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Urokinase plasminogen activator (uPA) and its re-
ceptor uPAR play a major role in immune cell-medi-
ated, including natural killer (NK) cell-mediated, degra-
dation of extracellular matrices. Herein, we investigate
the effects of IL-2 on NK cell uPA and uPAR. RNA and
protein analyses showed upregulation of uPA and uPAR
following IL-2 stimulation. Gel-shift assays and Western
blots detected uPA and uPAR mRNA binding proteins
(mRNABPs), previously shown to destabilize uPA and
uPAR mRNA. Following IL-2 stimulation, a downregula-
tion of uPAR mRNABP and a reciprocal induction of
uPAR mRNA were noted. The increase in uPA following
IL-2 stimulation appeared to be more transcriptionally
regulated. These data suggest that IL-2 upregulates both
uPA and uPAR in NK cells through posttranscriptional
as well as transcriptional mechanisms, partially explain-
ing increases in NK cell invasiveness following IL-2
stimulation. © 2002 Elsevier Science (USA)
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kines; gene regulation.

The urokinase plasminogen activator (uPA) system
has been shown to play a major role in the extravasa-
tion and migration of leukocytes into areas of inflam-
mation (1, 2). In the processes of inflammation, as
leukocytes invade into diseased tissues and approach
their target cells, various proteases such as uPA, ma-
trix metalloproteinases (MMPs), human leukocyte
elastase, and cathepsin G, each displaying a selective
specificity for components of the extracellular matrix
(ECM), cooperate to degrade ECM proteins that form
barriers between the leukocytes and their target cells
(3–7). The uPA system is capable of directly degrading
glycoprotein components of the ECM such as laminin
and fibronectin, as well as interacting with MMPs and
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ECM components (8, 9). One unique feature of the uPA
system is the presence of a specific cellular receptor for
uPA; uPAR, which is involved in cell migration and
invasion independent of its role in the proteolytic path-
ways (8). uPAR has been shown to be involved in cel-
lular adhesion by its ability to bind to the ECM protein
vitronectin (10, 11), and has the capacity to initiate
secondary signaling pathways through its interactions
with the integrins, thereby promoting cellular move-
ment and migration (12–14). Recently, we have dem-
onstrated the expression of both uPA and uPAR by NK
cells, have shown that NK cells employ the uPA system
in their in vitro invasion through Matrigel (15), and
have reported an increase in NK cell invasion through
Matrigel following stimulation with IL-2 (16).

NK cells have been shown to exhibit high antitumor
properties which has allowed for their successful use in
cancer immunotherapy (17–20). Prior to their admin-
istration into tumor bearing animals, NK cells are
stimulated with IL-2, one of the most potent activators
of NK cells, and are termed activated NK (A-NK) cells.
NK cells, including the human NK cell line (YT) used
in our studies, have been shown to express both the
high and moderate affinity IL-2 receptors, and to re-
spond to IL-2 stimulation by increasing their prolifer-
ation and cytotoxicity toward other cells (21–23).

Although there have been numerous studies on the
MMPs of IL-2 activated NK cells (16, 24, 25), to date
there has been very little research on the effects of IL-2
on NK cell uPA and uPAR, and the concomitant effects
on NK cell invasiveness. Understanding the effects of
IL-2 on NK cell invasiveness is crucial for optimizing
NK cell antitumor adoptive immunotherapy. NK cells
must be able to traverse the basement membrane
(BM)/ECM barriers and establish cell-cell contact with
their target cells for effective cytolysis (26). Although
the activation of NK cell cytotoxicity by IL-2 has been
well established (23, 27–30), the effects of IL-2 on NK
their inhibitors in the degradation of various other



cell proteolytic enzymes, and hence their capacity to
invade the BM/ECM following IL-2 stimulation, must
be addressed to improve the therapeutic efficacy of
A-NK cancer immunotherapy.

It has been shown that in lung fibroblasts, mesothe-
lial, epithelial, and carcinoma cells, the regulation of
uPA and uPAR expression occurs at a posttranscrip-
tional level through mRNA binding proteins (mRN-
ABPs) that destabilize uPA/uPAR mRNA following
mRNA-mRNABP binding. In the case of uPA, a 30 kD
protein was detected that binds to 66 nucleotides in the
uPA mRNA 3�-untranslated region (UTR) (31). Like-
wise, the regulation of uPAR was also shown to be
mediated through the interaction of uPAR mRNA with
a 50 kD protein that bound to a 51 nucleotide fragment
of the uPAR mRNA coding region (32–34).

