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Summary

Intracellularly expressed interferon y (IFNy) has been
reported to possess biological activity similar to that of

IFNy added to cells. This study addresses the mechanisms translocation

for such similar biological effects. Adenoviral vectors were
used to express a non-secreted form of human IRNor
a non-secreted mutant form in which a previously
demonstrated nuclear localization sequence (NLS),
1285 TGKRKR 134 was replaced with alanines at K and R
positions. With the vector expressing non-secreted wild-
type IFNy, biological responses normally associated with
extracellular IFNy, such as antiviral activity and MHC
class | upregulation, were observed, although the mutant
IFNy did not possess biological activity. Intracellular
human IFNy possessed biological activity in mouse L cells,
which do not recognize extracellularly added human IFN.
Thus, the biological activity was not due to leakage of IFN
to the surroundings and subsequent interaction with the

receptor on the cell surface. Biological function was
associated with activation of STAT& and nuclear
of IFNy, IFNGR1 and STATlo.
Immunoprecipitation of cellular extracts with antibody to
the nuclear transporter NPI-1 showed the formation of
a complex with IFNy-IFNGR1-STAT1la. To provide the
physiological basis for these effects we show that
extracellularly added IFNy possesses intracellular signaling
activity that is NLS dependent, as suggested by our
previous studies, and that this activity occurs via the
receptor-mediated endocytosis of IFM The data are
consistent with previous observations that the NLS of
extracellularly added IFNy plays a role in IFNy signaling.
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STAT1a, MHC

Introduction

Finally, intracellular expression of the human iFdene in

The current view is that interfergn(IFNy) activates cells via mouse fibroblasts in a non-secretory form resulted in induction
interaction with the extracellular domain of the receptorf antiviral activity (Sanceau et al., 1987). _

complex (reviewed in Stark et al., 1998). This in turn results Recently, we have determined the structural basis for nuclear
in the activation of the receptor-associated tyrosine kinasd&nslocation of murine IFby identification of a polycationic:
JAK1 and JAK2, leading to phosphorylation and dimerizatior{'UCIear localization sequence In its C-termlnl_Js (Subramaniam
of the transcription factor STATL, which dissociates from €t @l 1999). Further, internalized I¥Nbinds to the

the receptor cytoplasmic domain and undergoes nuclegytoplasmic domain of the IFNGR1 receptor chain (Szente et
translocation. This current view ascribes no further role tyIFN 1994). Immunoprecipitation experiments showed that a
or the receptor chains IFNGR1 and IFNGR2 iny@ignaling.  CYtoPlasmic complex of IFKIFNGR1-STAT x complexed to

The above scenario ignores several events associated with IF e nuclear importir protein, NPI-1, occurs in an NLS-
. ) : 9 . ependent fashion (Subramaniam et al., 2000). Thus, the
signaling. First, both IFidand one of the receptor chains,

: o ; internalization of IFy and nuclear transport of IFNand
IFNGR1, undergo internalization or endocytosis and nucleaingr1 appear to be a mechanism for nuclear import of the
translocation (Larkin et al., 2000; Subramaniam et al., 2000],:,\1y transcription factor STATA.

Second, at least three separate studies showed that intracellulay, {he present study, we have expressed a non-secretable

IFNy possessed biological activity that was qualitatively NO%srm of human IFN and found it to be biologically active. In
unlike that of extracellular IF{ In one, microinjection of grder to demonstrate that the NLS of \Fias key to the
human IFN into mouse macrophage cells induced lajntracellular events described above, positively charged amino
expression (Smith et al., 1990). Extracellularly added humagcids in the NLS were replaced with alanines, such that
IFNy did not have an effect, since it does not recognize ththe NLS sequencel?®)K TGKRKR134 was mutated to
extracellular domain of the mouse I¥Meceptor complex. 128ATGAAAA 134 Non-secreted forms of IFNor its NLS-
Another study involved internalizing human Iikito mouse mutated version were tested in murine and human cells for their
macrophages via a liposomal delivery system, resulting iability to induce IFN activity, to activate STAT@ and to carry
induction of an antiproliferative effect (Killion et al., 1994). out nuclear translocation of STA&1 The data show that
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intracellularly expressed IRNIlike extracellularly added IR\ Antiviral assay

interacts with the cytoplasmic domain of IFNGR1 via its C-Antiviral assays were performed by using a cytopathic effect (CPE)

terminal NLS and that the IFNFNGR1-STATX1 complex is  reduction assay using Vesicular Somatitis Virus (VSV) (Familetti et
in turn complexed to NPI-1 for nuclear import of STAL1 al., 1981). Mouse L929 405 cells were plated in a microtiter dish

and allowed to grow overnight. These cells were then infected with

different adenoviruses and incubated for various times followed by

: growth in EMEM medium for 24 hours. VSV was then added to these

Materials and Methods cells and incubated for 24 hours. Cells were stained with crystal violet.

