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REVIEW

Rethinking JAK?2 inhibition: towards novel strategies of more
specific and versatile janus kinase inhibition

E Leroy and SN Constantinescu

Janus kinases (JAKs) are required for cytokine receptor signaling. Since the discovery of the highly prevalent JAK2 V617F mutation
in myeloproliferative neoplasms (MPNs), JAK2 became a prime target for inhibition. Only one approved JAK2 inhibitor exists, with
positive, but not curative effects in MPNs, and promising effects in autoimmune diseases and cancer. On the basis of recent
advances in the structural features regulating both normal and mutant JAKs, as well as in small-molecule targeting, we review the
current state of JAK2 inhibitor development and present novel avenues of selecting JAK2 inhibitors, with broad and narrow

specificities and extend these approaches to other JAKs.

Leukemia advance online publication, 17 February 2017; doi:10.1038/leu.2017.43

JAK2, THE ACHILLES’ HEEL OF MPNS

Myeloproliferative neoplasms (MPNs) are characterized by an
excessive proliferation of megakaryocytic, erythroid and granulo-
cytic progenitors due to a dysregulation of the JAK-STAT
signaling pathway.' JAKs (JAK1-3 and TYK2) are characterized by
tandem kinase domains: a typical tyrosine kinase domain (JH1)
and a pseudokinase domain (JH2). The former is responsible
for the catalytic activity and mediates signaling by several
cytokine receptors.” JAK2 associates with homodimeric type-I
cytokine receptors such as the thrombopoietin® and the
erythropoietin receptors” to regulate proliferation, differentiation,
survival and apoptosis of myeloid cells during hematopoiesis, and
also trafficking of these receptors to cell surface.” JAK2 became an
intensive focus in the field of MPN after the discovery of an
activating mutation in its pseudokinase domain, namely JAK2
V617F that encompasses 70% of MPNs.5 The three major BCR-
ABL-negative MPNs are polycythemia vera, essential thrombo-
cythemia and myelofibrosis (MF). Patients with MPNs develop
splenomegaly, thrombosis, bleeding and can transform to acute
myeloid leukemia. Other driver mutations in MPNs are activating
mutations in the gene c¢-MPL encoding the thrombopoietin
receptor (TpoR) such as TpoR W515K/L/S/A or TpoR S505N found
in 4-5% of essential thrombocythemia or patients,'® and
mutations in calreticulin gene (CALR) found in 20-30% of essential
thrombocythemia and MF patients.'"'? Mutations in MPL/TpoR
lead to ligand-independent receptor dimerization and constitutive
activation of wild-type JAK2. CALR mutants induce constitutive
activation of the JAK-STAT signaling pathway through intracellular
and cell surface activation of the TpoR."> All things considered,
JAK2 remains at the center of these disorders,'* and MPN patients
can respond to JAK inhibitors regardless of their mutational
status.'>'®

Development of potent JAK2 inhibitors for MPN treatment
needs to satisfy several criteria. First, they must be specific to JAKs
over other kinases to avoid any off-target toxicity. Drug
exploitation of different features of particular kinase ATP-binding

pockets such as the gatekeeper residue side chains, non-covalent
interactions, salt bridges and the DFG-loop position allows
specificity to be achieved.'” Second, the inhibitors should display
specificity to JAK2 compared to other JAKs (JAK1-3 and TYK2).
Third, and case specific, in order to treat patients harboring the
most predominant mutation in MPN, JAK2 V617F, the compounds
should be specific to the mutant form of the protein and spare
JAK2 WT.

