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Abstract

The four JAKS comprise a family of intracellular, non-receptor tyrosine kinases that first gained
attention as signaling mediators of the type | and type Il cytokine receptors. Subsequently, the
JAKSs were found to be involved in signaling downstream of the insulin receptor, a number of
receptor tyrosine kinases, and certain G-protein coupled receptors. Although a number of
cytoplasmic targets for the JAKSs have been identified, their predominant action was found to be
the phosphorylation and activation of the STAT transcription factors. Through the STATS, the
JAKs activate gene expression linked to cellular stress, proliferation, and differentiation. The
JAKs are especially important in haematopoiesis, inflammation, and immunity, and aberrant JAK
activity has been implicated in a number of disorders including rheumatoid arthritis, psoriasis,
polycythemia vera, and myeloproliferative diseases. Although once thought to reside strictly in the
cytoplasm, recent evidence shows that JAK1 and JAK2 are present in the nucleus of certain cells
often under conditions associated with high rates of cell growth. Nuclear JAKs have now been
shown to affect gene expression by activating other transcription factors besides the STATs and
exerting epigenetic actions, for example, by phosphorylating histone H3. The latter action
derepresses global gene expression and has been implicated in leukemogenesis. Nuclear JAKs
may have a role as well in stem cell biology. Here we describe recent developments in
understanding the noncanonical nuclear actions of JAK1 and JAK?2.

Introduction

The JAK family of intracellular nonreceptor tyrosine kinases consists of 4 mammalian
members, JAK1, JAK2, JAK3, and TYK2. While the other JAKs are ubiquitously
expressed, JAK3 is primarily restricted to hematopoietic cells and is functionally associated
only with cytokine receptors that use the common gamma chain (1). There is no normal
functional role for JAK3 outside of the immune system. The JAKSs are critical signaling
components of the type I and type Il cytokine receptor families, as well as insulin signaling,
a number of receptor tyrosine kinases (e.g., epidermal growth factor receptor), and certain
G-protein coupled receptors (2). As such the JAKs play key roles in a wide-variety of
cellular responses important for inflammation, growth, regulation of metabolism, and
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contractility that involve both short-lived phosphorylation events, as well as gene
transcription (1,3). The latter is most notably mediated by their recruitment and activation of
the STAT (Signal Transducers and Activators of Transcription) protein family of
transcription factors, which might be considered the canonical action of the JAKSs.

Until recently, the involvement of the JAKSs in gene expression was assumed to be restricted
to their role as activators of the STATS, which was thought to occur in the cytoplasm.
However, over the last several years, numerous studies have established the presence of the
JAKSs within the nucleus and have provided evidence that these kinases phosphorylate not
only other transcription factors besides the STATS, but that the JAKSs (at least JAK1 and
JAK?2) function as epigenetic regulators of gene expression. Emerging evidence indicates
that the latter noncanonical role may be of particular significance under physiological and
pathological conditions of heightened cellular growth.

JAKs are comprised of 4 major functional domains (1). Closest to the amino terminal is the
FERM (band 4.1, ezrin, radixin, and moesin domain) domain, followed by an SH2 domain,
a pseudokinase domain, and a kinase domain at the carboxyl terminal. The pseudokinase
domain has a role in regulating the catalytic activity of the kinase domain (1). The tandem
arrangement of the kinase and pseudokinase domains was reminiscent of the opposing faces
of the Roman god Janus, leading to the origin of JAKs as an abbreviation for Janus kinases
(4), although at first JAK was an acronym for Just Another Kinase (4,5).