Cell lines and rec_ompinant ader?oviruses ] The dye retained was extracted in methylcellusolve, and absorption at
Human embryonic kidney cell line 293 (ATCC, Gaithersburg, MD)550 nM was measured.

used for the propagation of recombinant adenoviruses was grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum. Human WISH and mouse L929 cells (ATCC) werdxpression of MHC class |

grown in Eagle’s minimal essential medium (EMEM) containing 10%cells were transfected with different recombinant adenoviruses for 1
fetal bovine serum. P388D1 cells were grown in RPMI 1640 mediumour, followed by growth in EMEM medium for 48 hours. Cells were
containing 10% fetal bovine serum. then washed and incubated with a monoclonal antibody to human
AdEasy adenoviral vector system from Stratagene (La Jolla, CAYIHC class | molecules conjugated with R-phycoerythrin (R-PE).
was used. Construction and propagation of adenoviral vectors wagouse IgG2a conjugated with R-PE was used as a control. Both of
carried out according to the manufacturer’s protocol. A plasmidhese R-PE-conjugated antibodies were from Ancell (Bayport, MN).

containing human IFN(ATCC) was used to carry out PCR using the Cells were analyzed for immunofluorescence (FL-2) in a FACScan
following primers: CGGTCGACGAACGATGAAATATACAAGT-  flow cytometer (Becton Dickinson Immunocytometry Systems,

TATATC (forward) and GCAAGCTTCATTACTGGGATGCTCT- Mountain View, CA). Data were collected in list-mode format
TCGAC (reverse). To obtain the non-secretedylBétjuence, we used and analyzed using CellQuest software (Becton Dickinson
a forward primer that had the initiating methionine and the remaindgmmunocytometry Systems).

of the coding sequence from the first amino acid in mature

polypeptide, with the following sequence, CGGTCGACG-

AACGATGTGTTACTGCCAGGACCCATA. The reverse primer was Immunofluorescence analysis

the same as above for secreted IFN. NLS-modifieqy B&§uence was  WISH cells (310°) were grown overnight on tissue-culture-treated
obtained by using a reverse primer in which the coding sequence wafdes (Falcon, Becton Dickinson, Franklin Lakes, NJ) before
changed to replace lysine or arginine with alanines, and the sanjigfecting with adenovirus vector for 1 hour. This was followed by
forward primer as for the non-secreted IFN. PCR products wergrowth in EMEM medium for 7 hours. Cells were then fixed in
digested withSal (5’ end) andHindlll (3' end), and the resulting methanol (—~20°C) and dried. Cells were permeabilized using 0.5%
fragments were cloned in the multiple cloning site in the plasmidfriton X-100 in 10 mM Tris-HCI, pH 8, 0.9% NaCl (TBS) for 10
pShuttleCMV. For the control plasmid, pShuttle MCS, which does noginutes. Slides were washed in TBS and non-specific sites were
have a transgene, was used. Linearized plasmids as above wefgcked with 5% non-fat milk in TBS. Slides were then incubated for
cotransformed with pAdeasy plasmid in BJ5183 to obtainy hour in the same blocking buffer containing rabbit polyclonal
recombinant adenovirus sequence. Recombinant plasmids were usgflisera against IFNGR1 (Santa Cruz Biotechnology, Santa Cruz, CA)
to infect human embryonic kidney 293 cells to obtain virusesgng goat polyclonal antisera to human STATR&D Systems). Cells
Purification of viruses was carried out by using two CsCl gradientsyere washed four times with TBS containing 0.1% Triton. This was
These viruses were characterized by restriction enzyme digestion afflowed by incubation with secondary antibodies, which were Cy-2-
DNA sequencing across the coding sequence. Cells that were ab@éhjugated donkey anti-rabbit (Jackson Immunochemicals) and
50% confluent were infected with different recombinant adenOVirUS@A|exa_F|uor_594_Conjugated donkey anti_goat antisera (M0|ecu|ar
at a multiplicity of infection (m.o.i.) of 10 for 1 hour, followed by probes, Eugene, OR) for 1 hour. After four washings in TBS with
growth in EMEM medium. 0.1% Triton, slides were mounted in Prolong antifade solution
(Molecular Probes), covered with a coverslip and sealed with nail
. . . varnish. To view the nuclear translocation of {Nlides were
Western blot analysis and immunoprecipitation . incubated with a monoclonal antibody to human YFKBD

Cells were washed with phosphate-buffered saline (PBS) angharmingen, San Diego, CA) as the primary antibody and Alexa-
harvested in lysis buffer [50 mM Tris-HCI, pH 7.5, 250 mM NaCl, Flyor-488-conjugated anti-mouse antibody (Molecular Probes) as the
0.1% NP-40, 50 mM NaF, 5 mM EDTA and protease inhibitorsecondary antibody. Images were recorded on epifluorescence
cocktail (Roche Biochemicals, Indianapolis, IN)]. Protein microscope attached to a Macintosh computer running IP Lab
concentration was measured using a BCA kit from Pierce (Rockfordsoftware and deconvolution software (Scanylatics Corp). Images were
IL). Protein (10pg each) was electrophoresed on an acrylamide gekecorded and a portion of out-of-focus haze from each image removed
transferred to nylon membrane and probed with the antibodiegsing the MicroTome software (Vaytek) to improve clarity.
indicated. Horseradish-peroxidase-conjugated secondary antibodiggantitation of these images was done by measuring mean pixel
were used, and detection was carried out by chemiluminescenqqensity in cytoplasmic (Fc) and nuclear (Fn) regions in each cell
(Pierce). Immunoprecipitation was carried out by incubating specifigsing IP Lab software (Scanylatics Corp). The ratio Fn/Fc was
antibodies with cell extracts followed by incubation with 19G- determined for each cell and the average of the ratio Fn/Fc across at

Sepharose (Sigma Chemicals, St. Louis, MO), followed byeast seven different fields was measured and is presented as Fn/Fc
centrifugation and washing. The phospho-STAT 1 antibody was frorfor a given treatment.