TYPE-1 INHIBITORS

Type-l inhibitors target the ATP-binding site of kinases in their
active conformation. Naturally, targeting the catalytic activity of
JAK2 has become a conceivable approach. The dual JAK1/JAK2
inhibitor, Ruxolitinib, was the first molecule developed and the
first targeted therapy applied in MPN, as it was approved for
treatment of MF after the COMFORT-I/Il trials'®'® and more
recently for treatment of polycythemia vera after the RESPONSE
trial.?® Although Ruxolitinib reduces MF symptoms such as
splenomegaly, it does not significantly decrease or eliminate the
MPN clones. Ruxolitinib does not penetrate the blood-brain
barrier. Furthermore, Ruxolitinib can induce thrombocytopenia
and anemia, and to a lesser extent immunosuppression.?’ As
genetic studies showed that JAK2 can exert a negative regulatory
role in thrombopoiesis at the end of megakaryocyte differentia-
tion, thrombocytopenia might also be linked to other actions of
Ruxolitinib that are not understood.?? This strongly encouraged
the development of novel compounds showing more selectivity
for JAK2 over the other JAK family members and thereby different
safety profiles. Type-l JAK2 inhibitors have been tested in
preclinical and clinical studies. Fedratinib (SAR302503), Lestaurti-
nib (CEP-701), Momelotinib (CYT387), Pacritinib (SB1518), Gando-
tinib (LY2784544), BMS-911543, XL019 have been developed for
MPN treatment. These inhibitors appear to target myeloid
progenitors, both mutated and non-mutated, but there is no
evidence that they can eliminate mutated HSCs, which are the
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reservoir of the disease. Yet, persistent activation of STAT5 has
been established as a driver of enhanced HSC renewal®*** and
could contribute to clonal dominance. Novel JAK2 inhibitors in the
future might achieve targeting of mutated HSCs if their JAK2
inhibition is strong, specific and achieve complete inhibition of
STAT5 in mutated HSCs, sparing normal HSCs. Clinical develop-
ment of Fedratinib was terminated after reports of Wernicke’s
encephalopathy in MF patients, likely due to inhibition of the B1
vitamin transporter by the inhibitor.® Interestingly, this toxicity
represented by insufficient central nervous system B1 was
probably potentiated by the severe gastrointestinal problems
induced by all JAK2 inhibitors that also inhibit FLT3, such as
Fedratinib, Pacritinib and others. The reasons behind this
gastrointestinal toxicity are not clear. Such inhibitors might inhibit
off-target tyrosine kinases in intestinal epithelial cells, or might
target receptors on gamma/delta T cells that are present in the
intestinal mucosa. More studies are required to decipher the
mechanisms linked to these toxicities, but new inhibitors should
not inhibit FLT3 or B1 transporter.

In the COMFORT-l and Il trials with Ruxolitinib,'®'® it was
reported that 96% of patients exhibit some degree of splenic
response, indicating resistance is seen in 4% of patients. If the
stringency of spleen response is increased to at least 10%
volumetric reduction, then resistance or insufficient response is
seen in 15% of patients. It is too early to have publication data on
the Phase lll trials with Momelotinib and Pacritinib, but resistance
percentage appears to be the same, making it unlikely that
changing the type-l JAK2 inhibitor with another one would restore
sensitivity.

Importantly, Ruxolitinib inhibits JAK2 in receptor complexes
other than those relevant for MPNs. For example, inhibition of
interferon (IFN) gamma receptor 2 signaling is likely involved in
the reactivation of herpes-zoster infection in MPN patients treated
with Ruxolitinib; having molecules that do not inhibit JAK2 in
the IFN gamma receptor complex would prevent such
immunosuppression.

Tofacitinib (CP-690,550) and Baricitinib (LY3009104) were devel-
oped for rheumatological disease, and block JAK3/JAK1 and JAK2/
JAK1, respectively. Finally, CEP-33779 was investigated in solid
cancers (Table 1 and Supplementary Table S1). All these compounds
are ATP mimetics recognizing the ATP-binding pocket in the
so-called active conformation of the kinase. In this active conforma-
tion, the DFG phenylalanine of the activation loop makes
hydrophobic contacts with the N-lobe aC helix and the catalytic
loop, thereby adopting a ‘DFG-in’ conformation (Figure 1). Some of
these compounds show higher specificity to JAK2, such as
BMS-911543 and Gandotinib (Table 1 and Supplementary Table S1).

Among inhibitors targeting active JH1, compounds NS-018 and
Gandotinib appear to be more effective to inhibit proliferation of
JAK2 V617F cells versus cytokine-stimulated JAK2 WT cells.?%?” An
interaction between both these molecules and G993 (preceding
the DFG motif) was visualized by crystal structures.?>?” However,
G993 seems to be close in structure to several of the other non-
V617F-specific JAK inhibitors. Whether these molecules show
preference to JAK2 V617F is due to targeting G993 in JH1, or
addiction of transformed cells to JAK2 signaling remains to be
determined. An alternative explanation could reside in higher
rates of proliferation of JAK2 V617F-expressing cells.

By occupying the ATP-binding pocket, type-I inhibitors abolish
phosphoryl transfer from ATP to the substrate. Andraos et al.
showed that this binding mode induces a paradoxical increased
phosphorylation of the activation loop Y1007 of JAK2 despite
inhibition of downstream signaling likely due to trans-
phosphorylation by other JAK family members or other
kinases.”® This has been a complicating issue in many studies, as
phosphorylation of Y1007 is a read-out of activation.?® Paradoxical
phosphorylation upon inhibitor addition was already reported for
other kinases such as BRAF.3®3' For JAK2, such an open active
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conformation might explain why under inhibitor pressure, tumor
overexpressed JAK2 can heterodimerize with JAK1 or TYK2 leading
to a functional resistance to type-l inhibitors denoted as
‘persistance’.3*** Finally, germ-line JAK2-activating mutants were
identified, which exhibit longer half-life and resistance to type-I
inhibitors.3* For all these resistance situations, type-Il inhibitors
that bind to the inactive kinase conformation might be more
effective.