In this report we demonstrate an increase of both
uPA and uPAR following stimulation of NK cells with
IL-2. uPA and uPAR mRNABPs were detected in NK
cells, and the noted increases in uPA and uPAR follow-
ing IL-2 stimulation correspond to changes in uPA and
uPAR mRNA-mRNABP interactions. Herein we docu-
ment for the first time the presence of posttranscrip-
tional regulation of both uPA and uPAR in NK cells
following IL-2 stimulation.

MATERIALS AND METHODS

Cells and cell culture. YT cells (human non-ATL leukemic cell
line, a kind gift from Dr. Porunelloor Mathew, University of North
TX Health Science Center (35)) were cultured in RPMI 1640 with
10% FBS, 55 �M 2-mercaptoethanol, 100 U/ml penicillin, 100 �g/ml
streptomycin sulfate, 2 mM glutamine, 0.1 mM MEM nonessential
amino acids, and 1 mM sodium pyruvate. All cell cultures were
maintained at 37°C in a humidified atmosphere of 5% CO2 and 95%
air at a density of approximately 106 cells/ml.

Reverse transcriptase (RT)-PCR. Total RNA was isolated from
YT cells using TRI Reagent-chloroform (Molecular Research Center,
Inc., Cincinnati, OH). cDNA synthesis was performed using the
RT-PCR kit from Stratagene (La Jolla, CA). For each cDNA synthe-
sis, total RNA (5 �g) from NK cells was reverse transcribed using
random hexamer or oligo (dT)16 primer in a volume of 50 �l each,
according to the protocol supplied by Stratagene. The two reactions
were combined after heat inactivation of reverse transcriptase, and 2
�l of the cDNA were used for each PCR amplification. uPAR primers
(5�-3�) forward CCAATGGTTTCCACAACGA and reverse GGTCA-
CACAGCAAGTCTGTA, uPA primers (5�-3�) forward GTGGCCAA-
AAGACTCTGAGG and reverse ATTTTCAGCTGCTCCGGATA, and
human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) prim-
ers (5�-3�) forward TAGACGGGAAGCTCACTGGC and reverse AGG-
TCCACCACCCTGTTGCT were added to the PCR reactions at a final
concentration of 30 �M. The reactions were carried out using Hot-
Start Taq polymerase (Qiagen, Valencia, CA).

Ammonium sulfate precipitation. Approximately 1 � 108 cells
were serum starved for 12 h in OPTI-MEM serum free media (Gibco
BRL Life Technologies, MD), and stimulated with IL-2 (1000 IU/ml)
for 3, 6, and 12 h. At each time point, the cells were harvested and
sonicated in 10 ml of dialysis buffer (2.5 mM Tis-HCl pH 7.9, 0.05
mM EDTA pH 7.45, 0.1 mM PMSF). Cell lysates were centrifuged at
30,000g for 15 min at 4°C. The pellet was discarded and to the
supernatant solid (NH4)2SO4 crystals (Sigma, St. Louis, MO) were
added to yield a final (NH4)2SO4 saturation of 40%. The (NH4)2SO4-

supernatant mixture was incubated for 30 min at 4°C with continuous
stirring. The 40% (NH4)2SO4 solution containing precipitated proteins
was centrifuged at 30,000g for 15 min at 4°C. The pellet containing
proteins was discarded, solid (NH4)2SO4 crystals were added to the 40%
(NH4)2SO4 supernatant to yield a final (NH4)2SO4 saturation of 60%,
and again the 60% (NH4)2SO4 supernatant was incubated for 30 min at
4°C with continuous stirring. The 60% (NH4)2SO4 solution containing
precipitated proteins was centrifuged at 30,000g for 15 min at 4°C. The
supernatant was discarded and the 40–60% (NH4)2SO4 precipitated
proteins were collected, redissolved, and exhaustively dialyzed against
extraction buffer containing 10% glycerol.

