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Most attempts to develop inhibitors of STAT transcription
factors target either activating phosphorylation of tyrosine
residue or SH2 domains. However, all six domains of STATs are
highly conserved between the species and play important
roles in the function of this family of transcription factors.
STATs are involved in numerous protein-protein interactions
that are likely to regulate and fine tune transcriptional activity.
Targeting these interactions can provide plentiful opportun-
ities for the discovery of novel drug candidates and powerful
chemical biology tools. Using N-terminal domains as an
example we describe alternative rational approaches to the
development of modulators of JAK-STAT signaling.

STAT proteins are latent cytoplasmic transcription factors
activated by tyrosine phosphorylation in response to extracellular
signals and are involved in many different regulatory events.1 In
mammals, the STAT family consists of STAT1, 2, 3, 4, 5A, 5B
and 6, and shares a common set of structural domains: N-
terminal, coiled-coil, DNA binding, SH2, linker and transactiva-
tion domains.2 The mammalian STAT family is implicated in
responses to cytokines and growth factors, and exert diverse effects
on a number of biological processes including immunity,
hematopoiesis, inflammation and development.3

In normal cells and in tissues, receptor ligands-dependent
activation of the STATs is a transient process, lasting from several
minutes to several hours.4 However, in many cancerous cells, with
dysregulated growth factor signaling, STAT proteins are constitu-
tively activated by tyrosine phosphorylation.4,5 In this respect,
STAT3 stands out, based on its constitutive phosphorylation in the
majority of human neoplasms and its capacity to induce cell
transformation and tumorigenesis.5,6 It is believed that phosphory-
lated STAT3 (P-STAT3) mediates its oncogenic effects through
transcriptional activation of target genes to enhance proliferation
(cyclin D1 and c-Myc), angiogenesis (VEGF, ADM and

ANGPTL4), invasion (FGA, FGB, CTSB and SERPINE2), and
suppression of apoptosis (Bcl-xL, Bcl-2, Mcl-1 and Survivin).7 In
addition, P-STAT3 stimulates its own transcription causing an
increase in unphosphorylated STAT3 (U-STAT3), which in turn
may also contribute to tumorigenesis albeit by the mechanisms
different from phosphorylated STAT3.8-10 It is also well established
that activated STAT5A/B play essential roles in leukomogenesis,11

and these transcription factors are also required for proliferation of
liver, prostate, ovarian and head and neck cancer cells.12

Over 40 cytokines and growth factors signal through STAT
proteins.1,13 Although many cytokines are believed to activate the
same “canonical” JAK-STAT signaling cascade, the biological
effects from activation of JAK-STAT signaling by different growth
factors and cytokines are significantly different.14 Activated STAT
transcription factors can bind to the same DNA sequence, so
called GAS motif, IFNc activated sequence. However, the sets of
target genes and transcriptional effects of STATs are very
different.15 The molecular mechanisms of the JAK-STAT
functional diversity are poorly understood. It has been proposed
that the involvement of effectors that interact with cytokine
receptors, JAK kinases, or with STATs may be implicated in
modulation of STAT signaling.16 Although STAT phosphoryla-
tion is a major event in STAT activation and, therefore, is a
desirable target for cancer therapy, many functions of STAT
proteins are regulated by interactions with other transcription
factors. To date, most efforts in inhibiting activity of STAT
proteins have been focused on targeting phosphorylation and
subsequent dimerization of SH2 domains.17-23 The SH2 domain
appears to have a well-defined function, although we may be
underestimating the intricacy of its role. Other five domains of
STATs have received significantly less interest and attention in
spite of facts that they are highly conserved between the species
and are involved in numerous protein-protein interactions.2

Structural data suggest that some of the domains, particularly
N-terminal domains (NDs), can fold independently offering an
opportunity to develop chemical probes that influence the
function of particular domain without much disturbance to the
function of the other parts of the protein.

