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INHIBITORS OF CONSTITUTIVELY ACTIVE JANUS KINASES AND USES THEREOF

Priority Information
[0001] The present application claims priority under 35 U.S.C. § 119(¢e) to U.S.
provisional patent application, U.S.S.N. 61/184,160, filed June 4, 2009, which is incorporated

herein by reference.

Background of the Invention
[0002] JAK 1 and JAK2 are members of the Janus kinase (JAKs) family of non-receptor
tyrosine kinases, crucial to blood formation and immune responses. JAK 1 and JAK? play a
role in downstream signaling pathways such as the JAK/STAT pathway, involved in cytokine
signaling. Members of the JAK family possess seven defined regions of conserved homology
denoted JAK homology (JH) domains 1-7 (1). JH5-7 make up the amino terminus of JAKs
and contain a predicted FERM (Band-4.1, ezrin, radixin, and moesin)-like motif (2), which
are important in associating J AKS with their receptors and in some cases receptor cell-surface
expression (3, 4, 5). Although the JH3-4 domains display some homology to SH2 domains,
their function remains ambiguous (6). The carboxyl terminus is composed of JH1 and JH2
and contains the kinase and pseudokinase domains, respectively (7). The JAK2 JH1 domain
includes all the features of a catalytic tyrosine kinase, while the JH2 domain, though highly
sequence-homologous to JH1, lacks several elements conferring catalytic activity.
[0003] While currently there is no three-dimensional structure for any full-length Janus
kinase, the crystal structure of JAK1, JAK2, and JAK3 kinase domains in isolation have been
solved in complex with specific inhibitors (8, 9, 10). The JAK2 kinase domain exhibits a
typical bilobar arrangement, with a secondary structure profile very similar to other solved
kinase domains. (11, 12). The N-terminal lobe of JAK2 is composed of B-strands and
includes a single helix, aC, while the C-terminal lobe is mostly helical (8, 10).
[0004] In 2005, several groups independently reported a single acquired somatic mutation
in the pseudokinase domain of JAK2, in the form of a substitution of valine for phenylalanine
at position 617, in >95% polycythemia vera (PV) patients and 50-60% of patients with
essential thrombocytopenia (ET) and primitive myelofibrosis (PMF) (13, 14, 15, 16). The
V617F mutation induces constitutive tyrosine phosphorylation of JAK2 and STATS and
renders Ba/F3-EpoR cells cytokine-independent. Despite a plethora of recent reports

describing detailed involvement of V617F in different pathologies, a comprehensive
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mechanism of activation of this mutation has yet to be proposed. Based on a hypothesis for
the mechanism of constitutive activation of JAK2 V617F, agents that reduce or inhibit the
activation of mutant forms of JAK2 may be designed or identified for use in the treatment of

myeloproliferative disorders.

Summary of the Invention
[0005] A key functional interaction between residues F617 and F595 of Janus kinase
family member JAK2 V617F has been found to result in the constitutive activation of the
kinase. This interaction changes the interface between the JH2 and JH1 domains such that
the latter is in a conformation able to drive activation in the absence of ligand binding.
Similarly, the interaction of the bases F658 and F636 in JAK1 V658F, which are homologous
to F617 and F595, respectively, in JAK2 V617F, has been found to result in constitutive
activation of JAK1. Based on these discoveries, agents such as small molecules or peptides
may be identified or designed that modulate the activity of JAK1 or JAK2, for example,
" mutant JAK1 or mutant JAK2. For example, agents may be identified that interfere with the
binding of F617 with F595 of JAK2, or the binding of F658 with F636 of JAK1, or
masking/interacting with F595 of JAK2 or F636 of JAK1, thereby inactivating or reducing
the activity of the constitutively active kinase. Further, agents may be identified that
stimulate the binding of the amino acid residue at position 617 with F595 of JAK?2, or the
binding of the amino acid at position 658 with F636 of JAK1 thereby activating or
stimulating the activity of the kinase. Agents that interfere with the interaction of F617 with
F595 of JAK2 V617F or with the interaction of F658 with F636 of JAK1 may be useful in the
treatment of myeloproliferative disorders, such as polycythemia vera, essential
thrombocythemia, primitive myelofibrosis, and lymphoblastic leukemia. Based on the
homology between JAK 1 and JAK2 and the discovery that constitutional activation of JAK1
and JAK2 results from similar intramolecular interaction of homologous residues in both
kinases, the inventive concepts, methods and compositions provided herein in relation to
JAK2 are also applicable for JAK1 and vice versa.
[0006] In one aspect, the invention provides methods of identifying agents that modulate,
for example, interfere with, the interaction of F617 with F595 of JAK2 V617F. Agents that
may be tested for their ability to modulate this interaction include small molecules, proteins,
peptides, aptamers, efc. Agents may be identified by contacting a test agent with JAK2
V617F under suitable conditions for the test agent to interfere with the interaction of F617

with F595. Modulation, for example, interference with the F617-F595 interaction may be
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determined by assaying the activity of the kinase. An agent that interferes with the
interaction between these two amino acids should reduce the constitutive activity of the
kinase. Similarly, an agent that stimulates the interaction between these two amino acids
should increase the constitutive activity of the kinase. A plurality of agents (e.g., a library of
chemical compounds) may be screened using the inventive methods. In certain
embodiments, the method may be used in high-throughput screening of a large number of test
agents.

[0007] In another aspect, the invention encompasses agents found to modulate, with the
interaction of F617 with F595 of JAK2 V617F, for example, agents that interfere with this
interaction. Such agents may be identified using the inventive assay methods described
herein. In some embodiments, the modulating agent may be designed in silico based on the
three-dimensional structure of the binding pocket. Agents designed in silico may then be
tested for their ability to inhibit the constitutive activity of JAK2 V617F.

[0008] Agents found to inhibit the constitutive activity of JAK2 V617F may be used
alone or in pharmaceutical compositions to treat proliferative diseases. In certain
embodiments, the proliferative diseases may be myeloproliferative disorders, such as, but not
limited to, polycythemia vera, essential thrombocythemia, and primitive myelofibrosis.
[0009] Some aspects of this invention relate to the discovery that the F595 residue of
JAK2 also functionally interacts with additional mutated residues implicated in constitutive
or otherwise aberrant activation of JAK2, for example, with mutated residues K539L, T875N,
or R683G, and that inhibition of this interaction inhibits or eliminates the constitutive or
aberrant activation of the mutant JAK2. Accordingly, some aspects of the invention provide
methods for the identification of agents blocking or inhibiting the interaction of the amino
acid F595 and an amino acid K539L, T875N, or R683G in a mutated JAK2. Some aspects of
this invention provide methods to identify agents inhibiting constitutive or aberrant K539L,
T875N, or R683G mutant JAK?2 activity, for example, kinase activity. Some aspects of this
invention provide methods of inhibiting K539L, T875N, or R683G mutant JAK?2 activity in a
cell or a subject. Some aspects of this invention provide methods to use agents found to
inhibit K539L, T875N, or R683G mutant JAK?2 kinase activity to treat a myeloproliferative
disease, a deep venous thrombosis or a leukemia.

[0010] Some aspects of this invention relate to the discovery that the F636 residue of
JAK1 interacts with mutated residues implicated in constitutive or otherwise aberrant
activation of mutant JAK1, for example, with mutated residue V658F and that inhibition of

this interaction inhibits or eliminates the constitutive or aberrant activation of the mutant

3/60



WO 2010/141062 PCT/US2010/001538

JAK1. Accordingly, some aspects of the invention provide methods for the identification of
agents inhibiting the interaction of the amino acid F636 and amino acid V658F in a mutant
JAK1. Some aspects of this invention provide methods to identify agents inhibiting
constitutive or aberrant V658F mutant JAK1 activity, for example, kinase activity. Some
aspects of this invention provide methods of inhibiting V658F mutant JAK1 activity in a cell
or a subject. Some aspects of this invention provide methods to use agents found to inhibit
V658F mutant JAK1 kinase activity to treat a myeloproliferative disease or a hematological

malignancy, for example, T-ALL (T-adult lymphoblastic leukemia).

Brief Description of the Drawings
[0011] Figure 1. Sequence homology and distances between homologous V617 and
F595 positions in other kinases and a model of the relative positions of the two residues in
JAK2. (A) Alignment of part of the pseudokinase domain of JAK2 with other kinases
containing a GVCV-like motif. (B) Distances between the nearest atoms of homologous
F595 and V617 residues in the other kinases. Distances were estimated based on the PDB
coordinates with UCSF Chimera program (See ref. 32). (C) Predicted relative position of the
JAK2 JH1 and JH2 oC helices based on the homology model of Lindauer et al. (20). In this
predicted arrangement residue F595 in the JH2 aC helix is in the proximity of the mutated
V617F residue, also located in the pseudokinase domain, and could make a pi-stacking
interaction with the mutated V617F residue, contributing to a change in relative
conformations of the JH1 and JH2 aC helices.
[0012] Figure 2. Mutation of residue F595 to Ala inhibits the constitutive activity of the
JAK2 V617F mutant. Luciferase assay in JAK2-deficient y-2A individually transfected with
each JAK2 mutant and WT shows a marked decrease in the STATS5 transcriptional activity in
the absence of ligand stimulation of the F595A/V617F double mutant when compared to
V617F. The F595A single mutant exhibits an activity level and ligand response similar to
WT JAK2.
[0013] Figure 3. Effect of the substitution of residue F595 in the JH2 oC helix on the
constitutive activity of JAK2 V617F and on the ligand-induced activation of JAK2 wild-type
measured by luciferase assays. (A) Mutation of F595 to some residues induces up to an 86%
decrease in the constitutive activity of JAK2 V617F, depending on the particular substitution,
while mutation of F595 to aromatic residues rescues the constitutive activity of JAK2 V617F.

(B) The single substitution mutants at position 595 display Epo responses similar to JAK?2
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wild-type at various concentrations of Epo and do not induce constitutive activation of JAK2
wild-type. (C) The JAK2 F595X/V617F double mutants also respond to Epo in a manner
analogous to JAK2 wild-type.

[0014] Figure 4. Role of JH2 aC helix residue F595 in the proliferation and activation
of Ba/F3 cells stably expressing the Epo receptor and individual JAK2 mutants. (A)
Proliferation assay of sorted Ba/F3-EpoR cells stably expressing each mutant and wild-type,
in medium without growth factors for 7 days. JAK2 V617F is able to proliferate
constitutively in this minimal medium starting from the first day (black triangles). The
F595A/V617F double mutant lost most of its proliferative advantage (green stars), while the
Ba/F3-EpoR parental cell line, or expressing either wild-type or FS95A alone could not
proliferate in the absence of growth factors. Substitution of F595 to an aromatic residue
(F595W) restored autonomous growth (red circles). (B) Luciferase assay in sorted Ba/F3
cells stably expressing the Epo receptor and each individual JAK2 mutant or wild-type. Each
cell line was individually electroporated with the pGRRS-Luc and pRLTK-Luc reporters and
the STATS transcriptional activity was measured. The Ba/F3-EpoR cells expressing JAK2
V617F previously selected for autonomous growth show a typical increase in STATS
transcriptional activity both in the presence and absence of Epo. (C) Immunoblot analysis of
sorted Ba/F3-EpoR cells expressing individual mutants or wild-type, in presence or absence
of Epo stimulation. pJAK2, pSTATS and pErk1/2 levels of JAK2 V617F, probed with
specific antibodies revealed a constitutive signal in the absence of stimulation. This signal
was absent in the cells expressing F595A/V617F but partially rescued in cells expressing
F595W/V617F.

[0015] Figure 5. Selected cytokine-independent murine JAK2 (mJAK2) V617X mutants
display high levels of STATS transcriptional activity. (A) JAK2-deficient y-2A cells, which
are also deficient in STATS, were co-transfected with cDNAs coding either for JAK2 WT or
for each JAK2 V617X mutant individually, along with STAT5A, and the pGRR5-Luc and
pRLTK-Luc reporters. The mutants that were able to proliferate in the absence of cytokines
when expressed in Ba/F3-EpoR cells displayed a STATS-dependent transcriptional activity
higher than that of the WT (average of three replicates = S.D.). Shown is one representative
experiment out of four independent experiments. (B) selected Ba/F3-EpoR cells expressing
each murine active mutant were starved overnight in RPMI medium with Img/ml bovine
serum albumin and electroporated with pGRRS-Luc and pRLTK-Luc the next day. The cells

were lysed, and their luminescence was recorded. All five mutants, although to a lesser
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degree V617C, generated a high STATS activity. One of three independent experiments is
depicted.

[0016] Figure 6. Two other JAK2 mutants previously described to be constitutively
active, V617W and V617M, show a large decrease in the constitutive activity in the presence
of the F595A mutation. (A) Luciferase assay in y-2A cells shows that JAK2 V617W alone
can induce a constitutive transcriptional activation of STATS in the absence of cytokines.
When coupled with FS95A, the F595A/V617W double mutant loses most of this constitutive
advantage, similar to the effect of FS95SA/V617F. (B) Transient transfection in y-2A cells of
JAK2 V617M mutant previously shown to be constitutively active, displays a marked
decrease in its constitutive STATS activation in the presence of the F595A mutation. All Epo
stimulations were carried out at 50 U/ml.

[0017] Figure 7. The JAK2 V617F mutation can induce constitutive activation
regardless of the dimeric conformation of the receptor it is bound to, while JAK2 wild-type
requires a ligand-activated EpoR dimer in order to signal. (A) The coiled-coil EpoR
constructs were made by replacing the extracellular domain of EpoR with the dimeric coiled-
coil domain of the yeast transcription factor Put3. (B) Luciferase assay in y-2A cells
transfected with each JAK?2 and with previously engineered EpoR dimers containing coiled-
coil replacements of their extracellular domains. JAK?2 wild-type signals best from the EpoR
dimeric conformations imposed by cc-EpoR-III and cc-EpoR-VI, previ.ously shown to
correspond to activated dimers. V617F has acquired the ability to signal constitutively from
both active (cc-EpoR-III, cc-EpoR-VI) and inactive (cc-EpoR-I1, cc-EpoR-V) dimeric
interfaces. JAK2 F595A/V617F and F595V/V617F have lost the ability to signal
constitutively from active and inactive dimeric conformations, suggesting that F595 may play
arole in the constitutive activity of JAK2 V617F. Mutating F595 to Ala or Val forces the
double mutant to prefer signaling from the active dimeric EpoR orientations (cc-EpoR-11I and
VI), akin to wild-type. (C) Activation model for cytokine-activated JAK2 versus JAK2
autoactivation caused by the V617F mutation. Only the pseudokinase domain is shown for
simplicity. In wild-type JAK2, residues V617 (grey circle) and F595 (red circle in
pseudokinase domain helix C, depicted as grey cylinder) do not play a key role in activation
that is brought about by rotation of receptors and scissors-like movements, bringing JAK?2
molecules in close proXimity, and leading to activation of the kinase domain. In the case of
the JAK2 V617F mutant, residues F617 (red circle) and F595 (red circle in pseudokinase

domain helix C, depicted as a grey cylinder) are crucial for initiation activation, which is
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transmitted to the kinase domain of JAK2, in the absence of the rotation and scissors-like
movement of the receptors.

