatttctaggaattcaatce 3’ and the mutant
sequence is 5’ agatttagtttaaticaatcc 3'. Reactions were incubated at room
temperature for 15 minutes. EMSA’s were performed with end-labeled wild type
probe alone or with an additional 10 ng of cold wild type or mutant sequences. Cold
sequences were added 15 mindtes prior to the labeled probe. For supershifts of
the Stat/DNA complex, 1 pl Stat5 (Santa Cruz), Stat1 (Santa Cruz), Grb2 (Santa
Cruz), or 2 pl CrkL (Santa Cruz) antisera were added and incubated at room
temperature for 15 additional minutes. Antibodies were peptide blocked according
to manufacturer’s instructions (Santa Cruz). Reactions were run on a 5%

nondenaturing Tris/glycine polyacrylamide gel (187).

TF-1 or UT-7 EMSA reactions combined 2 uL nuclear lysate with 20 uL binding
buffer (10 mM Tris-HCI, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% NP-40, 5%
glycerol, 1 mg/mL bovine serum albumin, and 2 mg/ml poly dI-dC, pH7.5), and
50,000 c.p.m. end-labeled bovine B-casein promoter oligonucleotide 5'
agattctaggaattcaaatc 3'. Reactions were incubated at room temperature for 30
minutes. For supershifts, 1 uL of antibody was added and incubated for 30
additional minutes. Complexes were separated on 5% non-denaturing

polyacrylamide gels in 0.25 X TBE and detected by autoradiography.



Iimmunofluorescence

Rat-1 and Rat-1p185 cells grown on glass cover slips were washed in TBS with 1
mM CaCl, (TBS/Ca) then fixed for 1 minute in acetone: methanol (1:1) at room
temperature. Slides were washed four times with TBS/Ca then incubated with CrkL
monoclonal antibody 2-2 (1:2 dilution), courtesy of J. D. Griffin, Dana-Farber Cancer
Institute, Santa Cruz CrkL polyclonal antibody C-20 (1:10 dilution), or peptide
blocked C-20 (1:10 dilution) for 1 hour at room temperature. Antibodies were
peptide blocked according to manufacturers instructions (Santa Cruz). Slides were
washed four times in TBS/Ca with 0.1% Saponin then four times in TBS/Ca. CrkL
was detected with FITC conjugated antibody (Cappel, 1:200 dilution) and washed
as before. DAPI Il (Vysis, Inc.) was placed on C-20 slides for fifteen minutes at
room temperature and briefly washed with TBS/Ca. Slides were overlaid with
Slowfade light antifade reagents (Molecular Probes). Confocal images were
acquired at the Oregon Health Sciences University MMI Core Facility with a Leica

(L900) confocal laser scanning microscope and analysis system.

293T cells were allowed to attach onto glass coverslips overnight. Cells were serum
starved for 8 hours and stimulated with 10,000 u/ml alpha-interferon for 45 minutes.
Coverslips were processed as above with a 1:10 dilution of anti-CrkL (C-20)
antibody or peptide blocked antibody and a 1:200 dilution of anti-rabbit rhodamine
conjugated antibody (Cappel). Nuclei were counterstained green with 100 uM
Sytox (Molecular Probes) overlaid on the coverslips followed by SlowFade light
antifade reagents (Molecular Probes). Confocal images were acquired at the MM
Core Facility with a Leica (L900) confocal laser scanning microscope and analysis

system.



Luciferase Assay

COS7 cells were transfected using lipofectAMINE (GIBCO-BRL) according to
manufacturer’s instructions with 8XGAS luciferase reporter construct (188) (4 ug),
CMV-CAT (2 pg), and pcDNA3 (InVitrogen) constructs (5 ug). The pcDNA3
constructs included CrkL, Grb2, p210Bcr-Abl and a kinase defective Ber-Abl. Total
DNA transfected was equalized with pcDNAS vector. Cells were harvested 48-72
hours after transfection and luciferase assays were performed as previously
described (189). Transfections were performed in triplicate. Luciferase data
(luciferase value divided by CAT value) are specified by relative promoter activity
as compared to the reporter construct (sample luciferase data divided by the
background luciferase data). Values were then averaged and plotted with the error
bars representing standard error. Phase extraction CAT assays were performed as

previously described (189).

PCR Mutagenesis

The Stat5 tyrosine 694 was mutated to phenylalanine by PCR mutagenesis. An
oligonucleotide primer containing the tyrosine mutation (mutation in bold, codon
underlined) and a silent mutation incorporating an Acc1 site (mutation in bold), 5’
cagtcgacggattcgtgaagccacag 3', was paired with the reverse primer 5’
ctttcgcaagtacaggag 3’ to amplify the entire Stat5a-flag tagged in pBluescript plasmid.
PCR reactions were performed with 10 ng of plamid in 2.5 U Pfu turbo with
supplied buffer (Strategene), 5% DMSO, MgCI2 1.5 mM, dNTPs 2.5 mM, and 50
pmol of each primer. The PCR program included a 2’ dwell at 95 degrees prior to
cycling, with cycles of 95 degrees for 1 minute, 55 degrees for 1 minute, and 72
degrees for 4 minutes repeated 30 times in a Thermolyne Temp-Tronic machine.

Products were screened by size and Acc1(New England Biolabs) restriction



analysis. The mutant Stat5a-flag product was sequenced for mutations and

subcloned into pcDNAS3.
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CHAPTER 11l

Cytokine induction of CrkL and Stat5 Association in

Hematopoietic Cells

Keystone, 1998, Rhodes et. al.
and partial data published in Blood, Ozaki €t. al.
Volume 92, 1998
Page numbers 4652-62



INTRODUCTION

Hematopoiesis is the development of a pluripotent stem cell through distinct
lineages to form mature blood cells (1). The progenitor and resulting lineages are
regulated by a broad spectrum of cytokines, soluble factors that mediate cell-cell
communication, which collaborate to control the differentiation, proliferation, maturation,
and survival of developing cells (7). An integral part of most cytokine receptors are
associated cytoplasmic tyrosine kinases that are activated in response to cytokine
binding. These activated tyrosine kinases in turn phosphorylate a variety of
substrates that perform many of the cytokine stimulated functions. CrkL, an SH2,
SH3 domain containing adaptor protein, is one such protein that is tyrosine
phosphorylated following cytokine stimulation with IL-2 (97), steel factor (stem cell

factor) (98), erythropoietin (99), IL-3 (99), and thrombopoietin (93).

CrkL is a member of the Crk family. Crk was originally identified as the homologue of
the v-Crk oncogene from the CT10 retrovirus (85). Crk is known to transform cells by
activating intracellular tyrosine kinases and associating with various tyrosine
phosphorylated proteins (85, 87). CrkL has previously been shown to function as a
cytoplasmic adaptor protein linking activated tyrosine kinases to effector molecules
such as Cbl and Paxillin (SH2 domain) and Abl, Sos, and C3G (N-terminal SH3
domain) (95). Overexpression of CrkL in fibroblasts induces transformation and in
hematopoietic cells increases adhesion to fibronectin (95). Examination of chronic
myelogenous leukemia patient samples for novel tyrosine phosphorylated proteins
demonstrated that CrkL is the major tyrosine phosphorylated protein in CML
neutrophils as compared to normal neutrophils (90-92). CML cells express the
fusion protein Ber-Abl and, in contrast to normal samples, are IL-3 and GM-CSF

independent. As CrkL can be tyrosine phosphorylated following stimulation of



hematopoietic cells and constitutive phosphorylation of CrkL correlates with a

leukemic phenotype, we explored the role of CrkL in cytokine signaling.

To determine the role of CrkL in cytokine signaling, we examined tyrosine
phosphorylated proteins that associated with CrkL following IL-3 or GM-CSF
stimulation. Previously, it has been shown that IL-3 and GM-CSF stimulation
produced very low levels of CrkL tyrosine phosphorylation (185) . Although we did
not detect CrkL tyrosine phosphorylation, IL-3 or GM-CSF stimulation induced the
robust tyrosine phosphorylation of 94/96 kDa proteins that associate with CrkL. In
this report we identify the 94/96 kDa protein as Signal Transducer and Activator of
Transcription (Stat) 5, characterize the interaction between CrkL and Stat5, and

demonstrate that CrkL is present in a Stat5/DNA complex.

RESULTS

To analyze the role of CrkL in cytokine signaling, tyrosine phosphorylated proteins
that associate with CrkL following cytokine stimulation were examined. Examination
of phosphotyrosine containing proteins in whole cell lysates from GM-CSF
stimulated cells indicated an increase in overall tyrosine phosphorylation as
compared to unstimulated cells (Fig 1A). To determine whether CrkL is tyrosine
phosphorylated or associated with tyrosine phosphorylated proteins after GM-CSF
stimulation, CrkL immunoprecipitations followed by phosphotyrosine immunoblots
were performed. As seen in Figure 1B, no CrkL tyrosine phosphorylation was
observed, however a prominent 94/96 kDa tyrosine phosphorylated protiens is
observed in the CrkL immunoprecipitations. The association of CrkL and the 94/96
kDa proteins was observed in two GM-CSF stimulated cell lines, but not in

unstimulated cell lysates. These cell lines included UT-7 and TF-1 cells, both derived
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from patients with acute myelogenous leukemia. Notably, the 94/96 kDa is the most

prominent association with few other phosphoproteins interacting with CrkL.

Two highly homologous Stat5 genes code for the Stat5 proteins. These proteins
have molecular weights of 94 kDa (Stat5b) and 96 kDa (Stat5a) and are known to
be tyrosine phosphorylated after cytokine stimulation. Therefore, we examined
whether the 94/96 kDa bands were Stat5. CrkL immunoprecipitates were
immunoblotted with a Stat5 antisera that recognizes both Stat5a and Stat5b
confirming the identity of the 94/96 kDa proteins as Stat5 (Fig 2A). The Stat5 band
appears as a doublet, which may be a result of CrkL interaction with both Stat5a and
Stat5b or may be due to differences in levels of tyrosine phosphorylation. In
collaboration with Atsushi Oda, similar results have been obtained following IL-3
stimulation of the UT-7 and TF-1 cell lines (data not shown). The CrkL/Stat5
association was also observed following interferon alpha stimulation of 293T cells

(190).

The CrkL/Stat5 interaction was analyzed using GST fusion proteins containing full
length CrkL, CrkL SH2 domain, CrkL SH3 domains, and full length CrkL with the
K39 mutation (Fig 3). The K39 mutation of arginine to lysine in the conserved
sequence Phe-Leu-Val-Arg-Glu-Ser (FLVRES) renders the SH2 domain incapable
of binding phosphotyrosine residues. GST pull down analysis determined that in
stimulated cells full length CrkLL and the CrkL SH2 domain interact with Stat5. This
interaction was disrupted in the K39 mutant, indicating that SH2 domain function is

necessary for this interaction.

As Stat5 funcitons in the nucleus but only cytoplasmic adaptors functions for CrkL

have been identified, the possibility that the CrkL/Stats complex was present in the
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nucleus was examined. As CrkL has not previously been reported to be present in
the nucleus, indirect immunofluorescence was used to determine CrkL localization in
stimulated and unstimulated cells. Using a polyclonal CrkL antibody, CrkL was
observed to be largely cytoplasmic in unstimulated 293T cells, but in alpha-
interferon stimulated cells nuclear CrkL was observed largely in punctate nodules
(Fig 4). Peptide blocked CrkL antibody or secondary antibody alone produced
negligible signal (data not shown). Sytox staining (green) indicates the nucleus for

verification of nuclear localization.

As CrkL appear to be present in the nucleus of stimulated cells, we investigated
whether CrkL might be present in a Stat5/DNA complex. In collaboration with
Atsushi Oda, EMSA experiments were performed using Stat5 DNA binding
sequence derived from the beta-casein promoter. A specific Stat5/DNA complex
was apparent in IL-3 stimulated cells (Fig 5) that was not present in unstimulated
cells and was competed with excess cold probe. The presence of Stat5 was
confirmed by using Stat5 antiserum to supershift the complex, whereas Stat3
antisera produced no supershift. Similarly, the presence of CrkL was detected in the

DNA-binding complex by a supershift with CrkL antisera.

DISCUSSION

Cytokine signaling cascades transduce extracellular signals into a nuclear response.
Specifically, IL-3, GM-CSF, and alpha-interferon stimulation of appropriate cell
types results in the tyrosine phosphorylation and activation of signal transducer and
activator of transcription (Stat) 5. Although the precise function of CrkL is unknown,
CrkL has previously been described as a cytoplasmic adaptor protein that is
activated by cytokine stimulation. In this report we have identified an association of

Crkl with tyrosine phosphorylated Stat5 following GM-CSF and IL-3 stimulation.
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Using GST-fusion constructs, we detected an inducible association between full
length Crkl and the Crkl SH2 domain with Stat5. This association was abolished in a
full length Crkl with a mutation in the SH2 phosphotyrosine binding domain. These
associations occur in the absence of CrkL tyrosine phosphorylation. Taken together,
this suggests that the SH2 domain of CrkL binds to tyrosine phosphorylated Stat5

and is likely responsible for the observed co-immunoprecipitation.

As Stat5 is present in the cytoplasm but translocates to the nucleus after cytokine
stimulation, it was necessary to determine whether CrkL is also present in the
nucleus. Immunofluorescence studies indicate clear nuclear localization in cytokine
stimulated cells. In these cells, CrkL localization is predominantly observed in
punctate nodules; however, the functional significance of these nodules is unknown.
In nuclear lysates of cytokine stimulated cells, Crkl antiserum supershifts a Stat5-
DNA complex in electrophoretic mobility shift assays. These data suggest that Crki
may be a component of the Stat5-DNA binding complex in the nucleus.
Experiments are in progress to test this hypothesis. Whether other proteins, such as
additional Stats, interact with Crk family members is as yet undetermined. These
data suggest a novel function for CrkL, functioning as a nuclear adaptor protein to

influence Statb transcriptional activation of genes important in cytokine stimulation.

Recent reports have indicated that Stat5/CrkL association is induced by alpha-
interferon stimulation (190). Alpha-interferon results in growth inhibition of
hematopoietic progenitors whereas IL-3 and GM-CSF result in proliferation of
progenitor cells. The apparent discrepancy of the CrkL/Stat5 association induced by
each of these pathways may be resolved by the consistent anti-apoptotic effects of

each of these cytokines. Further studies are necessary to confirm this hypothesis.
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Figure 1. CrkL interacts with 94/96 kDa tyrosine phosphorylated proteins in cytokine
stimulated cells. (A) Whole cell lysates from UT-7 and TF-1 cells either starved or
stimulated with 100 ng/ml GM-CSF for 10 minutes were analyzed by
phosphotyrosine immunobilotting. The + and - signs indicate stimulation with GM-
CSF. Note the band of 95 kDa in the presence of stimulation or Ber-Abl as
indicated by an arrow. (B) Lysates from UT-7 and TF-1 cells either starved (-) or
GM-CSF stimulated (+) were immunoprecipitated with CrkL antisera and analyzed

by antiphosphotyrosine immunoblotting.
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Figure 2. CrkL associates with Stat5 following cytokine stimulation. (A) CrkL
immunoprecipitates of lysates from UT-7 and TF-1 starved (-) and GM-CSF
stimulated (+) cells were analyzed by immunoblotting with Stat5 antisera. Similar
results were obtained following IL-3 stimulation of TF-1 and UT-7 cells (data not
shown). (B) Stripped blots were reprobed with CrkL antisera. Similar results were

obtained following IL-3 stimulation of TF-1 and UT-7 cells (data not shown).



39

GST Crkl SH2 SH3 K39

GM-CSF - + - + - + - + - +

GST-Crkl Fusion Binding Assay, Stat5 blot

Figure 3. CrkL SH2 domain mediates interaction with Stat5 in cytokine stimulated
cells. Lysates of starved or stimulated TF-1 cells were incubated with the following
GST fusion proteins: GST alone, GST-full length CrkL, GST-CrkL SH2 domain,
GST-N terminal SH3 domain of CrkL, and GST-K39 (full length CrkL with a arginine
to lysine substitution at amino acid 39 in the FLVRES, phosphotyrosine binding
motif of the CrkL. SH2 domain). Proteins bound to CrkL fusions were
immunoblotted for Stat5. Similar results were obtained with UT-7 lysates (data not

shown).
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Figure 4. CrkL localization in starved and alpha-interferon stimulated cells. Confocal
images of starved (A) and alpha interferon stimulated (B) 293T cells. A and B,
images are successive planes from the top of the cell (top left) to the bottom (lower
right). Enlarged images of a single plane of starved (C) and stimulated (D) 293T

cells. Green Sytox staining indicates the nucleus.
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Figure 5. CrkL is present in a Stat/DNA complex. EMSAs were performed using a
double stranded oligonucleotide which contains a B-casein promoter derived Stat5
binding site. End-labeled oligonucleotide was incubated with no lysate (lane 1),
nuclear extracts from TF-1 unstimulated cells (lane 2), and nuclear extracts from 1L-3
stimulated TF-1 cells in the absence or presence of 50 fold excess cold
oligonucleotide (lane 3 and 4, respectively). Lanes 5, 6, and 7 represent IL-3
stimulated nuclear lysates from TF-1 cells incubated with the B-casein probe in the
presence of Statb, CrkL, or Stat3 antibodies. The left side arrow indicates the Stats/
DNA complex and the right side arrows indicates Stat5 or CrkL supershifts. Similar
data has been obtained from UT-7 cells. This figure was kindly provided by our

collaborator Atsushi Oda.
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INTRODUCTION

Chronic myelogenous leukemia (CML) is a malignancy of a pluripotent hematopoietic
stem cell. The majority of CML patients have a specific chromosomal translocation,
known as the Philadelphia (Ph) chromosome, that is identifiable throughout the course of
the disease (21, 22). The Ph chromosome is a somatic mutation that results from a
reciprocal translocation between the long aqms of chromosomes 9 and 22 which fuse
genetic sequences on chromosome 22 (Bcr) with c-Abl sequences translocated from
chromosome 9 (22-24). The Ber-Abl fusion protein has elevated protein tyrosine kinase
activity as compared to c-Abl (34, 35). In bone marrow reconstitution studies using bone
marrow infected with Ber-Abl, transplanted mice develop a CML-like syndrome along

with other leukemias (27, 28).

Examination of CML patient samples for novel tyrosine phosphorylated proteins
demonstrated that CrkL is the major tyrosine phosphorylated protein in CML
neutrophils as compared to normal neutrophils (90-92). CrkL, an SH2, SH3 domain
containing adaptor protein, is a member of the Crk family. Crk was originally identified as
the homologue of the v-Crk oncogene from the CT10 retrovirus (85). Crk is known to
transform cells by associating with and activating intracellular tyrosine kinases (853, 87).
Further, CrkL has been shown to bind directly to Ber-Abl and is known to associate with

a variety of tyrosine phosphorylated proteins (87, 100, 101).

Another tyrosine phosphorylated protein in Ber-Abl-expressing cells is Signal
Transducer and Activator of Transcription (Stat)5 (178, 179). When tyrosine
phosphorylated, Stat proteins dimerize and translocate to the nucleus to activate
transcription (126). In exploring the role of CrkL. in Ber-Abl transformation, we have
identified CrkL as a link between Ber-Abl and Stat5 signaling. Further, we have

explored the functional interactions of CrkL and Stat5.
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RESULTS

To analyze the role of CrkL in Ber-Abl transformation, tyrosine phosphorylated
proteins that associate with CrkL in Ber-Abl-expressing cells were examined. In
CrkL immunoprecipitates from Ber-Abl-expressing cells, we observed 94/96 kDa
tyrosine phosphorylated proteins (Fig 1A). The association of CrkL and the 94/96
kDa proteins was consistently observed in all Ber-Abl-expressing cells examined.
These included MO7e, a human megakaryoblastic cell line (191), K562 cells, a
human Ph (+) cell line (192), 32D cells, a mouse lymphoblastic cell line, and Rat-1
fibroblasts (data not shown). Using specific monoclonal antibodies the 94/96 kDa
proteins were identified as Stat5a and Stat5b (Fig 1B). Despite the fact that the
Stat5b monoclonal antibody is not reported to cross react with Stat5a (Zymed), the
Stat5b associated with CrkL appears to migrate as a doublet. The CrkL/Stat5
interaction was confirmed in vitro using GST-CrkL fusion proteins (Fig 2). The
association of GST-CrkL with Stat5 was seen in all of the above Ber-Abl
expressing lines, such as K562 (Fig 2A) and Rat-1p185 (Fig 2B) cell lines. This
interaction was detected using GST fusion proteins containing full length CrkL as well

as the SH2 domain and the amino terminal SH3 domain of CrkL (Fig 2C).

