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Abstract. The STAT transcription factors are mediators of signal transduction of a 
variety of factors, including interferons (IFNs), interleukins, growth factors, and pep- 
tide hormones. Subsequent to activation, STATs are translocated to the nucleus ap- 
parently through the well-described importin/Ran system, where they activate target 
genes. Molecules utilizing this nuclear import system require specific nuclear local- 
ization sequences (NLSs). Paradoxically, such NLSs are not identifiable on STATs, 
thus raising the question of how they are imported into the nucleus. Of considerable 
interest is the observation that ligands and/or receptors that signal through STATs 
contain putative NLSs and, where examined, either ligand or receptor undergoes 
nuclear translocation. We hypothesize that ligands and/or their receptors serve as 
vehicles for the nuclear translocation of STATs, and that they may be directly involved 
in signal transduction. Using IFN, as a model system, we provide a possible mecha- 
nism for how this direct role is fulfilled. A functional NLS has been identified in a 
C-terminal domain of IFN,. This domain and the NLS contained within are crucial for 
the biological properties of IFN, in that a peptide encompassing this domain is suf- 
ficient to induce an antiviral state. Further, this domain binds specifically to a mem- 
brane-proximal region internal cytoplasmic domain of the (Y subunit of the receptor 
complex in a region that is directly involved in the recruitment and activation of the 
JAWSTAT pathway. We suggest that this novel mode of receptor recognition and 
activation may be a driving force for nuclear translocation of molecules like STATs 
that are associated with the ligand-receptor complex. [P.S.E.B.M. 1998, Vol 2181 

D uring the last several years, a family of transcription 
factors called signal transducers and activators of 
transcription (STATs) have been identified and 

characterized (reviewed in Ref. 1). STATs have been shown 
to serve as transcription factors for interferons (IFNs), other 
cytokines, and growth factors. STATs, which range in mo- 
lecular weight from 84 to 113 kD and are constitutively 
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expressed in the cytoplasm, translocate to the nucleus only 
upon activation by an extracellular signal. The size of the 
STATs further increases since various homo- or heterocom- 
plexes are formed upon activation. Based on current knowl- 
edge, transcription factors of this size must enter the nucleus 
via active transport through the nuclear pore complex 
(NPC) (2). 

In general, the process of active transport through the 
NPC occurs via interaction with proteins that bind to a 
transcription factor (or other protein destined for the 
nucleus) and dock at the NPC (Fig. 1) (reviewed in Ref. 2). 
Transcription factors bind to a heterocomplex called impor- 
tin, which is made up of CY and p subunits (importin CY and 
p, respectively). The transcription factor binds to importin CY 
via a specific motif called the nuclear localization sequence 
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Figure 1. Working model for ligand (IFN,) binding to receptor and translocation of STAT transcription factors to the nucleus. Our preliminary 
data demonstrate the binding of IFN, via the C-terminus to the cytoplasmic domain of the receptor, and enhance JAK binding. This, in turn, 
causes STAT binding. IFN, provides the NLS for translocation to the nucleus since none of the other participants have been shown to possess 
an NLS. (Y = importin a; p = importin p; GAS = gamma-activated sequence. 

(NLS). NLSs are short amino acid stretches characterized 
by clusters of polycationic residues occurring together as a 
single group or two short groups separated by a fixed spacer 
(bipartite NLS sequences; 3 ) .  Following the binding of the 
NLS-bearing protein, importin a interacts with importin p 
through its importin p binding domain. Importin p mediates 
docking of the complex at the NPC. Translocation into the 
nucleus requires an NPC-associated GTPase called Ran, as 
well as other co-factors. Thus, transcription factors enter the 
nucleus via an energy -requiring mechanism. 

