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Spi-1 and Fli-1 are ETS transcription factors recurrently deregulated in mouse erythroleukemia induced by
Friend viruses. Since they share the same core DNA binding site, we investigated whether they may contribute
to erythroleukemia by common mechanisms. Using inducible knockdown, we demonstrated that Fli-1 contrib-
utes to proliferation, survival, and differentiation arrest of erythroleukemic cells harboring an activated fli-1
locus. Similarly, we used inducible Fli-1 knockdown and either hexamethylenebisacetamide (HMBA)- or small
interfering RNA-mediated Spi-1 knockdown to investigate their respective contributions in erythroleukemic
cells harboring an activated spi-1 locus. In these cells, simple or double knockdown of both Spi-1 and Fli-1
additively contributed to induce proliferation arrest and differentiation. Transcriptome profiling revealed that
virtually all transcripts affected by both Fli-1 knockdown and HMBA are affected in an additive manner.
Among these additively downregulated transcripts, more than 20% encode proteins involved in ribosome
biogenesis, and conserved ETS binding sites are present in their gene promoters. Through chromatin immu-
noprecipitation, we demonstrated the association of Spi-1 and Fli-1 on these promoters in Friend erythroleu-
kemic cells. These data lead us to propose that the oncogenicity of Spi-1, Fli-1, and possibly other ETS

transcription factors may involve their ability to stimulate ribosome biogenesis.

Friend erythroleukemia has been a powerful model for dissec-
tion of how multiple oncogenes cooperate to initiate and maintain
leukemic transformation. The Friend viral complex contains a
replication-defective spleen focus-forming virus (SFFV) and a
replication-competent Friend murine leukemia virus (F-MuLV).
It induces a multistep erythroleukemic process in susceptible mice
(8, 33, 50). SFFV virus is the pathogenic component responsible
for this acute erythroleukemia. During the early stage of the
disease, the product of the SFFV env gene, gpS5, interacts with
the erythropoietin receptor (Epo-R) and constitutively activates
signaling pathways allowing the proliferation of proerythroblasts
still able to differentiate in the absence of Epo. During this early
step, the activation of signaling pathways allowing proerythroblast
proliferation is also strictly dependent on the c-Kit receptor and
on the small form of the STK receptor tyrosine kinase (20, 57).
The second stage of the disease is characterized by a clonal pop-
ulation outgrowth of leukemic proerythroblasts blocked in their
differentiation and able to grow as permanent cell lines in vitro.
Virtually all tumors display SFFV proviral integration upstream
of the Spi-1/PU.1 gene, leading to overexpression of the normal
transcription factor Spi-1/PU.1 (hereinafter called Spi-1). It is
now well established that the dysregulation of Spi-1 expression is
a critical event in the process of SFFV-induced erythroleukemia.
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Indeed, the terminal erythroid differentiation can be reinitiated in
Friend tumor cells by chemical inducers such as hexamethylenebi-
sacetamide (HMBA). This differentiation is associated with a
decrease in Spi-1 levels (18, 24, 27, 51), and it can be reversed by
Spi-1-enforced expression (43, 64). Similarly, enforced expression
of Spi-1 together with both gp55 and constitutively activated
Epo-R inhibits differentiation of avian erythroid progenitors (42).
Furthermore, transgenic mice overexpressing Spi-1 spontaneously
develop an erythroleukemia characterized by an Epo-dependent
proliferation of proerythroblasts blocked in their differentiation
(38). Spi-1 knockdown induced by RNA interference is sufficient
to inhibit proliferation and restore terminal erythroid differenti-
ation of erythroleukemic cell lines established from either SFFV-
infected (4) or Spi-1 transgenic mice (47). At least one contribu-
tion of Spi-1 overexpression to erythroleukemia is through the
inhibition of GATA-1 transcriptional activity (39, 45, 46, 67).
Indeed, enforced expression of GATA-1 is sufficient to restore
the differentiation of SFFV-infected erythroleukemic cells (13,
45, 46). Recent data have shown that Spi-1 inhibits expression of
some GATA-1 target genes by binding to GATA-1 on transcrip-
tional promoters and creating a repressive chromatin structure
through the recruitment of pRB, the histone methylase SUV39h,
and the heterochromatin protein HP1a (55). However, although
this mechanism might explain the contribution of Spi-1 to the
repression of erythroid-specific GATA-1-dependent gene tran-
scription, the contribution of Spi-1 to the proliferation of eryth-
roleukemic cells remains poorly understood.

The replication-competent F-MuLV itself also induces clonal
erythroleukemia when injected into newborn mice. In 75% of
these tumors, F-MuLV provirus integrates upstream of the Fli-/
gene, leading to Fli-1 transcription factor overexpression (9, 62).
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We and others have shown that enforced expression of Fli-1 in
erythroleukemic cell lines is sufficient to inhibit proliferation ar-
rest and terminal differentiation induced either by chemicals or by
SCF withdrawal (54, 60, 68). Others have also shown that en-
forced expression of Fli-1 in avian erythroid progenitors induces
their survival and proliferation and impedes their differentiation
in response to Epo (3, 34, 40). These data strongly suggest that
Fli-1 contributes to survival and proliferation of F-MuLV-in-
fected erythroleukemic cells blocked in their differentiation. The
antiapoptotic bcl2 gene, known as a direct target gene of Fli-1,
may contribute to the survival of erythroleukemic cells that over-
express Fli-1 (34). Furthermore, several studies suggest that Fli-1
overexpression in erythroid cells interferes with Epo-R signaling
(32). Our own studies have shown that Fli-/ is a direct transcrip-
tional target for Spi-1 in SFFV-infected erythroleukemic cells
(54) and that Fli-1 behaves as a functional antagonist of EKLF in
transactivation assays, further suggesting that Fli-1 might also
contribute to the inhibition of erythroid differentiation through
the repression of EKLF target genes (53). Altogether, these data
indicate that either Spi-1 or Fli-1 overexpression can induce sur-
vival and proliferation and inhibit the differentiation of erythroid
precursors.

