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Interferon-a (IFNa@) has shown promise in the treatment of
various cancers. However, the development of IFN resistance is
a significant drawback. Using conditions that mimic in vivo
selection of IFN-resistant cells, the RST2 IFN-resistant cell line
was isolated from the highly IFN-sensitive Daudi human Burkitt
lymphoma cell line. The RST2 cell line was resistant to the anti-
viral, antiproliferative, and gene-induction actions of IFNa.
Although STAT2 mRNA was present, STAT2 protein expres-
sion was deficient in RST2 cells. A variant STAT2 mRNA, which
resulted from alternative splicing within the intron between
exon 19 and 20, was expressed in several human cell lines but at
relatively high levels in RST2 cells. Most importantly, the RST2
line showed an intrinsic resistance to apoptosis induced by a
number of chemotherapeutic agents (camptothecin, staurospo-
rine, and doxorubicin). Expression of STAT2 in RST2 cells not
only rescued their sensitivity to the biological activities of IFNs
but also restored sensitivity to apoptosis induced by these che-
motherapeutic agents. The intrinsic resistance of the RST2 cells
to IFN as well as chemotherapeutic agents adds a new dimension
to our knowledge of the role of STAT?2 as it relates to not only
biological actions of IFN but also resistance to chemotherapy-
induced apoptosis.

IFN?a/B regulates a number of cellular responses, such as
proliferation, differentiation, and development (1). Al-
though IFN triggers the death of some tumor cells by induc-
ing proapoptotic proteins (tumor necrosis factor-related
apoptosis-inducing ligand, PKR, etc.), [FN also promotes cell
survival through a nuclear factor kB-dependent pathway (2—4).
IFN is used to treat various human malignancies (chronic mye-
loid leukemia, non-Hodgkin lymphomas, Kaposi sarcoma,
hairy cell leukemia, multiple myeloma, and malignant mela-
noma), viral infections, as well as various other diseases (5, 6).
However, only a fraction of patients are responsive to IFN ther-
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apy, and many patients eventually develop resistance after
chronic IFN exposure. The underlying mechanism for IFN
resistance is still unclear, but it is reasonable to suggest that
genetic variation and selection during prolonged IFN exposure
may reflect IFN signaling defects.

IFN binds to its cell surface receptor resulting in the activa-
tion of JAK1 and TYK2 nonreceptor protein-tyrosine kinases,
which phosphorylate STAT proteins (7). Phosphorylated
STATI1 and STAT?2 in a complex with IRF9 bind to a conserved
IFN stimulus-response element (ISRE) present in the promot-
ers of hundreds of [FN-stimulated genes (ISGs) inducing their
expression. Mutant cell lines with defined signaling defects
have made significant contributions in elucidating the IFN-ac-
tivated JAK/STAT signal transduction pathway (7, 8). Such
IFN-resistant mutants were isolated after multiple rounds of
chemical mutagenesis and selection of IFN-resistant mutants.
However, this procedure does not mimic iz vivo what happens
to patients who are subjected to long term IFN treatment.
Moreover, these IFN-resistant cells have undergone multiple
mutational events, because complementation of a single defect
rescues aspects of IFN signaling but not sensitivity to all of the
biological actions of IEN (8, 9). As an alternative approach, our
laboratory has resorted to long term IFN treatment of cells to
isolate naturally arising IFN-resistant mutants, which more
closely resemble what occurs in vivo (10, 11). Using this strat-
egy, we previously identified a STAT3-defective IFN-resistant
cell line (11).

In this study, a mutant cell line (RST2) that was highly
resistant to the antiviral, antiproliferative, and gene-induc-
ing actions of IFN was isolated from the highly IFN-sensitive
Daudi cell line by growth in the continuous presence of IFN.
Sequencing of STAT2 mRNA identified an alternative splice
site between exon 19 and 20 that is expressed in RST2 cells,
causing translation termination at the beginning of the Src
homology 2 domain of STAT2. Expression of STAT2 in
RST?2 cells rescued sensitivity to the antiviral, antiprolifera-
tive, and gene-inducing actions of IFN. Furthermore,
although RST?2 cells are intrinsically resistant to the induc-
tion of apoptosis by a variety of chemotherapeutic agents,
reconstitution of STAT?2 restored sensitivity to chemother-
apy-induced apoptosis.