CrkL has previously been shown to function as a cytoplasmic adaptor protein linking
activated tyrosine kinases to small GTP binding proteins. Having shown that CrkL
and Stat5 interact in Ber-Abl-expressing cells, the possibility that the CrklL/Stat5
complex was present in the nucleus was examined. For these experiments, CrkL
immunoprecipitates were performed using nuclear lysates from K562 cells.
Immunoblotting for CrkL or Stat5 demonstrated the presence of CrkL in the nuclear
lysates and an association between CrkL and Stat5 (Fig 1B). As CrkL has not
previously been reported to be present in the nucleus, indirect immunofluorescence

was used to determine CrkL localization in parental and Ber-Abl expressing cells.
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Using a monocional antibody, CrkL was observed to be largely cytoplasmic in Rat-
1 cells (Fig 3A), but in Rat-1p185 cells nuclear CrkL was observed (Fig 3B). The
confocal images show CrkL throughout the nucleus with punctate nodules of CrkL
immunostaining. This result was confirmed with a polyclonal CrkL antibody (Fig 3C),
binding of which was blocked by preincubation with immunizing peptide (data not
shown). DAPI staining indicates the nucleus for verification of nuclear localization.
Results of secondary antibody alone showed negligible background (data not

shown).

As CrkL appears to be present in the nucleus of Ber-Abl-expressing cells, we
investigated whether CrkL might be present in a Stat5/DNA complex. Using a
Stat5 DNA binding sequence derived from the B-casein promoter, electrophoretic
mobility shift assay (EMSA) experiments were performed. K562 nuclear lysates
shifted multiple bands (Fig 4, lanes 2 and 11). Two of these shifted bands were
competed with an excess of cold wild type sequence, but not with a mutant core
binding sequence, indicating specificity of these two complexes (Fig 4, lanes 3 and
4). To confirm that Stat5 was present in these complexes, a Stat5 antisera that
recognizes both Stat5a and StatSb was used to supershift the complex (Fig 4, lane
5), while peptide blocked antibody (Fig 4, /ane 6) did not supershift the complex.
Multiple supershift bands suggest that Stat5a and Stat5b proteins, which homo- and
heterodimerize, may be present in these complexes. Similarly, the presence of
CrkL was detected in the DNA binding complex by a supershift with CrkL antisera
(Fig 4, lane 8), while peptide blocked antibody (Fig 4, /lane 9) did not supershift the
complex. Although faint in comparison to the Stat5 supershifts, the CrkL supershift
was reproducible in multiple independent experiments. In contrast, no supershift
was seen with Stat1 (Fig 4, lane 7) or Grb2 (Fig 4, lane 10) antibodies
demonstrating the specificity of the Stats and CrkL supershifts.
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To explore the functional consequences of a CrkL/Stat5 interaction, the effect of Ber-
Abl and CrkL on Stat transcriptional activation was examined. A reporter construct
with eight consecutive y-interferon activated sequences (GAS) linked to a luciferase
reporter gene (188) was cotransfected with Ber-Abl or CrkL into COS7 cells and
Stat transcriptional activation was examined (Fig 5A). Data is plotted as the average
relative promoter activity over baseline of the reporter construct alone. Transfection
of p210 Ber-Abl resulted in a significant activation over baseline. This is presumably
due to endogenous Stat5 proteins in COS7 cells whose presence has been
confirmed by immunoblotting of whole cell lysates (data not shown) and is consistent
with previous data demonstrating activation of Stat5 in Ber-Abl-expressing cells
(178, 179). Transfection of a kinase defective Bcr-Abl resulted in no Stat
transcriptional activation over baseline. Transfection of CrkL alone, also, resulted in no
significant activation. However, cotransfection of CrkL with Bcr-Abl caused a two fold
increase in activation over Ber-Abl alone. This two fold increase has been seen in
multiple independent experiments. As CrkL alone did not activate Stat transcription,
these data suggest that Ber-Abl activates CrkL’s adaptor function resulting in
increased Stat activation. To determine whether this effect is specific to CrkL, another
SH2, SH3 domain containing protein that also binds directly to Ber-Abl, Grb2, was
examined (Fig 5B). In contrast to CrkL, Grb2 cotransfected with Ber-Abl slightly
inhibited Stat activation. The slight inhibitory effect of Grb2 on Ber-Abl induced Stat
transcriptional activation may be a result of binding site competition for Ber-Abl, other

interacting proteins, or retention of Stat in the cytoplasm.

DISCUSSION
Following identification of Crk family members as SH2, SH3 domain-containing
proteins, multiple protein-protein interactions with Crk proteins have been

observed. The amino terminal SH3 domain of CrkL interacts with Ber-Abl, Abl, and



47

C3G (103). Tyrosine phosphorylated proteins that bind to the CrkL SH2 domain
include Cbl, Paxillin, and p130Cas (103). Additional interactions between Crk
proteins and the PDGF receptor, IRS-1, and IRS-4 have also been identified (193-
195). Although the precise function of CrkL is unknown, these data suggest that Crk
proteins function as cytoplasmic adaptors. In examining the role of CrkL in Ber-Abl
transformation, we have identified an interaction between CrkL and Stat5 and have

presented data suggesting a novel nuclear function for CrkL.

As Stat5 is present in the cytoplasm, but functions in the nucleus, it was necessary to
identify whether CrkL is present in the nucleus. Not only was CrkL present in nuclear
lysates of K562 cells, but immunofluorescent studies clearly demonstrated nuclear
localization of CrkL in Ber-Abl expressing cells. In these cells, CrkL localization is
predominantly observed in punctate nodules, however, the functional significance of

these nodules is unknown.

A nuclear role for CrkL was suggested by demonstrating that CrkL is present in a
Stat5/DNA complex and subsequently by showing that in the presence of Ber-Abl,
CrkL increases transcriptional activation from a Stat responsive reporter construct.
However, CrkL alone did not increase Stat transcriptional activation. This indicates
that CrkL is not sufficient for this effect and that other factors are required for an
enhancement of Stat activation to be observed in the presence of CrkL. Whether
these factors activate a previously undescribed function of CrkL, allow CrkL to link
directly to Stat, or stimulate a pathway leading to Stat activation is unknown.
However, data using the kinase defective Ber-Abl indicates that transcriptional

activation in the presence of CrkL is dependent on the kinase activity of Ber-Abl.
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The interaction of tyrosine phosphorylated Stat5 and CrkL is consistently observed
in cells expressing Ber-Abl. An inducible association of Stat5 and CrkL was reported
following IL-3 and GM-CSF stimulation of hematopoietic cells (185). In these cells,
Stat5 is inducibly tyrosine phosphorylated, but minimal CrkL phosphorylation is
observed. This indicates that Stat5, but not CrkL, tyrosine phosphorylation is
necessary for this interaction suggesting that the SH2 domain of CrkL interacts with
tyrosine phosphorylated Stat5. Our data using GST-fusion proteins demonstrate
that both the SH2 and SH3 domains of CrkL are capable of binding to Stat5 from
Ber-Abl expressing lysates. As Ber-Abl is known to bind directly to the SH3 domain
of CrkL and also interacts with Stat5, it is likely that the SH3 domain interaction of
CrkL with Stat5 is due to indirect associations. Whether the SH2 domain of CrkL

interacts directly with Stat5 is currently under investigation.

Stat5 has previously been demonstrated to be tyrosine phosphorylated and
activated in Ber-Abl-expressing cells (178, 179). Our data demonstrates that CrkL
and tyrosine phosphorylated Stat5 form a complex in Ber-Abl-expressing cells. Our
co-transfection data suggest that the interaction of CrkL and Stat5 has functional
implications resulting in enhanced Stat5 transcriptional activation. The finding of CrkL
association with tyrosine phosphorylated Stat5 may be a more general
phenomenon. This interaction may be induced in other instances in which Stat5 is
tyrosine phosphorylated, including o-interferon, GM-CSF and IL-3 stimulation of the
appropriate cell types (185, 190). Whether other Stat proteins interact with Crk
proteins is as yet undetermined. These data suggest a novel function for CrkL,

functioning as a nuclear adaptor protein that can increase Stat transcriptional activation.
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Fig 1. CrkL association with tyrosine phosphorylated Stat5 in Ber-Abl-expressing
cells. (A) MO7e and 32D cell lines expressing the p210 forms of Ber-Abl have
previously been described (196, 197). The CML patient derived K562 cell line
expresses p210Bcr-Abl (192). Whole cell lysates from the indicated cell lines were
immunoprecipitated with CrkL antisera then immunoblotted with phosphotyrosine
antibody 4G10. The 94/96 kDa tyrosine phosphorylated proteins are indicated by
an arrow. Molecular size standards are labeled in kDa. (B) CrkL immunoprecipitates
from the indicated cell lines were immunobilotted for Stat5a or Stat5b.

Immunoblotting for CrkL following CrkL immunoprecipitations demonstrated equal



amounts of CrkL in paired lanes. K562 nuclear indicates nuclear lysate from K562

cells.
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Fig 2. CrkL interaction with Stat5a and Stat5b in vitro. (A) K562 whole cell lysates
were incubated with glutathione sepharose beads, purified GST protein, or purified
GST-CrkL fusion protein. Complexes were immunoblotted for Stat5a or Statsb.
(B) Rat-1 and Rat-1p185 whole cell lysates were incubated with beads, purified
GST protein, or purified GST- CrkL. Complexes were immunoblotted with a
polyclonal Stats antibody that recognizes both StatSa and Stat5Sb. Similar results
were obtained using MO7e and MO7p210 lysates (data not shown). K562 whole
cell lysates were incubated with GST or GST fusions including CrkL full length
(CrkL), CrkL SH2 domain, CrkL SH3 domains, or a full length CrkL with an arginine
to lysine mutation in conserved FLVRES sequence of the SH2 phosphotyrosine
binding pocket (K39). Proteins bound to the GST proteins were then

immunoblotted for Stat5 (polyclonal for 5a and 5b).
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Fig 3. Nuclear localization of CrkL in Ber-Abl-expressing cells. Indirect
immunofluorescence of a monoclonal CrkL antibody was used to detect CrkL
(green) in (A) Rat-1 and (B) Rat-1p185 cells. Cells were scanned at 630X
magnification into four slices, the upper left corner signifying the top of the cell
layering down from left to right and top to bottom of the figure. Relative size is
indicated by the 10 ym bar in the upper left panel. (C) Similar results were obtained
using polyclonal CrkL antisera. The single section shown of the Rat-1p185 cells is
also marked with DAPI (blue) nuclear stain. Negligible signal was detected using
secondary antibody alone or the CrkL antisera preincubated with the immunizing

peptide (data not shown).
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Fig 4. CrkL is present in a Stat5/DNA complex. EMSA'’s were performed with wild
type probe (probe alone, /ane 1) and K562 nuclear lysate (lanes 2 and 11).
Competitive binding was examined with an 100X excess cold wild type (/ane 3) or
mutant sequences (/ane 4). For supershifts, the Stat/DNA complex was incubated
with Stai5 (lane 5), Stat1 (lane 7), CrkL (lane 8), or Grb2 (iane 10) antisera or
peptide blocked antibodies for Stat5 (lane 6) or CrkL (lane 9). The specific Stats
bands are indicated by arrows on the left and supershifted complexes are noted by

arrows in the center column.
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Fig 5. CrkL increases Stat transcriptional activation. Transient transfections of COS7
cells were used to determine the combinatorial effects of the indicated constructs on a
Stat responsive luciferase reporter gene. Transfections were performed in triplicate
and representative data from one transfection set is shown as relative promoter
activity compared to the reporter construct. Error bars represent the standard error.
Phase extraction CAT assays demonstrated comparable levels of transfection

efficiency (data not shown).



53

CHAPTER V

Discussion

Ber-Abi and Cytokine Signaling

This thesis has analyzed the activation and associations of specific proteins mutual to
cytokine and Ber-Abl signaling. Two such proteins are CrkL and Stat5. In examining
signaling pathways activated in cytokine stimulated or Ber-Abl-expressing cells, we
demonstrated that CrkL interacts with Signal Transducer and Activator of Transcription
(Stat)5. We have identified a novel role for CrkL in which CrkL is present in a
Stat5/DNA complex, has nuclear localization, and increases Stat mediated
transcriptional activation. This discusion will explore the implications of the CrkL/Stat5
interaction including the mechanism of interaction of Stat5 with CrkL, the role of nuclear
CrkL and CrkL transcriptional activation, the kinases responsible for Stat5

phosphorylation, and possible pathways activated by the CrklL/Stat5 interaction.

Interaction of Stat5 and CrkL

In lysates from cytokine stimulated cells, Stat5 interacted with full length CrkL or the
CrkL SH2 domain expressed as GST fusion proteins. No interaction was observed
using lysates from unstimulated cells. This interaction was abolished using a GST
fusion protein that expressed the CrkL K39 mutant, which has an arginine to lysine
mutation in the SH2 binding pocket that interfers with phosphotyrosine binding. This
suggests that the SH2 domain of CrkL targets a phosphotyrosine on Stat5 in
cytokine stimulated cells. In lysates from Ber-Abl-expressing cells, GST pull down
experiments demonstrate that both the SH2 and SH3 domains of CrkL are capable
of binding to Stat5. As Ber-Abl is known to bind directly to the SH3 domain of CrkL,
this would allow an indirect interaction of the SH3 domain of CrkL with Stat5.

Specifically, the SH3 domain of CrkL binds Ber-Abl directly, with Stat5 binding to



another site on Ber-Abl such that it is present in the CrkL-Ber-Abl complex. To
determine whether the SH2 domain interaction of CrkL with Stat5 is direct,
interactions were explored by gel overlay analysis. Initial reports, using these lysate
of cells stimulated with GM-CSF, showed that the SH2 domain of CrkL directly
interacts with Stat5 (198). However, we have been unable to confirm this data in
Ber-Abl expressing cells (data not shown). Thus, we have been unable to confirm a

direct interaction between CrkL and Stat5.

Interactions between Stat5 and CrkL and Bcr-Abl may be further defined by
mutants in Ber-Abl and Stat5 that disrupt the interactions. As noted above, it
appears that tyrosine phosphorylation of Stat5 is required for the interaction with
CrkL. Stat5 contains tyrosines at amino acid residues 694, 686, and 668, that are
consistent with the preferred binding sequence for the CrkL SH2 domain. Ota et al.
performed experiments following cytokine stimulation in which phosphopeptides
containing these tyrosines were analyzed for their ability to disrupt the CrkL/Stat5
interaction (198). These studies suggested that the activating tyrosine, residue 694,
is the main tyrosine that interacts with CrkL (198). Tryptic mapping of Stat1 co-
expressed in insect cells with a kinase (Jak1) indicated that only the activating
tyrosine is phosphorylated. Using PCR mutagenesis, a Stat5 mutant was
generated with a tyrosine (694) to phenylalanine mutation (Fig 1). The mutant Stat5
(Y694F) is still tyrosine phosphorylated when co-expressed with Ber-Abl (Fig 2),
suggesting that more than one tyrosine can be phosphorylated on Stat5.
Experiments to directly compare equal amounts of wild type versus mutant protein
phosphorylation levels are ongoing, however, the amount of tyrosine
phosphorylation of the mutant is similar to wild type Stat5 in equal amounts of whole
cell lysate. Whether Stat5Y694F retains the ability to interact with CrkL or Ber-Abl is

currently under investigation. Additional Stat5 tyrosines are being mutated to



examine the phosphorylation and interaction of CrkL and Ber-Abl with these

mutants.

Kinases Responsible for Stats Phosphorylation

Stat5 tyrosine phosphorylation is necessary for transcriptional activation and
interaction with CrkL suggesting an important role for a tyrosine kinase in Stat5 signal
transduction. Constitutive tyrosine phosphorylation of Stat5 is observed in Ber-Abl-
expressing cells. Likewise, Stat5 is inducibly tyrosine phosphorylated following IL-3
and GM-CSF stimulation of hematopoietic cells (185). In cytokine signaling, ligand
binding induces activation of Janus kinases which then phosphorylate Stat proteins.
Stat5 is constitutively phosphorylated in Ber-Abl-expressing cell, however Janus
kinases are not consistently activated. This suggests that another kinase is involved
in Stat5 tyrosine phosphorylation. Putative candidate kinases include Abl or Src
family members. As additional Stat transcriptional activity has been reported upon
serine phosphorylation of Stat proteins by ERK kinases, the potential role of these

kinases will also be discussed.

Stat5 contains a consensus site for the Abl tyrosine kinase, but it is not known
whether Stat5 is a substrate of the Abl kinase. In vitro kinase assays using purified
proteins would determine whether Stat5 is an Abl substrate. Other kinases that may
be responsible for phosphorylation of Stat5 include the Src kinase family members
Src, Yes, Fgr, Fyn, Lck, Lyn, Hek, and Blk. Src tyrosine kinase is a potential activator
of Stat5 activation following epidermal growth factor stimulation (203). Prolactin and
Src activate nuclear translocation of StatSa/b, however a dominant negative Jak2
inhibited only prolactin mediated Stat5 activation (205). Src family kinases Lyn and
Hck associate with Ber-Abl in 32Dp210 cells and are activated in K562 cells (206,

207). Lyn induces activation of Stat5 when co-expressed in Cos7 celis and
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phosphorylates Stat5 in vitro (208). Whether Lyn or other Src kinases activate Stats
in Ber-Abl expressing cells has yet to be determined. Another tyrosine kinase, Fes,
is activated in Ber-Abl expressing cells and has been shown to activate Stat3 DNA
binding when expressed in 293T cells (209). However, it is not known whether Fes
activates Stats. Each of these kinases could be tested for their ability to
phosphorylate Stat5 with in vitro kinase assays using purified proteins. The function
of the phosphorylation site may be confirmed with trancriptional reporter assays in
cells null for the appropriate kinase in which lack of a specific kinase may lead to the
lack of Stat activation. Subsequently, the phosphorylated sites on Stat5 can be

mapped by phosphotryptic analysis, mutated, and tested for CrkL interaction.

Ber-Abl expression activates Ras, ERK, and JNK proteins. (211). The Stat5
transactivation domain must be present for transcriptional activation and serine
phosphorylation of this domain increases the activation of Stat5 but is not necessary
for basic function (204). Erks co-immunoprecipitate and phosphorylate Stat5 on
serine 780, mutation of which inhibits phosphorylation by Erk (212). In general, serine
780 phosphorylation leads to an increase in Stat5 transcriptional activation, however,
serine phosphorylation can occur independently of Map kinase pathway, suggesting
that alternate unidentified kinases may be involved (213). To examine the pathway
from Ber-Abl to the activated Stat5 we examined transcriptional activation of a Stat
responsive reporter construct in the presence of dominant negative Erks, dominant
negative map kinase, and map kinase phosphatase. In this expression system,
inhibitors of the Map kinase pathway did not consistently affect transcriptional
activation of Stats/CrkL in the presence of Ber-Abl indicating altemate pathways of

Stat5 activation (data not shown).



Nuclear CrkL

Stat5 functions in the nucleus, however, CrkL has not previously been identified as
having nuclear localization or function. To examine whether CrkL is present in the
nucleus, CrkL immunoprecipitations were performed on K562 nuclear lysates
followed by immunobiotting for CrkL. Not only was CrkL present in the nuclear
lysates, but immunblotting for Stat5 demonstrated that the Stat5/CrkL complex was
also present. Indirect immunofluorescence of CrkL clearly demonstrated nuclear
localization of CrkL in Ber-Abl expressing and cytokine stimulated cells. Nuclear CrkL
is observed predominantly in punctate nodules, however, the functional significance
of these nodules is unknown. Stat5 is localized to both the cytoplasm and the
nucleus with Stat5 evenly dispersed throughout the nucleus. Simultaneous detection
of CrkL and Stat5 by immunofluorescence did not definitively co-localize Stat5 and
CrkL (data not shown). This may be due to CrkL complex formations in the nucleus
that inhibit antibody binding to Stat5 or that Stat5 may not exclusively interact with or
may be more mobile than CrkL in the nucleus. This latter hypothesis is supported
by the finding that a polyclonal Stat5 antibody did not produce a punctate nuclear

pattern (data not shown).

A nuclear role for CrkL was suggested by demonstrating that CrkL is present in a
Stats5/DNA complex. Although immunofiuorescence did not clearly co-localize CrkL
and Stat5, electrophoretic mobility shift assays indicated a specific CrkL/Stat5/ DNA
complex in nuclear lysates from cytokine stimulated or expressing Ber-Abl cells. In
cytokine stimulated cells, one major Stat5/DNA complex is present, whereas in Ber-
Abl-expressing cells there appears to be at least two specific Stat5 supershifted
bands. This indicates that there may be additional Stat5 complexes present in Ber-
Abl-expressing cells as compared to cytokine stimulated cells. The Stat5/DNA

complexes were determined to contain CrkL by supershift analysis. The single CrkL
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supershift in cytokine stimulated cells is robust whereas the CrkL supershift in Ber-
Abl-expressing cells is minimal, although reproducible. This may be a result of
multiple Stat5 complexes in Ber-Abl expressing cells which may not all contain CrkL.
Whether other proteins, such as additional Stats, interact with Crk family members is
as yet undetermined. Further supershift analysis may determine the presence of
additional proteins in the CrkL/DNA complexes. As Stat1, Stat3, or Grb2
antibodies did not produce supershifts these proteins bare not likely to be present in

the Stat5/DNA complexes.