TYPE-II INHIBITORS

Type-Il inhibitors recognize the inactive conformation of kinases
and bind to the ATP-binding pocket and to the extra ‘DFG-out’
pocket only accessible in the conformation of inactive kinases
(Figure 1). The so-called ‘DFG-out’ pocket is created by the DFG
phenylalanine adopting an ‘out’ conformation, which means that
its side chain is out of a hydrophobic spine found in the active
conformation (Figure 1). Using crystallographic data and a better
understanding of kinase regulation, the growing field of structure-
based drug design could identify this second class of kinase
inhibitors preferentially binding to the unphosphorylated inactive
conformation of the kinase. By exploiting supplementary binding
sites contiguous to the ATP-binding pocket (the DFG- pocket),
type-ll inhibitors can gain in specificity and hence in selectivity.>
Importantly, the extra pocket targeted by type-Il inhibitors is less
conserved within the kinome than the canonical ATP-binding
pocket, thus promising better selectivity of the compound and
minimizing adverse effects due to inhibition of unintended
kinases. This second generation of inhibitors prompted consider-
able interest for the treatment of Brc-Abl-positive CML after the
introduction of the earliest type-ll inhibitor, Imatinib (Gleevec,
STI-571). The solved structure of the Bcr-Abl co-crystallized with
Imatinib (PDB: 1IEP)*® actually served as a model for further type-Il
drug design.

To date, two compounds have been described to bind JAK2 in a
type-ll binding mode, namely NVP-BBT594 and subsequently NVP-
CHZ868 (Novartis; Figure 1). Strikingly, both drugs were described
to retain the capacity to inhibit persistence cells.>>**3” Andraos
and colleagues described that, in contrast to type-l inhibitors, the
type-Il inhibitor NVP-BBT594 stabilizes the inactive conformation
of JAK2, which results in an unphosphorylated activation loop
likely achieving a stronger inhibition.”® Moreover, this work
reported the first structure of the JAK2 kinase domain in its
inactive state by co-crystallization of JHT with NVP-BBT594, where
the DFG phenylalanine is moved by ~ 10 A from its position in the
active state (PDB: 3UGC; Figure 1). NVP-BBT594 recognizes
structurally distinctive regions within the kinase cleft compared
to type-l inhibitors such as Ruxolitinib (Figure 1). This atomic
structure will likely help the design of future type-Il inhibitors. The
dihydroindole NVP-BBT594 was originally developed as an
inhibitor of the Imatinib-resistant Bcr-Abl T315I allele,*® and was
later found to inhibit JAK2. However, it retains some limitations in
selectivity and its pharmacokinetic properties that render it
unsuitable for in vivo use>” For this reason, another type-Il
inhibitor was developed with improved physicochemical and
pharmacokinetic properties, NVP-CHZ868, which shows strong
efficacy against activated forms of JAK2 responsible for MPN
development. Two accompanying publications reported the effect
of NVP-CHZ868 in MPN>3 and in B-ALL®>” mouse models, showing
that NVP-CHZ868 suppresses signaling of transformed cells
resistant to type-l inhibitors and even displayed a significant
reduction of the allele burden in polycythemia vera and MF
murine models. NVP-CHZ868 exhibited selectivity for pathogenic
JAK2 activation against JAK2 WT activation and remarkably, it did
not only affect V617F-mediated but also the pathological-
persistent MPL W515L-mediated activation of JAK2 WT.3®> NVP-
CHZ868 is not a clinical candidate, but represents a first prototype
type-ll JAK2 inhibitor, that can be used in preclinical models to
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Ruxolitinib ' NVP-BBT594

Y913y B4 Hydrophobic pocket I NVP-BBT594

DFG-out pocket \\ \\/,'

