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Abstract It has been previously demonstrated that human carcinomas express interleukin-2 receptor (IL-2R) o, B,
and y chains. The B and y chains of IL-2R have intermediate binding affinity for IL-2 and are responsible for the intracellular
signaling cascades after IL-2 stimulation. IL-2Ra lacks the cytoplasmic domain, but is essential for increasing the IL-2-
binding affinity of other receptors. Overexpression of IL-2Ra in tumor cells is associated with tumor progression and a poor
patient prognosis. To define molecular mechanisms responsible for the effects associated with IL-2Ra expression, ex vivo
experiments were performed with the squamous cell carcinoma head-and-neck cancer line, PCI-13, which was
genetically engineered to overexpress the IL-2Ra chain. While IL-2Ra-overexpressing PCI-13 cells were capable of
forming colonies in soft agar, PCI-13 cells transfected with the control vector or those expressing IL-2Ry did not.
Consistently, IL-2Ra-expressing tumor cells proliferated more rapidly than the control or IL-2Ry+ cells, associated with
increased levels of cyclins A and D1 and cyclin-dependent kinase (cdk(s)) 2 and 4 proteins. In addition, IL-2Ra-expressing
cells were significantly more resistant to apoptosis induction by a tripeptidyl proteasome inhibitor (ALLN) and two
chemotherapeutic drugs (VP-16 and taxol) than the control or IL-2Ry+ cells. Accompanying the drug resistance, high
levels of anti-apoptotic Bcl-X; and Bcl-2 proteins were found in the mitochondria-containing fraction of IL-2Ra-expressing
tumor cells. Treatment of IL-2Ra-expressing cells with a specific Janus kinase 3 (Jak3) inhibitor decreased expression of
cyclin A, cyclin D1, Bcl-X,, and Bcl-2 proteins. Finally, high levels of ubiquitinated proteins were detected in the
proliferating IL-2Ra-expressing cells. Our data suggest that increased proliferation rates and decreased drug sensitivity of
IL-2Ra-expressing tumor cells are responsible for the enhanced tumor aggressiveness and poor clinical prognosis of
patients whose tumors express IL-2Ra.. J. Cell. Biochem. 89: 824-836, 2003.  © 2003 Wiley-Liss, Inc.
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Interleukin-2 (IL-2) was first described as a
cytokine capable of sustaining the proliferative
potential of T-lymphocytes [Morgan et al., 1976;

Gillis et al., 1979] and subsequently determined
to be the primary growth factor for antigen-
specific T-lymphocytes [Robb et al., 1984]. It has
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been shown that IL-2 is responsible for the G; to
S transition of the cell cycle in T-lymphocytes
[Stern and Smith, 1986]. In addition to being a
growth factor for T-cells, IL-2 has also been
shown to stimulate growth of natural killer
(NK) cells and enhance their cytolytic functions
[Whiteside and Herberman, 1995]. Later, IL-2
was found to also contribute to growth of human
epithelial tumor cells [Reichert et al., 2000].
Thus, endogenous IL-2 was shown to play an
important role in regulating the cyclin-depen-
dent kinase (cdk) inhibitors p27 and p21 as well
as cell cycle progression in human squamous
cell carcinomas of the head and neck [Reichert
et al., 2000].

IL-2 mediates its biologic effects via inter-
leukin-2 receptor (IL-2R). IL-2R is comprised of
three distinct subunits: «, B, and y chains. IL-
2RpB and y chains belong to the IL-2 receptor
superfamily and bind ligand with intermediate
affinity (Kq=10"° M) [Taniguchi and Minami,
1993]. IL-2Rp and y both possess cytoplasmic
domains necessary for signaling, while IL-2Ra
has a short cytoplasmic tail (13-residues) that is
incapable of signaling [Leonard et al., 1982].
Although, the o chain lacks the ability to trans-
duce signals, its non-covalent binding with 8
and y leads to an overall high binding affinity
of the ligand (Kg=10"'' M) [Taniguchi and
Minami, 1993].

Elevated levels of soluble IL-2R (sIL-2R) have
been found in sera of patients with carcinomas,
including lung, esophagus, and head and neck
cancer [Ginns et al., 1990; Jablonska et al.,
1994; Yasumura et al., 1994]. Most recently,
IL-2Ra was found to be overexpressed in sev-
eral types of cancers, including human lung
adenocarcinomas, squamous cell carcinomas,
leukemia, lymphomas, and ovarian tumors
[Kaczmarski and Mufti, 1991; Barton et al.,
1993; McDoniels-Silvers et al., 2002]. Moreover,
IL-2Ra overexpression has been linked to a
poor prognosis in cancer patients suffering
from leukemia, lymphoma, nasopharyngeal
carcinoma, or Langerhans cell histiocytosis
[Kaczmarski and Mufti, 1991; Tsai et al., 2001;
Ohno et al., 2002; Rosso et al., 2002].

IL-2R subunits lack intrinsic catalytic activ-
ity and therefore, must be phosphorylated prior
to activating several key signal transduction
pathways [Benedict et al., 1987]. One such
mechanism involves the binding of the Janus
kinase 3 (Jak3) to the y chain after IL-2
stimulation [Boussiotis et al., 1994]. The y sub-

unit then phosphorylates the  subunit [Ellery
and Nicholls, 2002], which acts as docking sites
for the signal transducers and activators of
transcription (STATSs) 3 and 5. Previous studies
have also shown that IL-2Rp/y subunits signal
to activate Ras/Raf/Mek/Erk- and PI3K/Akt-
mediated anti-apoptotic survival pathways
[Miyazaki et al., 1995] and also mediate Jak1-/
Jak3-independent Bcl-2 induction [Kawahara
et al., 1995]. However, the role of IL-2Ra chain
in these signal transduction pathways remains
unclear.

The focus of our current study was to deter-
mine the molecular events that are associated
with IL-2Ra expression in tumor cells. We report
that transfection of human head-and-neck
cancer PCI-13 cells with IL-2Ra ¢cDNA produces
a tumor cell line with increased transforming
activity, as shown by colony formation in soft
agar. IL-2Ra overexpression also leads to up-
regulation of cyclin D, cyclin A, ¢dk2 and cdk
4 proteins, and is associated with decreased
G; phase and increased Go/M populations.
Furthermore, overexpression of IL-2Ra in PCI-
13 cells causes resistance to apoptosis induced
by the proteasome inhibitor N-acetyl-L-leucyl-L-
leucyl-norleucinal (ALLN or MG-101) and the
chemotherapeuticdrugs VP-16 and taxol, which
was associated with increased expression of
mitochondrial Bel-X;, and Bel-2 proteins. The
pharmacological inhibitor experiment suggests
Jak3 as a mediator of IL-2-dependent signal
pathways in IL-2Ra cells. Our results provide a
molecular interpretation for the clinical reports
of a poor prognosis for cancer patients whose
tumors overexpress IL-2Ra.