[0018] Figure 8. JAK2 V617F and V617W can signal comparatively well from all
interfaces of an Epo receptor dimer, while WT can only signal from dimeric interfaces
corresponding to an activated EpoR dimer. Eliminating the F at position 595 by mutation to
Ala, causes V617F to lose its signaling advantage and to also be constrained to the dimeric
interfaces characteristic of an activated EpoR. (A) Luciferase assay in y-2A cells transfected
with JAK2 WT or V617F and with previously engineered EpoR dimers containing coiled-coil
replacements of their extracellular domains imposing all seven possible dimeric orientations.
JAK2 WT signals best from the EpoR dimeric conformations imposed by cc-EpoR-III and
cc-EpoR-VI, previously shown to correspond to activated dimers (See ref. 23). V617F has
acquired the ability to signal constitutively regardless of the particular dimeric interface. (B)
Similarly to V617F, JAK2 V617W also displays a comparatively high constitutive STAT5
signal constitutively from all conformations of an EpoR dimer, in a luciferase assay in y-2A
cells. (C) JAK2 F595A/V617F has lost the ability to signal constitutively from all seven
dimeric conformations, suggesting that F595 may play a role in constitutive activity of JAK2,
in collaboration with F617. Mutating F595 to Ala forces the double mutant to prefer
signaling from the active dimeric EpoR orientations (cc-EpoR-III and VI), akin to WT.
[0019] Figure 9. In the absence of ligand, the F595-F617 stacking interaction affects the
relative orientation of the JH1 and JH2 aC helices, pushing the JH1 aC-helix into a
conformation suitable for signaling. (A) Predicted arrangement of the JH1 and JH2 aC
helices in an inactive conformation (in grey, model coordinates from ref. 20), showing two
predicted pairs of salt bridges between residues E890-R588 and R893-E592. In the JHI
kinase domain active structure (in cyan; PDB code 2B7A, ref. 8), residues E890 and R893
were observed to form a salt bridge with each other. (B) Luciferase assay in y-2A cells
shows that mutating R588 and E592 to Ala considerably increases the STATS activity of
JAK2 WT in the presence of Epo and the constitutive activity of JAK2 V617F in the absence
of the Epo ligand, suggesting a role of the JH1-JH2 salt bridges in maintaining the JH1
domain inactive in the absence of ligand. Addition of the FS95A mutation to the
R588A/E592A/V617F mutant, decreases the constitutive activity back to the level of
F595A/V617F. Epo stimulations were carried out at 50U/ml. (C) Structural alignment of the
aC helices of different kinases whose structures have been solved in both inactive (grey) and

active (cyan) conformations. The view is down the helix axis, from the start to the end of the
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helix. All structures show a shift in the position of their aC helices when going from an
inactive to an active state.

[0020] Figure 10. The F595-F617 interaction is specific to activation of JAK2 V617F
and does not affect the JAK2 K539L mutation in the same manner. Predicted arrangement
of the JH1 and JH2 aC helices in an inactive conformation (model coordinates from ref. 20),
showing the predicted arrangement of residues F595, V617, K539, and D620.

[0021] Figure 11. Substitution of F595 to Ala has an inhibitory effect on the constitutive
activity of other JAK2 oncogenic mutants. (A) JAK2 K539L, T875N and R683G all induce
constitutive activation of JAK2, however all three mutants display a marked decrease in
STATS transcriptional activity in y-2A cells when the F595A mutation is also introduced.

(B) Proliferation assay of sorted Ba/F3-EpoR cells stably expressing each constitutive mutant
and wild-type, in medium without growth factors for 7 days. Cells expressing JAK2 V617F
(black triangles), K539L (blue lines), T875N (green stars), and R683G (yellow circles) can
proliferate constitutively in this minimal medium starting from the first day. Substitution of
F595 to Ala individually in the context of each active mutant causes a marked decrease in
autonomous growth. The JAK2 K539L/F595A mutant (red lines) lost most of its proliferative
advantage during the first 4 days, but by day 7 had regained the same level of autonomous
growth as its single counterpart (blue lines). (C) Predicted locations (red spheres) of mutants
K539L, R683G, V617F (left panel) and T875N (right panel) within the model structure of
JAK2, based on coordinates of the homology model proposed by Lindauer et al.. The right
panel is rotated 180° relative to the left panel. The kinase domain is depicted in yellow and
the pseudokinase domain in blue. The location of F595 is shown as a green sphere. Circular
arrows placed between helices C of JH2 and JH1 indicate potential conformational changes
originating in JH2 and transmitted to JH1. Solid double-headed arrow placed near the R683G
mutation suggests increased flexibility induced by this JH2 hinge mutant. Green star (right
panel) suggests T875N mutation changes JH1-JH2 linker segment conformation, which is
transmitted to JH2 helix C F595.

[0022] Figure 12. The F595A homolog in JAK1, F636A, blocks constitutive activity of
JAK1 V658F. Transient transfection in the JAK 1-deficient U4C cell line indicates a decrease
in the STATS3 transcriptional activity in the JAK1 F636A/V658F, as compared to JAK1
V658F.

[0023] Figure 13. Effect of mutating residues in the JH2 helix C on the constitutive and
ligand induced activity of JAK?2 V617F. Transient transfection of the JAK2-deficient g2A
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cell line was performed with cDNAs coding for the indicated JAK2 mutants, EpoR, STATS
and luciferase reporters. Measurement of STATS transcriptional activity indicated that
residues R588, E592 are not required for constitutive activity of JAK2 V617F. Like in the
case of JAK2 V617F, mutation of F595 to alanine blocks constitutive activation of the triple
JAK2 V617F R588A E592A. JH2 residues M600, M601 and S602, Q603 are required for
constitutive but not Epo-induced activation of JAK2 V617F

Definitions

(TP RT3
a

[0024] As used herein and in the claims, the singular forms an,” and “the” include
the plural reference unless the context clearly indicates otherwise. Thus, for example, a
reference to “an agent” includes a plurality of such agents.

[0025] As used herein, the term “agent” or “test agent” refers to any compound or
molecule that is to be tested. Examples of agents of the present invention include but are not
limited to peptides, small molecules, and antibodies. Agents can be randomly selected or
rationally selected or designed. As used herein, an agent is said to be “randomly selected”
when the agent is chosen randomly without considering the specific interaction between the
agent and the target compound or site. As used herein, an agent is said to be “rationally
selected or designed”, when the agent is chosen on a non-random basis which takes into
account the specific interaction between the agent and the target compound or site and/or the
conformation in connection with the agent's action. »

[0026] As used herein, the term “animal” refers to any member of the animal kingdom.
In some embodiments, “animal” refers to a human, at any stage of development. In some
embodiments, “animal” refers to a non-human animal, at any stage of development. In some
embodiments, animals include, but are not limited to, mammals, birds, reptiles, amphibians,
fish, and/or worms. In certain embodiments, the non-human animal is a mammal (e.g., a
rodent, a mouse, a rat, a rabbit, a monkey, a dog, a cat, a sheep, cattle, a primate, and/or a
pig). In some embodiments, an animal may be a transgenic animal, genetically-engineered
animal, and/or clone.

[0027] The term “antibody” refers to an immunoglobulin, whether natural or wholly or
partially synthetically produced. All derivatives thereof which maintain specific binding
ability are also included in the term. The term also covers any protein having a binding
domain which is homologous or largely homologous to an immunoglobulin binding domain.
These proteins may be derived from natural sources, or partly or wholly synthetically

produced. An antibody may be monoclonal or polyclonal. The antibody may be a member
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of any immunoglobulin class, including any of the human classes: IgG, IgM, IgA, IgD, and
IgE. Derivatives of the I1gG class, however, are preferred in the present invention.

[0028] The term “aptamer” refers to single stranded oligonucleotides and peptides
designed to bind a molecular target with high affinity and/or interfere with the function of a
molecular target. The molecular target may be a protein, a nucleic acid, or virtually any other
molecule. Aptamers may comprise a variable peptide or nucleotide loop attached at both
ends to a scaffold, for example, a protein scaffold.

[0029] The term “carrier” denotes an organic or inorganic ingredient, natural or synthetic,
with which the active ingredient of a pharmaceutical composition is combined to facilitate the
application or administration. The characteristics of the carrier will depend on the route of
administration. Examples of physiologically and pharmaceutically acceptable carriers
include, without being limited to, diluents, fillers, salts, buffers, stabilizers, solubilizers, and
other materials which are well known in the art.

[0030] As used herein, the term “contacting” refers to bringing a JAK2 molecule and a
test compound together in a manner that the test agent can affect JAK2 activity. Contacting
may be accomplished in a cell-free system, for example, by adding a test agent to a solution
comprising an active JAK2 molecule under physiological conditions. Contacting may also be
accomplished in a cell, for example, by adding a test compound able to permeate a cell
membrane to a culture comprising a cell expressing a JAK2 molecule.

[0031] The term “effective amount” of an agent refers to an amount sufficient to elicit the
desired biological response, for example, a reduction of proliferation of cells in a subject. As
will be appreciated by those of ordinary skill in this art, the effective amount of an agent may
vary depending on such factors as the desired biological endpoint, the pharmacokinetics of
the compound, the disease being treated, the mode of administration, and the patient.

[0032] The term “in vitro” refers to an artificial environment and to reactions or
processes that occur within an artificial environment. In vitro environments include, but are
not limited to, test tubes and cell cultures. The term “in vivo™ refers to the natural
environment (e.g., an animal or a cell) and to processes or reaction that occur within a natural
environment.

[0033] The term “JAK1,” as used herein, refers to the Janus Kinase 1 protein. The
sequences of the JAK protein of several species, including human, are well known in the art
and exemplary sequences are provided herein. If not further qualified, the term J4K1, is
meant to include both wild type and mutant forms, for example, JAK1 V658F, of the JAK1

protein.
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[0034] The term “JAK2,” as used herein, refers to the Janus Kinase 2 protein. The
sequences of the JAK?2 protein of several species, including human, are well known in the art
and exemplary sequences are provided herein. If not further qualified, the term JAK2, is
meant to include both wild type and mutant forms, for example, JAK2 V617F, of the JAK2
protein.

[0035] The term “JAK2 activity-dependent transcription factor” refers to any
transcription factor that is affected by JAK?2 signaling. The term encompasses transcription
factors that are direct phosphorylation substrates of JAK2, for example, some members of the
STAT family of transcription factors. The term further encompasses transcription factors
activated or inhibited as a result of JAK2 activity, for example, transcription factors that are
encoded by target genes of STAT family transcription factors. JAK?2 activity-dependent
transcription factors are well known in the art and include STAT family transcription factors,
for example, STATS.

[0036] The term “minimal promoter” refers to a promoter comprising the binding sites
for the base transcriptional machinery, but lacks binding sites for transcriptional
transactivators and, therefore, does not exhibit significant transcriptional activity when not
bound by a transactivating transcription factor, for example, phosphorylated STATS.

[0037] The terms “modulating,” as used herein, for example, in the context of
intramolecular interactions or kinase activity, refers to a measurable increase or a decrease in
the interaction or activity. For example, an agent identified to modulate mutant JAK?2 activity
may be either an agent that inhibits (e.g., decreases) the activity of JAK2 or an agent that
stimulates (e.g., increases) the activity of JAK2. Similarly, an agent identified to modulate the
activity of JAK1 may be an agent that inhibits the activity of JAK1 or an agent that stimulates
the activity of JAK1.

[0038] As used herein, the term “pharmaceutically acceptable” means a non-toxic
material that does not interfere with the effectiveness of the biological activity of the active
ingredients. ' |

[0039] The term “physiologically acceptable” refers to a non-toxic material that is
compatible with a biological system such as a cell, cell culture, tissue, or organism.

[0040] A “protein” comprises a polymer of amino acid residues linked together by
peptide bonds. The term, as used herein, refers to proteins, polypeptides, and peptide of any
size, structure, or function. Typically, a protein will be at least three amino acids long. A
protein may refer to an individual protein or a collection of proteins. Inventive proteins

preferably contain only natural amino acids, although non-natural amino acids (i.e.,
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compounds that do not occur in nature but that can be incorporated into a polypeptide chain;
see, for example, www.cco.caltech.edu/~dadgrp/Unnatstruct.gif, which displays structures of
non-natural amino acids that have been successfully incorporated into functional ion
channels) and/or amino acid analogs as are known in the art may alternatively be employed.
Also, one or more of the amino acids in an inventive protein may be modified, for example,
by the addition of a chemical entity such as a carbohydrate group, a hydroxyl group, a
phosphate group, a farnesyl group, an isofarnesyl group, a fatty acid group, a linker for
conjugation, functionalization, or other modification, efc. A protein may also be a single
molecule or may be a multi-molecular complex. A protein may be just a fragment of a
naturally occurring protein or peptide. A protein may be naturally occurring, recombinant, or
synthetic, or any combination of these.

[0041] The term “proliferative disease” as used herein refers to any disease associated
with an undesired and/or abnormal proliferation of cells. The cells may be any type of cell
found in the subject. The proliferation may be due to any cause (e.g., any genetic mutation,
any signal). Examples of proliferative diseases include cancer, neoplasms, inflammatory
diseases, autoimmune diseases, graft-vs.-host disease, diabetic retinopathy, and benign
tumors.

[0042] As used herein, the term “small molecule” is used to refer to molecules, whether
naturally-occurring or artificially created (e.g., via chemical synthesis) that have a relatively
low molecular weight. Typically, a small molecule is an organic compound (i.e., it contains
carbon). The small molecule may contain multiple carbon-carbon bonds, stereocenters, and
other functional groups (e.g., amines, hydroxyl, carbonyls, heterocyclic rings, efc.). In some
embodiments, small molecules are monomeric and have a molecular weight of less than
about 1500 g/mol. In certain embodiments, the molecular weight of the small molecule is
less than about 1000 g/mol or less than about 500 g/mol. Preferred small molecules are
biologically active in that they produce a biological effect, for example, a kinase inhibitor
produces inhibition of a kinase, in animals, preferably mammals, more preferably humans. In
certain embodiments, the small molecule is a drug. Preferably, though not necessarily, the
drug is one that has already been deemed safe and effective for use in humans or animals by
the appropriate governmental agency or regulatory body. For example, drugs approved for
human use are listed by the FDA under 21 C.F.R. §§ 330.5, 331 through 361, and 440
through 460, incorporated herein by reference; drugs for veterinary use are listed by the FDA
under 21 C.F.R. §§ 500 through 589, incorporated herein by reference. All listed drugs are

considered acceptable for use in accordance with the present invention.
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[0043] The term “suitable conditions,” as used herein, refers to conditions that allow
and/or support JAK2 enzymatic activity. Suitable conditions, therefore, allow for a JAK2
molecule to exist in non-denatured form, allow a JAK2 molecule to bind a substrate, and
allow a JAK2 molecule to carry out a phosphorylation reaction involving a substrate
molecule.

[0044] The terms “therapy,” “therapeutic,” “treat,” or “treatment” refer to, but are not
limited to, one or more clinical intervention with an intent to prevent, ameliorate, or cure a
condition or symptoms of the condition in a subject. In some embodiments, a treatment is
aimed to reduce a level of hematopoietic cell proliferation in a subject having a

myeloproliferative disorder.

Detailed Description of Certain Embodiments
[0045] JAK1 and JAK?2 belong to the Janus kinases (JAKs) family of non-receptor
tyrosine kinases, crucial to blood formation and immune responses. JAK1 and JAK?2 play a
role in downstream signaling pathways such as the JAK/STAT pathway, involved in cytokine
signaling. Members of the JAK family possess seven defined regions of conserved homology
denoted JAK homology (JH) domains 1-7 (1). JH5-7 make up the amino terminus of JAKs
and contain a predicted FERM (Band-4.1, ezrin, radixin and moesin)-like motif (2), important
in association of JAKs to their receptors and in some cases in receptor cell-surface expression
(3, 4, 5). Although the JH3-4 domains display some homology to SH2 domains, their
function remains ambiguous (6). The carboxyl terminus is composed of JH1 and JH2 and
contains the kinase and pseudokinase domains, respectively (7). The JAK2 JH1 domain
includes all the features of a catalytic tyrosine kinase, while the JH2 domain, though highly
sequence-homologous to JHI, lacks several elements conferring catalytic activity.
[0046] While currently there is no three-dimensional structure for any full-length Janus
kinase, the crystal structures of JAK1, JAK2 and JAK3 kinase domains in isolation have been
solved in complex with specific inhibitors (8, 9, 10). The JAK2 kinase domain exhibits a
typical bilobar arrangement, with a secondary structure profile very similar to other solved
kinase domains (11, 12). The N-terminal lobe of JAK2 is composed of B-strands and includes
a single helix, aC, while the C-terminal lobe is mostly helical (8, 10).
[0047] A single acquired somatic mutation in the pseudokinase domain of JAK2, in the
form of a substitution of Val for Phe at position 617 (V617F), is at the base of >95%
Polycythemia Vera (PV) patients and 50-60% of patients with Essential Thrombocythemia
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(ET) and Primitive Myelofibrosis (PMF) (13, 14, 15, 16). The V617F mutation induces
constitutive tyrosine phosphorylation of JAK2 and STATS and renders Ba/F3 cells that
express the erythropoietin receptor (EpoR) cytokine-independent. Similarly, a single
substitution of Val for Phe at position 658 (V658F) in JAK1, a position homologous to V617
of JAK2, is implicated to cause lymphoblastic leukemia and other myeloproliferative
diseases.

[0048] Despite a plethora of recent reports describing the contribution of V617F to
different pathologies, a comprehensive mechanism of activation of this mutation has yet to be
proposed. In this work we explore the role of the pseudokinase domain helix C in the
constitutive activation of JAK2 V617F by focusing on residue F595, predicted to be located
in the middle of the helix.