Ribosome biogenesis is a highly ordered process responsible
for the production of ribosome, the central protein synthesis
factory of the cell (22). This process involves many different
events taking place in the nucleolus: the transcription of rRNA
genes by RNA polymerases I and III, the cleavage of primary
rRNA transcripts into mature rRNA, their modification by
methylation or pseudouridylation at more than 150 specific
positions, and their assembly with ribosomal proteins (26). All
of these events require the coordinated action of more than
170 nucleolar proteins mainly involved in ribosomal rRNA
synthesis, cleavage, and posttranscriptional modifications (15)
with the help of many snoRNAs. According to our present
knowledge, the rate of ribosome biogenesis is determined
mainly by the rate of rRNA synthesis and maturation, whereas
ribosomal proteins that are produced in excess are rapidly
degraded by the proteasome (15). Most cancer cells are char-
acterized by increased ribosome biogenesis, as evidenced by
the frequent observation of hypertrophied nucleoli. Although
it was initially considered only a consequence of the high pro-
liferation rate of cancer cells, increasing evidence indicates
that increased ribosome biogenesis can actively contribute to
cell transformation (37, 49). This possibility is supported by the
recent demonstration that well-known antioncogenes, like
those encoding p53 and RB, as well as proto-oncogenes, like
that encoding c-Myc, either repress or activate ribosome bio-
genesis, respectively. For example, c-Myc not only directly
stimulates RNA polymerase I and III activity but also directly
activates the transcription of most of the genes involved in
ribosome biogenesis through its direct binding to their proxi-
mal promoters (16). Furthermore, a very recent study showed
that c-Myc oncogenicity can be reversed by ribosomal protein
haploinsufficiency (6). Interestingly, ribosomal protein gene
promoters are also characterized by an overrepresentation of
binding sites for YY1, SP1, and ETS family transcription fac-
tors (41). More recently, whole-genome chromatin immuno-
precipitation (ChIP)-chip analyses with human cells revealed
that many ribosome-related gene promoters are indeed bound
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by YY1 (63) and SP1 (44) and by three members of the ETS
family (ETS1, ELF1, and GABP«) (28).

Remarkably, Spi-1 and Fli-1, which are both recurrently
involved in erythroleukemia, belong to the same ETS family.
As such, they recognize the same core DNA binding motif,
GGAA/G, raising the intriguing possibility that their contribu-
tion to erythroleukemia might be mediated through the tran-
scriptional deregulation of a common set of genes. In the
present study, we addressed this possibility by exploring the
consequences of simple or double Spi-1 and Fli-1 knockdown
for the proliferation, survival, and differentiation of F-MuLV-
or SFFV-induced erythroleukemic cells. We found that Spi-1
and Fli-1 knockdowns additively contribute to induce prolifer-
ation arrest and differentiation in SFFV cells. By combining
transcriptome profiling and chromatin immunoprecipitation
analyses, we determined that this additive effect of Spi-1 and
Fli-1 is associated with the additive decrease in the expression
of a common set of genes involved in ribosome biogenesis
whose promoters are bound by both Spi-1 and Fli-1 in SFFV
cells and by Fli-1 in F-MuLV cells.

MATERIALS AND METHODS

Cell lines, culture, and transfection. Mouse erythroleukemic cell clone 745A,
harboring SFFV proviral integration upstream of Spi-1 (54), mouse erythroleu-
kemic cell clone NN10, harboring F-MuLV proviral integration upstream of Fli-1
(14, 54), and all of their derivatives were cultured at 37°C under 5% CO, in a
humidified incubator and in Iscove’s modified Dulbecco’s medium (PAA Labo-
ratories, Les Mureaux, France) supplemented with 10% fetal calf serum (PAA
Laboratories) and antibiotics. The NN10/TR and 745A/TR cell lines, stably
expressing high levels of the Tet" repressor, were established by transfection of
NN10 or 745A cells with the pcDNA-6TR-EF-1a vector (47) followed by blas-
ticidin selection. NN10 clones harboring doxycycline (Dox)-inducible expression
of either one of two short hairpin RNAs (shRNAs) (flil_749 or flil_1508)
targeting two different specific regions of Fli-1 mRNA (with no homology to any
other ETS mRNA) or of control shRNA (SCR) with scrambled sequence were
established by transfection of NN10/TR cells with pGJ10/shflil_749 (NN10 clone
5), pGJ10/shflil_1508 (NN10 clones 10 and 23), or pGJ10/scr vector (NN10
clones 3B10, 3E9, and 1C6), followed by G418 selection. Similarly, 745A clones
harboring Dox-inducible shRNA were established by transfection of 745A/TR
cells with pGJ10/shflil_749 (745A clone 44), pGJ10/shflil_1508 (745A clone 1),
or pGJ10/scr vector (745A clones 1A1, 1D10, and 1F8), followed by G418
selection. Clone bcl2 22 was derived from NN10 5 cells following cotransfection
with a 3:1 mix of human bcl2 gene expression vector and pcDNA4/TO (Invitro-
gen, Cergy Pontoise, France) carrying a zeocin resistance gene, followed by
zeocin selection. Transfections were performed either by lipofection using
FuGENE 6 (Roche, Meylan, France) or by nucleofection using the Nucleofector
Kit V and program G-16 on a Nucleofector electroporation device (Amaxa,
Cologne, Germany). shRNA production was induced by adding 100 ng/ml of Dox
(Clontech, Saint-Germain-en-Laye, France). Erythroid differentiation was in-
duced by 5 mM HMBA (Sigma, Saint-Quentin Fallavier, France), and hemo-
globin-containing differentiated cells were numbered by benzidine staining (54).
Cell death was determined by trypan blue exclusion. Colony assays were per-
formed in quadruplicate by seeding 50 cells/well in 500 pl of 0.8% methylcellu-
lose in Iscove’s modified Dulbecco’s medium supplemented with 10% fetal calf
serum in 24-well culture plates.

Plasmid constructs. pcDNA6/TR-EF-1a (47) and pGJ10 have already been
described (19). pGJ10/shflil_749 and pGJ10/shflil_1508 were obtained by clon-
ing double-stranded oligonucleotides encoding shRNA directed against murine
Fli-1 mRNA into BglII and NotI sites of pGJ10. Similarly, pGJ10/scr was ob-
tained by cloning double-stranded oligonucleotides encoding shRNA with
scrambled sequence into the same sites of pGJ10. An expression vector of human
Bcl2 (a gift of M. Moulin, Villeurbanne) was obtained by cloning human bci2
c¢DNA under the control of the cytomegalovirus promoter. Oligonucleotide
sequences are given in Table S1 in the supplemental material.