MATERIALS AND METHODS

Biological Reagents and Cell Culture—Recombinant human
IFNa (IFNConl) was generously provided by Dr. L. Blatt of
InterMune (Brisbane, CA). Antibodies against the following
proteins were used: STAT1, phospho-STAT1, STAT2, IRF9,
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and actin (Santa Cruz Biotechnology, Santa Cruz, CA); STAT3
(BD Biosciences); phospho-STAT2 and phospho-STAT3
(Upstate, Charlottesville, VA); and poly(ADP-ribose) polymer-
ase (PARP) (Cell Signaling, Danvers, MA). Daudi and RST2
cells were maintained at ~5 X 10° cells/ml in RPMI 1640
medium containing 10% defined bovine calf serum (Hyclone
Laboratories, Logan, UT). Camptothecin, doxorubicin, and
staurosporine were from Sigma.

Antiproliferative and Antiviral Assays—For antiprolifera-
tive assays, cells (1 X 10° cells/ml) were treated with the
indicated IFN« concentrations. Cell numbers were deter-
mined after 72 h of IFN« treatment on a Beckman-Coulter
counter (12). For antiviral activity, cells (1 X 10° cells/ml)
were treated with the indicated IFNa concentrations for
24 h, followed by infection with vesicular stomatitis virus
(VSV) for 1.5 h at 0.1 plaque-forming unit per cell. The virus
yield in the medium was assayed by plaque formation at 24 h
post-infection on Vero cells (3).

Preparation of Cell Lysates and Nuclear Proteins—Cells were
washed twice with ice-cold phosphate-buffered saline, and
lysates were prepared by incubation in lysis buffer (30 min, 4 °C)
containing 50 mm Tris (pH 7.4), 150 mm NaCl, 1 mm EDTA,
0.5% Nonidet P-40, 15% glycerol, 1 mm NaF, 1 mm Na;VO,, 1
mM phenylmethylsulfonyl fluoride, 5 ug/ml soybean trypsin
inhibitor, 5 ug/ml leupeptin, and 1.75 ug/ml benzamidine.
Whole cell lysates were precleared by centrifugation (12,000 X
g 15 min). Nuclear proteins were prepared using CelLytic
NuCLEAR extraction kit (Sigma). In brief, nuclei were isolated
by lysing cells on ice for 20 min in lysis buffer containing 10 mm
HEPES (pH 7.9), 1.5 mm MgCl,, 15 mm KCl, 1 mm dithiothrei-
tol, 0.6% Nonidet P-40, 1 mm NaF, 1 mm Na;VO,, 1 mm phen-
ylmethylsulfonyl fluoride, 5 ug/ml soybean trypsin inhibitor, 5
pg/ml leupeptin, and 1.75 pg/ml benzamidine; and centrifuged
(10,000 X g, 30 s). Nuclei were washed with lysis buffer, and
nuclear proteins were extracted with buffer containing 20 mm
HEPES (pH 7.9), 1.5 mm MgCl,, 420 mm NaCl, 0.2 mMm EDTA, 1
mM dithiothreitol, and 25% glycerol with 1 mm NaF, 1 mm
Na;VO,, 1 mM phenylmethylsulfonyl fluoride, 5 ug/ml soybean
trypsin inhibitor, 5 ug/ml leupeptin, and 1.75 ug/ml benzami-
dine (13). Protein was determined by the Bradford method
(Bio-Rad).

Immunoblot Analysis—Total cell lysates (25 ug) were sepa-
rated by SDS-PAGE, transferred to polyvinylidene difluoride
membranes (Millipore), and immunoblotted with the indicated
antibodies, followed by anti-mouse or -rabbit IgG coupled with
horseradish peroxidase (Santa Cruz Biotechnology). Blots were
visualized by enhanced chemiluminescence (Pierce).