[0049] The present invention is based, at least in part, on the elucidation that the
molecular event rendering JAK2 V617F and JAK1 V658Fconstitutively active is a pi-
stacking interaction of the phenylalanine residue at position 617 of the mutant protein with
the phenylalanine residue at position 595 in JAK2, or an interaction of the phenylalanine
residue at position 658 of the mutant protein with the phenylalanine residue at position 636 in
JAK1. This interaction induces a conformational change resulting in ligand-independent
activation of JAK2 V617F or JAK1 V658F. Ligand-independent, constitutive activation of
JAK1 or JAK2 is associated with a number of myeloproliferative disorders, for example,
polycythemia vera, essential thrombocythemia, primitive myelofibrosis, and lymphoblastic
leukemia. Some aspects of the current invention provide methods to identify an agent that
inhibits JAK2 V617F activity and/or JAK1 V658F activity. Some aspects of the present
invention provide methods to identify an agent that inhibits JAK2 V617F activity and/or
JAK1 V658F activity but not wild type JAK2 activity and/or wild type JAK1 activity,
respectively. Agents found to inhibit JAK2 V617F and/or JAK1 V658F activity may be
useful in the inhibition of aberrant JAK1 and/or JAK2 activity in subjects diagnosed with a
myeloproliferative disorder.

[0050] Accordingly, methods to identify an agent that modulates JAK2 V617F or JAK 1
V638F activity are described herein. For example, in some embodiments, methods to
identify an agent that inhibits JAK2 V617F or JAK1 V658F activity are described herein.
Further, methods to identify an agent that inhibits JAK2 V617F or JAK1 V658F activity by
interfering with the interaction of F595 and F617 in JAK2 V617F or with the interaction of
F636 and F658 in JAK1 V658F, respectively, are described herein. Also described herein are
methods to identify an agent that modulates JAK2 V617F activity but does not modulate wild
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type (wt) JAK?2 activity. Also described herein are methods to identify an agent that
modulates JAK1 V658F activity but does not modulate wild type JAK1 activity. For
example, some embodiments of this invention provide methods to identify an agent that
inhibits JAK2 V617F activity but does not inhibit wild type (wt) JAK?2 activity. Similarly,
some embodiments of this invention provide methods to identify an agent that inhibits JAK1
V658F activity but does not inhibit wild type JAK1 activity. Methods of administering a
JAK2 V617F inhibitor or a JAK1 V658F inhibitor to a subject with a myeloproliferative
disorder, for example, polycythemia vera, essential thrombocythemia, primitive
myelofibrosis, or lymphoblastic leukemia are also provided herein. Such inhibitors are
particularly useful for subjects expressing a mutated form of JAK1 or JAK2, for example,
JAK1 V658F or JAK2 V617F.

Janus kinases

[0051] Janus kinases (JAKSs) are a family of intracellular non-receptor tyrosine kinases
that transduce cytokine mediated signals via the JAK-STAT pathway. JAK family member
proteins range from 120-140 kDa in size and have seven defined regions of homology called
Janus homology domain 1-7 (JH1-7). JHI is the kinase domain mediating the enzymatic
activity, containing typical features of tyrosine kinases, for example, conserved tyrosines that
are essential for JAK activation (e.g. Y1038/Y1039 in JAK1, Y1007/Y1008 in JAK2,
Y980/Y981 in JAK3, and Y1054/Y1055 in Tyk2). Phosphorylation of these tyrosines leads
to conformational changes in the JAK protein that are associated with the active state of the
enzyme and facilitate substrate binding and phosphorylation. JH2 is a pseudokinase domain
structurally similar to a tyrosine kinase and essential for normal kinase activity, but lacking
enzymatic activity. This domain may be involved in regulating the activity of JH1. JH3 and
JH4 share homology with Src-homology-2 (SH2) domains. The N-terminal JH4-JH7 are
called FERM domain (short for band 4.1 ezrin, radixin and moesin) and are involved in
association of JAKs with cytokine receptors and/or other kinases.

[0052] Janus kinase 2 (JAK?2) has been implicated, for example, in signal transduction of
type II cytokine receptor family members (for example, interferon receptors), GM-CSF
receptor family members (for example, IL-3R, IL-5R, and GM-CSF-R), the gp130 receptor
family (for example, IL-6R), and the single chain receptors (for example, Epo-R, Tpo-R, GH-
R, PRL-R). JAK?2 further transduces signals downstream of the prolactin receptor.
Mutations in the JAK2 gene leading to aberrant expression or activity patterns of JAK2 are
associated with proliferative diseases, for example, leukemia, polycythemia vera, essential

thrombocythemia, and other myeloproliferative disorders. A mutation of valine to
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phenylalanine at the 617 position in JAK2 V617F has been associated with hypersensitivity
of hematopoietic cells to growth factors such as erythropoietin and thrombopoietin. The
discovery of the elusive molecular mechanism underlying the constitutive activation of JAK2
V617F, as described herein, translates into methods of identifying a JAK2 V617F inhibitor
provided by some aspects of this invention. In some embodiments, the invention provides
methods to reduce the proliferation of hematopoietic cells in a subject having a
myeloproliferative disease. In some embodiments, the invention provides methods for
treating a proliferative disorder in a subject expressing a mutated form of JAK?2, for example,
JAK2 V617F.

[0053] The amino acid sequence of human JAK? is well known in the art. Human JAK2
sequences are, for example, represented in the NCBI database
(www.ncbi.orgwww.ncbi.nlm.nih.gov/), for example, under accession number NP_004963.
[0054] >gi|4826776|ref[NP_004963.1| Janus kinase 2 [Homo sapiens]

[0055] MGMACLTMTEMEGTSTSSIYQONGDISGNANSMKQIDPVLOVYLYHSLGKSEADYL
TFPSGEYVAEEICIAASKACGITPVYHNMFALMSETERIWYPPNHVFHIDESTRHNVLYRIR
FYFPRWYCSGSNRAYRHGISRGAEAPLLDDFVMSYLFAQWRHDFVHGWIKVPVTHETQEECL
GMAVLDMMRIAKENDQTPLATYNSISYKTFLPKCIRAKIQDYHILTRKRIRYRFRRFIQQFS
QCKATARNLKLKYLINLETLQSAFYTEKFEVKEPGSGPSGEEIFATIIITGNGGIQWSRGKH
KESETLTEQDLQLYCDFPNIIDVSIKQANQEGSNESRVVTIHKQDGKNLEIELSSLREALSF
VSLIDGYYRLTADAHHYLCKEVAPPAVLENIQSNCHGPISMDFAISKLKKAGNQTGLYVLRC
SPKDFNKYFLTFAVERENVIEYKHCLITKNENEEYNLSGTKKNFSSLKDLLNCYQMETVRSD
NIIFQFTKCCPPKPKDKSNLLVFRTNGVSDVPTSPTLQRPTHMNQMVFHKIRNEDLIFNESL
GQGTFTKIFKGVRREVGDYGQLHETEVLLKVLDKAHRNYSESFFEAASMMSKLSHKHLVLNY
GVCVCGDENILVQEFVKFGSLDTYLKKNKNCINILWKLEVAKQLAWAMHFLEENTLIHGNVC
AKNILLIREEDRKTGNPPFIKLSDPGISITVLPKDILQERIPWVPPECIENPKNLNLATDKW
SFGTTLWEICSGGDKPLSALDSQRKLQFYEDRHQLPAPKWAELANLINNCMDYEPDFRPSFR
ATIIRDLNSLFTPDYELLTENDMLPNMRIGALGFSGAFEDRDPTQFEERHLKFLQQLGKGNFG
SVEMCRYDPLQDNTGEVVAVKKLQHSTEEHLRDFEREIEILKSLQHDNIVKYKGVCYSAGRR
NLKLIMEYLPYGSLRDYLQKHKERIDHIKLLQYTSQICKGMEYLGTKRYIHRDLATRNILVE
NENRVKIGDFGLTKVLPQDKEYYKVKEPGESPIFWYAPESLTESKFSVASDVWSFGVVLYEL
FTYIEKSKSPPAEFMRMIGNDKQGQMIVFHLIELLKNNGRLPRPDGCPDEIYMIMTECWNNN
VNQRPSFRDLALRVDQIRDNMAG (SEQ ID NO: 1)

[0056] Accordingly, the sequence of JAK2 V617F is as follows:
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[0057] MGMACLTMTEMEGTSTSSIYQNGDISGNANSMKQIDPVLOVYLYHSLGKSEADYL
TFPSGEYVAEEICIAASKACGITPVYHNMFALMSETERIWYPPNHVFHIDESTRHNVLYRIR
FYFPRWYCSGSNRAYRHGISRGAEAPLLDDFVMSYLFAQWRHDFVHGWIKVPVTHETQEECL
GMAVLDMMRIAKENDQTPLATYNSISYKTFLPKCIRAKIQDYHILTRKRIRYRFRRFIQQFS
QCKATARNLKLKYLINLETLQSAFYTEKFEVKEPGSGPSGEEIFATIIITGNGGIQWSRGKH
KESETLTEQDLQLYCDFPNIIDVSIKQANQEGSNESRVVTIHKQDGKNLEIELSSLREALSF
VSLIDGYYRLTADAHHYLCKEVAPPAVLENIQSNCHGPISMDFAISKLKKAGNQTGLYVLRC
SPKDFNKYFLTFAVERENVIEYKHCLITKNENEEYNLSGTKKNFSSLKDLLNCYQMETVRSD
NIIFQFTKCCPPKPKDKSNLLVFRTNGVSDVPTSPTLQRPTHMNQMVFHKIRNEDLIFNESL
GQGTFTKIFKGVRREVGDYGQLHETEVLLKVLDKAHRNYSESFFEAASMMSKLSHKHLVLNY
GVCECGDENILVQEFVKFGSLDTYLKKNKNCINILWKLEVAKQLAWAMHFLEENTLIHGNVC
AKNILLIREEDRKTGNPPFIKLSDPGISITVLPKDILQERIPWVPPECIENPKNLNLATDKW
SFGTTLWEICSGGDKPLSALDSQRKLQFYEDRHQLPAPKWAELANLINNCMDYEPDFRPSFR
AITRDLNSLFTPDYELLTENDMLPNMRIGALGFSGAFEDRDPTQFEERHLKFLOQLGKGNFG
SVEMCRYDPLQDNTGEVVAVKKLQHSTEEHLRDFEREIEILKSLQHDNIVKYKGVCYSAGRR
NLKLIMEYLPYGSLRDYLQKHKERIDHIKLLQYTSQICKGMEYLGTKRYIHRDLATRNILVE
NENRVKIGDFGLTKVLPQDKEYYKVKEPGESPIFWYAPESLTESKFSVASDVWSFGVVLYEL
FTYIEKSKSPPAEFMRMIGNDKQGOMIVFHLIELLKNNGRLPRPDGCPDEIYMIMTECWNNN
VNQRPSFRDLALRVDQIRDNMAG (SEQ ID NO: 2, V617F mutation site bold and
underlined).

[0058] The amino acid sequence of human JAK1 is well known in the art. Human JAK1
sequences are, for example, represented in the NCBI database
(www.ncbi.orgwww.ncbi.nlm.nih.gov/), for example, under accession number NP_002218.
[0059] >gi|102469034|ref[NP_002218.2| tyrosine-protein kinase JAK1 [Homo sapiens]
MQYLNIKEDCNAMAFCAKMRSSKKTEVNLEAPEPGVEVIFYLSDREPLRLGSGEYTAEELCI
RAAQACRISPLCHNLFALYDENTKLWYAPNRTITVDDKMSLRLHYRMRFYFTNWHGTNDNEQ
SVWRHSPKKQKNGYEKKKIPDATPLLDASSLEYLFAQGQYDLVKCLAPIRDPKTEQDGHDIE
NECLGMAVLAISHYAMMKKMQLPELPKDISYKRYIPETLNKSIRQRNLLTRMRINNVFKDFL
KEFNNKTICDSSVSTHDLKVKYLATLETLTKHYGAEIFETSMLLISSENEMNWFHSNDGGNV
LYYEVMVTGNLGIQWRHKPNVVSVEKEKNKLKRKKLENKHKKDEEKNKIREEWNNFSYFPEI
THIVIKESVVSINKQDNKKMELKLSSHEEALSFVSLVDGYFRLTADAHHYLCTDVAPPLIVH
NIQONGCHGPICTEYAINKLRQEGSEEGMYVLRWSCTDFDNILMTVTCFEKSEQVQGAQKQFK
NFQIEVQKGRYSLHGSDRSFPSLGDLMSHLKKQILRTDNISFMLKRCCQPKPREISNLLVAT
KKAQEWQPVYPMSQLSFDRILKKDLVQGEHLGRGTRTHIYSGTLMDYKDDEGTSEEKKIKVI
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LKVLDPSHRDISLAFFEAASMMRQVSHKHIVYLYGVCVRDVENIMVEEFVEGGPLDLFMHRK
SDVLTTPWKFKVAKQLASALSYLEDKDLVHGNVCTKNLLLAREGIDSECGPFIKLSDPGIPI
TVLSRQECIERIPWIAPECVEDSKNLSVAADKWSFGTTLWEICYNGEIPLKDKTLIEKERFY
ESRCRPVTPSCKELADLMTRCMNYDPNQRPFFRAIMRDINKLEEQNPDIVSEKKPATEVDPT
HFEKRFLKRIRDLGEGHFGKVELCRYDPEGDNTGEQVAVKSLKPESGGNHIADLKKEIEILR
NLYHENIVKYKGICTEDGGNGI KLIMEFLPSGSLKEYLPKNKNKINLKQQLKYAVQICKGMD
YLGSRQYVHRDLAARNVLVESEHQVKIGDFGLTKAIETDKEYYTVKDDRDSPVFWYAPECLM
QSKFYIASDVWSFGVTLHELLTYCDSDSSPMALFLKMIGPTHGOMTVTRLVNTLKEGKRLPC
PPNCPDEVYQLMRKCWEFQPSNRTSFONLIEGFEALLK (SEQ ID NO: 3, Amino acid
residues V658 and F636 underlined).

[0060] - Residues F595 of JAK?2 and F636 of JAK1 are homologous, as are residues V617
of JAK2 and V658 of JAK1. Those of skill in the art will be able to identify additional
homologous amino acid residues and sequences of JAK1 and JAK2 by methods well known
in the art, for example, by sequence alignment. Accordingly, it will be apparent to those of
skill in the art that the concepts, methods, and compositions disclosed herein in relation to
mutant JAK? are also applicable in relation to JAK1 having the same or similar mutations in
homologous residues and vice versa.

[0061] Those of skill in the art will be able to delineate the sequences of other mutant
JAK?2 molecules as provided herein, for example K539L, T875N, and R683G mutant JAK2.
[0062] It is well known in the art, that other substitutions at position 617 of JAK?2, for
example, substitution of the original valine (V) residue with an aromatic amino acid, for
example, phenylalanine or tryptophan, are also possible and such substitutions are
encompassed within the scope of this invention. Substitution of valine at position 617 with
any different naturally occurring amino acid residue are also envisioned and similarly
encompassed within the scope of this invention.

[0063] It will be apparent to those of skill in the related arts that homologous sequences
exist, which, while overall similar, exhibit mutations of one or more amino acid residues.
Typically, such homologous sequences are at least 80%, at least §5%, at least 90%, at least
95%, at least 98%, or at least 99% identical with the JAK2 or JAK1 sequences provided

herein and are encompassed within the scope of this invention.
Screening

[0064) Methods for generating, isolating, purifying, and/or formulating test agents, for

example, small organic molecules, peptides, or proteins, are well known to those of skill in
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the related arts. A test agent can be synthesized or isolated from a natural source. In some
embodiments, the test agent is purified. In some embodiments, a single test agent is
characterized by the methods provided herein. In some embodiments, a plurality of test
agents are characterized, or screened, for example, in parallel, or sequentially. A test agents
may be an agent selected, randomly or rationally, from a list of known agents, for example, a
list of agents previously synthesized, a list of agents previously administered to a subject, for
example, a human subject or a mammalian subject, a list of FDA approved agents, a
historical list of agents, for example, a historical list of a pharmaceutical company, efc.
Suitable lists of known agents are well known to those of skill in the art and include, but are
not limited to, the Merck Index and the FDA Orange Book.

[0065] Small molecules and libraries of small molecules can be obtained from
commercial and academic sources, for example, from Sigma-Aldrich
(www.sigmaaldrich.com), ChemDiv (www.chemdiv.com), Evotec (www.evotec.com ), or
ICCB (iccb.med.harvard.edu/screening/compound_libraries/index.htm). Combinatorial
libraries of small molecules are also well known to those of skill in the art and may be
screened for agent that inhibit JAK2 V617F by methods provided herein.