Cell Signaling (Beverly, MA). The polyclonal antibody to STAT1

was from R&D chemicals (Minneapolis MN). Antibodies to NPI-1

and IFNGR1 were obtained from Santa Cruz Biotechnology (Santgegyits
Cruz, CA). The monoclonal antibody to IfFNused to probe .
immunoprecipitate was obtained from PBL Biomedical (NewEXpreSSIon vectors

Brunswick, NJ). The ELISA kit for IFiN was obtained from The adenovirus vector used in these studies, pAdEasy, is a
Biosource International (Camarillo, CA). derivative of ad5, which is deleted in early regions | and Ill. A
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cassette of the CMV-promoter-driven transgene replaces eatBjiological activity of non-secreted IFNy is dependent on
region |. These vectors are replication deficient, owing to théhe presence of NLS
deletion of early region I. The vector without the transgene igve next determined if intracellularly expressed yfidssessed
denoted as rAde. CMV-promoter-driven non-secreted/iitl  piological activity. Murine L cells were chosen for this study
NLS-modified non-secreted IFyNNere designated as rAdnl because these cells are not responsi\/e to huma\maﬁdbd
and rAdnim, respectively. These vectors were firsiextracellularly, so the effect observed would have to result from
characterized by restriction enzyme digestion, followed byntracellular action of interferon. Although the extracellular
DNA sequencing across the transgene. recognition by the receptor is species specific, intracellular
To follow the synthesis of IFf WISH cells were sjgnaling events are not species specific because of extensive
transduced with control or IF\!\ExpreSSing vectors. Proteins homo|ogy in the Cyt0p|asmic region of IFNGR1 for human and
from cell extracts and supernatants, obtained two days aftfouse sequences that bind the C-terminus of both human and
infection, were electrophoresed and probed with an antibodyiouse IFNy (Szente and Johnson, 1994). In fact, there is
to IFNy (Fig. 1A). Vectors expressing both the non-secrete@reater than 90% homology in this region of the cytoplasmic
IFNy and NLS-modified non-secreted If¥Nshowed the pinding site of IFNGR1. Mouse L cells, untreated or
presence of IFNin cell extracts, and none was detected intransduced with an empty vector control, non-secreteg tfN
the supernatants. There was no yFBkpression in cells NLS-modified non-secreted IFNexpressing vector were
transduced with the empty control vector, suggesting that thgllowed to grow for one day and then they were challenged
infection with recombinant adenovirus in itself does notwith VSV. A day later, these cells were compared to discover
induce endogenous IfNexpression. To test if murine L 929 their relative resistance to VSV-induced cytopathic effect (Fig.
cells were infectable with the recombinant adenovirus vector). with intracellular IFN expression, a threefold increase in
cell extracts and supernatants after infection with rAde, rAdn¢el|l survival was observed compared with untreated cells or
and rAdnim were assayed for IfNby ELISA (Fig. 1B). cells treated with empty vector. With expression of NLS-
Synthesis of IFM was observed in cell extracts from cells modified IFNy, cell survival was reduced to nearly the same
treated with rAdnl and rAdnim, whereas the supernatantievel as with the empty vector control. Intracellularly expressed
from the same cells did not have any detectableyIlFN |ENy thus induced antiviral activity in cells, and this activity
Similarly, cell extracts or supernatants from L 929 cellsyas dependent on the presence of the NLS at its C-terminus.
infected with empty vector did not have any detectabley]FN Given that mouse L cells do not recognize humaryAll the
In addition, purified virus preparations were found to be fre@xtracellular domain of the receptor, the data further support
of IFNy. Therefore, the effects observed below were not froman intracellular effect of human IFN

free contaminating IFfacting extracellularly. Thus, IRN  Extracellularly added IFiinduce MHC class | molecule
produced from rAdnl or rAdnim was expressed intracellularlyexpression on the cell surface. To test if non-secretegdf=s
and not secreted. had a similar activity, WISH cells were transduced with an

empty vector control, non-secreted N-Nr NLS-modified
non-secreted IFNexpression vector. Two days later, these