Cytosolic protein extraction. Approximately 5 � 107 cells were
harvested, washed 3� with PBS, resuspended in 5 ml of hypotonic
buffer (10 mM Tris-HCl pH 7.5, 1.5 mM MgCl2, 10 mM KCl, 1 mM
PMSF), and kept on ice for 15 min. The cells were centrifuged at 500g
for 8 min, and resuspended in 200–400 �L of hypotonic solution. The
cells were lysed using a motorized homogenizer, and were centri-
fuged at 6000g for 8 min. The post-nuclear supernatants were col-
lected and used as the cytosolic extracts following protein estimation.

Cell homogenization. Approximately 5 � 107 cells were har-
vested, washed 3� with PBS, and resuspended in 300 �L of lysis
buffer containing 150 mM NaCl, 10 mM Tris-HCl pH 7.4, 15%
glycerol, 1 mM Na3VO4, 1 mM EDTA, and 1 mM PMSF. Cells
underwent 5 freeze/thaw cycles using dry ice and 37°C with contin-
uous vortexing. Cell lysates were then centrifuged at 1000g for 8
min. The pellet was discarded and the supernatants were used in
Western blot analyses.

Western blotting. Cell homogenates and 40–60% (NH4)2SO4 pre-
cipitated protein extracts were electrophoresed on 10% SDS-
polyacrylamide gels under non-reducing conditions. Gels were then
electroblotted onto nitrocellulose membranes, which were then
blocked for 1 h with 1% BSA in wash buffer containing 0.6% w/v
NaCl, 10 mM Tris-HCl pH 7.4, 0.025% Tween-20. For uPA detection,
mouse anti-human uPA monoclonal antibody (American Diagnos-
tica, Greenwich, CT) was used at a final concentration of 66 pg/ml.
For uPAR mRNABP detection, guinea pig anti-rabbit uPAR mRN-
ABP polyclonal antibody was used at a final concentration of 100
ng/ml. Goat anti-mouse peroxidase conjugate (Pierce Chemical,
Rockford, IL) and goat anti-guinea pig peroxidase conjugate (Rock-
land, Gilgertsville, PA) were used as secondary antibodies. The re-
sulting chemiluminescence was recorded on Fuji film (Medical Sys-
tems U.S.A. Inc., Stamford, CT).

Gel mobility shift assays. RNA-protein binding assays were per-
formed using 32P uniformly-labeled transcripts corresponding to the
uPA mRNA 3�-untranslated region (UTR) (31–33). 32P-labeled uPA
transcripts (30,000 cpm) were incubated with the cytosolic extracts
(50 �g) in 15 mM KCl, 5 mM MgCl2, 0.25 mM EDTA, 0.25 mM
dithiothreitol (DTT), 12 mM HEPES, pH 7.9, 10% glycerol, and E.
coli tRNA (200 ng/�L) in a total volume of 60 �L at 30°C for 30 min.
To degrade free 32P-labeled mRNA, reaction mixtures were then
treated with 50 units of RNase T1 (Life Technologies Inc., Grand
Island, NY) for 30 min at 37°C. Heparin (final concentration 5 mg/ml)
(Sigma, St. Louis, MO) was added to the reaction mixtures and
incubated at room temperature for 10 min to eliminate nonspecific
protein binding. Samples were loaded on to 5% native polyacryl-
amide gels with 0.25� TBE running buffer and separated by elec-
trophoresis. The gels were then dried and autoradiographed at
�70°C using Kodak X-AR film (Eastman Kodak, Rochester, NY).

Steady-state mRNA assessment by transcription chase. Following
12 h of serum starvation in OPTI-MEM serum free media, the cells
in the experimental group were stimulated with IL-2 (1000 U/ml) for
12 h in OPTI-MEM, while those in the control group were incubated
in OPTI-MEM for 12 h. Actinomycin-D (Sigma, St. Louis, MO) was
then added to the cell cultures at a final concentration of 10 �g/ml, to
inhibit ongoing transcription. RNA was extracted as described above
immediately following the addition of actinomycin-D and at times 3,
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6, 12, and 24 h following the addition of actinomycin-D. The RNA
was then reverse transcribed and PCR amplified using the uPA
primers shown above.

RESULTS

Effects of IL-2 on uPA Expression

The effects of IL-2 on uPA mRNA expression were
studied using RT-PCR and Western blotting. Stimula-
tion of YT cells with IL-2 for 3, 6, 12, and 24 h resulted
in a time-dependent increase in uPA mRNA as de-
tected by RT-PCR (Fig. 1A). The maximal uPA induc-
tion occurs at 12 h following IL-2 stimulation, and very
little upregulation is seen between 12 and 24 h. West-
ern blot analysis using anti-uPA monoclonal antibody
was used to show the effects of IL-2 on uPA protein
level (Fig. 1B). Consistent with the RT-PCR data, there
also appears to be a time dependent upregulation of
uPA protein levels with a peak induction 12 h following
IL-2 stimulation.

