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Abstract: Alternate splicing of STATI1 produces
two isoforms: o, known as the active form, and B,
previously shown to act as a dominant-negative
factor. Most studies have dealt with STATIl«,
showing its involvement in cell growth control and
cell death. To examine the specific function of
either isoform in cell death, a naturally STATI-
deficient human B cell line was transfected to ex-
press STATla or STATIP. STATlwa, expressed
alone, enhanced cell death, potentiated the flu-
darabine-induced apoptosis, and enhanced the
nuclear location, the phosphorylation, and the
transcriptional activity of p53. Unexpectedly,
STATI1B, expressed alone, induced cell death
through a mechanism that was independent of
the nuclear function of p53. Indeed, in STATI1-
expressing B cells, p53 was stricktly cytoplasmic
where it formed clusters, and there was no induc-
tion of the transcriptional activity of p53. These
data reveal a novel role of STAT1f} in programmed
cell death, which is independent of p53. J. Leukoc.
Biol. 84: 1604-1612; 2008.
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INTRODUCTION

STATT1 is the mediator of several biological responses following
stimulation by growth factors and cytokines. It plays an impor-
tant role in innate and adaptive immunity [1-3], in B cell
growth control [4], and in tumor surveillance [5], as it may
function as a tumor suppressor [6, 7] and is known to be
involved in apoptotic [8] and probably also in nonapoptotic [9,
10] cell death. Alternate splicing of STAT1 produces two
isoforms: The long form, STATIa, carries two phosphorylation
sites, tyrosine 701 and serine 727, and a C-terminal transac-
tivation domain (TAD), which recruits histone acetyltrans-
ferases and other coactivators [11], conferring maximal activity
[12]. The short form, STAT1, is expressed at a low level, and
it lacks the TAD but is phosphorylated efficiently on tyrosine
701. Both isoforms can form homo (a/a or B/B)- and het-
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erodimers (a/f3), which bind to DNA [13-15]. The function of
STATI1B is thought to be restricted to the inhibition of
STAT1a, mainly as its overexpression can suppress specific
STAT1a functions [15-17]. Yet, in the case of STAT3, it was
found that STAT3B is not solely a physiologic dominant-
negative of STAT3a but also has a unique and specific function
[18]. Interestingly, the crucian carp expresses only the homo-
logue of mammalian STATI1R (CaSTAT1), which activates the
expression of IFN-dependent genes [19]. These studies point to
the possibility of a specific function for the B isoform of
STATI.

Fludarabine, a purine analog, is incorporated into RNA and
DNA, and it inhibits RNA synthesis and causes DNA damage
[20, 21]. It is used in the treatment of solid tumors, lymphoma
[22-24], and chronic lymphoid leukemia [25]. Activation of
p53 is a critical step for the apoptotic response to fludarabine
[26-28]. We previously found that p53 and STAT1« interact
in apoptotic B cells following fludarabine treatment [15]. In
addition, in cisplatin-treated, non-B cells, STAT1a was found
to facilitate the phosphorylation of p53, to interact with it [29],
and to potentiate its transcriptional activity [30]. This indicated
that STAT1a regulates the p53 pathway. We also observed in
a previous study that the overexpression of the B isoform of
STAT1I in lymphoblastoid cell lines (LCLs), in which STATI is
normally expressed, exerts a negative, inhibitory effect on this
effector, resulting in the inhibition of the nuclear translocation
of p53 and a protection of the cells against fludarabine-induced
apoptosis [15]. These experiments, based on the notion that
STATI1R is an inhibitor of STAT1a, demonstrated the involve-
ment of STAT1a in fludarabine-induced apoptosis. Neverthe-
less, it remains to be clarified whether STAT1[3 alone can exert
a function independently of its inhibitory role, a point that has
never been explored in lymphoma cells. To investigate this, we
restored the expression of STATIB in a naturally STATI-
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deficient (SD), human LCL [31] and observed that it induces
cell death.

MATERIALS AND METHODS

Cell culture and treatments

The SD LCL (kindly provided by Stéphanie Boisson-Dupuis and Jean-Laurent
Casanova, INSERM U550, France) and the control (Ct) LCL were grown at
37°C in a humidified, 5% CO, atmosphere at a density of 1 X 10° cells/ml in
RPMI-1640 medium L-glutamine (Invitrogen, Carlsbad, CA, USA), supple-
mented, respectively, with 20% and 10% heat-inactivated FCS (PAN Biotech,
Germany), 100 U/ml penicillin, and 10 pg/ml streptomycin (Gibco-BRL-Life
Technologies, Gaithersburg, MD, USA). Where indicated, cells were treated
with IFN-y (Roche Diagnostics, Nutley, NJ, USA) or 9-B-D-arabinosyl-2-
fluoroadenine (fludarabine, Schering-Plough, Kenilworth, NJ, USA) at the
indicated concentrations. The TK6 (p53-proficient) and NH32 (p53-deficient)
cells were a generous gift of Dr. Howard L. Liber (Department of Environmen-
tal and Radiological Health Sciences, Colorado State University, Fort Collins,
CO, USA).