Western blot analyses. Western blot analyses were performed on total cell lysates
as described previously (53, 54) using the following antibodies: anti-Fli-1 (sc-356;
Santa Cruz Biotechnology, Santa Cruz, CA) (see Fig. 1, 5, and 8), anti-Fli-1 (Ab-
15-289-500; ABcam, Paris, France) (see Fig. 4), anti-Spi-1 (sc-352; Santa Cruz),
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TABLE 1. Phenotype induced by Fli-1 knockdown in NN10 cells”

Relative no. of cells, % Dead cells, day 3

% Benzidine- Fold change in mRNA (+Dox/—Dox), day 2

s}:}:i\(le Cell clone day 4 positive cells, day 5
—Dox +Dox —Dox +Dox —Dox +Dox Bcl2 Alas2 Ahsp a-globin
None TR 100 96.4 (17.6) <3 <3 0 0 1.16 (0.12) 1.2 1.4 0.9 (0.78)
SCR 3B10 100 110 <3 <3 0 0 ND ND ND ND
3E9 100 87 <3 <3 0 0 ND ND ND ND
1C6 100 98 <3 <3 0 0 ND ND ND ND
Flil_749 5 100 30.8 (13.4) 1(1.1) 13.2 (7.3) 0 6.4(53) 034(0.22) 32(04) 27(0.6) 125(5
10 100 61 <3 15.7 0 4.8 ND ND ND ND
23 100 73 <3 11.8 0 2.8 ND ND ND ND

“ Means and standard deviations (in parentheses) from three independent experiments. ND, not determined; —Dox, no treatment; +Dox, Dox treatment. Statistically

significant Dox effects are indicated in bold.

antiactin (MAB1501; Millipore, Saint-Quentin-en-Yvelines, France), and anti-Bcl2
(sc-7382; Santa Cruz).

Quantitative reverse transcription (RT)-PCR. Total RNA was extracted using
the Rneasy PLUS minikit (Qiagen, Courtaboeuf, France). Total RNA (100 to
500 ng) was retrotranscribed in duplicate using the Quantitect reverse transcrip-
tion kit (Qiagen) or Moloney murine leukemia virus reverse transcriptase by
random priming. Quantitative PCR was performed using the QuantiTect SYBR
green PCR kit (Qiagen) on a LightCycler LC480 PCR system (Roche) and
oligonucleotides indicated in Table S1 in the supplemental material. mRNA-
specific signals were normalized to that of 18S rRNA (Tables 1 and 2) or B-actin
mRNA (see Fig. 8 and 9).

ChIP. For ChIP assays, 4 X 107 cells were fixed for 15 min at room temper-
ature by adding 1% of formaldehyde directly to the culture medium. Fixation was
stopped by adding 0.125 M glycine, followed by two washes in cold phosphate-
buffered saline (PBS). Cells were resuspended in lysis buffer (50 mM Tris-HCI
[pH 8.1], 10 mM EDTA, 1% sodium dodecyl sulfate [SDS] containing a 1/20
volume of EDTA free protease inhibitor cocktail [Roche]), and chromatin frag-
mentation was performed on ice by sonication (Vibra Cell 72405 sonicator;
Bioblock, Illkirch, France). The mean length of fragmented DNA was controlled
at this step (around 300 bp). Sonicated chromatin preparations (corresponding
to 8 X 10° cells) were first diluted in 10 volumes of dilution buffer (16.7 mM Tris
[pH 8.0], 1.2 mM EDTA, 167 mM NaCl, 1.1% Triton X-100, 0.01% SDS con-
taining a 1/20 volume of EDTA free protease inhibitors cocktail [Roche]) and
precleared by adding 60 pl of salmon sperm DNA-protein A agarose beads
(Upstate, Lake Placid, NY) for 1 h at 4°C on a rolling wheel. Immunoprecipi-
tations were performed overnight at 4°C on a rolling wheel using 3 pg of
antibody (antibodies used were anti-Fli-1 [ab-15-289-500 {ABcam} or sc-356
{Santa-Cruz}], anti-Spi-1 [sc-352 {Santa Cruz}], and anti-UBC9 [sc-10759
{Santa Cruz}]). Twenty microliters of protein A agarose beads were added to 2
ml of immunoprecipitations, and the incubation was pursued for 90 min at 4°C.
Beads were washed six times (2 min each on ice) in the following buffers: twice
in 500 pl of low-salt buffer (20 mM Tris [pH 8.0], 2 mM EDTA, 150 mM NaCl,
0.1% SDS, 1% Triton X-100), once in 1 ml of high-salt buffer (10 mM Tris [pH
8.0], 2mM EDTA, 500 mM NaCl, 0.1% SDS, 1% Triton X-100), once in 1 ml of
LiCl buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 1% NP-40, 1% sodium deoxy-
cholate, 0.25 M LiCl), and twice in 1 ml of TE buffer (10 mM Tris [pH 8.0], 1 mM
EDTA). Chromatin samples were eluted in a final volume of 500 nl by two
successive incubations of the beads (15 min at room temperature) in 250 pl of

elution buffer (100 mM NaHCO;, 1% SDS). The cross-link was reversed by 4 h
of incubation at 65°C in the presence of 200 mM NaCl. DNA was finally treated
by proteinase K (1 h at 45°C), extracted with phenol-chloroform, and precipi-
tated. Immunoprecipitated and input DNA (prepared from aliquots taken before
the immunoprecipitation step) were quantified by real-time PCR using a SYBR
green PCR kit and the oligonucleotides indicated in Table S1 in the supplemen-
tal material.

Flow cytometry analyses. Proportions of apoptotic cells were determined by
flow cytometry performed on a FACSCalibur flow cytometer (Becton-Dickinson,
Le Pont deClaix, France) after double labeling using an annexin V-fluorescein
isothiocyanate kit (AbCys, Paris, France) and following the recommendations of
the manufacturer. For cell cycle analyses, 10° cells were washed in PBS and fixed
for at least 30 min at 4°C in PBS-ethanol (70%). After another PBS wash, RNA
was digested for 30 min at room temperature by 50 pg/ml RNase A (Sigma), and
propidium iodide (50 wg/ml; Sigma) was added before fluorescence-activated cell
sorting analysis.

siRNA transfection. 745A/TR/shflil_749#44 cells (2 X 10°) were transfected
with 80 pmol of a double-stranded RNA oligonucleotide targeting Spi-1 (Dhar-
macon) or a control double-stranded RNA oligonucleotide targeting the lucif-
erase mRNA (Eurogentec, Angers, France) using Oligofectamine (Invitrogen)
according to the manufacturer’s instructions. Transfections were repeated every
12 h during 2 days. Small interfering RNA (siRNA) sequences are indicated in
Table S1 in the supplemental material.