DFG-in DFG-out

Figure 1. (@) Type-l binding mode. Ruxolitinib (shown is spheres) binding to the active conformation of JAK2 JH1 (PDB code: 3KRR*?) has been
modeled based on the co-crystal structure of Ruxolitinib bound Src (PDB: 4U5J%%). The aC is colored in blue and the activation loop, colored in
pink, adopts an open (active) conformation. D976 from the catalytic loop (HRD motif) colored in light blue is turned toward the active site.
F995 from the DFG motif, located at the outset of the activation loop, is colored in orange and adopts an ‘in’ position in the hydrophobic
regulatory s&)'ne depicted in green. (b). Type-ll binding mode. Ribbon diagram of the co-crystal structure of NVP-BBT594 bound JAK2 JH1
(PDB: 3UGC?®). The inhibitor is shown in spheres and binds JH1 that exhibits an activation loop in a closed (inactive) conformation (pink
dashed lines). D976 is turned outward of the active site, while F995 is translocated away from it original pocket and now resides ‘out’ of the
regulatory spine. (c). A regulatory hydrophobic spine is composed of a series of 4 hydrophobic residues from p4, aC, DFG and HRD. These
residues are only correctly aligned in the active conformation of kinases and that is stabilized by phosphorylation of the activation loop (left
panel). This so-called regulatory spine is bound to the C-lobe a helix F («F) via a conserved hydrogen bond between H974 and D1036 (dashed
line). F995 from the DFG occupies its pocket and is aligned in the spine in the active stat (DFG-in). In the inactive conformation (right panel),
the regulatory spine is ‘broken’ since F995 is moved away from its original position in the spine leaving the pocket (gray oval) empty. This DFG-
out pocket can now be occupied by type-Il inhibitors. (d). Schematic drawing of some important contacts specific of type-Il inhibitor binding
to kinase. Type-Il inhibitors, such as NVP-BBT594, usually present an amide or an urea group in the molecule that makes hydrogen bonding
with a conserved oC glutamate side chain and with the DFG aspartate backbone (blue dashed lines). D994 from the DFG motif makes a
hydrogen bond to the oxygen atom of the urea group of NVP-BBT594 via its backbone nitrogen atom. The pyrimidine group of NVP-BBT594
occupies the adenine site of the ATP-binding site (yellow) while the dihydroindole moiety occupies the adjacent hydrophobic pocket I
(purple) in opposition to the hydrophobic pocket | occupied by type-l inhibitors (not shown). The Tri-fluoro-methyl-phenyl and the
N-methylpiperazine occupy the DFG-out pocket (gray).

interrogate effects on disease of such effective inhibition. NVP- One JAK2 kinase domain mutation conferring resistance to
CHZ868 still exhibits off-target activity, for example, on VEGF type-ll inhibitors, L884P, was isolated by a mutagenesis approach
receptor tyrosine kinase and further medicinal chemistry efforts conducted with the B-ALL-associated JAK2 R683G mutant, and
will be necessary to bring this molecule to clinical development. was found to prevent inhibition by NVP-CHZ868.3” This mutation
Recently, virtual screens and optimization efforts have been is thought to disorganize the hydrophobic network regulating
reported with respect to obtaining new type-Il JAK2 inhibitors.>® the shape of the ATP-binding cleft and to prevent binding of the

Leukemia (2017) 1-16 © 2017 Macmillan Publishers Limited, part of Springer Nature.



type-ll inhibitor by changing the position of the aC helix.
Interestingly, this mutation was also described as an activating
mutation in JAK2 and JAK3 (L857P).3”*° This mutation appears to
intrinsically activate JH1, as it does not require receptor
activation.*® Thus, the mutation obstructs the type-ll inhibitor-
binding pocket, and stabilizes the active state of the kinase.

Even though type-ll inhibitors can provide better inhibition
efficiency, they cannot discriminate between wild-type and the
mutant forms.

ALLOSTERIC INHIBITORS

Allosteric inhibitors can present significant advantages compared
to ATP-site binders. An allosteric site is defined as a region distinct
from the kinase active site and where ligand binding can either
positively or negatively regulate the enzyme activity.*' This holds
the potential of higher selectivity because every kinase possesses
specific regulatory mechanisms. Moreover, targeting regions
outside of the ATP-binding site will allow the development of
compounds with different and improved physicochemical
properties.*? Another asset of allosteric inhibitors would be the
possibility to overcome drug resistance by targeting two different
sites in combination, as drug resistance usually emerges when
mutfstions arise to prevent the compound from binding to one
site.

Indirect targeting of the catalytic function of kinases has already
been investigated for some kinases. For instance, the compound
GNF-2 was shown to inhibit Bcr-Abl by binding to the C-terminal
myristoyl pocket of Abl kinase domain.**

Allosteric inhibitors that are defined as molecules binding to a
region on the kinase that does not overlap with the ATP-binding
site are also referred as type-lll inhibitors** (Table 2, Figure 2 and
Supplementary Table S2). To date, no such molecules have been
clearly identified for JAK2. Two molecules, LS104 and ON044580
were described as allosteric inhibitors of JAK2**™* and demon-
strated inhibitory activity against native JAK2 and JAK2 V617F.
However, their allosteric mechanism was never confirmed, and
their development was not continued. At present, structural and
mechanistic studies*®~" indicate that allosteric inhibition of JAK2

Rethinking JAK2 inhibition
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could be achieved by targeting other domains of JAK2, distinct
from the kinase domain. This new class of compounds, sometimes
referred as type-IV inhibitors*® (Table 2 and Figure 2), could be
possibly developed in order to achieve JAK2 V617F-specific
inhibition.

