
The Recent Medicinal Chemistry Development of Jak2 Tyrosine
Kinase Small Molecule Inhibitors

Rebekah Baskin, Anurima Majumder, and Peter P. Sayeski*
Department of Physiology and Functional Genomics, University of Florida College of Medicine,
Gainesville, FL 32610, USA

Abstract
Since the discovery of the Jak2-V617F mutation as the causative agent in a large number of
myeloproliferative neoplasms (MPNs), there has been a drive to develop Jak2 specific inhibitors
that can be used in therapy for MPN patients and other Jak2-related pathologies. Over the past few
years, a number of research groups have sought to develop Jak2 tyrosine kinase inhibitors. These
compounds are currently in pre-clinical or clinical trials. Unfortunately, there is still a need for
more potent, specific, and orally bioavailable drugs to treat these diseases. Within the past twelve
months, a variety of medicinal chemistry techniques have produced several lead compounds that
exhibit promising Jak2 inhibitory properties. The majority of these inhibitors target the Jak2
kinase domain in general and the ATP-binding pocket in particular. In this review, we summarize
these studies and discuss the structure activity relationship (SAR) properties of several
compounds. As we learn more about the key structural components that provide potency and
specificity in Jak2 inhibition, we will come closer to finding suitable treatment options for
individuals suffering from Jak2-mediated pathologies.
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Introduction
Jak2, a member of the Janus family of cytoplasmic tyrosine kinases, is ubiquitously
expressed and plays a key role in signal transduction. Jak2 is activated by a variety of
cytokines, growth factors, and GPCR ligands and mediates signaling cascades that regulate
cell survival, proliferation, and development. Jak2 activates the Signal Transducers and
Activators of Transcription (STAT) proteins, which then translocate to the nucleus to
activate transcription of various target genes. Constitutive activation of Jak-STAT signaling
promotes aberrant cell proliferation and is linked to hematological malignancies and
myeloproliferative neoplasms (MPNs). To date, there are very few treatment options for
patients suffering from these diseases. Because of its role in the pathogenesis of human
disease, Jak2 serves as a viable therapeutic target.

Interestingly, the history of Jak2 tyrosine kinase inhibitors extends back nearly two decades.
The first Jak2 inhibitor to be developed was tyrphostin AG490. It was initially found to
inhibit type I Fc epsilon receptor-induced PLC gamma 1 phosphorylation and ensuing
inositol phosphate formation [1]. Subsequent work demonstrated that AG490 also inhibited
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Jak2 tyrosine kinase activity and blocked acute lymphoblastic leukemic cell growth, in vitro
and in vivo [2]. While this later work underscored the importance of small molecules in the
inhibition of Jak2-mediated disease, it simultaneously called attention to the non-specific
nature of AG490. As a consequence, several derivative compounds of AG490 were
developed with the hope of making a more potent and/or specific Jak2 inhibitor [3, 4, 5].
While the progress of Jak2 inhibitors moved along at a reasonable pace, the field began
growing more rapidly in 2005 when the Jak2-V617F mutation was identified in a large
percentage of myeloproliferative neoplasm patients [6, 7, 8, 9, 10].

Using techniques such as library screening, molecular docking, fragment-based drug
discovery, scaffold morphing, and derivatization of lead compounds, numerous laboratories
have developed Jak2 inhibitors. The majority of these inhibitors target the ATP-binding
pocket within the Jak2 kinase domain (JH1). These compounds belong to several different
structural classes including pyrazines, pyrimidines, azaindoles, aminoindazoles,
deazapurines, stilbenes, benzoxazoles and quinoxalines. Through structure-based
optimization, a number of functional groups have been identified that play crucial roles in
potent and specific Jak2 inhibition. This review summarizes some of the most recently
discovered inhibitors and discusses their structure activity relationships (SARs). The
structures and properties of selected compounds are shown in Table 1.