Recently it was shown that the GTPase activity of both 
the Ran/TC4 and the NPC are required for nuclear transport 
of IFN,-activated STATl (4). Thus, some if not all, STATs 
appear to use the nuclear transport mechanism depicted in 
Figure 1 .  However, based on current knowledge there is a 
potential paradox. STATs, like STATl for example, do not 
contain a polycationic NLS (4). As a rule, NLS-containing 

proteins are synthesized in the cytoplasm and appear to be 
constitutively transported to the nucleus immediately there- 
after. So how is it that preformed cytoplasmic proteins such 
as the STATs, which require nuclear import for their func- 
tions, are actively translocated in the absence of an NLS? It 
seems reasonable to assume that other NLS-containing mol- 
ecules must associate in some fashion with STATs in order 
to use the NPC machinery for transportation to the nucleus. 
The precedence for the presence of NLS-containing nuclear 
chaperone proteins assisting in the bind of cytoplasmic non- 
NLS proteins to importin a has recently been established in 
the case of the human aryl hydrocarbon receptor (5). 

It has been demonstrated by several investigators that 
IFN,, which activates STATl, rapidly translocates to the 
nucleus (6, 7). The C-terminus of IFN, contains a putative 
NLS (RKRKRSR) that is very similar to that found in the 
SV40 large T antigen. This region has been referred to as 
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the polycationic tail of IFN,. This particular sequence has 
been shown to be essential for the biological activity of 
IFN,, although no clear function has been ascribed to it to 
date (8-10). Related to this, at least three independent lines 
of experimentation have identified intracellular IFN, as be- 
ing biologically active: 1) human IFN, (huIFN,) delivered 
by a liposome vector was able to activate murine macro- 
phages to a tumoricidal state; 2) secretion-defective huIFN, 
expressed in murine fibroblasts triggered antiviral activity; 
and 3) microinjected IFN, induced Ia expression on murine 
macrophages (1 1-13). The activity of huIFN, in these mu- 
rine cells defies the well-known species-specificity of ex- 
ogenously supplied huIFN, that does not have activity on 
murine cells. Thus, the IFN, molecule most likely interacts 
with some intracellular element(s) to induce a biologic re- 
sponse. Similarly, intracellularly expressed IFN, has also 
been shown to be biologically active and can activate the 
DNA binding activity of the ISGF3 transcription complex 
of which STATl and STAT2 are integral components (14). 
The formation of an active ISGF3 complex involves the 
translocation of both STAT1 and STAT2 to the nucleus. 
Thus, it seems likely that one of the reasons that IFN, is 
active intracellularly is because it can activate STATl . 

We hypothesize that a key intracellular interaction that 
comes into play in bringing about these effects of IFN, is its 
interaction with the nuclear transport mechanism in an 
NLS-dependent manner. Our recent studies, which are de- 
scribed below, demonstrate that the polycationic tail of 
IFN, does indeed contain a functional NLS that is capable 
of transporting a heterologous protein to the nucleus when 
coupled to it in a manner analogous to that for the NLS of 
the SV40 large T antigen. Thus, the translocation of IFN, 
itself to the nucleus is mediated by an NLS sequence resid- 
ing in the polycationic tail, which apparently is crucial for 
the biological function of the ligand. Given that intracellular 
IFN, 1) is biologically active; 2) can activate transcription 
factors like STATs that do not themselves appear to contain 
an NLS for nuclear translocation; and 3) contains an NLS 
competent for nuclear translocation, we suggest that IFN, 
functions intracellularly as a nuclear chaperone protein that 
assists in the binding and translocation of signaling mol- 
ecules like the STATs via the importin/Ran machinery. Fur- 
ther, this proposed mechanism may not be limited to cyto- 
kines such as the IFNs, but may also be a means by which 
hormones such as growth hormone (GH) exert their effects 
intracellularly . 

Over the last few years, our studies on IFN, binding to 
its receptor have provided insight into a unique mode by 
which IFN, can interact directly with intracellular signaling 
elements via the cytoplasmic domain of the a chain of the 
IFN, receptor complex. The studies outlined below provide 
several scenarios in which to examine in greater detail the 
intracellular role of IFN, in signaling by transcription fac- 
tors like STATs, including the question of maintaining the 

specificity of signal transduction unique to any given stimu- 
latory ligand. 