Whole-transcriptome profiling and analysis. 745A/TR/shflil_749#44 cells
were grown for 2 days in the presence or absence of Dox to induce Fli-1
knockdown and then for one additional day in the presence of HMBA (still in the
presence or absence of Dox) to induce erythroid differentiation associated with
Spi-1 knockdown. Whole-transcriptome profiles under these four different con-
ditions were then determined by two-color microarrays experiments using the
same universal mouse RNA reference (Clontech) and murine cDNA microarrays
representing 17106 mouse unigene clusters (IGBMC, Strasbourg, France). Nor-
malized data were analyzed using the GeneSpring GX 7.3 software program
(Agilent, CA) to select all transcripts (879) that were statistically downregulated
(P < 0.05) by at least twofold in response to HMBA in the presence of Dox.
Among this list, 128 transcripts were found to be statistically (P < 0.05) affected
by Dox by at least 1.3-fold, and 117 of these 128 transcripts (corresponding to the
list given in Table S3 in the supplemental material) were also downregulated by
Dox, thus indicating the additive effect of Dox and HMBA. Symmetrically, we

TABLE 2. Phenotype induced by Fli-1 knockdown in 745A cells”

Relative no. of % Dead cells, day 4 in

% Benzidine-positive Fold change in mRNA (+Dox/—Dox),

S}L}:i\CIIA Cell clone colonies HMBA cells, day 2 in HMBA day 2 in HMBA

—Dox +Dox —Dox +Dox - +Dox Bcl2 Alas2 Ahsp a—globin

None TR 100 98 (11.7) 3.1(0.9) 34(0.7) 103(1.1)  7.9(0.9) 1(0.1) 0.82(0.20) 0.87(0.28) 1(0.3)

SCR 1A1 100 94.8 (26.3) <3 <3 1(2.1) 5.7 (4.6) ND ND ND ND

1D10 100 112.0(28.9) <3 <3 8.6(1.7) 7.1(.1) ND ND ND ND

1F8 100 90.0 (30.2) <3 <3 74(49) 599 ND ND ND ND
Flil_749 44 100 54.1 (6.1) 42 (1.7) 38.009.2) 9245 282105 1,1(0,1) 49201 34 (1.1 2.3 (0.7)
1 100 73.8 (1.7) 42 (1.7) 288 (5.7) 16.8(1.5) 40.5(9.9) 1,2 (0,2) ND ND 2,7(0,1)

“ Means and standard deviations (in parentheses) from three independent experiments. ND, not determined; —Dox, no treatment; +Dox, Dox treatment. Statistically

significant Dox effects are indicated in bold.
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FIG. 1. Dox-inducible Fli-1 knockdown in NNI10 cells. Western
blot analysis of the Fli-1 protein in individual clones after 2 days of
culture in the presence or absence of Dox. (A) Parental NN10/TR cells
(lanes 1 and 2) and three independent clones expressing either
Flil_749 (lanes 3 and 4) or Flil_1508 shRNA (lanes 5 to 8). (B) Pa-
rental NN10/TR cells (lanes 1 and 2) and three randomly chosen
clones expressing control shRNA (lanes 3 to 8). The two bands re-
vealed by the Fli-1-specific antibody correspond to the major (51-kDa)
and minor (48-kDa) isoforms of Fli-1. The B-actin protein is shown as
a loading control.

identified 560 transcripts that are significantly (P < 0.05) upregulated by HMBA
in the presence of Dox. Among this list, 164 were significantly affected by Dox by
at least 1.3-fold, and most of them (146 transcripts, corresponding to the list
given in Table S4 in the supplemental material) were also upregulated by Dox,
indicating the additive effect of HMBA and Dox. Transcripts that appear several
times in Tables S3 and S4 in the supplemental material correspond to transcripts
for which several probes were present on the microarrays. Gene set enrichment
analysis was performed using the software program GSEA v2.0 (56).

RESULTS

Fli-1 knockdown in F-MuLV-infected erythroleukemic cells.
To address the role of Fli-1 in F-MuLV-infected erythroleu-
kemic cells, we decided to knock down Fli-1 in the NN10
erythroleukemic cell line using Dox-inducible shRNA expres-
sion. NN10/TR cells expressing high levels of the Tet" repres-
sor were first established and then transfected with vectors
allowing Dox-inducible expression of either one of two
shRNAs (flil_749 or flil_1508) targeting two different regions
of Fli-1 mRNA or of control sShRNA (SCR) with scrambled
sequence. Fli-1 levels were analyzed by Western blotting in
individual clones grown for 2 days in the presence or absence
of Dox (Fig. 1). Clone 5 (expressing shRNA flil_749), which
displayed a 95% reduction of Fli-1 in response to Dox (Fig. 1A,
lanes 3 and 4), and clones 10 and 23 (expressing shRNA
flil_1508), with smaller Fli-1 reductions (65% and 85%, re-
spectively; Fig. 1B, lanes 5 to 8), were retained for further
studies. Importantly, Fli-1 levels did not change significantly in
response to Dox either in parental NN10/TR cells (Fig. 1A and
B, lanes 1 and 2) or in three randomly chosen clones expressing
control shRNA (Fig. 1B, lanes 3 to 8).

Dox did not affect the growth rate, viability, or differentia-
tion status of parental NN10/TR cells (Fig. 2, right). In con-
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FIG. 2. Fli-1 knockdown reduces proliferation and survival and
induces differentiation of NN10 cells. NN10/TR and NN10/TR/
shflil_749#5 cells were treated with Dox or not treated for 5 days. The
evolution of the increase in the total cell number (viable and dead
cells) (A), the percentages of dead cells determined by Trypan blue
exclusion (B), and the percentages of hemoglobin-containing differen-
tiated cells determined by benzidine staining (C) are shown (means
and standard deviations from three independent experiments are in-
dicated).

trast, the growth rate of clone 5 was strongly reduced in the
presence of Dox in association with an increase in the percent-
age of dead cells (trypan blue positive) and differentiated cells
(benzidine positive) (Fig. 2, left). After 5 days in the presence
of Dox, the total number of cells in clone 5 cultures was
reduced more than fivefold, which included >35% of dead
cells and around 6% of differentiated cells. Confirming the
induction of erythroid differentiation, the levels of several ery-
throid-specific transcripts, such as Alas2, Ahsp, and a-globin,
were increased at as early as 2 days of Dox treatment (3.2-,
2.7-, and 12.5-fold increases, respectively) (Table 1). No Dox
effect on proliferation, survival, or differentiation was observed
in the three clones expressing control shRNA (Table 1). In
contrast, similar but slightly less pronounced Dox effects were
observed in clones 10 and 23 (Table 1), displaying a smaller
Fli-1 reduction (Fig. 1B).