[0066] In some embodiments, a library of randomly selected and/or randomly
synthesized test agents is screened. In some embodiments, a library of rationally selected or
designed test agents is screened. In some embodiments, a library of kinase inhibitors is
screened. In some embodiments, JAK inhibitors and closely structurally related test agents
are screened.

[0067] In some embodiments, test agents are chosen based on 3D modeling of
interactions between the F617 and/or the F595 residue of JAK2 V617F and a test agent. In
some embodiments, test agents are chosen based on 3D modeling of interactions between the
F658 and/or the F636 residue of JAK1 V658F and a test agent In some embodiments, a test
agent is designed in silico based on structural data or interaction data of the target protein, for
example, JAK2 V617F or wild type JAK2. Methods of rational design of test agents are well
known to those of skill in the related art. Structure-based rational design methods allow for
the design of small molecules predicted to bind a specific site, for example, a site including
F617 in JAK2 V617F, with high affinity and/or selectivity. In some embodiments, test
agents are rationally designed de novo. In some embodiments, binding affinity and/or
selectivity of a test agent is scored in silico, for example, based on an algorithm well known
to those of skill in the art, for example, as published in Boehm, 1994, J. Comput Aided Mol

Des, 8(3):243-256. Software suitable for various aspects of rational design of test agents is
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available from commercial and academic sources and is well known to those in the art. Non-
limiting examples of software for rational design of test agents are AutoDock
(autodock.scripps.edu), Flexidock, SYBYL (by Tripos, tripos.com) SITUS, DOCK, 3D-
Dock-Suite (www.bmm.icnet.uk/docking/), ClusPro
(structure.bu.edu/Projects/PPDocking/cluspro.html), DOT, SPROUT
(www.simbiosys.ca/sprout/index.html), and GrowMol (Ripka et al., Org Lett 2001 26,
3:2309-2312). In some embodiments, test agents are chosen based on 3D modeling of
interactions between the 617, 539, 875, or 683 residue and/or the F595 residue of JAK?2 or
mutated JAK?2 and a test agent. In some embodiments, test agents are chosen based on 3D
modeling of interactions between the 658 residue and/or the F636 residue of JAK1 or
mutated JAK1 and a test agent. Methods of synthesizing rationally designed small molecules
are well known to those in the relevant chemical arts.

[0068] In some embodiments, the present invention provides a method for the design and
identification of a potential binding compound for V617F, K539L, T875N, or R683G mutant
JAK2, or V658F mutant JAK1, comprising the steps of: (a) using a three-dimensional
structure of V617F, K539L, T875N, or R683G mutant JAK2, or V658F mutant JAK1; (b)
employing the three-dimensional structure to design and/or select the potential binding
compound; and (c) synthesizing and/or choosing the potential binding compound.

[0069] Suitable computer programs which may be used in the design and selection of
potential binding compounds (e.g., by selecting suitable chemical fragments) include, but are
not limited to, GRID (Goodford (1985) J. Med. Chem. 28:849 857); MCSS (Miranker, A. and
M. Karplus, (1991) Proteins: Structure. Function and Genetics, 11:29-34); AUTODOCK
(Goodsell, D. S, and A. J. Olsen (1990) Proteins: Structure. Function, and Genetics 8:195
202); and DOCK (Kuntz, 1. D. et al. (1982) J. Mol. Biol. 161:269-288), the entirety of each of
which is incorporated herein by reference.

[0070] Suitable computer programs which may be used in connecting the individual
chemical entities or fragments include, but are not limited to, CAVEAT (Bartlett, (1989)
Molecular Recognition in Chemical and Biological Problems, Special Pub., Royal Chem.
Soc. 78:182-196); and 3D Database systems such as MACCS-3D by MDL Information
Systems, San Leandro, Calif.), HOOK (Molecular Simulations, Burlington, Mass.) and as
reviewed in Martin, Y. C., (1992) J. Med. Chem. 35:2145 2154), the entirety of each of which
is hereby incorporated herein by reference.

[0071] In addition to the method of building or identifying a potential binding compound

in a step-wise fashion (e.g., one fragment or chemical entity at a time as described above),
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potential binding compounds may be designed as a whole or “de novo” using either an empty
active site or, optionally, including some portion(s) of a known inhibitor(s), activator(s) or
stabilizer(s). Suitable computer programs include, but are not limited to, LUDI (Bohm,
(1992) J. Comp. Aid. Molec. Design 6:61-78); LEGEND (Nishibata, Y. and A. Itai, (1991)
Tetrahedron 47:8985); and LEAPFROG (Tripos Associates, St. Louis, Mo.). Other molecular
modeling techniques may also be employed in accordance with this invention; see, for
example, Cohen, N. C. er al. (1990) J. Med. Chem. 33: 883-894, and Navia (1992) Current
Opinions in Structural Biology 2:202-210, the entirety of each of which is hereby
incorporated herein by reference.

[0072] Once a potential binding compound has been designed, selected, identified,
synthesized, or chosen by the methods described herein, the affinity with which that
compound binds to V617F, KS39L, T875N, or R683G mutant JAK2, or V658F mutant JAK 1
may be tested and optimized by computational evaluation. A compound designed, or
selected, or synthesized, or chosen as potential binding compound or may be further
computationally optimized so that in its bound state it would preferably lack repulsive
electrostatic interaction with the target site. Such non-complementary (e.g., electrostatic)
interactions include repulsive charge-charge, dipole-dipole and charge-dipole interactions.
Speciﬁcélly, the sum of all electrostatic interactions between the potential binding compound
and the site at which it is bound to V617F, K539L, T875N, or R683G mutant JAK2, or
V658F mutant JAK1, in certain embodiments, make a neutral or favorable contribution to the
enthalpy of binding. Suitable computer software which may be used to evaluate compound
deformation energy and electrostatic interactions, includes, but is not limited to, Gaussian 92,
revision C by M. J. Frisch, Gaussian, Inc., (1992) Pittsburgh, Pa.; AMBER, version 4.0 by P.
A. Kollman, (1994) University of California at San Francisco; QUANTA/CHARMM by
Molecular Simulations, Inc., (1994) Burlington, Mass.; and Insight Il/Discover by Biosysm
Technologies Inc., (1994) San Diego, Calif. These programs may be implemented, for
example, using a Silicon Graphics workstation, IRIS 4D/35 or IBM RISC/6000 workstation
model 550. Hardware systems, such as an IBM thinkpad with LINUX operating system or a
DELL latitude D630 with WINDOWS operating system, may be used. Other hardware
systems and software packages will be known to those skilled in the art of which the speed
and capacity are continually modified.

[0073] In certain embodiments, binding compounds may be specifically designed and/or
selected and/or synthesized and/or chosen by the above methods to induce non-

complementary (e.g., electrostatic) interactions, such as repulsive charge-charge, dipole-
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dipole and charge-dipole interactions. In certain embodiments, the sum of all electrostatic
interactions between the potential binding compound and the site at which it is bound to
V617F, K539L, T875N, or R683G mutant JAK2, or V658F mutant JAK1 make a
contribution to the enthalpy of binding that is not neutral.

[0074] In certain embodiments, the above method comprises using a suitable computer
program in designing and/or selecting a potential binding compound.

[0075] Additionally, in certain embodiments, the above method comprises using a
suitable computer program in conjunction with synthesizing and/or choosing the potential
binding compound.

[0076] Furthermore, in certain embodiments, the above method further comprises the
steps of using a suitable assay, as described herein, to characterize the potential binding
compound's influence on V617F, K539L, T875N, or R683G mutant JAK2, or V658F mutant
JAK1 activity, stability, folding, and/or intracellular localization. In certain embodiments, the
above method further comprises: (d) contacting the potential binding compound with V617F,
K539L, T875N, or R683G mutant JAK?2, or V658F mutant JAK1 in the presence of a
substrate; and (e) determining the amount of substrate conversion of the V617F, K539L,
T875N, or R683G mutant JAK2, or V658F mutant JAK1 compared to a wild-type JAK2 or
JAK1, respectively, to determine the effect of the potential binding compound on mutant
JAK2 or mutant JAK1 enzymatic activity.

[0077] Alternatively, in certain embodiments, the above method further comprises the
steps of: (d) contacting the potential binding compound with a cell that expresses V617F,
K539L, T875N, or R683G mutant JAK2, or V658F mutant JAK 1, for example a cancer cell;
and (e) determining the effect of the binding compound on V617F, K539L, T875N, or
R683G mutant JAK2, or V658F mutant JAK1 activity in the cell. In certain embodiments,
step (€) may comprise determining the effect of the binding compound on the proliferation
rate or cell survival.

[0078] Some aspects of this invention relate to methods for identifying an agent that
inhibits JAK2 V617F or JAK1 V658F activity. Accordingly, methods are provided herein to
determine JAK2 V617F of JAK1 V658F activity in the presence of a test agent. Kinase
activity assays, both cell-based and in cell-free systems, are well known to those of skill in
the art. The type of assay is dependent on the specific kinase to be assayed. In some
embodiments, a kinase activity assay is used to determine the activity of JAK2 V617F or
JAK1 V658F in the presence of a test agent. JAK1 and JAK2 kinase assays are well known

to those of skill in the art (see, for some non-limiting examples, Robers et al., Assay Drug
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Dev Technol 2008, 6:519-529; Lee et al., J Biomed Sci 2006, 13:773-786; EL-Adawi et al.,
Cardiovasc Res 2003, 57:129-138).

[0079] In general, JAK1 or JAK?2 kinase activity may be determined by measuring JAK1
or JAK2-mediated phosphorylation of a JAK1 or JAK?2 substrate, typically a protein or
peptide, over time. In some embodiments, the kinase activity assay comprises contacting a
JAK]1 or JAK2 molecule with a suitable substrate, for example, a synthetic substrate peptide,
and a labeled phosphate group source, for example, a radiolabeled nucleotide, for example,
33p-ATP or **P-ATP, under conditions suitable for JAK1 or JAK2 to phosphorylate the
substrate, and measuring the transfer of labeled phosphate groups to the substrate over a
given time interval. Substrate peptides and proteins as well as suitable sources of phosphate
groups and suitable labels are well known in the art and JAK1 and JAK2 kinase activity
assays can be purchased from commercial sources for single assays or for use in high-
throughput screening methods as provided by some embodiments of this invention (for
example, HTScan JAK2 kinase assay, Cell Signaling Technology; JAK?2 total ELISA kit,
Invitrogen; JAK2 Kinase assay, Perkin Elmer).

[0080] In some embodiments, the substrate may be an enzyme the activity of which
changes after phosphorylation by JAK1 or JAK2 and may be measured in vitro. In some
embodiments, JAK?2 knockout cells, for example, y-2A cells, are used and JAK?2 activity is
measured in these cells after artificially expressing JAK2 V617F or wild type JAK?2 in these
cells. In some embodiments, JAK1 or JAK?2 activity is assayed by measuring the activity of a
JAK1 or JAK?2 substrate, for example, a STAT transcription factor, for example, STATS, in a
cell. In some embodiments, the activity of a JAK1 or JAK?2 transcription factor
phosphorylated by JAK1 or JAK 2 is measured with a reporter construct comprising a
promoter with a binding site for the JAK1 or JAK2 phosphorylated transcription factor and a
reporter gene, for example, encoding a luciferase, a fluorescent protein, or an antibiotic
resistance marker. In some embodiments, the reporter construct comprises an artificial
promoter, for example, comprising a minimal promoter, for example, a minimal CMV
promoter, and a binding site for the JAK1 or JAK2 activity-dependent transcription factor,
for example, a STAT transcription factor, for example, STATS. In some embodiments, the
reporter construct comprises a fragment of a naturally occurring promoter, for example, a
promoter bound by a JAK? activity-dependent transcription factor, operably linked to a
reporter gene. In some embodiments the expression of a target gene of a JAK1 or JAK2

activity-dependent transcription factor, for example, a STAT transcription factor target gene,
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is assayed by methods known in the art to measure JAK1 or JAK2 activity. Suitable reporter
constructs other than those provided herein will be apparent to those of skill in the art.

[0081] In some embodiments, methods are provided to identify an agent that inhibits
JAK2 V617F activity and/or JAK1 V658F activity. In some embodiments, methods are
provided to identify an agent that inhibits JAK2 V617F activity, but does not inhibit wild
type JAK2 activity. For example, an agent that interferes with the pi-stacking interaction of
F595 and F617 in JAK2 V617F, but does not bind to, or interfere with the induction of the
active conformation of wild type JAK2. In some embodiments, methods are provided to
identify an agent that inhibits JAK1 V658F activity, but does not inhibit wild type JAK1
activity. For example, an agent that interferes with the pi-stacking interaction of F636 and
F658 in JAK1 V658F, but does not bind to, or interfere with the induction of the active
conformation of wild type JAK1. In some embodiments, wild type JAK1 or JAK2 activity is
determined in the presence of agents identified to inhibit JAK2 V617F activity and/or JAK1
V658F activity. In some embodiments, JAK1 or JAK2 activity is determined with a JAK1 or
JAK2 kinase assay. JAK1 kinase assays are well known in the art and the same assay useful
for determining JAK1 V658F activity may be used to determine wild type JAK1 activity.
Similarly, JAK2 kinase assays are well known in the art and the same assay useful for
determining JAK2 V617F activity may be used to determine wild type JAK2 activity.

[0082] In some embodiments, JAK1 or JAK2 molecules are contacted with a test agent
under suitable conditions or the activity of JAK1 or JAK?2 is determined under suitable
conditions. In some embodiments, suitable conditions allow a test agent to interfere with the
interaction of F595 and F617 in JAK2 V617F, or with the interaction of F636 and F658 in
JAK1 V658F. In some embodiments, suitable conditions allow a test agent to interfere with
the interaction, if any, of amino acid residue 595 and amino acid residue 617 in wild type
JAK2, or with the interaction, if any, of amino residue 636 and amino acid residue 658 in
wild type JAK1. In some embodiments, suitable conditions are physiological conditions. In
some embodiments, suitable conditions are conditions found in a cell in which JAK1 or
JAK2 is naturally expressed as well as in cells of the same type in which the JAK1 or JAK2
gene has been knocked out. In some embodiments, suitable conditions are generated in cell-
free assays by providing the necessary salts, co-factors, phosphate source, pH, temperature,
reaction partners, and/or adjuvants (for example protease inhibitors, stabilizers etc.), for
example, in aqueous solution. Suitable conditions for JAK1 and JAK2 kinase activity assays
are well known in the art and kits containing buffers and descriptions on how to carry out

various in vitro Kinase assays can be obtained from commercial sources. Suitable salts and
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reagents will be apparent to those of skill in the art. A non-limiting example of a
commercially available suitable buffer is 50 mM HEPES, pH 7.5, 1 mM EGTA, 10 mM
MgCl;, 2 mM DTT, and 0.01% Tween 20. Another non-limiting example of a commercially
available suitable buffer is 6.25 mM MOPS, pH 7.2, 3.125 mM B-glycerol phosphate, 6.25
mM MgCl,, 1.25 mM EGTA, 0.5 mM EDTA. Suitable phosphate sources are nucleoside
triphosphates, for example, ATP and analogs thereof. A suitable pH is a pH within the range
of 7.2-7.5,5.5-7.2, 7.5-8, 4-5.5, 0-4, or 8-12. Suitable temperatures typically are
temperatures allowing for the protein to be active without denaturing the protein. Suitable
temperatures typically range from 0 °C-4 °C, 4 °C-16 °C, 16 °C-25 °C, 25 °C-37 °C, 37 °C-
39°C, 39 °C-50 °C, or 50 °C-70 °C. Suitable osmolarities are typically within the range of
0.1-10 mM, 10-20 mM, 20-50 mM, 50-100 mM, 100-200 mM, 200-500 mM.