CrkL Transcriptional Activation

As CrkL is present in a Stat5/DNA complex, we explored the function of CrkL in
Stat mediated transciptional activation. In the presence of Ber-Abl, CrkL increases
transcriptional activation from a Stat responsive reporter construct, however, CrkL
without Ber-Abl did not increase Stat transcriptional activation. This indicates that CrkL
is not sufficient for this effect and that other factors are required for an enhancement of
Stat activation to be observed in the presence of CrkL. Whether these factors
activate a previously undescribed function of CrkL, allow CrkL to link directly to Stat,
or stimulate a pathway leading to Stat activation is unknown. However, data using
the kinase defective Ber-Abl indicates that transcriptional activation in the presence of
CrkL is dependent on the kinase activity of Bcr-Abl. Howeever, our data suggest a
novel function for CrkL, functioning as a nuclear adaptor protein that may increase
Stat dependent transcriptional activation of genes required for Ber-Abl transformation

or cytokine signaling.

To determine whether CrkL trancriptional activation was dependent on Stat5, the
above described Stat5 Tyr694Phe mutant was co-expressed with Ber-Abl and

CrkL. However, the transcriptional activation induced by Ber-Abl and CrkL was
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unchanged (data not shown). A corresponding mutant of Stat3 was reported to
function as a dominant negative by failing to be released from receptor complexes
and therefore blocking wild type Stat3 activation (166). As Ber-Abl is a non-receptor
tyrosine kinase, the mechanism of activation of Stat5 may differ to account for the lack
of inhibition when the mutant was present. A carboxy truncated dominant negative
might be more useful for confirming the dependence of transcriptional activation on

Stat5 and determining the pathways in which Stat5 functions.

Examination of Ber-Abl transformation in CrkL null or Stat5 null cells would determine
whether CrkL or Stat5 are necessary in Ber-Abl induced transcriptional activation and
transformation. Similarly, cytokine stimulation in CrkL null or Stat5 null cells would
determine the necessity of these proteins in cytokine signaling. Since CrkL is
ubiquitously expressed, examination of Stat5 transcriptional activation in the
complete absence of CrkL has not been possible. The activation of Stat5 in CrkL
null cells would be informative for the dependence of Stat5 on CrkL for transcriptional
activation. Likewise, Stat5 null cells would be informative for the dependence of
CrkL on Stat5 for Ber-Abl mediated transformation. Additionally, mouse knockouts
may be used to determine the pathways involved in Stat5 activation and Bcr-Abl
transformation, such as Stat5 activation in Ras null cells or Ber-Abl anti-apoptotic

effects in Bcl-X deficient mice.

Pathways Activated by Stat5 in Ber-Abl Transformation

Stat5 activation by cytokine stimulation has been well documented (see Appendix
). Although the pathway of Stat5 activation following cytokine stimulation is well
defined (see appendix I), the cytokines that stimulate the CrklL/Stat interaction have
not been fully identified. Further work is necessary to identify the circumstances that

induce the Stat5/CrkL association. Following cytokine stimulation, Stat 5 has been



shown to mediate cell proliferation, differentiation, and survival. Ber-Abl
transformation has overaping effects with Stat5 including cellular proliferation and cell
survival suggesting a possible role for Stat5 in these pathways. Examination of
genes activated by Stat5 or proteins associated with Stat5 following cytokine

stimulation may be useful for determining the role of Stat5 in Ber-Abl transformation.

Cytokine induced genes activated by Stat5 continue to be identified, however, the
previously identified genes may be useful in determining the role of Stat5 in Ber-Abl
transformation. Previously identified Stat5 activated genes include B cell lymphoma
protein (Bcl-x), FBJ osteosarcoma (Fos), Oncostatin M (OSM), Cytokine Inducible
SH2 protein (CIS), c-Myc, Pim.1, Serine Protease Inhibitor (Spi 2.1), Interferon
Regulatory Factor (IRF-1), IL-2 Receptor alpha, Fc gamma Receptor 1, p21
WAF/Cip1, Whey Acidic Protein (WAP), Beta-lactoglobulin, and Beta Casein. As
CrkL has not previously been identifed as a nuclear factor, the involvement of CrkL
in Stat5 activation of genes, modification of specificity or localization, or additional
functions is not known. Our data suggests that CrkL functions to increase trancriptional
activation of Stat responsive genes, however, EMSA or reporter assays with
endogenous sequences would better define the involvement of CrkL in activation of

known targets of Stat5.

CrkL and Stat5 are present in a novel complex, however, the components of this
complex have not been fully examined. By EMSA analysis, Stat1, Stat3, and
Grb2 are not present in the Stat5/DNA complex. Further EMSA analysis may
define other proteins present in the Stat5/DNA complex that have yet to be
identified. As CrkL is an adaptor proteins, a hypothesis for the increase in Stat5
transcriptional activation due to CrkLL may be that CrkL is recruiting additional

transcription co-factors. Stat1 proteins have been identified to interact with



transcription factors CBP/p300, p48, and Sp1, however, only a prolactin induced
association of CBP/p300 with Stat5 has been identified (215-218). The
glucocorticoid receptor can act as a co-activator to increase Stat5 mediated
transcriptional activation (146). The role of glucocorticoids in hematopoiesis is not fully
defined, although glucocorticoids are required for the proliferation of erythroid
progenitor cells and lead to apoptosis of B-cell lymphocytes (219, 220). Additional
proteins, including c-Abl or proteins activated in Ber-Abl-expressing cells such as
Retinoblastoma (Rb), NFkappaB, c-Fos/Jun, or c-Myc, have yet to be examined
for interaction with CrkL or Stat5 in a DNA complex. Stat5 transcriptional activation is
increased in by CrkL in Ber-Abl expressing cells, suggesting the involvement of a
transcriptional activator. A possible role for CrkL may be as a nuclear adaptor which
functions by recruiting activating molecules to the Stat5/DNA complex and,

therefore, increasing Stats mediated gene transcription.



N = DNa E SH3 3'!;": SH2 | TA FC

Figure 1. Diagram of Stat5 Tyrosine 694 to phenylalanine mutation. Features Stat5

domains as previously described and activating tyrosine 694 mutated to

phenylalanine, Y,F.
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Figure 2. Stat5 Y, F mutant tyrosine phosphorylation. Flag tagged mutant Stat5
was transfected alone or co-expressed with Ber-Abl in COS7 cells. Flag
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CHAPTER VI

Conclusions

Ber-Abl expression resulits in proliferation, prevention of apoptosis, and adhesion
defects in myeloid cells. Transformation of myeloid cells is dependent on the Bcr-
Abl kinase activity suggesting that the molecular mechanism depends on the
tyrosine phosphorylation of proteins. Therefore, Oda et. al. looked for novel tyrosine
phosphorylated proteins in CML patient neutrophils in comparison to normal
neutrophils (91). This initial study identified CrkL as being a novel constitutively
tyrosine phosphoryiated protein in CML patient neutrophils and suggests that CrkL
may have a role in Ber-Abl transformation. In this thesis the proteins associated with
CrkL in Ber-Abl expressing cells have been explored. In Ber-Abl-expressing cells,
we observed a constitutive interaction between CrkL and tyrosine phosphorylated
Stat5. Similar to CrkL, Stat5 is constitutively tyrosine phosphorylated in Ber-Abl

expressing cells.

Stat5 has been implicated in proliferation, differentation, and cell survival of myeloid
cells. The Stat5 pathway is regulated in normal cells by cytokine induced tyrosine
phosphorylation and subsequent activation of Stat5. One of the goals of this thesis
was to determine if Ber-Abl and cytokines utilize common pathways to induce
proliferation or protection from apoptosis. Thus, we explored whether the
Stat5/CrkL interaction was present following cytokine stimulation. We observed an
inducible assocation between CrkL and tyrosine phosphorylated Stat5. This
association was mediated by the CrkL SH2 domain, whereas the constitutive
association observed in Ber-Abl expressing cells was regulated by both the CrkL

SH2 and SH3 domains.
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In the course of these experiments we have determined that CrkL is found in a
Stat5/DNA complex and increases transcriptional activation from a Stat responsive
reporter construct. As CrkL has only been described as having cytoplasmic adaptor

functions, this suggests a novel role for CrkL acting as a nuclear protein in a

Stat5/DNA complex.
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Jak-STAT Signal Transduction

Introduction

Essential to an understanding of cytokine biology are studies of the molecular
mechanism of action of cytokines. Although cytokine receptors lack kinase domains,
the induction of protein tyrosine phosphorylation has been identified as critical to their
function. Numerous studies have demonstrated an essential role for activation of
Janus kinases (Jaks) and Signal Transducers and Activators of Transcription (STAT)
in cytokine signal transduction. This pathway is activated by virtually éll cytokines and
aliows for direct signaling from receptors to the nucleus. More recent data from
animals lacking specific Jak or STAT proteins has confirmed the necessity of these

proteins in cytokine signaling.

Janus Kinases (Jaks)

The Janus kinase (Jak) family members (Jak 1, 2, 3 and Tyk2) were cloned using
two different strategies. The kinase domains of Jak1 and Jak2 were cloned by PCR
using degenerate oligonucleotides complementary to highly conserved regions of
tyrosine kinase domains (1). Subsequently, the kinase domain sequences were
used as probes to clone the full iength cDNAs (2). Jak3 was similarly cloned using a
PCR based strategy (3, 4). Tyk2 was cloned by low stringency hybridization from a
T-cell cDNA library using the sequences of the c-fms tyrosine kinase domain (5, 6).
By sequence homology, Jak1 and Jak2 had two potential kinase domains, thus,
were named Janus kinases after Janus, the Roman God with two faces (2).
Subsequent work has demonstrated that only one of these domains has tyrosine

kinase activity.

The role of Jaks in hematopoietic cytokine signaling was originally described in two

separate sets of experiments. The first of these was a genetic analysis of interferon



signaling. The interferon responsive 2fTGH cell line, derived from a human
fibrosarcoma, was mutagenized and cell lines were obtained that were unresponsive
to interferons (7-9). Genomic DNA libraries were transfected into these lines and
clones that rescued interferon (IFN) responsiveness were identified. The sequences
of clones that rescued interferon alpha responsiveness were identical to the Tyk2
tyrosine kinase (10). Another cell line (U4A) that is unresponsive to interferon alpha
and gamma was found to be deficient in Jak1. The interferon responsiveness of this
cell line was restored by transfection of Jak1 (11). A third cell line (gamma1iA),
unresponsive to interferon gamma, was rescued by expression of Jak2 (12). These
experiments are summarized in Table 1. In a set of separate experiments, it was
shown that stimulation of certain cells with growth hormone or erythropoietin resuits in
Jak2 activation (13, 14). in the case of the erythropoietin receptor, a constitutive
association between Jak2 and a membrane proximal region of the receptor was
identified (14). Subsequent work has identified Janus Kinase associations with a

variety of cytokine receptors (see below).

Characteristics of Jaks

Janus kinases contain approximately 1150 amino acids with apparent molecular
masses between 120-140 kDa. Jak1, Jak2, and Tyk2 are expressed ubiquitously,
whereas Jak3 expression originally appeared to be restricted to hematopoietic cells
(15). Additional characterization has shown that Jak3 expression can be induced by
cytokine treatment in a variety of non-hematopoietic tissues, such as vascular
endothelial and vascular smooth muscle cells (16). Splice variants of Jak3 have
been identified that differ in the their carboxy termini, one of which lacks tyrosine
kinase activity (17), however, the function of these splice variants is unknown.

Chromosomal locations of the Janus kinases are summarized in Table 2.
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Jak proteins have been divided into seven domains, JH1 through JH7, based on
sequence homology between the Jak kinases (2, 18) (Figure 1). With the exception
of the kinase domain, JH1, the precise functions of the other domains are not known,
nor is it clear that these are modular domains. The carboxyl terminus of Jaks contain
the kinase domain, JH1, and the JH2 region, a pseudokinase domain that lacks
kinase activity. The kinase domains do not confer cell-type or pathway specificity.
Specifically, the kinase domains can be interchanged between the Janus kinases
without an apparent change in function. For example, the Jak2 kinase and
pseudokinase domains can replace those of Jak1 in interferon alpha and interferon
gamma pathways (19) and other Jak kinase domains are able to substitute for Jak2
in interferon gamma signaling (20). A yeast two-hybrid screen detected direct
binding of the JH2 region of Jak1, 2, and 3 to STAT5a and STAT5b, known
substrates of the Janus kinases (21). This suggests a role for the pseudokinase
domain in substrate binding. Whereas the kinase domains of the Janus kinases
appear to be interchangeable, the domains JH3-JH7 are implicated in specific
receptor interactions (19, 22-25). For example, IL-2 gamma common receptor
binding and signaling can be transfered from Jak 3 to a chimeric Jak2 that contains the

amino terminal domains of Jak3 (23).

Mechanism of Activation

The Janus kinases have been found to associate with a variety of cytokine
receptors. This includes the interleukin and interferon receptors that lack intrinsic kinase
activity, growth factor receptor tyrosine kinases, as well as GTP-coupled receptors.
The intraceliular portions of the cytokine receptors mediate binding to specific Jaks.
Following ligand binding, receptors form homo- or hetero-oligomers allowing the

associated Janus kinases to cross-phosphorylate and become activated. Tyrosine
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phosphorylation of the receptors and the Janus kinases creates the necessary

docking sites for downstream signaling proteins.

In general, tyrosine phosphorylation of Jaks has correlated with activation,
suggesting an important role for tyrosine phosphorylation in regulation of Janus
kinase activity. However, there are significant differences in the regulation of catalytic
activity between the Jaks. Mutation of tyrosine 1007 to phenylalanine in Jak2
abolished kinase activity and the ability to transmit erythropoietin receptor signals,
whereas mutation of tyrosine 1008 had no effect (26). Mutations of tyrosine residue
980 of Jak3 that corresponds to tyrosine 1007 of Jak2, inhibits kinase activity while
mutation of tyrosine 981 augments activity (27). In contrast, mutation of the
corresponding tyrosine residues in Tyk2, amino acids 1054 and 1055, prevented
ligand-dependent activation of Tyk2 without abolishing its catalytic activity (28). This
mutant was capable of transmitting an interferon alpha response, albeit at reduced
levels (28). Additionally, a K930R mutation in the ATP binding site of Tyk2
generated a kinase-deficient protein, which was phosphorylated upon interferon-
alpha treatment (28). This data demonstrates that Janus kinases can be
phosphorylated without activation. It also demonstrates that Jaks can be

phosphorylated by other kinases, including other Janus kinase family members.

The pseudokinase domain, JH2, has also been shown to regulate Janus kinase
activity. Most notable is a gain of function mutation in the JH2 domain in a Drosophila
homologue of Jak2 (29). Generation of the corresponding glutamic acid to lysine
mutation at amino acid 695 in murine Jak2 resulted in increased autophosphorylation
and increased activation of STAT5 in Cos cells (29). However, removal of the JH2
domain from Tyk2 abolished kinase activity and the ability to transmit interferon

alpha/beta signals (30). Further, JH2 domain mutations that inactivate Jak3 have
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been identified as the cause of severe combined immunodeficiency (SCID) in

several patients (31).

Consistent with a role for tyrosine phosphorylation in the regulation of Janus kinase
activity, tyrosine phosphatases have been shown to regulate Jaks. One of the best
examples is the murine tyrosine phosphatase encoded by the murine moth-eaten
locus. The moth-eaten phenotype results from a deletion or mutation in the tyrosine
phosphatase SHPTP1 (SH2 domain-containing protein tyrosine phosphatase),
previously called PTP1, PTP1c, HCP, or SHP (32, 33). Homozygous moth-eaten
mice die at three weeks of age with an accumulation of macrophages and
granulocytes in the lungs (33). There is an excess proliferation of both lymphoid and
myeloid progenitors with hypersensitivity of erythroid progenitors to erythropoietin
(34, 35). SHPTP-1 has been shown to bind to a distinct tyrosine residue in the IL-3
receptor beta chain and erythropoietin receptor through its amino terminal SH2
domain (36, 37). This interaction results in dephosphorylation and inactivation of Jak2
(36, 38). Interestingly, an erythropoietin receptor mutant lacking this tyrosine
phosphorylation site is the molecular basis of an autosomal dominant benign
erythrocytosis (39). In macrophages from moth-eaten mice Jak1 also had sustained
and increased activation in response to IFN alpha/beta, whereas Tyk2 activity was
largely unaffected (40). In contrast to SHPTP-1, SHPTP-2 appears to positively
regulate Jak signaling. Overexpression of SHPTP-2, also called SHP-2, SYP, and
PTP1D, enhances prolactin and IL-2 signaling, whereas a dominant negative mutant
inhibits signaling (41, 42). However, there may be receptor type specificity in that
mutation of the SHPTP-2 binding site of gp130 enhanced signaling from a G-
CSF/gp130 chimera (43).
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As might be expected for any signal transduction cascade, negative regulators of the
Jak/STAT signaling pathway have recently been identified. These include a family of
proteins named SOCS, suppressor of cytokine signaling. SOCS proteins are also
termed SSI-1, STAT inducible STAT inhibitor, and JAB, Jak binding protein.
Included in this family is CIS, a cytokine inducible SH2 protein that was characterized
as an immediate early cytokine responsive gene with structural homology to the
SOCS proteins (44, 45). SOCS proteins have been cloned by a variety of
methods. Starr, et al., infected a murine myeloid leukemia cell line with a cDNA library
and cloned SOCS-1 by virtue of it’s ability to inhibit IL-6 induced macrophage
differentiation (46). The same protein was also cloned by a yeast two hybrid screen
with the Jak2 JH1 domain and called JAB (47). Lastly, Naka, et. al., screened a
murine thymus cDNA expression library with an antibody recognizing the SH2
domain of STAT3 and cloned SSI-1, which is homologous to JAB and SOCS-1
(48). Search of expressed sequence tagged databases resulted in the cloning of

SOCS-2 and SOCS-3 (46). There are now at least eight members of this family.

Structurally the SOCS proteins have an amino terminal region of variable length, a
central SH2 domain, and a conserved carboxy terminal motif called the SOCS box
(49). The SOCS proteins are part of a classical negative feedback loop that
regulates cytokine signal transduction. Transcription of the SOCS genes occurs in
response to various cytokines and inhibits cytokine signaling. SOCS-1 inhibits signal
transduction by binding to and inhibiting the kinase activity of Jak family members
while CIS appears to act by competing with signaling molecules, such as STAT

proteins, for binding to phosphorylated intracellular receptor domains (44, 46-48).
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Associations

Janus kinases have been shown to associate with all cytokine receptors and each of
the cytokine receptors associate with and activate distinct patterns of Jaks as
summarized in Table 3. In some cases, more than one Janus kinase is associated
with a specific cytokine receptor. Additionally, there are examples of

interdependence of Janus kinases for activation of cytokine induced signaling events.

As previously noted, a role for Jak family members in cytokine signaling was initially
identified through genetic analysis of interferon signaling. This data demonstrated that
Jak2 is required for an interferon gamma response and Tyk2 is required for an
interferon alpha/beta response. However, a cell line generated in those experiments
that was unable to respond to interferon alpha/beta or gamma was found to express
a truncated Jak1 transcript (11). Responsiveness to either interferon can be restored
by expression of Jak1 (11). Thus, interferon alpha requires both Jak1 and Tyk2
while interferon gamma requires Jak1 and Jak2. In wild type cells, interferon gamma
stimulation results in tyrosine phosphorylation of Jak1 and Jak2. However, in cell
lines lacking either Jak1 or Jak2, phosphorylation of the remaining Jak kinase is not
observed. Restoring the appropriate Jak results in the tyrosine phosphorylation of
both Jak 1 and 2 in response to interferon gamma (11). Thus, both kinases must be

present for signaling activation to occur.

A slightly different situation exists in IL-6 signaling. Following IL-6 stimulation Jak1,
Jak2, and Tyk2 are activated (50, 51). However, the absence of any single Jak
does not interfere with activation of the others (52). Although Jak2 and Tyk2 are
tyrosine phosphorylated in the absence of Jak1, IL-6 induced signaling events,

including phosphorylation of gp130 and activation of STAT1 and STAT3, are
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greatly reduced (52). Thus, Jak1 appears to be the critical Janus kinase required for

IL-6 signaling.

Mechanism of Association Between Jaks and Cytokine Receptors

Several general statements can be made about the interactions of Janus kinases
with cytokine receptors. Jaks are frequently constitutively associated with receptors,
but in several receptor systems, ligand binding may recruit Jaks to the receptor.
Typically, the JH6 and 7 domains of the Jaks are responsible for mediating an
interaction with the receptors. The JH6 and 7 domains bind to conserved membrane
proximal cytokine receptor sequences that include box 1 and box 2 domains.
However, in receptors that lack these domains, distal receptor sequences interact
with the Jaks. Some of these distal sequences contain proline rich motifs resembling

box 1 sequences.