We determined that increased cell death was due to apop-
tosis, as evidenced by an increased proportion of hypodiploid
cells (sub-G,) (Fig. 3A) and annexin-positive/propidium-neg-
ative cells (Fig. 3B). Fli-1 has been described (34) as a direct
transcriptional activator of the bcl2 gene in F-MuLV-induced
erythroleukemic cells. As expected, bcl2 transcripts in clone 5
decreased by threefold at as early as 2 days of Dox treatment
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FIG. 3. Fli-1 knockdown induces apoptosis of NN10 cells. NN10/TR
and NN10/TR/shflil_749#5 cells were treated with Dox or not treated for
3 days. After 2 and 3 days, the percentages of hypodiploid cells (sub-G,)
were determined by flow cytometry after propidium iodide labeling (A).
After 3 days, cells were labeled with annexin V and propidium iodide and
the percentage of annexin V-positive/propidium-negative apoptotic cells
was determined by flow cytometry (B). Typical results from two different
experiments are shown.

(Table 1). This prompted us to enforce Bcl2 expression in
clone 5 to reduce cell death in the presence of Dox and to
determine if the growth rate was still affected. We thus selected
clone 22, which expresses high levels of the exogenous human
Bcl2 protein when Fli-1 expression is reduced in the presence
of Dox (Fig. 4A). Despite a strong reduction of Dox-induced
mortality in clone 22 (Fig. 4C), Dox-induced cell growth re-
duction remains similar to that of clone 5 (Fig. 4B). This result
indicates that effects of Dox on cell proliferation and cell death
occur independently. Altogether, these data demonstrate that
Fli-1 knockdown in NNI10 cells independently reduces cell
proliferation and viability and concomitantly allows a small
proportion of cells to reinitiate terminal erythroid differentia-
tion.

Fli-1 knockdown in SFFV-infected erythroleukemic cells. To
address the role of Fli-1 in SFFV-infected erythroleukemic
cells, we decided to knock down Fli-1 in the 745A erythroleu-
kemic cell line. As described above, 745A/TR cells expressing
high levels of the Tet" repressor were transfected with vectors
allowing Dox-inducible expression of either one of the two
shRNAs targeting Fli-1 mRNA or control shRNA. We iden-
tified clone 44 (expressing sShRNA flil_749) and clone 1 (ex-
pressing shRNA flil_1508), which display a 90% and 80%
decrease of Fli-1 protein levels in the presence of Dox (Fig. 5A,
lanes 3 to 6), respectively. Such a decrease in the Fli-1 protein
was observed neither in parental 745A/TR cells (Fig. 5A and B,
lanes 1 and 2) nor in three randomly chosen clones expressing
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FIG. 4. Fli-1 knockdown reduces the proliferation of NN10 cells
independently of cell death induction. Clone bcl2 22 was derived from
NN10/TR/shfli_749#5 by transfection with a human Bcl2 expression
vector. NN10/TR/shfli_749#5 and bcl2 22 cells were grown for 5 days
with or without Dox before analysis. (A) Western blot analysis of the
Fli-1, human Bcl2 (hBcl2), and murine Bcl2 (mBcl2) proteins. An
unspecific band revealed by the Bcl2 antibody and which comigrates
with hBcl2 is indicated by an asterisk. B-Actin revealed on the same
membranes is shown as a loading control. (B) Relative cell growth,
expressed as the percentages of total cells (viable and dead cells) in the
presence of Dox (black bars) and in its the absence (white bars).
(C) Percentages of dead cells determined by trypan blue in the pres-
ence (black bars) or absence (white bars) of Dox, respectively. (Means
and standard deviations from three independent experiments are
shown). Significant (P < 0.05) and nonsignificant differences are indi-
cated by asterisks and NS, respectively.

control shRNA (Fig. 5B, lanes 3 to 8). Dox did not induce cell
death or differentiation and did not change significantly the
growth rate of clones 44 and 1 under standard liquid culture
conditions (data not shown). However, in semisolid medium
with Dox, clones 44 and 1 generated colonies in reduced num-
ber, of smaller size (45% and 25% reduction, respectively; Fig.
6A and Table 2), and composed of undifferentiated cells. The
number and size of colonies generated by clone 745/TR or
clones expressing control shRNA were not affected (Fig. 6A
and Table 2). The absence of spontaneous erythroid differen-
tiation in Dox-treated clones 44 and 1 most probably reflects
the dominant effect of endogenous Spi-1, such as inhibition of
GATA-1 (55), but does not exclude a putative contribution of
Fli-1 to the inhibition of differentiation. We previously ob-
served that whereas Spi-1 expression was abolished, Fli-1 ex-
pression was moderately reduced during HMBA-induced dif-
ferentiation of 745A cells (54). Thus, we investigated the effect
of Fli-1 knockdown in clones 44 and 1 grown for 2 days in the
presence or absence of Dox before HMBA addition in culture
medium. The kinetic of differentiation was examined through
G, arrest (Fig. 6B) and an increase in benzidine-positive dif-
ferentiated cells (Fig. 6C). After only 2 days in HMBA, Dox-
induced Fli-1 knockdown causes an increase in G;-blocked and
benzidine-positive cells. Accelerated differentiation was fur-
ther confirmed by a marked increase in several erythroid tran-
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FIG. 5. Dox-inducible fli-1 knockdown in 745A cells. Western blot
analysis of the Fli-1 protein in individual clones after 2 days of culture
in the presence or absence of Dox. (A) Parental 745/TR cells (lanes 1
and 2) and two clones expressing either flil_749 (lanes 3 and 4) or
flil_1508 shRNA (lanes 7 and 8). (B) Parental cells (lanes 1 and 2) and
three independent clones expressing control shiRNA (lanes 3 to 8). The
B-actin protein is shown as a loading control.

scripts, such as Alas2, Ahsp, or a-globin (Table 2). Concomi-
tantly, cell viability was markedly and specifically affected by
Dox, as deduced from the progressive increase in the number
of dead cells, reaching 30% and 40% after 4 days in the pres-
ence of both HMBA and Dox (Fig. 6D). This cell death in-
crease was due to apoptosis, as indicated by the increased
number of hypodiploid cells (Fig. 7A) and propidium iodide-
negative/annexin-positive cells (Fig. 7B). These effects were
not observed either in 745/TR cells or in clones expressing
control shRNA. Altogether, these results indicated that Fli-1
knockdown reduces cell clonogenicity, induces apoptosis, and
accelerates the HMBA-induced differentiation of 745A eryth-
roleukemic cells.