[0083] In some embodiments, the activity of JAK1 and/or JAK2 (JAK1/2) in the
presence of a test agent is compared to the activity of JAK1/2 in the absence of the test agent.
In some embodiments, the activity of JAK1/2 in the presence of a test agent is compared to
the activity of JAK1/2 in the absence of a test agent. In some embodiments, the activity of
JAK1/2 in the presence of a test agent is compared to a reference or control activity.
Comparing JAK1/2 activities typically includes a quantification step. The methods used for
the quantification of JAK1/2 activity assay results depend on the readout of the specific assay
and may include, for example, quantification of radiation, fluorescence, luminescence, RNA
expression, or protein expression. A reference or control activity may be the activity of
JAK1/2 in a control sample. A control sample may be a sample comprising the same
conditions and reagents as a sample used to determine JAK1/2 activity in the presence of a
test agent, but not containing the test agent, or not containing a test agent. A reference or
control activity may be the average activity of JAK1/2 in multiple control samples, for
example, in multiple samples comprising the same conditions and reagents as the samples
containing test agents, but without added test agents or containing test agents of known effect
on JAK1/2 activity. Accordingly, a reference or control activity may be a positive or
negative reference or control activity. For example, a negative control activity may be a
JAK2 activity, for example wild type JAK2 or JAK2 V617F activity, measured under
physiological conditions in the absence of a test agent. A test agent may be identified as an
agent that inhibits JAK2 activity if the activity measured in the presence of the agent is at
least 10%, at least 20%, at least 25%, at least 30%, at least 40%, at least 50%, at least 60%, at
least 70%, at least 75%, at least 80%, at least 90%, at least 95%, at least 99%, at least 99.9%,

or 100% less than JAK1/2 activity observed in the absence of the agent, for example, as a
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negative reference or control activity. A positive reference or control activity may be the
activity measured in the presence of a strong JAK1/2 inhibitor. Accordingly, a test agent
may be identified as an agent that inhibits JAK1/2 activity, if the activity measured in the
presence of the test agent is similar or less than the positive control activity. For example, a
test agent may be identified as an agent that inhibits JAK1/2 activity, if the JAK1/2 activity in
the presence of the test agent is about 300%, about 250%, about 200%, about 150%, about
100%, about 75%, about 50%, about 30%, about 25%, about 10%, or less than 10% the
activity observed in a positive control sample, for example, a sample comprising a JAK1/2
activity inhibitor (for example US Patent Application 2006/0106020, SB1518 (S*Bio),
TG101348 (TargeGen), WP1066 (Callisto Pharmaceuticals), AG490 (Tocris)). Further, a
reference or control activity may be the average JAK1/2 activity in a plurality of samples
comprising different test agents, for example, during a screen of a plurality of compounds. A
reference or control activity can further be a theoretical or historical activity.

[0084] In some embodiments, the effect on JAK1/2 activity of a plurality of test agents is
screened. In some embodiments, at least 50, at least 100, at least 500, at least 1000, at least
5000, at least 10000, at least 20000, at least 50000, or at least 100000 test agents are
screened. Screening of a plurality of test agents may be performéd in parallel or sequentially.
[0085] In some embodiments, methods are provided to identify an agent that inhibits
JAK2 V617F and/or JAK1 V658F and does not inhibit wild type JAK2 and/or wild type
JAK1, respectively. In some embodiments, wild type JAK?2 is contacted with an agent
identified to inhibit JAK2 V617F under conditions allowing the agent to inhibit JAK2 V617F
activity and wild type JAK2 activity is measured. If the agent does not significantly affect
wild type JAK?2 activity, then it is identified as an agent that inhibits JAK2 V617F and does
not inhibit wild type JAK2. In some embodiments, wild type JAK1 is contacted with an
agent identified to inhibit JAK1 V658F under conditions allowing the agent to inhibit JAK 1
V658F activity and wild type JAK1 activity is measured. If the agent does not significantly
affect wild type JAK1 activity, then it is identified as an agent that inhibits JAK1 V658F and
does not inhibit wild type JAK1. An agent that inhibits the activity of the mutant but not the
wild type JAK may be useful in decreasing the proliferation of hematopoietic cells in subjects
having a myeloproliferative disorder.

[0086] Methods for the use of an agent that inhibits mutant JAK activity, for example,
JAK2 V617F or JAK1 V658F activity, are provided by some aspects of this invention. In
some embodiments, methods to administer an agent that inhibits mutant JAK, for example,

JAK2 V617F or JAK1 V658F, to a subject having a myeloproliferative disorder are provided.

26/60



WO 2010/141062 PCT/US2010/001538

In some embodiments, methods of administering a JAK2 V617F inhibitor or a JAK1 V658F
inhibitor to a subject having a myeloproliferative disorder or a hematological malignancy are
provided. In some embodiments, the subject is identified as expressing JAK2 V617F or
carrying a gene coding for JAK2 V617F, or as expressing JAK1 V658F or carrying a gene
coding for JAK1 V658F.

[0087] A treatment according to some aspects of this invention can be a monotherapy, for
example, treating a subject only by using one or more methods described herein, for example,
to reduce hematopoietic cell proliferation. However, the treatment also can be an adjunct
therapy to one or more other therapies, for example, immune therapies, radiation therapies,
and/or chemotherapies.

[0088] Therapeutic compositions of the present invention are administered in
pharmaceutically acceptable preparations. Such preparations may contain pharmaceutically
acceptable concentrations of salt, buffering agents, preservatives, compatible carriers,
supplementary agents affecting JAK2 signaling and/or JAK1 signaling, such as cytokine
inhibitors, and optionally other therapeutic agents.

[0089] The components of the pharmaceutical compositions also are capable of being co-
mingled with the molecules of the present invention, and with each other, in a manner such
that there is no interaction which would substantially impair the desired pharmaceutical
efficacy.

[0090] Therapeutics according to some embodiments of the invention can be
administered by any conventional route, for example, injection or infusion over time. The
administration may, for example, be oral, intravenous, intratumoral, intraperitoneal,
intramuscular, intracavity, subcutaneous, or transdermal. Depending on the type of
therapeutic, an agent inhibiting JAK1/2 activity may be administered by pulmonary aerosol.
Whether or not an agent is suitable for aerosolic delivery can be readily determined by those
of skill in the art. Techniques for preparing aerosol delivery systems containing therapeutic
agents are well known to those of skill in the art. Generally, such systems should utilize
components which will not significantly impair the biological properties of the agent, such as
the capacity to inhibit the activity of JAK2 V617F and/or JAK1 V658F (see, for example,
Sciarra and Cutie, “Aerosols,” in Remington’s Pharmaceutical Sciences, 18th edition, 1990,
pp 1694-1712). Those of skill in the art can readily determine the various parameters and
conditions for producing pharmaceutical compositions of the identified agents inhibiting

JAK2 V617F and/or JAK1 V658F activity.
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[0091] The compositions of some embodiments of the invention are administered in
effective amounts. In some cases of administering an agent identified to inhibit JAK1/2
activity to a subject having a disorder characterized by the presence of aberrant, constitutively
active JAK1/2 signaling, such as the myeloproliferative disorders described herein, the
desired response may be inhibiting the progression of the disorder. This may involve slowing
the progression of the disease temporarily, although more preferably, it involves halting the
progression of the disease permanently. In some cases, the desired response is a permanent
reduction of hematopoietic cell proliferation to levels comparable to those found in healthy
individuals. In some cases, the desired response can be delaying or preventing the
manifestation of clinical symptoms characteristic for the disease or condition.

[0092] The effect of administering an agent identified to inhibit JAK1/2 activity by a
method provided herein can be monitored by routine methods well known to those of skill in
the related medical arts.

[0093] The effective amount will depend on the particular condition being treated, the
severity of the condition, the individual patient parameters including age, physical condition,
size and weight, the duration of the treatment, the nature of concurrent therapy (if any), the
specific route of administration and like factors within the knowledge and expertise of the
health care professional treating the subject. These factors are well known to those of
ordinary skill in the art and can be addressed with no more than routine experimentation. It is
generally preferred that a maximum dose of the individual components or combinations
thereof be used, that is, the highest safe dose according to sound medical judgment. It will be
understood by those of ordinary skill in the art, however, that a lower dose or tolerable dose
may be used for medical reasons, psychological reasons, or virtually any other reasons.
[0094] Typical dosages for agents identified by methods of this invention are well known
to those of skill in the art or can be determined empirically. Typical dosage ranges are (given
as weight of agent/body weight of the subject), for example, 1-100 ng/kg, 0.1-1 pg/kg, 1-100
ng/kg, 0.1-1 mg/kg, 1-10 mg/kg, 10-100 mg/kg, or 0.1-1 g/kg. It will be apparent to those of
skill in the art that the dosage will depend on the structure and characteristics of the agent to
be administered, the administration route, and other factors well known to those of skill in the
pharmaceutical and medical arts. Administration may be as a single dose, or as multiple,
subsequent doses. In some embodiments, four or more individual doses are administered per
day, in some embodiments 1-3 individual doses are administered per day, in some
embodiments, 1-7 individual doses are administered per week, in some embodiments, 1-5

individual doses are administered per month.
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[0095] Pharmaceutical compositions according to some embodiments of this invention
some of which are exemplified in the foregoing methods preferably are sterile and contain an
effective amount of one or more therapeutic agents as described herein for producing the
desired response in a unit of weight or volume suitable for administration to a patient. The
response can, for example, be measured by determining the proliferation of hematopoietic
cells in a subject after treatment by, for example, cell counting, flow cytometry, FACS, and
other methods well known in the art to be suitable to determine cell proliferation.

[0096] The doses of one or more therapeutic agents as described herein (for example,
small molecule, peptide, protein, antibody, or aptamer) administered to a subject can be
chosen in accordance with different parameters, in particular in accordance with the mode of
administration used and the state of the subject. Other factors include the desired period of
treatment. In the event that a response in a subject is insufficient at the initial doses applied,
higher doses (or effectively higher doses by a different, more localized delivery route) may
be employed to the extent that patient tolerance permits.

[0097] Administration of therapeutic compositions to mammals other than humans, for
example, for testing purposes or veterinary therapeutic purposes, is also envisioned herein
and may be carried out under substantially the same conditions as described above.

[0098] The pharmaceutical compositions may contain suitable buffering agents, for
example, acetic acid in a salt form, citric acid in a salt form, boric acid in a salt form, and/or
phosphoric acid in a salt form.

[0099] The pharmaceutical compositions also may contain, optionally, suitable
preservatives, such as: ascorbic acid, benzalkonium chloride, chlorobutanol, parabens,
EDTA, EGTA, and/or thimerosal.

[00100] The pharmaceutical compositions may conveniently be presented in unit dosage
form and may be prepared by any of the methods well-known in the art of pharmacy.
[00101] All methods may include the step of bringing the active agent info association
with a carrier which constitutes one or more accessory ingredients. In general, compositions
are prepared by uniformly and intimately bringing the active compound into association with
a liquid carrier, a finely divided solid carrier, or both, and then, if necessary, shaping the
product.

[00102] Compositions suitable for oral administration may be presented as discrete units,
such as capsules, tablets, lozenges, each containing a predetermined amount of the active
compound. Other examples of compositions include suspensions in aqueous liquids or non-

aqueous liquids, such as a syrup, elixir, or an emulsion. Examples of compositions for
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parenteral administration include, without being limited to, sterile aqueous or non-aqueous
solutions, suspensions, and emulsions. Examples of non-aqueous solvents are propylene
glycol, polyethylene glycol, vegetable oils such as olive oil, and injectable organic esters such
as ethyl oleate. Examples of aqueous carriers are water, alcoholic/aqueous solutions,
emulsions or suspensions, for example, saline and buffered media. Examples of parenteral
vehicles are sodium chloride solution, Ringers dextrose, dextrose and sodium chloride, and
lactated Ringers or fixed oils. Examples for intravenous vehicles are fluid and nutrient
replenishers, electrolyte replenishers (such as those based on Ringers dextrose), and the like.
Preservatives and other additives may also be present such as, for example, antimicrobials,
anti-oxidants, chelating agents, and inert gases, and the like.

[00103] The pharmaceutical agents of some embodiments of the invention may be
administered alone, in combination with each other, and/or in combination with other drug
therapies and/or treatments. Examples of therapies and/or treatments may include, but are
not limited to, surgical intervention, chemotherapy, radiotherapy, and adjuvant systemic
therapies.

[00104] The entire contents of all references cited herein are hereby incorporated by
reference.

[00105] The foregoing written specification is considered to be sufficient to enable one
skilled in the art to practice the invention. The present invention is not to be limited in scope
by examples provided, since the examples are intended as illustrations of particular aspects of
the invention and other functionally equivalent embodiments are well within the scope of the
invention. Various modifications of the invention in addition to those shown and described
herein will become apparent to those skilled in the art from the foregoing description and fall
within the scope of the appended claims. The advantages and objects of the invention are not

necessarily encompassed by each and every embodiment of the invention.
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Examples
JAK2 V617F Constitutive Activation Requires JH2 Residue F595: A Pseudokinase

Domain Target for Specific Inhibitors

A predicted interaction between residue 617 and the JH2 aC helix

[00106] The structure of the pseudokinase domain has not been solved for any JAK family
member. Since residue V617 is located in the JH2 domain of JAK2, this lack of information
has hindered a detailed understanding of the mechanism of activation of JAK2 V617F. A
homology model of the kinase and pseudokinase domains of JAK?2, suggests an overall 3D
structure of the JH2 domain, similar to that of JH1 and other solved kinase domains, as well
as a potential face-to-face arrangement of the two domains (20). This model places residue
V617 in a loop connecting p-strands 4 and 5 in the N-terminal lobe of JH2 and in close
proximity to the JH2 aC helix. The f4/B5 loop as well as the aC-B4 loop that precedes B4,
were previously shown to play regulatory roles in the mechanisms of Src and Abl tyrosine
kinases through interactions with the aC helix in the N-terminal lobe (33, 34). A specific
conformation of the aC helix is essential for kinase activation (18) and members of the
kinase family have evolved diverse ways to influence the position of their aC helices as a
means to affect activity (11, 12, 19).

[00107] Given the proximity of the V617F mutation to the JH2 aC helix, we sought to
identify residues in the JH2 aC helix, which could have a potential effect on the overall
position and conformation of this helix. Inspection of the crystal structures of several kinases
revealed that the closest residue in space to the homologous V617 position frequently resided
in the middle of the aC helix, on the face of the helix facing the homologous V617 residue
(Figure 1A and B). In JAK2, this residue corresponds to F595 in the JH2 oC helix (Figure
1C). The homologous residues of position 595 are generally represented by large,
hydrophobic residues pointing to preservation of the hydropathy profile at this position, and
suggesting a mechanistic role for those residues in kinase function (Figure 1A).

[00108] Because of their predicted arrangement, we hypothesized that when V617 is
mutated to F, this could create a strong F617-F595 hydrophobic interaction based on pi-
stacking between the two phenyl rings (Figure 1C). This interaction would be able to affect
the conformation of aC-helix of JH2 in a specific manner that would translate to the

conformation of a.C-helix of JH1, inducing activation in the absence of ligand. A similar
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type of hydrophobic stacking interaction has been shown to play a role in the regulation of

catalysis of ¢-Src kinase (21).

F595A decreases the constitutive activity of JAK2 V617F

[00109] When V617 is mutated to Phe, this could influence the neighboring F595,
affecting the conformation of the aC helix of JH2 in a specific manner, that would promote
activation in the absence of ligand (Figure 1C). Such Phe-Phe stacking interactions in
regulatory domains were shown to play a role in the regulation of catalysis of ¢c-Src (21) and
ZAP-70 kinases (35). ‘

[00110] The mutation of V617 to Ala does not support constitutive activation of JAK2
(22). In order to further test the effect of the predicted contact between F595 and F617, we
mutated the Phe at position 595 of murine JAK2 to Ala and tested the activity of the
FS95A/V617F double mutant in a luciferase assay, in the presence of the erythropoietin (Epo)
receptor and in the presence or absence of stimulation by Epo. We used the JAK2- and
STATS5-deficient y-2A fibrosarcoma cell line and quantified the STATS transcriptional
activity induced by JAK2 FS95A/V617F, as well as JAK2 WT and V617F as negative and
positive controls, respectively. As the y-2A cell line does not express any endogenous JAK?2,
the activity levels we elicited were due solely to our transfected mutants. We measured an
approximately 70% decrease in STATS transcriptional activity of the F595A/V617F mutant
compared to V617F (Figure 2). As seen in Figure 2, the F595A single mutant displayed an
activity level comparable to WT and all mutants retained the ability to respond to Epo ligand
normally. Similar results were obtained with another mutant, F595K. Neither F595A nor
F595K induced constitutive activation of wild type JAK2.