Targeting the pseudokinase ATP-binding site

JAKs are intriguing proteins, as they possess both a pseudokinase
and an active kinase domain in their C-terminal part (Figure 3).
Together with GCN2 (general control nonderepressible-2), they
are the unique proteins to share this feature within the kinome.
The pseudokinase domain (JH2) exhibits important regulatory
functions in JAKs, playing key roles in both activation and
inhibition of the kinase domain.”>™>* An inhibitory function of the
JH2 domain in JAKs was indicated by early studies and by recent
molecular dynamic simulation (for JAK2), and structural X-ray
structure determination (for TYK2).>>*® The lab of S Hubbard
solved for the first time the atomic details of JH2 in both WT- and
V617F-mutated forms and found that it adopts a typical protein
kinase fold.>” Interestingly, JH2 was shown to bind ATP% in a non-
canonical manner;”” however, the high-affinity binding and weak
hydrolysis of ATP implies a structural rather than catalytic role of
JH2 nucleotide binding>® Indeed, ATP seems to act as a
pseudokinase stabilizer through which it mediates auto-
inhibition in the absence of stimulation.

Results from structure-guided mutagenesis and biochemical
studies indicate that ATP binding to JH2 is critical for hyperactivity
of JAK2 mutants, and apparently to a lesser extent for the activity
of JAK2 WT*° Hence, abrogating ATP binding on JH2 with the use
of nucleotide mimicking compounds might be a good approach
in order to achieve mutant-specific inhibition. JAK2 V617F appears
to be essential in amplifying clonal MPN stem and early progenitor
cells.> Specifically targeting JAK2 V617F could potentially have a
profound effect on the MPN clones and its progeny while sparing
the cells with wild-type JAK2. Moreover, the same would be
predicted for MPNs with TpoR W515 mutations.®°

To our knowledge, no ATP competitors were discovered to bind
JH2 and modulate the activity of JAK2, but the pseudokinase

Table 2. The different types of kinase inhibitors

Type? Description

Examples

Type -I

facing into the active site (illustrated in Figure 2a).

Type-lI

Type-lll

Type-IV

partners of the kinase (illustrated in Figure 2e).

ATP competitive. Reversible. Bind to the ATP-binding pocket. Target the active conformation or
‘DFG-in" conformation where the Phe is in the hydrophobic regulatory spine and the HRD Asp is

ATP competitive. Reversible. Bind to the ATP-binding pocket and the DFG pocket. Target the
inactive conformation or ‘DFG-out’ conformation where the Phe is out of the regulatory spine and
the HRD Asp is extending outward from the active site (illustrated in Figure 2b).

Reversible. Bind exclusively to an allosteric pocket, located on the kinase domain, close to the ATP-
binding pocket but does not overlap it (illustrated in Figure 2c).

Reversible. These inhibitors are truly allosteric inhibitors that bind exclusively to an allosteric
pocket, distant of the ATP-binding pocket (illustrated in Figure 2d).
These molecules can also bind to other domains of the target protein or to other interaction

Ruxolitinib (JAK2)

Imatinib (BCR-ABL), NVP-
CHZ868 (JAK2), NVP-
BBT594 (JAK2)

PD184352 (MEK)

GNF-2 (BCR-ABL)

Type-V

Covalent

Reversible. These molecules are bivalent inhibitors that bind to two distinct sites on the target
kinase protein. Composed of an ATP competitor molecule connected to a ligand that targets a
region remote from the active site.

Bind irreversibly to the kinase active site by reacting with a highly reactive nucleophilic residue,
usually a cysteine residue, located in the ATP-binding site.

Bivalent inhibitors (c-Src)

Neratinib (HER2)
Ibrutinib (BTK)

A fifth group includes bivalent inhibitors that use a combination of one or more of the four preceding binding modes. (See Supplementary Table S2 for
complete list of references). “The common reversible inhibitors are classified in four different groups from I to IV (illustrated in Figure 2).

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Virtual Drug — \‘

Figure 2.

Virtual Drug

The common reversible inhibitors. The common reversible inhibitors can be classified in four different groups and are represented

here. The target kinase is represented with ribbon diagram and transparent surface. The activation loop is represented in red. The numbering

from a-e. corresponds to the description in Table 2.

domains of TYK2 and JAK1 have been described to bind such
compounds.®"®? In addition, a co-crystal structure of TYK2 JH2
with a pyrazine compound confirmed that the non-canonical ATP-
binding pocket of the pseudokinase domain is actually accessible
to ATP competitors,®> but whether this would lead to inhibition
has to be clarified. Tokarski and colleagues provided the first
evidence that signaling inhibition can be reached by pharmaco-
logically targeting of TYK2 JH2.5' It is not clear whether this
approach could be translated to the other JAK family members,
especially JAK2.

The latter functions in homodimeric receptor complexes,also
contains two unique autoinhibitory phosphorylation sites, namely
$523 and Y570.°® As abrogating auto-phosphorylation sites in JH2
lead to weak basal activation of the JAK2 kinase domain,*® JH2
targeting could also raise the basal kinase level constitutively
while inhibiting mutant JAKs. The development of JH2 binders,
along with our increasing comprehension of the mechanistic role
of JH2 might bring new inhibition strategies for JAK2.