Derivatization of AG490
AG490 was originally synthesized within a series of tyrosine kinase inhibitors that were
shown to block EGF receptor activity and therefore was not designed to selectively inhibit
Jak2. However, given its potent anti-tyrosine kinase activity, it was used as a starting point
for the possible development of Jak2-specific inhibitors. Several research groups have
synthesized derivatives of AG490 and a number of these have shown increased Jak2 potency
and/or specificity over the parent compound. In one study, a library of 599 AG490
derivatives was screened and two compounds containing trifluoromethyl groups were shown
to have improved activity against IL3- and IL7-dependent cell lines [3]. Specifically, the
compound 5H4 showed an approximate twofold increase in potency as determined by cell
proliferation assays.

In another study, the AG490 derivative WP1066 was shown to inhibit STAT3 activity and
induce apoptosis in malignant glioma cells [4]. This compound also inhibited Jak2-
dependent cell growth and led to degradation of the protein in AML cells [5]. WP1066 had
highly improved potency and specificity for Jak2 over AG490, but the specific binding of
this compound to the protein was never demonstrated, therefore raising the question of
whether the inhibitory effects of WP1066 are perhaps independent of Jak2. Interestingly, a
compound known as CR4 or LS104, which is structurally similar to AG490, has been shown
to be a non-ATP competitive inhibitor of Jak2 [11]. This compound is active against both
Philadelphia-positive and -negative ALL cells as well as AML cells [12].

Using in silico molecular modeling, one group docked AG490 into the Jak2 ATP-binding
site, but no specific amino acid interactions were reported [13]. Because of its structural
similarity to LS104, it is possible that AG490 may also be a non-ATP-competitive inhibitor.
Overall, the derivatization of AG490 demonstrates the proof-of-principle use of structure-
based optimization of lead compounds for the intent purpose of identifying novel Jak2
inhibitors. The following sections outline the discovery of new generation Jak2 inhibitors
through the use of this technique in combination with more advanced methodologies.
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Pyrimidines
Vertex Pharmaceuticals recently developed several Jak2 small molecule inhibitors with an
aminopyrazolopyrimidine (APP) core. The initial compound of interest contained the APP
core attached to a piperidine carboxamide, which was further optimized to produce four
potent compounds, named 40, 44, 45, and 46. The APP structure was shown to interact with
the hinge region of Jak2 through hydrogen bonds with both the carbonyl and the NH
backbone of Leu932. Through X-ray crystallography, compound 40 was also shown to have
a unique interaction with Gly993. The unique hydrogen bond was achieved by changing the
piperidine carboxamide group to a 4-fluoro-benzylic amine [14]. This work shows that
interactions with both the hinge region and amino acids near the DFG motif provide high
potency and specificity for Jak2 inhibition. In this case, structure-based optimization
techniques led to the development of compounds with novel Jak2 binding properties.

Cytopia identified a group of Jak2 inhibitors containing a phenylaminopyrimidine (PAP)
core. Molecular docking of one of the most effective compounds into the Jak2 ATP-binding
site revealed potential hydrogen-bonding interactions with Leu932 in the hinge region and
with Asp994 in the activation loop. Manipulation of the structure led to a potent compound
known as CYT387, which contained a cyanomethylamide in the para position on the 4-
phenyl group [15]. These modifications may have enhanced the interaction with Asp994 due
to the presence of the nitrile group. Additionally, the pyrimidine ring may have been shifted
closer to Leu932, since the added group is larger than the original substituent. While
CYT387 had a high inhibitory potential against Jak2, it was also found to be a potent
inhibitor of Jak1 using in vitro based assays [16].

Azaindoles and Deazapurines
The previously mentioned Vertex Pharmaceuticals research group also identified a number
of potent compounds with azaindole or deazapurine cores. These types of structures bind to
the Jak2 hinge region (Glu930 and Leu932) and are present in some additional Jak2
inhibitors such as CP-690550. In the most recent studies, ring-fused 7-azaindoles or
deazapurines were synthesized and structurally optimized. The most effective molecules
from these experiments contained fluorinated para-hydroxy phenyl substituents.
Specifically, compound 15a was shown to form hydrogen bonds with Leu932, Glu930,
Glu898, and the backbone NH of Phe995 [17]. In a separate publication, this group
described the synthesis of a very similar compound that showed many of the same
interactions, with an additional hydrogen bond to the backbone NH of Asp994 [18]. In these
studies, the significance of the phenolic hydroxide is highlighted, because it interacts with
both Glu898 and Phe995.