[00111] We next wanted to observe the effect of the F595A/V617F mutation in Ba/F3
cells and compare its activity level to V617F alone and to WT. 293T-derived BOSC cells
were used to produce retroviral supernatants of the JAK2 mutants cloned into the bicistronic
vector pMX-IRES-GFP. Ba/F3 cells expressing the murine Epo receptor were infected with
the supernatants and sorted for similar GFP levels 72 hours later. Cells were then washed,
incubated without serum overnight, and electroporated with pGRRS and pRLTK reporters.
Similar to the y-2A cells, we observed a marked decrease in STATS transcriptional activity of
the sorted Ba/F3-EpoR cells expressing the F595A/V617F mutant as compared to cells
expressing V617F alone. Both WT and F595A expressing Ba/F3-EpoR cells displayed a low
activity in the absence of ligand but responded well upon addition of Epo (Figure 4b).
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[00112] Using the same sorted Ba/F3-EpoR cells expressing JAK2 mutants we performed
a proliferation assay in a medium without growth factors. JAK2 WT and JAK2 F595A were
not able to support constitutive proliferation in this minimal medium, but as expected they
could grow in the presence of Epo, while JAK2 V617F proliferated at a very high rate in the
absence of any growth factors (Figure 4a). The cells expressing FS95A/V617F lost most of
their proliferative advantage, consistent with a specific interaction between F595 and F617
being responsible for the preservation of constitutive activity (Figure 4a).

[00113] Lastly, the sorted Ba/F3-EpoR cells expressing each mutant were stimulated or
not with Epo, lysed and immunoblotted in the presence of phosphospecific antibodies (Figure
4c). The total lysate levels probed with anti-JAK2 revealed that all JAK?2 proteins were
expressed at the correct size of 130 kDa. When comparing their pSTATS levels (anti-
phosphoY694), we were able to detect a pSTATS activity for V617F, in the absence of Epo
stimulation. This activity level was decreased in the FS95A/V617F mutant, similar to what
we observed in the luciferase assays and was altogether not detectable in JAK2 WT or
F595A. As expected, all mutants displayed strong pSTATS and pJAK? activation upon Epo
stimulation. Ba/F3-EpoR cells expressing JAK2 V617F which had previously been selected
for autonomous growth exhibited the strongest pSTATS5 level, both in the presence and
absence of Epo.

[00114] In order to further investigate the effect of the predicted contact between F595 and
F617, we mutated the Phe at position 595 of murine JAK2 to several different amino acids in
the context of V617F, and tested the activity of the double mutants in luciferase assays by
quantifying the STATS transcriptional activity induced by each mutant in transient
transfections in the JAK2-deficient fibrosarcoma cell line, y-2A (36). As the y-2A cell line
does not express any endogenous JAK2, the activity levels we elicited were due solely to our
transfected mutants. We observed up to an 85% decrease in the constitutive activity of JAK2
V617F, depending on the particular amino acid substitution at position 595 (Figure 3A).
Mutation of F595 to Lys elicited the highest decrease in JAK2 V617F constitutive activity,
followed by Ala, Val and Ile. Contrarily, mutation of F595 to Tyr or Trp, supported a level of
constitutive activity of V617F similar to non-mutated F595, indicating the presence of an
aromatic residue at position 595 is required to maintain the constitutive activity of JAK2
V617F (Figure 3A).

Next, we asked whether mutation of the F595 residue to Ala, Lys, Val or lle critically
influenced the ability of wild-type JAK2 or of JAK2 V617F to respond to Epo-activated
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EpoR. As depicted in Figure 3B, F595 mutations generally do not impair activation by Epo.
The F5951 mutant responds to Epo indistinguishably from JAK2 wild-type. Mutants F595A
and F595V exhibit a small inhibition to high Epo doses (Figure 3B), while in the V617F
context these mutants do not affect Epo response (Figure 3C). The F595K mutants in
contrast, appear to reduce Epo activation of JAK2 V617F to a certain degree. Importantly, the
single mutations at F595 did not induce constitutive activation of JAK2 (Figure 3B). Taken
together, our results indicate that helix C residue F595 is critical for constitutive activation of
JAK2 signaling by V617F, and that the nature of the amino acid substitution at F595 can alter
the full response to ligand but is not required for initiation of activation of JAK2 in response

to cytokine receptor activation.

Functional studies of the FS95A mutation on the proliferation and transformation of
Ba/F3 cells stably expressing JAK2 F595A/V617F

[00115] The effect of the F595 substitution on the constitutive activity of JAK2 V617F, in
stably-expressing Ba/F3 cells and compared its activity level to the V617F single mutant and
to wild-type. Ba/F3 are murine bone-marrow derived proB cells which depend on interleukin-
3 (IL-3) for proliferation. Withdrawal of IL-3 leads to cell death, unless JAK2 V617F is
expressed. We chose the F595 to Ala mutation as it induced a large decrease in the
constitutive activity of V617F (Figure 3A). 293T-derived BOSC cells were used to produce
retroviral supernatants of the JAK2 mutants cloned into the bicistronic vector pMX-IRES-
GFP. Ba/F3 cells expressing the murine EpoR were infected with the supernatants and sorted
for similar GFP levels 72 hours later. The sorted cells stably expressing each JAK2 mutant
were washed and their proliferation in growth factor-free medium was followed for 7 days.
Parental Ba/F3-EpoR cells and the sorted cells expressing JAK?2 wild-type or JAK2 F595A
were not able to support constitutive proliferation in this minimal medium, but could grow in
the presence of Epo, while JAK2 V617F-expressing cells proliferated at a very high rate in
the absence of any growth factors (Figure 4A). The cells expressing JAK2 F595A/V617F
lost most of their proliferative advantage, consistent with the presence of F595 being key to
the preservation of constitutive activity (Figure 4A). As an additional control, we included
Ba/F3-EpoR cells expressing JAK2 FS95W/V617F, a mutant which maintained a level of
constitutive activity almost identical to V617F in luciferase assays (Figure 3A). As expected,
the JAK2 F595W/V617F mutant could also support autonomous growth of sorted Ba/F3-
EpoR cells to a level identical to V617F (Figure 4A), pointing to an aromaticity requirement

at position 595 playing a role in the constitutive activity of V617F.
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[00116] Aliquots from the sorted cells expressing JAK2 wild-type, V617F and
F595A/V617F were separately washed, incubated without serum and cytokines overnight
(starvation) and electroporated with pGRR5-Luc and pRLTK-Luc reporters the next day. The
STATS transcriptional activity induced by each mutant was measured two hours later.
Similar to the y-2A cells (Figure 3A), we observed a marked decrease in STATS
transcriptional activity of the sorted Ba/F3-EpoR cells expressing the F595A/V617F mutant
as compared to cells expressing V617F alone (Figure 4B). Ba/F3-EpoR cells expressing
JAK?2 wild-type displayed a low activity in the absence of ligand, but responded well upon
stimulation with 50 U/ml Epo (Figure 4B). As an additional positive control, we included
JAK2 V617F-expressing cells that had previously been Selected for autonomous growth. As
expected, these cells induced a constitutive STATS activation in the absence of cytokines
almost double that induced by their sorted counterparts (Figure 4B).

[00117] Lastly, the sorted Ba/F3-EpoR cells expressing each mutant were stimulated or
not with Epo, lysed and immunoblotted in the presence of phosphospecific antibodies (Figure
4C). When comparing the pJAK2 and pSTATS levels in the total lysates, we were able to
detect pJAK2 and pSTATS activities for V617F, in the absence of Epo stimulation. This
activation was absent in the cells expressing JAK2 wild-type and JAK2 F595A/V617F, but
could be detected to a lower degree in the cells expressing JAK2 F595W/V617F, consistent
with the proliferation data (Figure 4A) and the transient transfection luciferase assay (Figure
3A). As expected, all mutants displayed strong pSTATS5 and pJAK?2 activation upon Epo
stimulation (Figure 4C). We also investigated how signaling via the Erk pathway was
affected by the F595 mutations and detected that pErk1/2 levels were elevated in
nonstimulated sorted cells expressing JAK2 V617F, but decreased once F595A mutation was
additionally introduced. However, substitution of F595 to Trp, restored the autonomous
pErk1/2 signaling (Figure 4C). Taken together, these results indicated that a Phe, or at least
another aromatic residue, was required at position 595 to support JAK2 V617F constitutive

signaling via the STAT and Erk pathways.

F595A also decreases activity of JAK2 V617W and V617M

[00118] We previously showed that substitution of V617 by large, non-polar amino acids
induces constitutive activation of JAK2. Specifically, we observed that succeeding V617F,
the next two strongest mutants were V617W and V617M (Figure 5, see also (22)). If the

mechanism of constitutive activation indeed involves a specific hydrophobic interaction
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between F595 and F617, the same mechanism should be responsible for activating JAK2
V617W and V617M, and eliminating the F595-W617 or F595-M617 interaction by the
F595A mutation, would negatively affect the constitutive activity of these mutants. When we
mutated F595 to Ala in the context of V617W and separately of V617M, both double mutants
indeed lost most of their STATS constitutive activity in luciferase assays, consistent with our
hypothesis (Figure 6a, b). The fact that JAK2 V617F and V617W displayed the strongest
constitutive activity in our previous study, also suggested to us that the strength of
constitutive activity may be proportional to the strength of hydrophobic contact between
positions 595 and 617. What distinguishes Phe, Trp, and Tyr from Met, Ile and Leu is the
presence of an aromatic ring which is capable of making a pi-stacking type of hydrophobic
interaction with F595, stronger than a simple hydrophobic interaction such as V617M-F595

for example.

Orientation of the dimeric Epo receptor is essential for activation of JAK2 WT, but not
for V617F or V617W

[00119] Given that JAKSs are appended to the cytoplasmic domains of cytokine receptors,
the hypothesis that V617F can induce activation of JAK?2 in the absence of ligand through a
specific interaction with the JH2 aC-helix which changes the position of the JH1 aC-helix,
has one immediate implication. That is, JAK2 V617F can overcome the requirement for a
ligand-induced conformational change and effectively be capable of signaling from all
possible relative conformations of a dimeric cytokine receptor, while in the wild-type
scenario the proper conformation of JH1 aC-helix can only be achieved by a ligand-induced
conformational change in the receptor transmembrane and cytoplasmic domains leading to
the proper active conformation and triggering catalytic activity. In order to test whether this
implication holds true, we employed a system we previously used to determine the active
orientations of the transmembrane and cytosolic domains of the Epo receptor (23). Briefly,
the extracellular domain of the Epo receptor was replaced with a dimeric coiled-coil and by
varying the junction between the coiled coil and transmembrane domain, all seven possible
conformations were imposed on the TM-cytosolic domains of EpoR (Figure 7A). The
predictions of dimeric orientation were confirmed by cysteine-scanning mutagenesis of the
transmembrane domain of EpoR in fusion with the Put3 coiled coil (42). Using this system

we identified two conformations corresponding to an activated EpoR dimer (denoted cc-
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EpoR-III and cc-EpoR-VI) and two corresponding to an inactive EpoR dimer (denoted cc-
EpoR-1I and cc-EpoR-V) (Figure 7A) (23).

[00120] We co-expressed these previously engineered coiled-coil EpoR constructs with
either JAK2 WT or V617F, along with STATS, pGRRS5-Luc and pRLTK-Luc, and measured
their STATS transcriptional activities in luciferase assays in y-2A cells. We observed that, as
expected, JAK2 WT signals best from the two conformations corresponding to an active
EpoR dimer (III and VI) (Figures 7B and 8a). On the other hand, consistent with our
hypothesis, we observed that V617F was able to signal relatively well regardless of the
particular dimeric conformation (Figures 7B and 8a). This is in line with reports showing
that presence of a dimeric receptor, like EpoR, supports constitutive activation of JAK2
V617F (28, 29). Next we tested whether JAK2 V617W is also able to signal well from all
interfaces of a dimeric EpoR similarly to V617F and found that indeed it is (Figure 8b),
confirming that the mechanisms of activation of JAK2 V617F and V617W are similar.
[00121] We then compared the activities of two F595 mutants which decreased JAK?2
V617F constitutive activity, FS95A/V617F and F595V/V617F with V617F and wild-type in
the same assay. We noticed that substituting the Phe at position 595, causes the
F595A/V617F and F595V/V617F mutants to lose their ability to signal from both active and
inactive dimeric conformations (Figures 3A and 8c) and to prefer the conformations
corresponding to an activated EpoR dimer, similar to JAK2 wild-type (III and VI) (Figure
7B).This suggests that the F595- F617 interaction is responsible for conferring to the V617F
mutant the ability to overcome the requirement for a particular ligand-induced active

conformation.

F595-F617 interaction affects the relative position of the aC-helices of JH1 and JH2
{00122] The homology model of the combined structure of the JH1 and JH2 domains in an
inactive conformation proposes an interaction interface between the a.C-helices of both
domains defined by two pairs of salt bridges between R588.E890 and E592.R893 (20). On
the other hand, both available crystal structures of the active JH1 domain of JAK2 (8, 10)
describe a E890.R893 salt bridge within the JH1 oC-helix itself. We speculated that the
R588.E890 and E592.R893 salt bridges could be part of a network of interactions responsible
for keeping the JH1 aC-helix in an inactive conformation in the absence of ligand. These
predicted inactive state interactions could either simply prevent the formation of the

E890.R893 salt bridge, which would further inhibit the proper arrangement of the critical salt
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bridge between Glu898 in JH1 aC-helix and Lys882 in 33, one of the features of active
kinases (24, 18, 25); or prevent a more complex conformational change of the JH1 aC-helix,
both of which would play a role in kinase activation (Figure 9a).

[00123] In order to test this, we mutated both RS88 and E592 to Ala simultaneously in the
context of WT and V617F and checked the activities of the RS88A/E592A and
R588A/E592A/V617F mutants in a luciferase assay in y-2A cells. As seen in Figure 9b, and
in Figure 13, mutating R588 and E592 both to Ala, did not block constitutive signaling by
JAK2 V617F. However, when we additionally introduced the FS95A mutation in
RS88A/ES92A/V617F, the activity level of this quadruple mutant dropped down to the level
of FS95A/V617F (Figure 9b, 13). This result suggested that the Lindauer model of interface
1 cannot alone explain the V617F activation and that it is not sufficient to eliminate the
predicted salt bridges between the aC of JH1 and JH2 in the inactive conformation; the
specific functional interaction between F595 and F617 is additionally required for induction
of complete constitutive activity of V617F. We speculate that the pi/hydrophobic interaction
can reposition JH2 aC-helix, causing a rearrangement of the JH1 aC into an active
conformation.

[00124]  This type of repositioning of the kinase aC-helix upon activation has been
observed in other kinases. We compared the conformations of aC-helices from several
kinases whose structures were solved in both active and inactive states and noticed that in all
cases, the active aC-helix (cyan) is displaced relative to the inactive oC-helix (grey) (Figure
9¢c). This displacement probably contributes to the proper arrangement of a group key
residues involved in catalysis, such as the salt bridge between a residue in the aC-helix and
one in the B3-strand; the Tyr residues in the activation loop, or residues which play a role in

ATP or substrate binding (24).

Pseudokinase domain F595 is required for activation of JAK2 K539L

[00125] In some rare polycythemia vera (PV) cases where the V617F mutation is not
present, four somatic gain-of function mutations in exon 12 of JAK2 have recently been
reported, out of which JAK2 K539L mutation was the most common (17). Position K539 is
predicted to be located in a loop just below the loop containing V617 (20, Figure 10). We
wondered whether the mechanism of activation of the K539L mutation could be similar to
that of V617F. According to the model (20), K539 forms a salt bridge with residue D620,
also located in the loop containing V617 (Figure 10).
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[00126] We hypothesized that the K539-D620 salt bridge confers a certain rigidity to the
loop containing D620 and V617F, and that mutation of K539 to Leu would eliminate the salt
bridge, allowing greater flexibility of the loop containing D620 and V617. If the activation
mechanisms of these two mutations were similar, this increased flexibility would permit
V617 to reach ‘higher up’, and make a hydrophobic contact with F595, inducing a similar
activation effect as V617F-F595 upon the JH1 aC-helix, but of lesser intensity, since Val is a
considerably smaller hydrophic residue compared to Phe and not capable of making pi-
stacking interactions.

[00127] We first established the significance of the predicted K539-D620 salt bridge by
mutating D620 to Leu. In a luciferase assay in JAK2-deficient y-2A cells, the JAK2 D620L
mutant displayed a STATS transcriptional activity similar to that of K539L and almost 50%
higher than WT, pointing to the elimination of the salt bridge by disrupting either interaction
partner, playing a role in the constitutive activation of JAK2 . A previously described JAK2
D620E mutation in an isolated case of unclassifiable myeloproliferative disease (MPD, 26)
supported the notion that not only is the presence of the salt bridge between positions D620
and K539 important, its precise position and ‘length’ are also carefully regulated. E620
should theoretically be able to support a salt bridge with K539 as well as D620, but Glu is
one carbon longer than Asp.