Loss-of-function mutations in JAK1 or JAK2 are presumably lethal in humans based on
transgenic animal models, whereas such mutations in JAK3 or TYK2 result in primary
immunodeficiencies in humans. Humans with rare TYK2 deficiencies exhibit an
immunodeficiency syndrome that includes Hyper IgE Syndrome (HIES) and an increased
susceptibility to infections (6). Loss-of-function mutations in JAK3 can result in a broad
clinical spectrum of immune disorders (7), including Severe Combined Immunodeficiency
(SCID). Activating point mutations in the JAKs (JAK2 in particular) or chromosomal
translocations have been implicated in a number of inflammatory disorders and
hematopoietic malignancies (8-13). Somatic hyperactivating mutations in JAK1 were
identified in adult patients with acute lymphoblastic leukemia, and these mutations were
associated with significantly decreased survival outcomes (14). Perhaps the most prominent
activating mutation is the JAK2 VV617F missense mutation associated with a spectrum of
myeloproliferative disorders including essential thrombocythemia, polycythema vera, and
primary myelofibrosis (15), which has been the major focus of recent JAK-targeted drug
development efforts. Ruxolitinib (also known as INC424) is a JAK1/JAK2-selective
inhibitor drug currently in late-stage clinical trials for the treatment of myelofibrosis (16);
success of these trials has prompted the manufacturer to seek early a priority review from
the Food and Drug Administration for market approval. Other JAK-selective inhibitors, such
as the JAK3/JAK1-selective inhibitor tofacitinib (also known as CP-690,550), are
undergoing clinical evaluation as therapies for autoimmune diseases such as rheumatoid
arthritis (17,18) and psoriasis (19).

As far as substrate preference, the JAKs appear to be rather promiscuous compared to most
kinases (20,21). Evidence suggests that JAK1 and JAK2 may have both the same and
different substrates, which may be influenced as well by cell type. Besides the JAKs
themselves and cytosolic regions of various receptors, purported non-STAT targets of JAK1
and/or JAK2 phosphorylation, as well as the two other Janus kinases, include: Pyk2 (22),
cytosolic phospholipase A,(23), various non-receptor protein-tyrosine kinases (24-28), the
methyltransferase JBP1 (29), insulin receptor substrate (IRS)-1 and IRS-2 (30,31), RAF1
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(32,33), phosphatidylinositol 3-kinase p85, beta subunit (34), phospholipase Cvy (35), and
SH2-containing inositol 5”-phosphatase (SHIP/SHIP1) (36). The specific substrates that are
phosphorylated by the JAKs may be determined in no small part by scaffold proteins that
associate with JAKs and assemble multiprotein complexes (1,20,37).

Early evidence that JAK is in the nucleus

The original report that JAK1 and JAK2 were present in the nucleus was a logical follow-up
to the observation that the growth hormone (GH) receptor undergoes ligand-dependent
nuclear translocation, since both JAK2 and JAK1 associate with, and phosphorylate upon
ligand binding, the GH receptor (38). This study was performed using CHO cells stably
transfected with the (rat) GH receptor. The presence of both JAKs in the nucleus was
detected by Western blot analysis, immunogold electron microscopy, and
immunocytochemistry. Surprisingly, both JAKs were found to be constitutively present in
the nucleus. Although ligand treatment did not further increase amounts of JAK protein in
the nucleus, levels of tyrosine phosphorylated (activated) JAKs were increased. About the
same time, others reported the presence of JAK2 in pancreatic islet cell nuclei (39) and
subsequent studies reported JAK2 in nuclei of cultured liver cells and rat liver /in vivo (40),
as well as COS-7 cells(41). JAK2 was also observed in the nuclei of mature mouse
unfertilized oocytes and one-cell and two-cell embryos; interestingly, JAK2 appeared to co-
localize with chromosomes (42).

However, others reported being unsuccessful in detecting the presence of JAKs in the nuclei
of several different human cell lines (43), as well as in CHO cells expressing the (rabbit) GH
receptor (44). Differences in culturing conditions might explain the disparate findings, but
the nuclear presence of JAKs may be a more prominent fixture of cells that are especially
affected by cytokine signaling. The latter possibility is consistent with recent studies that
have detected JAKSs in the nuclei of hematopoietic cells (45,46).

Hitching a ride: how JAKs may enter the nucleus

Being too large (120-140 kDa) to simply diffuse freely between the cytosol and nucleus, the
JAKSs would require involvement of the nuclear import machinery and consequently a
nuclear localization sequence (NLS). In fact, the nuclear localization of JAK1, JAK2, and
Tyk2 have been ascribed to an arginine-rich NLS-like motif within the region mediating
interaction with cytokine receptors (38,47). But to the best of our knowledge, mutational
analysis that defines the importance of the purported NLS to the nuclear localization of the
JAKSs has not been reported.