We have chosen STAT NDs for targeting because wealth of
literature suggested its involvement in regulation of STAT’s
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function through tetramerization and interactions with other
proteins. The ND appears later in evolution and is present in
Drosophila., zebrafish and mammalian STATs, but not in
Dictyostelium and C. elegans.24,25 STAT protein in
Dictyostelium that lack both N-terminal and C-terminal domains
serve largely as transcriptional repressors.26 The Drosophila’s N-
terminally truncated STAT isoform also appears to function as a
repressor.27 Since the major known role of the ND in STAT
protein-mediated transcription is to promote higher-order
complex formation on the promoters of target genes for enhanced
expression,28 it has been proposed that the ND accretion during
evolution added new functionality for STAT proteins allowing
more flexibility in DNA binding.2 This function may be
important for constitutively activated STAT proteins to drive
gene expression during cell transformation. A search for genetic
suppressive elements (GSE) in breast cancer cells convincingly
identified the NDs of STAT3 and STAT5 as major factors
responsible for driving cancer cells proliferation and survival.29

Also, the causative role of the STAT5 ND in leukemogenesis has
been demonstrated.11 For the targeting purposes it is important
that NDs of STATs do not share homology with any other
protein, in contrast to its DNA-binding or SH2 domains, and
therefore there are fewer chances for off-target effects.

In this review, we use inhibition of STATs’ NDs as an example
of possible alternative approaches to modulation of JAK-STAT
signaling. We summarize the known functions of the STAT NDs
and present a rational for inhibition of NDs of STATs in cancer
cells. We also discuss various strategies for targeting the STAT
ND for therapeutic purposes.

Role of STAT ND in Tetramerization

The obtained crystal structures of tyrosine-phosphorylated
STAT1 and STAT3 demonstrated that interaction of two NDs
within one STAT dimer is unlikely.30,31 These observations
suggested that the NDs are free to promote other protein-protein
interactions. In particular, two STAT dimers bound to adjacent
GAS elements may form a STAT tetramer via ND-ND
interaction.30,32-35 Such cooperation in DNA binding via NDs
allows fine-tuning of transcriptional responses through selective
binding of different STAT proteins on the promoters containing
multiple STAT binding sites and through binding to weak STAT-
binding sites. So far, the ND of STAT1, STAT4, STAT5 and
somewhat STAT3 were found to form tetrameric complexes, at
least on selected promoters.30,32-35

Crystallographic studies identified invariant W37 as essential
for the ND dimerization.30 Other amino acid residues (Q36, T40
and E66) were predicted to be involved in interactions between a-
helices within the ND.30 However, subsequent mutational
analysis of the STAT1 and STAT4 NDs demonstrated that these
residues are unlikely to mediate interactions at proposed interface,
and suggested an alternative dimer interface that involves S12,
L15, DR19 (a-helix2) and F77 and L78 (a-helix 7).36 Deletion of
the ND or the mutation in critical W37 residue responsible for
ND dimerization resulted in abrogation of tetramer formation
and transcriptional stimulation. For example, the loss of STAT1

tetramerization abrogated INF-c-induces responses.37 The muta-
tion of a single F77 residue in the ND of STAT1 was recently
found to preclude both the dephosphorylation and the
oligomerization of STAT1 dimers.38,39 Vinkemeier and Meyer
have shown the influence of defective oligomerization on a
complex phenotype such as the induction of an antiviral state.39

They found that the antiviral protection conferred by IFNa was
strongly reduced, whereas the IFNc response was not measurably
affected. These results indicate that STAT1 ND is required for
the antiviral activity of interferons.

ND-mediated STAT5 tetramerization was found to be essential
for IL-2-induced regulation of the IL-2 response element in the
human IL-2Ra gene.35 An interleukin-6-inducible activation of
a2-macroglobulin gene promoter requires tetrameric STAT3
complex.32 The functional importance of tetramer formation was
revealed by the decreased levels of transcriptional activation
associated with hypomorphic mutations in N-terminal residues.32

In case of STAT4, substitution of W37 with alanine unexpectedly
prevented IFNa-induced tyrosine phosphorylation of STAT4
monomer, blocking both dimer and tetramer formation.34 The
requirement of the STAT4 ND for STAT4 activation was
confirmed for IL-12 signaling using STAT4-deficient transgenic
mice that express human full-length STAT4 or N-terminal
deletion mutant.40 While full-length STAT4 rescues IL-12
responsiveness, the STAT4 N-terminally truncated protein does
not undergo phosphorylation and therefore T-cells expressing this
mutant do not undergo proliferation.40