Additive effects of Spi-1 and Fli-1 knockdown in SFFV-in-
fected erythroleukemic cells. Since HMBA suppresses Spi-1
expression, the additive effects of Fli-1 knockdown and HMBA
on proliferation arrest and differentiation of clone #44 and
clone 1 cells could result from the combined loss of Spi-1 and
Fli-1. To test this possibility, we combined Dox-inducible Fli-1
knockdown with siRNA-mediated Spi-1 knockdown. Clone 44
cells were transfected two times a day for 2 days with Spi-1
siRNA in the presence or absence of Dox and analyzed 60 h
after the first transfection (Fig. 8). Spi-1 siRNA transfection
suppressed most Spi-1 protein expression (Fig. 8A, lane 3) and
induced the differentiation of around 10% of the cells (Fig.
8B). Simultaneous knockdown of Spi-1 and Fli-1 expression
(Fig. 8A, lane 6) increased the percentage of differentiated
cells up to 25%. Clonogenicity was markedly reduced by Spi-1
knockdown and almost completely suppressed by concomitant
Fli-1 knockdown induced by Dox (Fig. 8C). Finally, a threefold
increase in cell death could be observed after Spi-1 and Fli-1
double knockdown compared to results with Spi-1 or Fli-1
simple knockdown. None of these effects could be observed
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FIG. 6. Fli-1 knockdown reduces the clonogenicity and increases
the differentiation and death of 745A cells in the presence of HMBA.
T45A/TR, 745A/TR/shflil_749#44, and 745A/TR/shflil_1508#1 cells
were treated with Dox or not treated for 2 days and reseeded either in
semisolid medium or in liquid medium supplemented with 5 mM
HMBA to induce their differentiation. (A) Relative numbers of clones
obtained in semisolid medium; (B) evolution of the percentage of
viable cells in G, phase; (C) evolution of the percentage of hemoglo-
bin-containing (benzidine-positive) differentiated cells; (D) evolution
of the percentage of dead cells (trypan blue positive). Means and
standard deviations of each parameter from three independent exper-
iments are shown. Statistically significant differences (P < 0.05 in
paired Student test) are indicated by asterisks.

following transfection with control siRNA (Fig. 8D). These
results indicated that losses of Spi-1 and Fli-1 contribute in an
additive manner to the proliferation arrest and differentiation
of 745A cells, whereas cell death is induced only in the absence
of both factors.

Spi-1 and Fli-1 directly activate a common set of genes
involved in ribosome biogenesis. Spi-1 and Fli-1 recognize
similar core DNA binding sites, suggesting the interesting pos-
sibility that they may deregulate a common set of genes. This
prompted us to look for a set of common target genes which
could at least partially explain the additive effects of their loss
of expression on the proliferation and differentiation of clone
44. To address this question, we used microarrays harboring
17106 murine cDNAs to perform a gene expression profiling
analysis with clone 44 cells grown for 2 days in the presence or
absence of Dox (allowing Fli-1 downregulation) and then for 1
day in the presence or absence of HMBA (allowing Spi-1
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FIG. 7. Fli-1 knockdown induces apoptosis in 745A cells. 745A/TR
(TR), 745A/TR/shflil_749#44 (#44), and 745A/TR/shfli-2#1 (#1)
cells were treated with Dox or not treated for 2 days, and erythroid
differentiation was then induced by adding 5 mM HMBA for 3 or 4
days before analysis. (A) Percentages of hypodiploid cells (sub-G,)
determined by flow cytometry after propidium iodide labeling (means
and standard deviations from three independent experiments).
(B) Annexin V/propidium iodide flow cytometer diagrams obtained 2
days after the addition of HMBA. The percentages of annexin V-
positive and propidium iodide-negative apoptotic cells are indicated
(typical results from two different experiments).

downregulation). From this analysis, we identified two groups
of transcripts whose expression was increased or decreased by
at least twofold by HMBA and further significantly increased
or decreased in the same way by Dox (see Tables S4 and S3,
respectively, in the supplemental material).

Consistent with the additive contribution of Spi-1 and Fli-1
knockdown to the stimulation of differentiation of clone 44,
several transcripts characteristic of erythroid differentiation,
such as alas 2, a-globin, ftl1, and fech, were increased by both
HMBA and Dox treatment (see Table S4 in the supplemental
material). Besides this erythroid signature, we found that a
strikingly high proportion of transcripts (22%) which were
significantly decreased by both HMBA and Dox treatment
corresponded to genes encoding proteins involved in ribosome
biogenesis (see Table S3 in the supplemental material). These
genes include, notably, two genes (Myc and Rpo1-3) involved in
rRNA transcription, eight genes (Ddx21, Imp4, Nhp2l1, Nip7,
Nol6, Nolcl, Npml, and Rcll) involved in different steps of
rRNA maturation, one ribosomal protein gene (Rpll8), and
eight snoRNA host genes involved in posttrancriptional rRNA
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modifications (Cct6a, Gnb2L 1, Hspa8, Snord22, Eif4gl, Snrpb,
Mbd2, and Tcpl). These results prompted us to list all ribo-
some-related genes present on our microarrays and to perform
gene set enrichment analysis in response to HMBA and Dox.
This analysis allowed us to identify two sets of genes that are
indeed significantly enriched among genes that are the most
downregulated in response to HMBA and Dox (93 genes in-
volved in different steps of rRNA transcription and maturation
and 35 H/ACA box snoRNA host genes) (see Fig S1 in the
supplemental material). Most members of two other sets of
genes (32 C/D box snoRNA host genes and 66 genes encoding
ribosomal proteins) are also downregulated in response to
either HMBA or Dox, although in that case the enrichment is
not statistically significant (see Fig S1 in the supplemental
material).

Nine of the ribosome-related genes individually identified by
microarray analysis as putative common target genes of Spi-1
and Fli-1 were randomly selected for further investigation.
Quantitative RT-PCR analyses confirmed that the transcript
levels from all of these ribosome-related genes decreased in an
additive manner in response to HMBA and Dox in clone 44
cells (Fig. 9B) whereas they decreased in response to HMBA
only in control 745A/TR cells (Fig. 9A). Interestingly, each one
of these genes displays at least one highly conserved putative
ETS binding site (GGAA) located less than 100 bp from the
known transcription initiation site (data not shown). We thus
investigated whether Spi-1 and Fli-1 interact directly with these
gene promoter regions in erythroleukemic cells through chro-
matin immunoprecipitation assays using Spi-1 or Fli-1 anti-
body. Except for the Npm1 gene, significant enrichments indi-
cating Spi-1 (Fig. 9C) and Fli-1 (Fig. 9D) occupancy in clone 44
cells were identified for all of them. Further RT-PCR and
chromatin immunoprecipitation analyses performed on five
additional snoRNA host genes confirmed their additive down-
regulation in response to HMBA and Dox and both Spi-1 and
Fli-1 occupancy in the proximal promoter region of three of
them (Fig. 10). Similar analyses were then performed in clone
5 to determine if Fli-1 might be involved in the direct activation
of the same set of genes in F-MuLV-infected erythroleukemic
cells harboring a fli-1-activated locus. Except for Rpl18, Npm1,
or Nolcl, the transcript levels for all other ribosome-related
genes analyzed were significantly decreased in response to Dox
in clone 5 but not in parental NN10/TR cells (Fig. 11A). Con-
trol Gatal, p45 Nfe2, and Scl gene transcripts were not affected
by Dox treatment either in clone 5 or in parental NN10/TR
cells. Furthermore, except for Npm1, as in clone 44, significant
enrichments indicating Fli-1 occupancy at all other gene pro-
moters were clearly detected in clone 5 (Fig. 11B). Taken
together, these data indicate that in correlation with their con-
tribution to proliferation and inhibition of differentiation in
Friend erythroleukemic cells, Spi-1 and Fli-1 directly activate a
significant number of common target genes involved in ribo-
some biogenesis through their direct binding to highly con-
served ETS binding sites located in the proximal promoters of
these genes.