Plasmid constructs, transfections, and
cell sorting

The STAT1a/nerve growth factor receptor (NGFR) and STAT1B3/NGFR vectors
were derived from the CKR 516 vector described previously [15]. These
vectors contain a bidirectional tetracycline-inducible promoter driving the
expression of two independent cDNAs—STATla or STATIB—and a version
of the NGFR lacking the cytoplasmic domain used as a marker of induction.
Transfection, selection of hygromycin-resistant cells, and doxycycline induc-
tion were performed as described previously [15]. We performed control
experiments to verify that the expression of the truncated NGFR itself was
neutral. The SD cells were transfected with the episomally replicating pINCO/
NGFR vector described previously [32]. The truncated NGFR sequence placed
under the control of the cytomegalovirus promoter was identical to that of the
CKR 516 vector. Sorting of the STAT1a/NGFR, STATIB/NGFR, and NGFR-
expressing cells was performed by magnetic separation using the MACSelect
L-NGFR system following the manufacturer’s protocol (Miltenyi Biotec, Au-
burn, CA, USA). NGFR-negative, sorted cells were used as an internal control
for the effects of hygromicine selection, tetracycline treatment, and sorting
procedure. The induction of the expression of NGFR on sorted cells was
verified by flow cytometry, and the induction of the expression of STATla or
STAT1PB was assessed by Western blotting.

Western blot analysis

Cells were washed in PBS (bioMérieux, France), lysed in a denaturating
sample buffer [50 mM Tris-HCI, pH 6.8 (Bio-Rad, Hercules, CA, USA), 2%
SDS (Sigma Chemical Co., St. Louis, MO, USA), 20% glycerol (Prolabo), 1 mM
NaVO, (Labosi), and 5% 2-ME (Merck, Rahway, NJ, USA)], supplemented
with 0.01% bromophenol blue (Sigma Chemical Co.). The lysates were soni-
cated, boiled for 5 min, and stored at —80°C. Approximately 30 pg protein was
separated on a 10% SDS-PAGE gel and transferred onto nitrocellulose mem-
branes (Schleicher & Schuell, Germany). After transfer, the membranes were
blocked for 1 h with 5% dry skimmed milk (Régilait, France) in TBS [20 mM
NaCl (Sigma Chemical Co.), 500 mM Tris-HCI, pH 8 (Euromedex, France)].
The incubation with the first antibody was performed overnight in TBS at 4°C.
The antibodies used were antiphosphotyrosine 701-STAT1 (Cell Signaling
Technology, Beverly, MA, USA) at 1/1000, antiphosphoserine 727-STAT1
(Upstate Biotechnology, Lake Placid, NY, USA) at 1/1000, anti-STAT1 (Cell
Signaling Technology) at 1/1000, anticleaved polyADP ribose polymerase
(PARP; Cell Signaling Technology) at 1/1000, antiphosphoserine 20-p53 (Cell
Signaling Technology) at 1/1000, antiphosphoserine 15-p53 (Cell Signaling
Technology) at 1/1000, anti-p53 (DO7; a generous gift of Dr. Evelyne May) at
1/20,000, and anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at
1/1000.

Blots were washed three times for 5 min in TBST and then incubated for 1 h
with the appropriate peroxidase-coupled secondary antibody at 1/5000: goat
anti-mouse (Santa Cruz Biotechnology), goat anti-rabbit (Upstate Biotechnol-

ogy), or rabbit anti-goat (Sigma Chemical Co.). After three washes in TBST,
blots were revealed by chemiluminescence (LumiGLO reagent and peroxide,
Cell Signaling Technology) and autoradiography (X-Omat R film, Kodak,
Rochester, NY, USA). When necessary, membranes were stripped and re-
probed. For membranes stripping, the blot restore kit was used (Chemicon
International, Temecula, CA, USA) following the manufacturer’s protocol, and
membranes were blotted and revealed as described above. To determine the
molecular weight of proteins, prestained molecular weight standards (Fermen-
tas, Glen Burnie, MD, USA) were used.