Ligand-dependent nuclear translocation of cell surface receptors, with or without bound
ligand, offers another explanation for the presence of JAKs within the nucleus. A number of
receptors that bind JAK1 and/or JAK2 on their cytoplasmic region have been shown to
translocate to the perinuclear region of the cell or the nucleus. These include receptors for
growth hormone (48,49), prolactin (50,51), insulin (52-54), and epidermal growth factor
(55), as well as the angiotensin Il type 1 receptor (AT1) (56,57). However, as mentioned, in
the case of the GH receptor, ligand-induced nuclear translocation was not associated with an
increase in the size of the nuclear pool of JAK1 and JAK2 (38). In addition, neither receptor
phosphorylation nor JAK activity were needed to elicit the nuclear trafficking of the GH
receptor (58), but surprisingly, evidence indicated that JAK kinase activity was needed for
removal of GH from the nucleus.

Another possible association partner for the JAKSs is SOCS1, which binds and inhibits JAK1
and JAK2 and which contains an NLS (59-61). Other possible associations could be
envisioned as well to explain the localization of the JAKSs to the nucleus. For instance, JAK2
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was shown to interact with Hsp70/Hsc70 (62), which shuttles between nuclei and cytoplasm
(63). In general, the triggers that cause nuclear JAK translocation are poorly understood and
largely unidentified. However, there is an intriguing report showing that anoxia results in
JAK2/STATS nuclear translocation in bovine retinal capillary endothelial cells suggesting
that the mechanism is under regulatory control (64).

Nuclear Actions

In light of the persuasive evidence that JAKs do indeed reside in the nucleus, one must
wonder what are the roles and functions of nuclear JAK. The presence of GH receptor
within the nucleus has been implicated in cellular proliferation within the context of
hepatocyte regeneration, tumorigenesis, and metastasis (65,66). In this model, the role of the
nuclear JAKs (principally JAK2) would be ostensibly to initiate signaling off the receptor,
including in particular the activation of STAT5 (66,67). In contrast, while still involving
nuclear JAK2, GH-induced STAT3 signaling may be less dependent on the presence of the
GH receptor within the nucleus (40). Such differences in the nuclear anchoring of JAK2
might play a role in the differential activation of STAT3 and STAT5 by GH as a function of
dosage level and time (40). As far as we know, noncanonical targets of the nuclear JAKSs,
however, have not been identified for GH signaling.

In response to prolactin stimulation, nuclear JAK2 was found to phosphorylate the
transcription factor nuclear factor 1-C2 (NF1-C2) in mammary epithelial cells, thereby
preventing its proteasomal degradation (68). NF1-C2 plays an important role in milk gene
expression and the temporal pattern of activated JAK2 in the nucleus and sustainability of
NF1-C2 protein levels were consistent with a role for nuclear JAK2 in the initiation, as
opposed to the maintenance, of milk gene expression. In these cells, another downstream
consequence for increased NF1-C2 due to activated nuclear JAK2 may be the increased
expression of tumor suppressor protein p53 (68). These investigators subsequently provided
evidence suggesting that nuclear JAK2/NF1-C2 suppresses breast cancer progression and
metastasis by opposing the effects of FoxF1 (69).

Members of the helicase-like transcription factor (HLTF) family would seem to be another
target for nuclear JAK2 downstream of prolactin signaling in uterine epithelial cells and
thereby forming the basis for prolactin-induced augmentation of progesterone-dependent
transcriptional activity (70). The rabbit HLTF ortholog RUSH-1a was shown to be tyrosine
phosphorylated by nuclear JAK2 thereby enhancing DNA binding, while JAK2 inhibition
blocked enhancement of progesterone-dependent gene induction by prolactin (70,71). These
findings support the existence and relevance of a JAK-RUSH/HLTF signaling pathway
operating in parallel to the better known JAK-STAT pathway.