DNA Binding Activity Assays—Nuclear extracts (10 ug) were
incubated with 32P-labeled probes for the highly conserved
ISRE in the promoter region of ISG15 (5'-GATCCATGCCTC-
GGGAAAGGGAAACCGAAACTGAAGCC-3') or the high
affinity c-sis inducible element (SIE) in the c-fos gene (5'-AGCT-
TCATTTCCCGTAATCCCTAAAGCT-3'), respectively, and
subjected to electrophoretic mobility shift assay (EMSA) (11). To
define the presence of specific STAT proteins in DNA-protein
complexes, nuclear extracts were preincubated with a 1:50 dilu-
tion of anti-STAT antibodies at 25 °C for 20 min before EMSA.
Bands were quantified by phosphorimage autoradiography.
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Quantitative Real Time PCR (qPCR)—Total RNA was iso-
lated using TRIzol reagent (Invitrogen), and qPCR was per-
formed on an iCyclerIQ (Bio-Rad) using iScript One-Step
RT-PCR kit with SYBR Green (Bio-Rad). Reaction parame-
ters were as follows: cDNA synthesis at 50 °C for 20 min,
transcriptase inactivation at 95 °C for 5 min, PCR cycling at
95 °C for 10 s, and 60 °C for 30 s for 40 cycles. The following
primers were used for qPCR: B-actin, 5'-AGAAGGAGATC-
ACTGCCCTG-3’ (forward) and 5'-CACATCTGCTGGAA-
GGTGGA-3' (reverse); GBP1, 5'-AGGAGTTCCTTCAAA-
GATGTGGA-3' (forward) and 5'-TTCTGAACAAAGAG-
ACGATAGCC-3' (reverse); ISG15, 5'-TCCTGGTGAGG-
AATAACAAGGG-3’ (forward) and 5'-GTCAGCCAGAACA-
GGTCGTC-3' (reverse); IFIT1, 5'-TCAGGTCAAGGATAG-
TCTGGAG-3’ (forward) and 5'-AGGTTGTGTATTCCCAC-
ACTGTA-3' (reverse); STAT2, 5'-TCGGGCAGAACTGT-
AGGACT-3’ (forward) and 5'-ACCTCCTTCGTGTACGG-
TTG-3' (reverse); STAT2 splicing variant, 5'-TCGGGCAGA-
ACTGTAGGACT-3' (forward) and 5'-ACCTTCCGAGGGT-
TTGAAGT-3' (reverse); and total STAT2, 5'-CACCAGCTT-
TACTCGCACAG-3’ (forward) and 5'-TGGAAGAATAGCA-
TGGTAGCCT-3' (reverse).

RNA Preparation and Microarray Analysis—Total cellular
RNA was extracted with TRIzol reagent (Invitrogen) (14) and
submitted to Genome Explorations Inc. (Memphis, TN) for
labeling and hybridization to human U133A version 2.0 Gene-
Chips (Affymetrix Inc.). Expression values were determined
using Affymetrix Microarray Suite 5.0 software. All data analy-
sis was performed using GeneSpring software 7.0 (Silicon
Genetics, Inc.), and expression values for each gene were nor-
malized as described previously (14). The average fold-change
in gene expression from three independent sets of GeneChip
data for Daudi and RST?2 cells was subjected to nonparametric
t testing.

Apoptosis Assay—Cells were treated with the indicated drug
for 24 h. The induction of apoptosis was monitored by immu-
noblotting whole cell extracts for the caspase-dependent PARP
cleavage or DNA fragmentation using the cell death detection
ELISA®"YS (Roche Applied Science).

Plasmid Constructs and Transfection Conditions—To deter-
mine the role of STAT2, RST2 cells were transfected with
empty vector pEGFP-N1 (Clontech) or green fluorescent pro-
tein-tagged STAT?2 expression vector pEGFP-STAT2 (gener-
ously provided by Dr. Nancy Reich, University of Stony Brook,
NY) (15). Transfection was accomplished by electroporation
(capacitance 300 microfarads, 250 V) with 50 pg of salmon
sperm DNA and 20 pg of plasmid DNA for each sample (4).
Three rounds of cell sorting resulted in the isolation of stable
green fluorescent protein-positive cells.