MATERIALS AND METHODS
Materials and Reagents

Dulbecco’s Modified Eagle Medium (DMEM),
penicillin, and streptomycin were purchased
from Invitrogen (Carlsbad, CA). Fetal bovine
serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), propi-
dium iodide, ribonuclease RNase A, Hoechst
33342, ALLN, etoposide (VP-16), taxol, dim-
ethyl sulfoxide (DMSO), and other chemicals
were purchased from Sigma Chemical Co. (St.
Louis, MO). Bacto-Agar was purchased from
Difco Laboratories (Detroit, MI). Monoclonal
antibody to Bcl-2 (Ab-1) and polyclonal antibody
to Bcl-X (Ab-1) were purchased from Oncogene
Research Products (Boston, MA). Monoclonal
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antibodies to Cyclin A (BF-683), Cyclin E (HE-
111), Cyclin D1 (R-124), and Ubiquitin (P4D1)
and polyclonal antibodies to Actin (C-11), Cyclin
B1 (H-433) and pJak3 (Tyr 980) as well as anti-
goat, anti-rabbit, and anti-mouse IgG-horse-
radish peroxidase were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Mono-
clonal antibodies to proliferating cell nuclear
antigen (PCNA; 32551A) and cdk2 (D-12) and
polyclonal antibody to cdk4 (H-22) were pur-
chased from BD Biosciences Pharmingen (San
Diego, CA). Fluorogenic peptide substrates
Z-IETD-AFC (specific for caspase-8 activity),
Ac-DEVD-AMC (for caspase-3/-7 activities),
Suc—Leu-Leu—Val-Tyr—AMC (for the protea-
somal chymotrypsin-like activity), and the
specific Jak3 inhibitor WHI-P131 were obtained
from Calbiochem (San Diego, CA).

Cell Cultures

Human squamous cell carcinoma of the head-
and-neck cell line, PCI-13 [Pittsburgh Cancer
Institute-13; Heo et al., 1989], was stably
transfected with the LacZ vector alone, IL-2Ra
c¢DNA, or IL-2Ry ¢cDNA as previously describ-
ed by Lin et al. [1993]. Briefly, the LacZ
(pRcCMVLZ) plasmid was made by inserting a
HindIII-BamHI lacZ segment into a pRcCMV
vector that contains a cytomegalovirus (CMV)
promoter and a neomycin-resistance marker
gene. The human IL-2Ra chain plasmid pro-
vided by Dr. R.J. Robb contains a full-length IL-
2Ra ¢DNA insert under the regulation of CMV
promoter and the neomycin-resistance marker
gene. The IL-2Ry chain expression vector
(pRSVIL-2RYy) contains a 1.5 kb Xba I IL-2Ry
chain fragment provided by Dr. K. Sugamura
inserted into pRcRSV plasmid under the reg-
ulation of Rous sarcoma virus promoter. The
LacZ-transfected cells were used as a control for
the studies reported here. All three transfected
PCI-13 cell lines were cultured in DMEM,
supplemented with heat inactivated 10% (v/v)
FBS, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin. Cells were maintained in 5% CO; in
air atmosphere at 37°C, and passed by trypsi-
nization (0.05% Trypsin, 0.583 mM EDTA;
Invitrogen, Carlsbad, CA).

Soft Agar Assay

DMEM, containing 10% (v/v) FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin, was
warmed to 48°C and diluted with Bacto-Agar to
make a 0.6% agar solution. To each well of 6-well

plates, 4 ml of 0.6% (w/v) agar solution was
added and allowed to solidify for 10—15 min to
provide the bottom feeder layer. The top layer
was further diluted to 0.3% agar by adding an
equal volume of warmed medium containing
cells (20,000 cells/well). Two milliliters of the
0.3% agar/cell solution was then added to the
wells. Cells were plated in triplicates and grown
for 21 days in 5% CO5 atmosphere at 37°C. MTT
(1 mg/ml) in serum-free medium was then
added to each well and incubated overnight to
allow complete formation of purple formazan
crystals. Plates were scanned on a Hewitt-
Packard Scan Jet 4c and the contrast levels
were adjusted utilizing Adobe Photoshop 5.0.2.
Colony counting analysis was performed with
Bio-Rad, Quantity One 4.0.3 and the means
were determined by Microsoft Excel software.

Protein Extraction and Western Blot Analysis

At each time point, cells were harvested,
washed with PBS, and homogenized with lysis
buffer [50 mM Tris-HCI, pH 8.0, 5 mM EDTA,
150 mM NaCl, 0.5% NP-40, 0.5 mM dithiothrei-
tol, and 1 mM phenylmethylsulfonyl fluoride],
followed by shaking for 30 min at 4°C. Lysates
were then centrifuged at 13,200g for 15 min and
supernatant was collected and quantified. Equal
amounts of protein extract (50 pg or as indi-
cated) were electrophoresed on a sodium dode-
cyl sulfate—polyacrylamide gel (SDS—PAGE)
and transferred to a nitrocellulose membrane
(Schleicher & Schuell, Keene, NH) using Trans-
blot Semi-Dry Transfer Cell (Bio-Rad, Hercules,
CA). Membrane was blocked in Tris-buffered
solution [20 mM Tris-HCI, 150 mM NaCl, and
0.1% Tween-20] containing 5% non-fat dry milk
for 1 h and probed with the indicated antibodies.
Detection of protein was performed with
enhanced chemiluminescence (ECL) and X-ray
film. Quantitation of the Western blots was
performed on ImageQuant 5.2. Briefly, inten-
sities of interested protein bands were scanned
and quantified by density plot. The normalized
(to corresponding actin) intensity of each pro-
tein band was obtained and reported.

Preparation of Heavy Membrane and
Cytosolic Fractions

Both heavy membrane (containing mainly
mitochondrial membrane) and cytosolic frac-
tions were isolated at 4°C using a previously
described protocol with some modifications
[Hockenbery et al., 1990; Gao and Dou, 2000].
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Briefly, cells were suspended in a hypotonic
buffer, incubated on ice for 30 min, and then
broken by four passes through a 30 G ¥z needle
fitted on 1-ml syringe. The lysate was centri-
fuged at 2,000g for 10 min, and the resulting
supernatant was then centrifuged at 10,000g
for 15 min, followed by collection of both the
supernatant and pellet fractions. The pellet was
washed twice with a buffer containing 210 mM
mannitol, 70 mM sucrose, 5 mM Tris-HCI (pH
7.5), and 1 mM EDTA, and re-suspended in a
lysis buffer (560 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 150 mM NaCl, and 0.5% NP-40) as the
mitochondria fraction. The supernatant was
further centrifuged at 21,000g for 30 min and
the resulting supernatant was collected as the
cytosol fraction.

Cell Cycle Analysis

Asynchronous cells were collected indepen-
dently from three dishes, washed twice with
PBS, and fixed in 70% ethanol for 2h at 4°C. The
cells were then centrifuged, re-suspended in
1 ml of sample buffer containing propidium
iodide [1x PBS, 50 pg propidium iodide, 1 mg/ml
glucose, and 100 U/ml ribonuclease A] and
incubated at room temperature for 30 min in
the dark. Propidium iodide staining, indicative
of Go/G1, S, and Go/M phase distribution of the
cell population, was visualized with FACScan
(Becton Dickinson Immunocytometry, San
Jose, CA) and cell cycle distribution was
determined by ModFit LT cell cycle analysis
software (Verity Software, Topsham, ME).