As an example of the above statement, cytokine receptors that homodimerize (GH,
PRL, EPO, and TPO) and cytokine receptors that use the beta common chain (IL-3,
IL-5, and GM-CSF) have been shown to interact with and activate Jak2 (53). Amino
acids 1-294 of Jak2, which includes the JH6 and 7 domains, mediate binding to the
membrane proximal regions of the beta common chain and growth hormone
receptors (24, 25). The interleukin-2 receptor family (IL-2, IL-4, IL-7, IL-9, and IL-15)
are composed of ligand specific alpha and/or beta chains and a gamma common
signaling chain. Jak3 has been shown to specifically associate with the box 1 gamma
common chain, while Jak1 associates with carboxy terminus serine rich sequences of
the alpha or beta subunits (54, 55). The IL-6 family receptors (IL-6, IL-11, ciliary
neurotrophic factor (CNTF), oncostatin M (OSM), and leukemia inhibitory factor
(LIF)) that signal through gp130 also utilize the membrane proximal box 1-box 2
region for Jak binding (56, 57).
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In the interferon family, Jak1 binds to the interferon gamma receptor R1 chain while
Jak2 binds to the R2 chain (58). Residues 266-268 (LPKS) of the R1 chain are
critical for constitutive association and activation of Jak1 (59). R2 chain sequences
mediating binding to Jak2 include a proline rich set of amino acids, 263-267 (PPSIP),
and additional sequences at residues 270-274 (IEEYL) (60). These sequences are
reminiscent of box 1 and box 2 domains. In the case of interferon alpha, Jak1 binds
to the R2 chain and Tyk2 associates with the R1 chain (61). The R2 subunit of the
alpha interferon receptor binds to Jak1 through its carboxyl termini cytoplasmic
domain, although a specific binding sequence has not been identified (62). Tyk2
binding to the R1 chain is mediated by amino acids 479-511 and an upstream
proline containing region similar to box1 sequences (63). Between residues 479
and 511 are a number of hydrophobic and acidic residues that resemble box 2

sequences and are required for Tyk2 binding '(63).

Jak Knockouts

The mutant cell lines described above demonstrated an essential role for Janus
kinases in interferon signaling. Subsequent studies demonstrated that multiple
cytokines activate the various Jaks. More recent studies have characterized the
necessity of the Jaks in these signaling pathways using gene targeting studies or
naturally occurring mutations. The phenotypes of the Janus kinase null mice are

summarized in Table 4.

Jak1

Jak1 null embryos develop normally, however, newborns weigh 40% less than wild
type, fail to nurse, and die within 24 hours of birth (64). The only apparent pathologic
finding is an atrophic thymus with a deficiency in cell numbers, but no clear defect in

the types of cells produced. Thus, Jak 1 deficiency results in a defect in thymocyte



production rather than a block in thymocyte maturation. However, Jak1 deficiency
leads to a developmental blockade of B lymphocyte differentiation at the pro-B to
pre-B transition. No alteration of development of other hematopoietic lineages was

observed (64).

Analysis of the Jak1 deficient mice showed that Jak 1 has a critical role in mediating
biological responses to three major cytokine receptor subfamilies: class Il cytokine
receptors (IFN alpha, beta, gamma and IL-10), cytokine receptors that utilize the
gamma common chain receptor subunit (IL-2, IL-4, and IL-7), and receptors that
utilize the gp130 subunit (IL-6, CNTF, OSM, CT-1, and LIF) (64). Since IL-7 is |
known to act early and specifically in lymphocyte development to promote
lymphocyte survival (65), the lymphocyte deficiencies in the Jak null mice were
linked to the absence of IL-7 receptor function. Proliferation in response to IL-2 and
IL-4, whose receptors also utilize the gamma common chain, was defective in Jak

null thymocytes.

Similar to data observed in mutant cell lines, Jak1 was required for both signaling and
biologic responses to interferon alpha and gamma (64). Specifically, embryonic
fibroblasts from Jak 1 null mice did not enhance MHC class 1 expression after
exposure to interferon alpha or gamma nor did interferon treatment of Jak1 deficient
fibroblasts result in protection from viral infection. These defects were
complemented by the addition of Jak 1 to the deficient cells. Additionally,
macrophage responses to the third member of the class |l cytokine receptor family,

IL-10, were defective in Jak1 null cells.

Both biological and signaling responses to cytokines that signal through the common

chain gp130, such as IL-6 or LIF, were significantly reduced in Jak1 null cells (64).
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However, distinct from Jak 1 null mice, gp130 deficient mice have a malformation of
the ventricular walls of the heart (66) This data suggests that Jak1 is not required for
all gp130 functions. In contrast, similarities between Jak1 null mice and mice lacking
the LIF receptor beta subunit (67, 68), which also signals through gp130, suggest
that Jak1 is the major signaling component required by LIFR-beta. As expected,
Jak1 deficient macrophages showed normal responses following cellular stimulation
with cytokines whose receptors specifically activate Jak2, namely EPO, GM-CSF,
or IL-3. Although cell line data had suggested that G-CSF receptor function was lost
in the absence of Jak1, colony forming assays from Jak1 null mice demonstrated that

Jak1 is not required for responsiveness to G-CSF (64).

Jak2

Homozygous Jak2 deficiency results in embryonic lethality at approximately day
12.5 with mice lacking definitive erythropoiesis (69, 70). Analysis of fetal liver
myeloid progenitors showed that Jak2 is essential for response to cytokine
receptors that use the beta common chain (GM-CSF, IL-5, and IL-3) along with
erythropoietin and thrombopoietin receptors. Responses to receptor tyrosine

kinases such as CSF-1 and c-kit receptor were present but reduced.

Jak 2 deficient fibroblasts were unable to respond to IFN gamma as assessed by
tyrosine phosphorylation of Jak1 or STAT1, induction of IRF-1 or SOCS-1, or by
protecting against cytopathic effects of encephalomyocarditis virus (69, 70).
However, fibroblasts were able to respond to interferon alpha and beta. Jak2
deficient cells responded normally to IL-6 and LIF, cytokines that utilize gp130 (69,
70). Although cell line data indicated activation of Jak2 in response to G-CSF, this

was not confirmed in Jak2 deficient fetal liver cells (70).
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Progenitors for the erythroid lineage are present in Jak2 deficient mice as indicated
by the expression of lineage committed gene expression and by the ability to
partially rescue erythroid lineage celis by infection with a retrovirus expressing Jak2
(69, 70). Therefore, Jak2 is not required for erythroid progenitor development, but is
required for definitive erythropoiesis. Although the Jak2 deficient mice are
comparable to erythropoietin and erythropoietin receptor null mice (71), Jak2 null
embryos contain fewer circulating primitive erythrocytes and almost no benzidine
positive erythroid colonies in BFU-E and CFU-E assays. This indicates that
erythropoietin receptor signaling is not the only defect in Jak2 deficient mice and may
indicate a contribution from the thrombopoietin or stem cell factor receptor in

erythrocyte development (69, 70).

Jak3

Given the relatively ubiquitous expression of Jak 1 and 2 and their associations with
numerous cytokines receptors, the severity of the defects in null mice was not
entirely unanticipated. In contrast, the expression of Jak 3 is more restricted and Jak3
is only known to associate with the gamma common chain. Mutation of the gamma
common chain is the molecular defect in X-linked severe combined
immunodeficiency, thus prompting a search for Jak3 mutations in autosomal forms of
severe combined immunodeficiency (SCID). There have now been several reports
of Jak3 mutations in patients with SCID, making Jak3 the first Janus kinase
associated with a human disease (31, 72, 73). Most of the described mutations in
Jak3 lead to a truncated protein that lacks the tyrosine kinase domain or are intemal
deletions and missense mutations that abolish Jak3 activation in response to IL-2 or

IL-4.
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Jak 3 null mice have been generated and are immunodeficient, similar to the Jak 3
mutants in humans. However, the immunodeficiency in humans and mice are
somewhat different. In humans with SCID due to Jak3 or gamma common chain
deficiency, there is a marked decrease in circulating mature T cells and NK cells,
normal to elevated numbers of nonfunctional B cells, and marked hypoplasia of
lymphoid tissues. In contrast, mice lacking Jak3 or gamma common chain have
severe defects in both T and B cell development. This difference has been
attributed to an essential role for IL-7 signaling through gamma common chain and

Jak-3 for B cell development in the mice, but not humans.

In Jak3 null mice, T-cells mature nomally in the thymus, but are markedly decreased
in number with a slight increase in the number of CD4+ cells. In contrast, there are
normal numbers of CD4+ T-cells in the spleens of Jak 3 deficient mice. To evaluate
whether the T cell defect in Jak3 deficient mice was due to aberrant T cell
development in the thymus or acquired in the periphery, two groups expressed Jak
3 under the control of the thymus specific Ick promoter in Jak3 deficient animals (74,
75). These experiments demonstrated that Jak3 expression corrected virtually all
defects in Jak3 null thymocytes. However, peripheral T cells in these mice acquire all
of the defects of Jak3 null T cells, suggesting that continuous expression of Jak 3 is

required to maintain T cell function (74, 75).

Tyk2

Tyk2 null animals have not yet been reported.

Drosophila melanogaster, Jaks, and Leukemogenesis
Jak proteins are evolutionarily conserved and Jak family members have been

identified in a wide variety of species, including Drosophila melanogaster and
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zebrafish. In Drosophila, a single Jak homolog has been identified, known as
hopscotch (76). Loss of hopscotch function results in larval/pupal lethality,
underproliferation of diploid tissues, and embryonic defects in segmentation (77).
Interestingly, mutations at the hopscotch locus known as Tum-1 (tumorous-lethal)
causes formation of plasmocytic tumors and overproliferation of larval blood cells
reminiscent of leukemia (78-80). Hop**? and Hop™™" have mutations in the JH2 and
JH1 domains, respectively, resulting in a hyperactive kinase (29). Further support for
constitutive activation of Janus kinases in leukemogenesis includes recent reports of
TEL-JAK2 fusion proteins with constitutive Janus kinase activity as a result of a

chromosomal translocation in patients with acute lymphoblastic leukemia (81, 82).

Signal Transducers and Activators of Transcription (STAT)

The STAT proteins were originally identified through studies of transcriptional
activation induced by interferon. Identification of interferon inducible genes allowed
the characterization of two interferon response elements, termed interferon alpha
response element (ISRE) and interferon gamma activation site (GAS) (83-85).
Subsequently, proteins binding to these sites were sought. Through these studies it
was determined that interferon alpha induces the formation of a transcription complex
termed interferon stimulated gene factor 3 (ISGF3) that binds ISRE sequences (83,
86-88). Similarly, gamma activated factor (GAF) was identified as the complex
binding to GAS sequences following interferon gamma stimulation (83, 89). The
transcription complex ISGF3 was analyzed and found to contain four polypeptides
with relative molecular weights of 48, 84, 91, and 113 kDa (90, 91).
Microsequencing of tryptic peptides allowed preparation of degenerate
oligonuclectides and cloning of cDNAs for all of these proteins. p91 and p84 are
alternatively spliced forms of STAT1, now called STAT1a and STAT1p (90-93).

The sequence of p113 was distinct but highly homologous to STAT1, indicating the
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existence of a family of STAT proteins (94). Thus, p113 was named STAT2.
Following the cloning of STAT1, it was determined that GAF is a STAT1 homodimer
(95) while ISGF3 is a STAT1/STAT2 heterodimer that also contains a non-STAT
protein, p48 (94).

Since the original identification of STAT1 and 2, a variety of approaches were used
to clone other STAT proteins, which now number six. STAT3 was cloned by
purifying a protein termed acute phase reactive protein (APRF) (96). Following IL-6
stimulation, this protein is tyrosine phosphorylated and co-immunoprecipitates with
gp130 and Jak1 (50). STAT3 was also cloned by low stringency hybridization with
a STAT1 probe (97, 98). Similarly, STAT4 was cloned using low stringency
hybridization as well as a PCR based approach (99, 100).

Studies of lactation in sheep identified a prolactin inducible DNA binding activity
termed mammmary growth factor (MGF) (101). MGF was purified from mammary
gland tissue of lactating sheep through it's ability to bind to a beta casein promoter
(101). MGF was highly homologous to STAT family proteins and was named
STAT5a. The sheep cDNA for STAT5a was used to screen a murine MC/9 and a
mouse mammary tissue library (102, 103). Two highly homologous genes were
identified in these studies, termed STAT5a and STAT5b (102, 103). STAT5b was
independently cloned by purifying proteins that bind to the IL-6 responsive 2-

macroglobulin promoter (104).

STAT6 was initially identified through efforts to identify GAS binding proteins
induced by IL-4. An affinity column containing a GAS element was used to purify

proteins, with subsequent microsequencing of tryptic peptides which ultimately led
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to the cloning of STAT6 (105). STAT6 was independently cloned by homology

searches of a database of expressed sequences (106).

In this chapter, splice variants of STAT proteins are designated as alpha and beta
forms, e.g., STAT 1o and STAT1, while distinct genes are indicated as a and b,
e.g., STAT5a and STAT5b. STAT proteins are activated following stimulation of

cells with a variety of cytokines as summarized in Table 5.

Characteristics of STAT Proteins

The STAT proteins are approximately 750 to 850 amino acids in length with
apparent molecular weights between 83 and 113 kDa. The principal size differences
result from variable lengths of the carboxy termini of the STAT proteins. STAT1 and
STAT4 map to the proximal region of mouse chromosome 1 (human 2q
homology), STAT2 and STAT®6 are located on mouse chromosome 10, and
STAT3, STAT5a, and STAT5b are on mouse chromosome 11 (99, 107, 108).
STAT5a and STAT5b are closely positioned on human chromosome 17 (109). The
chromosomal locations and relative molecular weights of the STAT proteins are

summarized in Table 6.

STAT1, STAT2, and STAT3 are ubiquitously expressed whereas STAT4,
STATS, and STAT6 have a more restricted pattern of expression (107). STAT4 is
expressed in several tissues including spleen, heart, brain, peripheral blood cells,
and testis (100). The highest expression of STATS is in the mammary gland, but
transcripts can also be detected in ovary, thymus, lung, adrenal gland, kidney,
spleen, muscle, liver, and myeloid cells (101, 110). Although STAT®6 is expressed
in most tissues, it cannot be detected in muscle and brain (105, 106). Expression of

the STAT proteins can also be regulated by stimulation with various growth factors
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and cytokines and may change with cellular differentiation. For example, increased
levels of STAT1 and STAT2 are observed in cells following treatment with interferon
alpha or gamma, with induction occuring at the transcriptional level (93, 94, 111). In
contrast, STAT4 levels decrease during differentiation of myeloid and erythroid cells

(99).

Structure/Function of STAT Proteins

The STAT proteins are known to be inducibly tyrosine phosphorylated following
cytokine stimulation. They then form dimers and translocate to the nucleus, where
they bind DNA and activate specific gene transcription. The structural features of the

STAT proteins enable them to fulfill these functions (Figure 2).

The amino terminus of the STAT proteins functions as a protein-protein interaction
domain. For example, amino terminal mediated interactions have been observed
between STAT dimer pairs allowing for oligomerization (112-114). The amino
terminus is also likely to be important for interactions with other intracellular proteins. In
STAT1, amino acids 150-250 serve as the p48 binding domain (115). In particular,
lysine 161 of STAT1, has been implicated in the interaction with p48 (115).

The DNA binding domain of STAT proteins is located at amino acids 300-500
(116). This domain was delineated by comparing chimeric STAT proteins with
differing DNA binding specificities (116, 117). The function of this domain has been
confirmed by mutation of a number of conserved residues in this region that
inactivate the DNA binding activity of STAT proteins without affecting tyrosine
phosphorylation or dimerization (116-118). Crystal structure of STAT proteins also
confirms this regions as the DNA binding domain and demonstrates that they utilize

an immunoglobulin-like fold to bind DNA as a dimer much like NF-xB (119, 120).
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The most highly conserved motif of STAT proteins is the SH2 domain between
“amino acids 570-670. The SH2 domain mediates interactions with cytokine receptor
complexes and is critical for STAT dimerization. Crystal structure of STAT1 and
STAT3 dimers bound to DNA have confirmed highly specific and reciprocal
interactions between the SH2 domain of one monomer and the phosphorylated
carboxy terminal tyrosine of the other (119, 120). Consistent with this, mutations in
the phosphotyrosine binding pocket of the SH2 domain or mutation of the carboxy

terminal conserved tyrosine phosphorylation site prevent STAT dimerization (121).

The SH2 domains of the STAT proteins differ in their recognition of tyrosine
phosphorylated motifs, allowing for specificity in binding to and activation by different
cytokine receptor complexes. For example, interferon alpha induces the
phosphorylation of STAT1 and STAT2 whereas interferon gamma induces
phosphorylation of only STAT1 (95, 121, 122). The specificity for STAT activation
by interferon gamma resides in the STAT SH2 domain. For example, swapping the
SH2 domain from STAT1 into STAT2 allowed activation of the recombinant protein
by interferon gamma while insertion of the SH2 domain of STAT2 into STAT1
prevented activation by interferon gamma (123). Similarly, exchanging the SH2
domain of STAT1 with SH2 domains of either STAT3 or STATG6 results in a STAT
protein that it is unable to be activated by interferon gamma but is activated by IL-6

(STAT3 chimera) or IL-4 (STAT6 chimera) (117, 124).

The carboxy termini of all STAT proteins, distal to the SH2 domain, contain a
conserved tyrosine that is a site of phosphorylation (121, 122). As noted above,
phosphorylation of this tyrosine is critical for STAT dimerization. Both homo- and
heterodimerization can occur depending on the binding specificity of the SH2

domain and the sequences surrounding the phosphotyrosine (53, 107, 125).
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Following dimerization, STAT proteins translocate to the nucleus, although a nuclear

localization sequence has not been well defined.

Distal to the conserved tyrosine phosphorylation site of STAT proteins is a non-
conserved carboxy terminal transactivation domain. The variability of sequences in
this transactivation domain may contribute to the specificity of STAT transcriptional
activation. Deletions in the carboxy temminus abolish transcriptional activity but do not
prevent tyrosine phosphorylation, dimerization, or DNA binding of STAT proteins
(118, 126-129). In addition, several of the STAT proteins (STAT1q, 3, 4, and 5)
also have a serine residue in this carboxy terminal domain, whose phosphorylation

is important for full transcriptional activity (130-134).

Dominant Negative and Constitutively Active STAT Mutants

Several mutations have resulted in dominant negative STAT proteins. As
expected, deletion of the carboxy terminal transactivation domain accomplishes this
(128). Interestingly, there are several naturally occurring STAT isoforms that contain
deletions of this carboxy terminal region, suggesting that these proteins may serve
to regulate STAT activity (135, 136). Mutation of the carboxy terminal tyrosine
phosphorylation site of STAT proteins also results in a dominant negative STAT
protein (137). This mutant inhibits tyrosine phosphorylation of the endogenous
STAT proteins suggesting that this mutant may fail to dissociate from activated
receptors or kinases thus preventing endogenous STAT proteins from binding and

becoming tyrosine phosphorylated.

A constitutively activated STATS mutant was identified by Onishi et al. using PCR

driven random mutagenesis and a retrovirus mediated expression screening system



(138). This mutant has two amino acid substitutions, one upstream of the DNA

binding domain (H299R) and the other in the transactivation domain (S711F).

STAT DNA Binding Sequences and Target Genes

All STAT proteins have been shown to recognize highly related DNA sequences.
These sequences have been identified by mutagenesis of response or promoter
elements, oligonucleotide competition studies, or isolation of STAT binding sites
from random oligonucleotide pools (107, 139). In particular, these experiments have
shown that STAT proteins bind to a semipalindromic sequence TTNNNNNAA,
known as a GAS sequence. However, the affinities of STAT proteins for different
GAS elements varies depending on the nucleotides in or around the GAS
sequence. Thus, TTC(N),GAA is the optimal binding site for STAT1, 3, 4, and 5
while STAT6 binds to the sequence TTC(N),GAA with an affinity one order of
magnitude higher than its affinity for TTC(N),GAA (117, 118, 140, 141). A variant of
the GAS sequence present in the c-fos promoter, termed sis inducible element
(SIE), can be bound by STAT1 or STAT3 (97, 142). STAT binding sequences

and their presence in a variety of target genes are summarized in Table 7.