The requirement for STAT tetramerization via ND may
contribute to selective activation of certain genes expression. For
example, tetramerization of STAT3 is required for the formation
of enhancesomes on the promoter of a2-macroglobulin,32 but it is
dispensable for IL-6-induced activation of SOCS3, which only
requires STAT3 dimer binding to the promoter.41 STAT5
tetramerization is necessary for activation of IL-2Ra expression,
but is dispensable for β-casein.35,42 Moreover, despite high
homology between NDs of various STATs, each domain has
specific functions that may, at least partially, define precise
regulation of STAT proteins functions. For example, substitution
of STAT4 ND with that of STAT1 results in inability of chimera
protein to undergo IFNa-induced tyrosine phosphorylation and
to bind DNA probes in EMSA assay.34 Also, substitution of the
STAT1 ND with that of STAT4 failed to restore IFNa-induced
MHC class I expression in U3A cells, despite the ability of this
chimera to form EMSA complexes similar to those of wild-type
STAT1.34 However, this chimera was fully functional for IFNc-
induced MHC class I induction.34 This data suggests that the
NDs of STAT1 and STAT4 are not fully interchangeable for
gene-specific transactivation events. These results imply that
STAT NDs are not functionally equivalent and have private
functions. It is thus conceivable to disrupt functions of various
STATs using selective inhibitors of NDs.

Importance of STAT Tetramerization in Cancer Cells

Recently, STAT5A-STAT5B double-knock-in ND mutant mice
in which STAT5 may form only dimers but not tetramers were
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generated.42 In contrast to STAT5-deficient mice that exhibited
perinatal lethality, ND mutant mice were viable but had fewer
CD4+CD25+ T cells, NK cells, and CD8+ T cells, with impaired
cytokine-induced and homeostatic proliferation of CD8+ T cells.42

The observation suggested that STAT5 dimers were sufficient for
survival and for regulation of some target genes, and that
tetramerization of STAT5 was only critical for cytokine responses
and normal immune function. The data obtained from double-
knock-in mouse model agreed with previous report on the critical
role of the STAT5 ND in human stem cells maintenance and
repopulating activity.43 Therefore, the STAT5 ND has an
essential function during normal physiological development of
immune system.

Furthermore, tetramerization of STAT5 is associated with
leukemogenesis.11 It has been found that STAT5 exists as a
tetramer in cancer cells of 25% patients with leukemia, while this
was not observed in normal human bone marrow or peripheral
blood cells.11 In addition, STAT5 tetramer formation was
enhanced in a mouse model of multilineage leukemias.11

STAT5 tetramer formation resulted in stronger and larger DNA
binding complexes compared with those formed by the dimers.
Mutations in the STAT5A ND abolished tetramer formation and
prevented induction of leukemia due to inability of ND-mutated
STAT5A to rescue STAT5−/− T cell proliferation, despite the
persistent activation of STAT5DN proteins.11 These observations
have proven that the enhanced tetramer formation through ND is
the essential feature responsible for leukemogenesis. One of the
mechanisms by which tetramer formation may contribute to
leukemogenesis is increased occupancy of weak sites to a threshold
required for transcriptional activity, which together with the
greater degree of flexibility in DNA sequence tetramer recognition
was suggested to widen target gene spectra.35,44 STAT5 target
genes that control apoptosis, cell cycle progression, and
proliferation, such as Cyclin D3, Bcl-xL, BCL-2, Osm, CD25,
CIS, Socs-2, Als and Igf-1, contain at least two STAT5 binding
sites in their regulatory regions and their expression is controlled
by STAT5 tetramer.11,45 It has been established that STAT5
lacking the ND (STAT5A-DN) cannot protect c-Kit+Lin-Sca-1+

cells from apoptosis or induce bcl-2 expression.45 The study by Li
et al. defined ND-dependent survival signaling as an Achilles heel
of persistent STAT5 activation and highlighted the potential
therapeutic importance of targeting STAT5 ND-mediated
regulation of bcl-2 family members.45

Although the significance of tetramerization vs. dimerization still
remains to be established for other STAT proteins, in particular for
STAT3, the importance of the ND in cancer cells was confirmed by
a study in which peptides inhibitors targeting the NDs of STAT3
or STAT5 caused growth inhibition in breast cancer cells.46

Therefore, interference with STATs tetramerization through the
ND may be an effective therapeutic strategy for cancer treatment.

