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The Jak-Stat pathway in normal and perturbed hematopoiesis

Alister C. Ward, Ivo Touw, and Akihiko Yoshimura

The Janus kinase-signal transducer and activator of transcriptimther specific cytokine-induced biologic responses were absent or
(Jak-Stat) pathway stands as a paradigm of how diverse extraceifnpaired. Finally,Jak3knockout mice exhibited severe combined
lar signals can elicit rapid changes in gene expression in specifitmunodeficiency, with markedly reduced numbers of functional T
target cells. This pathway is widely used by members of thend B lymphocytes®1°and dysregulated myelopoiedkThus, the
cytokine receptor superfamily, including those for the clinicallyaks collectively are vital for normal hematopoietic function, which
important cytokines granulocyte colony-stimulating factor (Gean be explained by their nonredundant role in the signaling of
CSF), erythropoietin, thrombopoietin, the interferons, and numeipecific cytokines (Table 1).

ous interleukins, which makes it central to hematopoietic cell

biology and hematologic therapy alike. Indeed, study of the

Jak-Stat pathway has provided a wealth of information on hemato-

poiesis and hematopoietic disease, and conversely, studiesStats

hematopoietic disorders have yielded new insights into the func-

tions of Jaks and Stats. This review aims to detail the role of tigats are latent cytoplasmic transcription factors that become
Jak-Stat pathway in the normal development and function eftivated after recruitment to an activated receptor complex.
hematopoietic cells and to describe how several hematopoietic disordaubsequently, these active Stats translocate to the nucleus to affect
are caused, at least in part, by perturbations of this pathway. gene expression. Seven Stat proteins have been identified in
mammalian cells—Stats1 to 6, including Stat5a and Stat5b, which
are encoded by distinct genes. In addition, different isoforms of
several Stats have been identiffdd.

Jaks are cytoplasmic tyrosine kinases that participate in signalin Targetf?d 'tnaCt'\iﬁt'og dﬁtlatgenest n tge} mo?se aI]:s ?1 resutlted .'nt.
from a range of cell-surface receptors, particularly members of tREVEre etiects on the development and function of hematopoletic

cytokine receptor superfamily, which lack intrinsic tyrosine kinas_‘ée”S (Table 2).Statl k.nockout mice showed defective innate
activity12 There are 4 mammalian Jaks: Jakl, Jak2, Jak3, afgmune responses to viruses and bacteria because of the absence of

Tyk2. These associate with the weakly conserved “box 1" anfjterferon signaling?# whereasStat2 knockout mice showed
“box 2" recognition motifs in the membrane-proximal region ofdeféctive responses to interferans (C. Schindler, personal
cytokine receptofs and are responsible for a range of phosphonfommunication, 1999). Targeted disruption of tBeat3 gene
lation events on stimulation of such receptors with their specifRfoduced early embryonic lethalySubsequently, T-cell-specific
ligand. In addition, some receptors that have tyrosine kinastat3-deficient mice were generated that were severely impaired in
activity, such as those for macrophage colony-stimulating factfy6-induced proliferation because of enhanced apoptésisat4
and stem cell factor, also activate Jaks, though it is unclear whgtockout mice were defective in the formation of Th1 cells, largely
role they play in these instance$. a result of disrupted IL-12 receptor functiét?’ Mice with both

Cell lines deficient for either Jak1 or Jak2 are unable to mediagatsaand Statsbgenes disrupted showed multiple defects, with
a response to interferop-whereas those deficient in Tyk2 fail toresponses to IL-2, IL-3, granulocyte-macrophage colony-stimulat-
respond to interfero/B.”° In addition, the expression of kinase-ing factor (GM-CSF), and granulocyte colony-stimulating factor
deficient Jaks or the introduction of mutations that prevent J4fe-CSF) affected??® whereas the respective singiat5knock-
binding and activation abolishes the proliferative and antRuts also exhibited defective proliferative responses to specific
apoptotic signaling from a number of other cytokine receptots. cytokinesi®3! Finally, a block in Th2 cell development and IgE
The essential role of Jaks in mediating the effects of thesass switching was observed$tatéknockout mice®233
hematopoietic regulators was recently confirmed by targeted Further evidence of the vital role of Stats in cytokine receptor
disruption of the corresponding murine genes (TableJakl  signaling has been obtained from studies in cell lines. For example,
deficient mice exhibited perinatal lethality, apparently because @fmutant cell line deficient in Statl expression showed a block in
defective neural function, and defective lymphoid developrientinterferon signaling similar to that iStatlknockout miceé®* Other
Targeted disruption of thdak2 gene resulted in an embryonicstudies using dominant-negative Stats or specific receptor mutants
lethal phenotype caused by a block in definitive erythropoiesis bloave shown, for example, that Stat3 activation plays a key role in
with intact lymphoid development:1” In both cases, a number of the differentiation responses to IL-6 and G-CS& whereas Stat5

Jaks
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Table 1. Jaks in hematopoiesis: phenotype of mouse knockouts
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variations on the basic theme first elucidated for the interferon