Pyrazines
In 2008, a research group at Astra Zeneca developed the Jak2 inhibitor AZ960, a pyrazolo
nicotinonitrile with a Jak2 IC50 of < 3 nM [19]. In 2009, the same group developed a series
of compounds that contained the hinge binding pyrazol-3-yl amine from AZ960 along with a
pyrazine core structure. Optimization led to two compounds, 7c and 7h, which showed Jak2
inhibition with IC50 values similar to that of AZ960 [20]. Subsequent alterations of the
hinge binding group led to the development of several compounds containing a thiazol-2-yl
amine. These compounds were shown to be as effective as the previous analogs, indicating
that the thiazol-2-yl amine could successfully replace the pyrazol-3-yl amine group.
Additionally, the pyrazine core was subsequently replaced with a pyrimidine and similar
Jak2 IC50 values were achieved [21]. While this work identified a novel structural class of
Jak2 inhibitors, it did not identify the sites of physical interaction with Jak2.
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Aminoindazoles
A group at SGX Pharmaceuticals recently developed a series of Jak2 inhibitors through
fragment-based drug discovery and structure-based optimization. An initial hit was a 5-
bromoaminoindazole that showed hydrogen bonding to Leu932 and Glu930. Replacing
bromine with a 5-phenyl substituent led to a 25-fold increase in potency. Further
modifications led to compound 13, which contains a 4-tert-butyl sulfonamide attached to the
5-phenyl group. Compound 13 was co-crystallized with Jak2 and the sulfonamide oxygen
was found to interact with Asn981 through a water-bridged hydrogen bond [22].

Stilbenes
Through structure-based in silico screening, our laboratory identified a novel Jak2 inhibitor
with a stilbene core. This compound, known as G6, forms hydrogen bonds with Leu932 and
Glu930 and forms a salt bridge with Asp994 [23]. Our group was one of the first to show
that Asp994 could be a significant point of interaction for Jak2 inhibition beyond the
established hydrophobic interactions with the hinge region of Jak2. We have demonstrated
that the stilbene structure is essential for the activity of G6, as non-stilbenoid derivatives
show a reduction in Jak2 inhibition in vitro and bind the protein less efficiently in silico
(unpublished data).

Benzoxazoles and Quinoxalines
Very recently, Novartis developed a series of benzoxazole Jak2 inhibitors through scaffold
morphing and structural optimization. The series was based on a pyrrolopyrimidine
derivative, in which substitutions were made at positions 2 and 7 to improve potency and
specificity. It was found that increasing Jak2 inhibition was accompanied by increased
inhibition of other Jak proteins, but some degree of selectivity for Jak2 still remained. One
of the best compounds of the series, compound 15, was shown to have high oral
bioavailability in rats, but so far the molecular interactions of this inhibitor with Jak2 have
not been characterized [24].

In a separate publication, this group reports the docking of benzoxazole and quinoxaline
compounds into the Jak2 ATP-binding pocket [25]. Compound 1 forms two hydrogen bonds
with the backbone of Leu932 and forms hydrophobic interactions with Val911, Gly993 and
Met929 and with Val863 in the P-loop. Compound 2, a benzoxazole, mimicked these
interactions very well. Additionally, scaffold morphing led to the development of the
quinoxaline 4, which forms a nonconventional pseudo hydrogen bond with Leu932.
Compound 4 was designed to mimic the hydrogen bonding of compound 3, another
benzoxazole [25].

Summary, Significance, and Future Directions
Jak2 inhibition can be achieved through a variety of small molecule structures, as shown by
the wide range of compounds that have been developed. A common feature of several of
these compounds is binding to both the hinge region and the activation loop of Jak2. It is
important for an inhibitor to have multiple points of contact within the binding pocket in
order to achieve greater potency and/or specificity. The SAR properties of these compounds
demonstrate that each has specific advantages.