ND-Dependent Dimerization of Non-Phosphorylated
STAT Molecules

The finding that STAT4 ND is essential for activation by
cytokine receptors led to an assumption that ND dimerization of

unphosphorylated STAT4 is a pre-requisite for STAT4 phos-
phorylation and transcriptional function.34,36,40 The yeast two-
hybrid analysis of ND interactions, where the ND of each STAT
protein was expressed in the pFBL23 and GADT7 vectors to
explore NDs as baits for all other NDs (prey), demonstrated that
all STAT NDs are involved in homotypic dimerization.36 ND
homodimerization occurred even for STAT6 that has not been
implicated in tetramer formation.36 Interestingly, NDs of
STAT5A and STAT5B that differ only by 11 amino acid residues
out of total 130 still showed only selective homotypic dimeriza-
tion, and did not demonstrate any cross-reactivity.36 These data
indicate that in addition to stabilizing tetramer formation, STAT
NDs may have an important role in dimerization of non-
phosphorylated STAT proteins. However, the significance of this
pre-association is not completely understood.

In case of STAT4, such dimer formation may enhance
presentation to receptor-JAK complexes favoring synchronized
phosphorylation of the two monomers and allowing formation of
active STAT dimer by simple intramolecular rearrangement.36

Dimerization of unphosphorylated STAT1 strongly depends on
the ND because its deletion increased the dissociation constant
≈100-fold, from ≈50 nM to 3–4 mM.47 Crystallographic studies of
STAT1 demonstrated that the structure of each nonphosphory-
lated monomer is identical to phosphorylated STAT1 monomer,
however, the monomers in the non-phosphorylated protein are
arranged differently,48 and the ND interactions are essential for an
antiparallel STAT1 dimer structure.47-49 A deletions of ND or
mutations disrupting the STAT1 ND dimerization (M28, F77
and L78) did not affect STAT1 ability to undergo phosphoryla-
tion in response to IFNa or IFNc36 and form tyrosine-
phosphorylated dimers,47 although such STAT1 mutants did
not possess the transcriptional activity.50 STAT1 ND appears to
regulate association with the nuclear phosphatase TC45 and
subsequent STAT1 dephosphorylation.49,51,52

The STAT3 ND is also responsible for dimer formation of
unphosphorylated protein. Indeed, deletion of the N-terminal
domain of STAT3 abrogated dimer formation, as shown by
bnPAGE and 2f-FCS.53 However, the homotypic interaction of
the N-terminal domain of STAT3 are of low affinity (3.7 mM)
compared with that of STAT1 (23 mM) and STAT4 (2.7 mM).47

Point mutations analogous to those that disturb homotypic
interaction of the N-terminal domain of STAT1 had no
detrimental effect on the dimerization of STAT3.47 Therefore,
the N-terminal domain of STAT3 might not contribute to
STAT3 dimerization by homotypic interaction but by reciprocal
interactions with another domain of STAT3.47 The SH2-domain
could be a candidate for an interaction with the N-terminal
domain because it has been shown that mutation of the SH2-
domain affects dimer formation of unphosphorylated STAT3.54

Such an interaction would lead to an antiparallel orientation of
the latent STAT3 dimer, in contrast to the parallel orientation of
the activated STAT3 dimer.55 However, it should be noted that
concentration of unphosphorylated STAT3 in Jurkat cells
stimulated with IL-6 is about 100-times higher than STAT1;56

therefore, it is possible that despite low affinity of the STAT3 ND
interactions they are biologically relevant. STAT3 homotypic
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dimerization is not necessary for its nuclear-cytoplasmic shut-
tling.53,57 Deletion of the STAT3 ND does not impair IL-6-
dependent tyrosine phosphorylation, nuclear import or depho-
sphorylation kinetics, indicating that this region is not essential
for STAT3 recruitment to the IL-6 receptor complex, transloca-
tion to the nuclear compartment or downregulation.41,53,57

However, the phosphorylated STAT3 dimers lacking the N-
terminal domain do not accumulate in the nucleus.41 A similar
contribution of the N-terminal domain to nuclear accumulation
has been shown for STAT1.58 These findings point to a functional
role of the N-terminal domain in nuclear import of activated
STAT3 that deserves further investigation.

The deletion of the STAT5A ND also does not abrogate
cytokine-induced tyrosine phosphorylation, dimerization or dimer
DNA binding.11,35 However, such deletion appears to render
constitutive activation, indicating ND’s negative regulatory
function.11,59-61 Interestingly, the ND truncated STAT5A/B are
predominant isoforms binding to DNA in prostate cancer cells.61