Interaction of IFN, with the IFN, 
Receptor (IFN,R) 

Previously, we showed, using intact cells, that IFN, 
binds to the extracellular domain of the IFN,R a chain 
through its N-terminus ( 15-1 8). Using synthetic peptides, 
we showed that an N-terminus peptide consisting of resi- 
dues 1-39, IFN,(l-39), blocked both IFN, binding to re- 
ceptor and IFN, antiviral activity (12-15). Other peptides 
encompassing the remainder of the IFN, sequence had no 
effect on binding. 

The peptide studies were then repeated using a soluble 
murine IFN,R construct consisting of both the extracellular 
domain and intracellular domain (19). Competition for re- 
ceptor binding by the N-terminus peptide was again ob- 
served under these conditions. In this case, however, a mu- 
rine C-terminus IFN, peptide consisting of residues 95-1 33, 
IFN,(95-133), was also able to compete with IFN, for re- 
ceptor (20). In combination, the N-terminus and C-terminus 
peptides were more competitive than either peptide alone, 
suggesting that the peptides recognized different sites on the 
IFN,R that resided separately in the extracellular and intra- 
cellular domains of the receptor a chain. 

Further, through the use of synthetic receptor peptides, 
we showed that the N-terminus of IFN, recognized the ex- 
tracellular domain of the IFN,R a chain, whereas the C- 
terminus recognized the cytoplasmic domain of the receptor 
(21). Recently, we have cloned and expressed the entire 
cytoplasmic domain of the human IFN,R a chain indepen- 
dent of a fusion protein (22). Radiolabeled human IFN, 
('251-IFN,) bound to the cytoplasmic IFN,R domain, and 
this binding was inhibited by intact human EN, and C- 
terminus peptide, whereas the N-terminus peptide had no 
effect. We have shown previously that the N-terminus pep- 
tide blocks extracellular receptor binding, whereas the C- 
terminus peptide is not inhibitory (15-18). Thus, the above 
data show that IFN, recognizes the IFN,R a chain extra- 
cellular domain via its N-terminus, and the cytoplasmic do- 
main via its C-terminus. 

Interestingly, a C-terminus IFN, peptide that binds to 
the cytoplasmic domain of the receptor and that contains the 
NLS has biological activity (23). Treatment of murine mac- 
rophage cell lines with mouse IFN,(95-133), where the 
peptide is taken up by pinocytosis, results in 10-fold up- 
regulation of MHC class I1 molecule expression and lo6- 
1 09-fold increased resistance to viral infection. Further, a 
C-terminus peptide corresponding to human IFN,(95-134) 
also has activity in murine macrophage cells. These data 
suggest a direct role for the C-terminus of IFN, in the 
initiation of intracellular signaling, probably related to its 
nuclear translocation properties. 

To this end we have coupled R-phycoerythrin (PE), an 
autofluorescent protein, to the C-terminal IFN, peptide, 
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IFN,(95-132), which contains the putative NLS. Standard 
in vitro transport assays using rabbit reticulocyte lysate 
were carried out in mouse 3T3 cells clone A31, permeabi- 
lized with digitonin (24). As can be seen in Figure 2A, the 
IFN,(95- 132)-PE complex underwent nuclear transloca- 
tion. In contrast, PE failed to undergo nuclear translocation 
when added to the cells with IFN,(95-132) under condi- 
tions where the two were not covalently complexed (Figure 
2B; Subramaniam et al., unpublished observations). These 
findings provide crucial evidence that the C-terminus of 
IFN, contains a functional NLS that is capable of transport- 
ing heterologous proteins to the nucleus, and also provide an 
important starting point for further examining the hypotheti- 
cal model presented in Figure 1. 