Targeting specific allosteric sites involved in V617F activation
mechanism

The V617F mutation is located in the loop connecting B4—(35
strand in the N-lobe of JH2 (Figure 3). It induces activation of the
kinase domain of JAK2, so in one sense itself is an allosteric
regulator of the JH1 kinase domain. Guided by the discovery that
a large hydrophobic residue was required at position 617 to cause
JAK2 activation®® and inspection of available kinase structures, it
was suggested that F617 could interact with the middle aC helix
phenylalanines, F545 and F595. It was established that these two
residues are necessary for the activation by V617F and suggested
that the three aromatic residues are involved in a m—m stacking
interaction, which impact the conformation of the aC helix of

Leukemia (2017) 1-16

JH2.*® This change of conformation was visualized by the X-ray
crystal structure of the pseudokinase domain containing V617F.>’
Small molecules able to disrupt the m—m stacking interaction that
only exist in the mutant conformation would represent a valuable
approach in order to achieve mutant-specific inhibition.

Another key element of V617F-mediated activation is an
absolute requirement for the negative charge on the face of helix
C opposite to F594/F595, and facing JH1 and the SH2-JH2 linker.”'
Reversing the charge of this face or of one residue, E596, via an
E596R/K mutation, restores wild-type phenotype to JAK2, namely
absent constitutive activity and normal response to cytokine
stimulation. Further studies indicated that V617F activates JAK2
through a community of residues across JAK2 (JH2 helix C F595-
E596; SH2-JH2 linker F537, JH2 N-lobe E543-D569-Y570 arriving at
JH1 K883 and K857). Mutation of any residue in the circuit
activates JAK2, and this can be prevented by an E596R mutation,
like for V617F. Identical circuits exist for active JAKT and TYK2
homologous mutants. Small molecules interfering with the
aromatic m—m stacking or neutralizing the charge at 596, or the
face containing it should be explored.

V617F was shown to induce a rearrangement of the SH2-JH2
linker (Figure 3), repositioning the highly conserved linker residue
F537.% F537 was found to be necessary for the hyperactivity of
V617F,*° but not for physiological JAK2 function.®' Yet, targeting
this linker appears difficult due to its flexibility and potential to
induce activation of JAK2.49>1-2363

Potential new allosteric sites in the mutant JAK2 V617F are
summarized in Figure 3. Whether these regions correspond to
druggable pockets on the protein surface still has to be
investigated. Future efforts will focus these allosteric sites and
the development of compounds able to shift the regulatory
interactions toward auto-inhibition in the case of mutant JAK2.

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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SH2/JH2 Linker

Figure 3.

Active Site

JAK2 structures and the possible allosteric sites. (a). Representation of the primary domain structure of JAK2 that is composed, from

N-term to C-term, of a FERM domain, a SH2-like domain, a pseudokinase domain (JH2) and a kinase domain (JH1) from N-term to C-term. JH1
and JH2 are composed of a N-terminal smaller lobe mainly composed of p sheets and C-terminal larger lobe mainly helical. The activating
mutation V617F is located in the smaller N-lobe of JH2. (b). The N-term lobe of JH2 is shown in blue ribbon diagram (PDB code: 4FVR*’). The
oC is shown in orange. The three possible allosteric sites of JH2 are represented by sticks and surface in three different colors. The first
allosteric site, shown in gray, is the region around F537 located on the SH2/JH2 linker. The second one, shown in pink, is the phenylalanine
triad maintained by an aromatic stacking. F594 and F595 from the «C interact with V617F located in the p4-f5 turn. A third possible site,
shown in yellow, is the glutamate 596 located on the opposite face of aC than F594 and F595. The side chain position of E596 and F537 were

artificially modeled on the structure.

COVALENT INHIBITORS

Another class of inhibitors has been designed by structure-guided
integration of an electrophilic moiety into compounds already
possessing certain binding affinity for the kinase (Table 2, Figure 2
and Supplementary Table S2). These covalent inhibitors are
usually developed to target a nucleophilic cysteine lying in the
active site of the kinase, where it will irreversibly bind through the
formation of a covalent bond.®® Although cysteine residues are
not conserved in kinase active sites, some kinases serendipitously
possess this residue in or around their ATP-binding site. In fact,
there are 211 kinases that have at least one cysteine residue in
their ATP-binding site disseminated in 27 positions.®”