These isoforms are generated in prostate cancer cells by
proteolytic processing.61 The authors convincingly demonstrate
that processing takes place in vivo, but not in vitro during the
sample preparation. However, the exact mechanisms of proteo-
lytic STAT5A/B cleavage in prostate cancer cells has not been
deciphered and the enzymes responsible for it have not been
identified.61 Considering that PIAS3 interacts with STAT5 ND to
repress STAT5-dependent transcription, this modification may
represent a molecular mechanism by which STAT5A is able to
evade inhibition of signaling by PIAS3 in human prostate cancer
cells.61,62 In contrast, breast cancer cells, like MCF-7 and T47D,
contain full-sized STAT5A/B only. Prolactin-stimulated activa-
tion is efficiently inhibited by PIAS3,61 suggesting different
mechanisms of regulation of STAT5A/B activity in breast and
prostate cancers. It is not known at present whether other STAT
proteins undergo the N-terminal proteolitic cleavage.
Identification of the proteases responsible for generation of the
short form Stat5a/b in prostate cancer may present new
therapeutic targets.61

Regulation of gene expression by unphosphorylated STATs (U-
STAT) may constitute another potential role of the ND. The
extensive investigation from Stark’s laboratory documented that
both U-STAT1 and U-STAT3 play important roles in the
regulation of gene expression.8-10,63 It has been proposed that U-
STAT1 binds to DNA as a monomer by contacting one half of a
palindromic GAS motif,63 or forms dimers that also allows to bind
GAS sequences in vitro, though with much lower affinity,
compared with the phosphorylated STAT1 dimer.31,33 U-STAT1
crystal structure suggests that unphosphorylated dimers bound to
DNA are likely to be formed via the ND interactions. Most of the
U-STAT1 dimers exist in antiparallel conformation, but a small
proportion of unphosphorylated STAT1 adopts the parallel
conformation of activated STAT1.47 We recently observed that
U-STAT3 also can bind to GAS sequences both as a dimer and as
a monomer,64 consistent with previous observations for U-
STAT1.63 Interestingly, atomic force microscopy allowed for
detection of dimers of different shapes suggesting that U-STAT3
dimers may bind DNA in both parallel and anti-parallel

conformation. The significance of the ND interactions for U-
STAT3 binding to DNA and their role in regulation of gene
expression remains to be investigated. If proven important for
driving expression of genes regulated by U-STAT3, the disruption
of ND-based dimerization may be a powerful tool to inhibit
STAT3 functions for therapeutic purposes.

Role of ND in STATs’ Protein-Protein Interactions

Despite the importance of tetramer formation for gene expression,
and potentially for tumorigenesis, it is probable that ND is also
involved in controlling gene expression through interaction with
other binding partners. The Human Protein Reference Database
(www.hprd.org) lists 102 binary interactions for STAT3, 77 for
STAT1, 13 for STAT2, 11 for STAT4, 53 for STAT5A, 42 for
STAT5B and 18 for STAT6. The differences in the numbers of
identified interactions reflect the level of popularity of a particular
STAT in research community rather than intricacy of its
interactions. The diversity of interactions is a strong indicator of
the complexity of their function’s regulation. Figure 1 presents an
example of STAT3 protein-protein interactions. The list is far
from being complete and includes only interactions for which
interacting domains of STAT3 have been identified. Binary
interactions of STATs with other proteins are considered among
the most biologically appealing yet chemically intractable targets
for drug discovery. Only for several proteins domains that are
involved in interactions have been identified. The ND of
phosphorylated STAT proteins is exposed on the surface of
dimers or tetramers as suggested by crystallographic data and as
recognized by native DNA binding assays (EMSA) or antibody
supershift experiments. Therefore, this domain is potentially
available for protein-protein interactions.12

During last few years, it has been understood that the NDs of
STAT proteins undergo post-translational modifications that
control the repertoire of STAT protein-protein interactions. It has
been shown that STAT NDs may be phosphorylated, acetylated,
methylated, and glycosylated.65 The spectrum of the NDs
modifications is summarized on Figure 2. Arginine 31 residue is
known to undergo methylation and is conserved across STAT
family members.66-69 Although the work describing this finding
has been criticized,58,70 a recent review on JAK-STAT pathway1

raises a voice in support of the role of R31 methylation in
regulation of STAT1 interactions with PIAS1 which catalyzes
SUMOylation of lysine residues and STAT1 transcriptional
activity.37,71,72