Flow cytometry

To determine the induction of NGFR by doxycycline, the binding of a PE-
labeled NGFR antibody (NGFR-PE; Miltenyi Biotec) was measured by flow
cytometry. To detect the early onset of apoptosis, we used the annexin V-FITC
Apoptosis Detection Kit I (BD PharMingen, San Diego, CA, USA) or the
MitoProbe JC-1 Assay Kit (Molecular Probes, Eugene, OR, USA). The chem-
ical JC-1 (5,5",6,6-tetrachloro-1,1",3,3"-tetrachloro-1,1",3,3" -tetratylbenzimi-
dazol carbocyanine iodide) emits a green fluorescence when it is free in the
cytoplasm in monomeric form and a red fluorescence when it is bound to the
intact mitochondria in dimeric form. In viable cells, the probe is red and green,
but when cells undergo mitochondria-dependent apoptosis, the loss of mito-
chondrial transmembrane potential results in the loss of the red fluorescence
and a decreased red/green ratio, reflecting cell death [33, 34]. For the labeling,
1 X 10" cells in 100 ul culture medium supplemented with FCS were
incubated with 2 uM JC-1 for 20 min at 37°C in a humidified, 5% CO,
atmosphere. Analysis of cell cycle was performed as described [15]; briefly,
cells were fixed in 70% ethanol, then incubated in HCI 2 N, pepsin 0.2 mg/ml
for 30 min, neutralized with Na,B,0-, resuspended in PBS containing 0.1%
Triton X100 (Sigma Chemical Co.) and 0.1 mg/ml RNase (Sigma Chemical
Co.), incubated with anti-BrdU-FITC (BD PharMingen) for 30 min, and ana-
lyzed. The flow cytometry analyses were performed using a XL Beckman-
Coulter counter.

Real-time quantitative PCR (qPCR)

Experiments were conducted using the TagMan Gene Expression Cells-to-Ct
Kit (Applied Biosystems, Foster City, CA, USA). SD cells, transfected or not
with STAT1-a- or STAT1-B-expressing plasmids, were counted and washed in
cold PBS. For each suspension of cells, four to five serial dilutions in fivefold
increments were made to obtain 125,000, 25,000, 5000, 1000, and 200 cells
in 5 pl. Each preparation (5 pl) was lysed, and 10 pl of each cell lysate was
used for RT. For the amplification, the following TaqgMan gene expression
assays (Applied Biosystems) were used: p21Cipl/Wafl (ref. Hs
99999142_m1), MDM2 (ref. Hs 01066930_m1), Bax (Hs 99999001_m1), and
Cyclophilin A (PPIA; ref. Hs 99999904_m1). All assays were designed to
amplify exon junctions and therefore, only detected cDNA templates. cDNA (5
wl), corresponding to each cell suspension, was mixed with TagMan gene
expression master mix and Tagman Gene expression assay in a final volume of
25 pl. The PCR conditions were: incubation for 2 min at 50°C, followed by an
incubation for 10 min at 95°C, 40 cycles (denaturation step: 15 s at 95°C;
annealing/elongation step: 60 s at 60°C), using a Taqman 7400 (Applied
Biosystems). All steps were performed following the recommendations of the
manufacturer. For each gene, the average cycle threshold (Ct) was plotted as
a function of the logarithm of the cell number per lysis reaction. The values
were linear from 75,000 to 200 cells per lysis reaction. Only the ACts (Ct of
the gene studied—Ct Cyclophilin A), which remained unchanged independently
of the cell number, were used to calculate the mean relative expression levels
of each gene.

Immunofluorescence

Approximately 80,000 cells were centrifuged onto coverslips for 5 min at 800
rpm, dried for 5 min, fixed in 4% paraformaldehyde for 20 min at 4°C, and
washed three times with PBS. The coverslips were then incubated 45 min at
37°C with anti-p53 (DO7; similar results were obtained with DO1, Santa Cruz
Biotechnology) at 1/50 and antiphosphotyrosine 701 STAT1a/B (Cell Signaling
Technology) at 1/100. After three washes in PBS-0.1% Tween (PBS-T), the
coverslips were incubated with Alexa Fluor 594 rabbit anti-mouse 1gG (Mo-
lecular Probes) and Alexa Fluor 488 goat anti-rabbit IgG (A11034, Molecular
Probes) at 1/400 and 1/1000, respectively. After 45 min at 37°C, the coverslips
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were washed three times in PBS-T, and nuclei were counterstained with
4',6-diamidino-2-phenylindole, dihydrochloride (DAPI; Molecular Probes) at
1/250. After three washes with PBS-T, the coverslips were mounted using
DAKO fluorescent mounting medium (DakoCytomation, Denmark). Images
were obtained by confocal laser scanning on a Leica TCS-NT/SP. Z series were
generated by collecting a stack consisting of eight to 10 optical sections using
a step size of 0.3  in the Z direction. Images were processed using the Zeiss
LSM image browser.