DISCUSSION

We showed in this study that Fli-1 knockdown induced pro-
liferation arrest, massive apoptosis, and limited differentiation
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in F-MuL V-infected erythroleukemic cells. While Fli-1 knock-
down had a very limited effect in SFFV-infected cells in the
presence of Spi-1, Fli-1 knockdown markedly enhanced prolif-
eration arrest and differentiation induced by Spi-1 knockdown.
Most importantly, this additive effect of Spi-1 and Fli-1 knock-
down was correlated with an additive negative effect on the
expression of many genes involved in ribosome biogenesis
whose promoters are occupied by both Spi-1 and Fli-1 in SFFV
cells and by Fli-1 in F-MuLV cells.

The association of decreased bcl2 expression with cell death
induced by Fli-1 knockdown in F-MuLV cells is in agreement
with results in previous studies (34). Although viability of F-
MuLV cells could be rescued by enforced expression of Bcl2,
further investigations are still required to determine if Fli-1-
mediated expression of Bcl2 is really required for their sur-
vival. More surprisingly, Spi-1 knockdown did not induce cell
death in SFFV cells, contrasting with apoptosis induced in
Spi-1 transgenic cell lines (47). This apparent discrepancy
might be explained by different Epo-R signaling due to the
gp55 protein being expressed only in SFFV cells. Our other
observation that cell death occurred only after both Spi-1 and
Fli-1 knockdown indicates that Spi-1 and Fli-1 are redundantly
involved in SFFV cell survival. However, contrary to what
could be expected from our results with F-MuLV cells, we
found no evidence for bcl2 gene regulation by either Spi-1 or
Fli-1 in SFFV cells (data not shown).

Spi-1 and Fli-1 directly activate common target genes in-
volved in ribosome biogenesis. Our conclusion that Spi-1 and
Fli-1 directly activate common ribosome-related target genes is
based on several concordant observations: (i) the expression of

these genes decreased in response to Fli-1 knockdown in F-
MuLV cells and decreased in an additive manner in response
to Spi-1 and Fli-1 knockdown in SFFV cells, (ii) as previously
noticed by others for ribosomal protein genes (41), most of
these genes display highly conserved consensus ETS binding
sites in their promoter regions, and (iii) with very few excep-
tions, these promoter regions are bound by Fli-1 in F-MuLV
cells and by both Spi-1 and Fli-1 in SFFV cells. We also de-
termined using transient expression assays that mouse imp4
gene promoter activity is reduced by 40% by the mutation of a
conserved ETS binding site located at position —45 (data not
shown). A few other transcription factors, such as YY1, SP1,
and mainly c-Myc, have already been identified as direct tran-
scriptional activators of ribosome-related genes (41). Interest-
ingly, c-Myc expression also decreased in an additive manner
in response to Spi-1 and Fli-1 knockdown (see Table S3 in the
supplemental material), and this decrease in c-Myc might
therefore also contribute, with Spi-1 and Fli-1 knockdown it-
self, to the decrease in ribosome-related gene expression. Ac-
cording to this possibility, Spi-1, Fli-1, and c-Myc seem to
belong to the same regulatory network, allowing the stimula-
tion of genes involved in ribosome biogenesis.

Remarkably, ribosome-related target genes of Spi-1 and
Fli-1 appear to be involved in all different steps of ribosome
biogenesis, including rRNA synthesis, maturation, and post-
transcriptional modifications, as well as ribosomal protein syn-
thesis. Accordingly, a significant impact on ribosome biogene-
sis can be expected from Spi-1 and Fli-1 knockdown. Indeed,
previous studies already reported a decrease in ribosomal
DNA gene transcription in HMBA-treated SFFV cells (21). In
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FIG. 9. Spi-1 and Fli-1 directly activate a common set of genes involved in ribosome biogenesis in 745A cells. 745A/TR and 745A/TR/shflil_749#44
cells were treated with Dox or left untreated for 2 days, and differentiation was induced by adding 5 mM HMBA for 1 day before performing quantitative
RT-PCR analyses of the indicated gene transcripts (45S corresponds to 45S rRNA precursor). (A) Relative levels of transcripts determined in 745A/TR
cells (means and standard deviations from three independent experiments). (B) Same as panel A but for 745A/TR/shflil_749#44 cells. (C) Spi-1
chromatin occupancy of the indicated gene promoters determined by chromatin immunoprecipitation on untreated 745A/TR/shflil_749#44 cells using
Spi-1-specific or control Ubc9 antibody. Gapdh promoter and a-globin gene 129k and 153k regions (2) were used as negative controls. Results are
expressed as relative proportions of the input chromatin which has been precipitated by antibodies standardized to the background levels determined on
the Gapdh gene promoter (means and standard deviations from three independent experiments). (D) Fli-1 chromatin occupancy of the indicated gene
promoters, determined as in panel C by chromatin immunoprecipitation on untreated 745A/TR/shflil_749#44 cells using Fli-1 antibody.
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FIG. 10. Spi-1 and Fli-1 directly activate several snoRNA host
genes in 745A cells. 745A/TR/shfli_749#44 cells were treated with Dox
for 2 days or left untreated, and differentiation was induced by adding
5 mM HMBA for 1 day before performing quantitative RT-PCR
analyses of the indicated gene transcripts. (A) Relative levels of tran-
scripts determined in 745A/TR/shfli_749#44 cells (means and stan-
dard deviations from three independent experiments). (B) Fli-1 chro-
matin occupancy of the indicated gene promoters, determined by
chromatin immunoprecipitation on untreated 745A/TR/shfli_749#44
cells using Fli-1-specific (black bars) or control Ubc9 antibody. The
Gapdh promoter was used as a negative control. Results are expressed
as relative proportions of the input chromatin which has been precip-
itated by antibodies standardized to the background levels determined
on the Gapdh gene promoter (means and standard deviations from
three independent experiments). (C) Spi-1 chromatin occupancy of the
indicated gene promoters, determined as in panel B by chromatin
immunoprecipitation on untreated 745A/TR/shfli_749#44 cells using
Spi-1 antibody.

agreement with these studies, we observed a marked decrease
in the size of nucleoli (data not shown) and in the level of 45S
rRNA precursors in SFFV cells in response to HMBA treat-
ment or Fli-1 knockdown (Fig. 9A and B). We suggest that this
decrease in ribosomal DNA gene transcription might be at
least partially explained by the decreased expression of the
RNA polymerase I subunit RPO1-3, but this remains to be
formally established.