STAT homo- or heterodimers can interact directly with non-STAT transcription factors
that can result in alteration of the preferred DNA binding sequence. For example,
following interferon stimulation, a STAT1/STAT2 heterodimer interacts with p48, a
DNA binding protein, leading to the formation of the ISGF3 complex (115).
Interaction of STAT1 and STAT2 with p48 changes the recognition sequence of the
complex to an ISRE motif AGTTTCNNTTTCNC/T. Depending on the level of the
p48 transcription factor, the ISGF3 complex will predominate over STAT dimers
redirecting STAT complexes from their intrinsic recognition of GAS elements to bind

ISRE sequences (143).
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Association of STAT Proteins with Other Transcription Factors

STAT proteins have been shown to interact with other transcription factors in addition
to p48. For example, several groups have shown an association between STAT1
or STAT2 and the cyclic AMP response element binding protein (CBP)/p300
following interferon stimulation (144, 145). The interaction between p300 and
STAT1 is mediated by two domains of each protein. Thus, an amino terminal region
of STAT1 associates with the CREB binding domain (residues 5717-687) of p300
and the carboxyl terminus of STAT1 binds the E1A interaction domain of p300
(residues 1680-1891) (145).

In interferon gamma signaling, full activation of the intercellular adhesion molecule-1
gene (ICAM-1) requires binding of both STAT1 and Sp1 to adjacent promoter
elements (146). STAT1 and Sp1 can be co-immunoprecipitated suggesting that
these two proteins may synergistically activate the ICAM-1 gene (146). Other
described interactions include an association between c-jun with a carboxy terminal
truncated STAT3 (STAT3p) in a yeast two hybrid screen (147). Lastly, the
glucocorticoid receptor can act as a transcriptional co-activator for STAT5 and

enhance STAT5-dependent transcription (148).

Association of STAT Proteins with Receptors and Jaks

As noted above, STAT proteins require tyrosine phosphorylation and dimerization
for activation. The current model of STAT activation indicates that STAT proteins are
recruited through their SH2 domains to ligand activated receptor complexes where
the STAT proteins become tyrosine phosphorylated. Consequently, they undergo
dimerization and translocation to the nucleus where they activate transcription (Figure

3). Sequences within the intracellular domains of cytokine receptors recruit specific
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STAT proteins, via the STAT SH2 domains, to the activated, tyrosine
phosphorylated receptor complexes. Specific tyrosine phosphorylated motifs that
mediate this interaction have been identified in a variety of cytokine receptors. For
example, tyrosine 440 of the interferon gamma receptor alpha binds to STAT1
(59). Other tyrosine phosphorylated motifs that bind to STAT proteins are

summarized in Table 8.

Receptors, such as those for growth hormone, G-CSF, and cytokines that utilize
gamma common (IL-3, IL-5, GM-CSF), can activate STAT proteins in the absence
of tyrosine residues in the receptor’s intraceliular domains (127, 149, 150). In these
cases, STAT proteins may be recruited to the receptor complex through docking to
a tyrosine phosphorylated receptor associated protein, such as a Janus kinase. As
previously noted, direct binding of the JH2 domain of Jak1, 2, and 3 to STAT5a and
STAT5Db has been reported (21). Other proteins that mediate the interaction
between receptor complexes and STAT proteins include Src family tyrosine
kinases. For example, c-src and STAT proteins co-immunoprecipitate after EGF
receptor stimulation (151). Further, c-src was found to be required for STAT
activation and mitogenesis induced by the CSF-1 receptor (151). Lastly, STAT
proteins may be recruited to receptor complexes by binding to a receptor
associated STAT protein. This has been demonstrated in the case of the interferon
alpha receptor alpha chain which recruits STAT2, resulting in its tyrosine

phosphorylation, allowing recruitment of STAT1 to the complex (126, 152-154).

The kinases responsible for phosphorylating STAT proteins include the Janus
kinases as well as the receptor tyrosine kinases (139, 155, 156). In most cases, the

phosphorylation of STAT proteins by Jaks appears to be nonspecific. Rather, the
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specificity lies in the ability of a given receptor complex to recruit a specific STAT

protein.

STAT Knockouts

As noted, STAT proteins are activated following stimulation with a variety of
cytokines. To characterize the necessity of STAT proteins in these signaling
pathways, gene targeting studies were performed. The phenotypes of the STAT

knockout mice are summarized in Table 9.

STAT1

STAT1 has been shown to be activated by a wide variety of receptor systems
including interferon alpha (94, 122) and gamma (95, 122), IL-6 (50, 98), leukemia
inhibitory factor (50, 157), oncostatin M (50, 158), growth hormone (157, 159), IL-
10 (160, 161), prolactin (162), angiotensin Il (163, 164), and transmembrane
protein tyrosine kinase receptors for epidermal growth factor (142, 165, 166),
platelet derived growth factor (167), and colony stimulating factor-1 (168). Despite
this activation by a variety of cytokine receptors, STAT1 deficient mice show a
relatively specific defect in responsiveness to interferon alpha and gamma (169,

170).

Expected Mendelian frequencies of STAT1 deficient mice were obtained and no
gross abnormalities were observed (169, 170). In comparison to the normal
phenotype of the homozygous wild type or heterozygous mice, homozygous
STAT1 null mice were runted and died within 48 hours of weaning (169, 170).
Autopsy findings were consistent with infection with mouse hepatitis virus (MHV),
which was present in the heterozygous mothers, but is usually only significant in

immunocompromised animals (171).
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STAT1 null animals that were bred in MHV negative hosts and a sterile environment
appeared normal, but were extremely sensitive to viral infection (169, 170). These
mice were highly susceptible to infections with vesicular stomatitis virus (VSV) and
Listeria monocytogenes despite normal numbers of B and T lymphocytes,
monocytes, and granulocytes (169, 170). This phenotype is similar to mice lacking
interferon gamma or interferon gamma receptor alpha chain that die when infected
with a dose of Listeria that is sublethal in normal mice (172, 173). Although mice
lacking functionally active interferon gamma receptors are able to resist VSV
infection, mice lacking interferon alpha receptors are highly susceptible (174), similar

to mice lacking STAT1 (169).

This general state of unresponsiveness to interferon in the STAT1 deficient animals
was confirmed in a variety of additional experiments. For example, STAT1 deficient
macrophages failed to induce transcription of interferon regulatory factor 1 (IRF-1),
guanylate-binding protein 1 (GBP-1), and MHC class |l transactivating protein
(CIITA) in response to IFN alpha or gamma. In addition, STAT1 deficient
macrophages did not produce nitrite in response to lipopolysaccaride plus IFN

gamma or IFN alpha (169, 170).

In contrast, STAT1 deficient mice have normal responses to a variety of other
cytokines tested including growth hormone, IL-10, EGF, CSF-1, and IL-6 (169,
170). Phenotypically, STAT1 null mice do not display features consistent with loss
of IL-10, gp130, PDGF, EGF, or CSF-1 (66, 175-181). This indicates that STAT1
activation is irrelevant or redundant in these pathways. Functional redundancy could
be provided by STAT3 which is activated by many of the same cytokines that
activate STAT1. However, as STAT3 cannot restore interferon responses, this

demonstrates that STAT3 alone cannot fully substitute for STAT1 (169, 170).
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STAT1 deficient mice have some of the defects observed in IRF-1 deficient mice
(182, 183) and CIITA deficient humans (184). Expression of these transcription
factors by interferon requires STAT1 with neither gene induced by interferon
treatment of cells from STAT1 deficient mice. However, IRF-1 and CIITA
expression can be induced by other cytokines, such as IL-6 and deficiencies of
these transcription factors results in additional abnormalities not noted in STAT1
deficient mice (182-184). This data places STAT1 upstream of these two
transcription factors and demonstrates that other pathways activated by these

transcription factors are also deficient in the IRF-1 and CIITA null mice.

STAT2

STAT2 null animals have not yet been reported.

STAT3

As with STAT1, STATS is activated in response to a variety of cytokines including
the IL-6 family (IL-6, IL-11, LIF, CNTF, OSM) (50, 96, 97, 185, 186), IL-2 family
members (IL-2, IL-4, IL-7, IL-15) (187, 188), interferon family members (98, 189),
granulocyte-colony stimulating factor (G-CSF) (190-192), epidermal growth factor
(EGF) (98, 189), and leptin (185, 193). STAT3 heterozygote deficient mice are
phenotypically normal and fertile, however, no STAT3 deficient mice were obtained
from crosses of heterozygotes (194). Analysis of embryos revealed relatively
normal development through embryonic day 6. However, by day 6.5, STAT3 null
embryos began to degrade. ‘At day 7.0, there was no evidence of mesoderm

formation and embryos were completely reabsorbed by embryonic day 7.5 (194).

When compared to the phenotype of mice deficient for gp130, LIFR, CNTFR, or
EGFR, all of which are lethal, STAT3 null mice die much earlier. LIFR and CNTFR
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mice die shortly after birth (67, 68, 195). gp130 mice die around embryonic day
15.5-18.5 as a result of cardiac, placental, and hematopoietic abnormalities (66).
EGFR null mice die after embryonic day 11.5 in a similar genetic background as the
STAT3 null mice (176, 177). Therefore, the early embryonic lethality of the STAT3
deficient mice may be due to combined loss of two or more of these receptor

mediated signals or an unidentified signaling molecule that requires STAT3 activity.

To assess the role of STAT3 deficiency in T cells, Takeda et al. generated mice in
which STATS3 is specifically absent from T cells (196). T cell development and
numbers were normal in the thymus, spleen, and lymph nodes of these animals.
However, T cells from these mice displayed severely impaired proliferative
responses to IL-6. IL-6 stimulation resulted in induction of bcl-2 but did not prevent
apoptosis of T cells. Thus, STAT3 appears to be required for IL-6 mediated

prevention of apoptotic responses.

STAT4

STAT4 is widely expressed, with highest levels in the spleen and testis. However,
STAT4 has specifically been demonstrated to be tyrosine phosphorylated after
stimulation of T cells with IL-12 (197, 198). IL-12 is required for T cell independent
induction of interferon gamma and development of a Th1 response (199, 200).
STAT4 null mice are viable and fertile with no detectable defects in hematopoiesis
(201, 202). However, all IL-12 functions tested were disrupted including the
induction of interferon gamma, IL-12 induced mitogenesis, enhancement of NK
cytolytic function, and Th1 differentiation (201, 202). There were no detectable
changes in the composition of lymphoid populations as determined by cell surface

markers. STAT4 not only seems to be required for promoting Th1 development,
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but may also inhibit Th2 differentiation as STAT4 null lymphocytes have a tendency

towards Th2 development even under conditions that favor Th1 differentiation.

STATS
Like STAT1 and STAT3, STATS5 is activated in response to a variety of cytokines.
Despite this, STAT5 knockouts show remarkable specificity in their phenotype.

STAT5a

STAT5a null mice appeared normal, but postpartum females were unable to
produce and secrete milk (203). Mammary tissue from STAT5a deficient mice
indicated incomplete mammopoiesis in which lobuloalveolar tissue was
underdeveloped and did not have a secretory phenotype (203). Thus, STAT5a is
mandatory for mammopoiesis and lactogenesis and implicates STAT5a as the
primary target of prolactin. Interestingly, despite expression of STATS5b in
mammary tissues, STAT5b was unable to compensate for the loss of STAT5a.
However, the extent of STAT5b expression and phosphorylation was reduced in

STAT5a deficient mammary tissue (203).

In examining a potential role for STAT5a in responses to other cytokines, bone
marrow macrophages from STAT5a deficient mice had decreased proliferation and
gene expression in response to granulocyte/macrophage-colony stimulating factor
(GM-CSF) (204). However, the colony forming ability of hematopoietic progenitors
from STAT5a deficient mice treated with GM-CSF was normal (205). Further, the
number of neutrophils and monocytes in STAT5a knockout mice were normal (205).
STAT5a null splenocytes exhibited markedly decreased proliferation in response to
IL-2 that could be attributed to defective IL-2-induced expression of the IL-2
receptor alpha chain (IL-2R alpha) (206). This defect can be explained by the
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presence of an IL-2 response element in the IL-2R alpha gene that is dependent on

STATS5 proteins (207-209).

STAT5b

Normally, male mice have a significantly higher growth rate than females after 3
weeks of age. However, in two separate lines of STAT5b null mice, males grew at a
rate similar to femaie mice (210). The STAT5b deficient male mice had liver specific
gene expression that was decreased as compared to wild type male mice but
comparable to wild type female levels. Further, female predominant liver gene
products are increased in STAT5b deficient males (210). These findings are similar
to those observed in growth hormone deficient mice and suggest that STAT5b is
the major STAT protein that mediates growth hormone effects in the liver and
perhaps other target organs (211, 212). Other phenotypes observed in the
STAT5b deficient animals included defects in lactation, decreased ability to carry
fetuses to term, decreased fat deposition, and sparse hair with decreased hair
regrowth (210). The loss of fat deposition could also be an effect of functional growth
hormone deficiency as growth hormone induces the differentiation of preadipocytes
to adipocytes and can activate STATS in murine preadipocytes (213, 214).
Whether these other phenotypes are due to insensitivity to growth hormone or

reflect loss of responsiveness to other cytokines is unknown.

STATS5b deficient mice have a modest decrease in both thymic and splenic
cellularity (215). Similar to STAT5a deficient T cells, STAT5b null T lymphocytes
were deficient in a proliferative response to IL-2 (215). In contrast to STAT5a
deficient mice which only have diminished IL-2R alpha expression, STAT5b null
mice had a decrease in mRNA for both IL-2R alpha and beta (206). Although the

IL-2R alpha gene has a STATS5 response element, no such element is present in



the IL-2R beta gene. NK responses to IL-2 and IL-15 were similarly defective,

consistent with the decrease in IL-2R beta expression (215).

STAT5a/STATSb

The STAT5a/b deficient mice were derived by double targeting of embryonic stem
cells, since their genetic colocalization would not allow a purely genetic approach
(205). Double homozygous deficient mice were obtained at normal Mendelian
frequencies, however, approximately one-third of the mice died within 48 hours of

birth (205). The reason for this has yet to be determined.

Although STAT5a and STATS5b deficient mice are fertile, female STATSa/b null
mice are infertile despite normal ovulation. Histologic examination of the ovaries
show few or no large corpora lutea in comparison to wild type mice (204). This
defect is likely due to an even more severe prolactin defect in the STAT5a/b null
mice as compared to the STAT5a deficient animals (216, 217). In addition, the
double knockouts were even smaller than STATSb null mice (204), consistent with a
complete lack of growth hormone function (218). These data suggest some
redundancy of function for STAT5a and STAT5b in the prolactin and growth

hormone pathways.

Despite activation of STAT5 proteins by EPO and TPQO, there were no observed
differences between the wild type and various STAT5 mutant mice in the red cell
numbers, hemoglobin levels, hematocrits, and platelet count. However, STAT5a/b
null mice had a decrease in white cell numbers (205). Colony forming assays of
bone marrow cells from STAT5a/b null mice demonstrated a decreased response
to IL-3, IL-5 and GM-CSF with fewer colonies and smaller colony size. Peripheral T

cells from double knockout mice were unable to proliferate in response to T cell



receptor engagement and IL-2. Presumably, this relates to the IL-2 receptor

abnormalities noted in the STAT5a or STATb deficient mice (206, 215).

STAT6

STATS6 is activated in response to a limited number of cytokines with the largest
number of reports demonstrating activation in response to IL-4 and IL-13. Not
surprisingly, STAT6 knockout mice were deficient in responses to these cytokines
(219-222). Homozygous STAT6 deficient mice were viable with no gross
abnormalities and normal numbers of T and B lymphocytes (219, 221, 222). The
proliferation of T and B cells in response to IL-4 was diminished. However, more
striking was the inability of IL-4 to induce Th2 differentiation, increase the expression
of CD23 and MHCII, and induce Ig class switching of B cells to [gG1 and IgE (219,
221, 222). This is similar to the phenotype of IL-4 deficient mice (223). Consistent
with a lack of induction of a Th2 response and class switching to IgE in the STAT6
deficient mice, STAT6 null mice were resistant to allergen induced airway
inflammation (224, 225). In addition, responses to IL-13, including augmentation of
MHC class Il expression and decreases in nitric oxide production by activated

macrophages, were not observed in STAT6 deficient mice (220).

Conclusion

The discovery of the Jak/STAT pathway has allowed an improved understanding of
the signaling mechanisms used by cytokine receptors. Cytokine receptors associate
with distinct Janus kinases that couple ligand binding to intracellular phosphorylation
events. These phosphorylation events allow the recruitment and activation of
specific STAT proteins that results in transcriptional activation. The critical role of Jak
and STAT proteins in cytokine signaling has been confirmed through studies of mice

deficient in these proteins. Despite activation of STAT proteins by multiple
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cytokines, STAT deficient animals display specific defects in cytokine signaling. This
implies redundancy in STAT signaling. In contrast, Jak deficient mice display defects
consistent with non-redundant roles for Jaks in cytokine signaling. Additional studies
will be required to more precisely define the regulation of the Jak/STAT pathway,
the specific target genes of STAT proteins, and the role of this pathway in human

disease.



Table 1. Jak/STAT Deficient Cell Lines

Cell Line Deficient Defective Interferon Reference
Protein Response

U4A Jak1 alpha and gamma (11)

gammailA Jak2 gamma (12)

u1D Tyk2 alpha (10)

U3A STATH alpha and gamma (129)

UBA STAT2 alpha (153)

Table 2. Chromosomal Location and Molecular Weight of Jaks

Jak Location Molecular Weight
Jak 1 human 1p31 135 kDa
Jak 2 human 10p23-24 130 Kda
Jak 3 human 4931 120 kDa

Tyk2 human 19p13 140 kDa



Table 3. Activation of Jaks by Hematopoietic Ligands

Jaks
Ligands Jak1 Jak2 Jak3 Tyk2
Interferon family
IFN o/ o+ 4
IFNy + +
IL-10 3 +
v Common Chain family
IL-2 o 5
IL-4 + + + +
IL-7 .2 -
IL-9 + + +
IL-13 + + +
IL-15 + + +
gp130 family
IL-6 + + +
IL-11 + "
IL-12 + +
CNTF + Y +
G-CSF n + 8
LIF + &

OsM + + +



gp140 family
IL-3
IL-5
GM-CSF

Growth Hormone family

EPO
GH

PRL
TPO

Receptor Tyrosine Kinases family

Cor-1
EGF
PDGF
SCF

G-protein Coupled Receptors family

Angiotensin Il



Table 4. Jak Knockout Mice Phenotypes

Jak Null

Defective cytokine response

Jak1

Jak2

Jak3

Tyk2

IL-2 family (IL-2, IL-4, and IL-7), IFN
family (alpha/beta, gamma, and IL-
10), and gp130 family (IL-6, CNTF,
OSM, CT-1, and LIF)

gp140 family (GM-CSF, IL-5, and
IL-3), EPO, TPO, and IFN gamma
[L-2 family (IL-2 and IL-7)

not yet reported

Phenotype

decreased thymocyte cell number,
blocked B lymphocyte differentiation,

sensitive to viral infection

embryonic lethal, no definitive
erythropoiesis
immunodeficient, defects in T and B

cell development



Table 5. Activation of STAT Proteins by Hematopoietic Ligands

STAT
Ligands 12 3 4
Interferon family

IFN alpha/beta + 3 + +

IFN gamma 4

IL-10 + +
Gamma Common family

Interleukin-2 (IL-2) " + +

IL-4 + +

IL-7 4 %

IL-9 i +

IL-13

IL-15 + &%
gp130 family

IL-6 | % 5

IL-11 + 3

IL-12 n + 4

CNTF + 4

G-CSF + +

LIF + =7

OSM N ¢

fon
[&))



gp140 family
IL-3
IL-5
GM-CSF

Growth Hormone family

EPO
GH

PRL
TPO

Receptor Tyrosine Kinase

family
CSF-1

EGF
PDGF
SCF

G-protein Coupled Receptor

family

Angiotensin |i
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Table 6. Chromosomal Location and Molecular Weight of STAT Proteins

STAT Chromosomal Location Molecular Weight
STAT 1a mouse 1 (human 2q) 91 kDa

STAT 1P mouse 1 (human 2q) 84 kDa

STAT 2 mouse 10 113 kDa

STAT 3 mouse 11 83 kDa

STAT 4 mouse 1 (human 2q) 86 kDa

STAT 5a mouse 11 (human 17) 96 kDa

STAT 5b mouse 11 (human 17) 94 kDa

STAT 6 mouse 10 100 kDa



Table 7. STAT Response Elements*

Gene

ISG54
6-16
GBP

consensus

alpha 1 acidic glycoprotein

beta-casein
CD23
CIS

CRP

FcyR1 (GRR)
cFos-SIE
GBP

ICAM-1
ICSBP
IFP53

IL-2Ro

IL-4

IL-4 Receptor

Response Element

ISRE

AGTTTCACTTTCCC
AGTTTCATTTTCCC
ACTTCAGTTTCAT
AGTTTCNNTTTCNC/T

Gas-like
TTCCCAGAA
TTCTAGGAA

TACCTGAGAAA

TTCCTGGAA
TTCTTGGAA
TTCTAGGAA
TTCCGGGAA
TTCCCGAA
TTCCCAGAA
TTCCCGTCA
TTACTCTAA
TTCCCGGAA
TTCTCGGAA
TTCTCAGAA
TTCTGAGAA
TTCACAGGAA
TTCATCTGAA

STAT

STAT 1,2
STAT 1,2
STAT 1,2

STAT 3
STAT 5
STAT 6, 1
STAT 5

STAT 3
STAT1,3,5
STAT 1,3
STAT 1
STAT 1,3
STAT 1
STAT 1
STAT 5
STAT 6
STAT 6



IRF-1

junB

Ly-6A/E

M67-SIE

alpha 2-Macroglobulin
MIG

Spi2.1

consensus

*This is not a comprehensive list.