Fluorogenic Assays

To measure cell-free caspase activities, whole
cell extracts (WCE) (20—30 pg) from untreated
or treated PCI-13 cells were incubated with
20 uM of the fluorogenic substrates for caspase-
8 (Z-IETD-AFC) or caspase-3/-7 (Ac-DEVD-
AMC) for 30 min at 37°C in 100 pl of assay
buffer (50 mM Tris, pH 8.0). Similarly, to
measure the chymotrypsin-like activity of
the proteasome, WCE (10 pg) were incubated
with 20 pM of Suc—Leu—Leu—Val-Tyr—AMC.
Measurement of the hydrolyzed AMC or AFC
groups was performed on a VersaFluor™
Fluorometer (Bio-Rad) as described previously
[Nam et al., 2001].

Nuclear Staining
After each drug treatment, both detached and

attached PCI-13 cells were collected as des-
cribed previously [An et al., 1998], washed twice

in PBS, fixed in 70% ethanol for 2 h, and stained
in 50 pM Hoechst 33342 for 30 min in the
dark. Morphology was visualized on a fluores-
cent microscope (40x) (Leitz, Oberkochen,
Germany). Digital Scientific obtained images
with Smart Capture, v 1.4.

RESULTS

IL-2Ra Overexpression Increases the
Transforming Activity of PCI-13 Cells

Because IL-2Ra overexpression has been
reported to be associated with increased
severity of cancer and decreased survival
[Kaczmarski and Mufti, 1991; Tsai et al., 2001;
McDoniels-Silvers et al., 2002; Ohno et al.,
2002; Rosso et al., 2002], we determined the
effects of IL-2Ra overexpression on transform-
ing capabilities of the PCI-13 cells in a soft agar
assay. The PCI-13 cells overexpressing the
vector LacZ (as a control), IL-2Ra, and IL-2Ry
were plated in soft agar and then cultured for
3 weeks. The numbers of the formed colonies
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Fig. 1. Colony formation of PCI-13 cells overexpressing IL-2Ra.
Squamous cell carcinoma head-and-neck cancer PCI-13 stable
transfectants with IL-2Ra,, IL-2Ry, or the vector alone (LacZ) were
plated in soft agar. Cells were cultured for 3 weeks then MTT
(1 mg/ml) was added for determination of colony formation (A).
Colonies were quantified with an automated counter and
presented as mean values from triplicate experiments. Error bars
denote standard deviation (B).
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were determined (Fig. 1A). The IL-2Ra-over-
expressing cells showed the significantly in-
creased transforming ability: yielding 500—600
colonies per plate. In contrast, the control and
the cells overexpressing IL-2Ry showed of only
1-2 surviving colonies per plate (Fig. 1B).
Therefore, overexpression of IL-2Ra greatly en-
hanced the transforming ability of PCI-13 cells.

IL-2Ra Overexpression Increases Cell
Proliferation Rate Associated With Increasing
Levels of Cell Cycle Regulatory Proteins

The increased transforming activity of IL-
2Ra-overexpressing cells (Fig. 1) could be due
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Fig. 2. IL-2Ro overexpressing increases cell proliferation rates
and cell cycle progression. A: Equal numbers of LacZ, IL-2Ra,
and IL-2Ry cells were plated (10° cells/plate) and proliferation
rates were determined at 24, 48, and 72 h by visual counting with
a hemocytometer under a microscope (10x%; Invertoscope Zeiss,
OberKochen, Germany). Standard deviations are shown with
error bars from a mean of at least three independent experiments.
B: Western blot assay using antibodies specific to cyclins D1, E,

to increased cell proliferation rate and/or
decreased cell death rate. To investigate the
first possibility, we determined whether the
doubling time of PCI-13 cells was affected by IL-
2Ra overexpression. The same number (1 x
10° per plate) of PCI-13 cells transfected with
the vector LacZ, IL-2Ra or IL-2Ry ¢cDNA were
plated on day 1, and the cell numbers were
counted after growth for 24,48, and 72 h. IL-2Ra
cells grew 128% after 24 h over 0 h, compared to
48 and 64% for LacZ and IL-2Ry cells, respec-
tively (Fig. 2A). After 72 h, the IL-2Ra cell
population expanded ~twofold, while the IL-
2Ry cells expanded only 1.2-fold, over the LacZ
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A, andB1, cdks 2 and 4, PCNA or actin. LacZ cells are designated
by L and are shown in lane 1. Similar results were obtained in
three separate experiments. C: Asynchronous cells were ana-
lyzed by flow cytometry for cell cycle distribution of Go/Gy, S,
and Gy/M phases (cells in Go/Gy, S, Go/M=100%). Standard
deviations are shown with error bars from a mean of three
independent experiments.
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cells (Fig. 2A). The doubling rates per 24 h of IL-
2Ra, IL-2Ry, and LacZ cells were 2.19, 1.89, and
1.76, respectively.

Toinvestigate whether increased levels of cell
cycle regulatory proteins in IL-2Ra-overexpres-
sing PCI-13 cells accompany the increased
growth rate, we determined expression of
several cyclin and cdk proteins as well as PCNA
in the three PCI-13 cell lines grown exponen-
tially. We found that protein levels of cyclin D1
and cyclin A were much higher in IL-2Ra cells
than those of LacZ and IL-2Ry cells by threefold
to fivefold (Fiig. 2B). In contrast, levels of cyclins
E and B1 were similar in all three PCI-13 cell
lines (Fig. 2B). In addition, cdk2 protein was
overexpressed by greater than tenfold in IL-2Ra
cells versus LacZ and IL-2Ry cells; levels of cdk4
protein were also higher in IL-2Ra cells than the
other two PCI-13 cell lines (Fig. 2B). However,
PCNA protein levels were similar in these three
cell lines (Fig. 2B).

Increased levels of cyclin and cdk proteins
might cause dysregulation of the cell cycle
distribution in IL-2Ra-expressing cells [Sherr
and Roberts, 1999]. To test this hypothesis,
asynchronous LacZ, IL-2Ra, and IL-2Ry cells
were harvested and their cell cycle distribution
was analyzed by flow cytometry. It was found
that the G; population of IL-2Ra cells was lower
than those of LacZ and IL-2Ry cells (Fig. 2C).
Associated with that, the Go/M population of IL-
2Ra cells was ~twofold higher than those of
LacZ and IL-2Ry cells (Fig. 2C). Therefore,
overexpression of IL-2Ra in PCI-13 cells
increases levels of cyclins D1 and A and cdks 2
and 4, which is probably responsible for the
observed decreased G; population and acceler-
ated doubling time.