A 1 2 3 4 5 6 7 8 cells were stained with R-phycoerythrin (R-PE)-conjugated
e — = monoclonal antibody to human MHC class | molecules, and
e — the cells were analyzed by flow cytometry. As an isotype
B
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Fig. 1. Synthesis and intracellular retention of NzNA) WISH cells, 0 1 2 3 4

untreated (lanes 1 and 2) or those transduced for two days with an

empty vector control (lanes 3 and 4) or a vector expressing non-  Fig. 2. Resistance to viral infection by intracellular human y#N
secreted IFM(lanes 5 and 6) or a vector expressing non-secreted dependent on the presence of the NLS. Mouse L929 cells, untreated
IFNy mutated in the NLS (lanes 7 and 8) were used. Proteins from (column 1) or those transduced for 1 hour with an empty vector

cell extracts (odd-numbered lanes) or supernatants (even-numbere«control (column 2), a vector expressing non-secreted human IFN
lanes) were separated by SDS-PAGE and probed with an antibody i(column 3) or a vector expressing non-secreted/\¥ith a mutation
IFNy. Detection was carried out by using chemiluminescence. in the NLS (column 4) were allowed to grow for 24 hours, followed
(B) Quantitation of IFN produced in L929 cells by ELISA. Cell by infection with VSV for 24 hours. Cells were then stained with
extracts (odd numbers) and supernatants (even numbers) from L92crystal violet, extracted with methylcellusolve, and the absorbance
cells, transduced for two days with the empty adenoviral vector was measured, as described in Materials and Methods. Absorbance
(column 1 and 2) or vector expressing non-secreteg (EBlumn 3 in cells that were not exposed to any virus was taken as 100%, and
and 4) or vector expressing non-secretedylfiNtated in the NLS the percentage of cells surviving other treatments is presented.
(column 5 and 6) were assayed for {Fdy ELISA. Results represent the mean of three independent determinations.
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control, murine 1gG2a antibodies conjugated with R-PE wer:
used. Relative mean fluorescence profiles are presented in F

1 2 3 4
3. Cells transduced with the empty vector control, non-secrete AN -STATIo

IFNy or NLS-mutated IFN expression vectors showed 4179,

778+10 and 362+29 units of mean fluorescence, respectivel B e e STATIO
Therefore, intracellular expression of NfNinduced an

approximately twofold increased expression of MHC | _ , ) ,
molecules. This induction was abolished with the removal of'9: 4-Phosphorylation of STATA by intracellular IFly is

the NLS. Intracellularly expressed IfNherefore induces Independent of the IFNC-terminal NLS. WISH cells, untreated

tiviral activit d lati f MHC cl | | | (lane 1) or treated with an empty vector control (lanes 2), a vector
antiviral activity and upregulation o class | molecu esexpressing non-secreted IiFlanes 3) or a vector expressing non-

only with an intact NLS in its C-terminus. secreted IFNwith a mutated NLS (lanes 4) were allowed to grow
for 8 hours. Proteins from whole cell extracts were electrophoresed
o ) o ) and probed with an antibody to phospho-STAT1 (upper panel). Filter
Activation of STAT1a and its association with IFNy;, was stripped and re-probed with an antibody to STAlldwer
IFNGR1 and NPI-1 panel). Detection was by chemiluminescence.
To determine if the biological activity observed with non-
secreted IFM involved the activation of STATd, whole cell
extracts from WISH cells transduced with an empty vectoNLS of IFNy is responsible for the nuclear transport of
control, non-secreted IRNor NLS-modified non-secreted STAT1a (Subramaniam et al., 2000), which otherwise lacks an
IFNy expression vector were analyzed (Fig. 4).intrinsic NLS, which was demonstrated by the standard
Phosphorylation of STATd was observed in response to digitonin-based nuclear import assay (P. S. Subramaniam and
intracellular expression of both wild-type IfNnd its NLS H. M. Johnson, unpublished). Key to the chaperoning of
mutant as seen by probing with T¥iphospho-STAT1-specific STAT1a to the nucleus is the ability of IFNo bind to the
antibody. Cells transduced with empty vector control did notytoplasmic domain of IFNGR1 as well as to NPI-1 via its C-
show STATh Tyr’%1phosphorylation. Re-probing this filter to terminal NLS (Subramaniam et al., 2000). We therefore
look for STATIo showed similar amounts of STA@Ln all ~ immunoprecipitated NPI-1 from extracts of cells expressing
cell extracts. Thus, the intracellular expression of NLS-mutatet:=Ny intracellularly 18 hours after transduction with the empty
IFNy induced STAT& tyrosine phosphorylation similarly to vector or the vectors expressing wild-type {Fand NLS-
wild-type IFNy. mutated [IFN. Immunoprecipitated proteins were then
We have previously shown that IFNaddition to cells electrophoresed and probed individually with antibodies
resulted in the formation of a complex of N*NFNGR1-  specific for IFNGR1, IFN, phosphorylated STATL (p-
STAT1a in the cytoplasm and that the nuclear impoudin STAT1a) and NPI-1 (Fig. 5). Cells expressing wild-type N
homolog, NPI-1, binds to the complex via the NLS in the Cintracellularly contained IFNGR1, IFNand p-STAT1 in the
terminus of IFN (Larkin et al., 2000; Subramaniam et al., anti-NPI-1 immunoprecipitate (Fig. 5, lane 3), whereas anti-
2000). Further, we have previously provided evidence that thgPI-1 precipitate from untreated cells (Fig. 5, lanel) and cells
transduced with NLS-mutated IfN/ector (Fig. 5, lane 2)
were negative for IFNGR1, IFNand p-STATh. Similar
concentrations of NPI-1  were present in the

=
E: immunoprecipitates from all cell extracts. Thus, intracellular
= ]
&)
] 1 2 3
N
2% % IFNGRI1
32
s W N
21 »
E ) .a ‘ r ~
e e, PR psTAT!