Recently, the crystal structure of human IFN, com- 
plexed to the extracellular domain of the a chain receptor 
subunit was determined (25). The obvious question is how 
do the peptide and related studies fit with the x-ray structure 
data? IFN, bound to the extracellular domain of the receptor 
via its N-terminus, consisting of a helix-loop-helix struc- 
ture. This secondary structure is contained in the N-terminus 
peptide IFN,( 1-39) as determined by two-dimensional 
NMR (26). The C-terminus of IFN, did not bind to the 
extracellular domain of the receptor, which is again consis- 
tent with our peptide studies. Thus, the x-ray structure data 
are in agreement with peptide studies in identifying the sites 
of interaction between IFN, and the receptor a chain. Based 
on the peptide studies, which have been very consistent with 
the structure data on the extracellular receptor domain, one 
would predict that further x-ray structure studies would 
show that IFN, interacts with the cytoplasmic domain of the 
receptor via the C-terminus of IFN,. 

Figure 2. The polycationic tail of the C-terminus IFN, peptide 
IFN,(95-132) is a nuclear localization sequence. Standard in vitro 
transport assays using rabbit reticulocyte lysate were carried out in 
mouse 3T3 cells (clone A31) permeabilized with digitonin using pre- 
viously described procedures (62). The C-terminus peptide was co- 
valently coupled to R-phycoetythrin (PE) through the bifunctional 
coupling agent sulfo-SMCC (Pierce, Rockford, IL) and used as the 
substrate. (A) Nuclear uptake of IFN7(95-132)-PE complex. Al- 
though the cells showed variations in nuclear staining, typically up to 
85% of cells in any given field showed nuclear transport. Note the 
morphological outline of the nucleus including the nucleoli. (B) Fail- 
ure of nuclear uptake of a simple mixture of IFN,(95-132) and PE 
where the two were not covalently coupled. Note the presence of 
some PE in the cytoplasm but with its conspicuous absence from the 
nucleus. 

The cytoplasmic domain of the IFN, receptor (x chain is 
obligatorily required for IFN,-induced biologic responses 
and, surprisingly, is not species-restricted. The region of the 
cytoplasmic domain that interacts with IFN, encompasses 
residues 252-291. In the human receptor, this region con- 
tains a membrane proximal leucine-isoleucine (LI) se- 
quence (residues 270-27 1) that is required for receptor traf- 
ficking events within the cell following receptor endocyto- 
sis (27). Immediately upstream of this sequence is an LPKS 
sequence (residues 266-269) that is required for the consti- 
tutive association of the tyrosine kinase JAKl (28). This 
association is crucial for the activation of the signal trans- 
duction cascade from the receptor following binding of 
IFN,. In the murine receptor, we have also shown that the 
cytoplasmic domain of the a chain also contains two sites of 
interaction for the other tyrosine kinase, JAK2 (29). One 
site encompassing residues 283-209 in the murine receptor 
overlaps the binding site for the C-terminus of IFN,. In 
particular, binding of JAK2 at this site on the receptor is 
enhanced by interaction of the C-terminus of IFN, with the 
cytoplasmic domain, which may explain why co- 
precipitation of JAK2 with the (x chain is seen only after 
ligand treatment of cells (30). Given the proximity of the 
ligand-induced JAK2 binding site to binding sites for IFN, 
and JAKl on the cytoplasmic domain, it is quite probable 
that the interaction of the ligand with this domain of the 
receptor directly contributes to the initial activation of either 
kinases and consequently initiation of the signal transduc- 
tion cascade. Finally, phosphorylation of the tyrosine at po- 
sition 440 generates a binding site on the receptor for 
STAT1. This site overlaps the second interaction site for 
JAK2 on the (x chain. Thus, interaction of the NLS-bearing 
C-terminus of the ligand with the cytoplasmic domain of the 
receptor could affect processes that include the activation of 
the signal events that recruit STAT transcription factors 
within the ligand-receptor complex and the subsequent en- 
docytosis, trafficking, and nuclear translocation of these 
molecules to their target genes. 