IL-2R« Cells Are Resistant to Apoptosis
Induced by Multiple Stimuli

Increased transforming activity due to over-
expression of IL-2Ra (Fig. 1) might also result
from an inhibition of apoptotic death pathways
[Reed, 1997]. To investigate this possibility,
vector- or IL-2Ra-expressing cells were treated
with various apoptosis stimuli, including the
tripeptedyl proteasome inhibitor ALLN (at
10 uM), the topoisomerase II inhibitor VP-16
(at 25 uM), and the microtubule destabilization
agent taxol (at 25 uM). It has been shown that
proteasome inhibitors have the ability to induce
tumor cell apoptosis and also to inhibit tumor
growth in nude mice [An et al., 1998, Sun et al.,

2001]. However, IL-2Ra cells were much more
resistant to ALLN-induced apoptosis, as mea-
sured by activation of caspase-8 (Fig. 3A) and
caspase-3/-7 (Fig. 3B), than the LacZ control
cells. Only 1.5-fold increase in caspase-8 activ-
ity levels was detected in IL-2Ra cells, in
contrast to a sixfold increase in the control cells
after ALLN treatment (Fig. 3A). Similarly, only
0.5-fold increase in caspase-3/-7 activity was
observed in IL-2Ra cells while a 2.5-fold
increase found in the LacZ cells (Fig. 3B). Also,
IL-2Ra cells also showed resistance to VP-16-
and taxol-induced activation of caspase-8 and
caspase-3/-7 (Fig. 3A,B). For example, taxol
treatment increased caspase-8 activity by 2-
and 12-fold, respectively, in the IL-2Ra and
LacZ cells (Fig. 3A), and increased caspase-3/-7
activity only in LacZ, but not IL-2Ra cells
(Fig. 3B). In contrast to IL-2Ra cells, IL-2Ry-
overexpressing cells were as sensitive as the
control cells to the same drug treatment (see
Fig. 3C).

To confirm the differential sensitivity of the
three PCI-13 cell lines to various apoptosis
stimuli, fluorescent microscopy was utilized to
visualize the punctate nuclei, a characteristic of
apoptotic cells [Kerr et al., 1972]. Hoechst dye
staining revealed high levels of apoptosis in the
LacZ and IL-2Ry, but not IL-2Ra, cells after
treatment with 10 pM ALLN for 24 h (Fig. 3C).
Additionally, much more apoptotic population
was also observed in the control and IL-2Ry
than IL-2Ra cells treated with 25 uM VP-16 for
24 h (Fig. 3C). These results suggest that
overexpression of IL-2Ra in PCI-13 cells causes
resistance to apoptosis.

Increased Levels of Anti-Apoptotic Bcl-2
Family Members in IL-2Ra Cells

It has been shown that overexpression of Bel-
2 or Bcl-Xp, protein leads to drug resistance
[Reed, 1997; Dalton and Jove, 1999]. To inves-
tigate the molecular basis for the increased drug
resistance of IL-2Ra cells, we examined expres-
sion of several Bcl-2 family proteins in the three
PCI-13 cell lines. Overexpression of IL-2Ra
causes a dramatic increase in expression of
Bcl-X;, protein, an anti-apoptotic Bel-2 family
member (Fig. 4A). In addition, Bcl-2 protein
expression was also increased in the IL-2Ra
cells, as compared with LacZ and IL-2Ry cells
(Fig. 4A). Interestingly, an abundant upper
band of ~48 kDa (named p48, denoted with *),
which was detected by the monoclonal Bcl-2
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Fig. 3. IL-2Ra cells are resistant to apoptosis induced by ALLN,
VP-16, and taxol. A and B: LacZ or IL-2Ra cells were treated with
either DMSO, 10 uM ALLN, 25 uM VP-16, or 25 uM taxol for
24 h, followed by determination of cell-free caspase-8 (A) and
caspases-3/-7 (B) activity assays. Standard deviations are shown
with error bars from a mean of at least three independent
experiments. C: LacZ, IL-2Ra, and IL-2Ry cells were treated with

antibody, was only present in the LacZ control
and the IL-2Ry-overpressing cells, but absent in
IL-2Ra cells (Fig. 4A). The p48 band was also
detectable by two other monoclonal antibodies
to Bcl-2 (data not shown). Similar levels of full-
length Bid protein (23 kDa) were found in all the
three PCI-13 cell lines (Fig. 4A).

We then examined localization of Bel-X;, and
Bcl-2 proteins in IL-2Ra-overexpressing cells by
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either DMSO, 10 u(M ALLN, or 25 pM VP-16 for 24 h, followed by
nuclear staining assay with Hoechst 33342 dye. Apoptotic nuclei
were visualized by fluorescent microscopy (40x). Data shown is
representative of four independent experiments. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

analyzing the cytoplasmic and heavy mem-
brane fractions (HMF) using Western blot assay
(Fig. 4B). WCE was used as a comparison. We
found that Bcl-X;, was located in both the HMF
and the cytoplasmic fraction of IL-2R« cells and
Bcl-2 protein was only in the HMF, but not the
cytosol (Fig. 4B). The Bcl-2-related p48 band was
also detected in the HMF (Fig. 4B). As a con-
trol, the mitochondria-specific cyclooxygenase-2
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Fig. 4. Expression and localization of Bcl-2 family proteins in
PCI-13 cell lines. A: Basal levels of Bcl-2 family proteins (Bcl-X,,
Bcl-2, Bid) were measured by Western blot assay using 50 or
100 pg of whole cells extracts prepared from PCI-13 cells
expressing LacZ, IL-2Ra, or IL-2Ry. Actin levels were determined
as loading controls. Similar results were obtained it at least six
separate experiments. B: Cellular localization of Bcl-X, and Bcl-2
proteins. Whole cell extracts (WCE), cytoplasmic (Cyto), and
heavy membrane fractions (HMF) were examined by Western
blot assay using specific antibodies to Bcl-X,, Bcl-2, and
cyclooxygenase-2 (COX2). COX-2 is localized specifically to
mitochondrial membranes and is used as a control. *, a p48
protein detected by the used monoclonal antibody to Bcl-2. Data
shown is representative of at least three independent experi-
ments. C: Levels of Bcl-X_ and Bcl-2 proteins during drug
treatment. LacZ or IL-2Ra-overexpression cells were treated with
10 uM ALLN or 25 pM VP-16 for 24 h, followed by Western blot
analysis using specific antibodies to Bcl-X, Bcl-2, or actin.

(COX-2) [Capaldi, 1990] was found only in the
HMF, but not cytosol fraction (Fig. 4B).