MHC-1 FE
Fig. 3.Induction of MHC class | by intracellular expression of {FN _ NPI-1

is abolished by removal of the NLS. WISH cells were transduced for

1 hour with an empty vector control (dotted line), a vector expressinFig. 5. Association of activated STAT1, IfNind IFNGR1 with
non-secreted IFK(dark grey) or a vector expressing non-secreted nuclear importer, NPI-1. Cell extracts from WISH cells transduced
IFNy mutated in NLS (light grey). Cells were then allowed to grow for 8 hours with an empty vector (lane 1), NLS-mutatedylFN

for 48 hours in regular medium followed by staining with R-PE- expression vector (lane 2) or non-secretedylEkpression vector
conjugated monoclonal antibody to human MHC class | and analysi(lane 3) were used for immunoprecipitation with an antibody to NPI-
by flow cytometry. R-PE-conjugated murine IgG2a was used as a 1. Equal amounts of immunoprecipitates were electrophoresed and
control. A similar profile was noted in three independent probed individually with antibodies to IFNGR1 (first row), NN
experiments. (second row), phospho-STAT1 (third row) or NPI-1 (fourth row).
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wild-type IFNy formed a complex of IFMIFNGR1-STATXi-  with NLS-modified IFN or the empty vector did not show
NPI-1, but this complex was absent in cells expressing theuclear translocation (Fig. 6B).
IFNy NLS mutant. Since, NLS mutant IffNalso activated Since IFN is also translocated into the nucleus, we
STAT1a phosphorylation similarly to wild-type IFN these determined the effects of removal of the NLS on such
data suggest that the IFMNILS is required for the binding of translocation by using immunofluorescence analysis (Fig.
phosphorylated STATd to NPI-1. 7A). Intracellular expression of IRNresulted in its nuclear
translocation, whereas removal of the NLS resulted in lack of
] nuclear tanslocation of IFN With the empty vector control,
Nuclear translocation of STAT1q, IFNGR1 and ”:Ny no |FNy Signa| was seen (F|g 7A) Mean fluorescence
Consistent with intracellular activation of STATland the intensities for the non-secreted and NLS-mutated forms of
association of IFNGR1 with nuclear import machinery, celldFNy were compared by measuring mean pixel intensity
expressing IFM intracellularly also showed the movement of across several lines drawn through the cells as shown in Fig.
STAT1a and IFNGRL1 to the nucleus by immunofluorescenc&B. The results show approximately 40% more fluorescence
analysis. Simultaneous staining of WISH cells with antibodie$n nuclei treated with non-secreted NrNompared with the
to STATlo and IFNGR1 showed the translocation of theseNLS-mutated IFN. Quantitation of the images (Fn/Fc ratios)
molecules into the nucleus with the intracellular expression a6 shown in Fig. 7B. Association of IFNtogether with
IFNy, wheras the NLS-modified IRNor the empty vector IFNGR1 and STAT# points to a role for this ligand and one
failed to induce similar translocation of either of these (Figof its receptor subunits in chaperoning STATinto the
6A). Further, consistent with our previous studies (Larkin ehucleus.
al., 2000), cells that were simultaneously stained with IFNGR2
and STATh showed translocation of only STA@lwhereas
IFNGR2 was not translocated with the expression ofvidence for intracellular function of extracellularly
intracellular IFNy, and neither of these was translocated withradded IFNy
the NLS-modified IFN or the control vector (data not shown). We have shown above that intracellularly expressedy IFN
Fluorescence images from at least seven different fields weeetivates STATa& similarly to IFNy added extracellularly to
then used to quantitate the ratio of fluorescence in nuclei (Feglls. Our previous studies have shown that the C-terminus of
to the fluorescence in cytoplasmic (Fc) fractions. Thus, celleuman and murine IFj defined by peptides hulN95-134)
expressing non-secreted lizihowed translocation of both and mulFN (95-133), bind to the cytoplasmic domain of
STAT1 and IFNGRL1 into the nucleus, whereas the cells treatesbluble recombinant human and murine receptor chain

>

STAT1w

IFNGR1

Fig. 6. Nuclear translocation of
STAT1a and IFNGR1 by
intracellular IFN/ requires the NLS
: o : of IFNy. (A) WISH cells were
Empty Vector nsIFNy NLS mutant transfected for 8 hours with an empty
vector (column 1), a vector
B expressing non-secreted [N
T (column 2) or a vector expressing NLS-modified ygbblumn 3) and stained
simultaneously with antibodies to STATAnd IFNGR1. Secondary antibodies to
STAT1a conjugated to Alexa 594 (top row) or to IFNGR1 conjugated to Cy-2 (bottom
mm IFNGR1 row) were used and analyzed by fluorescence microscopy. (B) Quantitation of images.
Images of cells transduced with an empty vector control (left lanes), a vector expressing
0.5 non-secreted IFN(middle lanes) or a vector expressing NLS-mutatedyIffight
lanes) were viewed in seven different fields to a obtain mean ratio of nuclear pixel
] i intensity (Fn) to cytoplasmic pixel intensity (Fc). STATAnd IFNGR1 Fn/Fc for
0.00 |_-=| . fluorescence in the nucleus (N) versus cytoplasm (C) were also done by using N/N+C.
1 2 3 Four independent measurements showd@03 byt-test for the nuclear translocation
Empty Vector nsIFNy  NLS mutant of STAT1a and IFNGR1 for the wild-type IFpversus the NLS-mutated IFN