The pyrimidine compound 40 has a unique hydrogen bond with Gly993 because of the
presence of a 4-fluoro-benzylic amine. This unique bond is expected to provide an extra
degree of specificity for Jak2, because Jak3 contains an Ala residue at this position [14].
Because many kinase ATP-binding pockets are highly homologous, it can often be difficult
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to obtain a high degree of specificity. Therefore, developing more compounds that
specifically interact with Gly993 could be very useful for targeting Jak2.

Compound 9 has a phenolic hydroxide component that interacts with both Glu898 and
Phe995 [18]. This unique interaction highlights the significance of the location of hydroxyl
groups within an inhibitor. Another interesting characteristic of the azaindoles and
deazapurines is the presence of 7- or 8-membered rings in the core structure. These ring
constraints allow for strategic positioning of reactive groups within the binding pocket. This
type of structure in combination with phenol groups could be further utilized in Jak2
inhibitory compounds.

Our research group has demonstrated that the stilbene core is a crucial element in G6-
mediated inhibition of Jak2 [23]. Through modifications of the stilbene structure, we have
found that manipulating the position of the hydroxyls and the size of amine groups has a
significant impact on Jak2 inhibitory activity (unpublished data).

The aminoindazole 13 [22] is very interesting because it has a low Jak2 IC50 and was
created through a fragment-based design scheme, after relatively few modifications were
made to the initial fragment hit. This indicates that fragment-based discovery is indeed a
valuable tool for designing Jak2 inhibitors, and could potentially be used to design
compounds that interact with the critical amino acids within the binding pocket.

It is well known that the use of fluorinated substituents can often improve the potency of
small molecule drugs. This technique does not usually improve the specificity of a drug, but
can be used in combination with other modifications. Several of the studies discussed here
take advantage of this technique, including those involving pyrazine compounds [20, 21]. It
would be interesting to see docking or crystal structures of the pyrazine compounds in
complex with Jak2. These would be expected to bind the hinge region because they were
designed from a hinge-binding motif, and would likely have additional interactions similar
to those formed by many of the other structures.

The benzoxazole and quinoxaline compounds have some interesting features, such as the
pseudo hydrogen bond formed by compound 4 [25]. These studies introduce the concept of
scaffold morphing as a means of developing Jak2 inhibitors and indicate that taking
advantage of pseudo hydrogen bonding may be a practical consideration in future design
schemes.

In summary, many structurally distinct Jak2 inhibitors have been developed recently through
a wide variety of techniques. It would be difficult to state that any one class of compounds is
the most effective, but each type discussed here may have potential for use in future clinical
applications. The specificity and potency of Jak2 inhibitors is improving at a considerable
rate, but many of the new inhibitors still need to be tested for their in vivo efficacy and
toxicity. Future development of novel Jak2 inhibitors could certainly take advantage of the
techniques applied in these studies, perhaps by combining multiple strategies. With the
variety of structures that are available as starting points, it is possible that minor
modifications could have major effects on activity.
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Table 1

Structures and characteristics of recently developed Jak2 inhibitors. All IC50 values were determined by in
vitro kinase assays.

Name Structure Jak2 IC50 (nM) Jak2 H-bond Interactions Reference

40 0.2 Leu932, Gly993 [14]

45 0.5 N/A [14]

CYT387 18 Precursor compound: Leu932, Asp994 [15]

15a 0.8 Leu932, Glu930, Glu898, Phe995 [17]

9 1.0 Leu932, Glu930, Asp994, Phe995, Glu898 [18]

7c <3.0 N/A [20]

7h <3.0 N/A [20]

7b 5 N/A [21]
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Name Structure Jak2 IC50 (nM) Jak2 H-bond Interactions Reference

13 78 Glu930, Leu932, Asn981 [22]

G6 60 Glu930, Leu932 [23]

15 5 N/A [24]

3 12 Leu932 [25]

4 42 Leu932 [25]
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