To elucidate whether levels of Bel-2 family
proteins change during apoptosis process, the

LacZ and IL-2Ru cells were treated with either
25 uM VP-16 or 10 pM ALLN for 24 h, followed
by measurement of levels of Bcl-X;, and Bel-2
proteins. ALLN, but not VP-16, treatment
slightly increased levels of Bcl-Xj, protein in
LacZ cells, while neither treatment affected the
high basal levels of Bcl-Xp, in IL-2Ra cells
(Fig. 4C). VP-16 treatment decreased Bcl-2
protein levels in LacZ cells, but slightly in-
creased its expression in IL-2Ru cells (Fig. 4C).
In contrast, ALLN treatment significantly de-
creased Bcl-2 expression in IL-2Ra (but not
LacZ) cells (Fiig. 4C). Interestingly, the p48 band
related to Bcl-2 protein in LacZ cells was signi-
ficantly increased by treatment with ALLN (but
not VP-16) (Fig. 4C). We also found that p48
was not altered by A-phosphatase treatment
(data not shown) which suggests that it is
probably not a hyperphosphorylated form of
Bcl-2. Furthermore, stringent protocols such as
additional heating time (10 min, 95°C), double
amount of f-mercaptoethanol, double amount of
SDS, or all three combined, did not affect levels
of p48 (data not shown), indicating that it might
not be a complex of Bcl-2 and another protein
(also see Discussion).

Activation of Jak3 by IL-2Ra Overexpression
Contributes to the Increased Levels of Cyclin D1,
Cyclin A, Bcl-X, and Bcl-2 Proteins

Based on the results presented above (Figs. 1
to 4), we hypothesize that in the absence of
exogenous IL-2, overexpression of the IL-2Ra
chain would generate high affinity receptors
that are able to bind to the low amounts of IL-2
produced by the tumor cells, activating the
IL-2-dependent signal transduction pathway.
Because Jak kinases are essential for IL-2-
dependent pathways (see Introduction), we
predicted that inhibition of Jak3 would affect
expression of cell cycle and apoptosis regulatory
proteins in IL-2Ra cells. To test this idea, we
used a pharmacologic inhibitor, WHI-P131,
that specifically inhibits activity of Jak3, but
not Jakl and Jak2. Treatment of IL-2Ra cells
with 100 pM WHI-P131 for 24 h resulted in a
twofold decrease in cyclin D1 protein expression
and a complete loss of cyclin A protein (Fig. 5).
Inhibition of Jak3 by this pharmacologic inhi-
bitor in LacZ or IL-2Ry cells gave similar results
(Fig. 5). WHI-P131 treatment also partially
inhibited expression of Bcl-Xp, and Bel-2 pro-
teins in IL-2Ra cells (Fig. 5). Importantly, Jak3
inhibition by WHI-P131 in LacZ and IL-2Ry
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Fig. 5. Involvement of Jak3 kinase in IL-2Ra-mediated down-
stream events. Exponentially grown LacZ, IL-2Ra, and IL-2Ry
cells (lanes 1-3) were treated with 100 uM of the specific Jak3
kinase inhibitor WHI-P131 for 24 h (lanes 4-6), followed by
Western blotting using specific antibodies to cyclin D1, cyclin A,
Bcl-X., Bcl-2, and actin. The symbol ‘*' indicates the Bcl-2-
related p48 protein (see Fig. 4).

cells decreased not only expression of Bcl-2
protein but also that of the Bcl-2-related p48
band (Fig. 5). To further investigate whether
overexpression of IL-2Ra causes activation of
Jak3, we measured levels of phosphorylated
Jak3 (pJak3) in the three PCI-13 cell lines by
Western blot assay using a polyclonal antibody
specific to Tyr-980 pJak3. It has been shown
that such a Jak3 phosphorylation is essential
for its activation [Zhou et al., 1997 and also see
Introduction]. We found a twofold increase in
the pJak3 protein levels (~104 kDa) in IL-2Ra
cells compared to LacZ and IL-2Ry cells (data
not shown). Interestingly, the same antibody
also detected a protein band of ~38 kDa that
was present in much higher levels in IL-2Ra
cells than LacZ and IL-2Ry cells (data not
shown). It is possible that this band is either a
pJak3-related protein or a proteolytic product of
pJak-3. Taken together, these data are consis-
tent with the conclusion that overexpression of
IL-2Ra chain could activate autocrine and/or
paracrine IL-2/IL-2R loops that trigger tyrosine
kinases (including Jak3)-mediated signal trans-
duction pathways, leading to increased trans-
forming ability and malignancy in vivo.

Overexpression of IL-2Ra Causes a Decrease in
the Proteasomal Chymotrypsin-Like Activity and
an Increase in Ubiquitinated Proteins

The findings that expression of the Bel-2-
related p48 can be affected by a proteasome
inhibitor (Fig. 4C) and is present only in the
control and IL-2Ry, but not IL-2Ra, cells
(Fig. 4A) led us to determine levels of the
proteasome activity in IL-2Ra-overexpressing
cells. The basal levels of the proteasome activity
were measured by a cell-free fluorogenic assay.
IL-2Ra cells exhibited a lower amount of basal
chymotrypsin-like activity than the control and
IL-2Ry cells (Fig. 6A). After the three cell lines
were treated with 10 pM ALLN for 24 h, the
chymotrypsin-like activity of the proteasome
was inhibited by 35-55% in all the cell lines
(Fig. 6A). We also determined the basal levels of
ubiquitinated proteins in these three PCI-13
cell lines (Fig. 6B). Associated with low levels of
proteasomal chymotrypsin-like activity in IL-
2Ra cells (Fig. 6A), high levels of ubiquitinated
proteins were observed in IL-2Ra, but not other
two PCI-13 cell lines (Fig. 6B; lanes 4 vs. 1, 7).
Treatment with 10 uM ALLN transiently in-
creased in the control cells, but gradually
increased in IL-2Ra cells, the ubiquitinated
protein levels (Fig. 6B). However, no clear
effects were observed in IL-2Ry cells after ALLN
treatment (Fig. 6B). These data suggest that
overexpression of IL-2Ra affects the ubiquitin/
proteasome-mediated protein degradation
pathway.

DISCUSSION

Overexpression of IL-2Ra on tumor cells has
been shown to be associated with an overall poor
prognosis in human solid tumors and leukemias
[Kaczmarski and Mufti, 1991; Barton et al.,
1993; Tsai et al., 2001; McDoniels-Silvers et al.,
2002; Ohno et al., 2002; Rosso et al., 2002]. In
tumor biopsies overexpressing the o chain,
elevated levels of IL-2Ra RNA were detected
in squamous cell carcinoma or adenocarcinoma
of the lung, for example, but not in the adjacent
normal lung tissues [McDoniels-Silvers et al.,
2002]. Additionally, serum concentrations of
sIL-2Ra were up to 50-fold higher in patients
with non-Hodgkin’s lymphoma than in healthy
individuals [Setoyama et al., 1994]. Patients
with tumors not expressing IL-2Ra had a better
prognosis and longer survival, an indication
that in vivo the o chain may modulate tumor
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Fig. 6. Effects of IL-2Ra overexpression on levels of proteaso-
mal chymotryptic activity and ubiquitinated proteins. A: PCI-13
cells expressing LacZ, IL-2Ra,, or IL-2Ry (0 h) were treated 10 pM
ALLN for 24 h, followed by measurement of cell-free proteaso-
mal chymotrypsin-like activity. B: PCI-13 cells expressing LacZ,
IL-2Ra, or IL-2Ry (0 h) were treated with 10 pM ALLN for 8 or 24 h,
followed by Western blot analysis using antibodies to ubiquitin
and actin. Ubiquitinated proteins are indicated.