Several recent reports have shed the light on protein-protein
interactions that involve STAT3 ND, including interactions with
HDAC1 and APE1.73-75 Two Lys residues, 49 and 87 in the
STAT3 ND, are acetylated by p300. Lys-to-Arg point mutations
(STAT3 K49R/K87R) that blocked p300-mediated STAT3
acetylation had no effect on inducible DNA binding, but
abrogated IL-6-induced angiotensinogen expression. Although
STAT3 K49R/K87R rapidly translocated into the nucleus, it did
not bind p300 and had delayed cytoplasmic redistribution.
STAT3 was also found to interact with HDAC1 through the ND,
which resulted in deacetylation of the domain and repression of
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Figure 1. STAT3 domains form multiple binary interactions. Selected interactions are shown for which interacting STAT3 domains have been
characterized. The location of the interacting STAT3 domain is color-coded. In the cases where interacting domain is not localized precisely or interaction
involves two domains, gradient coloring is used. ND, N-terminal doman; CC, coiled-coil domain, DBD, DNA-binding domain, LD, linker domain, SH2, SH2-
domain, TAD, transactivation domain.

278 JAK-STAT Volume 1 Issue 4



STAT3 transcriptional activity.73-75 These findings indicated that
acetylation-deacetylation of STAT3 provides another signaling
axis to control the IL-6-STAT3 pathway in addition to
phosphorylation-dephosphorylation. The follow-up study from
the same group demonstrated that only acetylated STAT3 forms
an inducible complex with the apurinic/apyrimidinic endonu-
clease 1 (APE1)/redox effector factor-1 (APE1/Ref-1), an essential
multifunctional protein in DNA base excision repair in response
to IL-6.74 APE1 selectively binds ND, and this interaction is
required for STAT3 stable chromatin association with the
promoters of suppressor of cytokine signaling-3 (SOCS3) and
c-fibrionogen.74

STAT5 N-terminal domain interacts with the glucocorticoid
receptor, which can control gene expression as either a coactivator
or corepressor.59 The STAT5 ND undergo glycosylation on T92
that is crucial for binding to the coactivator of transcription
CREB-binding protein and eventually p300 that are established
coactivators of gene expression.76

In addition, PhosphoSitePlus lists a number of post-trans-
lational modification of the STAT NDs that were only detected
by mass spectrometry analysis. However, functional aspects of
these modifications have not been characterized (Fig. 2).65,77

Remarkably, no modifications were detected in the NDs of
STAT2 and STAT4, while STAT1, STAT3 and STAT5A/B NDs
undergo phosphorylation, acetylation and ubiquitinylation. Even

without understanding the precise role of detected modifications,
we may speculate that they regulate STAT’s protein-protein
interactions that result in changes in STAT functionality.

It has been shown that STAT3 can play opposing roles in
cellular transformation depending on the genetic background of
the tumor. One example includes induction of a highly aggressive
T cell leukemia in mice by activated STAT3 but prevention of
c-myc-induced transformation of mouse embryonic fibroblasts
deficient for p53.78 Another example is tumor-suppressive
function of STAT3 in glioblastomas deficient in tumor suppressor
PTEN, and oncogenic functions in glioblastomas that express
nuclear epidermal growth factor receptor type III variant
(EGFRvIII).79 There is a substantial heterogeneity in genetic
backgrounds of tested cell lines, therefore it is not surprising that
there is also a heterogeneity in responses to inhibition of STAT3
signaling. It is tempting to speculate that ND protein-protein
interactions are responsible, at least partially, for switching of
STAT3 function from pro-apoptotic to pro-survival during cell
transformation.

It also has been documented that normal cells remain viable
without STAT3.80 We found that inhibition of the STAT3 ND
had little effect on normal epithelial cells, while it induced
fulminate apoptosis in breast and prostate cancer cells.46 These
data suggested that the STAT3 ND performs different functions
in cancer as compared with that observed under normal

Figure 2. Post-translational modifications of the NDs as detected by mass-spectrometry. The conservative residues are labeled with *. Unique restudies
are underlined. No post-translation modifications were detected in the NDs of STAT4 and STAT2.
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physiological conditions. One can speculate that different roles
may be defined by involvement of the STAT3 ND in various
protein-protein interactions and possibly by differential post-
translational modifications of the ND. The identification of
differences in signaling events that underlie differential activity of
the STAT3 ND in normal and cancer cells may offer a potentially
novel therapeutic target for cancer treatment.

Design of ND Inhibitors

Development of selective chemical probes and potential thera-
peutic agents for STAT domains is challenging because the critical
interacting surfaces appear to lack deep hydrophobic involutions
that enable potent and selective targeting by small molecules.81 In
addition, STATs localization within the cell positions them
beyond the reach of protein therapeutics.81 A considerable interest
has therefore arisen in next-generation targeting molecules that
combine the broad target recognition capabilities of protein
therapeutics with the robust cell-penetrating ability of small
molecules.