JAK3 kinase domain possesses a unique cysteine in its active
site, C909, which has been exploited by covalent inhibitor for
specific targeting.%®%° This cysteine is shared by 11 kinases such as
EGFR, HER2, HER3 or BTK, and was previously used for covalent
inhibitors development guided against EGFR (Neratinib, HIK-
-272),° which would easily justify its clinical development.
Although this cysteine is not conserved in the kinase domains
of the other JAK family members, the pseudokinase domains of
JAK1-2 and TYK2 share a cysteine around the ATP-binding site in
the pseudo-catalytic loop (at position 675 in JAK2; Figure 4). Of
note, this cysteine is also conserved in three other pseudokinases
SgK223/pragmin, SCYL1 and SCYL3,%” also able to bind ATP. The
co-crystal structure of TYK2 JH2 with a small-molecule inhibitor®®
showed the proximity of the inhibitor piperidine group with the
cysteine 736 (homologous to C675 in JAK2), suggesting that an
electrophilic moiety added at this position would potentially react

© 2017 Macmillan Publishers Limited, part of Springer Nature.

with the cysteine (Figure 4). The accessibility to the cysteine thiol
group lying in JAKs JH2 should be examined. Finally, a
combination of JH2 covalent inhibitors and JH1 classical inhibitors
could possibly achieve higher specificity and potency. Hitting the
target kinase from two angles might show better potency, as it
was already demonstrated for BCR-ABL with the combination of
the allosteric inhibitor GCN2 and the ATP competitor Nilotinib.”’

TUNING JAK2 SIGNALING FROM THE OUTSIDE

Cytokine receptors serve as scaffolds for JAK2 molecules and thus,
are necessary for signaling. Receptors and JAKs are believed to
form functional units (Figure 5). JAK2 V617F-driven transformation
necessarily requires homodimeric cytokine receptors such as EpoR
or TpoR.”*”3 Orientation-specific signaling has been demonstrated
for TpoR”*”> and EpoR,”® where inactive and active conformations
of the dimeric receptors could be determined. However, in
contrast to JAK2 WT, JAK2 V617F can signal regardless of the
orientation imposed by the upstream receptor.*® This assumes
that larger changes of the receptor dimer topology might be
required to efficiently reduce activated JAK2 signaling. The team
of KC Garcia used diabodies (small recombinant bispecific
antibody-derived fragments) to neutralize EpoR/JAK2 V617F
ligand-independent signaling.”” These substitute ligands can
reorient the receptor-JAK2 complex geometry in an inactive
conformation, presumably by imposing a physical separation
between the two JAK2 molecules large enough to prevent trans-
phosphorylation of the cytosolic kinases.
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pyrazine

TYK2 C736

JAK2 671 HG AKN 678 .. 933 PYGSLRDY 940
JAK1 712 HG KN 719 .. 960 PSGSLKEY 967
TYK2 732 HG] RN 739 ... 982 PLGSLRDY 989
JAK3 645 HGNVSARK 652 ... 906 PSGCLRDF 913
L J L J
JH2 JH1

Figure 4. Possible strategy for the development of covalent allosteric inhibitors. Shown in the main panel is the co-crystal structure of TYK2-
JH2 (cgan ribbon and surface) bound to a ligand that contains pyrazine (pink) and piperidine (orange) moieties linked by an ether group (PDB:
5C01°%). A cysteine residue colored as orange stick, C736, is located in the ATP-binding region of TYK2-JH2 not far from the piperidine moiety
of the compound. Modification of the piperidine group can potentially lead to covalent binding to C736. This cysteine residue is conserved in
the pseudokinase domains of JAK1 and JAK2 but not JAK3; see sequence alignment. The small square represents the structural alignment of
TYK2-JH2, JAK2-JH2 and JAK1-JH2 that highlights the conserved position of this cysteine residue. While JAK3 does not carry this cysteine in

JH2, it possess a unique cysteine in its JH1 active site used for the development of specific JAK3 covalent inhibitors.

Aside from the inter-subunit distance within dimers, it appears
that JAK2 V617F is free to signal whatever receptor dimeric
geometry is imposed to EpoR.*® Thus, rotation alone will not
suffice, in contrast to inducing separation of dimers.””

TARGETING CYTOKINE RECEPTOR-JAK2 INTERACTION

Receptor-JAK2 interactions are crucial for cytokine signaling, in
that cytokine binding to the extracellular receptor domains
transmits a conformational change to the cytosolic domain, and
to the JAK2 molecules that are attached to this region. The two
JAK2 molecules, if correctly oriented, will trans-phosphorylate
each other to become fully active and then phosphorylate
tyrosine residues of the receptor tails that will provide binding
sites for STATs and other signaling molecules. JAK2 contains in its
N-terminal end a FERM domain (four-point-one/ezrin/radixin/
moesin) and a pseudo SH2 domain (Figure 3). This FERM-SH2
segment mediates non-covalent interactions with the receptor
cytosolic tail.”®”° Cytokine receptors possess specific motifs, the

Leukemia (2017) 1-16

membrane proximal Pro-rich box1 and the downstream hydro-
phobic box2, which are required for these interactions. The FERM
domain is also crucial for discriminating between the large
repertoires of cell surface cytokine receptors.®>53 Interestingly,
the FERM domain was shown to positively regulate JAK2 V617F,*
while negatively regulating JAK2 WT.2> Thus, targeting the specific
receptor-JAK2 interface has always been a tantalizing approach.
Lack of structural information has hindered this quest.