Effects of IL-2 on uPA mRNABP

We investigated the presence of uPA mRNABP in YT
cells to determine whether or not the uPA mRNA-
mRNABP interactions caused the noted increase in
uPA expression following IL-2 stimulation. YT cytoso-
lic extracts were analyzed using gel shift assays to
determine the effects of IL-2 on uPA mRNA-mRNABP
interactions. Following the stimulation of YT cells with

IL-2 (1000 U/ml), the capacity of the uPA mRNABP to
bind to uPA mRNA decreases (Fig. 2). This decrease
appears to be time dependent with a maximum de-
crease occurring 24 h following IL-2 stimulation. Cold
competition assays using 200-fold molar excess unla-
beled probe confirmed the specificity of the uPA
mRNA-mRNABP interactions (data not shown).

Decay of uPA mRNA

Transcription chase experiments were conducted to
determine the effects of transcriptional inhibition on
uPA mRNA stability. Figure 3 compares the degrada-
tion of uPA mRNA in the IL-2 stimulated cells with the
uPA mRNA degradation in unstimulated cells. The
half-life of uPA mRNA following IL-2 stimulation (�7
h) appears to be slightly longer than the half-life in the
unstimulated group (�5 h).

Effects of IL-2 on uPAR mRNA

Figure 4 demonstrates the effects of IL-2 on uPAR
mRNA of YT cells. Cells were serum starved in OPTI-
MEM serum free media for 12 h. Following IL-2 (1000
U/ml) stimulation for 3, 6, 12, and 24 h, RNA was
extracted and RT-PCR was conducted as described
above. The results (Fig. 4) show a time-dependent in-
crease in the uPAR mRNA compared with unstimu-
lated cells (time 0). GAPDH levels were examined to
control for variations in the RNA used in the RT-PCR.

Effects of IL-2 on uPAR mRNABP

Western blot analysis was used to determine
whether or not YT cells expressed uPAR mRNABP,

FIG. 2. uPA mRNA-mRNABP interactions. YT cytosolic extracts
(50 �g) containing RNase T1 resistant 32P-labeled uPA mRNA-
mRNABP complexes were resolved on a 5% polyacrylamide gels,
dried, and autoradiographed. The bands reflect the degree of uPA
mRNA-mRNABP interactions following 3, 12, and 24 h IL-2 (1000
U/ml) stimulation compared with control unstimulated cells (time 0).
FP refers to free probe without any sample. Experiments were per-
formed in duplicate.

FIG. 1. Effects of IL-2 on uPA expression. (A) RT-PCR showing
an increase in uPA mRNA following 3, 6, 12, and 24 h of stimulation
with IL-2 (1000 U/ml). GAPDH was used to account for the varia-
tions in the mRNA extracted. (B) Western blot analysis demonstrat-
ing the effects of IL-2 stimulation on the uPA protein levels in YT
cells at 3, 6, 12, and 24 h. �-Actin protein levels are used as loading
controls. Time 0 refers to unstimulated control cells. Experiments
were performed in duplicate. Con � 2.0 �g uPA positive control
(American Diagnostica, Greenwich, CT).
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and to investigate the effects of IL-2 on uPAR mRN-
ABP. Following the stimulation of YT cells with IL-2
(1000 U/ml), Western blot analysis of protein samples
precipitated from the 40%–60% (NH4)2SO4 fraction,
which has been shown to contain the uPAR mRNABP
in human pleural mesothelial cells (33), was utilized to
determine if the noted increases in the uPAR mRNA
following IL-2 stimulation of YT cells coincided with
changes in the expression of uPAR mRNABP. Consis-
tent with the uPAR mRNA increases noted via RT-
PCR (Fig. 4), Western blot analysis demonstrate a time
dependent decrease in the level of expression of uPAR
mRNABP following IL-2 stimulation. We also found
similar results with gel mobility shift assays.