Jak receptors? Binding of ligand to a cytokine receptor leads to the
Type Relevant Phenotypes Cytokines Affected Refs  activation of Jaks, presumably through autophosphorylation on
Jakl e Impaired lymphoid develop-  IL-2, IL-4, IL-6, IL-7, IL-9, IL-10, 15 tyrosines (Figure 1). Activated Jaks then phosphorylate the recep-
. geegcﬂve Lesponses (o lass 2 IL-15, LIF, allinterferons tor, creating docking sites for specific signaling proteins, including
cytokines and those Using +c Stat proteins, which the Jaks can then phosphorylate on a con-
or gp130 receptor subunits served tyrosine residue at their C-terminus. Subsequently, the Stats
Jak2 e No definitive erythropoiesis EPO, TPO, IL-3, IL-5, GM-CSF, 16,17  form stable homodimers and heterodimers by interactions between
IFN-y the Src homology 2 (SH2) domain of one Stat protein and the
Jaks e z’xﬁive ymphoid develop- L4, IL-7, IL-9, IL-15 1820 phosphotyrosine of another before translocation to the nucleus,
e Dysregulated myelopoiesis where they influence transcription of target genes by binding to
— ) , , — specific regulatory sequencés'!
EPO, erythropoietin; IFN, interferon; IL, interleukin; TPO, thrombopoietin.

appears very important for proliferative responses to IL-3, 'L‘%pecificity in the Jak-Stat pathway

G-CSF, and GM-CSE“0 and for neutrophilic differentiation in

response to G-CSH.Interestingly, these latter studies differ fromspecificity in cytokine signaling is largely determined by the
the relative mild effects on hematopoiesis seeSiatSabdouble combination of activated Jaks and Stats. A wide range of cytokines
knockout mic&? and they serve to highlight some of the potentiahnd growth factors activate Jak1, Jak2, and Tyk, whereas Jak3 is
problems in interpreting both model systems. For example, compejiiy activated by cytokines that have the commpohain as a
satory overlapping pathways can mask the physiological consgmponent of their receptor compl&kReceptors show more
quences of a gene disruption in a whole animal, whereas effesfsecificity in their ability to recruit and activate Stats. For example,
seenin cell lines may represent physiologically irrelevant endpoi§gmulation with interferon (IFN)x or IFN- leads to phosphoryla-

or nonspecific consequences of a presumed dominant-negative Pragif of Stats 1 and 2, which form a complex with a third protein,

acting on other pathways. However, both types of studies have toge{&844 |n contrast, G-CSF stimulation leads to the activation of
yielded great insight into the biologic function of Stats.

Jak-Stat pathway

Stat3 and Stat5 homodimers, some Statl homodimers, and Stat1/3
and Stat3/5 heterodimet3?¢ Such studies have led to the sugges-
tion that diversity within the type of Stat complexes activated
contributes to the nature of the cellular responses to a given
cytokine or growth factot? The subsequent gene knockout and

A general model of Jak-Stat activation from cytokine receptors haﬁminant-negative mutant studies described above have largely
been proposed?l4! though there are several exceptions angupported this hypothesis

Table 2. Stats in hematopoiesis: phenotypes of mouse knockouts

The specificity of Stat activation is partially mediated through
their recruitment to specific cytoplasmic tyrosines of particular

Stat Type Relevant Phenotypes Cytokines Affected ~ Refs receptors through their SH2 domains. For example, tyrosine 440 in
Statl ® Interferon responses absent: IFNs only 22,23 the CytOplasmiC domain of the IFN-receptora chain is respon-
—innate immune responses sible for recruitment and activation of Stdflwhereas tyrosines
absent N 578 and 606 of the IL-4-R are required for phosphorylation and
—highly sensitive to viral/microbial . . 9 Qi . . .
infection activation of Stat6® Similarly, numerous studies have identified
—IFN-responsive genes not acti- the YxxQ motif as a consensus Stat3 docking site, though it can
Va‘e"_ _ bind to other motif$'>5051In addition, several examples of Stat
Stat2 e Type L interferon responses IFN-/B C. Schindler, — activation that do not require direct docking to receptor tyrosines
mpatred Pers- MM have b ted. For instance, full activation of Stat1 by G-CSF
Stat3 e Embryoniclethal ” ave been reported. For instance, full activation of Statl by G-CS
Stat4 e IL-12 responses absent IL-12 only 26,27 or growth hormone and of Stat5 by G-CSF and GM-CSF occurs in
| production of high IFN-y, low the complete absence of receptor tyrositf851.52|t has been
l IFN-y R‘f* T:? E‘i‘”s N proposed that Jak1 and Jak2 can specifically recruit and phosphory-
g for g ieve Ty pro- late Statl and Stat5, respectively* which could explain their
| lymphocyte proliferation activation in these cases. However, there is growing evidence that
| enhancement of NK cell-medi- other receptor components can also act as docking sites for
1 ?’thezd ;éll:ztoxmlty Stats?*>55 For example, Statl is recruited to the IRN3 receptor
Statbab e Proliferation signaling affected: IL-2, IL-3, 28,29 complex by blndmg to a Stat2 m_o_le_cu!e already docked to _the
| CFU-Mix, Eos, G, GM, Pre-B IL-7, GM-CSF, activated receptat Thus, Stat specificity is determined by recruit-
lbpefiphef?' Tce""S G-CSF ment to the receptor complex in toto rather than simply to the linear
A NK .
sence of it cells sequence of each receptor. However, the particular Jaks and Stats
Stat6 ® |L-4 responses absent: IL-4 only 32,33,179 . .
-Absence of IL-4 producing Th2 aptlvateq may also be dependent on the cell-type or its state of
cells differentiation?1:56-58 and receptor “cross-talk” may further
lB:OCk i: B-cell '9|E_f°'a§3 SV(V“Ch?”g modify the response elicited. For example, IL-4 inhibits IL-2—
ymphocyte proliferation (partial . . . . .
| expression of IL-4-induced cell medlateql St_at5 actlvatlcﬂéizlL-lo suppresses mterferon—me_dlate_d
surface markers Stat activatiorf® and cyclic adenosine monophosphate impairs
, ) ,, IL-2—dependent signaling by downregulating levels of the Jak3
CFU, colony-forming unit: G-CSF, granulocyte colony-stimulating factor; GM-

CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleu-
kin; NK, natural killer.

protein itselfé?
Individual Stats bind to similar DNA response elements, mostly
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Figure 1. Activation of the Jak-Stat pathway by cyto- ligand

kine receptors and its regulation by CIS family mem-
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related to ay interferon-activated site, a regulatory element in thevhereas Bcr-Abl can also recruit and activate Stat5 by the
promoter of IFNy—inducible gene4 However, the recognition interaction of Stat5 with the adaptor CrkL, which itself docks to
sites are not identic&f%4 and so different genes are targeted foBcr-Abl.8° Other work implicates a number of non-Jak kinases as
induction by different Stats (Table 3). In addition, Stats can mediatesponsible for the serine phosphorylation of Sta#.

transcriptional repression at specific promoféf.Some Stats are

able to form both homodimers and heterodimers, which can further

broaden the range of Stat/DNA-binding specificiieShe dura- Negative regulation of the Jak-Stat pathway

tion of Stat activation is also able to influence the transcriptional

program induced4éIn addition, various Stat isoforms are differ-As further evidence of the importance of the Jak-Stat pathway,
entially expressed in specific cell types, which can also have aagative feedback mechanisms have been identified that control its
impact on the expression of Stat-responsive géh&$865|t has activation (Table 4). These include endosomal degradation of
recently been shown that Stats can interact with a range of otlk&k/receptor complexes through receptor-mediated endocyt&sis
nuclear factors and coactivators, including CBP, Nmi, the glucoca@nd the dominant-negative effects of several naturally occurring
ticoid receptor c-Jun, and MCMB:57-6%which increases the range Stat variant§*#In addition, the PIAS proteins have been identi-
of transcriptional responses in which Stats can participate. Finaffigd. They seem to bind directly to Stats and to inhibit DNA
though phosphorylation of the C-terminal tyrosine is critical fobinding, though their exact biologic role remains uncfé&f.Two

Stat activation, serine phosphorylation probably also modulates @iger means of negative regulation, by CIS/SOCS/SSI family
transcriptional respongé&73 Indeed, it was shown that Ser727 ofmembers and by tyrosine phosphatases, have been studied in
Statkx is directly involved in the recruitment of MCM5 as part ofmore detail.

IFN-y—induced transcriptional activatiéATogether, this complex

control of specificity enables an individual hematopoietic cell tgis/SOCS/SSI Family

elicit the appropriate transcriptional response to incoming sign
from cytokines, growth factors, and other stimuli.

aIlﬁis family, variously called CIS, SOCS, or SSI, is a group of small
proteins containing SH2 and CIS homology (CH) domains (also
called SOCS bhoxes). At least 8 family members have been
identified (CIS1 to CIS7 and JABY;8which are involved in the
relatively specific regulation of cytokine signalify.

t The first member of this family, originally denoted CIS (now

Independent functions of Jaks and Stats

The major function of Jaks is generally considered to be Stal
activation. However, this is clearly not the only role that Jaks pla

in signaling. For example, Jaks are directly implicated in th&®'e 3 Genes induced by Stat proteins

activation of the kinase PykZ,stimulation of the Ras-MAPK Stat Genes Encoding Refs
pathway!37576and the induction of the fes and cmycgenes”  stat1 ISG54, IRF-1, CIITA, mig, 2,3 dioxygenase, 22, 23, 64
Conversely, there is considerable evidence that some activation of GBP, p21

