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1/PU.1 Oncogene Accelerates DNA Replication Fork
gation and Promotes Genetic Instability in the
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ence of DNA Breakage
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multistage process of cancer formation is driven by the progressive acquisition of somatic mutations.
ation stress creates genomic instability in mammals. Using a well-defined multistep leukemia model
by Spi-1/PU.1 overexpression in the mouse and Spi-1/PU.1–overexpressing human leukemic cells, we

igated the relationship between DNA replication and cancer progression. Here, using DNA molecular
ng and flow cytometry methods, we show that Spi-1 increases the speed of replication by acting spe-
ly on elongation rather than enhancing origin firing. This shortens the S-phase duration. Combining data
pi-1 knockdown in murine cells with Spi-1 overexpression in human cells, we provide evidence that
opriate Spi-1 expression is directly responsible for the replication alteration observed. Importantly,
celeration of replication progression coincides with an increase in the frequency of genomic mutations
t inducing DNA breakage. Thus, we propose that the hitherto unsuspected role for spi-1 oncogene in
withou

promoting replication elongation and genomic mutation promotes blastic progression during leukemic devel-
opment. Cancer Res; 70(17); 6757–66. ©2010 AACR.
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cers are multistep processes driven by the progressive
ulation of mutations in a multitude of genes (1). The
f these genetic changes is increased by the failure of
nisms involved in the maintenance of genetic stability,
s DNA repair and cell cycle checkpoints. Several data
that oncogenes activated during early stages of cancers
rigger replication stress favoring genomic instability if
re not eliminated by senescence (2–4). It has been pro-
that this genomic instability participates in the pro-
n toward the tumorigenic state (5–7).
te myeloid leukemias (AML), like other human can-
esult from more than one mutation and constitute a
gm of the multistep nature of cancers. We have previ-
described a fruitful experimental model that represents
f of principle for the two-hit model of leukemogenesis
bed in human (8). This model of acute erythroleukemia
Spi-1/PU.1 transgenic mice evolves as a two-
he first stage (preleukemic stage), caused by
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overexpression, is characterized by a blockage in the
oid differentiation (9, 10). The second stage (leukemic
) is associated with the emergence of malignant pro-
oblasts harboring gain-of-function mutations in the
e that encodes the tyrosine kinase receptor for stem
ctor (SCF; ref. 11).
1/PU.1 transcription factor is a main regulator of de-
ental process, functioning in the self-renewal of he-
oietic stem cells and progenitors, as well as in the
itment and maturation of the myeloid and B lympho-
ineage (12–14). Overexpression of Spi-1 is oncogenic in
throblasts, but the molecular mechanisms mediating
cogenic function are still unclear. Using spi-1 interfer-
As to knock down Spi-1 in preleukemic proerythro-

, we have shown that, in addition to the blockage in
oid differentiation, Spi-1 overexpression also inhibits
eath and modifies cell cycle (10). These results have
evealed multiple aspects of Spi-1 oncogenic functions.
e, we have used the model of Spi-1 knockdown in
kemic proerythroblasts to further explore the Spi-
ced molecular mechanisms responsible for cell cycle
ication. We focused our work on S phase and replica-
rocess. Our data unravel a new function of spi-1 onco-
in controlling replication and genetic instability that
from previous descriptions of oncogenes-induced rep-
n stress. Indeed, Spi-1 accelerates the speed of replica-
longation that coincides with accumulation of genetic
ions without inducing DNA breakage. We propose that

ew activity of Spi-1 may be a factor in the occurrence
stic crisis during leukemic progression.

6757

7. © 2010 American Association for Cancer

http://cancerres.aacrjournals.org/


Mate

Cell li
Spi-

spleen
Cells p
1-A2C
contro
scribe
grown
and eit
Ksp2 a
mento
nologí
Spain)
Spi-1 w
diluted
not pe

Cell c
Cell

propid
ration
ment
with
Aldric
with
BrdUr
37°C.
antibo
antibo
sis wa
Data
son) a

DNA c
Spi-

with 1
BrdUr
100 μ
for 30
washin
DNA w
and D
was co
each s
cules
agent.
cubate
anti-C
fluores
2/5 dil
594 an
key fl
Jackso
anti-B
but wi
were a

CldU d
scann
using
(Digit
measu
(Geno
in mic
to a co
(kb/m
(kb) d
count
are de
gins w
(corre
the m
first p
we ex
fired d
forks,
proba
replica

Immu
Ana

were a
636, M
(ab180
(61050
Nter1-

Single
Hyd

Cells
and t
agaro
(19). T
the so
cate s
tail m
of DN
and th

Mutat
The

gues
hprt l
were
104 ce
per w
2 wee
accord
was c
tive an
tion,
experi
at 0.5

Rimmelé et al.