RESULTS

Characterization of IFN-resistant RST2 Cells—To under-
stand the mechanisms that underlie the clinical resistance of
patients after prolonged IFN exposure, we employed the highly
IFN-sensitive Daudi human lymphoblastoid cell line. As shown
in Fig. 1, Daudi cell proliferation was inhibited by ~70% at
an IFN concentration of 100 IU/ml, and cell death was detected
in IFN-treated cells by day 2 as determined by the appearance of
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FIGURE 1. IFN induced antiproliferative, apoptotic, and antiviral activi-
ties in Daudi and RST2 cells. A, Daudi and RST2 cells were treated with the
indicated concentrations of IFNa. At day 3, cells were counted in a Coulter
counter. B, Daudi and RST2 cells were treated with 100 IlU/ml IFN«, and apo-
ptosis was assayed for cleaved PARP by immunoblotting. C, Daudi and RST2
cells were treated overnight with the indicated concentrations of IFNa. The
cells were then infected with VSV at 0.1 plaque-forming unit/cell, and the
virus yield in the medium was determined by plaque formation.

the p85 product of cleaved PARP. To isolate IFN-resistant cells,
Daudi cells were maintained in the continuous presence of IFN
ata concentration of 100 IU/ml. During the first 2 weeks of IFN
treatment, massive cell death was observed, and only a small
fraction of IFN-treated Daudi cells survived. The surviving
cells, maintained in the continuous presence of IFN (100 IU/ml)
for another month, grew at the same rate as untreated parental
Daudi cells. The cell culture was then treated sequentially for 1
month with IFN at 1000 IU/ml and an additional month at 5000
IU/ml, during which IFN-induced inhibition of cell prolifera-
tion and apoptosis were not detected. After culture in the
absence of IFN for several months, the proliferation of these
cells (denoted as RST2 cells) was unaffected by IFN at 1000
IU/ml, and no IFN-induced apoptosis was observed (Fig. 1, A
and B).

IEN inhibits the replication of a wide range of DNA and RNA
viruses. However, cells resistant to the antiproliferative activity
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of IFN can retain sensitivity to the antiviral activity of IFN (16).
We next examined the sensitivity of RST2 cells to the antiviral
activity of IFN against VSV infection. As shown in Fig. 1C, treat-
ment with as little as 10 IU/ml of IFN reduced VSV production
by more than 10-fold, and 1000 IU/ml reduced viral titer by >3
logs in Daudi cells. In contrast, treatment with 1000 [U/ml IFN
did not reduce the VSV production in RST2 cells. Taken
together these results demonstrate that RST2 cells are resistant
to IFN-induced antiproliferative, antiviral, and apoptotic
activities.

Identification of a JAK/STAT Signaling Defect in RST2 Cells—
RST2 cells are highly IFN-resistant, suggesting that they may
have a defective IFN-signaling pathway. IEN signals through
the activation of the IFN-stimulated gene factor 3 (ISGF3)
complex, composed of STAT1, STAT2, and IRF9 (17), as
well as STAT1 and STAT3 dimers that bind to ISG promoter
elements (11). As shown in Fig. 24 using the SIE probe, IFN
induces distinctive formation of STATI1, STAT3, and
STAT1/STAT3 dimer complexes in both Daudi and RST2
cells. The relative level of STAT1 dimers in Daudi cells is
higher than in RST2 cells. In contrast, as shown in Fig. 24
using the ISRE probe there was barely detectable activation
of ISGF3 in RST2 cells, although there was clear activation in
Daudi cells, suggesting a defective ISGF3-signaling pathway
in RST2 cells. To further characterize this defect, cell lysates
were immunoblotted with STAT and IRF9 antibodies. Fig.
2B shows that STAT3 and IRF9 were expressed at similar
levels in Daudi and RST2 cells. Although RST2 cells express
somewhat lower STAT1 levels, STAT2 was undetectable in
these cells as compared with Daudi cells. Moreover, IFN
induced the tyrosine phosphorylation of STAT1 and STAT3
in Daudi and RST2 cells at levels reflecting their protein
expression. These results localize the defect in RST2 cells at
the level of the STAT?2 protein.

Because STAT?2 plays a critical role in regulating ISG expres-
sion, we examined the effect of IFN on several ISGs that are
highly induced in Daudi cells (18). As shown in Fig. 2C, whereas
IFIT1,1SG15, and GBP1 were well induced by IEN treatment in
Daudi cells (50-120-fold), these ISGs were poorly induced in
RST?2 cells (<3-fold).