We have been using successfully retro-inverso lipopeptides, one
of novel classes of synthetic miniproteins with greatly improved
pharmacologic performance, increased target affinity, proteolytic
resistance and serum half-life while conferring on them high levels
of cell penetration.

It should be noted here that chemical biology offers very
powerful tools in studying the function of certain parts of proteins
that provide for much more solid conclusions than genetic
methods, but only if the chemical probes are highly selective.
Experiments involving expression of STATs mutants lacking
certain domains or containing point mutation in STAT-null cells
are unlikely to generate the phenotype reflecting correctly the
function of the mutant protein in STAT-dependent cells.
Functions of STATs are known to be cell-dependent and
STAT-null cells are unlikely to have the correct combination of
partner proteins.

We based the original design of STAT ND inhibitors on the
structure of STAT4 N-terminal domain.30 Dimerization of
STAT4 ND was well established and our original intention was
development of inhibitors of dimerization. Two available dimer
structures supported different dimerization surfaces.
Crystallography data suggested involvement of helixes 2 and
7,38 while NMR data detected helixes 2 and 8 in the dimer
interface.46 Both modes involve the second a-helix of the protein.
We originally made peptides corresponding to both helixes 2 and
8 and tested them for ability to interact with STAT4 ND by
NMR.46 Peptide corresponding to helix 2 produced well defined
changes in chemical shifts of STAT4 ND, while peptide
corresponding to helix 8 caused protein to precipitate, most
likely due to unfolding. Published characterization of dimerization
propensity for different STAT NDs has shown that they differ
significantly and that STAT3 ND dimer is significantly less stable
than STAT1 and STAT4 dimers47 thus highlighting the
mechanistic differences in the way different members of STAT
family function. However, it should be noted that the levels of
expression of different STATs also differ by 100-fold, as was

demonstrated for leukemia cells.56 Higher concentration of
STAT3 may compensate for low affinity and result in less
pronounced structural differences between STATs. The study by
Wenta et al.47 also suggested the existence of two modes of ND
dimerization, at least for STAT1. Although the structural features
of these two modes are unknown, it is possible that both models
obtained from crystal structure and NMR studies of STAT4 are
correct and have indeed identified two naturally occurring
interaction interfaces. NMR studies of ND inhibitors’ interaction
with STAT4 ND domain suggest that helix 2 analogs are likely to
inhibit significantly more than just ND dimerization. Changes in
chemical shifts detected in the HSQC NMR spectrum of STAT4
suggest that domain undergoes significant conformational changes
upon binding of the peptide (Fig. 3). It is interesting that the
residues that are involved are localized mostly on one “face” of the
domain, while the other half of it appears to be subjected to much
lesser change (Fig. 3). However, the changes cover significant
fraction of the domain structure and thus many binary
interactions of the domain can be affected.

The data generated for STAT4 has been used for the design
and development of ND inhibitors of STAT1, STAT3 and
STAT5. Structural studies suggest that N-terminal domains of
STAT proteins have very similar folds. Consequently, we have
used sequence alignment (Fig. 4) and tertiary structures of
STAT1 and STAT4 NDs to select initial lead analog of STAT3
helix 2 for optimization. During optimization of peptide length
and structure, analogs of helix 2 were fused to penetratin sequence
to facilitate cell penetration. However, our later findings suggested
that simple fusion of the peptides to fatty acids was as effective as
attachment of cell-penetrating peptides for intracellular delivery of
compounds.

Lipopeptides as Chemical Biology Tools
and Drug Candidates

Extensive studies of structural and biological properties of
lipopeptide mimetics of the conserved region of several
important but non-druggable molecular targets have revealed
that membrane anchoring through the attachment of fatty acid
chains can produce highly selective and potent inhibitors of the
corresponding protein. Membrane anchoring through lipidation
contributes to high potency of compounds in three ways:
(1) lipidation facilitates cell entry; (2) fatty acid chain causes
membrane insertion and concentrates the inhibitor near
intracellular and plasma membrane, where practically all
signaling events occur; (3) membrane anchoring enables folding
of otherwise unfolded protein fragment, which results in an
increase in potency, frequently by 2 to 3 orders of magnitude.82