RESULTS

The SD B cells are less sensitive than the control
B cells to fludarabine-induced apoptosis

In the Ct LCL, STATI1 was expressed and constitutively
phosphorylated on the tyrosine 701 and the serine 727, as
we and others [35-37] showed previously, and it was unde-
tectable in the SD LCL (Fig. 1A). To study the function of
STATI in apoptotic cell death and cell cycle, we exposed
the cells to different concentrations of fludarabine, following
which double annexin V-FITC/propidium iodide (PI) stain-
ing, JC-1 staining, PARP cleavage, and cell cycle were
analyzed. We observed that in Ct LCL, there was a clear,
concentration-dependent induction of apoptosis and reduc-
tion of viability by fludarabine, and in SD LCL, there was
almost no change, except for a slight activation at 50 M
fludarabine (Fig. 1, B-D). The cell cycle was inhibited
markedly in SD LCL treated with 5 pM fludarabine (S-phase
at 10.5%) but not in Ct LCL (S-phase at 30%), and there was
less difference at higher concentrations of fludarabine (25
and 50 wM; Fig. 1E). Thus, in the absence of STATI, the B
cells are somewhat protected against fludarabine-induced
apoptosis, possibly because of a cell cycle arrest. We next
compared the sensitivity to fludarabine (25 uM) of the SD B
cells with that of LCL expressing wild-type (TK6) or inac-
tivated (NH32) p53 [38]. Cell death induction by fludara-
bine, which was maximal in the TK6 cells, was completely
suppressed in the NH32 cells, as shown previously [38];
interestingly, in the SD LCL (SD and p53-proficient), there
was almost no induction of cell death by fludarabine (Fig.
2A). We also verified that in lymphoblastoid cells that were
STATI1-proficient, there was little effect of IFN-y treatment
on cell growth or cell death; although interestingly, in
fludarabine-treated cells, the addition of IFN-vy increased
the number of cells in S-phase (threefold, Fig. 2B, Panel 4)
and simultaneously increased somewhat the number of cells
in sub-G1 (30%, Fig. 2B, Panel 4). This suggests a complex
role of activated STATI. The regulation underlying this
process may rely in part on the level of expression of
STATI1. The effect of IFN-y on fludarabine-treated cells
indicates that STATI1 acts, in this context, on cell cycle
progress.

Restoring the expression of STAT1a and STAT13
in B cells

To investigate the role of STATI in fludarabine-induced cell
death, we transfected the SD LCL with episomal-inducible and
bidirectionnal NGFR/STAT1a or NGFR/STAT1 vectors. Sta-
ble cell lines expressing STATIa (SD-a) or STAT1B (SD-B)
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Fig. 1. SD B cells are resistant to fludarabine-induced apoptosis. (A) Expres-
sion and phosphorylation of STATIa and STAT1B in Ct and SD LCLs were
assessed by Western blotting using antiphosphotyrosine 701 STAT1 (P-Y-
STAT1), antiphosphoserine 727 STAT1 (P-S-STAT1), and anti-STAT1o/B
antibodies; actin was used as a loading control. (B) Cells were treated with
increasing concentrations of fludarabine (Fluda) for 20 h, and apoptosis was
analyzed by annexin V binding. (C) Cells were treated as in B, and their
viability was measured by JC-1 staining (the quantification of the red/green
fluorescence ratio is shown). Experiments were repeated three times. (D) Cells
were treated as in B, and Western blotting with an anticleaved PARP (PARPc)
antibody was performed; a typical result is shown. (E) Analysis of the fludara-
bine-induced cell cycle arrest in Ct and SD LCLs. The cell cycle was analyzed
by flow cytometry after BrdU incorporation with the same cells as in B. The
histograms represent the percentages of cells in the S-phase. This experiment
was repeated three times.