DISCUSSION

The uPA system appears to play a major role in the
accumulation of immune cells into inflamed pathologic
tissues (1, 2). IL-2 activated NK cells have shown po-
tential for use in antitumor therapy (17–19). Although

IL-2 is primarily known for its ability to activate
NK cell-mediated cytotoxicity (23, 27–30, 36), in the
present study we report an increase in both uPA and
uPAR mRNA and protein following stimulation of NK
cells with IL-2, possibly contributing to the previously
observed increases in NK cell invasion through Matri-
gel following IL-2 stimulation (16).

Previous reports have shown that uPA and uPAR are
regulated posttranscriptionally through interaction of
uPA and uPAR mRNA with their respective destabi-
lizing mRNABPs (31–34). In this report, we document
the presence of both uPA and uPAR mRNABPs in NK
cells. The uPA mRNABP was detected in cytosolic ex-
tracts of YT cells. The interaction of the uPA mRNABP
decreased with time following YT cell stimulation
with IL-2 (Fig. 2). In spite of the changes detected in
uPA mRNABP levels, transcription chase experiments
showed that the upregulation of uPA by IL-2 is primar-
ily controlled transcriptionally, although a slight post-
transcriptional component is also noted. This dual reg-
ulation of components of the uPA system is not unique
to NK cells. Maity et al. have also detected both tran-
scriptional and posttranscriptional regulation of uPAR
mRNA following hypoxia in human MCF7 breast car-
cinoma cells (37). As demonstrated by Western blot
analysis (Fig. 5), there appears to be a downregulation
of uPAR mRNABP expression following IL-2 stimula-
tion. This downregulation of uPAR mRNABP may be a

FIG. 4. Effects of IL-2 on uPAR expression. Cells were serum
starved for 12 h and then stimulated with IL-2 (1000 U/ml) for 3, 6,
12, and 24 h. RNA was extracted and RT-PCR was used to analyze
the uPAR mRNA levels following IL-2 stimulation. Time 0 refers to
unstimulated control cells. GAPDH was used to account for the
variations in the mRNA extracted. Experiments were performed in
duplicate.

FIG. 5. Effects of IL-2 on uPAR mRNABP. Western blot analysis
showing the effects of IL-2 on uPAR mRNABP expression. Protein
samples (20 �g) were precipitated from YT cell 40%–60% (NH4)2SO4

fractions 3, 6, and 12 h following IL-2 stimulation. Time 0 refers to
control unstimulated cells. Experiments were performed in duplicate.

FIG. 3. Stability of uPA mRNA following IL-2 stimulation. Fol-
lowing serum starvation, IL-2 (1000 U/ml) stimulation, and
actinomycin-D treatment, RNA was extracted and RT-PCR was con-
ducted. (Top) Data were transformed and graphed over 24 h to
compare the rate of uPA mRNA decay following IL-2 stimulation (�)
to control unstimulated cells (■ ). (Bottom) RT-PCR showing the
decay of the uPA mRNA over time 3, 6, 12, and 24 h following
actinomycin-D treatment. GAPDH shows equal amounts of RNA
used in the RT-PCR. Experiments were performed in triplicate.

Vol. 292, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

187



major contributor to the noted increase in uPAR
mRNA following IL-2 stimulation of YT cells (Fig. 4).
Even though we infer that IL-2 downregulates the
production of uPAR mRNABP by YT cells, we can not
exclude other mechanisms such as structural modifi-
cations to the uPAR mRNABP that could also contrib-
ute to the noted increase in uPAR mRNA following
IL-2 stimulation.

Our data indicate that the posttranscriptional regu-
lation of uPAR in YT cells following IL-2 stimulation
appears to be controlled at least in part through desta-
bilizing mRNABP interactions. Furthermore, in con-
trast to T-lymphocyte posttranscriptional regulation of
uPAR mRNA, the destabilizing protein detected in YT
cells has been shown to interact with nucleotides
within the uPAR mRNA coding region (195–246),
rather than the AU rich motif of the uPAR mRNA
3�UTR (32, 34). An understanding of these events may
allow for the design of better approaches for cell-
mediated immunotherapy, e.g. for the development
novel approaches that will allow the generation of po-
tent NK cells without the use of toxic immunostimu-
lants and cytokines (e.g. IL-2) for their activation.

