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Introduction

A hallmark of cancer is genomic instability providing a selective 
advantage to the malignant clone.1,2 Its most frequent form is 
chromosomal instability.1 In myeloid neoplasms, chromosomal 
instability may often manifest in autosomal monosomies and is 
associated with a poor prognosis.3-5

Ectopic viral integration site 1 (EVI1), which encodes a zinc 
finger transcription factor and is expressed in several mRNA 
splice variants including MDS1-EVI1, was originally identified 
as a common retroviral integration site whose induction leads 
to myeloid leukemias in mice.6 EVI1 overexpression has been 
found in some solid tumors and, at frequencies ranging between 
10% and more than 50%, in myeloid neoplasias.7-15 High EVI1 
expression levels predict poor survival in patients with de novo 
acute myeloid leukemia.9 Recurrent chromosomal rearrange-
ments involving chromosome band 3q26 where EVI1 is located, 
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and which are often associated with monosomy 7,16-18 have been 
described in myeloid neoplasms.19-27 Recently, insertional activa-
tion of EVI1 has been identified in two patients who developed 
myelodysplasia after gene therapy using a retroviral vector.16 
Remarkably, this was associated with progressive dominance of 
a transduced clone displaying monosomy 7 in both subjects.16 
In addition, EVI1-expressing cells showed increased levels of 
phosphorylated histone H2AX, a marker of DNA damage, while 
stable transduction of human BJ fibroblasts with EVI1 led to 
increased frequencies of cells with supernumerary centrosomes.16 
Altogether, these data support the notion that EVI1 overexpres-
sion in myeloid neoplasias may promote malignant growth by 
inducing chromosomal instability.

Published evidence suggests that EVI1 stimulates cellular pro-
liferation and acts as an anti-apoptotic factor, which may involve 
inhibition of JNK and activation of PI3K/AKT signaling.28-31 In 
addition, EVI1 interferes with differentiation of hematopoietic 
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To determine centriole numbers in EVI1-overexpressing 
cells harboring amplified centrosomes, we transiently trans-
fected U2OS-EVI1-HA cells with the centriole marker CETN2-
Dendra2. Interestingly, amplified centrosomes in response to 
EVI1 overexpression almost invariably contained just one cen-
triole per γ-tubulin signal (Fig. 1E and F). In addition, we used 
immunostaining for Cep170, a marker of mature centrioles,46 
which revealed that the vast majority of cells harboring ampli-
fied centrosomes contained more than one Cep170 signal (Fig. 
S1A and B), indicating that these cells likely had passed through 
abortive mitoses. Taken together, our results indicate that EVI1-
induced centrosome amplification is not the result of centrosome 
overduplication in a single interphase as observed in response to 
other stimuli.40,46,47

EVI1-overexpressing cells with supernumerary centro-
somes exhibit abnormal nuclei. When U2OS cells overexpress-
ing EVI1-HA showing centrosomal amplification were analyzed 
in greater detail, we noticed that EVI1-induced supernumer-
ary centrosomes were accompanied by abnormal nuclei, which 
were either enlarged or binuclear (Fig. 2A). We quantified this 
observation in U2OS-EVI1-HA cells induced to overexpress 
EVI1-HA for 72 h, uninduced controls and parental U2OS 
cells immunostained for γ-tubulin and the HA tag. Cells har-
boring supernumerary centrosomes were classified according to 
their nuclear phenotype. This quantification revealed signifi-
cant increases of both enlarged nuclei (9.67 ± 0.57% vs. 3.67 ± 
0.57%, p = 0.0002) and binuclear cells (4.33 ± 0.57% vs. 1.33 
± 0.57%, p = 0.0031) in EVI1-overexpressing cells with ampli-
fied centrosomes as compared with uninduced controls (Fig. 2B). 
Noteworthy, these cells with abnormal nuclei accounted for the 
vast majority of all cells displaying supernumerary centrosomes, 
while cells with supernumerary centrosomes and normal nuclei 
largely remained at background levels in spite of EVI1-HA over-
expression (1.67 ± 0.28% vs. 0.67 ± 0.50%, p = 0.1012). It should 
be also noted that abnormal nuclei were very rare in the fraction 
of EVI1-overexpressing cells with regular centrosome content 
(Fig. S2A). In addition, abnormal nuclei were not observed when 
overexpression of GFP-STIL48 was used as an alternative strategy 
to induce centrosome amplification (Fig. S2B). We conclude that 
formation of supernumerary centrosomes in response to EVI1 
overexpression is specifically linked to the emergence of enlarged 
nuclei or binuclearity.