growth. However, the involved molecular
mechanisms are unknown. Towards the goal
of understanding these important mechanisms,
in the current study, we evaluated molecular
changes in a squamous cell carcinoma of the
head-and-neck cell line, PCI-13, transfected ex
vivo with IL-2Ra ¢cDNA. The transfected tumor
cells expressed IL-2Ra on the cell surface, as
measured by flow cytometry, in contrast to the
parental or LacZ gene-transfected control cells,
which expressed nodetectable IL-2Ra [Lin et al.,
1993]. In order to evaluate the contribution
of the IL-2R to tumor cell growth, we also
transfected PCI-13 with the y chain gene, and
showed that after selection, the transfected
tumor cells expressed increased levels of mRNA
for IL-2Ry and also stained with anti-y chain
Abs after permeabilization [Lin et al., 1993].
Both the transfected and parental tumor cell

lines expressed comparable levels of the 8 chain
on the cell surface, as reported previously [Lin
et al., 1993]. The transfected and parental cell
lines were used in various functional and
molecular assays to evaluate tumor cell char-
acteristics associated with IL-2R overexpres-
sion.

Soft agar results clearly demonstrate that
overexpression of IL-2Ra in PCI-13 cells is
essential for transformation (Fig. 1). The trans-
forming ability of PCI-13 cells was increased at
least several 100-fold by overexpressing IL-2Ra
(Fig. 1), which provides a possible molecular
interpretation for the poor prognosis of IL-2Ra-
associated tumors [Kopnin, 2000]. We then
examined whether increased proliferation rates
and/or decreased cell death rates are accompa-
nied by the enhanced transforming activity in
IL-2Ra cells.

It has been shown that IL-2 signaling is
principally responsible for the G; to S phase
transition in T-cells [Robb et al., 1981; Stern and
Smith, 1986; Taniguchi and Minami, 1993].
Because binding of IL-2Ra to IL-2R/y increases
these receptors’ binding to IL-2 [Taniguchi and
Minami, 1993], it is possible that overexpres-
sion of IL-2Ra could further accelerate the cell
cycle progression. This hypothesis is supported
by our results (Fig. 2). We discovered that IL-
2Ra cells have an accelerated doubling time
(~twofold faster than LacZ and IL-2Ry cells;
Fig. 2A), decreased G; population, and in-
creased Go/M population (Fig. 2C). To study
the molecular players that are affected by IL-
2Ra during the cell cycle, expression of several
cyclins and cdks as well as PCNA was deter-
mined. We found that levels of cyclin D1 and
cdk4 proteins were increased in IL-2Ra cells,
which should be responsible for the decreased
G population (Fig. 2) [Meyerson et al., 1992;
Imoto et al., 1997]. In addition, increased levels
of cyclin A and cdk2 proteins in IL-2Ra cells
might contribute to their increased Go/M popu-
lation (Fig. 2) [Yam et al., 2002]. The accelera-
tion through G; phase might also account for the
abnormally large population in Go/M phase in
IL-2Ra-overexpressing cells. These data sug-
gest that IL-2Ra overexpression triggers signal
transduction pathways driving the cancer cell
cycle progression. Consistent with this argu-
ment, high levels of both cyclin D1 and cyclin A
have been linked to high proliferation rates in
several cancers [Imoto et al., 1997; Kim et al.,
1998; Kushner et al., 1999; Allan et al., 2000].



834 Kuhn et al.

Another mechanism for accumulation of
tumor cells could be mediated by inhibition of
their apoptosis [Reed, 1997; Dalton and Jove,
1999]. Apoptosis is the mechanism by which
cells commit suicide in a highly regulated
fashion [Wyllie et al., 1980]. Regulation of apop-
tosisinvolves the balancing of proapoptotic (e.g.,
Bad, Bax, Bid) and antiapoptotic (e.g., Bcl-2,
Bel-Xp) Bel-2 family proteins. The caspases, a
family of cysteine proteases, are highly con-
served and are responsible for implementing
the death program after a death signal is re-
ceived by the cell. They can be divided into
initiator (—8, —10) and effector (-3, —7) cas-
pases [Hengartner, 2000; Zimmermann et al.,
2001]. We found that IL-2Ra cells evaded
apoptosis induced by ALLN, VP-16, and taxol,
as demonstrated by low levels of caspase-8 and
caspase-3/-7 activities and lack of apoptotic
nuclei (Fig. 3). Because overexpression of Bcl-
Xi, or Bel-2 can inhibit apoptosis [Reed, 1997,
Dalton and Jove, 1999; Hengartner, 2000], we
investigated whether several Bcl-2 family mem-
bers were affected by IL-2Ra expression. High
levels of Bel-X1, and Bel-2 proteins were found in
IL-2Ra, but not in the control vector- or IL-2Ry-
transfected cells (Fig. 4A). It has been shown
that the mitochondrial localization of Bel-Xj,
and Bcl-2 is required for their anti-apoptotic
functions [Cory, 1995; Green and Reed, 1998].
We found Becl-X;, in both the mitochondrial
membrane-containing and cytosolic fractions,
while Bcl-2 was detected only in the mitochon-
drial membrane fraction (Fig. 4B). These data
suggest that high levels of mitochondrial Bel-Xj,
and Bcl-2 proteins might contribute to the ob-
served drug resistance in IL-2Ra cells (Fig. 3).
To ascertain whether stimulation with exogen-
ous IL-2 had any effects on the Bcl-2 family
proteins, we incubated the three PCI-13 cell
lines with 5 ng/ml of recombinant IL-2 for
various time periods. However, this treatment
had no effect on the levels of Bel-X;, and Bel-2
proteins (data not shown).

If increased proliferation and decreased
drug sensitivity of IL-2Ra cells are mediated
through IL-2/IL-2R-dependent signal transduc-
tion pathway, then Jak and other tyrosine
kinases should be involved. Indeed, inhibition
of Jak3 kinase activity by the specific inhibitor
WHI-P131 completely blocked expression of
cyclin A protein in IL-2R« cells (Fig. 5), demon-
strating that Jak3 regulates cyclin A protein
expression in IL-2Ra cells. The effects of WHI-

P131 on cyclin D1, Bcl-X;, and Bcel-2 proteins
were not as significant as on cyclin A (Fig. 5). It
remains to be determined whether Jak1 or other
tyrosine kinases, acting downstream of IL-2Ra,
regulate expression of these proteins. We also
measured levels of phosphorylated and active
Jak3 by Western blotting using a specific anti-
body to pJak3. Higher levels of pJak3 and a
related protein were found in IL-2Ra cells than
in LacZ and IL-2Ry cells (data not shown).