Cance6758

Published OnlineFirst July 21, 2010; DOI: 10.1158/0008-5472.CAN-09-4691 
rials and Methods

nes
1 transgenic proerythroblasts were derived from seaked
of Spi-1 transgenic mice as previously described (9).
roducing anti–spi-1 shRNA (ShSpi-1-A2B and ShSpi-
) in the presence of doxycycline (dox; 100 ng/mL) and
l cells expressing only TetR have been previously de-
d (10). For the experiments, cells (1 × 104/mL) were
in α-MEM supplemented with 5% fetal bovine serum
her erythropoetin (Epo; 1 units/mL) or SCF (10 units/mL).
nd Ksp7 cells (kindly provided by Dr. Delgado; Departa-
de BiologíaMolecular, Instituto de Biomedicina y Biotec-
a de Cantabria, Universidad de Cantabria, Santander,
were derived from K562 human leukemic cells in which
as overexpressed (15). For the experiments, cells were
to 2 × 105/mL. Authentication of the cells used was

rformed.

ycle and duration of S phase
cycle distribution of ethanol-fixed cells stained with
ium iodide was analyzed by flow cytometry. The du-
of S phase was determined by the relative move-
technique as described (16). Cells were labeled
30 μmol/L bromodeoxyuridine (BrdUrd; Sigma-
h) for 15 minutes. An aliquot was immediately fixed
70% cold ethanol (T0), or cells were washed and
d was chased for 3 hours (T3) or 5 hours (T5) at
BrdUrd was immunodetected with a rat anti-BrdUrd
dy (Abcys) and a fluorescein-conjugated goat anti-rat
dy (Southern Biotechnology). Flow cytometry analy-
s performed using FACSCalibur (Becton Dickinson).
were analyzed using CellQuest Pro (Becton Dickin-
nd ModfitLT (Verity) softwares.

ombing
1 transgenic proerythroblasts were successively labeled
00 μmol/L chlorodeoxyuridine (CldU) and 100 μmol/L
d for 20 minutes each. K562 cells were stained with
mol/L iododeoxyuridine (IdU) and 100 μmol/L CldU
minutes each. Because cells grow in suspension, no
g was performed between the two labelings. Genomic
as extracted in agarose plugs (1 × 105 cells per plug)

NA combing was performed as described (17, 18). DNA
mbed on slides at homogeneous and low density from
ample, yielding well-separated stretched DNA mole-
as verified using the YOYO-1 fluorescent intercalating
For Spi-1 proerythroblasts, combed DNA was first in-
d for 1.5 hours at 37°C in a mixture containing a rat
ldU (AbC117-7517, Abcys; 1/10 diluted) and a mouse
cein-conjugated anti-BrdUrd (347583, Becton Dickinson;
uted). For the second step, we used a donkey AlexaFluor-
ti-rat IgG (A21209, Invitrogen; 1/400 diluted) and a don-
uorescein-conjugated anti-mouse IgG (715-095-151,
n ImmunoResearch Laboratories; 1/3 diluted). As the
rdUrd antibody reacted with both CldU and BrdUrd,

th a better affinity for BrdUrd, antibody dilutions used
dapted to avoid cross-reactivity. For K562 cells, IdU and