Stats occurs independently of Jaks. For example, cell lines defici€Rt® Jungi SAAS, JAB, C-reactive protein, Belx,, 63, 64, 98, 134,136
in Qak_Z or Tyk2 showed no.e.ffect. on G-CSF-dependent S_'E’}etm IFN-y, IRF-1, Fc-yRI, CD23, MHC class Il 33, 180
activation, and a cell line deficient in Jakl showed only partial, .. B-casein, IL-2R-a, CIS, osm, pim1, p21, 92, 181.183
reduction in Stat3 activatiot?. Similar results were obtained with cyclin D1

Jak knockout mice for a range of factots.Furthermore, Stat6 staté IL-4R-a, Fc-eRlla, C-e, C-y1, C-y4 21, 63, 64
activation after CD40 engagement occurs independently of dete®ttl/Statl/p48 GBP 64

able Jak phosphorylatioff.Such data suggest that other kinases afgatl/Stat2/p48 'SGl5vh'5G54' 6'13; 2',5' oligoadenylate 64
probably also involved in mediating Stat activation. In support af "S¢7 synthetase, 2,3-dioxygenase
this, Src has been shown to bind and activate Stat3 diréctly, IFN, interferon; IL, interleukin; MHC, major histocompatibility complex.
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Table 4. Negative regulatory mechanisms of the Jak-Stat pathway Therefore7 JAB appears to act as a negative regu|at0r Of'\M:N'
Mechanism Refs Statl and probably functions by preventing apoptosis induced by

Receptor-mediated endocytosis 2,83 Statl. However, other studies suggest that JAB may also inhibit

Dominant-negative Stats 84,85  Other pathways that induce Bax expression, thereby preventing

PIAS family of proteins 72,86  Bax-induced apoptosis in viv°

CIS/SOCS/SSI family of proteins 88, 89 So how do the CIS family members exert their negative effects

Tyrosine phosphatases 114,115 on Jak-Stat signaling? Several possibilities, which are not mutually

exclusive, are shown in Figure 1. Among CIS family members,

led CIS1) f tokine-induced SH2 taini tei JAB and CIS3 are able to bind the Jak2 catalytic (JH1) dor¥fain,
calle )_or cytokine-induce -eontaining protein, w. ading to direct inhibition of the Jak kina&®.Binding requires
cloned as an immediate early gene that was induced by IL-2, IL-

C 418001 : . the SH2 domain plus an additional N-terminal 12 amino acids
and erythropoietif®9 The induced CIS protein can SUbsequemIYextended SH2 subdomain) containing 2 residues (Ile68 and
associate with specific tyrosines of the activated recegtor

SI'_eu75) that are conserved in the CIS fanifly® This subdomain

Irgilggtlg230Fnoer(?efc;heexr;r2§sriirtla:)? glnsdlmp?asr:itzﬁyolS;Zgg;g':lloli 'gulﬂteracts with the tyrosine residue Y1007 in the activation loop of
’ ak2, whose phosphorylation is critical for the induction of kinase

erythropoietin-induced proliferation and Stat5 activaidiCon- tivity.206107Other CIS family members bind directly to receptors,

. : . C
;/erzely, ??g\m’i:\éa;i\s thet%ZSI _;:rr]ocr;c;tfrthrough_mtergctlo:l_wamere they may function by preventing stimulatory signaling
andem MOUIS;” Wi expression absent in pathways coupled to specific phosphotyrosine motifs on recep-

:he O\t/arles oStat?amfoutéls knkockoult rtmcéfff'l;ﬂusj Cklsslt atgpeatrhs tors 9293 Alternatively, given that CIS proteins have a relatively
0 act as a negative feedback reguiator ot the Jak-stals pathwgy, half-life, they may act as scavengers of activated receptor
This is supported by recent observations in CIS1-transgenic mi¢

that exhibited a phenotype similar to that observedStat5ab has been shown that CIS1 itself is ubiquitinylatédvhereas the

double knockout micé . . .
. CH domain appears to interact with components of the proteasomal
The second CIS/SOCS/SSI family member, JAB (also Callec%gradation pathwa{?-11°However, other studies have shown that

SOCS-1, SSI-1, and TIP-3), was identified independently becayze” ~y o main of JAB may actually protect this molecule from
of its ability to interact with the kinase domains of Jak2 an egradatiori%®111 Clearly more work is required to unravel the

Tec?> to inhibit.the IL.-6—induced different.iation and gr,OWthvariousintracellularfunctions of the CIS family members.
arrest of a leukemic cell lin&,and to be recognized by an antibody
to Sta_t SH2 dqmain%g.Overexpression of JAB can inhibit virtuall_y Tyrosine phosphatases

any signal using Jaks, such as Stat5 activation by erythropoietin,

Stat3 activation by leukemia inhibitory factor or IL-6, andos Several studies have shown that an important negative regulatory
induction by IL-2. However, JAB does not inhibit fibroblast growthmechanism of the Jak-Stat pathway involves the recruitment of
factor (FGF)-induced ¢es activation or c-Kit phosphorylation, tyrosine phosphatases containing tandem SH2 domains (SHP-1 and
though it binds to the FGF receptor and c-KiAlthough JAB was SHP-2) to receptor complexes. Both phosphatases can bind either
found to suppress Tec kinase activity, this effect was margin%q:tivated receptors or to Jak family members themselves, leading
compared with its effect on Jaks. Therefore, JAB-mediated kinaedephosphorylation of the kinase (Figure")**This, in turn,
inhibition seems to be specific for Jak tyrosine kinases; bindidgads to reduced activation of Jak-Stat pathway comporR&Hts.