Can the decrease in ribosome-related gene expression con-
tribute to the proliferation arrest and differentiation induced
by Spi-1 and Fli-1 knockdown? The decrease in ribosome-
related gene expression could be the simple consequence of
the terminal differentiation process allowed by Spi-1 and Fli-1
knockdown. This terminal differentiation process itself is po-
tentially mediated by the deregulation of many Spi-1 and Fli-1
target genes. Among interesting candidates, we noticed the
additive decrease in the expression of c-Myc (see Table S3 in
the supplemental material) and the additive increase of Brg2
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FIG. 11. Fli-1 directly activates the same set of genes involved in
ribosome biogenesis in NN10 cells as do Spi-1 and Fli-1 in 745A cells.
NN10/TR and NN10/TR/shflil_749#5 cells were treated with Dox or
not treated for 2 days before quantitative RT-PCR analyses of the
indicated gene transcripts were performed. (A) Dox-induced n-fold
changes in the indicated gene transcripts levels in NN10/TR (white
bars) or NN10/TR/shflil_749#5 (black bars) cells (means and standard
deviations from three different experiments). (B) Fli-1 chromatin oc-
cupancy of the indicated gene promoters, determined by chromatin
immunoprecipitation on untreated NN10/TR/shflil_749#5 cells. See
the legend for Fig. 8C and D (typical result from two different exper-
iments are shown).

(35) (see Table S4 in the supplemental material), known as a
prooncogene and an antioncogene, respectively. Furthermore,
according to the known Gata-1/Spi-1 (55) and Fli-1/EkIf (23,
53) functional antagonisms, the derepression of critical Gata-1
and/or EKIf target genes most probably also contributes to the
induction of terminal differentiation. However, independently
of these possibilities, the identification of ribosome-related
genes as being direct target genes representing more than 20%
of common target genes of Spi-1 and Fli-1 strongly favors the
other possibility that their decreased expression may at least
partially contribute to the effect of Spi-1 and Fli-1 knockdown
on differentiation and/or proliferation arrest. Indeed, increas-
ing evidence indicates that ribosome biogenesis per se is ac-
tively involved in cell cycle control either through the control
of protein translation (16, 37, 49) or through the p53 pathway
(25, 36). For example, in several situations known as situations
of ribosomal or nucleolar stress, free ribosomal proteins, such
as RPS7 (12), RPL5, RPL11, or RPL23, directly interact with
MDM2, leading to the stabilization of p53 and/or derepression
of p73 activity and cell cycle arrest (17, 29, 59, 66). This stress
pathway can be activated by many different chemicals affecting
nucleolar organization, such as low doses of actinomycin D,
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specifically inhibiting RNA polymerase I activity, or 5-fluorou-
racyl (59). Interestingly, low doses of actinomycin D have al-
ready been reported to induce proliferation arrest and differ-
entiation of SFFV cells (61). In our work, we found that not
only treatment with actinomycin D but also 5-fluorouracyl
treatment nicely reproduced Spi-1 and Fli-1 knockdown in
745A cells and Fli-1 knockdown in NN10 cells by inducing
proliferation arrest and differentiation in both cases (see Table
S2 in the supplemental material). Intriguingly, the fact that P53
is inactivated in 745A and NNI10 cells (7) would preclude the
possibility of a nucleolar stress response in these cells. How-
ever, several other proteins, such as p73 or FOXO3a, which is
known to be very important in terminal erythroid differentia-
tion (5), are also regulated by MDM2 (65) and remain inter-
esting signaling candidates in response to nucleolar stress po-
tentially induced by Spi-1 and Fli-1 knockdown. Alternatively,
we cannot presently exclude the possibility that Spi-1 and Fli-1
knockdown also contribute to terminal differentiation by alter-
ing protein translation through the production either of a re-
duced number or of altered ribosomes. All these possibilities
justify further investigations of the incidence of Spi-1 and Fli-1
expression levels on ribosome biogenesis not only in estab-
lished erythroleukemic cells but also in native erythrocytic pro-
genitors in order to fully understand how their involvement in
ribosome-related gene activation may contribute, as already
reported for c-Myc (6, 16), to their oncogenic potential.

Control of ribosome biogenesis as a common redundant and
ancestral function of ETS transcription factors. Our present
study is reminiscent of a recent genome-wide analysis of pro-
moter occupancy which showed that three other ETS proteins
(Ets1, Elfl, and Gabpa) occupy a common set of gene pro-
moters in the human Jurkat lymphoid cell line (28). Strikingly,
the promoter regions of most ribosome-related target genes of
Spi-1 and Fli-1 identified in the present study were also iden-
tified as being bound by at least one of these three other ETS
factors. These convergent results strengthen the emerging con-
cept that transcriptional regulation of genes involved in ribo-
some biogenesis is most probably a generic property shared by
many members of the ETS family (28). Interestingly, many
ETS factors are oncogenic (52). For example, prostate cancers
are frequently associated with deregulated expression of ETS
factors (1, 31, 48), and the active contribution of at least ETS2
(11) and ERG (30, 58) to the transformed phenotype has been
clearly established. Furthermore, we found that promoters of
several ribosome-related genes are also bound by ETS1 or
ETS2 in the two prostate cancer cell lines PC3 and DU145,
respectively (data not shown). Together, these data raise the
interesting possibility that, as for c-Myc, deregulation of ribo-
some biogenesis might be a common mechanism contributing
to the oncogenic potential of several ETS factors.

Ribosome biogenesis is a highly sophisticated process involv-
ing many genes, suggesting a high degree of coordinated ex-
pression and a strong selection pressure on their transcrip-
tional regulation (10). This strong selection pressure is
highlighted by the strikingly high conservation of ETS DNA
binding sites that we and others (28) noticed in the proximal
promoters of genes involved in ribosome biogenesis. We sug-
gest that the ancestral ETS gene was already involved in this
function and that this ancestral function has been conserved in
most successive members which appeared later during evolu-
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tion by duplication of the ancestral ETS gene. This could
confer the interesting property of current ETS factors to co-
ordinate such ancestral housekeeping functions with other
more recently acquired tissue-specific functions.
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