[00128] We then mutated F595 to Ala in the context of K539L, which' we expected to
decrease the constitutive activity of the K539L single mutation, if the activation mechanism
were similar to that of V617F. As can be observed from Figure 11a, the level of STATS
transcriptional activity of the K539L mutant was markedly decreased when F595A was
present, suggesting that the mechanism of activation of the K539L mutation occurs, at least in

part, through engaging the hydrophobic interaction between positions F595 and V617.

Pseudokinase domain o.C helix residue F595 is also required for constitutive activation
of the JAK2 mutants T875N and R683G

[00129] We next asked the question whether the integrity of F595 also plays a role in the
constitutive activity of other previously-described JAK2 mutants. We presented in the
previous paragraph the situation of mutation JAK2 K539L: In 3% of PV patients where the
V617F mutation is not present, four somatic gain-of-function mutations in exon 12 of JAK2
have been reported, out of which JAK2 K539L, located in the linker region between the SH2

and JH2 domains, was the most common (37). These exon 12 mutations are typical for each

39/60



WO 2010/141062 PCT/US2010/001538

patient, and what they have in common is that K539 is either mutated (e.g. K539L) or
deleted. Therefore the JAK2 K539L is the prototype for all class of exon 12 JAK2 mutations.
Another point mutation first identified in a megakaryoblastic cell line derived from an acute
megakaryoblastic leukemia (AMKL) patient, and subsequently detected in a screen of human
AMKUL cell lines for STATS activation, presented a T875N substitution in the kinase domain
of JAK2 (38). The JAK2 R683G mutation located in the hinge region between N-terminal
and C-terminal lobes of the pseudokinase domain, was identified in a screen of pediatric
acute lymphoblastic leukemia (ALL) patient samples (39). JAK2 K539L, T875N and R683G
were shown to exhibit constitutive STATS activation and to transform Ba/F3 cells expressing
the EpoR to cytokine-independence (37, 38, 39).

[00130] We introduced the F595A mutation individually in the context of JAK2 K539L,
JAK2 T875N and JAK2 R683G and studied its effect on the activity of each mutant by
quantifying the STATS levels in a luciferase assay of transiently transfected y-2A cells. In all
three mutants, JAK2 K539L, T875N and R683G, and similar to JAK2 V617F, the STATS
activity was strongly inhibited by the presence of the F595A mutation (Figure 11A),
indicating that F595 is also required for constitutive activation of these JAK2 mutants.
[00131]) The signaling effects of the F595A mutation were also examined in sorted Ba/F3-
EpoR cells expressing JAK2 K539L/F595A, JAK2 T875N/F595A and JAK2 R683G/FS595A
(Figure 11B). Cells were washed and maintained in medium free of growth factors for 7 days.
We observed that Ba/F3-EpoR cells expressing JAK2 V617F, JAK2 K539L, JAK2 T875N
and JAK2 R683G could proliferate in this medium, while the same mutants with the
additional F595A mutation lost most of their autonomous growth. In the case of JAK2
KS539L/F595A, the presence of the FS95A mutation induced a decrease in the initial
proliferation rate, but by day 7, these cells had regained the same proliferation ability as
JAK2 K539L. These results suggested that residue F595 is also important in the constitutive
signaling of JAK2 T875N and JAK2 R683G and initially to JAK2 K539L, implying that
activation of catalysis by JAK mutations may be mediated by conformational changes in the

JH2 oC helix.

The JAK1 helix C residue F636 is also required for constitutive activity of JAK1 V658F
[00132] We have previously shown that the JAK2 V617F homologous mutation in JAK1,
V658F, induces constitutive activation of JAK1 (30). Recently the JAK1 V658F mutation

was also identified from a screen of acute leukemia patients (40). We now investigated
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whether the F595 homologous residue in JAK1, F636, also plays a role in the constitutive
activation of this kinase, in a similar manner to JAK2. We substituted JAK1 residue F636 to
Ala in the context of V658F, and quantified the STAT3 activity of this mutant in the JAK1-
deficient cell line, U4C. As can be seen in Figure 12, substitution of F636 to Ala induces a
large decrease in the constitutive activity of JAK1 V658F, indicating that the necessity of
F636 is maintained in JAK 1, similar to JAK2. This similar requirement of an intact F636
further points to the possibility that our data might also be relevant for JAK1 mutations
recently identified in T-cell adult lymphoblastic leukemia (T-ALL) (40, 41). In these
diseases, either the JAK1 V658F mutation was identified (a mutation reported in Staerk J,
Kallin A, Royer Y, Diaconu CC, Dusa A, Demoulin JB, Vainchenker W, and Constantinescu
SN, JAK2, the JAK2 V617F mutant and cytokine receptors. Pathol Biol (Paris). 2007
Mar;55(2):88-91.) or several other mutations in the pseudokinase domain which are likely to

behave similarly and depend on F636.

Discussion
[00133] Despite an overabundance of data underlining the role of JAK2 V617F in various
myeloproliferative syndromes, the mechanism of its constitutive activation has remained
elusive. We propose a mechanism of constitutive activation of JAK2 V617F based on a
specific interaction between F617 and F595 located in the aC-helix of the JH2 domain.
[00134] Residue F595, residing in the middle of the pseudokinase domain aC helix, plays
a key role in the constitutive activation of JAK2 V617F and of several JAK2 mutants located
in different locations of the protein, JAK2 K539L, JAK2 T875N and JAK2 R683G. Residue
F595 is not crucial for the mechanism of ligand-induced JAK?2 activation, as shown by the
signaling abilities of the F595 single and double mutants in the presence of various
concentrations of Epo ligand. Also, mutation of F595 to several different residues did not
induce constitutive signaling from wild-type JAK2.
[00135]  Mutation of F595 to Ala, Val, Ile or Lys in the context of V617F drastically
decreased the constitutive activity of the V617F mutant in both the JAK2-deficient y-2A and
the hematopoietic Ba/F3 cell line, in transient and stable expression experiments,
respectively. On the contrary, when F595 was replaced by an aromatic residue (Tyr or Trp)
in the context of V617F, the constitutive activity was maintained. The substitution of F595 to
" Ala decreased the constitutive activity of JAK2 K539L, JAK2 T875N, and also of JAK2
R683G. Furthermore, constitutive activity of a JAK1 mutant homologous to JAK2 V617F
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(JAK1 V658F) was also inhibited by the homologous JAK1 F595 mutation (F636A),
suggesting that our results in JAK2 might be relevant for activation of JAK1 mutants recently
identified in T-ALL (40, 41).

[00136] Likewise, FS95A was able to decrease the constitutive activity of JAK2 V617W, a
mutant which we previously showed is able to induce a myeloproliferative phenotype in
mice, similar to the one induced by V617F 22. Both Phe and Trp are large aromatic amino
acids, pointing to the mechanism of constitutive activation being based on the ability of these
two amino acids to form strong pi-stacking hydrophobic interactions with F595, when
substituted for Val at position 617. The strict requirement of hydrophobicity is emphasized
by the inability of Tyr, which only differs from Phe by an OH group, to induce constitutive
activity of JAK2 (22). The nature of the hydrophobic interaction being pi-stacking, is
suggested by the strength of the JAK2 V617F and V617W mutations in comparison to the
other hydrophobic residues such as Ile, Met, and Leu which can also induce constitutive
activity (22).

[00137] A theoretical study was recently published (27), where molecular dynamics
simulations indicated that F595 might be responsible for maintaining wild-type JAK2
inactive and, as a consequence, its possible interaction with F617 could alleviate this
inhibition and contribute to activation. One the one hand, we agree with Lee et al that F595 is
crucial for JAK2 V617F activity, but our results support the contrary notion for the wild-type
JAK2, that is, F595 does not play a major role in the physiologic ligand-activation of JAK2,
or in its inactivity in the basal state (Figures 3B and 7C). On the other hand, we do support a
key role for F595 not only in the constitutive activity of JAK2 V617F, but also of several
JAK2 oncogenic mutants.

[00138]) Our mechanism, the first to suggest how a specific molecular interaction could
induce constitutive activation of JAK2, entails that in the absence of ligand, V617F is able to
affect the position of the aC-helix of JH1 by affecting the position of o.C-helix of JH2. This
repositioning of the helices presumably allows formation of the critical K882-E898 salt
bridge, ultimately driving kinase activation. Given this scenario, we would expect that, when
appended to a dimeric cytokine receptor, JAK2 V617F would signal irrespective of the
particular dimeric orientation of the receptor. We investigated this hypothesis by using
coiled-coil constructs that imposed all possible relative conformations on a dimeric Epo
receptor (Seubert, Royer et al., 2003, 12:1239-1250). When coexpressed with each different

dimeric EpoR, JAK2 V617F was able to induce a constitutive signal regardless of the relative
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dimeric conformation. JAK2 WT, on the other hand, was activated best in the presence of
the particular conformations corresponding to an activated EpoR dimer, emphasizing the
requirement of a ligand induced conformation. The double mutant FS95A/V617F lost its
ability to signal constitutively from all conformations of the EpoR dimer, and maintained an
activity level similar to WT, pointing to the specific interaction between F595 and F617

. being responsible for conferring the constitutive activity. Our results are in line with those of
previous publications (28, 29) that showed that the mere presence of a dimeric cytokine
receptor promotes JAK2 V617F signaling. Furthermore, at higher expression levels, JAK2
V617F can induce signaling in the absence of co-expressed EpoR (30, 31), probably via
endogenous receptors, such as IL3 receptor beta (29), also pointing towards an intrinsic
driving mechanism for activation of the kinase domain. Our data suggest that a specific
interaction might occur between F595 in the JH2 oC helix and F617, predicted to be located
in the loop between B-strands 4 and 5 (Figure 1C) (20). In the case of JAK2 V617F, a Phe,
Trp or Tyr at position 595 are able to maintain constitutive activity, suggesting an aromatic
requirement at this position, and pointing to a possible specific stacking interaction between
residues F595 and F617 as the most productive manner to activate the kinase domain. In the
absence of ligand, such an aromatic stacking interaction could induce a conformational
change in the JH2 aC helix and trigger catalytic activity via repositioning of key catalytic
residues. While this might represent the most efficient path to autoactivation, other, possibly
less efficient paths must exist, that similarly rely on F595, since other JAK2 V617 mutations
are also constitutively active (i.e., V617M, V617L, V6171 (22), and since the FS95A
mutation inhibits their activation. Given this scenario, we expected that when appended to a
dimeric cytokine receptor, JAK2 V617F would signal irrespective of the particular dimeric
orientation of the receptor, and that other less active mutants (V617M, V617L, V617I) might
still depend on a conformational change of a dimeric receptor. This was indeed the case.
When co-expressed with both active and inactive EpoR dimers, JAK2 V617F was able to
induce a constitutive signal, regardless of the relative dimeric conformation (Figure 7B).
JAK2 mutants V6171, V617L or V617M could signal from both inactive and active cc-EpoR
dimer conformations, but they signaled stronger from active cc-EpoR dimers. JAK2 wild-
type, on the other hand, was activated only in the presence of the particular conformations
corresponding to an activated EpoR dimer. Taken together, these data indicate that the F617:
F595 pair is optimal for constitutive activation, irrespective of receptor conformation, but that

other bulky aliphatic residues at 617 can induce constitutive activation of JAK2 via F595,
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with the caveat that such mutants might additionally require a conformational change of the
scaffold receptor, in this case EpoR. In any case, F595 is pivotal for initiating autoactivation
of JAK2, while it is not crucial for cytokine-induced JAK?2 activation. In the wild-type
scenario, a large conformational change of the receptor, that involves rotation (23) and a
scissors-like movement (43), brings about kinase domain activation (model, Figure 7C).
[00139] Our data also provide evidence that pseudokinase domains might be pivotal to
triggering kinase domain activation, even when mutations are not located in the pseudokinase
domain itself, as is the case with JAK2 K539L, JAK2 T875N and JAK2 R683G (Figure 11c).
That pseudokinase domains appear in certain proteins to assume "active" conformations (44,
45) suggests that they evolved roles in transmission of conformational changes, and thus
could be targets for inhibitors. In support of this, we show that while certain mutations
upstream of F595 (R588A, E592A) do not abolish constitutive activity of JAK2 V617F,
others downstream, such as M600A, M601A or S602A, Q603A prevent constitutive
activation of JAK2 V617F, but do not impair ligand-induced activation. Thus, the middle
region of the JH2 helix C seems crucially involved in mediating constitutive activation of
mutated JAK2.

[00140] In conclusion, constitutive activation of JAK2 V617F requires F595 of the aC-
helix of the JH2 domain with which F617 forms a hydrophobic pi-stacking interaction. This
mechanism is specific to V617F, as the activity of JAK2 K539L is not affected by mutating
position 595. Inspection of several structures of tyrosine kinase domains further supports the
notion that F617 and F595 homologous residues can be in close contact. The F617-F595
interaction might be a unique hydrophobic pocket in the pseudokinase domain of JAK2
V617F that could be targeted by small molecules and facilitate isolation of those that would
specifically inhibit JAK2 V617F and spare wild type JAK2. Several JAK2 kinase domain
inhibitors, that are ATP-binding competitors are in clinical trials for primary or secondary
myelofibrosis (46, 47). These inhibitors do not discriminate between wild-type and mutant
JAK2, and can induce unwanted effects, such as anemia and thrombocytopenia. An ideal
inhibitor for patients harboring JAK mutants would have to preferentially target the mutant
JAK and spare signaling by the wild-type JAK. We suggest that the region in the middle of
the pseudokinase domain helix C around residue F595 could be the target of such a specific
inhibitor.
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Methods

JAK?2 mutant plasmid constructs

[00141] All murine and human JAK2 (and JAK 1) mutants were obtained by PCR reactions
with mutagenic complementary forward and reverse primers by the QuickChange Site-
Directed Mutagenesis method (Stratagene). All constructs were cloned into the bicistronic
retroviral vector pMX-IRES-GFP and verified by sequencing. Human JAK2 WTpMEGIX-
GFP was a kind gift of Dr. William Vainchenker, Institut Gustave Roussy, Villejuif, France.
Human JAK?2 V617F, K539L, D620L, and K539L/F595A mutants were also created via
QuickChange Site-Directed Mutagenesis using the same approach, and verified by

sequencing. In most cases, 2 independent clones were tested per each mutant.

Cell lines and retroviral transductions

[00142] Gamma-2A and U4C cells are JAK2-deficient and JAK1-deficient human
fibrosarcoma cells (36, 48). Ba/F3-EpoR cells are murine IL3-dependent cells that are
expressing the murine erythropoietin receptor. Wild-type and mutant JAKs were transfected
into BOSC packaging cells to produce retroviruses which were subsequently used to infect
Ba/F3-EpoR cells as described (23). GFP positive cells were sorted by FACS 72 hours after
infection, washed, and cultured in the absence of cytokines in RPMI medium + 10% FBS.
Cell numbers were recorded over a period of seven days with a Coulter cell counter. The
V617F mutant which acquired the ability to proliferate in the absence of cytokines was
further cultured in RPMI medium + 10% FBS. The sorted Ba/F3-EpoR cells expressing the
JAK?2 mutants or wild-type (WT) were maintained in RPMI medium + 10% fetal bovine

serum (FBS) and WeHI cell supernatant, as a source of IL-3.

Dual luciferase assays

[00143] The STATS transcriptional activity of the various mutants was measured in y-2A
cells (fibrosarcoma cells deficient in JAK2) by dual luciferase assays with the STAT reporter,
pGRRS5-Luc (31). Cells were seeded in 24-well plates overnight and transfected using
lipofectamine, with pGRRS, STATS, EpoR, the cDNA coding for each individual JAK
mutant and pRLTK-Luc as an internal control. The STAT3 transcriptional activity of JAK1
mutants was measured in JAK1-deficient U4C cells (48) by transiently transfecting each
JAK1 construct, the pPGRRS-Luc and pRLTK-Luc reporters and the interleukin-9 receptor

(IL-9R). Medium was changed 4 hours after transfection and stimulation with Epo was
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performed when stated.. The cells were lysed 24 hours after transfection, and luminescence
was recorded on a TD-20/20 or Glomax 96-well plate luminometer. When performing the
assay on stably transduced sorted Ba/F3-EpoR cells (expressing each JAK2 mutant), cells
were starved overnight in RPMI medium with 1mg/ml BSA and electroporated with the
pGRRS5-Luc and pRLTK-Luc luciferase reporters. The cells were subsequently cultured for 2

hours, lysed in 100ul 1X passive lysis buffer, and their luminescence was recorded.