does not always imply inhibition. However, recently JAB has beehhe potential in vivo importance of this mechanism is strongly
shown to bind inducibly to the c-Kit receptor tyrosine kinaséuggested by the phenotype mibtheaten(me/mg mice lacking
through its SH2 domaiff*° Although JAB did not inhibit the SHP-1, which die of a disease with components of autoimmunity
catalytic activity of the c-Kit tyrosine kinase, it inhibited c-Kit—and inflammatiort*” However, it remains to be elucidated whether
mediated proliferation signals, probably by interaction with thehhanced Jak kinase activity is entirely responsible fomtloéh-

SH3 domains of the signaling proteins Grb2 and Vav, theret§atenphenotype because SHP-1 has also been shown to regulate
suppressing their functiolf. In certain circumstances JAB maynegatively a number of receptor and nonreceptor tyrosine ki-
also be able to suppress signals from non-Jak tyrosine kinases. JXses:#*9In addition, though it is clear that the major means by
knockout mice displayed growth retardation, fatty degeneration Which Stat activity is attenuated is through dephosphorylation by
the liver, and monocytic infiltration of several organs. They dieBrotein tyrosine phosphatasgst is unknown whether SHP-1 or
before weaning within 3 weeks of birt%191Lymphocytes in the SHP-2 or some other phosphatase is responsible. However, it
thymus and Sp|een of these mice exhibited accelerated apopt(ﬂmears that SHP-1 can associate directly with Stat5, |mp||Cat|ng it
and at 10 days of age their numbers were 20% to 25% of thosefrfhe direct dephosphorylation and deactivation of this Stat.
wild-type mice®Among various pro-apoptotic and anti-apoptotic

molecules examined, an upregulation of Bax was found in lympho-
cytes of the spleen and thymus of knockout miiein addition, Jaks, Stats, and hematopoietic diseases

there was a progressive loss of maturing B lymphocytes in the bone

marrow, spleen, and peripheral blood, whereas constitutive actividie wide use of the Jak-Stat pathway by hematologically important
tion of Statl was found in the liver of JAB knockout mi¥&Part factors, the severity of artificially disrupting the Jak-Stat pathway
of this phenotype clearly resembles that found in H-Nransgenic on hematopoiesis, and the number of key genes with Stat-response
micel%? |In addition, hematopoietic progenitor cells from JABelements already provides some appreciation of the importance of
knockout mice were hyperresponsive to IRNwith the degree of this pathway in hematopoiesis and the regulation of hematopoietic
inhibition varying markedly with the stimulating factor us¥@lt  cell function. We will now summarize the studies showing that

is important to note that many of the pathologic conditionseveral diverse hematopoietic disorders exhibit perturbations in the
observed in JAB knockout mice can be eliminated by antibodlak-Stat pathway. Indeed, in a number of these cases, experiments
injections or by crossing them with IFN-knockout mice'® have directly implicated the altered Jak or Stat signaling, or both, in
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the pathogenesis of the disease. Such molecular investigatid#ide 5. Stat activation by specific oncoproteins
provide a foundation on which to build an understanding of these Cell type
conditions and a framework for rational improvements in therape{rimary bone marrow

Oncoproteins Activated Stats Refs

Bcer-Abl Stat5 184, 185
Tel-Jak2 Stat5 123,124
Myeloid cells v-Src Stats1,3,5 130
Hematopoietic malignancies Basophil/mast cells Ber-Abl Stats1,5 129, 186
Erythroleukemia/blast cells Bcer-Abl Stats1,5 129, 186, 187
Aberrant activation of Jaks and Stats Pre-B lymphocytes v-Abl Stats1,5,6 188

The most direct evidence implicating dysregulation of the Jak-Stat

pathway in .hemz.itopoietic.malignancie; was the idlgzntification RIhibit either Stat5 activation or factor-independent cell prolifera-
Tel-Jak2 fusions in lymphoid and myeloid leukemi&Ss!=In early 51, jngyced by Bcr-Abk? In addition, v-Src can directly activate