Putative NLSs in Other STAT-Utilizing Proteins 

As indicated earlier, IFN, is not the only protein that 
uses the STAT signaling pathway. If a ligand andlor recep- 
tor NLS is involved in the nuclear translocation of STATs, 
then one would expect to find putative NLS motifs associ- 
ated with other STAT-utilizing ligands and/or their recep- 
tors. As shown in Table I, this is indeed the case. It would 
seem more than just coincidence that diverse ligands such as 
insulin, IFNs, colony stimulating factors, and nonhemato- 
poietic growth factors also possess an NLS and use the 
JAUSTAT signal transduction pathway in gene activation. 
In fact, it is suggestive that NLS-bearing ligands and/or their 
receptors play a direct role in nuclear translocation of tran- 
scription factors such as the STATs. Further, ligands such as 
insulin, growth hormone (GH), and IL-1, undergo nuclear 
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Table I .  Putative Nuclear Localization Sequences (NLS) Found on Some STAT-Utilizing Ligands 

Factor NLS Motif" NLS found on References 

hPDGFA 
hPDGFB 
hlFNa 

mlFNy 
hlFNy 

hlL-101 
hlL-1 p 

h I L-2 
mlL-1 

mlL-3 
mlL-4 

m I L-5 

m I L-6 

mlL-7 
mlL-7 

hlL-4 

h I L-5 

hlL-6 

h I L-7 
hlL-10 
mlL-11 

LIF 

OSM 

CNTF 

mlnsulin 
hlnsulin 
hGH 
hEGF 

hlL-11 

hGM-CSF 

PRESGKKRKRKR 
RVTl RTVRVRRPPKGKH RK 
QKRLRRKD 
R KI I EKKT 
LRKRKRSRC 
NSNKKKR 
KTGKRKRS 
KVLKKRRL 
KKKMEKRF 
NVKKSRRL 
QRRQRKSRR 
RKSLLYRLCPPIPRLR 
KHRVKKK 

- KKY IDRQKEKCGEERRRTR 

KKPCPDDLKSVDLFKKEK 
- KKPFPEDLKSLDLFKKEK 
KKKYLKKVKHD 
KKRIKPVVWPSLPDHKK 
KKRIKP I VWPSLPDHKK 
- RRRKKLPSVLLFm . . . . . . . 
- KKPCPDDLKSVDLFKKEK 
MPFPEDLKSLDLFKKEK 

- KKPFPEDLKS LDLFKKEK 

- KKPFPEDLKSLDLFKKEK 

M P F  PEDLKS LDLFKKEK 

RRSYALVSLSFFRKLR 
VRVRSKQRN 
RRRHIVRKRTLRRL 
RNSKRRREIR 

H.RMKQLIRFLKB!LB 

KKYIDQQKKKCGEEF~K~T 

- KKPCPDDLKSVDLFKKEK 
- KKPCPDDLKSVDLFKKEK 

- KKPCPDDLKSVDLFKKEK 

~ S Y A L V S L S F F R K L ~  

ligand 
ligand 
ligand (I FNaConsensus) 
receptor (a-c ha in) 
ligand 
ligand 
ligand 
ligand 
ligand 
receptor 
receptor (a-chain) 
receptor (a-chain) 
receptor 
ligand 
ligand 
ligand 
receptor (gp 130) 
receptor (gpl30) 
receptor 
receptor 
receptor 
receptor 
receptor (gpl30) 
receptor (gpl30) 
receptor (gpl30) 
receptor (gpl30) 
receptor (gpl30) 
receptor (gpl30) 
receptor (gpl30) 
receptor (gpl30) 
receptor 
receptor 
receptor 
receptor 
receptor 