Three specific monoclonal Bcl-2 antibodies
detected a p48 band in the control and IL-2Ry,
but not IL-2Ra, cells (Fig. 4A and data not
shown), suggesting that it is related to Bcl-2
protein. This p48 was detected only in the
mitochondrial fraction, but not in cytosol, of
control PCI-13 cells (Fig. 4B). These data raise
an interesting hypothesis that the formation of
p48 from Bcl-2 in the control cells is a potential
mechanism contributing to inactivation of Bel-2
and that IL-2Ra overexpression inhibits the
conversion of Bcl-2 to p48, thereby restoring
the anti-apoptotic function of Bcl-2 (see Fig. 3).
We realize that further studies are needed to
investigate the nature of p48 and, therefore, to
examine the above hypothesis. However, our
preliminary studies suggest that p48 might
not be a phosphorylated form of Bcl-2, since its
expression was not affected by phosphatase
treatment (data not shown). The p48 might
not even be a protein complex, since heating,
B-mercaptoethanol, SDS, or combination of the
above did not affect p48 levels (data not shown).
Finally, it remains debatable whether p48 is an
ubiquitinated form of Bel-2. Although p48 levels
could be increased by treatment with the
proteasome inhibitor ALLN (Fig. 4C), p48 was
not found in IL-2Ra cells that contain high
levels of many ubiqitinated proteins (Figs. 4A
vs. 6B). Further experiments are needed for a
better characterization of p48.

To examine whether IL-2Ra overexpres-
sion might affect the ubiquitin/proteasome-
mediated protein degradation pathway, we
measured basal levels of the proteasomal
chymotrypsin-like activity and ubiqutinated
proteins (Fig. 6). Although previous experi-
ments suggested that inhibition of the chymo-
trypsin-like activity of the proteasome is
associated with induction of tumor cell apopto-
sis [Lopes et al., 1997; An et al., 1998], low levels
of the proteasomal chymotrypsin-like activity
were found in IL-2Ra cells (Fig. 6A), which were
resistant to drug treatment (Fig. 3). One
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interpretation is that Bcl-Xy, and Bel-2 function
downstream of the proteasome and therefore,
compromises the effects of the decreased chy-
motrypsin-like activity. Consistent with the low
proteasomal chymotrypsin-like activity in IL-
2Ra cells, a significant build-up of ubiquitinated
proteins was observed in these cells (Fig. 6B).
Therefore, IL-2Ra overexpression has indeed
altered the wubiquitin/proteasome pathway,
although the detailed molecular mechanisms
remain to be determined.

In summary, IL-2Ra-overexpressing PCI-13
cells showed an enhanced transforming activ-
ity, associated with increased proliferation
rates and drug resistance. These data are
consistent with the clinical observation that
many tumors and leukemias overexpressing IL-
2Ra have a progressive phenotype and poor
prognosis [Kaczmarski and Mufti, 1991; Barton
et al., 1993; Tsai et al., 2001; McDoniels-Silvers
et al., 2002; Ohno et al., 2002; Rosso et al., 2002].
Further studies on characterization of IL-2Ra-
versus IL2RpB/y-mediated signal transduction
pathways should help develop novel anticancer
drugs selectively targeting cancers with over-
expressed IL-2Ra.

ACKNOWLEDGMENTS

We thank Joanna Stanson for her help in this
project.

REFERENCES

Allan K, Jordan RC, Ang LC, Taylor M, Young B. 2000.
Overexpression of cyclin A and cyclin B1 proteins in
astrocytomas. Arch Pathol Lab Med 124:216—220.

An B, Goldfarb RH, Siman R, Dou QP. 1998. Novel
dipeptidyl proteasome inhibitors overcome Bel-2 protec-
tive function and selectively accumulate the cyclin-
dependent kinase inhibitor p27 and induce apoptosis in
transformed, but not normal, human fibroblasts. Cell
Death Differ 5:1062—-1075.

Barton DP, Blanchard DK, Michelini-Norris B, Nicosia SV,
Cavanagh D, Djeu JY. 1993. High serum and ascitic
soluble interleukin-2 receptor alpha levels in advanced
epithelial ovarian cancer. Blood 81:424—-429.

Benedict SH, Mills GB, Gelfand EW. 1987. Interleukin 2
activates a receptor-associated protein kinase. J Immu-
nol 139:1694-1697.

Boussiotis VA, Barber DL, Nakarai T, Freeman GJ,
Gribben JG, Bernstein GM, D’Andrea AD, Ritz J, Nadler
LM. 1994. Prevention of T cell energy by signalling
through the v, chain of the IL-2 receptor. Science 266:
1039-1042.

Capaldi RA. 1990. Structure and assembly of cytochrome ¢
oxidase. Arch Biochem Biophys 280:252—-262.

Cory S. 1995. Regulation of lymphocyte survival by the bcl-
2 gene family. Annu Rev Immunol 13:513—-543.

Dalton WS, Jove R. 1999. Drug resistance in multiple
myeloma: Approaches to circumvention. Semin Oncol 26:
23-217.

Ellery JM, Nicholls PJ. 2002. Alternate signalling path-
ways from the interleukin-2 receptor. Cytokine Growth
Factor Rev 13:27-40.

Gao G, Dou QP. 2000. N-terminal cleavage of bax by calpain
generates a potent proapoptotic 18-kDa fragment that
promotes bcl-2-independent cytochrome C release and
apoptotic cell death. J Cell Biochem 80:53—-72.

Gillis S, Union NA, Baker PE, Smith KA. 1979. The in vitro
generation and sustained culture of nude mouse cytolytic
T-lymphocytes. J Exp Med 149:1460—1476.

Ginns LC, De Hoyos A, Brown MC, Gaumond BR. 1990.
Elevated concentration of soluble interleukin-2 receptors
in serum of smokers and patients with lung cancer. Cor-
relation with clinical activity. Am Rev Respir Dis 142:
398-402.

Green DR, Reed JC. 1998. Mitochondria and apoptosis.
Science 281:1309-1312.

Hengartner MO. 2000. The biochemistry of apoptosis.
Nature 407:770-776.

Heo DS, Snyderman C, Gollin SM, Pan S, Walker E, Deka
R, Barnes EL, Johnson JT, Herberman RB, Whiteside
TL. 1989. Biology, cytogenetics, and sensitivity to immu-
nological effector cells of new head and neck squamous
cell carcinoma lines. Cancer Res 49:5167-5175.

Hockenbery D, Nunez G, Milliman C, Schreiber RD,
Korsmeyer SJ. 1990. Bcl-2 is an inner mitochondrial
membrane protein that blocks programmed cell death.
Nature 348:334—336.

Imoto M, Doki Y, Jiang W, Han EK, Weinstein IB. 1997.
Effects of cyclin D1 overexpression on G1 progression-
related events. Exp Cell Res 236:173—180.

Jablonska E, Kozlowski M, Pietruska Z, Furman M. 1994.
Soluble interleukin-2 receptor in serum of patients with
esophageal carcinoma. Neoplasma 41:315-318.

Kaczmarski RS, Mufti GJ. 1991. The cytokine receptor
superfamily. Blood Rev 5:193-203.