0.501 STAT

Fn/Fc ratio

nsIFNy versus mutant were both significanfPat0.002 byt-test. Calculations for
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IFNGR-1 via the region IFNGR-1 (253-287) (Szente et al.signaling events. To test this we used the murine macrophage
1994). One would predict that if this domain of IFNGR-1cell line P388D1, which internalizes peptides by pinocytosis as
played an essential role in IlgNsignaling, an intracellular demonstrated previously in our earlier studies using peptides
excess of the peptide IFNGR-1 (253-287) should compete faf the C-terminus of IFN (Szente and Johnson, 1994).

intracellular binding of IFNand thus interfere with IFjNearly  Pinocytosis by P388D1 is an active process that requires cells

A
Empty Vector
Non-Secreted IFNy Non-secreted mutant IFNy
(wild-type) (NLS mutated)
Mean Intensity Mean Intensity
e | .I A ) 1one 1w Nucleus
00 VIV b #0003 VY _—
#a04 | ) 200] |
7003 Nucleus 700 IR _
2600 f ' ! 2 e00] ! | M
é Ss004 . E 003
™ sa0]| I | "~ 40l
300, 200,
200, "_ 200]
100] 'I'. 1003
a0, . y r - - - - - r r - r r - r r a0 . . . . . . . . .
10 20 30 40 S0 & I_:;glhsqonmgns;w 110 120 130 140 150 160 o 10 20 30 ﬁngﬂ. .:;.m\mo.\;:o 0 80 0
B Fig. 7.Nuclear translocation of IRNequires the presence of the C-terminus
- NLS. (A) WISH cells, transduced for 8 hours with an empty vector control (top)
1.4 or a vector expressing non-secreted\fiiddle left) or NLS-modified IFM
° (middle right) were probed with a monoclonal antibody toyBNd stained
b= with a Alexa-Fluor-488-conjugated secondary antibody and analyzed by
E 1o confocal microscopy. The lower graphs show mean fluorescence intensity
= comparisons for non-secreted Nrahd NLS-mutated IFIN Measurements of
w fluorescence intensities were done with IP Lab (Scanalytics) using the MP-line
,_—|—_I measure tool. Mean pixel intensity was measured across a line drawn through
the cells in the plane of the images shown. A representative measurement line is

1.0
shown in white. The resultant graphs were generated by the software averaging

the intensities of a total of 100 pixels on either side of the line at each point
along the line. Triplicate determinations showed a significanPe@25 (-test) for nuclear presence of lifMersus NLS mutant.
(B) Quantitation of images. Images of cells transduced with non-secretgdiMNLS-mutated nonsecreted IifiWere used to determine
Fn/Fc values, which are shown in columns 1 and 2, respectively. Seven fields were examined and the results were averaged+s.d. Th
significance wa®<0.02 by the-test. Calculations for fluorescence in the nucleus (N) versus cytoplasm (C) were also done by using N/N+C.
Four independent measurements showed®025 for the nuclear translocation of NFdr the wild-type IFN versus the NLS-mutated IRN