It is interesting to note that while nuclear JAK2 may play a role in preventing the epithelial-
to-mesenchymal transition (EMT) associated with carcinoma metastasis (69), accumulating
evidence in the last few years has revealed JAK1 and JAK2 as epigenetic regulators of gene
expression that may result in leukemogenesis. JAK overactivation was found to globally
disrupt heterochromatic gene silencing in a Drosophila melanogaster hematopoietic tumor
model, while JAK loss of function enhanced heterochromatic gene silencing (72). This
action of JAK was circumvented by mutations in genes important in heterochromatic gene
silencing through histone H3 methylation. Subsequently, others showed that JAK2 was
present in the nucleus of hematopoietic cells and phosphorylated histone H3 on Y41.
Phosphorylation of H3Y41 prevented binding of heterochromatin protein 1a (HP1a), which
functions in the repression of heterochromatic genes (45). Moreover, in the human
erythroleukemia (HEL) cell line JAK2 activity directly correlated with expression of the

Growth Factors. Author manuscript; available in PMC 2013 March 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zouein et al.

Page 5

ImoZ2oncogene and H3Y41 phosphorylation at the /moZ2 promoter, but inversely correlated
with HP1a binding at the promoter.

Suggestive evidence was recently reported that the epigenetic actions of JAK?2 that are
mediated through H3Y 41 phosphorylation may have physiological relevance, in this case in
embryonic stem (ES) cell self-renewal (73). The interleukin 6 type cytokine leukemia
inhibitory factor (LIF) is a potent activator of JAK-STAT signaling and is used to maintain
mouse embryonic stem cells in an undifferentiated state. Mouse ES cells that were
engineered to contain the JAK2 V617F mutant allele were able to self-renew in the absence
of LIF. In these cells, levels of HP1a bound to chromatin were lower, but were increased by
JAK?2 inhibition and this was associated with reduced histone H3Y41 phosphorylation.
Furthermore, JAK?2 inhibition reduced levels of Nanog, a transcription factor important for
maintaining pluripotency, and this was associated with reduced H3Y41 phosphorylation and
increased HP1a levels at the Nanog promoter.

Oncogenic JAK2 mutant kinases may exert epigenetic actions on chromatin structure in
myeloproliferative neoplasms by phosphorylating the arginine methyltransferase PRMTS5,
which was originally identified as JAK-binding protein 1 (74). Myeloproliferative
neoplasms are stem cell disorders in which most patients express the JAK2V617F (or less
commonly exon12 mutations) constitutively activated tyrosine kinase. These oncogenic
JAK?2 mutants show an enhanced association with PRMT5 compared to wild type JAK2
(74). In addition, unlike wild type JAK2, the oncogenic JAKs were found to phosphorylate
PRMTS5 in HEL cells, resulting in reduced PRMT5 methyltransferase activity and decreased
global histone H2A/H4 R3 methylation. The mutant JAKs were shown to impair PRMT5
activity by negatively impacting on its association with methylosome protein 50 (MEP50),
which plays a role in enhancing the enzymatic activity of PRMT5. Enhanced
phosphorylation of PRMT5 was detected in CD34* cells and granulocytes of JAK2 V617F-
positive patients. Moreover, knockdown of PRMT5 in human CD34* cells increased colony
formation and erythroid differentiation, providing evidence that PRMTS5 phosphorylation
contributes to myeloproliferative phenotype associated with the oncogenic JAK2 mutants.
Intriguingly, PRMT5, MEP50, and the mutant JAK2 kinases were detected in both the
nucleus and cytoplasm, raising the possibility of different consequences of JAK2-mediated
PRMTS5 phosphorylation depending upon the cellular compartment (74).

Still not firmly established is whether wild type JAK2 (or JAK1 for that matter) is normally
present in the nucleus of hematopoietic cells. A recent report established the presence of
nuclear JAK2 in CD34" bone marrow cells of patients with myeloproliferative neoplasia
harboring the JAK2 V617F mutation, but not in those patients with wild type JAK2 (46). In
all patients, JAK2 was predominately cytoplasmic in differentiated granulocytic,
megakaryocytic and erythroid cells. Again a correlation was noted between nuclear JAK2
activity and Imo2 expression. One possible explanation for these findings is that activation
(phosphorylation) of JAK2, which is a fixture of undifferentiated CD34* progenitor cells, is
required for its nuclear accumulation (46).