maint
mutat

r Res; 70(17) September 1, 2010

Research. 
on April 13, 201cancerres.aacrjournals.org Downloaded from 
etection was as described in refs. 17, 18. The slides were
ed with an epifluorescent microscope (Axioplan, Zeiss)
a 40× objective. Images were analyzed by Smartcapture2
al Scientific). Fluorescent replication signals were
red using J measure and inserted in an excel matrix
mic vision homemade). Signal lengths were measured
rometers and were converted to kilobases according
nstant stretching factor (1 μm = 2 kb). The fork velocity
in) was calculated from the length of fluorescent signal
ivided by the time of the pulse. Molecules taken into ac-
for fork velocity and interorigin distance measurement
scribed below. For interorigin distances, replication ori-
ere located in the middle of the unlabeled signals
sponding to origin firing before the first pulse) or in
iddle of red signals (origins that have fired during the
ulse) of a dual-labeled DNA fragment. For fork velocity,
cluded red signals corresponding to origins that have
uring the first pulse, the yellow signals from merged
the end signals of the molecule (because of the break
bility during DNA fiber stretching), and the isolated
tion signals.

noblotting and antibodies
lysis of cell extracts by Western blot and quantification
s described (10). The antibodies used were γH2AX (05-
illipore), total H2AX (ab11175, Abcam), vinculin
58, Abcam), β-actin (A5441, Sigma-Aldrich), adaptin
2, BD Biosciences), and Spi-1 (homemade, polyclonal
106aa; ref. 10).

-cell gel electrophoresis comet assay
roxyurea (Sigma-Aldrich) was dissolved in water.
were suspended in 0.5% low melting point agarose
ransferred onto a microscope slide precoated with
se. Comets were performed in alkaline conditions
he parameters of the comets were quantified using
ftware Comet Assay 2 (Perceptive Instrument). Dupli-
lides were processed for each experimental point. The
oment was defined as the product of the percentage
A in the tail and the displacement between the head
e tail of the comet (19).

ion frequency at hprt locus
method used was derived from Furth and collea-

(20). To determine the mutation frequencies at the
ocus [6-thioguanine-resistant (6-TGR) mutants], cells
plated in selective medium (6-TG, 6 μg/mL) at 1 ×
lls per well and in nonselective medium at 0.5 cell
ell in 96-well plates. Colony numbers were evaluated
ks after plating. The plating efficiency was calculated
ing to the Poisson distribution. The mutant fraction
alculated as the plating efficiency ratio under selec-
d nonselective conditions. Under nonselective condi-

the plating efficiency ranged from 65% to 80%. For
ments with derived clones, K562 cells were seeded
cell per well in 96-well plates. Isolated clones were

ained in culture for 4 and 10 weeks before analyzing
ion frequencies as described above.
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tical analysis
data of fork velocity and interorigin distance that do not
a Gaussian distribution were log(neperian)-transformed
atistical analysis was performed with R programming
re (21). The statistical significance of dox addition
i-1 oncogene inactivation on both replication para-
s analyzed was tested using a two-way ANOVA model.
etry of fork progression was analyzed with an analysis
ariance (ANCOVA) model by taking into account the left
elocity as the dependent variable and the following as
ndent variables: dox effect, Spi effect, right fork velocity,
ction between dox and Spi effects, interaction between
fect and right fork velocity, and interaction between Spi
and right fork velocity. For the comet assay, the

rametric Mann-Whitney test was used. The two-tailed
t t test was used when indicated.

cell cy
tion o

licating cells are distinguished using BrdUrd and propidium iodide. Results from
atment.

acrjournals.org
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lts

oncogene reduces S-phase duration
have previously shown that Spi-1 downregulation in
e spi-1 transgenic proerythroblasts cultured with Epo
ates the erythroid program of differentiation (Supple-
ry Fig. S1A; ref. 10). The Spi-1 decrease obtained by in-
le expression of integrated shRNA against spi-1 was
al and stable from 24 hours to at least 4 days after
on of dox to the culture medium (90% decrease com-
with untreated cells; Supplementary Fig. S1A). The
ffects on S phase and replication progression were ex-
d using this cellular model. The decrease in Spi-1 level
an accumulation of shSpi-1-A2B cells in S phase of the