1 2
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to be incubated at 37°C. Firstly, in binding assays at 4°C (nb-NGR-1 (253-287) peptide blocked the binding of
pinocytosis) we established that extracellularly addednternalized 125I-IFN to IFNGR-1. These data show that
cytoplasmic IFNGR-1 (253-287) peptide does not interfereextracellularly added IFNthat is internalized interacts with
with binding of extracellulat?3-IFNy to the receptor at the the cytoplasmic domain of IFNGR-1 in intact cells and that this
concentrations to be used for functional studies at 37°C (Fignteraction is blocked by IFNGR-1 cytoplasmic peptide
8A). Extracellular addition of IFNGR-1 cytoplasmic domain IFNGR-1 (253-287), an IFNGR-1 cytoplasmic binding site for
peptide did not inhibit the binding &#3-IFNy to the receptor IFNy (Szente and Johnson, 1994). The peptide did not block
extracellular domain on these cells. binding of IFNy to the receptor extracellular domain (Szente
To determine functional effects, the following experimentet al., 1994) (Fig. 8A).
was performed. Cells were preloaded with the peptide To determine the effect of the cytoplasmic binding on
mMulFNGR-1 (253-287) at 37°C, washed to remove excessignaling, we performed the same experiment as above but this
peptide and then challenged with extracelll&-labeled time followed STATH tyrosine phosphorylation (Fig. 8C).
IFNy at 37°C, in the presence ofuM of IFNGR-1 (253-287) Binding of internalized IFMto IFNGR-1 resulted in STATd
that does not inhibit IFi{lextracellular binding as per Fig. 8A. phosphorylation (lane 4). STA@iltyrosine phosphorylation
After 5 minutes at 37°C, cells were washed at 4°C, andvas inhibited by preloading cells with IFNGR-1(253-287)
extracellularly bound?3-IFNy was removed by acid washing (lanes 2 and 3). Thus, the binding of internalizedyiEdNthe
at 4°C. Cell lysates were immunoprecipitated with polyclonalFNGR-1 cytoplasmic domain is linked to the activation and
antibodies to IFNGR-1, and?3-IFNy was detected by tyrosine phosphorylation of STA®L The data from Fig. 8
autoradiography to follow internalized Iiylound to IFNGR-  demonstrate that under normal physiological conditions there
1. As seenin Fig. 8B, cells that were not preloaded with peptide an intracellular role in signaling for extracellularly added
(lane 4) showed detectable levels'#$1-IFNy associated with  IFNy. Our data presented earlier with intracellularly expressed
IFNGR-1. By contrast, where cells were preloaded withid5  IFNy are also consistent with this conclusion, and together
(lane 2) or 50uM of IFNGR-1 (253-287) peptide (lane 3), these data highlight for the first time a mechanism for the
1251-IFNy did not bind to the cytoplasmic domain of IFNGR- physiological function of intracellular IFN
1. Lane 1 shows that at 4°C, where internalization is blocked, Presumably following endocytosis of IFNGR-1 after
even in the absence of preloading of peptide no signal for 125teraction with IFN, the IFNGR-1 cytoplasmic domain
IFNy was detectable. Thus, the presence of free intracellulavould be present on the surface of the endocytic vesicle. The
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< 300001 125
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Fig. 8.Intracellular presence of peptide IFNGR-1(253-287) inhibits binding to IFNGR of extracellukpatieNsubsequent activation of
STAT1a. (A) Presence of extracellular peptide IFNGR-1(253-287) did not inhibit binditidFNy to P388D1 cells at the concentrations to
be used in subsequent experiments. Unlabeled muringdFpeptide IFNGR-1(253-287), as indicated, was added at a final concentration of 1
UM to P388D1 cells at 4°C along with 10 nM8f-IFNy, and cells were incubated at 4°C for 30 minutes. Control cells were incubated with
125-IFNy in the absence of any competitor. Cells were then washed and boundetfeknined. Samples were run in triplicate and values
plotted as meanzs.d. (B) Intracellular accumulation of peptide IFNGR-1(253-287) in P388D1 cells by pinocytosis was accbynplished
incubating cells with either 25M (lane 2) or 5QuM (lane 3) of peptide at 37°C for 1 hour. Cells used in lanes 1 and 4 did not receive any
peptide. Cells were then washed at room temperature to remove extracellular peptide and then incubZel@Mitig10 nM) along with 1

UM of IFNGR-1 peptide for 5 minutes at 37°C. Control cells (lane 1) were washed in ice-cold medium and then incub&fdRMhat

4°C without peptide. Afte¥25-IFNy incubation, all cells were washed at 4°C and then acid-washed at 4°C to remove surfad@ahtidy.

Cells were then lysed and immunoprecipitated with antibodies to IFNGR-1. After western transfer of immunoprecipitateslitdaggoc
membraned?3-IFNy associated with IFNGR-1 was detected by autoradiography. Total IFNGR-1 immunoprecipitated was followed by
immunodetection with IFNGR-1 antibodies (lower panel). (C) Conditions are the same as in (B), except that lysates werestipiatsapr
with STAT 1a antibodies and tyrosine phosphorylation of immunoprecipitated ST followed by immunodetection with antibodies
specific for Tyr701-phosphorylated STAT.1Total immunoprecipitated STATdwas followed by reprobing blots with antibodies to STAT1
(lower panel).
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data suggest that IRNat some time during internalization WISH cells and was associated with loss of nuclear import of
traverses the membrane of the endocytic vesicle to interact wiSiTAT1a function. We have also shown that extracellularly
the cytoplasmic domain of IFNGR-1 at the site identified byadded IFN is endocytosed under conditions that requires the
peptide IFNGR-1 (253-287). This would suggest that there iEFNy NLS and that the internalized IfNbinds to the
a membrane penetration property associated witly.IFN cytoplasmic domain of receptor chain IFNGR-1. This binding
In keeping with the implications of the above data, we nexis associated with STADLactivation. Our data establish for
determined whether the C-terminal NLS domain itself waghe first time that intracellular IFNinteractions are also
required for internalization of human IFN We have physiologically necessary for the biological effects of
previously characterized a C-terminal deletion mutant oéxtracellular IFly and provide a mechanism for how this
hulFNy, IFNy (1-123) and have shown that this mutant bindsoccurs.
to the extracellular domain of IFNGR on cells with the same The data with intracellularly expressed N-Buggest that
affinity as intact IFN (Subramaniam et al., 2000). IgN1- intracellular IFN/ can generate biological activity without the
123) is deleted in the NLS region. We compared itgecognition of the extracellular domain of the receptor. The
internalization with that of intact IFNusing?23-labeled IFNs.  following cytokines and growth factors, when expressed with
After binding of!23-IFNyand23-IFNy (1-123) to WISH cells  modifications that restricted their localization to the cytoplasm,
at 4°C, cells were washed to remove unbound ligands amere also found to be biologically active: human b, IFN
incubated at 37°C for various times followed by acid washingti2al (Ahmed et al., 2001), IFN consensus (Rutherford et
to follow internalization of the bountf3-IFNy and129FNy  al., 1996), murine IFN(Will et al., 1996), IL-3 (Dunbar et al.,
(1-123). As can be seen in Fig. 9, intact yFMas rapidly  1989) andv-sis(Bejcek et al., 1989). It is possible that these
internalized, whereas IFN1-123) did not undergo significant ligands interact with a motif on the cytoplasmic side of their
internalization. The small negative values seen at later timggceptor(s) that initiates a cascade of events required for the
for IFNy (1-123) most probably represent the slow dissociatiomuclear import of STATs, as has been demonstrated foy IFN
of surface-bound ligand upon prolonged incubation at 37°C ifSzente et al., 1994; Szente et al., 1995). A feature common to
the absence of its internalization. Thus, these data suggest tHagse ligands and/or their receptors is the presence of an NLS
the C-terminal region of IF{Ncontaining the NLS is required or an NLS-like motif, which may have a role in directing the
for its internalization and may play a critical role in \FN respective STATS to the nucleus (reviewed in Subramaniam et
traversing the endocytic vesicle membrane to bind to thal., 2001b).
cytoplasmic domain of IFNGR-1. The IFNy receptor consists of two subunits that are denoted
as IFNGR1 and IFNGR2 (reviewed in Pestka et al., 1997).
IFNGR1 contains the sites for binding of the ligand on the
Discussion extracellular surface and the sites for Jakl and STAT1 binding
We have shown in this report that intracellularly expressedn the intracellular surface. We have shown earlier that a
human IFN is biologically active. The intracellular function polypeptide from the C-terminus of murine or human yFN
of human IFN required the presence of a previously identifiedcontaining a nuclear localization signal (NLS) was capable of
NLS, 12&KTGKRKR34 (Subramaniam et al., 1999). binding to a region of IFNGR1 sequence located on the
Modification of this sequence #88ATGAAAA 134resulted in  cytoplasmic side of the plasma membrane (Szente et al., 1994;
loss of intracellular human IFNantiviral activity in mouse Szente et al., 1995). Internalization of this polypeptide was
cells and upregulation of MHC class | antigens in humarghown to be sufficient to induce an antiviral state and to cause
upregulation of MHC class Il molecules. Microinjection of
antibodies raised against the murine NLS containing peptide