31, 1 
31, 1 
32, 1 
33, 1 
34,l 
35,l 
35, 1 
36, 37 
36, 37 
38, 37 
39, 40 
41, 42 
43, 1 
44, 1 
45,42 
46,47 
48, 1 
49, 1 
50, 51 
50, 51 
50,51 
52, 53 
48, 54 
49,54 
49, 1 
49, 1 
49, 1 
49, 1 
49, 1 
49, 1 
55, 56 
57, 56 
58, 1 
59, 1 
60, 42 

a These putative NLSs have been identified by comparison with protein sequences known to have nuclear localization function. A partial list 
of these sequences has previously been published (see reference 64). 

translocation (6 1-63). The studies on GH internalization 
and nuclear translocation, for example, provide some inter- 
esting insights (6 1). Internalization requires a full-length 
receptor since no internalization occurred in cells trans- 
fected with GH receptor lacking the cytoplasmic domain. 
Once internalized, GH rapidly translocated to the nucleus. 
An apparent anomaly in the nuclear translocation of GH is 
its lack of an NLS, suggesting that it must associate with 
another NLS-bearing molecule in order to localize to the 
nucleus. Proteins that have been shown to interact with GH 
intracellularly, such as the GH binding protein, are not re- 
quired for nuclear localization (61). However, the GH re- 
ceptor possesses a putative NLS (Table I), suggesting that it 
may be involved in the translocation of GH to the nucleus. 
Electron microscopic analysis indicates that GH interacts 
with the NPC at the nuclear membrane prior to entering the 
nuclear matrix. Thus, GH binds to a full-length receptor and 
is internalized, it then translocates to the nucleus utilizing 
the NPC, possibly via the putative NLS on the receptor. 

A Model for Nuclear Translocation of STATs 

A model depicting the direct involvement of IFN, in 
nuclear translocation of its transcription factor STAT1 is 
presented in Figure 1. IFN, binds to receptor via its N- 
terminus and undergoes endocytosis. This is followed by 
IFN, binding to the cytoplasmic domain of the receptor via 
its C-terminus, which contains a putative NLS. STATs do 
not contain putative NLSs, so IFN, provides the NLS for 
the translocation of the complex of IFN,, receptor, and 
STAT to the nucleus. In this manner, STAT translocation to 
the nucleus can occur in the absence of an NLS within its 
sequence. Key to this model are data presented in Figure 2, 
which show that the putative IFN, NLS does indeed cause 
nuclear translocation of proteins. 

The translocation of the ligand and/or receptor complex 
to the nucleus would obviously confer an added layer of 
specificity especially in a scenario when multiple ligands 
appear to activate the same STAT molecules but turn on 
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different sets of genes. STAT activation appears to involve 
recruitment and binding to phosphotyrosine residues on the 
cytoplasmic domains of the signal transducing receptor. The 
direct translocation of a ligand-receptor complex bearing 
the activated transcription factor to the nucleus would in 
essence sequester and compartmentalize a portion of the 
STAT pool by the ligand-receptor pair generating the sig- 
nal. Further, the discrimination between similar STAT- 
responsive elements within multiple promoters could in 
principle be directed by ligand- or receptor-specific second- 
ary interactions with other elements of the transcription ma- 
chinery. Inherent in this proposition is the fact that a more 
important function is ultimately served by this translocation. 
This would be to shuttle to the nucleus signaling molecules 
associated with the complex that do not have an NLS to 
target them for nuclear transport but require nuclear import 
for function. Thus, it is proposed that the translocation of 
such signaling molecules to the nucleus is obligatorily 
linked to the translocation of ligand and/or receptor that 
transmits the signal. The presence of putative NLSs on li- 
gands and/or receptors has been well noted by others and 
has been suggested to be the mechanism by which ligands 
and/or receptors translocate to the nucleus (64). However, 
linkage of this concept to the nuclear translocation of tran- 
scription factors or other proteins such as the STATs that do 
not possess an NLS has not been proposed. Moreover, our 
studies on the binding of the C-terminus of IFN, to the 
cytoplasmic domain of the receptor suggest a starting point 
for the development of a model for nuclear translocation of 
transcription factors, such as the STATs, that interact with 
the cytoplasmic domain of receptors like that of IFN,. 
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