What is remarkable is that membrane anchoring stabilizes all
forms of secondary structures. Although stabilization is due to
enhanced interaction of amino acid side chains with the lipid
bilayer, it doesn’t interfere with peptide’s ability to interact.
Interaction with the membrane can be described as snorkeling
rather than immersion. Thus, it increases the time the peptide
spends in the active conformation, rather than freezes it leaving
sufficient time for the folded peptide to stick out of the
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membrane. Lipopeptides present a new and young class of
therapeutics. Currently, four lipopeptides (daptomycin, lira-
glude, tesamorelin and caspofungin) are used in the clinic.
However, many are being developed,83,84 and their pharmaco-
logical properties make them very convenient chemical biology

tools. The remarkable advantage of the approach is that it can be
used for rational design of the probes even in the absence of the
structural data for the target protein. Selection of the stretches of
amino acid sequences for mimicking can be based on the
conservation during the evolution. The assumption here is that

Figure 3. Residues of STAT4 ND (in red) with the most significant chemical shift perturbations detected upon binding of peptide corresponding to helix 2
(Ac-EIKFLEQVDKFY-penetratin). Helix 2 is in green. Two sides of STAT4 ND molecular structure are presented. The figure was generated using MolSoft
Browser software and pdb coordinates 1BGF.30

Figure 4. Alighnment of N-terminal domains of STAT transcription factors. Alpha-helixes identified by structural studies30 are underlined. Residues of
helix 2 identical in different STATs are highlighted.
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the highly conserved regions are involved in functionally essential
protein-protein interactions and thus compounds mimicking
them can function as dominant negative inhibitors of the
corresponding interactions. We have used the approach
successfully for the development of lipopeptide inhibitors of
receptors signaling upstream from STATs and other non-
druggable targets.46,82,85 The conservation-based selection how-
ever wasn’t applicable to STAT proteins because entire primary
structures are conserved. For instance, mouse and human
STAT3 differ in only one residue. However, this is a very
unusual case that also has an important message in it: entire
structure of STAT3 is likely to be important for protein function
and there are numerous opportunities in affecting STAT
function through the development of probes mimicking different
parts of STAT proteins. Luckily, structural information for five
out of six STAT domains is available. Although not every
member of the family was characterized structurally, available
data allows speculating that overall fold is well preserved in entire
family and thus STAT1, STAT3 and STAT4 structural data can
be used for identification of fragments suitable for development
of potential dominant negative inhibitors of all STATs. Once the
stretches for mimicking are identified, the design of the probes is
straightforward. The major challenge is determination of optimal
positions for fatty acids attachment and the optimal length of the
mimicking sequence. Here are some ground rules: the preferred
lipid position is at the ends of secondary structure elements;
attachment of fatty acid to the side chains, such as ε-amino
group of Lys is more likely to result in active compounds.
However, we did come across several exceptions, when
derivatives with fatty acids attached to a-amino group of the
N-terminal amino acid were more active.82,85 For in vivo use,
compounds can be converted into retro-inverso analogs
composed on all-D amino acids. Retro-inverso derivatives are
not structurally identical to parent all-L peptides. They tend to
have a more rigid structure that is beneficial in majority but not
all cases. Attachment of palmitic acid is very effective in making
the peptide cell-permeable.46,82,85 However, shorter fatty acids are

frequently sufficient and provide for better solubility of
compounds.

Application of the approach to NDs of STATs allowed us to
uncover previously underappreciated role of STAT3 ND in tumor
growth and STAT1 ND in kidney development.86 The data
shows that NDs of STATs are promising therapeutic targets and
lipopeptide inhibitors have a potential to serve as effective
therapeutic agents.

Conclusion

The wealth of currently available data implies that targeting
domains other than SH2 can be an effective way of modulating
activity of STATs for generation of chemical biology tools and
potential therapeutic applications. The data generated for STAT
N-domains suggest that rationally designed lipopeptide mimetics
of fragments of proteins involved in JAK-STAT signaling can
serve as powerful tools in studying the molecular and cellular
mechanisms of signaling. It is evident that the function of STAT
transcription factors is regulated by complex and thus far poorly
understood mechanisms involving numerous protein-protein
interactions. The latest data also indicate that members of
STAT family are likely to have multiple functions that they
perform not only in the nucleus, but other cellular compartments.
Targeting protein-protein interactions with rationally designed
probes will lead to significant advances in our understanding of
molecular mechanisms of JAK-STAT signaling, pathological
processes involving the pathway and consequently therapeutic
approaches to controlling and redirecting the function of this
important family of proteins.
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