Due to the advances made by the group of P. Lupardus, the first
structural understanding of JAK-cytokine receptor recognition
could be provided, where tandem FERM and SH2 domains
participate in the binding interface with the receptor.”®”® In a
first study, the solved structure of TYK2 FERM-SH2 domain in
complex with the box2 of IFNR1 (IFNa receptor 1) revealed a
central and unexpected role of the atypical JAK SH2 domain in
receptor interaction.”® The SH2 domain binds to the receptor
around a glutamate residue in box2 that mimics the
phosphotyrosine-binding site for classical SH2 domains. In a
second study, structures of JAKT FERM-SH2 in complex with

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Cytokine

Receptor
(ECD)

cytoplasmic membrane

JAKs

Model of a cytokine receptor-JAK complex. The cytosolic domains of cytokine receptors and the two appended JAKs form functional

units that together, control and trigger signaling. Shown here is a model of the EpoR-JAK2 complex, where the two JAK2 molecules are
represented to scale the size of the receptor. Above the plasma membrane the crystal structure of extracellular domains of EpoR dimer bound
to Epo (PDB: 1EER,%*) is represented. Below the plasma membrane shown are ribbon diagrams of the crystal structure of JAK2-FERM-SH2 (PDB:
4732,% arbitrarily assembled to the JH2-JH1 coordinates derived from molecular dynamic simulations using JH1 (PDB: 3KRR) and JH2 (PDB:
4FVQ).>® The transmembrane domain of EpoR is shown (PDB: 2MXB®°). The molecular architecture of the intracellular domain of EpoR is not

known and is not represented here.

peptides derived from either IFN-A or IL-10 receptors were solved.
JAK1 principally binds to these receptors through a well-defined
box1, while box2 only stabilizes this interaction.”® Recently, the
structure of JAK2 FERM-SH2 was solved and identified potential
receptor-binding sites that might contribute to the specificity of
receptor engagement.®® The compatible topology between the
two structural models of TYK2 and JAK1 offers now a concrete
basis for the simultaneous binding of box1 and box2 of one
receptor to one JAK molecule.

These advances pave the way for the generation of small
molecules or therapeutics that would induce disruption of
receptor-JAK association in a specific manner. Indeed, exploring
targetable pockets around the defined interface between the
FERM-SH2 domain and the cytosolic receptor portions, avoiding
conserved/identical regions, could be an avenue for achieving
inhibition of specific receptor-JAK complexes. In addition these
structures explain why point mutations in the FERM domain exerted
such spectacular inhibitory effects on JAK function: mutations in

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Y114 in JAK2, or equivalents in other JAKs,*®"#” likely misfolded
the entire JAK FERM domain.

CONCLUSION

Current JAK2 inhibitors are type-l ATP competitors targeting the
ATP-pocket of the JH1 kinase. Using the major current structural
and biochemical advances, a number of new strategies are
available to obtain novel, more potent and more specific
inhibitors, and to overcome some of the major challenges of
JAK2 inhibition: i) to achieve potent catalytic inhibition without
off-target effects; ii) to reach a high degree of selectivity for JAK2
against the other JAKs; iii) to specifically or preferentially target
mutated forms against JAK2 WT, thus directly targeting the MPN
clone and sparing normal hematopoiesis; iv) to specifically disrupt
JAK2 function in defined cytokine receptor complexes. We believe
that this selectivity could be achieved by developing allosteric
inhibitors targeting sites outside of the active site. JAK2 activity is
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controlled through diverse levels of regulation across its different
protein domains and through the receptors, which offers several
possible drug-targetable sites. Taking advantage of the non-
catalytic domains of kinases, which play other roles and are less
conserved within the kinome, may offer attractive avenues to
improve specificity.

Since JAK2 activation by the pseudokinase V617F mutation
seems to be mediated through a community of specific residues
across JAK2,>' exploiting these interactions has the potential to
yield drugs with specificity against mutant JAK2 exclusively. All the
results for JAK2 V617F could be validated also for JAKT and TYK2
homologous mutants, suggesting results obtained with JAK2
should be transferrable to activating mutants of JAK1 and TYK2.

The therapeutic potential of JAK2 inhibitors has emerged
throughout the past decade in MPNs,2® autoimmune diseases,®
and possibly solid tumors.”>" In that sense JAKs are in a situation
comparable to EGF receptors several years ago for a variety of
pathologies.
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