TTCCCCGAA
GTCAGGAA
TTCCTGTAA
TTCCCGTAA
TTCCCGTAA
TTACTATAA
TTCTACTAA
TTCTGAGAA
TTNNNNNAA

STAT1,3,5,6
STAT 1,3
STAT 1

STAT 1

STAT 3

STAT 1

STAT 5
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Table 8. STAT binding of human receptor phosphotyrosine motifs.”

Receptor STAT

IFN gammaR1  STAT 1

IFN alphaR1 STAT 2
gp130 (IL-6) STAT 1,3
gp130 (IL-6) STAT 3
IL-2R STAT 5
IL-4R STAT 6
IL-9R STAT 1,3,5
EPOR STAT 5
PRLR STAT1, 3,5

Motif

TSFGY,,,DKPHVLV

RCINY ,,,VFFPSLKPSS
DEGMPKSY,,.LPQT and
PQTVTQGGY,;MPQ
TVVGSGY,,,RHQVPSV and
ILPRQQY,,,FKQNCSQ
EDDAY,,CTFPSR and
NTDAY,,LSLQ
GPPGEAGY,,KAFSSLL and
ASSGEEGY ,,,KPFQDLI

QTLAY, LPQE

AQDTY,,,LVLD and

SFEY,,, TILD

GGLDY ,LDPAC (residue 382 in short form)

*This is not a comprehensive list. Additionally, the amino acid assigment

corresponds to the published tyrosine, which may not reflect genbank numbering.
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Table 9. STAT knockout mice phenotypes.

STAT
STATA1
STAT2
STAT3
STAT4

STATS5a
STATSb

STAT5a/b

STAT6

Cytokines

IFN alpha and gamma
not yet reported

IL-6 in targetted T cells
IL-12

PRL
GH

gp140 family (IL-3, IL-5,
and GM-CSF), PRL,
and GH

[L-4 and IL-13

Phenotype

sensitive to viral infection

embryonic lethal, no mesoderm formation
defective Th1 differentiation, lack of IFN
gamma induction

defective mammopoiesis and lactogenesis
males have female levels in sexually
dimorphic traits (growth rate and liver proteins)
decreased number of lymphocytes, increased
percentage of neutrophils, smaller size than
STAT5b null mice, and no large corpea lutea
defective Th2 differentiation, B cell class
switching, reduced nitric oxide production by
macrophages, and lack of IL-13 induced MHC

class Il expression
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Figure 1. Domains of Jaks. As described in the text, Janus kinases consist of seven
conserved Jak homology domains categorized JH 1 through JH 7. The carboxy
terminus JH 1 domain is the kinase domain whereas JH 2 is a pseudokinase
domain. Amino terminal domains JH 6 and JH 7 are involved in receptor interactions.
Domains JH 3 through 5 do not have well defined functions. Amino acid numbering

is indicated on the top of the figure.
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Figure 2. Domains of STAT proteins. The SH2 domain (SH2), the putative SH3
domain (SH3), DNA binding domain (DNA), and a protein interaction domain (PID)
are labeled. The carboxy terminal transcriptional activation domain (TA) includes an
activating serine at position 727 (S727) in various STAT proteins (STAT1a, 3, 4,
and 5). The tyrosine phosphorylation site required for dimerization is at amino acid
701 (Y701). STATs 1a, 2, 3, 5a, and 5b have the same domain configuration. In
comparison, STAT 4 and STAT 6 have a longer carboxyl termini. Additionally, the
alternately spliced STAT variants, such as STAT1, are truncated in their carboxy

terminus. Amino acid numbering is indicated on the top of the figure.
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cytosol

Figure 3. Diagram of Jak/STAT activation. Following ligand binding, receptors
dimerize, resulting in Jak activation. Activated Jaks phosphorylate specific sites on
the cytoplasmic domains of the receptors. STAT proteins are recruited to
phosphotyrosines (striped triangles) on the receptor or receptor associated
proteins. Activated Jaks phosphorylate the STAT proteins, which allows the STAT
proteins to dimerize and translocate to the nucleus, where they bind specific

promoter sequences to activate gene transcription.



References

1 Wilks AF (1989) Two putative protein-tyrosine kinases identified by application
of the polymerase chain reaction. Proc Natl Acad Sci U S A 86: 1603

2 Wilks AF, Harpur AG, Kurban RR, Ralph SJ, Zurcher G, Ziemiecki A (1991)
Two novel protein-tyrosine kinases, each with a second phosphotranserase-related
catalytic domain, define a new class of protein kinase. Mol Cell Biol 11: 2057

3 Rane SG, Reddy EP (1994) JAK3: a novel JAK kinase associated with terminal
differentiation of hematopoietic cells. Oncogene 9: 2415 |

4 Takahashi T, Shirasawa T (1994) Molecular cloning of rat JAKS3, a novel member
of the JAK family of protein tyrosine kinases. FEBS Letters 342: 124

5 Krolewski JJ, Lee R, Eddy R, Shows TB, Dalla-Favera R (1990) Identification
and chromosomal mapping of new human tyrosine kinase genes. Oncogene 5: 277
6 Firmbach-Kraft |, Byers M, Shows T, Dalla-Favera R, Krolewski JJ (1990) Tyk2,
prototype of a novel class of non-receptor tyrosine kinase genes. Oncogene 5.
1329

7 Pellegrini S, John J, Shearer M, Kerr IM, Stark GR (1989) Use of a selectable
marker regulated by alpha interferon to obtain mutations in the signaling pathway.
Mol Cell Biot 9: 4605

8 McKendry R, John J, Flavell D, Muller M, Kerr IM, Stark GR (1991) High-
frequency mutagenesis of human cells and characterization of a mutant unresponsive
to both alpha and gamma interferons. Proc Natl Acad Sci U S A 88: 11455

9 John J, McKendry R, Pellegrini S, Flavell D, Kerr IM, Stark GR (1991) Isolation
and characterization of a new mutant human cell line unresponsive to alpha and beta
interferons. Mol Celi Biol 11: 4189

10 Velazquez L, Fellous M, Stark GR, Pellegrini S (1992) A protein tyrosine

kinase in the interferon alpha/beta signaling pathway. Cell 70: 313



140

11 Muller M, Briscoe J, Laxton C, Guschin D, Ziemiecki A, Silvennoinen O, Harpur
AG, Barbieri G, Witthuhn BA, Schindler C, Pellegrini S, Wilks AF, Ihle JN, Stark GR,
Kerr IM (1993) The protein tyrosine kinase JAK1 complements defects in interferon-
alpha/beta and -gamma signal transduction. Nature 366: 129

12 Watling D, Guschin D, Muller M, Silvennoinen O, Witthuhn BA, Quelle FW,
Rogers NC, Schindler C, Stark GR, lhle JN, Kerr IM (1993) Complementation by
the protein tyrosine kinase JAK2 of a mutant cell line defective in the interferon-
gamma signal transduction pathway. Nature 366: 166

13 Argetsinger LS, Campbell GS, Yang X, Witthuhn BA, Silvennoinen O, Ihle JN,
Carter-Su C (1993) Identification of JAK2 as a growth hormone receptor-associated
tyrosine kinase. Cell 74: 237

14 Witthuhn BA, Quelle FW, Silvennoinen O, Yi T, Tang B, Miura O, lhle JN
(1993) JAK2 associates with the erythropoietin receptor and is tyrosine
phosphorylated and activated following stimulation with erythropoietin. Cell 74: 227
15 Witthuhn BA, Silvennoinen O, Miura O, Lai KS, Cwik C, Liu ET, Ihle JN (1994)
Involvement of the Jak-3 Janus kinase in signalling by interleukins 2 and 4 in
lymphoid and myeloid cells. Nature 370: 153

16 Verbsky JW, Bach EA, Fang YF, Yang L, Randolph DA, Fields LE (1996)
Expression of Janus kinase 3 in human endothelial and other non-lymphoid and non-
myeloid cells. J Biol Chem 271: 13976

17 Lai KS, Jin Y, Graham DK, Witthuhn BA, Ihle JN, Liu ET (1995) A kinase-
deficient splice variant of the human JAKS is expressed in hematopoietic and
epithelial cancer cells. J Biol Chem 270: 25028

18 Harpur AG, Andres AC, Ziemiecki A, Aston RR, Wilks AF (1992) JAK2, a third

member of the JAK family of protein tyrosine kinases. Oncogene 7: 1347



141

19 Kohlhuber F, Rogers NC, Watling D, Feng J, Guschin D, Briscoe J, Witthuhn
BA, Kotenko SV, Pestka S, Stark GR, Ihle JN, Kerr IM (1997) A JAK1/JAK2
chimera can sustain alpha and gamma interferon responses. Mol Cell Biol 17: 695
20 Kotenko SV, Izotova LS, Pollack BP, Muthukumaran G, Paukku K, Silvenncinen
O, Ihle JN, Pestka S (1996) Other kinases can substitute for Jak2 in signal
transduction by interferon-gamma. J Biol Chem 271: 17174

21 Fuijitani Y, Hibi M, Fukada T, Takahashi-Tezuka M, Yoshida H, Yamaguchi T,
Sugiyama K, Yamanaka Y, Nakajima K, Hirano T (1997) An alternative pathway for
STAT activation that is mediated by the direct interaction between JAK and STAT.
Oncogene 14: 751

22 Gauzzi MC, Barbieri G, Richter MF, Uze G, Ling L, Fellous M, Pellegrini S
(1997) The amino-terminal region of Tyk2 sustains the level of interferon alpha
receptor 1, a component of the interferon alpha/beta receptor. Proc Natl Acad Sci U
S A94: 11839

23 Chen M, Cheng A, Chen YQ, Hymel A, Hanson EP, Kimmel L, Minami Y,
Taniguchi T, Changelian PS, O'Shea JJ (1997) The amino terminus of JAK3 is
necessary and sufficient for binding to the common gamma chain and confers the
ability to transmit interleukin 2-mediated signals. Proc Natl Acad Sci U S A 94: 6910
24 Frank SJ, YiW, Zhao Y, Goldsmith JF, Gilliland G, Jiang J, Sakai |, Kraft AS
(1995) Regions of the JAK2 tyrosine kinase required for coupling to the growth
hormone receptor. J Biol Chem 270: 14776

25 Zhao Y, Wagner F, Frank SJ, Kraft AS (1995) The amino-terminal portion of the
JAK? protein kinase is necessary for binding and phosphorylation of the
granulocyte-macrophage colony-stimulating factor receptor beta ¢ chain. J Biol Chem

270: 13814



26 Feng J, Witthuhn BA, Matsuda T, Kohlhuber F, Kerr IM, thle JN (1997)
Activation of Jak2 catalytic activity requires phosphorylation of Y1007 in the kinase
activation loop. Mol Cell Biol 17: 2497

27 Zhou YJ, Hanson EP, Chen YQ, Magnuson K, Chen M, Swann PG, Wange
RL, Changelian PS, O'Shea JJ (1997) Distinct tyrosine phosphorylation sites in
JAK3 kinase domain positively and negatively regulate its enzymatic activity. Proc
Natl Acad Sci U S A 94: 13850

28 Gauzzi MC, Velazquez L, McKendry R, Mogensen KE, FellousAM, Pellegrini S
(1996) Interferon-alpha-dependent activation of Tyk2 requires phosphorylation of
positive regulatory tyrosines by another kinase. J Biol Chem 271: 20494

29 Luo H, Rose P, Barber D, Hanratty WP, Lee S, Roberts TM, D'Andrea AD,
Dearolf CR (1997) Mutation in the Jak kinase JH2 domain hyperactivates
Drosophila and mammalian Jak-Stat pathways. Mol Cell Biol 17: 1562

30 Velazquez L, Mogensen KE, Barbieri G, Fellous M, Uze G, Pellegrini S (1995)
Distinct domains of the protein tyrosine kinase tyk2 required for binding of interferon-
alpha/beta and for signal transduction. J Biol Chem 270: 3327

31 Candotti F, Oakes SA, Johnston JA, Giliani S, Schumacher RF, Mella P, Fiorini
M, Ugazio AG, Badolato R, Notarangelo LD, Bozzi F, Macchi P, Strina D, Vezzoni
P, Blaese RM, O'Shea JJ, Villa A (1997) Structural and functional basis for JAKS3-
deficient severe combined immunodeficiency. Blood 90: 3996

32 Tsui HW, Siminovitch KA, de Souza L, Tsui FW (1993) Motheaten and viable
motheaten mice have mutations in the haematopoietic cell phosphatase gene. Nat
Genet 4: 124

33 Shultz LD, Schweitzer PA, Rajan TV, Yi T, Ihle JN, Matthews RJ, Thomas ML,
Beier DR (1993) Mutations at the murine motheaten locus are within the

hematopoietic cell protein-tyrosine phosphatase (Hcph) gene. Cell 73: 1445



143

34 Shultz LD, Coman DR, Lyons BL, Sidman CL, Taylor S (1987) Development
of plasmacytoid cells with Russell bodies in autoimmune "viable motheaten” mice.
Am J Path 127: 38

35 Van Zant G, Shultz L (1989) Hematologic abnormalities of the immunodeficient
mouse mutant, viable motheaten (mev). Exp Hematol 17: 81

36 Yi T, Mui AL, Krystal G, Ihie JN (1993) Hematopoietic cell phosphatase
associates with the interleukin-3 (IL-3) receptor beta chain and down-regulates IL-3-
induced tyrosine phosphorylation and mitogenesis. Mol Cell Biol 13: 7577

37 YiT, Zhang J, Miura O, lhle JN (1995) Hematopoietic cell phosphatase
associates with erythropoietin (Epo) receptor after Epo-induced receptor tyrosine
phosphorylation: identification of potential binding sites. Blood 85: 87

38 Klingmuller U, Lorenz U, Cantley LC, Neel BG, Lodish HF (1995) Specific
recruitment of SH-PTP1 to the erythropoietin receptor causes inactivation of JAK2
and termination of proliferative signals. Cell 80: 729

39 de la Chapelle A, Traskelin AL, Juvonen E (1993) Truncated erythropoietin
receptor causes dominantly inherited benignh human erythrocytosis. Proc Natl Acad
Sci U S A 90: 4495

40 David M, Chen HE, Goelz S, Larner AC, Neel BG (1995) Differential
regulation of the alpha/beta interferon-stimulated Jak/Stat pathway by the SH2
domain-containing tyrosine phosphatase SHPTP1. Mol Cell Biol 15: 7050

41 Gadina M, Stancato LM, Bacon CM, Larner AC, O'Shea JJ (1998)
Involvement of SHP-2 in multiple aspects of IL-2 signaling: evidence for a positive
regulatory role. J Immunol 160: 4657

42 Berchtold S, Volarevic S, Moriggl R, Mercep M, Groner B (1998) Dominant
negative variants of the SHP-2 tyrosine phosphatase inhibit prolactin activation of
Jak2 (janus kinase 2) and induction of Stat5 (signal transducer and activator of

transcription 5)-dependent transcription. Mol Endocrinol 12: 556



144

43 Kim H, Hawley TS, Hawley RG, Baumann H (1998) Protein tyrosine
phosphatase 2 (SHP-2) moderates signaling by gp130 but is not required for the
induction of acute-phase plasma protein genes in hepatic cells. Mol Cell Biol 18:
1525

44 Matsumoto A, Masuhara M, Mitsui K, Yokouchi M, Ohtsubo M, Misawa H,
Miyajima A, Yoshimura A (1997) CIS, a cytokine inducible SH2 protein, is a target
of the JAK-STATS5 pathway and modulates STATS activation. Blood 89: 3148

45 Nicholson SE, Hilton DJ (1998) The SOCS proteins: a new farhily of negative
regulators of signal transduction. J of Leukocyte Biology 63: 665

46 Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ, Gonda TJ,
Alexander WS, Metcalf D, Nicola NA, Hilton DJ (1997) A family of cytokine-
inducible inhibitors of signalling. Nature 387: 917

47 Endo TA, Masuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K,
Matsumoto A, Tanimura S, Ohtsubo M, Misawa H, Miyazaki T, Leonor N, Taniguchi
T, Fujita T, Kanakura Y, Komiya S, Yoshimura A (1997) A new protein containing an
SH2 domain that inhibits JAK kinases. Nature 387: 921

48 Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono A, Nishimoto
N, Kajita T, Taga T, Yoshizaki K, Akira S, Kishimoto T (1997) Structure and function
of a new STAT-induced STAT inhibitor. Nature 387: 924

49 Hilton DJ, Richardson RT, Alexander WS, Viney EM, Willson TA, Sprigg NS,
Starr R, Nicholson SE, Metcalf D, Nicola NA (1998) Twenty proteins containing a
C-terminal SOCS box form five structural classes. Proc Natl Acad Sci U S A 95:
114

50 Lutticken C, Wegenka UM, Yuan J, Buschmann J, Schindler C, Ziemiecki A,
Harpur AG, Wilks AF, Yasukawa K, Taga T, Kishimoto T, Barbieri G, Pellegrini S,
Sendtner M, Heinrich PC, Homn F (1994) Association of transcription factor APRF



145

and protein kinase Jak1 with the interleukin-6 signal transducer gp130. Science 263:
89

51 Stahl N, Boulton TG, Farruggelia T, Ip NY, Davis S, Witthuhn BA, Quelle FW,
Silvennoinen O, Barbieri G, Pellegrini S, lhie JN, Yancopoulos GD (1994)
Association and activation of Jak-Tyk kinases by CNTF-LIF-OSM-IL-6 beta
receptor components. Science 263: 92

52 Guschin D, Rogers N, Briscoe J, Witthuhn B, Watling D, Horn F, Pellegrini S,
Yasukawa K, Heinrich P, Stark GR, Ihle JN, Kerr IM (1995) A major role for the
protein tyrosine kinase JAK1 in the JAK/STAT signal transduction pathway in
response to interleukin-6. EMBO J 14: 1421

53 Leonard WJ, O'Shea JJ (1998) Jaks and STATSs: biological implications. Ann
Rev of Immunol 16: 293

54 Russell SM, Johnston JA, Noguchi M, Kawamura M, Bacon CM, Friedmann M,
Berg M, McVicar DW, Witthuhn BA, Silvennoinen O, Goldman AS, Schmalstieg
FC, thle JN, O'Shea JJ, Leonard WJ (1994) Interaction of IL-2R beta and gamma ¢
chains with Jak1 and Jak3: implications for XSCID and XCID. Science 266: 1042
55 Miyazaki T, Kawahara A, Fujii H, Nakagawa Y, Minami Y, Liu ZJ, Qishi |,
Silvennoinen O, Witthuhn BA, Ihle JN, Taniguchi T (1994) Functional activation of
Jak1 and Jak3 by selective association with IL-2 receptor subunits. Science 266:
1045

56 Tanner JW, Chen W, Young RL, Longmore GD, Shaw AS (1995) The
conserved box 1 motif of cytokine receptors is required for association with JAK
kinases. J Biol Chem 270: 6523

57 Narazaki M, Witthuhn BA, Yoshida K, Silvennoinen O, Yasukawa K, Ihle JN,
Kishimoto T, Taga T (1994) Activation of JAK2 kinase mediated by the interleukin 6
signal transducer gp130. Proc Natl Acad Sci U S A 91: 2285



146

58 lgarashi K, Garotta G, Ozmen L, Ziemiecki A, Wilks AF, Harpur AG, Larner AC,
Finbloom DS (1994) Interferon-gamma induces tyrosine phosphorylation of
interferon-gamma receptor and regulated association of protein tyrosine kinases,
Jak1 and Jak2, with its receptor. J Biol Chem 269: 14333

59 Greenlund AC, Farrar MA, Viviano BL, Schreiber RD (1994) Ligand-induced
IFN gamma receptor tyrosine phosphorylation couples the receptor to its signal
transduction system (p91). EMBO J 13: 1591

60 Bach EA, Tanner JW, Marsters S, Ashkenazi A, Aguet M, Shaw AS, Schreiber
RD (1996) Ligand-induced assembly and activation of the gamma interferon
receptor in intact cells. Mol Cell Biol 16: 3214

61 Colamonici OR, Domanski P, Krolewski JJ, Fu XY, Reich NC, Pfeffer LM,
Sweet ME, Platanias LC (1994) Interferon alpha (IFN alpha) signaling in cells
expressing the variant form of the type | IFN receptor. J Biol Chem 269: 5660