In view of reports showing the capacity of ECM pro-
teins and protease inhibitors within the tumor micro-
environment to form barriers preventing NK cell entry
into tumors (38, 39), we speculate that under such
conditions, modifying uPA and/or uPAR mRNABP lev-
els in NK cells prior to their administration, can po-
tentially lead to enhanced tumor infiltration by NK
cells, and consequently more effective tumor destruc-
tion. Since the infiltration of NK cells into tumor tis-
sues may be required for effective antitumor therapy,
and since NK cell-target cell contact may be essential
for NK cell killing (26, 40–42), increasing NK cell
invasiveness prior to NK cell administration for cancer
immunotherapy, by upregulating uPA and/or uPAR,
may lead to increased tumor infiltration and eradica-
tion by NK cells.

ACKNOWLEDGMENTS

We thank Ms. Kathy Johnson for her technical assistance. This
work was supported in part by NIH HL 62453 (SS) and HL 45018
(SI) and Grant 000130-0080-1999 from the Texas Higher Education
Coordinating Board Advanced Technology Program.

REFERENCES

1. Owen, C. A., and Campbell, E. J. (1999) The cell biology of
leukocyte-mediated proteolysis. J. Leukoc. Biol. 65, 137–150.

2. Vaday, G. G., and Lider, O. (2000) Extracellular matrix moieties,
cytokines, and enzymes: Dynamic effects on immune cell behav-
ior and inflammation. J. Leukoc. Biol. 67, 149–159.

3. Vassalli, J. D., Sappino, A. P., and Belin, D. (1991) The plasmin-
ogen activator/plasmin system. J. Clin. Invest. 88, 1067–1072.

4. Murphy, G., and Docherty, A. J. (1992) The matrix metallopro-
teinases and their inhibitors. Am. J. Respir. Cell. Mol. Biol. 7,
120–125.

5. Sires, U. I., Murphy, G., Baragi, V. M., Fliszar, C. J., Welgus,
H. G., and Senior, R. M. (1994) Matrilysin is much more efficient
than other matrix metalloproteinases in the proteolytic inacti-
vation of � 1-antitrypsin. Biochem. Biophys. Res. Commun. 204,
613–620.

6. Gronski, T. J., Jr., Martin, R. L., Kobayashi, D. K., Walsh, B. C.,
Holman, M. C., Huber, M., Van Wart, H. E., and Shapiro, S. D.
(1997) Hydrolysis of a broad spectrum of extracellular matrix
proteins by human macrophage elastase. J. Biol. Chem. 272,
12189–12194.

7. Starkey, P. M., and Barrett, A. J. (1976) Human cathepsin G.
Catalytic and immunological properties. Biochem. J. 155, 273–
278.

8. Mazar, A. P., Henkin, J., and Goldfarb, R. H. (1999) The uroki-
nase plasminogen activator system in cancer: Implications for
tumor angiogenesis and metastasis. Angiogenesis 3, 1–18.

9. DeClerck, Y. A., and Laug, W. E. (1996) Cooperation between
matrix metalloproteinases and the plasminogen activator-
plasmin system in tumor progression. Enzyme Protein 49, 72–
84.

10. Kanse, S. M., Kost, C., Wilhelm, O. G., Andreasen, P. A., and
Preissner, K. T. (1996) The urokinase receptor is a major
vitronectin-binding protein on endothelial cells. Exp. Cell. Res.
224, 344–353.

11. Waltz, D. A., Natkin, L. R., Fujita, R. M., Wei, Y., and Chapman,
H. A. (1997) Plasmin and plasminogen activator inhibitor type 1
promote cellular motility by regulating the interaction between
the urokinase receptor and vitronectin. J. Clin. Invest. 100,
58–67.

12. Xue, W., Mizukami, I., Todd, R. F., 3rd, and Petty, H. R. (1997)
Urokinase-type plasminogen activator receptors associate with
beta1 and beta3 integrins of fibrosarcoma cells: Dependence on
extracellular matrix components. Cancer Res. 57, 1682–1689.

13. Bohuslav, J., Horejsi, V., Hansmann, C., Stockl, J., Weidle,
U. H., Majdic, O., Bartke, I., Knapp, W., and Stockinger, H.
(1995) Urokinase plasminogen activator receptor, beta 2-integrins,
and Src-kinases within a single receptor complex of human
monocytes. J. Exp. Med. 181, 1381–1390.