Identification of a STAT2 mRNA Splicing Variant in RST2
Cells—Although STAT2 protein was not detected in RST2
cells, we found similar expression levels of STAT2 mRNA in
Daudi and RST?2 cells by microarray and qPCR analysis. We
therefore examined whether there were mutations in the
STAT2 gene that could affect STAT2 protein expression.
The human STAT?2 gene is located on human chromosome
12 and contains 23 exons. To test for STAT2 mutations, we
carried out PCR using probes corresponding to nucleotides
1-770, 770-1448, and 1448 —2556 of the STAT2 open read-
ing frame. An extra ~200-bp insertion was found in STAT2
mRNA isolated from RST2 cells between bases 1448 and
2556. Sequencing the open reading frame of STAT2 cDNA
identified a 247-bp sequence inserted in the mRNA (Fig. 34),
resulting in the early termination of STAT2 protein at the
beginning of the Src homology 2 domain. A search of the
inserted 247-bp sequence shows that this sequence origi-
nates from the intron between exon 19 and 20. As depicted in
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FIGURE 2. RST2 cells have a defect in ISGF3 activation by IFN. A, nuclear proteins were prepared from Daudi
and RST2 cells treated with IFN« (1000 [U/ml) for 30 min and then subjected to electrophoretic mobility shift

assays with a 3?P-labeled SIE or ISRE probe. STAT complexes were identified

-STAT2, or -STAT3 (data not shown). B, total cell lysates were prepared from Daudi and RST2 cells treated with
IFNa (1000 1U/ml) for 15 min and immunoblotted with indicated antibodies. C, gPCR was performed on cDNA
prepared from Daudi and RST2 cells treated with IFN« for 5 h. Gene expression was normalized to actin

expression in each sample and presented as mean = S.D. (n = 3).

Fig. 3A, the mutant STAT2 mRNA apparently results from
the use of an alternative splice site. Sequencing the genomic
DNA from RST2 cells between exon 19 and 20 showed that
the DNA sequence was identical in DNA isolated from Daudi
and RST2 cells, indicating that a genomic mutation was not
responsible for the presence of the splice variant in RST2
cells. As shown in Fig. 3B, qPCR analysis of wild-type and
mutant STAT?2 transcripts showed that >90% of the STAT2
transcripts in Daudi cells were wild-type STAT2, although in
RST2 cells ~90% were mutant STAT2 transcripts. This
splice variant of STAT2 was present in other human cells
(Daudi, MCF7, and HUH?) as determined by qPCR, albeit at
lower levels relative to RST2 cells (data not shown). Both
wild-type STAT2 mRNA and the splicing variant were up-
regulated by IFN treatment of Daudi cells (Fig. 3C).
IFN-resistant RST2 Cells Are Resistant to Several Chemother-
apeutic Agents—To gain insight into other alterations in RST2
cells, we performed genome-wide expression analysis using
Affymetrix DNA microarray technology. RNA was isolated
from Daudi or RST?2 cells and processed for hybridization to
human U133A version 2.0 GeneChips, which probe 14,500
human genes. We compared the gene expression levels
between Daudi cells and RST2 cells. Statistical analysis using

ACEVEN
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against various chemotherapeutic
agents (19, 20).

Because the data in Fig. 1 demon-
strated that RST2 cells were resist-
ant to IFN-induced apoptosis, we
next examined the sensitivity to
apoptosis induced by chemothera-
peutic agents. Daudi and RST2 cells were treated with the indi-
cated concentrations of camptothecin (CPT), and apoptosis
was monitored by immunoblotting for the 89-kDa caspase-3
cleavage product of PARP or DNA fragmentation by enzyme-
linked immunosorbent assay. As shown in Fig. 4, A and B, both
PARP cleavage and DNA fragmentation were detected in Daudi
cells treated with 0.01 um CPT, reaching a maximal PARP
cleavage at 1 um CPT. In contrast, almost no PARP cleavage
and DNA fragmentation were detected in RST2 cells at 0.1 um
CPT, and the levels of PARP cleavage and DNA fragmentation
at 1 um CPT in RST2 cells were similar to that induced at 0.01
M CPT in Daudi cells. These results suggest that RST2 cells
were ~100-fold less sensitive to CPT-induced apoptosis than
Daudi cells. Moreover, as shown in Fig. 4C, RST2 cells are more
resistant to the induction of apoptosis by staurosporine and
doxorubicin as compared with Daudi cells.