B-prgcursor acute Iymp_hoblastic Ieuk_emia, t(9;12)(p24;pl3) tr""rgiatSPOWhereas the Herpesvirus Tip protein co-associates Lck and
locations were responsible, whereas in the case of atypical Chrogi%t& leading to constitutive Stat3 activation in T cells transformed

myeloid leukemia there was a complex 1(9;15:12)(p24,915:p18), g virus3! suggesting that in these cases Jaks are also
translocation. In each case, the helix-loop-helix oligomerizati perfluous

domain of the transcription factor Tel is fused to the catalytic JH1 In contrast, numerous recent studies have provided strong

domain of Jak2 (Figure 2), which leads to constitutive assoaati%%idence for a role of Stats in the transformation process. For
&

and hence activation of the kinase and constitutive activation ample, a dominant-negative Stat5 was able to inhibit apoptosis-
ind23,124 . ’ - - . .
Stat F’rOt_e'”é' _Howev_er, Jaks and _St"_’lts are also known to br%sstant, growth factor-independent proliferation and leukemic
constitutively activated in hematopoietic cells transformed by . i1 ¢ Ber-Abl transformed cel@132 and of the growth
diverse oncogenic tyrosine kjnasgs (Taple 5), as well as in a vari %tor-independent colony formation of primary mouse bone
of Iymph_omgs andTIel;IkemlaE, mﬁludlng thos_e trangfornlz_ed l?Xarrow progenitor cells transduced with Bcr-Abl retrovitédlin
ONncogenic viruses (Table 6). or the oncogenic tyrosine INaS&Jdition, a constitutively active Stat5 mutant could restore these
the activation of Stats may be direct or occur through Jaks, wherqas «ions to a mutant Ber-Abl deficient in Stat activatigh

the qncogenic virgse.s activate a nulmber of cytoplasmic kilnasesStﬁ’nilarly, the abrogation of IL-3 dependence of myeloid cells by
mediate the constitutive Stat activation observed (Figuié®3). v-Src requires the SH2 and SH3 domains, which specifies the

activation of Stat33°and dominant-negative Stat3 has been shown

) N specifically to block v-Src transformation in other cell sys-
Although the data above are suggestive of a positive role fgL,g134,135 Furthermore, studies in multiple myeloma cells that

constitutive activation of the Jak-Stat pathway in leukemia, thg,ow constitutive Stat activation have revealed that dominant-
results are largely correlative. However, other studies have pPigsgative Stat3 induces apoptosisagain implicating Stat3 in the
vided more direct evidence for this hypothesis. For examplggnsformation process. Finally, a constitutively active mutant of
overexpression of a Tel-Jak2 fusion is sufficient to render Ba/fgiats i sufficient to induce factor independence of Ba/F3 &8lls.

cells factor-independeft;-*23and mice transplanted with retrovi- ths constitutive Stat activation appears necessary, and perhaps
rus expressing this fusion develop a fatal mixed myeloproliferativg ficient. for the transformation process.

and T-cell lymphoproliferative disorder with a latency of 2 t0 10 The results of the above studies imply that a permanent
weeks!?*In addition, 2 mutants of thBrosophilaJak kinase have gjteration in the genetic program of transformed cells, achieved by
been identified that "2??;0 leukemia-like defects through hyperage constitutive activation of Stat proteins, is a critical step in the
tivation of the kinasé:**2’Murine homologues of this Jak mutantyansformation process. Recent studies have begun to shed light on
have been further shown to induce leukemia in mifcétinally,  ose changes that may be important. Thus, constitutive expression
inhibition of constitutive Jak2 phosphorylation in primary pre-Byt jax2 in Ba/F3 cells has been shown to lead to the induction of
leukemic cells with the Jak2 inhibitor AG490 is able to inhibit celly o resulting in delayed cell deatP? but the constitutively
proliferation:2* However, other studies suggest that the constityg(iyated Stat3 observed in bone marrow mononuclear cells from
tive Jak activation seen in transformed cells is not actually req”'rﬁgtients with multiple myeloma also confers resistance to apopto-
for transformation. Thus, dominant-negative Jaks are unable sti%, this time through the induction of Bcj-%3¢ Identification of
other genes involved in the transformation process remains an
important goal for future research.

Evidence for Jak-Stat involvement

HLH JH2 JH1
CML
1 336 506 1132
HLH JMZ I3 i Other hematologic disorders
1 154712 1132 Alterations in the Jak-Stat pathway have been associated either
directly or indirectly with other hematologic disease states.
HLH JH1
ALL Severe combined immunodeficiency
1 336 812 1132

In the most common form of severe combined immunodeficiency
(SCID), X-linked SCID, both cellular and humoral immunity are

severely affected: T-cell development is arrested in the thymic
cortex, there is an almost complete lack of circulating T lympho-

Tel *J E..,, Jak

Figure 2. Tel-Jak2 fusions observed in myeloid (CML; chronic myeloid leuke-

mia) and lymphoid (ALL; acute lymphoblastic leukemia) leukemias. 121122 The
relative position of the fusions, as well as the helix-loop-helix (HLH) and Jak
homology (JH) domains are shown.