14. Wei, Y., Lukashev, M., Simon, D. I., Bodary, S. C., Rosenberg, S.,
Doyle, M. V., and Chapman, H. A. (1996) Regulation of integrin
function by the urokinase receptor. Science 273, 1551–1555.

15. al-Atrash, G., Kitson, R. P., Xue, Y., and Goldfarb, R. H. (2000)
Cooperation of urokinase plasminogen activator and matrix met-
alloproteinases in NK cell invasion. In Vivo 14, 565–570.

16. Albertsson, P., Kim, M. H., Jonges, L. E., Kitson, R. P., Kuppen,
P. J. K., Johansson, B. R., Nannmark, U., and Goldfarb, R. H.
(2000) Matrix metalloproteinases of human NK cells. In Vivo 14,
269–276.

17. Basse, P., Herberman, R. B., Nannmark, U., Johansson, B. R.,
Hokland, M., Wasserman, K., and Goldfarb, R. H. (1991) Accu-
mulation of adoptively transferred adherent, lymphokine-acti-
vated killer cells in murine metastases. J. Exp. Med. 174, 479–
488.

18. deMagalhaes-Silverman, M., Donnenberg, A., Lembersky, B.,
Elder, E., Lister, J., Rybka, W., Whiteside, T., and Ball, E. (2000)
Posttransplant adoptive immunotherapy with activated natural
killer cells in patients with metastatic breast cancer. J. Immu-
nother. 23, 154–160.

19. Hagenaars, M., Ensink, N. G., Koelemij, R., Basse, P. H., Egg-
ermont, A. M., van de Velde, C. J., Fleuren, G. J., and Kuppen,
P. J. (1998) Regional administration of natural killer cells in a
rat hepatic metastasis model results in better tumor infiltration
and anti-tumor response than systemic administration. Int. J.
Cancer 75, 233–238.

20. Gunji, Y., Vujanovic, N. L., Hiserodt, J. C., Herberman, R. B.,

Vol. 292, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

188



and Gorelik, E. (1989) Generation and characterization of puri-
fied adherent lymphokine-activated killer cells in mice. J. Im-
munol. 142, 1748–1754.

21. Koyasu, S., Tagaya, Y., Sugie, K., Yonehara, S., Yodoi, J., and
Yahara, I. (1991) The expression of IL-2R alpha-chain is en-
hanced by activation of adenylate cyclase in large granular lym-
phocytes and natural killer cells. J. Immunol. 146, 233–238.

22. Yodoi, J., Teshigawara, K., Nikaido, T., Fukui, K., Noma, T.,
Honjo, T., Takigawa, M., Sasaki, M., Minato, N., Tsudo, M., and
et al. (1985) TCGF (IL 2)-receptor inducing factor(s). I. Regula-
tion of IL 2 receptor on a natural killer-like cell line (YT cells).
J. Immunol. 134, 1623–1630.

23. Kehri, J. H., Dukovich, M., Whalen, G., Katz, P., Fauci, A. S.,
and Greene, W. C. (1988) Novel interleukin 2 (IL-2) receptor
appears to mediate IL-2-induced activation of natural killer
cells. J. Clin. Invest. 81, 200–205.

24. Kim, M. H., Kitson, R. P., Albertsson, P., Nannmark, U., Basse,
P. H., Kuppen, P. J., Hokland, M. E., and Goldfarb, R. H. (2000)
Secreted and membrane-associated matrix metalloproteinases of
IL-2-activated NK cells and their inhibitors. J. Immunol. 164,
5883–5889.

25. Kitson, R. P., Appasamy, P. M., Nannmark, U., Albertsson, P.,
Gabauer, M. K., and Goldfarb, R. H. (1998) Matrix metallopro-
teinases produced by rat IL-2 activated natural killer cells.
J. Immunol. 160, 4248–4253.

26. Timonen, T., and Helander, T. S. (1997) Natural killer cell-target
cell interactions. Curr. Opin. Cell Biol. 9, 667–673.

27. Svedersky, L. P., Shepard, H. M., Spencer, S. A., Shalaby, M. R.,
and Palladino, M. A. (1984) Augmentation of human natural
cell-mediated cytotoxicity by recombinant human interleukin 2.
J. Immunol. 133, 714–718.