STAT2 Expression in RST2 Cells Rescues Sensitivity to IFN-
induced Biological Activity and Sensitizes Cells to Chemothera-
py-induced Cell Death—Our results identified STAT2 as a
major defect in the RST2 cells; however, other defects in the
IFN-signaling pathway could be responsible for the altered phe-
notype of RST2 cells. We then determined whether STAT2
expression in RST2 cells restored sensitivity to the biological

by supershifts with anti-STAT1,
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activities of IFN. Fig. 54 shows that stable STAT2 expression
in RST2 cells (RST2+STAT?2) rescues IFN-induced STAT?2
tyrosine phosphorylation, as detected by blotting with anti-
phospho-STAT2 antibody. IFN treatment does not induce
the rapid tyrosine phosphorylation of STAT2 in RST2 cells
transfected with empty vector (RST2+EV) but does in the
parental Daudi cell line as expected. Thus, transfection with
wild-type STAT2 restored “normal” STAT2 expression in
RST2 cells and IFN-induced tyrosine phosphorylation of
STAT?2. To determine whether STAT2 rescues sensitivity to
the antiproliferative action of IFN, RST2 cells stably express-
ing wild-type STAT2 or empty vector were treated with IFN,
and antiproliferative assays were performed. RST2 cells
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FIGURE 3. Alternative splice sites identified in the STAT2 gene of RST2 cells. A, schematic depiction of
normal and alternative splicing in STAT2 transcripts. The inserted intron sequence is shown in the box. Stop
codons are underlined. B, qPCR was performed on cDNA prepared from Daudi cells and RST2 cells. Expression
of wild-type (WT) and mutant STAT2 transcripts was normalized to actin expression and presented as mean *
S.D. (n = 3). C, gPCR was performed on cDNA prepared from Daudi cells treated with IFN« for 5 h. The IFN-
induced levels of wild-type and mutant STAT2 transcripts were presented relative to untreated cells as mean +

RNA was extracted, and the expres-
sion of IFIT1, ISG15, and GBPI was
determined. As shown in Fig. 5C,
IFN induced the expression of these
ISGs in RTS2 cells expressing
STAT2 but not in RST2 cells trans-
fected with the empty vector. More-
over, the IFN-induced expression
levels in RST2+STAT2 cells are
comparable with what is observed
in parental Daudi cells (Fig. 2C).
Thus, STAT2 expression in RST2
cells rescues sensitivity to antipro-
liferative, antiviral, apoptotic, and
gene-inducing actions of IFN, dem-
onstrating that the defective IFN
response in RST2 cells resides in
STAT?2.

Finally, we examined the effect of
STAT?2 expression on the sensitivity
of the RST?2 cells to various chemo-
therapy-induced cell death. RST2 cells transfected with empty
vector and RST2 cells expressing wild-type STAT2 were
treated with camptothecin, staurosporine, or doxorubicin, and
apoptosis was monitored by immunoblotting for the 89-kDa
caspase-3 cleavage product of PARP. As shown in Fig. 6, expres-
sion of STAT2 in RST2 cells sensitized the cells to camptoth-
ecin-induced cell death. PARP cleavage was detected in RST2
cells expressing STAT2 at 0.01 um CPT, reaching a maximal
PARP cleavage at 1 um CPT. In contrast, PARP cleavage was
first detected in RST2 cells transfected with empty vector at 0.1
um CPT, and the level of PARP cleavage at 10 um CPT in
RST2+EV cells was similar to that induced at 0.1 um CPT in
RST2+STAT?2 cells. Thus, STAT2-expressing RST2 cells were

[ Control
H IFN

Mutant STAT2
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TABLE 1

Genes related to apoptosis affected in RST2 cells relative to Daudi
cells

Apoptotic genes were defined according to Gene Ontology classification.