cytes, and, though B lymphocytes are present, they do not undergo
class switching3® In X-linked SCID, mutations have been identi-
fied in the gene encoding the commpahain €yc), a constituent of
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Table 6. Activation of Jaks and Stats in hematopoietic malignancies molecular determinant of the hyperproliferative responses elicited
Type of Malignancy Activated Jaks and Stats Refs from truncated G-CSF-R (Ward et al, manuscript in preparation). In
Lyphoma addition, a novel G-CSF-R mutation has been identified in a patient
LSTRAT cell line Jaks1,2; Stats3,5 115, 189 with SCN who was unresponsive to G-CSF therapy—in this case
Cutaneous T-cell lymphoma Jak3; Stats3,5 190 Stat5 activation was substantially reduééthgain consistent with
Mycosis fungoides Stat3 11 an important role of Stat5 in controlling proliferative responses
Herpesvirus saimiri dependent Stats1,3 131, 192 to G-CSF.
EBV-related Stats1,3 193
Leukemia
Erythroleukemia Stats1,5 186 Benign erythrocytosis
Acute myelocytic leukemia Stats1,3,5 185, 193-196 . L. ) .
Chronic myelocytic leukemia stats 184, 185 Benign erythrocytosis is a dominant autosomal condition character-
Acute lymphocytic leukemia Stats1,5 193, 194 ized by a mild increase in red blood cell counts and normal serum
Megakaryocytic leukemia Stats 197 levels of erythropoietin because of hypersensitivity to erythropoi-
HTLV-I dependent T-cell leukemia  Jaksl,3; Stats3,5 etin 159160 |n addition, there is an increased and a sustained

activation of Jak2 and Stat5 after erythropoietin stimulatidis®

A number of pedigrees have been identified, all of which lead to
erythropoietin (EPO)-R truncatiot$162that invariably result in

a number of cytokine receptor complexXé!4! Although these the loss of the binding site for SHP-1 at Tyr 449 of the EPOR.
mutations occur at multiple positions, all mutant receptors aBecause SHP-1 is a negative regulator of Jak2 activation by EPO, it
defective in the activation of Jak82143Indeed,Jak3 knockout appears that lack of SHP-1 activation is responsible for the altered

mice display a SCID phenotype that is virtually indistinguishablgak-Stat kinetics and enhanced EPO responses in these patients
from that of yc null mice!®!% Moreover, in a less common (Figure 3).

autosomal-recessive form of SCID, patients have been reported
with inactivating mutations in th@ak3gene itself*145146Together
these findings show that abrogation of the Jak-Stat pathway
sufficient to account for SCID in humans. Fanconi anemia (FA) is an autosomal recessive chromosome
instability syndrome characterized by progressive bone marrow
failure and an increased susceptibility to malignal¥éyé4The FA
Patients with severe congenital neutropenia (SCN) exhibit a sevgieup C gene (FAC) has been identified, with its disruption leading
reduction in circulating neutrophils and a maturation arrest of bore profound hypersensitivity of hematopoietic precursor cells to
marrow progenitor cells at the promyelocyte/myeloid ste§é!® |EN-y in micel®® and in patients with FA group &8 This appears
Such patients have an increased risk for myelodysplasia, act§ge the result of sustained Stat1 activation leading to apoptosis of
myeloid leukemia, or both, and a poor prognosis for Ut these cellgse Other researchers have reported that the FAC protein
A subset of patients with SCN has been identified with acquirgd jnyolved in the recruitment of Statl to the IFNTeceptor

nonsense mutations in the gene encoding the G-CSF recepffmpjex1s? which further suggests that perturbed Statl activation
which truncate its carboxyl-termind&! 152This subset has a strong . wibutes to the phenotype of this disease.

(around 50%) predisposition to acute myeloid leukemia. Mice
carrying a similar G-CSF-R truncation also show reduced basal '
levels of circulating neutrophils, but on continuous G-CSF trealfiterferon resistance

ment, neutrophil counts become elevated to above those |gferferons, particularly IFNe, have important therapeutic applica-
wild-type controls because of the increased proliferation of My in the treatment of hematologic malignancies, including
eloid progenitord>* This suggests that the G-CSF-R truncationML, hairy cell leukemia, and cutaneous T-cell lymphoma
may contribute to SCN and to the subsequent development of ac(&ﬁ‘CL).lﬁ&leg’However, the efficacy is limited by the development

myeloid Igukerr?la in tgesedpgtler;ts. Bong marrow cells from(;hce8?clinical resistance to IFN therapy in these patiéfit€fforts to
mutant mice show reduced Stat3 activation in response to G- % derstand the molecular basis of IFN resistance have been made

even under saturating conditions. In addition, there is an alter, enerating somatic cell mutants resistant to IEN, which showed

: ivat 0
dose-response of Stat3 c_ompared to Stat5 g(_:tlvatlo_n, such tha{ % defects in the IFN receptor, Jaks, or Stats could contribute to
lower G-CSF concentrations the Stat3 deficiency is even more