Kawahara A, Minami Y, Miyazaki T, Ihle JN, Taniguchi T.
1995. Critical role of the interleukin 2 (IL-2) receptor
gamma-chain-associated Jak3 in the IL-2-induced c-fos
and c-myc, but not bcl-2, gene induction. Proc Natl Acad
Sci USA 92:8724-8728.

Kerr JF, Wyllie AH, Currie AR. 1972. Apoptosis: A basic
biological phenomenon with wide-ranging implications
in tissue kinetics. Br J Cancer 26:239-257.

Kim SH, Lewis JdJ, Brennan MF, Woodruff JM, Dudas M,
Cordon-Cardo C. 1998. Overexpression of cyclin D1 is
associated with poor prognosis in extremity soft-tissue
sarcomas. Clin Cancer Res 4:2377-2382.

Kopnin BP. 2000. Targets of oncogenes and tumor
suppressors: Key for understanding basic mechanisms
of carcinogenesis. Biochemistry 65:2—27.

Kushner J, Bradley G, Young B, Jordan RC. 1999. Aberrant
expression of cyclin A and cyclin Bl proteins in oral
carcinoma. J Oral Pathol Med 28:77—81.

Leonard WJ, Depper J, Uchiyama T, Smith KA, Waldmann
TA, Greene WC. 1982. A monoclonal antibody that
appears to recognize the receptor for human T-cell
growth factor; partial characterization of the receptor.
Nature 300:267—-269.



836 Kuhn et al.

Lin WC, Yasumura S, Whiteside TL. 1993. Transfer of
interleukin-2 receptor genes into squamous cell carci-
noma. Modification of tumor cell growth. Arch Otolar-
yngol Head Neck Surg 119:1229-1235.

Lopes UG, Erhardt P, Yao R, Cooper GM. 1997. p53-
dependent induction of apoptosis by proteasome inhibi-
tors. J Biol Chem 272:12893—-12896.

McDoniels-Silvers AL, Stoner GD, Lubet RA, You M. 2002.
Differential expression of critical cellular genes in human
lung adenocarcinomas and squamous cell carcinomas in
comparison to normal lung tissues. Neoplasia 4:141-150.

Meyerson M, Enders GH, Wu CL, Su LK, Gorka C, Nelson
C, Harlow E, Tsai LH. 1992. A family of human cdc2-
related protein kinases. EMBO J 11:2909-2917.

Miyazaki T, Liu ZJ, Kawahara A, Minami Y, Yamada K,
Tsujimoto Y, Barsoumian EL, Permutter RM, Taniguchi
T. 1995. Three distinct IL-2 signaling pathways mediated
by bcl-2, c-myec, and 1lck cooperate in hematopoietic cell
proliferation. Cell 81:223—231.

Morgan DA, Ruscetti FW, Gallo R. 1976. Selective in vitro
growth of T lymphocytes from normal human bone
marrows. Science 193:1007—-1008.

Nam S, Smith DM, Dou QP. 2001. Ester bond-containing
tea polyphenols potently inhibit proteasome activity
in vitro and in vivo. J Biol Chem 276:13322—13330.

Ohno H, Ishikawa T, Kitajima H, Nomura S, Suzuki T,
Konishi H, Ohno Y, Onishi R, Konaka Y, Arima N, Doi S,
Nasu K, Takahashi T, Tsudo M, Fukuhara S, Uchiyama
T. 2002. Significance of soluble interleukin-2 receptor
alpha chain in the management of patients with mali-
gnant lymphoma: A multi-center study. Rinsho Ketsueki
43:170-175.

Reed JC. 1997. Bcl-2 family proteins: Regulators of
apoptosis and chemoresistance in hematologic malig-
nancies. Semin Hematol 34:9-19.

Reichert TE, Nagashima S, Kashii Y, Stanson J, Gao G,
Dou QP, Whiteside TL. 2000. Interleukin-2 expression in
human carcinoma cell lines and its role in cell cycle pro-
gression. Oncogene 19:514-525.

Robb RJ, Munck A, Smith KA. 1981. T cell growth factor
receptors: Quantitation, specificity, and biological rele-
vance. J Exp Med 154:1455-1476.

Robb RJ, Greene WC, Rusk CM. 1984. Low and high
affinity cellular receptors for interleukin 2. Implications
for the level of Tac antigen. J Exp Med 160:1126—1146.

Rosso DA, Roy A, Zelazko M, Braier JL. 2002. Prognostic
value of soluble interleukin 2 receptor levels in Langer-
hans cell histiocytosis. Br J Haematol 117:54—58.

Setoyama Y, Imai J, Ishikawa T, Sakaida H, Takaori-
Kondo A, Kawamata S, Uchiyama T. 1994. Usefulness of
the measurement of serum soluble IL-2 receptor alpha
chain levels in the clinical monitoring of non-Hodgkin
lymphoma. Rinsho Byori 42:834—842.

Sherr CJ, Roberts JM. 1999. CDK inhibitors: Positive and
negative regulators of G1-phase progression. Genes Dev
13:1501-1512.

Stern JB, Smith KA. 1986. Interleukin-2 induction of T-cell
G1 progression and c-myb expression. Science 233:203—
206.

Sun J, Nam S, Lee CS, Li B, Coppola D, Hamilton AD, Dou
QP, Sebti SM. 2001. CEP1612, a dipeptidyl proteasome
inhibitor, induces p21WAF1 and p27KIP1 expression
and apoptosis and inhibits the growth of the human lung
adenocarcinoma A-549 in nude mice. Cancer Res 61:
1280-1284.

Taniguchi T, Minami Y. 1993. The IL-2/IL-2 receptor
system: A current overview. Cell 73:5-8.

Tsai MH, Chiou SH, Chow KC. 2001. Effect of platelet
activating factor and butyrate on the expression of
interleukin-2 receptor alpha in nasopharyngeal carci-
noma cells. Int J Oncol 19:1049-1055.

Whiteside TL, Herberman RB. 1995. The role of natural
killer cells in immune surveillance of cancer. Curr Opin
Immunol 7:704-710.

Wyllie AH, Kerr JF, Currie AR. 1980. Cell death: The
significance of apoptosis. Int Rev Cytol 68:251-306.

Yam CH, Fung TK, Poon RY. 2002. Cyclin A in cell control
and cancer. Cell Mol Life Sci 59:1317—-1326.

Yasumura S, Lin WC, Weidmann E, Hebda P, Whiteside
TL. 1994. Expression of interleukin 2 receptors on
human carcinoma cell lines and tumor growth inhibition
by interleukin. Int J Cancer 59:225—-234.

Zhou YdJ, Hanson EP, Chen YQ, Magnuson K, Chen M,
Swann PG, Wange RL, Changelian PS, O’Shea JJ. 1997.
Distinct tyrosine phosphorylation sites in JAKS3 kinase
domain positively and negatively regulate its enzymatic
activity. Proc Natl Acad Sci USA 94:13850-13855.

Zimmermann KC, Bonzon C, Green DR. 2001. The
machinery of programmed cell death. Pharmacol Ther
92:57-70.