62 Domanski P, Fish E, Nadeau OW, Witte M, Platanias LC, Yan H, Krolewski J,
Pitha P, Colamonici OR (1997) A region of the beta subunit of the interferon alpha
receptor different from box 1 interacts with Jak1 and is sufficient to activate the Jak-
Stat pathway and induce an antiviral state. J Biol Chem 272: 26388

63 Yan H, Krishnan K, Lim JT, Contillo LG, Krolewski JJ (1996) Molecular
characterization of an alpha interferon receptor 1 subunit (IFNaR1) domain required
for TYK2 binding and signal transduction. Mol Cell Biol 16: 2074

64 Rodig SJ, Meraz MA, White JM, Lampe PA, Riley JK, Arthur CD, King KL,
Sheehan KC, Yin L, Pennica D, Johnson EM, Jr., Schreiber RD (1998) Disruption
of the Jak1 gene demonstrates obligatory and nonredundant roles of the Jaks in
cytokine-induced biologic responses. Cell 93: 373

65 Akashi K, Kondo M, von Freeden-Jeffry U, Murray R, Weissman IL (1997) Bcl-

2 rescues T lymphopoiesis in interleukin-7 receptor-deficient mice. Cell 89: 1033



147

66 Yoshida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka T, Fujiwara H,
Hirata M, Yamagami T, Nakahata T, Hirabayashi T, Yoneda Y, Tanaka K, Wang

WZ, Mori C, Shiota K, Yoshida N, Kishimoto T (1996) Targeted disruption of
gp130, a common signal transducer for the interleukin 6 family of cytokines, leads to
myocardial and hematological disorders. Proc Natl Acad Sci U S A 93: 407

67 Li M, Sendtner M, Smith A (1995) Essential function of LIF receptor in motor
neurons. Nature 378: 724

68 Ware CB, Horowitz MC, Renshaw BR, Hunt JS, Liggitt D, Koblar SA, Gliniak
BC, McKenna HJ, Papayannopoulou T, Thoma B, Cheng L, Donovan PJ, Peschon
JJ, Bartlett PF, Willis CR, Wright BD, Carpenter MK, Davison BL, Gearing DP
(1995) Targeted disruption of the low-affinity leukemia inhibitory factor receptor gene
causes placental, skeletal, neural and metabolic defects and results in perinatal death.
Development 121: 1283

69 Neubauer H, Cumano A, Muller M, Wu H, Huffstadt U, Pfeffer K (1998) Jak2
deficiency defines an essential developmental checkpoint in definitive
hematopoiesis. Cell 93: 397

70 Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC, Teglund S,
Vanin EF, Bodner S, Colamonici OR, van Deursen JM, Grosveld G, Ihle JN

(1998) Jak2 is essential for signaling through a variety of cytokine receptors. Cell 93:
385

71 Wu H, Liu X, Jaenisch R, Lodish HF (1995) Generation of committed erythroid
BFU-E and CFU-E progenitorsdoes not require erythropoietin or the erythropoietin
receptor. Cell 83: 59

72 Russell SM, Tayebi N, Nakajima H, Riedy MC, Roberts JL, Aman MJ, Migone
TS, Noguchi M, Markert ML, Buckley RH (1995) Mutation of Jak3 in a patient with
SCID: essential role of Jak3 in lymphoid development. Science 270: 797



148

73 Macchi P, Villa A, Gillani S, Sacco MG, Frattini A, Porta F, Ugazio AG, Johnston
JA, Candotti F, O'Shea JJ, Vezzoni P, Notarangelo LD (1995) Mutations of Jak-3
gene in patients with autosomal severe combined immune deficiency (SCID).
Nature 377: 65

74 Thomis DC, Lee W, Berg LJ (1997) T cells from Jak3-deficient mice have intact
TCR signaling, but increased apoptosis. J Immunol 159: 4708

75 Sohn SJ, Forbush KA, Nguyen N, Witthuhn B, Nosakav T, Ihle JN, Perimutter
RM (1998) Requirement for Jak3 in mature T cells: its role in regulation of T cell
homeostasis. J Immunol 160: 2130

76 Binari R, Perrimon N (1994) Stripe-specific regulation of pair-rule genes by
hopscotch, a putative Jak family tyrosine kinase in Drosophila. Genes Dev 8: 300
77 Perrimon N, Mahowald AP (1986) I(1)hopscotch, A larval-pupal zygotic lethal
with a specific maternal effect on segmentation in Drosophila. Dev Biol 118: 28

78 Hanratty WP, Ryerse JS (1981) A genetic melanotic neoplasm of Drosophila
melanogaster. Dev Biol 83: 238

79 Hanratty WP, Dearolf CR (1993) The Drosophila Tumorous-lethal
hematopoietic oncogene is a dominant mutation in the hopscotch locus. Mol Gen
Genet 238: 33

80 Harrison DA, Binari R, Nahreini TS, Gilman M, Perrimon N (1995) Activation of a
Drosophila Janus kinase (JAK) causes hematopoietic neoplasia and developmental
defects. EMBO J 14: 2857

81 Peeters P, Raynaud SD, Cools J, Wiodarska |, Grosgeorge J, Philip P,
Monpoux F, Van Rompaey L, Baens M, Van den Berghe H, Marynen P (1997)
Fusion of TEL, the ETS-variant gene 6 (ETV6), to the receptor-associated kinase
JAK2 as a result of 1(9;12) in a lymphoid and t(9;15;12) in a myeloid leukemia.
Blood 90: 2535



149

82 Lacronique V, Boureux A, Valle VD, Poirel H, Quang CT, Mauchauffe M,
Berthou C, Lessard M, Berger R, Ghysdael J, Bernard OA (1997) A TEL-JAK2
fusion protein with constitutive kinase activity in human leukemia. Science 278: 1309
83 Lew DJ, Decker T, Strehlow I, Darnell JE (1991) Overlapping elements in the
guanylate-binding protein gene promoter mediate transcriptional induction by alpha
and gamma interferons. Mol Cell Biol 11: 182

84 Reich N, Evans B, Levy D, Fahey D, Knight E, Jr., Darnell JE, Jr. (1987)
Interferon-induced transcription of a gene encoding a 15-kDa protein depends on an
upstream enhancer element. Proc Natl Acad Sci U S A 84: 6394

85 Levy D, Larner A, Chaudhuri A, Babiss LE, Darnell JE, Jr. (1986) Interferon-
stimulated transcription: isolation of an inducible gene and identification of its
regulatory region. Proc Natl Acad Sci U S A 1986 83: 8929

86 Levy DE, Kessler DS, Pine R, Reich N, Darnell JE, Jr. (1988) Interferon-
induced nuclear factors that bind a shared promoter element correlate with positive
and negative transcriptional control. Genes Dev 2: 383

87 Levy DE, Kessler DS, Pine R, Damell JE, Jr. (1989) Cytoplasmic activation of
ISGF3, the positive regulator of interferon-alpha-stimulated transcription,
reconstituted in vitro. Genes Dev 3: 1362

88 Dale TC, Imam AM, Kerr IM, Stark GR (1989) Rapid activation by interferon
alpha of a latent DNA-binding protein present in the cytoplasm of untreated cells.
Proc Natl Acad Sci U S A 86: 1203

89 Decker T, Lew DJ, Mirkovitch J, Darnell JE, Jr. (1991) Cytoplasmic activation of
GAF, an IFN-gamma-regulated DNA-binding factor. EMBO J 10: 927

90 Kessler DS, Veals SA, Fu XY, Levy DE (1990) Interferon-alpha regulates
nuclear translocation and DNA-binding affinity of ISGF3, a multimeric transcriptional

activator. Genes Dev 4: 1753



150

91 Fu XY, Kessler DS, Veals SA, Levy DE, Darnell JE, Jr. (1990) ISGF3, the
transcriptional activator induced by interferon alpha, consists of multiple interacting
polypeptide chains. Proc Natl Acad Sci U S A 87: 8555

92 Veals SA, Schindler C, Leonard D, Fu XY, Aebersold R, Darnell JE, Jr., Levy
DE (1992) Subunit of an alpha-interferon-responsive transcription factor is related to
interferon regulatory factor and Myb families of DNA-binding proteins. Mol Cell Biol
12: 3315

93 Schindler C, Fu XY, Improta T, Aebersold R, Darnell JE, Jr. (1892) Proteins of
transcription factor ISGF-3: one gene encodes the 91-and 84-kDa ISGF-3 proteins
that are activated by interferon alpha. Proc Natl Acad Sci U S A 89: 7836

94 Fu XY, Schindler C, Improta T, Aebersold R, Damell JE, Jr. (1992) The
proteins of ISGF-3, the interferon alpha-induced transcriptional activator, define a
gene family involved in signal transduction. Proc Natl Acad Sci U S A 89: 7840

95 Shuai K, Schindler C, Prezioso VR, Damell JE, Jr. (1992) Activation of
transcription by IFN-gamma: tyrosine phosphorylation of a 91-kD DNA binding
protein. Science 258: 1808

96 Akira S, Nishio Y, Inoue M, Wang XJ, Wei S, Matsusaka T, Yoshida K, Sudo T,
Naruto M, Kishimoto T (1994) Molecular cloning of APRF, a novel IFN-stimulated
gene factor 3 p91-related transcription factor involved in the gp130-mediated
signaling pathway. Cell 77: 63

97 Zhong Z, Wen Z, Darnell JE, Jr. (1994) Stat3: a STAT family member
activated by tyrosine phosphorylation in response to epidermal growth factor and
interleukin-6. Science 264: 95

98 Raz R, Durbin JE, Levy DE (1994) Acute phase response factor and additional
members of the interferon-stimulated gene factor 3 family integrate diverse signals

from cytokines, interferons, and growth factors. J Biol Chem 269: 24391



151

99 Yamamoto K, Quelle FW, Thierfelder WE, Kreider BL, Gilbert DJ, Jenkins NA,
Copeland NG, Silvennoinen O, lhle JN (1994) Stat4, a novel gamma interferon
activation site-binding protein expressed in early myeloid differentiation. Mol Cell
Biol 14: 4342

100 Zhong Z, Wen Z, Darnell JE, Jr. (1994) Stat3 and Stat4: members of the
family of signal transducers and activators of transcription. Proc Natl Acad SciU S A
91: 4806

101 Wakao H, Gouilleux F, Groner B (1994) Mammary gland factor (MGF) is a
novel member of the cytokine regulated transcription factor gene family and confers
the prolactin response. EMBO J 13: 2182

102 Mui AL, Wakao H, O'Farrell AM, Harada N, Miyajima A (1995) Interleukin-3,
granulocyte-macrophage colony stimulating factor and interleukin-5 transduce signals
through two STATS homologs. EMBO J 14: 1166

103 Liu X, Robinson GW, Gouilleux F, Groner B, Hennighausen L (1995) Cloning
and expression of Stat5 and an additional homologue (Stat5b) involved in prolactin
signal transduction in mouse mammary tissue. Proc Natl Acad Sci U S A 92: 8831
104 Ripperger J, Fritz S, Richter K, Dreier B, Schneider K, Lochner K, Marschalek
R, Hocke G, Lottspeich F, Fey GH (1995) Isolation of two interleukin-6 response
element binding proteins from acute phase rat livers. Annals of the New York
Academy of Sciences 762: 252

105 Hou J, Schindler U, Henzel WJ, Ho TC, Brasseur M, McKnight SL (1994) An
interleukin-4-induced transcription factor: IL-4 Stat. Science 265: 1701

106 Quelle FW, Shimoda K, Thierfelder W, Fischer C, Kim A, Ruben SM,
Cleveland JL, Pierce JH, Keegan AD, Nelms K, Paul WE, lhle JN (1995) Cloning
of murine Stat6 and human Stat6, Stat proteins that are tyrosine phosphorylated in
responses to IL-4 and IL-3 but are not required for mitogenesis. Mol Cell Biol 15:

3336



152

107 Schindler C, Darnell JE, Jr. (1995) Transcriptional responses to polypeptide
ligands: the JAK-STAT pathway. Ann Rev of Biochem 64: 621

108 Copeland NG, Gilbert DJ, Schindler C, Zhong Z, Wen Z, Darnell JE, Jr., Mui
AL, Miyajima A, Quelle FW, Ihle JN, Jenkins NA (1995) Distribution of the
mammalian Stat gene family in mouse chromosomés. Genomics 29: 225

109 Lin JX, Mietz J, Modi WS, John S, Leonard WJ (1996) Cloning of human
Stat5B. Reconstitution of interleukin-2-induced Stat5A and Stat5B DNA binding
activity in COS-7 cells. J Biol Chem 271: 10738

110 Azam M, Erdjument-Bromage H, Kreider BL, Xia M, Quelle F, Basu R, Saris
C, Tempst P, Ihle JN, Schindler C (1995) Interleukin-3 signals through multiple
isoforms of Stats. EMBO J 14: 1402

111 Pine R, Canova A, Schindler C (1994) Tyrosine phosphorylated p91 binds
to a single element in the ISGF2/IRF-1 promoter to mediate induction by IFN alpha
and IFN gamma, and is likely to autoregulate the p91 gene. EMBO J 13: 158

112 Vinkemeier U, Cohen SL, Moarefi |, Chait BT, Kuriyan J, Darnell JE, Jr. (1996)
DNA binding of in vitro activated Stat1 alpha, Stat1 beta and truncated Stat1:
interaction between NH2-terminal domains stabilizes binding of two dimers to
tandem DNA sites. EMBO J 15: 5616

113 Vinkemeier U, Moarefi I, Darnell JE, Jr., Kuriyan J (1998) Structure of the
amino-terminal protein interaction domain of STAT-4. Science 279: 1048

114 Guyer NB, Severns CW, Wong P, Feghali CA, Wright TM (1995) IFN-
gamma induces a p91/Stat1 alpha-related transcription factor with distinct activation
and binding properties. J Immunol 155: 3472

115 Horvath CM, Stark GR, Kerr IM, Damell JE, Jr. (1996) Interactions between
STAT and non-STAT proteins in the interferon-stimulated gene factor 3 transcription

complex. Mol Cell Biol 16: 6957



116 Horvath CM, Wen Z, Darnell JE, Jr. (1995) A STAT protein domain that
determines DNA sequence recognition suggests a novel DNA-binding domain.
Genes Dev 9: 984

117 Schindler U, Wu P, Rothe M, Brasseur M, McKnight SL (1995) Components
of a Stat recognition code: evidence for two layers of molecular selectivity. Immunity
2: 689

118 Mikita T, Campbell D, Wu P, Williamson K, Schindler U (1996) Requirements
for interleukin-4-induced gene expression and functional characterization of Stat6. Mol
Cell Biol 16: 5811

119 Chen X, Vinkemeier U, Zhao Y, Jeruzalmi D, Damell JE, Jr., Kuriyan J (1998)
Crystal structure of a tyrosine phosphorylated STAT-1 dimer bound to DNA. Cell
93: 827

120 Becker S, Groner B, Muller CW (1998) Three-dimensional structure of the
Stat3beta homodimer bound to DNA. Nature 394: 145

121 Shuai K, Stark GR, Kerr IM, Darnell JE, Jr. (1993) A single phosphotyrosine
residue of Stat91 required for gene activation by interferon-gamma. Science 261:
1744

122 Schindler C, Shuai K, Prezioso VR, Darnell JE, Jr. (1992) Interferon-
dependent tyrosine phosphorylation of a latent cytoplasmic transcription factor.
Science 257: 809

123 Heim MH, Kerr IM, Stark GR, Darnell JE, Jr. (1995) Contribution of STAT
SH2 groups to specific interferon signaling by the Jak-STAT pathway. Science 267:
1347

124 Hemmann U, Gerhartz C, Heesel B, Sasse J, Kurapkat G, Grotzinger J,
Wollmer A, Zhong Z, Darnell JE, Jr., Graeve L, Heinrich PC, Horn F (1996)

Differential activation of acute phase response factor/Stat3 and Stat1 via the



cytoplasmic domain of the interleukin 6 signal transducer gp130. II. Src homology
SH2 domains define the specificity of stat factor activation. J Biol Chem 271: 12999
125 Ihle JN, Kerr IM (1995) Jaks and Stats in signaling by the cytokine receptor
superfamily. Trends Genet 11: 69

126 Qureshi SA, Leung S, Kerr IM, Stark GR, Darnell JE, Jr. (1996) Function of
Stat2 protein in transcriptional activation by alpha interferon. Mol Cell Biol 16: 288
127 Mui AL, Wakao H, Harada N, O'Farrell AM, Miyajima A (1995) Interleukin-3,
granulocyte-macrophage colony-stimulating factor, and interleukin-5 transduce signals
through two forms of STAT5. J of Leukoc Biol 57: 799

128 Moriggl R, Gouilleux-Gruart V, Jahne R, Berchtold S, Gartmann C, Liu X,
Hennighausen L, Sotiropoulos A, Groner B, Gouilleux F (1996) Deletion of the
carboxyl-terminal transactivation domain of MGF-Stat5 results in sustained DNA
binding and a dominant negative phenotype. Mol Cell Biol 16: 5691

129 Muller M, Laxton C, Briscoe J, Schindler C, Improta T, Darnell JE, Jr., Stark
GR, Kerr IM (1993) Compiementation of a mutant cell line: central role of the 91 kDa
polypeptide of ISGF3 in the interferon-alpha and -gamma signal transduction
pathways. EMBO J 12: 4221

130 Wen Z, Darnell JE, Jr. (1997) Mapping of Stat3 serine phosphorylation to a
single residue (727) and evidence that serine phosphorylation has no influence on
DNA binding of Stat1 and Stat3. Nucleic Acids Research 25: 2062

131 Zhang X, Blenis J, Li HC, Schindler C, Chen-Kiang S (1995) Requirement of
serine phosphorylation for formation of STAT-promoter complexes. Science 267:
1990

132 Cho SS, Bacon CM, Sudarshan C, Rees RC, Finbloom D, Pine R, O'Shea
JJ (1996) Activation of STAT4 by IL-12 and IFN-alpha: evidence for the
involvement of ligand-induced tyrosine and serine phosphorylation. J Immunol 157:

4781



155

133 David M, Petricoin E, 3rd, Benjamin C, Pine R, Weber MJ, Larner AC (1995)
Requirement for MAP kinase (ERK2) activity in interferon alpha- and interferon beta-
stimulated gene expression through STAT proteins. Science 269: 1721

134 Beadling C, Ng J, Babbage JW, Cantrell DA (1996) Interleukin-2 activation of
STATS5 requires the convergent action of tyrosine kinases and a serine/threonine
kinase pathway distinct from the Raf1/ERK2 MAP kinase pathway. EMBO J 15:
1902

135 Meinke A, Barahmand-Pour F, Wohrl S, Stoiber D, Decker T (1996)
Activation of different Stat5 isoforms contributes to cell-type-restricted signaling in
response to interferons. Mol Cell Biol 16: 6937

136 Wang D, Stravopodis D, Teglund S, Kitazawa J, lhle JN (1996) Naturally
occuring dominant negative variants of Stat5. Mol Cell Biol 16: 6141

137 Minami M, Inoue M, Wei S, Takeda K, Matsumoto M, Kishimoto T, Akira S
(1996) STATS3 activation is a critical step in gp130-mediated terminal differentiation
and growth arrest of a myeloid cell line. Proc Natl Acad Sci U S A 93: 3963

138 Onishi M, Nosaka T, Misawa K, Mui AL, Gorman D, McMahon M, Miyajima A,
Kitamura T (1998) Identification and characterization of a constitutively active STATS
mutant that promotes cell proliferation. Mol Cell Biol 18: 3871

139 Pellegrini S, Dusanter-Fourt | (1997) The structure, regulation and function of
the Janus kinases (JAKs) and the signal transducers and activators of transcription
(STATSs). European J of Biochemistry 248: 615

140 Seidel HM, Milocco LH, Lamb P, Damell JE, Jr., Stein RB, Rosen J (1995)
Spacing of palindromic half sites as a determinant of selective STAT (signal
transducers and activators of transcription) DNA binding and transcriptional activity.