cle (50% increase at 3 days of dox; Fig. 1A). The dura-
f S phase was next determined using the relative
1. Spi-1 overexpression reduces S-phase duration. A, cell cycle distribution by propidium iodide (PI) incorporation (representative profiles; n ≥ 10).
ase duration analysis by the relative movement method. The group of dots between 2N and 4N positive for BrdUrd corresponds to replicating
S phase. The group of dots that appears at 2N represents the G1 cells of the subsequent generation (BrdUrd divided). S, mean S-phase
n from at least six experiments ± SEM. *, P < 0.05, relative to untreated sample (Student's t test). C, BrdUrd incorporation. Replicating and
one representative experiment performed (n = 8) after 3 d of
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ent approach. S-phase length in shSpi-1-A2B cells was
cantly reduced (25%; P < 0.05) when treated by dox
red with the untreated counterpart (Fig. 1B). Similar
ere obtained with another Spi-1 transgenic proerythro-
clone (shSpi-1-A2C) producing shRNA against spi-1

lementary Fig. S2A and B). None of these modifications
etected after dox treatment of control cells that did
crease Spi-1 (Fig. 1; Supplementary Fig. S1C). Moreover,
ytometry analysis of BrdUrd-labeled cells revealed that
erall level of nucleotides incorporation was higher in

lid line, calculated linear regression (Y = 0.07 + 0.75X). Red dashed lines,
iagonal line, theoretical perfect symmetry.
1-A2B overexpressing Spi-1 than in dox-treated shSpi-
expressing low Spi-1 level (Fig. 1C), indicating a higher

reduct
sion r

r Res; 70(17) September 1, 2010

Research. 
on April 13, 201cancerres.aacrjournals.org Downloaded from 
f nucleotide incorporation in nascent DNA in Spi-1–
pressing cells. Taken together, these results indicate
pi-1 overexpression in preleukemic proerythroblastic
associated with a shortening in S-phase duration.

provokes an acceleration of the replication fork
ment without modification of replicon numbers
S-phase length depends on the coordinated regulation
en the number of initiated origins of replication and
eed of elongation (18, 22). To investigate whether the

onfidence prediction interval from the calculated regression.
2. Spi-1 increases the speed of replication fork progression in a symmetrical manner without modifying replicon numbers. A, DNA combing
and corresponding schema of replication signals are taken into account (see Materials and Methods). Blue box, replicated unlabeled DNA. Red
nd yellow (BrdUrd + CldU) signals, replicated labeled DNA. Ori1 fired before the first pulse of labeling and Ori2 and Ori3 fired during the first pulse are
d for the calculation of interorigin distances. *, signals used to measure fork velocity (if not at fiber ends). B, replication fork speed distribution
- and BrdUrd-labeled tracks of cells treated with or without dox for 3 d. n, number of CldU and BrdUrd signal measurements; mean fork speed ± SD;
by ANOVA relative to dox−. C, interorigin distance distribution of CldU- and BrdUrd-labeled tracks in cells treated with or without dox for 3 d.

ber of interorigin distance measurements; mean interorigin distance ± SD; P value by ANOVA relative to dox−. D, left, histogram presents the
age of bidirectional forks as described in the left schema. n, number of considered forks. Right, in the schema, black lines indicate the segments
against each other (left versus right speed). In the scatter diagram, each dot corresponds to right and left fork velocities from the same origin.

95% c
ion in S-phase length associated with Spi-1 overexpres-
eflected modifications in replication origins and/or in
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ngation of DNA synthesis, these two parameters were
ed by DNA combing. Asynchronous ShSpi-1-A2B and
l cells, treated or not with dox, were sequentially
labeled with IdU and BrdUrd for 20 minutes each,
ells were immediately harvested to measure fork
cs and interorigin distances. Representative images
e diagram of molecules taken into account are shown
. 2A. Elongation kinetics was significantly (P < 0.0012)
nted in dox-untreated Spi-1–expressing cells compared
ox-treated cells, expressing a low level of Spi-1 protein
fork velocities of 1.86 kb/min for ShSpi-1-A2B, dox−
1.49 kb/min for ShSpi-1-A2B, dox+; Fig. 2B). Strikingly,
mber of active replicons was not statistically modified
i-1 knockdown as inferred by a constant interorigin

ce in ShSpi-1-A2B cells (Fig. 2C; P < 0.6683). The slight cells,

d simultaneously are shown (n = 3). *, P < 0.05 by Student's t test. C, extracts f
nd adaptin. D, S-phase duration in K562 cells measured as in B. *, P < 0.04, com