Immunoblotting

[00144] 2.5x10” Ba/F3-EpoR cells expressing each murine or human JAK2 mutant were
starved overnight in RPMI medium with 1mg/ml BSA, and stimulated or not with S0U/ml
Epo for 15 minutes. Cells were then washed twice in cold PBS, resuspended in cold lysis
buffer (1%NP40 + 1X Protease Inhibitor Cocktail (Roche), ImM vanadate, lmM PMSF).
Upon incubation on ice for 30 minutes and spinning for 20 minutes at 20,000 g and 4°C, the
supernatant was mixed with an appropriate volume of 2X Laemmli, boiled, and 40pg total
protein was loaded on NuPage 4-12% Bis-Tris gels (Invitrogen). Transfer on nitrocellulose
membranes was carried out with the iBlot™ Dry Blotting System (Invitrogen). Membranes
were blocked in 5% milk/TBS-Tween, immunoblotting was performed overnight at 4°C with
rabbit anti-phospho-JAK2 (Y1007/1008) or rabbit anti phospho-STATS5 A/B (Y694) (both
from Cell Signaling Technology) in a solution of 5% BSA in TBS-Tween with a 1:1000
antibody dilution. Secondary anti-rabbit-horseradish peroxidase antibodies (GE Healthcare,
UK) were used in a 1:10,000 dilution in 5% milk/TBS-Tween. The membranes were stripped
and reprobed with anti-JAK?2 and anti- STATS, respectively (both from Cell Signaling
Technology), using the same dilutions and secondary antibodies as for the phospho
antibodies. Western blotting antibodies were directed against: phospho-JAK2 (Millipore),
JAK?2 (Santa Cruz), beta-actin (Sigma), and phospho-STATS A/B (Tyr694), phospho-Erk1/2
(Tyr202/Tyr204), Erk1/2 (Cell Signaling Technology).

Structural modeling

[00145] The coordinates for the homology model of JAK?2 in an inactive conformation
were obtained from Dr. Romano Kroemer. PDB coordinates for JAK2 JH1 active structure
were obtained from the PDB database (Accession codes 2B7A, 3FUP). All other PDB
coordinates were obtained from the PDB database as described in each case. Molecular

graphics images were produced using the UCSF Chimera package from the Resource for
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Biocomputing, Visualization, and Informatics at the University of California, San Francisco

(supported by NIH P41 RR-01081) (32).
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Claims
What is claimed is:

1. A method of identifying an agent that modulates the interaction of amino acid F617,
L539, N875, or G683 with amino acid F595 in a mutant Janus kinase 2 (JAK2) with a
V617F, a K539L, a T875N, or an R683G mutation comprising:

contacting the mutant JAK?2 with a test agent under suitable conditions for the test
agent to interfere with the interaction of F617, L539, N857, or G683 with F595; and

determining the activity of the mutant JAK?2 in the presence of the test agent.

2. The method of claim 1, further comprising

comparing the activity of the mutant JAK2 to a reference or control activity, wherein
if the activity in the presence of the test agent is less than the reference or control activity,
then the test agent is identified as an agent that inhibits the activity of the mutant JAK2, or
if the activity in the presence of the test agent is higher than the reference or control activity,

then the test agent is identified as an agent that stimulates the activity of the mutant JAK2.

3. The method of claim 1, further comprising
contacting wild type JAK2 with a test agent identified to inhibit or a test agent
identified to stimulate the activity of the mutant JAK2 under suitable conditions for the test
agent to interfere with the interaction of the mutated amino acid with amino acid F595, and
determining the activity of the wild type JAK2 in the presence of the test agent, and
comparing the activity of the wild type JAK2 to a reference or control activity,
wherein if the wild type JAK2 activity in the presence of the inhibitory test agent is not
decreased as compared to the reference or control activity, then the test agent is identified as
an agent that inhibits the interaction of the mutated amino acid with amino acid F595 in the
mutant JAK2 but does not inhibit wild type JAK2, or
if the wild type JAK2 activity in the presence of the stimulatory test agent is not increased as
compared to the reference or control activity, then the test agent is identified as an agent that
activates the interaction of the mutated amino acid with amino acid F595 in the mutant JAK2

but does not activate wild type JAK2.
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4. A method of identifying an agent that modulates the interaction of amino acid 617,
539, 875, or 683 with amino acid F595 in a mutant Janus kinase 2 (JAK2) comprising:
contacting the mutant JAK2 with a test agent under suitable conditions for the test
agent to interfere with the interaction of amino acid 617, 539, 875, or 683 with amino acid
F595; and
determining the activity of JAK?2 in the presence of the test agent.

5. The method of claim 4, further comprising

comparing the activity of the mutant JAK?2 to a reference or control activity, and
if the activity in the presence of the test agent is less than the reference or control activity,
then the test agent is identified as an agent that inhibits the interaction of amino acid 617,
539, 875, or 683 with amino acid F595 in the mutant JAK2, or
if the activity in the presence of the test agent is higher than the reference or control activity,
then the test agent is identified as an agent that stimulates the interaction of amino acid 617,
539, 875, or 683 with amino acid F595 in the mutant JAK?2.

6. The method of claim 1 or 4, wherein the test agent is a small molecule.

7. The method of claim 1 or 4, wherein the test agent is a peptide.

8. The method of claim 1 or 4, wherein the test agent is a protein.

9, The method of claim 1 or 4, wherein the test agent is an antibody.

10. The method of claim 1 or 4, wherein the suitable conditions are physiological
conditions.

11.  The method of claim 1 or 4, wherein the activity of JAK2 is reduced in the presence
of the test agent.

12. The method of claim 1 or 4, wherein the JAK2 kinase is constitutively active.

13. The method of claim 4, wherein

amino acid 617 is an aromatic amino acid,
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amino acid 539 is Leucine,
amino acid 875 is Asparagine, or

amino acid 683 is Glycine.

14.  The method of claim 4, wherein amino acid 617 is phenylalanine.

15.  The method of claim 4, wherein amino acid 617 is tryptophan.

16.  The method of claim 1, wherein the agent disrupts or promotes the pi-stacking

interaction of F595 with F617.

17. A method of screening a plurality of test agents to identify an agent that modulates the
interaction of amino acid F617, 1.539, N875, or G683 with amino acid F595 in a mutant
Janus kinase 2 (JAK2) with a V617F, a K539L, a T875N, or an R683G mutation comprising

contacting the mutant JAK?2 with an individual test agent under suitable conditions for
the test agent to interfere with the interaction of F617, L539, N875, or G683 with amino acid
F595; and

determining the activity of the mutant JAK2 in the presence of each of the test agents.
18. The method of claim 17, further comprising

comparing the activity of the mutant JAK? to a reference or control activity, wherein
if the activity in the presence of the test agent is less than the reference or control activity,
then the test agent is identified as an agent that inhibits the activity of the mutant JAK2, or

if the activity in the presence of the test agent is higher than the reference or control

activity, then the test agent is identified as an agent that stimulates the activity of the mutant

JAK2,

19.  The method of claim 17, wherein at least S0 test agents are screened in parallel.

20. The method of claim 17, wherein at least 100 test agents are screened in parallel.

21.  The method of claim 17, wherein at least 500 test agents are screened in parallel.

22. The method of claim 17, wherein at least 1000 test agents are screened in parallel.
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23.  An agent identified by the method of any one of claims 1-22.

24. An agent that interferes with the interaction of F617, L539, N875, or G683 with
amino acid F595 in a mutant JAK?2.

25.  The agent of claim 24, wherein the agent is a small molecule.

26.  The agent of claim 24, wherein the agent reduces the activity of the mutant JAK2.

27. The agent of claim 24, wherein the agent has a molecular weight of less than 2,000
g/mol.

28.  The agent of claim 24, wherein the agent has a molecular weight of less than 1,500

g/mol.

29.  The agent of claim 24, wherein the agent inhibits the mutant JAK2 and does not
inhibit wild type JAK2.

30. A method of reducing or increasing the activity of a mutant JAK2 with a V617F, a
KS539L, a T875N, or an R683G mutation in a cell comprising contacting the cell with an
agent identified by the method of any one of claims 1-17.

31. A method of identifying an agent that modulates the interaction of amino acid F658,
with amino acid F636 in a mutant Janus kinase 1 (JAK1) with a V658F mutation comprising:

contacting the mutant JAK1 with a test agent under suitable conditions for the test
agent to interfere with the interaction of F658 with F595; and

determining the activity of the mutant JAK1 in the presence of the test agent.

32. The method of claim 31, further comprising
comparing the activity of the mutant JAK1 to a reference or control activity, wherein
if the activity in the presence of the test agent is less than the reference or control activity,

then the test agent is identified as an agent that inhibits the activity of the mutant JAK1, or
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if the activity in the presence of the test agent is higher than the reference or control activity,

then the test agent is identified as an agent that stimulates the activity of the mutant JAK1.

33.  The method of claim 32, further comprising
contacting wild type JAK1 with a test agent identified to inhibit or an agent identified
to stimulate the activity of the mutant JAK1 under suitable conditions for the test agent to
interfere with the interaction of the mutated amino acid with amino acid F636, and
determining the activity of the wild type JAK1 in the presence of the test agent, and
comparing the activity of the wild type JAK1 to a reference or control activity,
wherein if the wild type JAK1 activity in the presence of the inhibitory test agent is not
decreased as compared to the reference or control activity, then the test agent is identified as
an agent that inhibits the interaction of the mutated amino acid with amino acid F636 in the
“mutant JAK1 but does not inhibit wild type JAKI, or
if the wild type JAK1 activity in the presence of the stimulatory test agent is not increased as
compared to the reference or control activity, then the test agent is identified as an agent that
stimulates the interaction of the mutated amino acid with amino acid F636 in the mutant

JAK1 but does not stimulate wild type JAK1.

34. A method of identifying an agent that modulates the interaction of amino acid 658
with amino acid F636 in a mutant Janus kinase 1 (JAK1) comprising:

contacting the mutant JAK1 with a test agent under suitable conditions for the test
agent to interfere with the interaction of amino acid 658 with amino acid F636; and

determining the activity of the mutant JAK1 in the presence of the test agent.

35.  The method of claim 34, further comprising

comparing the activity of the mutant JAK1 to a reference or control activity, and
if the activity in the presence of the test agent is less than the reference or control activity,
then the test agent is identified as an agent that inhibits the interaction of amino acid 658 with
amino acid F636 in the mutant JAK1,
if the activity in the presence of the test agent is higher than the reference or control activity,
then the test agent is identified as an agent that stimulates the interaction of amino acid 658

with amino acid F636 in the mutant JAKI1.

36.  The method of claim 31 or 34, wherein the test agent is a small molecule.
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37.  The method of claim 31 or 34, wherein the test agent is a peptide.
38.  The method of claim 31 or 34, wherein the test agent is a protein.
39.  The method of claim 31 or 34, wherein the test agent is an antibody.

40.  The method of claim 31 or 34, wherein the suitable conditions are physiological

conditions.

41.  The method of claim 31 or 34, wherein the activity of the mutant JAK1 is reduced in

the presence of the test agent.
42.  The method of claim 31 or 34, wherein the mutant JAK1 is constitutively active.
43.  The method of claim 34, wherein amino acid 658 is Phenylalanine.

44.  The method of claim 31, wherein the agent disrupts the pi-stacking interaction of
F658 with F636.

45. A method of screening a plurality of test agents to identify an agent that modulates the
interaction of amino acid F658 with amino acid F636 in a mutant Janus kinase 1 (JAK1) with
a V658F mutation comprising

contacting the mutant JAK1 with an individual test agent under suitable conditions for
the test agent to interfere with the interaction of F658 with amino acid F636; and

determining the activity of the mutant JAK1 in the presence of each of the test agents.

46.  The method of claim 45, further comprising
comparing the activity of the mutant JAK1 to a reference or control activity, wherein
if the activity in the presence of the test agent is less than the reference or control activity,
then the test agent is identified as an agent that inhibits the activity of the mutant JAK1, or
if the activity in the presence of the test agent is higher than the reference or control
activity, then the test agent is identified as an agent that stimulates the activity of the mutant

JAKI.
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47. The method of claim 45, wherein at least 50 test agents are screened in parallel.

48.  The method of claim 45, wherein at least 100 test agents are screened in parallel.

49, The method of claim 45, wherein at least 500 test agents are screened in parallel.

50. The method of claim 45, wherein at least 1000 test agents are screened in parallel.

51.  An agent identified by the method of any one of claims 31-50.

52.  An agent that interferes with the interaction of F658 with amino acid F636 in a mutant
JAK1.

53.  The agent of claim 52, wherein the agent is a small molecule.

54. The agent of claim 52, wherein the agent reduces the activity of the mutant JAK1.

55.  The agent of claim 52, wherein the agent has a molecular weight of less than 2,000

g/mol.

56. The agent of claim 52, wherein the agent has a molecular weight of less than 1,500

g/mol.

57.  The agent of claim 52, wherein the agent inhibits the mutant JAK1 and does not
inhibit wild type JAK1.

58. A method for the design and identification of a potential binding compound for
V617F, KS39L, T875N, or R683G mutant JAK2, or V658F mutant JAK1, comprising the
steps of:

(a) generating, on a computer, a three-dimensional structure of the mutant JAK2 or

the mutant JAK1;
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(b) designing and/or selecting a compound that potentially binds to the mutant amino
acid residue in the V617F, K539L, T875N, or R683G mutant JAK2, or V658F mutant JAK1,
using the three-dimensional model of the HsPDF active site; and

(c) synthesizing and/or choosing the potential binding compound.

59.  The method according to claim 58, the method further comprising the steps of:

(d) contacting the potential binding compound with the mutant JAK?2 or the mutant
JAK]1; and

(e) determining the percent inhibition of the mutant JAK? activity or mutant JAK 1
activity inhibition as compared to wild type JAK2, or wild type JAKI.

60.  The method according to claim 58, the method further comprising the steps of:

(d) contacting the potential binding compound with a cell expressing the mutant JAK2
or the mutant JAK1, and

(e) determining the percent inhibition of the proliferation rate of the cell in the
presence of the compound as compared to a cell of the same cell type in the absence of the

compound.

61. A method for the design and identification of a potential binding compound for
V617F, KS39L, T875N, or R683G mutant JAK2, or V658F mutant JAK1, comprising the
steps of:

(a) generating, on a computer, a three-dimensional structure of V617F, K539L,
T875N, or R683G mutant JAK2, or V658F mutant JAK1,;

(b) designing and/or selecting a compound that potentially binds to V617F, K539L,
T875N, or R683G in the mutant JAK2, or V658F in the mutant JAK 1, using the three-
dimensional model of the mutant JAK1 or JAK2 from step (b); and

(d) synthesizing and/or choosing the potential binding compound.

62.  The method according to claim 61, the method further comprising the steps of:

(e) contacting the potential binding compound with V617F, K539L, T875N, or
R683G mutant JAK2, or V658F mutant JAK1; and

(f) determining the percent inhibition of V617F, K539L, T875N, or R683G mutant
JAK2 activity, or V658F mutant JAK1 activity.
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63.  The method according to claim 61, the method further comprising the steps of:

(e) contacting the potential binding compound with a cell, and

(f) determining the percent inhibition of the proliferation rate of the cell in the
presence of the compound as compared to a cell of the same cell type in the absence of the

compound..

64. A method of identifying an agent that masks amino acid 617, 539, 875, or 683 in
Janus kinase 2 (JAK2), or amino acid 658 in Janus Kinase 1 (JAK1), comprising

contacting the JAK2 or the JAK1 with a test agent under suitable conditions for the
test agent to bind to the amino acid; and

determining the activity of the JAK2 or the JAK1 in the presence of the test agent.

65.  The method of claim 64, further comprising

comparing the activity of the JAK2 or the JAK1 to a reference or control activity,
wherein if the activity in the presence of the test agent is less than the reference or control
activity, then the test agent is identified as an agent that masks the amino acid 617, 539, 875,
or 683 in JAK?2, or amino acid 658 in JAK1.

66. The method of claim 64 or claim 65, wherein the JAK?2 is wild type JAK2 or a mutant

JAK?2 having a mutation from the group consisting of V617F, L539, N875, or G683, or the
JAK1 is wild type JAK1 or a mutant JAK1 having a V658F mutation.
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