2 10 resulted in loss of STATd.nuclear translocation in cells treated
So 8 extracellularly with IFN (Subramaniam et al., 1999).
= § 6- Replacement of the NLS in the C-terminus of yRhith the
2T NLS from SV40 T antigen resulted in restoration of biological
3 g 4+ activity of IFNy (Subramaniam et al., 2001a). This suggests a
- requirement for an interaction between the NLS-containing
o= IFNy(1-123) region of IFN/ and IFNGR1, which is supported by the
=S 01 observations that IFNGR1—/- cells do not respond to murine
-2 intracellular IFN/ (Will et al., 1996) or an agonist peptide

0 15 30 45 60 75 90 (Thiam et al., 1998). An additional aspect of {Fahd IFNy
Time receptor interaction is the nuclear translocation of IFNGR1, but
not IFNGR2, in cells treated with IRNLarkin et al., 2000).
Fig. 9. The deletion mutant IF1-123) is not internalized compared Nuclear translocation of a receptor subunit has been reported
to wild-type IFNy. Internalization assays were run as described for a number of cytokines and growth factors (reviewed in
previously (Farrar et ql., 1991). Briefly, 125I-labeled wild-type and Subramaniam et al, 2001b: Jans and Hassan, 1998).
mutant IFN (80-85uCi/lg) were added to WISH cells at 5 nM. rl;)emonstration of a transcription-factor-like activity in the EGF

Cells were incubated at 4°C for 90 minutes, washed at 4°C and the . .
incubated at 37°C for the indicated times. At the indicated times ~ '€ceptor subunit after nuclear uptake (Lin et al., 2001) suggests

internalized cpm was counted from acid-washed cells lysed in 1% an important role for this translocation, since its association
SDS. Data are plotted as a percentage of the total ligand bound thavith STATs may allow the use of promoters specific to the
was internalized. Samples were run in triplicate and data are plottedigand and/or receptor.

as meanzs.d. The NLS of human IFwas identified by the digitonin-
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permeabilizion assay, which results in selective We gratefully acknowledge Melissa Chen at the Flow Cytometry
permeabilization of the plasma membrane of the celCore Facility, University of Florida, for assistance with flow
(Subramaniam et al., 1999). Nuclear import of yFiNas  cytometry. This work was supported by NIH grant CA38587 to H.M.J.
allophycocyanin in the presence of reticulocyte lysate anf-09524.
ATP/GTP. Consistent with the above, we have recently shown
that extracellularly added!23-IFNy undergoes nuclear
translocation (Subramaniam and Johnson, 2002). We ha\EeffeLengefA Wil K AL s 5 1 2o o e
S ; St med, C. M. |, Wills, K. N., Sugarman, B. J., Johnson, D. E.,

recently l.JS.ed the dlgltonln assay. to test STATAr intrinsic Ramachandra, M., Nagabhushan, T.gL. and Howe, J. A2001). Selective
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unpublished). Fluorescently labeled STAThHnd IFNGR1 antiproliferative and and antiviral properties and causes reduction of tumor
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