acrjournals.org

Research. 
on April 13, 201cancerres.aacrjournals.org Downloaded from 
ed to dox was not statistically significant (Fig. 2C;
318).
next asked whether the acceleration of fork progres-
eflected or was associated with the presence of col-
or stalled forks. To this aim, we measured the

ssion of outgoing forks by performing a molecule-by-
ule analysis of individual replication bubbles. Two
eters were analyzed. First, we observed that most of
rks were initiated bidirectionally whatever the level of
xpression (Fig. 2D, left, dox− versus dox+). Second, the
ty of the right fork during the CldU and BrdUrd pulses
mpared with the velocity of the left fork initiated from
le origin (Fig. 2D, right). Figure 2D shows the linear re-
n pooling the four samples (ShSpi-1-A2B and control
dox− or dox+). The ANCOVA test shows the existence

se in the interorigin distance observed in control cells of a linear regression between left and right fork velocities

3. Effects of Spi-1 on DNA replication in a context independent of differentiation and extended to human leukemic cells. A, ShSpi-1-A2B cells were
with Epo or SCF in the absence (D0) or in the presence of dox for 3 d (D3) and 5 d (D5). Cell cycle distribution from one representative experiment
n (n = 3). B, duration of S phase measured by the relative movement method. Images of one representative experiment of Epo or SCF cultures
rom human KNeo, Ksp2, and Ksp7 cells were immunoblotted for
pared with KNeo cells (Student's t test).
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0−10) and that the regression slope and the intercept
qual between each conditions and clones (P > 0.05).
iagonal X = Y corresponding to a theoretical perfect
etry lies into the 95% confidence prediction interval,
ng that left and right fork progression were symmetri-
us, the majority of outgoing forks proceeded bidirec-
y and sister forks moved away at similar speed, ruling
e existence of replication fork collapse or pause. Col-

ly, these data indicate that Spi-1 oncogene provokes a
etrical increase in the speed of DNA elongation with-

tured
which

r Res; 70(17) September 1, 2010
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fecting the number of active replication origins. Thus,
duction in the S-phase length in the spi-1 transgenic
kemic cells seems to be the consequence of an accel-
n of DNA replication elongation.

ications of S-phase length do not arise from
iation of the erythroid differentiation program
1 downregulation in preleukemic proerythroblasts cul-
Fig
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g images and
onding representation of
tion signals are taken into
t. Blue box, replicated
led DNA. Green (IdU) and
(IdU + CldU) signals,
ted labeled DNA. Ori1 and
included for the calculation

origin distance. *, signals
measure fork velocity
t fiber ends). B, replication
locity and interorigin
e distribution of IdU- and
beled tracks of
ntially growing cells.
s by ANOVA relative to
ells. C, symmetrical fork
sion. Each dot corresponds
and left fork velocities
e same origin. Red solid line,
ted linear regression. Red
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lication fork speed could be linked to DNA condensa-
po is the growth factor required to sustain terminal
oid differentiation whereas SCF is mainly involved in
al of the erythroid progenitors. Consistent with this,
downregulation in preleukemic cells cultured with
id not provoke erythroid differentiation, in contrast
ure with Epo where hemoglobinized cells were detected
lyzed by benzidine staining (Supplementary Fig. S1;
). Then, we analyzed the effect of Spi-1 downregulation
hase duration in SCF-cultured cells. shSpi-1-A2B cells
uously cultured with SCF were treated or not with
r 3 or 5 days. In the SCF context, the fraction of cells
ase at day 3 was increased by 50% over untreated cells,
rly to culture with Epo (Fig. 3A; Supplementary Fig. S2C).
5 in the presence of Dox, cells from culture with Epo
ulated in G0-G1 phase, but most have reached terminal
ation, thus impeding conclusions on S-phase modifica-
at that time. Interestingly, the percentage of cells in S
remained high at day 5 when cells were cultured with
nd did not differentiate (Fig. 3A). We next measured
e length as a function of Spi-1 in proerythroblasts cul-
with SCF with or without dox for 3 days (Fig. 3B; Sup-
ntary Fig. S2). ShSpi-1-A2B treated with dox displayed a
duration of S phase compared with untreated cells.
fore, knocking down Spi-1 reduces the duration of
e and increases the fraction of cells in S phase in the
t of differentiation as well as in the absence of differen-