Proc Natl Acad Sci U S A 92: 3041



156

141 Kotanides H, Moczygemba M, White MF, Reich NC (1995) Characterization
of the interleukin-4 nuclear activated factor/STAT and its activation independent of the
insulin receptor substrate proteins. J Biol Chem 270: 19481

142 Sadowski HB, Shuai K, Darnell JE, Jr., Gilman MZ (1993) A common nuclear
signal transduction pathway activated by growth factor and cytokine receptors.
Science 261: 1739

143 Li X, Leung S, Qureshi S, Darmell JE, Jr., Stark GR (1996) Formation of
STAT1-STAT?2 heterodimers and their role in the activation of IRF-1 gene
transcription by interferon-alpha. J Biol Chem 271: 5790

144 Bhattacharya S, Eckner R, Grossman S, Oldread E, Arany Z, D'Andrea A,
Livingston DM (1996) Cooperation of Stat2 and p300/CBP in signalling induced
by interferon-alpha. Nature 383: 344

145 Zhang JJ, Vinkemeier U, Gu W, Chakravarti D, Horvath CM, Darnell JE, Jr.
(1996) Two contact regions between Stat1 and CBP/p300 in interferon gamma
signaling. Proc Natl Acad Sci U S A 93: 15092

146 Look DC, Pelletier MR, Tidwell RM, Roswit WT, Holtzman MJ (1995) Stat1
depends on transcriptional synergy with Sp1. J Biol Chem 270: 30264

147 Schaefer TS, Sanders LK, Nathans D (1995) Cooperative transcriptional
activity of Jun and Stat3 beta, a short form of Stat3. Proc Natl Acad Sci U S A 92:
9097

148 Stocklin E, Wissler M, Gouilleux F, Groner B (1996) Functional interactions
between Stat5 and the glucocorticoid receptor. Nature 383: 726

149 Wang YD, Wong K, Wood WI (1995) Intracellular tyrosine residues of the
human growth hormone receptor are not required for the signaling of proliferation or

Jak-STAT activation. J Biol Chem 270: 7021



157

150 Caldenhoven E, van Dijk T, Raaijmakers JA, Lammers JW, Koenderman L,
De Groot RP (1995) Activation of the STAT3/acute phase response factor
transcription factor by interleukin-5. J Biol Chem 270: 25778

151 Cao X, Tay A, Guy GR, Tan YH (1996) Activation and association of Stat3
with Src in v-Src-transformed cell lines. Mol Cell Biol 16: 1595

152 Leaman DW, Leung S, Li X, Stark GR (1996) Regulation of STAT-
dependent pathways by growth factors and cytokines. FASEB J 10: 1578

153 Leung S, Qureshi SA, Kerr IM, Darnell JE, Jr., Stark GR (1995) Role of
STATZ in the alpha interferon signaling pathway. Mol Cell Biol 15: 1312

154 Greenlund AC, Morales MO, Viviano BL, Yan H, Krolewski J, Schreiber RD
(1995) Stat recruitment by tyrosine-phosphorylated cytokine receptors: an ordered
reversible affinity-driven process. Immunity 2: 677

155 Quelle FW, Thierfelder W, Witthuhn BA, Tang B, Cohen S, Ihle JN (1995)
Phosphorylation and activation of the DNA binding activity of purified Stat1 by the
Janus protein-tyrosine kinases and the epidermal growth factor receptor. J Biol
Chem 270: 20775

156 lhle JN, Nosaka T, Thierfelder W, Quelle FW, Shimoda K (1997) Jaks and
Stats in cytokine signaling. Stem Cells 15: 105

157 Campbell GS, Meyer DJ, Raz R, Levy DE, Schwartz J, Carter-Su C (1995)
Activation of acute phase response factor (APRF)/Stat3 transcription factor by
growth hormone. J Biol Chem 270: 3974

158 Levy JB, Schindler C, Raz R, Levy DE, Baron R, Horowitz MC (1996)
Activation of the JAK-STAT signal transduction pathway by oncostatin-M cultured
human and mouse osteoblastic cells. Endocrinology 137: 1159

159 Ram PA, Park SH, Choi HK, Waxman DJ (1996) Growth hormone activation

of Stat 1, Stat 3, and Stat 5 in rat liver. Differential kinetics of hormone desensitization



158

and growth hormone stimulation of both tyrosine phosphorylation and
serine/threonine phosphorylation. J Biol Chem 271: 5929

160 Larner AC, David M, Feldman GM, Igarashi K, Hackett RH, Webb DS,
Sweitzer SM, Petricoin EF, 3rd, Finbloom DS (1993) Tyrosine phosphorylation of
DNA binding proteins by multiple cytokines. Science 261: 1730

161 Lai CF, Ripperger J, Morella KK, Jurlander J, Hawley TS, Carson WE,
Kordula T, Caligiuri MA, Hawley RG, Fey GH, Baumann H (1996) Receptors for
interleukin (IL)-10 and IL-6-type cytokines use similar signaling mechanisms for
inducing transcription through IL-6 response elements. J Biol Chem 271: 13968
162 David M, Petricoin EF, 3rd, Igarashi K, Feldman GM, Finbloom DS, Larner AC
(1994) Prolactin activates the interferon-regulated p91 transcription factor and the
Jak2 kinase by tyrosine phosphorylation. Proc Natl Acad Sci U S A 91: 7174

163 Marrero MB, Schieffer B, Paxton WG, Heerdt L, Berk BC, Delafontaine P,
Bernstein KE (1995) Direct stimulation of Jak/STAT pathway by the angiotensin ||
AT1 receptor. Nature 375: 247

164 Bhat GJ, Thekkumkara TJ, Thomas WG, Conrad KM, Baker KM (1994)
Angiotensin Il stimulates sis-inducing factor-like DNA binding activity. Evidence that
the AT1A receptor activates transcription factor-Stat91 and/or a related protein. J
Biol Chem 269: 31443

165 Shual K, Ziemiecki A, Wilks AF, Harpur AG, Sadowski HB, Gilman MZ,
Darnell JE (1993) Polypeptide signalling to the nucleus through tyrosine
phosphorylation of Jak and Stat proteins. Nature 366: 580

166 Ruff-Jamison S, Chen K, Cohen S (1993) Induction by EGF and interferon-
gamma of tyrosine phosphorylated DNA binding proteins in mouse liver nuclei.

Science 261: 1733



159

167 Vignais ML, Sadowski HB, Watling D, Rogers NC, Gilman M (1996) Platelet-
derived growth factor induces phosphorylation of multiple JAK family kinases and
STAT proteins. Mol Cell Biol 16: 1759

168 Novak U, Harpur AG, Paradiso L, Kanagasundaram V, Jaworowski A, Wilks
AF, Hamilton JA (1995) Colony-stimulating factor 1-induced STAT1 and STAT3
activation is accompanied by phosphorylation of Tyk2 in macrophages and Tyk2
and JAK1 in fibroblasts. Blood 86: 2948

169 Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ, Dighe AS, Kaplan
DH, Riley JK, Greenlund AC, Campbell D, Carver-Moore K, DuBois RN, Clark R,
Aguet M, Schreiber RD (1996) Targeted disruption of the Stat1 gene in mice
reveals unexpected physiologic specificity in the JAK-STAT signaling pathway.
Cell 84: 431

170 Durbin JE, Hackenmiller T, Simon MC, Levy DE (1996) Targeted disruption
of the mouse Stat1 gene results in compromised innate immunity to viral disease.
Cell 84: 443

171 Compton SR, Barthold SW, Smith AL (1993) The cellular and molecular
pathogenesis of coronaviruses. Lab Anim Sci 43: 15

172 Dalton DK, Pitts-Meek S, Keshav S, Figari IS, Bradley A, Stewart TA (1993)
Multiple defects of immune cell function in mice with disrupted interferon-gamma
genes. Science 259: 1739

173 Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann H, Kamijo R, Vilcek
J, Zinkernagel RM, Aguet M (1993) Immune response in mice that lack the
interferon-gamma receptor. Science 259: 1742

174 Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkermagel RM, Aguet
M (1994) Functional role of type | and type Il interferons in antiviral defense. Science

264: 1918



160

175 Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W (1993) Interleukin-10-
deficient mice develop chronic enterocolitis. Cell 75: 263

176 Miettinen PJ, Berger JE, Meneses J, Phung Y, Pedersen RA, Werb Z,
Derynck R (1995) Epithelial immaturity and multiorgan failure in mice lacking
epidermal growth factor receptor. Nature 376: 337

177 Sibilia M, Wagner EF (1995) Strain-dependent epithelial defects in mice
lacking the EGF receptor. Science 269: 234

178 Threadgill DW, Dlugosz AA, Hansen LA, Tennenbaum T, Lichti U, Yee D,
LaMantia C, Mourton T, Herrup K, Harris RC, Barnard JA, Yuspa SH, Coffey RJ,
Magnuson T (1995) Targeted disruption of mouse EGF receptor: effect of genetic
background on mutant phenotype. Science 269: 230

179 Leveen P, Pekny M, Gebre-Medhin S, Swolin B, Larsson E, Betsholtz C
(1994) Mice deficient for PDGF B show renal, cardiovascular, and hematological
abnormalities. Genes Dev 8: 1875

180 Yoshida H, Hayashi S, Kunisada T, Ogawa M, Nishikawa S, Okamura H, Sudo
T, Shultz LD, Nishikawa S (1990) The murine mutation osteopetrosis is in the
coding region of the macrophage colony stimulating factor gene. Nature 345: 442
181 Wiktor-Jedrzejczak W, Bartocci A, Ferrante AW, Jr., Ahmed-Ansari A, Sell
KW, Pollard JW, Stanley ER (1990) Total absence of colony-stimulating factor 1 in
the macrophage-deficient osteopetrotic (op/op) mouse. Proc Natl Acad SciU S A
87: 4828

182 Matsuyama T, Kimura T, Kitagawa M, Pfeffer K, Kawakami T, Watanabe N,
Kundig TM, Amakawa R, Kishihara K, Wakeham A, Potter J, Furlonger CL,
Narendran A, Suzuki H, Ohashi PS, Paige CJ, Taniguchi T, Mak TW (1993)
Targeted disruption of IRF-1 or IRF-2 results in abnormal type | IFN gene induction

and aberrant lymphocyte development. Cell 75: 83



161

183 Reis LF, Ruffner H, Stark G, Aguet M, Weissmann C (1994) Mice devoid of
interferon regulatory factor 1 (IRF-1) show normal expression of type | interferon
genes. EMBO J 13: 4798

184 Steimle V, Otten LA, Zufferey M, Mach B (1993) Complementation cloning
of an MHC class Il transactivator mutated in hereditary MHC class 1l deficiency (or
bare lymphocyte syndrome). Cell 75: 135

185 Baumann H, Wang Y, Morella KK, Lai CF, Dams H, Hilton DJ, Hawley RG,
Mackiewicz A (1996) Complex of the soluble IL-11 receptor and IL-11 acts as IL-6-
type cytokine in hepatic and nonhepatic cells. J Immunol 157: 284

186 Auguste P, Guillet C, Fourcin M, Olivier C, Veziers J, Pouplard-Barthelaix A,
Gascan H (1997) Signaling of type Il oncostatin M receptor. J Biol Chem 272:
15760

187 Johnston JA, Bacon CM, Finbloom DS, Rees RC, Kaplan D, Shibuya K,
Ortaldo JR, Gupta S, Chen YQ, Giri JD, O'Shea JJ (1995) Tyrosine
phosphorylation and activation of STATS5, STATS3, and Janus kinases by interleukins
2 and 15. Proc Natl Acad Sci U S A 92: 8705

188 Nielsen M, Svejgaard A, Skov S, Odum N (1994) Interleukin-2 induces
tyrosine phosphorylation and nuclear translocation of stat3 in human T lymphocytes.
Eur J Immunol 24: 3082

189 Silvennoinen O, Schindler C, Schlessinger J, Levy DE (1993) Ras-
independent growth factor signaling by transcription factor tyrosine phosphorylation.
Science 261: 1736

190 de Koning JP, Dong F, Smith L, Schelen AM, Barge RM, van der Plas DC,
Hoefsloot LH, Lowenberg B, Touw IP (1996) The membrane-distal cytoplasmic
region of human granulocyte colony-stimulating factor receptor is required for STAT3

but not STAT1 homodimer formation. Blood 87: 1335



162

191 Shimoda K, Feng J, Murakami H, Nagata S, Watling D, Rogers NC, Stark GR,
Kerr IM, Ihle JN (1997) Jak1 plays an essential role for receptor phosphorylation
and Stat activation in response to granulocyte colony-stimulating factor. Blood 90:
597

192 Tian SS, Tapley P, Sincich C, Stein RB, Rosen J, Lamb P (1996) Multiple
signaling pathways induced by granulocyte colony-stimulating factor involving
activation of JAKs, STATS, and/or STATS are required for regulation of three distinct
classes of immediate early genes. Blood 88: 4435 |

193 Ghilardi N, Ziegler S, Wiestner A, Stoffel R, Heim MH, Skoda RC (1996)
Defective STAT signaling by the leptin receptor in diabetic mice. Proc Natl Acad Sci
US A 93: 6231

194 Takeda K, Noguchi K, Shi W, Tanaka T, Matsumoto M, Yoshida N, Kishimoto
T, Akira S (1997) Targeted disruption of the mouse Stat3 gene leads to early
embryonic lethality. Proc Natl Acad Sci U S A 94: 3801

195 DeChiara TM, Vejsada R, Poueymirou WT, Acheson A, Suri C, Conover JC,
Friedman B, McClain J, Pan L, Stahl N, Ip NY, Kato A, Yancopoulos GD (1995)
Mice lacking the CNTF receptor, unlike mice lacking CNTF, exhibit profound motor
neuron deficits at birth. Cell 83: 313

196 Takeda K, Kaisho T, Yoshida N, Takeda J, Kishimoto T, Akira S (1998) Stat3
activation is responsible for [L-6-dependent T cell proliferation through preventing
apoptosis: generation and characterization of T cell-specific Stat3-deficient mice. J
Immunol 161: 4652

197 Jacobson NG, Szabo SJ, Weber-Nordt RM, Zhong Z, Schreiber RD, Darnell
JE, Jr.,, Murphy KM (1995) Interleukin 12 signaling in T helper type 1 (Th1) cells
involves tyrosine phosphorylation of signal transducer and activator of transcription

(Stat)3 and Stat4. J Exp Med 181: 1755



198 Bacon CM, McVicar DW, Ortaldo JR, Rees RC, O'Shea JJ, Johnston JA
(1995) Interleukin 12 (IL-12) induces tyrosine phosphorylation of JAK2 and TYK2:
differential use of Janus family tyrosine kinases by IL-2 and IL-12. J Exp Med 181:
399

199 Trinchieri G (1995) Interleukin-12: a proinflammatory cytokine with
immunoregulatory functions that bridge innate resistance and antigen-specific
adaptive immunity. Annu Rev Immunol 13: 251

200 Wolf SF, Sieburth D, Sypek J (1994) Interleukin 12: a key modulator of
immune function. Stem Cells 12: 154

201 Thierfelder WE, van Deursen JM, Yamamoto K, Tripp RA, Sarawar SR,
Carson RT, Sangster MY, Vignali DA, Doherty PC, Grosveld GC, lhle JN (1996)
Requirement for Stat4 in interleukin-12-mediated responses of natural killer and T
cells. Nature 382: 171

202 Kaplan MH, Sun YL, Hoey T, Grusby MJ (1996) Impaired IL-12 responses
and enhanced development of Th2 cells in Stat4-deficient mice. Nature 382: 174
203 Liu X, Robinson GW, Wagner KU, Garrett L, Wynshaw-Boris A,
Hennighausen L (1997) Stat5a is mandatory for adult mammary gland development
and lactogenesis. Genes Dev 11: 179

204 Feldman GM, Rosenthal LA, Liu X, Hayes MP, Wynshaw-Boris A, Leonard
WJ, Hennighausen L, Finbloom DS (1997) STAT5A-deficient mice demonstrate a
defect in granulocyte-macrophage colony-stimulating factor-induced proliferation and
gene expression. Blood 90: 1768

205 Teglund S, McKay C, Schuetz E, van Deursen JM, Stravopodis D, Wang D,
Brown M, Bodner S, Grosveld G, lhle JN (1998) Stat5a and Stat5b proteins have
essential and nonessential, or redundant, roles in cytokine responses. Cell 93: 841
206 Nakajima H, Liu XW, Wynshaw-Boris A, Rosenthal LA, Imada K, Finbloom
DS, Hennighausen L, Leonard WJ (1997) An indirect effect of Stat5a in IL-2-



164

induced proliferation: a critical role for Stat5a in IL-2-mediated IL-2 receptor alpha
chain induction. Immunity 7: 691

207 Sperisen P, Wang SM, Soldaini E, Pla M, Rusterholz C, Bucher P, Corthesy
P, Reichenbach P, Nabholz M (1995) Mouse interleukin-2 receptor alpha gene
expression. Interleukin-1 and interleukin-2 control transcription via distinct cis-acting
elements. J Biol Chem 270: 10743

208 Lecine P, Algarte M, Rameil P, Beadling C, Bucher P, Nabholz M, Imbert J
(1996) Elf-1 and Stat5 bind to a critical element in a new enhancer of the human
interleukin-2 receptor alpha gene [published erratum appears in Mol Cell Biol 1997
Apr;17(4):2351]. Mol Cell Biol 16: 6829

209 John S, Robbins CM, Leonard WJ (1996) An [L-2 response element in the
human IL-2 receptor alpha chain promoter is a composite element that binds Stat5,
Elf-1, HMG-I(Y) and a GATA family protein. EMBO J 15: 5627

210 Udy GB, Towers RP, Snell RG, Wilkins RJ, Park SH, Ram PA, Waxman DJ,
Davey HW (1997) Requirement of STAT5b for sexual dimorphism of body
growth rates and liver gene expression. Proc Natl Acad Sci U S A 94: 7239

211 Phillips JAd, Beamer WG, Bartke A (1982) Analysis of growth hormone
genes in mice with genetic defects of growth hormone expression. J Endocrinol 92:
405

212 Waxman DJ, Ram PA, Park SH, Choi HK (1995) Intermittent plasma growth
hormone triggers tyrosine phosphorylation and nuclear translocation of a liver-
expressed, Stat 5-related DNA binding protein. Proposed role as an intracellular
regulator of male-specific liver gene transcription. J Biol Chem 270: 13262

213 Silva CM, Lu H, Day RN (1996) Characterization and cloning of STAT5 from
IM-9 cells and its activation by growth hormone. Mol Endocrinol 10: 508

214 Morikawa M, Nixon T, Green H (1982) Growth hormone and the adipose
conversion of 3T3 cells. Cell 29: 783



165

215 Imada K, Bloom ET, Nakajima H, Horvath-Arcidiacono JA, Udy GB, Davey
HW, Leonard WJ (1998) Statsb is essential for natural killer cell-mediated
proliferation and cytolytic activity. J Exp Med 188: 2067

216 Horseman ND, Zhao W, Montecino-Redriguez E, Tanaka M, Nakashima K,
Engle SJ, Smith F, Markoff E, Dorshkind K (1997) Defective mammopoiesis, but
normal hematopoiesis, in mice with a targeted disruption of the prolactin gene.
EMBO J 16: 6926

217 Ormandy CJ, Camus A, Barra J, Damotte D, Lucas B, Buteau H, Edery M,
Brousse N, Babinet C, Binart N, Kelly PA (1997) Nuill mutation of the prolactin
receptor gene produces multiple reproductive defects in the mouse. Genes Dev
11: 167

218 Zhou Y, Xu BC, Maheshwari HG, He L, Reed M, Lozykowski M, Okada S,
Cataldo L, Coschigamo K, Wagner TE, Baumann G, Kopchick JJ (1997) A
mammalian model for Laron syndrome produced by targeted disruption of the
mouse growth hormone receptor/binding protein gene

(the Laron mouse). Proc Natl Acad Sci U S A 25: 13215

219 Shimoda K, van Deursen J, Sangster MY, Sarawar SR, Carson RT, Tripp RA,
Chu C, Quelle FW, Nosaka T, Vignali DA, Doherty PC, Grosveld G, Paul WE, lhle
JN (1996) Lack of IL-4-induced Th2 response and IgE class switching in mice with
disrupted Stat6é gene. Nature 380: 630

220 Takeda K, Kamanaka M, Tanaka T, Kishimoto T, Akira S (1996) Impaired IL-
13-mediated functions of macrophages in STAT6-deficient mice. J Immunol 157:
3220

221 Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S,
Nakanishi K, Yoshida N, Kishimoto T, Akira S (1996) Essential role of Stat6 in IL-4
signalling. Nature 380: 627



166

222 Kaplan MH, Schindler U, Smiley ST, Grusby MJ (1996) Stat6 is required for
mediating responses to IL-4 and for development of Th2 cells. Immunity 4: 313
223 Kopf M, Le Gros G, Bachmann M, Lamers MC, Bluethmann H, Kohler G
(1993) Disruption of the murine IL-4 gene blocks Th2 cytokine responses. Nature
362: 245

224 Kuperman D, Schofield B, Wills-Karp M, Grusby MJ (1998) Signal transducer
and activator of transcription factor 6 (Stat6)-deficient mice are protected from
antigen-induced airway hyperresponsiveness and mucus production. J Exp Med
187: 939

225 Akimoto T, Numata F, Tamura M, Takata Y, Higashida N, Takashi T, Takeda K,
Akira S (1998) Abrogation of bronchial eosinophilic inflammation and airway
hyperreactivity in signal transducers and activators of transcription (STAT)6-deficient

mice. J Exp Med 187: 1537