A growing appreciation of the broadening scope of functional roles of nuclear JAK offers
new paradigms for phenomena incompletely explained by canonical JAK-STAT models
(Fig. 1). The mitogenic role of JAK, especially JAK?2, provides a good illustration. JAK2 is
essential for the prolactin-stimulated proliferation of mammary epithelial cells, partially
through a STAT-mediated activation of cyclin D1 gene transcription (75), partially by
promoting the nuclear accumulation of cyclin D1 protein (76), and partially by direct
phosphorylation of the cyclin-dependent kinase inhibitor p27iP1, which simultaneously
impairs its ability to inhibit cyclin-dependent kinases and initiates a cascade of events
culminating in proteasomal degradation of p27XiP1 (77). While it has not yet been
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unambiguously established that JAK2 catalyzes some of these critical phosphorylations in
the nucleus, it is intriguing to note that conditions such as anoxia/hypoxia which are
conducive to cyclin D1 gene expression (78) have also been shown to trigger nuclear
localization of JAK2 in other cell types (64). Thus, understanding the functional role(s) of
nuclear JAK2 may lead not only to a better understanding of epigenetic control, but also of
cell cycle control (Fig 1).

When trying to fully understand the biological significance of nuclear JAK, it is advisable to
simultaneously consider JAK's cytoplasmic actions, as well as to consider the cell's
developmental stage when JAK-catalyzed events occur, the magnitude and duration of JAK-
catalyzed phosphorylation events and, of course, the specific substrates phosphorylated by
JAK. We postulate that when these events are orchestrated during the correct stage of
development and the activity levels are tightly controlled, nuclear and cytoplasmic JAK
activities are essential; when these events are ill-timed, excessive, and/or prolonged, the
results can be disastrous, leading to cancers and related diseases (Fig. 1).

Conclusions and Future perspectives

Evidence indicates that the JAKs (JAK1 and JAK2 in particular) are present in the nucleus
of certain cells under conditions associated with high rates of cell growth. Besides their
canonical role as activators of the STAT transcription factors, the JAKSs are now known to
affect gene expression by activating other transcription factors and exerting epigenetic
actions by phosphorylating histone H3. The consequence of the latter action is derepressed
gene expression, which has been implicated in leukemogenesis. Unresolved, is what role the
epigenetic actions of the JAKS have during human inflammatory maladies associated with
increased JAK catalytic activity, including arthritis (3), atherosclerosis (79), and possibly
coronary heart disease (80). It is tantalizing to suspect that the epigenetic actions of JAKs
also come into play during normal physiological growth in particular in stem cell expansion
and differentiation. Other nuclear targets for the JAKs within the nucleosome,
enhanceosome, or transcriptional machinery may exist as well and await discovery.
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Figure 1. Broadening scope of a functional role for nuclear JAK

Certain triggers, such as hypoxia, can result in nuclear localization of JAK1 or JAK2
through poorly defined mechanisms. Canonical STAT activation by cytokine-stimulated
JAK, a driving force in cell differentiation, is a well-known function of extra-nuclear JAK;
conceivably (but not clearly established) nuclear translocation of JAK may occur through
association with ligand-activated cytokine receptors or some chaperone protein. Due to
promiscuous substrate recognition, JAK can phosphorylate nuclear substrates having pivotal
roles in controlling cell cycle progression and epigenetics. When these events occur during
critical windows in cellular development, and when the amplitude and duration of JAK
activity are properly regulated, these roles are essential in determining cell fate and
proliferation. Excessive, prolonged and ill-timed nuclear JAK activity may result in
hyperproliferative disorders, neoplastic transformation and tumor progression. Evidence
exists that nuclear JAK is responsible for phosphorylating substrates involved in epigenetic
regulation, such as PRMTS5 (thereby impairing binding of its methyltransferase-enhancing
binding partner MEP50) or histone H3 (so as to displace transcriptional repressor
heterochromatin protein 1a (HP1a)). In other instances, such as in the phosphorylation of
the cyclin-dependent kinase inhibitor p27XiP1, the involvement of nuclear JAK is
conceivable but remains to be determined. For simplicity, nuclear JAK-mediated
phosphorylation of HLTF and NF1-C2 transcription factors are not shown (see Text).
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