were obtained by magnetic selection using anti-NGFR coupled
to magnetic microbeads. As a result of the constitutive IFN
production by L.CLs [37], 701 tyrosine residue and 727 serine
residue were constitutively phosphorylated in SD-a cells (Fig.
3, Lane 5), but because of the C-terminal truncation, only
tyrosine 701 was phosphorylated in SD-8 cells (Fig. 3, Lane 7).
We verified that the phosphorylation of the o and the B
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Fig. 2. Cell cycle arrest and cell death are reduced in p53-deficient and in SD
cells. (A) Three cell types were compared for their sensitivity to 25 pM
fludarabine: the TK6 cell line with functional p53 and STAT1, the SD cell line
with functional p53 but nonfunctional STATI, and the NH32 cell line with
nonfunctional p53 and functional STATI. The cells with nonfunctional p53 are
insensitive to concentrations of fludarabine, which induce cell death in the
TKG6 cells. In the SD cells, the situation is intermediate, suggesting that STAT1
is required for optimal functionning of p53. Experiments were repeated three
times. (B) Cell cycle progression was determined by measuring the incorpo-
ration of Pl and BrdU in cells, followed by cytometry. In the Ct LCL (used in
Fig. 1), fludarabine (25 uM) blocks cell division (Panel 2, 0.75% of cells in
S-phase). After IFN-y treatment of fludarabine-treated cells, there is an
increase of cells in S-phase to 2.3% (Panel 4) and a 30% increase in cells in
sub-G1 peak (Panel 4). Panel 1 shows untreated cells, and Panel 3 shows
IFN-y-treated cells.

isoforms was increased following addition of IFN-y (Fig. 3,
Lanes 6 and 8).

Restoration of STAT1«a induces apoptosis and
potentiates fludarabine-induced apoptosis
of B cells

To examine the role of STAT1« in cell death, stable, trans-
fected SD-a/NGFR cells were used. They were induced with
doxycycline and sorted to obtain SD-a/NGFR-positive and
-negative homogeneous cell populations. More than 84% of the
negative-sorted SD-a cells were viable, exhibiting a red and
green JC-1 fluorescence (Fig. 4A, SD-a, NGFR-), which was
practically identical to that observed in nontransfected and
untreated SD cells. Thus, a high red/green ratio: 0.9 = 0.05
(Fig. 4B, SD-a, NGFR-) was found for the SD-o/NGFR-
negative, sorted population, indicating that the cells were
viable and that sorting did not affect the viability; in addition,
in an independent experiment using SD cells transfected with
the pINCO/NGFR vector, we confirmed that the expression of
the truncated NGFR and cell sorting had no effect on cellular
viability of our B cells (note that in subsequent experiments,
the Ct cells are SD cells, and the SD-a/NGFR+ sorted cells
are simply designated SD-a). Thus, in the SD-a cells, the red

fluorescence of JC-1 was reduced markedly with the appear-
ance of a peak of cells with negative red fluorescence (Fig. 4A,
SD-a, NGFR+, see arrow), resulting in a decrease of the
red/green ratio, indicating reduced cell viability (Fig. 4B).
When stained with annexin V-FITC/PI, 44% of the SD-a cells
were annexin V-positive (33% annexin V+/Pl- and 11%
annexin V+/Pl+; see Fig. 5A, untreated SD-a). Thus, clearly,
the restoration of STAT1a expression in SD cells induces cell
death.

We then asked whether SD-a cells recovered their sensitiv-
ity to fludarabine. We observed that 74% of the fludarabine-
treated SD-a cells were positive for annexin V binding (of
which, 53% were Pl—, and 21% were PI+; Fig. 5, A, upper
panel SD-a, and B) and that the red/green ratio of JC-1
fluorescence was reduced following fludarabine treatment (Fig.
5A, SD-a for the corresponding graphs; see Fig. 5C). These
data demonstrate that STAT1a sensitizes cells to fludarabine-
induced cell death. In addition, we observed an increased
cleavage of PARP in treated SD-a cells (Fig. 5D, Lane 2),
showing that they undergo an apoptotic type of cell death
following fludarabine treatment. These results demonstrate fur-
ther that STAT1a plays an important role in the molecular
mechanims triggered by fludarabine and raise the question of
the function of the B isoform.

Restoration of STAT1p in B cells induces cell
death, but the fludarabine-induced apoptosis is
no longer detectable

We reintroduced STATIR in the SD cells and studied its
implication in cell death. Stable, transfected SD-B/NGFR cells
were induced with doxycycline and sorted to obtain SD-/
NGFR-positive and -negative, homogeneous cell populations.
As mentioned above, the cellular sorting did not affect cell
viability, as in sorted, NGFR-negative populations, more than
81% of the cells were viable, exhibiting red and green JC-1
fluorescence (see Fig. 4A, SD-B, NGFR-), resulting in an
elevated red/green ratio: 0.88 = 0.05 (see Fig. 4B, SD-f3,
NGFR-). In SD-B/NGFR-positive, sorted cells (referred to in
the following experiments as SD-B), 50% of the cells had lost
the JC-1 red fluorescence, resulting in a peak of red-negative,