, . : this phenomeno@t42 Similar analysis of IFNx—resistant deriva-
pronounced, a result confirmed in myeloid 32D céli¥®>Because . )
Stat3 appears indispensable for differentiation responses to G-C@f—e,s of CTCL cells also revealed a defect in normal ‘]"_ik'Stat
the reduced Stat3:Stat5 ratio in cells with truncated receptors at |Bg\§ppnses caused by a t",ta' ab;ence of SFatl expréssias,
G-CSF concentrations may contribute to the reduced maturatiBfgViously observed in patients with IFN-resistant melanéftha. -
observed5154155|n addition, molecular mechanisms have beehRlOwever, a recent study also suggests a possible role for JAB in
identified recently that explain the hyperproliferative function offN resistance, especially for patients with a dominant pheno-
truncated G-CSF-R. Such receptors show defective internalizatiyRe’ > Stable expression of JAB in either NIH-3T3 or M1
compared with wild-type receptdfsiss156and have a concomitant leukemic cells leads to resistance to IFN-and IFNg—induced
extension in the activation of Stats, particularly St&tBpnsistent growth arrest. In both cell systems, IFNeid not induce tyrosine
with a previous report of enhanced Jak2 activation in patients wigfiosphorylation and DNA-binding activity of Statl. In addition,
SCN (Figure 3)57 It has recently been shown in 32D cellsIFN-resistant clones derived from LoVo cells and Daudi cells were
expressing truncated G-CSF-R that dominant-negative Stat5 inhiund to express high endogenous levels of JAB without stimula-
its whereas dominant-negative Stat3 actually enhances G-CSien, with a concomitant reduction in IFN-induced Statl and Jak
mediated growth, implicating perturbed Stat5 activation as a k@posphorylatiort’2

EBV, Epstein-Barr virus; HTLV, human T-cell ymphoma virus.

Flgnconi anemia

Severe congenital neutropenia/acute myeloid leukemia
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Figure 3. Mechanisms of aberrant Stat activation in
hematopoietic malignancy and disease.
oncogenic viruses

{e.0. Herpesvirus, HTLV-I)
receptor

ic tyrosine ki 's\ —b " .Jak Jak ,,- » cytokine receptor mutants
{e.g. Ber-Abl, v-Sre, v-Abl) l (e.g. EPO-R, G-CSF-R)
\\ cytoplasmic
kinases
# {e.g. Lek)
Tel .
Tel-Jak fusions | g, ‘P. < other 2

ke Stat
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Other diseases with altered Jak-Stat activation

Other hematologic diseases also show defects in the norrfa@nclusions

activation and regulation of Jak-Stat pathway components. For

example, bone marrow cells from patients with myelodysplastiduch remains to be learned about structure/function relationships
Syndrome show impaired erythropoietin_induced Stats activgf JakS and Stats and about the Cross talk betWeen the Jak-Stat
tion 173 whereas reduced Tyk2/SHP-1 interaction has been opathway and other signaling pathways in hematopoietic cells. In
served in a kindred of familial hemophagocytic lymphohistiocytoaddition, as outlined above, the definitive roles played by Stats in
sis!74However, additional experiments will be required to identifjgrowth control and transformation must be determined. Further-
mechanisms by which these perturbations in the Jak-Stat pathwagre, a complete understanding of the mechanisms by which the
may contribute to the pathogenesis of disease. Jak-Stat pathway is negatively regulated remains an important
goal. However, there is already much promise in applying the
knowledge obtained on the Jak-Stat pathway and its perturbation
for the development of innovative hematologic treatment strate-
gies. As mentioned above, specific Jak inhibitors may have

Itis clear from this review that the Jak-Stat pathway is perturbed jpportant (;I|n|ca| appllca_tlons n a_CUte lymphoblastic leukef#fa,

a variety of malignancies and hematopoietic disorders. There3@d there is clear potential for using gene therapy to remedy Jak3
also now solid evidence that constitutive activation of Jak-Stdgficiency in SCID®17® Recent data providing the crystallo-
pathway components plays an important role in transformation Byaphic structure of Statl and Stat3 complexed with DNA™
Tel-Jak, Ber-Abl, and v-Src and in multiple myeloma. Furthermor@pens the way for a finer understanding of Stat specificity at the
the importance of defective Jak3 activation in SCID and dholecular level, increasing the knowledge base required for
extended Stat5 activation in the hyperproliferative responses dsfsigning suitable compounds for pharmacologic intervention. It is
truncated G-CSF-R is now established. However, the significanaeticipated that future developments will further facilitate the
of altered Jak-Stat activation in the other disorders remains lasanslation of the basic science of the Jak-Stat pathway into the
clear. In each case, the judicious expression of dominant-negathamatology clinic.

or constitutively active Jak-Stat pathway components in either cell

line or mouse models of these disorders should enable the relative

contribution of altered Jak-Stat signaling to the disease phenotype

to bg est.ablished.. !n addition, the gvailability of numerous mo“?fi"cknowledgment

strains either deficient or transgenic for specific Jak-Stat compo-

nents provides additional opportunity for assessing their impoFhe authors apologize to colleagues whose works were not cited

Future directions

tance in vivo. because of the size restrictions of the review.
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