Ratio of RST2 to Daudi
Genes down-regulated in RST2 cells
CSTA —4.8
DYRK2 —-2.0
EIF2AK2 (PKR) —3.5
HDAC2 —-2.0
IFI16 —2.1
IFI6 =71
ITGA4 —-2.5
MCLI —-2.3
NFKBIA —-2.0
NMI —2.7
OAS1 —-3.1
OAS2 —4.4
PML —16.5
RRAS2 —-2.0
STATI —4.2
TNFSF10 —2.2
Genes up-regulated in RST2 cells
REL (c-Rel) 2.9
A. Daudi RST2
CPT 00.01 01 1 000101 1 uM
-_—_E e
Cleaved
-— e T . — ‘ PARP
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FIGURE 4. Resistance of RST2 cells to chemotherapeutic drugs induced
cell death. A and B, Daudi and RST2 cells were treated with the indicated
concentrations of CPT for 24 h, and apoptosis was assayed for PARP cleavage
by immunoblotting (A) or DNA fragmentation by enzyme-linked immunosor-
bentassay (B). AU, absorbance units. C, Daudi and RST2 cells were treated with
1 um staurosporine (STA) and 1 um doxorubicin (Dox) for 24 h, and apoptosis
was assayed for PARP cleavage by immunoblotting.

~100-fold more sensitive to CPT-induced apoptosis when
compared with EV-expressing cells. In addition, as shown in
Fig. 6 RST2 cells expressing STAT2 are more sensitive to the
induction of apoptosis by staurosporine and doxorubicin as
compared with RST2 cells transfected with empty vector.
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DISCUSSION

IFNa« is used to treat various cancers as well as viral infec-
tions. However, the development of resistance to IFN has been
asignificant drawback. In this study, we report the isolation of a
STAT?2-deficient IFN-resistant cell line by maintaining cells in
the continuous presence of IFN. Our results suggest that the
STAT2 protein could function not only as the classically
defined IFN-activated transcription factor that regulates prolif-
eration and antiviral functions of the cells but may also play a
role in other cell functions such as apoptosis. The finding of an
intrinsic drug resistance of these IFN-resistant cells adds a new
dimension to our knowledge of the role of STAT?2 in signaling
pathways.

STAT2 was previously shown to be required for the IFN-
induced STAT1 activation (21). In STAT2 null UbA cells,
STAT1 is not activated by IFN but can be activated upon
STAT?2 reconstitution. In contrast we found that although
STAT?2 protein was not detected in RST2 cells, STAT1 was
activated by IFN. The discrepancy may due to cell type-specific
differences in the cells studied. U6A cells were derived from a
fibrosarcoma, while our RST?2 cells were isolated from a B-cell
lymphoma. Similarly, STAT1 is activated in macrophages but
not in fibroblasts isolated from STAT2 knock-out mice (22).
These results indicate that the IFN-signaling pathway is cell
type-dependent.

Different splicing products have been reported for various
STAT proteins (23, 24). These splicing isoforms are usually
truncated at the C terminus of the proteins and function differ-
ently from their normal isoforms. For example, the STAT1f3
isoform functions as a dominant negative for IFN« signaling
(25). However, we were unable to detect the presence of a
STAT?2 isoform. Previous studies identified a STAT2 splicing
variant mRNA that uses an alternative splicing site present in
the intron between exon 20 and 21 (26). In contrast, we have
identified an mRNA transcript resulting from alternative splic-
ingin the intron between exon 19 and 20, which can be detected
at low levels in B-lymphoblastoid, hepatoma, and breast cancer
cells. In addition, we were unable to detect the STAT2 protein
in RST2 cells using a number of monoclonal and polyclonal
antibodies directed against various epitopes located through-
out the STAT2 protein, suggesting that the STAT2 protein in
RST?2 cells is rapidly degraded or not translated.

Most importantly, we found that IFN-resistant RST2 cells
were also resistant to the apoptotic action of various chemo-
therapeutic drugs. However, RST2 cells were as sensitive as
parental Daudi cells to apoptosis induced by etoposide (data
not shown), which differs from the other chemotherapeutic
agents studied in that etoposide functions by binding topoi-
somerase II and forming a ternary complex with DNA (27, 28).
Cancer-specific mutations in the components of the IFN-sig-
naling pathway are believed to contribute to the failure of IFN
as an effective antitumor agent (16, 29, 30). However, the rela-
tionship between IFN resistance and resistance to chemother-
apeutic agents has not been well characterized. A previous
study found that sensitivity to chemotherapeutic agents is cou-
pled to IFN sensitivity, such that selection for resistance to one
leads to resistance to the other (31). These results also have
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FIGURE 5. Expression of STAT2 in RST2 cells rescued the IFN-induced biological activities. A, cells were
treated with 1000 IU/ml IFNa for 15 min, and 50 ug of the total cell lysate was separated on 7.5% SDS-PAGE,
transferred to a polyvinylidene difluoride membrane, and immunoblotted with anti-STAT2 or anti-phospho-
STAT2 antibodies. Experiments were performed in parallel with IFN-sensitive Daudi cells. B, antiproliferative
and antiviral activities induced by IFN in STAT2-expressing RST2 cells were assayed as described in Fig. 1. C, IFN
induction of IFIT1, I1SG15, and GBP1 gene expression in RST2 cells reconstituted with STAT2. qPCR was per-
formed on cDNA prepared from IFN-treated cells (1000 IU/ml for 5 h). Gene expression was normalized to