Ct SD SD-a SD-3
IFNy(25ng) — + - + — + — +

P-S-STAT1 cs e -
STAT1 == s
Actin

1 2 3 4 5 6 T 8

Fig. 3. Restoration of STAT1a or STAT1B. The SD LCL was stably trans-
fected with the STAT1a/NGFR or the STATIB/NGFR plasmid. STAT1a and
-B expressions were induced by treating cells with 0.8 pg/ml doxycycline for
24 h, and cells were selected using magnetic microbead-coupled anti-NGFR.
Ct, SD, and STAT1a-expressing (SD-a) and STAT1B-expressing (SD-f) LCLs
were treated or not with IFN-y (25 ng/ml). Cells were lysed, and expression and
phosphorylation of STAT1a and/or STAT1R were assessed by Western blot-
ting.
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fluorescent SD-B cells (Fig. 4A, SD-B, NGFR+, see arrow),
which led to a decrease of the red/green ratio, indicating
reduced cell viability (Fig. 4B, SD-B, NGFR+). In addition,
78% of the SD-B cells were annexin V-positive (almost twice
the amount observed with SD-a cells; see Fig. 5A, untreated
SD-B). These data reveal for the first time that when expressed
in the absence of STAT1a, STATI1 is an inducer of cell death.

We next analyzed the response of SD-B cells to fludarabine
treatment. Surprisingly, there was no significant difference in
cell death induction between fludarabine-treated and non-
treated SD-(3 cells: The percentage of annexin V-positive cells
(Fig. 5, A, SD-B, and B), the red/green ratio of JC-1 fluores-
cence (Fig. 5C, SD-B), and the level of cleaved PARP (Fig. 5D,
Lane 4) did not change following fludarabine treatment. This
demonstrates that STATI is able to induce a high cell death,
but unlike STAT1q, it does not allow enhanced, fludarabine-
induced apoptotic cell death.

The p53 pathway has been shown to play a major role in
fludarabine-induced apoptosis, and as shown above (see Fig.
2A), the effect of the absence of expression of STATI on cell
death is somewhat reminiscent of the absence or inactivation of
p53. We therefore studied the p53 status in B cells that were
transfected with STAT1a or STAT1{.

STAT13, unlike STAT1«, does not allow nuclear
translocation or transcriptional activation of p53

The p53 pathway is one of the major molecular mechanisms
mediating fludarabine cytotoxicity [28, 39] and involves
STAT1a [15, 40]. However, whether STATI1 is involved has
not been elucidated. Phosphorylation of the amino terminal
domain of p53, particularly of serine 15 and 20, plays an
important role in its activation, stabilization, and transerip-
tional activity [41]. We observed that the level of p53 and its
phosphorylation on serine 15 were increased in Ct LCL fol-
lowing treatment with fludarabine (Fig. 6A, Lanes 1-4). In SD
LCL, the level of p53 and its phosphorylation on serine 15 were
lower at those concentrations (Fig. 6A, Lanes 5-8), in accor-
dance with their reduced sensitivity to fludarabine-induced
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apoptosis (see Fig. 1B). By contrast, at 50 wM fludarabine, the
phosphorylation of serine 20 occurred only with STAT1a and
was much less pronounced with STAT1(, and the phosphory-
lation of serine 15 was almost similar (Fig. 6B). Thus, in the
presence of STAT1a, the phosphorylation of serine 20 of p53
was enhanced after fludarabine treatment, whereas in the pres-
ence of STATIB, no change occurred. To further analyze the
effect of STAT1( on p53, we examined the subcellular location
in SD-a and SD-3 LCLs. We found that in SD LCL, the nuclear
location observed for p53 following fludarabine treatment in SD
LCL was reduced as compared with Ct LCL (Fig. 7A). In
nontreated SD-a, p53 was present in the nucleus, but upon
fludarabine treatment, more p53 became nuclear (Fig. 7A).
However, in the SD- LCL, p53 was practically not detected in
the nucleus of untreated cells and not at all in the nucleus of
fludarabine-treated cells; instead, p53 was forming aggregates
in the cytoplasm (Fig. 7A). To explore the transcriptional
activity of p53, we studied the expression of its targets
p21WAF1, hMdm2, and Bax by real-time-PCR in STAT1a- or
STAT1-B-transfected SD cells. We found that compared with
Ct SD LCLs, the expression of p21WAF1, hMdm2, and Bax
was increased in the SD-a LCLs and diminished in the SD-
LCLs (Fig. 7B). Thus, the results indicate that the induction of
cell death by STATI1 is independent of the nuclear location of
p53; this is corroborated by the absence of induction of the p53
targets in the SD-B LCLs.