. These data imply that S-phase modifications were not
equence of erythroid differentiatio

(P < 1

are shown.

acrjournals.org
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affects S-phase progression by accelerating
ation elongation in human leukemic cells
get further insights into the relationship between Spi-1
y and replication, we extended our analysis to human
ic K562 cells that weakly express Spi-1. Stable clones
and Ksp7) overexpressing Spi-1 have been previously
ished (15), which display continual increasing amounts
i-1 protein (Fig. 3C). Using the relative movement
d, we showed that S-phase duration was significantly
ed (from 13.5 to 9.9 hours) in coordination with in-
ng amount of Spi-1 (Fig. 3D). Replication fork kinetics
terorigin distances were then measured by DNA mo-
r combing of K562 cells expressing different levels of
Elongation kinetics was found to be accelerated in
xpressing a greater amount of Spi-1 (mean fork veloc-
f 0.43 kb/min for Ksp2 and 0.47 kb/min for Ksp7 com-
with 0.37 kb/min for control KNeo cells; Fig. 4B).
gly, the number of active replicons was significantly
ed by Spi-1 as inferred by a largest interorigin distance
s expressing the highest Spi-1 level (P < 0.007; Fig. 4B).
in the context of high Spi-1 expression, the higher fork
ssion rate was correlated with a lower number of the
firing. Nevertheless, this decrease was clearly not suf-
to keep constant the length of S phase, as it was still

ed by Spi-1. Finally, as for murine preleukemic pro-
oblasts, the acceleration of fork progression was
etrical as shown by the significant linear regression
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−1.77 + 0.61X) for all three K562-derived cells
C). Thus, sister fork progression was symmetrically
inated whatever the expression level of Spi-1. Taken
er, these data point out a role for Spi-1 in controlling
ngth of S phase by symmetrically accelerating the
rogression.

does not provoke DNA strand breaks but
ces genomic mutability
red DNA replication leads to genomic instability in
(23) and human precancerous cells (2, 3, 5, 7). No loss
n of chromosomal DNA was detected by genome-wide
(comparative genomic hybridization array) performed
DNA from murine spi-1 transgenic preleukemic cells,
ting the absence of gross chromosomal rearrangement.
onally, Spi-1 does not trigger stochastic fork arrest or
se due to DNA damage as deduced from the fork sym-
data. To further explore the potential genetic conse-
es of accelerated DNA replication by Spi-1, we
igated whether Spi-1 overexpression provokes DNA
breaks in both preleukemic spi-1 transgenic and

cells by analyzing histone H2AX phosphorylation
X; Fig. 5A) and comet assay (Fig. 5B). No evidence
increase in DNA strand breaks was found with both
in Spi-1–overexpressing proerythroblasts (shSpi-1-
ox−) and K562 cells (Ksp2 and Ksp7) compared with

cell after 4 wk (w4) and 10 wk (w10) of culture.
respective counterparts having lower Spi-1 levels
-1-A2B dox+ and KNeo; Fig. 5). In contrast, a faint in-
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in DNA strand breaks was detected only in spi-1 trans-
proerythroblasts when Spi-1 level was decreased in the
ce of dox (Fig. 5A and B). It seems unlikely that the
trand breaks resulted from replication stress because
sed γ-H2AX was detected in each of the cell cycle
s, which is in contrast to replication stress (hydroxy-
reatment) increasing γ-H2AX specifically in cells in S
(Supplementary Fig. S3). These results indicate that
celeration of fork progression linked to Spi-1 over-
sion did not trigger DNA breakage.
further explore the consequences of high Spi-1 expres-
n genomic DNA, we studied genomic integrity at gene
Analysis of the frequency of spontaneous mutations in
n to Spi-1 expression levels could not be performed in
ransgenic proerythroblasts because these cells die or
ntiate when Spi-1 is knocked down. We thus per-
d a comparative analysis of mutability at the endoge-
prt locus (6-TGR) in K562 cells expressing various Spi-1
. Mutation frequencies in Ksp2 and Ksp7 cells over-
sing Spi-1 were significantly higher than that in con-
Neo cells (Fig. 6A). To ascertain that the differences
tation frequencies observed were not due to different
ers of generations between clones, single-cell cloning
ments were performed to generate new clones from
Ksp2, and Ksp7 cells and to examine accumulation
tations with time. Strikingly, the results show that mu-
s accumulated more rapidly with time in culture in
and Ksp7-derived clones expressing high Spi-1 levels
B). These observations suggest that a high expression
f Spi-1 is associated with genomic mutability, but not
etectable DNA breakage.