28. Grimm, E. A., Robb, R. J., Roth, J. A., Neckers, L. M., Lachman,
L. B., Wilson, D. J., and Rosenberg, S. A. (1983) Lymphokine-
activated killer cell phenomenon. III. Evidence that IL-2 is suf-
ficient for direct activation of peripheral blood lymphocytes into
lymphokine-activated killer cells. J. Exp. Med. 158, 1356–1361.

29. Weigent, D. A., Stanton, G. J., and Johnson, H. M. (1983) Inter-
leukin 2 enhances natural killer cell activity through induction
of gamma interferon. Infect. Immun. 41, 992–997.

30. Zarcone, D., Prasthofer, E. F., Malavasi, F., Pistoia, V., LoBuglio,
A. F., and Grossi, C. E. (1987) Ultrastructural analysis of human
natural killer cell activation. Blood 69, 1725–1736.

31. Shetty, S., and Idell, S. (2000) Post-transcriptional regulation of
urokinase mRNA. Identification of a novel urokinase mRNA-
binding protein in human lung epithelial cells in vitro. J. Biol.
Chem. 275, 13771–13779.

32. Shetty, S., and Idell, S. (1998) A urokinase receptor mRNA
binding protein-mRNA interaction regulates receptor expression

and function in human pleural mesothelioma cells. Arch. Bio-
chem. Biophys. 356, 265–279.

33. Shetty, S., and Idell, S. (1998) A urokinase receptor mRNA
binding protein from rabbit lung fibroblasts and mesothelial
cells. Am. J. Physiol. 274, L871–882.

34. Shetty, S., Kumar, A., and Idell, S. (1997) Posttranscriptional
regulation of urokinase receptor mRNA: Identification of a novel
urokinase receptor mRNA binding protein in human mesotheli-
oma cells. Mol. Cell. Biol. 17, 1075–1083.

35. Chuang, S. S., Kim, M. H., Johnson, L. A., Albertsson, P., Kitson,
R. P., Nannmark, U., Goldfarb, R. H., and Mathew, P. A. (2000)
2B4 stimulation of YT cells induces natural killer cell cytolytic
function and invasiveness. Immunology 100, 378–383.

36. Robertson, M. J., Caligiuri, M. A., Manley, T. J., Levine, H., and
Ritz, J. (1990) Human natural killer cell adhesion molecules.
Differential expression after activation and participation in cy-
tolysis. J. Immunol. 145, 3194–3201.

37. Maity, A., and Solomon, D. (2000) Both increased stability and
transcription contribute to the induction of the urokinase plas-
minogen activator receptor (uPAR) message by hypoxia. Exp.
Cell. Res. 255, 250–257.

38. Hagenaars, M., Zwaveling, S., Kuppen, P. J., Ensink, N. G.,
Eggermont, A. M., Hokland, M. E., Basse, P. H., van de Velde,
C. J., Fleuren, G. J., and Nannmark, U. (1998) Characteristics of
tumor infiltration by adoptively transferred and endogenous
natural-killer cells in a syngeneic rat model: Implications for the
mechanism behind anti-tumor responses. Int. J. Cancer 78, 783–
789.

39. Kuppen, P. J., van der Eb, M. M., Jonges, L. E., Hagenaars, M.,
Hokland, M. E., Nannmark, U., Goldfarb, R. H., Basse, P. H.,
Fleuren, G. J., Hoeben, R. C., and van de Velde, C. J. (2001)
Tumor structure and extracellular matrix as a possible barrier
for therapeutic approaches using immune cells or adenoviruses
in colorectal cancer. Histochem. Cell Biol. 115, 67–72.

40. Timonen, T. (1997) Natural killer cells: Endothelial interactions,
migration, and target cell recognition. J. Leukoc. Biol. 62, 693–
701.

41. Uchiyama, A., Morisaki, T., and Torisu, M. (1991) Evidence that
induction and regulation of lymphokine-activated killer (LAK)
activity are mediated by changes in tumour-binding potential of
lymphocytes after activation by interleukin-2 (IL-2). Immunol-
ogy 74, 94–98.

42. Quillet-Mary, A., Cavarec, L., Kermarrec, N., Marchiol-Fourni-
gault, C., Gil, M. L., Conjeaud, H., and Fradelizi, D. (1991)
Target lysis by human LAK cells is critically dependent upon
target binding properties, but LFA-1, LFA-3 and ICAM-1 are not
the major adhesion ligands on targets. Int. J. Cancer 47, 473–
479.

Vol. 292, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

189


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