B-actin and presented as mean * S.D. (n = 3).

significant implications for IFN treatment of cancer patients,
especially those who have developed IFN resistance during the
course of treatment. The choice of alternative therapeutic
agents in such patients should be carefully considered, because
we found that RST?2 cells are resistant to various chemothera-
peutic agents.

Although STAT?2 expression restored the sensitivity of RST2
cells to chemotherapeutic drugs, the underlying mechanism is
presently unknown. However, as shown in Table 1 and supple-
mental Table several genes involved in the apoptotic pathway
are down-regulated in RST2 cells. For example, the promyelo-
cytic leukemia (PML) gene is the most down-regulated gene in
RST2 cells. The PML gene encodes a tumor suppressor, and
PML appears to be involved in multiple apoptotic pathways
(32). Therefore, low PML expression in RST2 cells would be
consistent with their resistance to apoptosis induced by various
chemotherapeutic agents. Moreover, STATI, which is down-
regulated in RST2 cells, has been shown to mediate apoptosis in
fibrosarcoma cells through regulation of the caspase pathway
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IFN (U/ml)

(34-36). Both c-Rel up-regulation
and IkBa down-regulation would
be expected to promote NF-kB
activity in RST2 cells, and hence
make these cells relatively resistant
to chemotherapeutic agents, which
is what we observed.

In conclusion, our results expand
upon the role that STAT2 plays in
the classical IFN-signaling pathway,
which leads to inhibition of cell

10 100 1000

proliferation and viral replication
L] Control through ISG expression. We show

GBP1
B IFN 7]

that STAT2 also regulates a novel
signaling pathway to regulate apo-
ptosis by IFN and various chemo-
therapeutic agents. It is enticing to
consider the possibility that this role
of STAT?2 is through regulation of

()r——

gene expression in its well known
role as a transcription factor. Con-
sistent with this possibility, we
observe the down-regulation of
basal expression of a number of
genes in RST2 cells that are known
ISGs (PKR, STAT1, PML, and
MCLI), as well as genes that play a
role in sterol/steroid metabolism
and fatty acid B-oxidation.

STAT2 is the only member of the STAT family that is exclu-
sively used by a single cytokine, IFN«/. It is of particular inter-
est that we previously showed that STAT2 was “activated” as
evidenced by its nuclear translocation by epidermal growth fac-
tor in intestinal epithelial cells (37). However, no STAT?2 target
genes were examined in that study. STAT proteins are usually
considered to function upon their tyrosine phosphorylation
and subsequent dimerization to regulate transcription. How-
ever, recent studies showed that STATs may play a broader role
in gene regulation, as non-tyrosine-phosphorylated STAT pro-
teins also appear to regulate gene transcription (38). In addi-
tion, STAT3 may act as an adapter for the activation of phos-
phatidylinositol 3-kinase (39) and nuclear factor B (11).
Moreover, a recent study indicates that STATS3 is also present
in the mitochondria and functions in cellular respiration (40).
Thus, in future studies it will be highly interesting to determine
whether STAT?2 functions in regulating the apoptotic response
of cells via its role as a transcription factor and regulating the

EV STAT2
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FIGURE 6. Expression of STAT2 in RST2 cells restored the sensitivity to
chemotherapeutic drugs. Cells were treated with indicated concentrations
of CPT, 1 um staurosporine (STA), and 1 um doxorubicin (Dox) for 24 h, and
total cell lysates were prepared, and apoptosis was assayed by immunoblot-
ting for PARP cleavage.

expression of apoptotic or anti-apoptotic genes, or is localized
to another cellular compartment such as to the mitochondria
and regulates apoptosis through other pathways.
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