STAT13, as opposed to STAT1«, does not
interact with p53 in B cells following
fludarabine treatment

Following treatment of cells with chemotoxic agents, STAT1a
and p53 have been found previously associated by a direct
interaction [15, 40]. Here, we analyzed the interaction of p53
and STAT1 in cells that were treated or not with fludarabine.
Using confocal microscopy, we observed a diffuse cytoplasmic
location of STAT1a and p53 in untreated SD-a cells; this
cytoplasmic labeling was enhanced by fludarabine treatment,
and as in Figure 7A, p53 became detectable in the nucleus. In
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Fig. 5. STATla- and STATI1R-transfected LCLs respond differently to flu-
darabine treatment. Analysis of the fludarabine-induced apoptosis in SD,
SD-at, and SD-B cells, which were treated with fludarabine for 20 h. (A) SD
LCL and positive NGFR+ sorted SD-a and SD-B LCLs were treated or not
with 50 wM fludarabine for 20 h and analyzed for annexin V binding and PI
staining by flow cytometry. (B) Comparative quantitative histograms of exper-
iments performed with SD, SD-a, and SD- cells, as shown in A, and a typical
experiment is shown. (C) Comparative quantitative histograms of experiments
with SD, SD-a, and SD- cells treated or not with 50 wM fludarabine and
stained by JC-1; after 20 h of treatment, the percentage of cells exhibiting red-
and green-positive fluorescence was quantified by flow cytometry. The red/
green fluorescence ratio is shown. The experiments were repeated three times.
(D) Differential induction of PARP cleavage following STAT1a or -B trans-
fection: Cells were lysed and Western blotting performed using anti-cleaved
PARP and anti-STAT1a/B antibodies. Actin was used to control equal loading.
The experiments were repeated several times. A typical representative exper-
iment is shown.
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Fig. 6. Differential modulation of the phosphorylation of p53. (A) Ct and SD
LCLs were treated for 20 h with increasing concentrations of fludarabine, total
cellular proteins were obtained, and expression of p53 and its phosphorylation
on serine 15 (P-S-15 p53) was analyzed by Western blotting. (B) SD and
sorted-positive SD-a¢ and SD-B LCLs were treated for 20 h with 50 pM
fludarabine, and expression of p53 and its phosphorylation on serine 15 and
serine 20 was analyzed by Western blotting. Actin was used as a control of
equal loading.

addition, the yellow color of the overlay suggested colocation of
STAT1a and p53 (Fig. 8). By contrast, in SD-3 cells, STATI
and p53 were detected in completely distinct areas of the
cytoplasm, and similar to what we observed in Figure 7A, p53
was practically undetectable in the nucleus of fludarabine-
treated SD-3 cells (Fig. 8). These confocal microscopy images
suggest a major difference between SD-a and SD-f in their
ability to form complexes with p53 following fludarabine treat-
ment. Indeed, we found that as previously demonstrated [29],
STAT1a and p53 coimmunoprecipitated, but STAT1B and p53
did not (not shown). Taken together, these data show that
unlike STAT1a, in the cellular context of LCL, STAT1f can-
not form a complex with p53.

DISCUSSION

In this paper, we find that the absence of STATI in human B
cells confers resistance to DNA damaging compounds such as
fludarabine. Restoration of the STAT1 isoforms does not have
similar effects: The a isoform cooperates with p53 and restores
the sensitivity to fludarabine, but the B isoform induces cell
death by itself in a manner that is independent of p53.
STAT1I has been known for some time to be a key element in
the regulation of the cell death machinery in response to
several stimuli. Indeed, we find here in the SD B cells that the
apoptotic response to cytotoxic agents (such as fludarabine) is
impaired, confirming data obtained in fibroblasts by other
laboratories [29]. Paradoxically, in our experiments, the addi-
tion of fludarabine to SD cells inhibited cell cycle progression,
suggesting that STAT1 modulates the expression of a subset of
p53 target genes that are specifically involved in this process.
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The « isoform is classically considered to be the physiologi-
cally active form, and the B isoform is considered to be its
physiological inhibitor. Indeed, our previous results show that
overexpression of STATIR inhibits STAT1a, resulting in a
protection of the B cells from fludarabine-induced apoptosis
[15]. In line with this view is the demonstration that Mycobac-
terium avium intracellularae and Leishmania mexicana can
overcome the IFN-y-triggered host cell defense by inducing
STATI1R, thereby inhibiting STATlo [16, 17]. Thus, these
observations made in different contexts are in favor of a
STATla-inhibitory function for STAT1B. On the other hand,
the fact that in the carp, a STAT1 homologue is sufficient for
an IFN response to viral infection [19] pointed to a specific
function of STATIB. One possibility to study the B isoform
individually was to specifically block the expression of the o
isoform by using small interfering RNA, but this method did
not really achieve a complete suppression of the expression in
our cell system. In humans, STAT1 deficiency has been rarely
observed; thus, experiments with SD cells are limited to cell
lines that were derived from SD patients [31, 42].