ssion

atopoiesis is a hierarchical process controlled by sev-
ctors, which can become pathologic when deregulated
onsequence of genetic or epigenetic events. Some of
factors are transcription factors, such as Spi-1 whose
on depends on its expression level tightly controlled
normal hematopoiesis. Inappropriate high Spi-1 ex-

on promotes oncogenesis in the erythroid lineage by
ting terminal differentiation and apoptosis (9, 10).
we bring evidence that Spi-1 can also deregulate DNA
tion control.
ormal cells, S-phase length depends on the DNA rep-
n kinetics, which arises from a coordinated regulation
en the number of initiated origins of replication and
eed of elongation (18, 22). Using two cellular models,
ow that Spi-1 shortens S-phase duration. More impor-
, we show that Spi-1 accelerates the speed of elonga-
Depending on the cell type, the acceleration of
tion is linked (human K562) or not (preleukemic mu-
roerythroblasts) to inhibition of initiation. The reasons
se different behaviors are not known. The situation
in elongation speed does not influence the number of
replicons, as found in Spi-1–overexpressing cells, may
6. Spi-1 oncogene favors the accumulation of genomic mutations.
ation frequencies were evaluated at the hprt locus by the
ance of 6-TGR mutants. Columns, mean of four experiments
o independent batches of cells; bars, SEM. *, P < 0.02; **,
0015, relative to control KNeo cells (Student's t test). B, mutation
cies at the hprt locus measured in clones derived from K562
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t that the Spi-1 effects on replication elongation are
ight to impinge on the number of initiated origins.
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w, the reduction in origin firing in K562 cells is not
ent to compensate for the acceleration of fork progres-
s the cells display a shorter S-phase length. In conclu-
pi-1 increases fork progression rate, which, in turn,
the overall replication length. Such a reduction of rep-
n length has been described for c-Myc, but it was sug-
that this response was due to an inverse deregulation
n increase of the numbers of initiated origins without
g elongation; refs. 4, 24). Likewise, several oncogenes
he replication program by acting on DNA replication
control (2, 3). In such situations, acceleration of repli-
induces DNA strand breaks and the associated DNA
e response (25). Spi-1 overexpression and the linked
tion acceleration do not provoke a detectable increase
A strand breaks. However, using a mutagenesis ap-
h targeting the hprt endogenous locus, we observed
reased spontaneous accumulation of genetic altera-
in Spi-1–overexpressing cells. Although the mechan-
esponsible for the mutations formation remain to be
fied, it seems likely that increasing DNA elongation
may diminish the fidelity of the DNA polymerization
s. An alternative hypothesis is that mutations might
from DNA breaks that are immediately repaired by
rone processes and not detected by γH2AX and comet
. However, our data do not support this hypothesis be-
Spi-1 did not alter the symmetry of elongation velocity
ch side of individual origin firing, excluding pausing
elongation, necessary for DNA break repair.
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nvolved in the acceleration of replication elongation.
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y (26, 27), chromatin structure (28), pool of nucleotides
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mitted concept that AML is the consequence of coop-
n between at least two classes of mutation, one that
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rs hematopoietic differentiation and a second that con-
proliferative and/or survival advantage (32), the finding
i-1 overexpression enhancesmutability is highly relevant
egard to erythroleukemic progression (Supplementary
4). One can envision that the acceleration of replica-
rogression and genetic mutability provide a platform
quisition of secondary cooperating mutations. Ab-
al sustained expression of Spi-1 in proerythroblasts
redispose these cells to positive selection for kinase
tor–activating mutations, accounting for the high fre-
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oleukemia model (11). Other leukemia-associated
ription factors that are fusion proteins involved in
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n increased genomic instability (33). We propose that
i-1 oncogene acts dually by displaying oncogenic func-
such as differentiation blockage and promotion of cell
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ions via acceleration of DNA replication.
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