Restoring STAT1 expression in SD cells has the key advan-
tage that one does not have to inhibit this factor, avoiding the
drawback of incomplete inhibition. Still, the SD cells may
harbor modifications that compensate for the absence of STAT1
and that could interfere with it once it is reintroduced. Apart
from this possibility, our experimental system provided a
unique opportunity to search for a function for STAT13 in B
cells. Indeed, reintroduction of STAT1R showed that it can
function in the absence of the a isoform; however, its precise
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Overlay p53 Overlay p53 Overlay

Bax Fig. 7. The fludarabine-induced nuclear location of p53 is

prevented by STAT1, not by STAT1e; differential effect on the
transcription of p21, hMdm2, and Bax. (A) Cells were treated or
not with 50 wM fludarabine for 20 h and then stained with
anti-p53 antibody (red fluorescence) and nuclear marker DAPI
(blue). Ct LCL, SD LCL, sorted-positive SD-oc LCL, and sorted-
positive SD-B LCL were analyzed. Similar results were obtained
with DO7 and DO1 antibodies. (B) The mRNA levels of the p53
targets p21WAF1, hMdm2, and Bax were measured by qPCR in

F the SD-ae LCLs and the SD-B LCLs. The results are expressed as
percent of Ct-negative SD LCLs (in percent).

mechanism of action is not known. Contrary to STAT3, which
was found to have targets [ 18] and although STAT1a was found
to form complexes with other transcription factors such as
NF-kB [43] or specificity protein 1 [44], STAT1R does not have
a clearly identified transcriptional activity [14, 45]. Thus,
whether the unique behavior of STATI1R results from distinct
transeriptional targets is not clear. Although induction of cell
death was clearly the result of the expression of STATI1, it
could result from modulation of other factors involved in cell
death.

The cell death observed upon restoration of the expression of
STAT1a and treatment by fludarabine had the characteristics
of apoptosis: PARP cleavage and annexin V binding. On the
other hand, upon restoration of STAT1@, PARP cleavage and
annexin V binding were not increased significantly by fludara-
bine treatment. More challenging was the modification of the
subcellular location of p53 following STAT1@ induction. p53 is
known to be activated and to translocate to the nucleus upon
fludarabine treatment. p53 is thus considered to be a major
component of the fludarabine-triggered apoptotic machinery.
Indeed, in the SD-a cells, fludarabine induced a substantial
transfer of p53 to the nucleus in agreement with a major
function of this effector. The induction of the expression of
STATI1B had a completely different effect on p53, and in
particular, there was no detectable p53 in the nucleus. This
indicates that there is no involvement of the nuclear activity of
p53 in the cell death triggered by STATIB. In fact, our
immunofluorescence data suggest the presence of STAT1a/p53
complexes and a complete absence of any complex of STATI3
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Fig. 8. Differential location of p53 and STATI in STAT1a- or -B-expressing
B cells. SD and sorted-positive SD-a and SD-f LCLs were treated or not with
50 M fludarabine for 20 h: cells were stained with anti-P-Y-STATI antibody
(green fluorescence), anti-p53 antibody (red fluorescence), and nuclear marker
DAPI (blue). Similar results were obtained with D07 and DO1 antibodies.

with p53, in agreement with our previous results [15] and
results from other laboratories [30]. In addition, in STAT1[3-
transfected SD LCLs, the subcellular location of p53 within the
cytoplasm and the formation of aggregates were quite unusual.
The presence of these aggregates containing p53 within the
cytoplasm together with the notion that p53 is not found in the
nucleus suggest that the STAT1B-induced cell death is differ-
ent from that induced by STAT1a and is mediated by mech-
anisms that are unknown. Further work is needed to decipher
the precise molecular mechanism involved.

In conclusion, we find that SD human B cells are somewhat
protected against fludarabine-induced apoptosis. We show that
although the restoration of STAT1a restores the sensitivity to
fludarabine, the restoration of STATI is in itself sufficient to
induce cell death in a manner that does not require a nuclear
function of p53 and is independent of STAT]la.
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