EVI1 overexpression is associated with cytokinesis failure. 
The observed nuclear morphology with both enlarged nuclei and 
binuclear cells prompted us to speculate that supernumerary cen-
trosomes in response to EVI1 overexpression might be the result 
of a cytokinesis defect. To test this hypothesis, U2OS-EVI1-HA 
cells were induced to express EVI1-HA for 24 h and subsequently 
monitored by time-lapse video microscopy for 72 h. Among 398 
cells undergoing mitosis, 7.78% failed to complete cytokinesis, 
while in uninduced controls, cytokinesis failure was observed in 
only 2.12% of 564 mitoses (p = 0.00003). A representative exam-
ple of an EVI1-overexpressing cell undergoing mitosis and failing 
to complete cytokinesis, ultimately resulting in a binuclear cell, is 
given in Figure 3. Hence, EVI1-induced supernumerary centro-
somes seem to be the result of a cytokinesis defect.

cell lineages.28 However, there is no unifying model of EVI1 func-
tion so far and, somewhat counterintuitively, in some cell types, 
EVI1 overexpression causes cell cycle arrest in G

0/1
 phase.32,33 

Also, with respect to EVI1-induced chromosomal instability, no 
mechanistic explanation exists. Since centrosomal aberrations 
have been found in EVI1-overexpressing cells,16 it seems reason-
able to assume centrosome amplification as one underlying cause 
of EVI1-induced chromosomal instability.

Detailed examination of human cells manipulated to harbor 
extra centrosomes by means of tetraploidization or induction of 
centrosome overduplication by Plk4 overexpression revealed that 
centrosome amplification leads to increased rates of chromosome 
missegregation, which was proposed as a common underlying 
cause of chromosomal instability in human cancer.34 In addition, 
supernumerary centrosomes have been shown to induce tumor 
formation in vivo at least in flies.35 Moreover, centrosome ampli-
fication is common in a wide range of solid and hematological 
neoplasms.36 However, different mechanisms of origin of can-
cer-associated centrosomal aberrations may exist: in addition to 
centrosome overduplication37-41 and DNA damage-induced cen-
trosome amplification,42-44 supernumerary centrosomes may arise 
secondary to mitotic defects with subsequent polyploidization of 
both the cellular DNA and centrosome content.45

In the present work, we sought to investigate the underlying 
cause of centrosome amplification in EVI1-overexpressing U2OS 
cells. We found that overexpression of EVI1 led to reduced pro-
portions of actively cycling cells and accumulation of cells in G

0/1
 

phase of the cell cycle, with supernumerary centrosomes arising 
as a consequence of tetraploidization caused by a cytokinesis 
defect.

Results

Overexpression of EVI1 leads to supernumerary centrosomes. 
For mechanistic insights into the emergence of supernumerary 
centrosomes in EVI1-overexpressing cells, the human osteosar-
coma cell line U2OS was used to generate cells stably express-
ing EVI1-HA (U2OS-EVI1-HA cells) in a tetracycline-inducible 
fashion. Seventy-two hours after tetracycline addition, immu-
nofluorescence staining using an antibody to HA indicated that 
EVI1-HA localized in the nucleus, whereas uninduced cells 
showed no EVI1-HA-specific signals (Fig. 1A). Immunoblotting 
for EVI1-HA confirmed the induction of EVI1-HA (145 kDa) 
expression after tetracycline addition in comparison to unin-
duced U2OS-EVI1-HA cells and parental U2OS cells (Fig. 1B). 
Consistent with previous results,16 immunostaining for the cen-
trosomal marker γ-tubulin revealed increased amounts of cells 
with supernumerary centrosomes in response to EVI1 overex-
pression (Fig. 1C). Quantification of cells with more than two 
centrosomes demonstrated centrosome amplification in 12.0 ± 
2.16% of cells induced to overexpress EVI1-HA for 48 h as com-
pared with 5.75 ± 0.95% in uninduced controls (p = 0.0055). 
After 72 h of EVI1-HA overexpression, the proportion of cells 
with amplified centrosomes rose to 16.75 ± 1.7% as compared 
with 5.25 ± 0.95% in uninduced controls (p = 0.0001; Fig. 1D). 
Hence, EVI1 overexpression leads to centrosome amplification.
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Figure 1. Overexpression of EVI1 leads to centrosomal aberrations. (A) In U2OS cells conditionally overexpressing EVI1-HA, transgene expression was 
induced for 72 h. Cells were immunostained for HA (red). DNA was counterstained with DAPI (blue). Scale bars represent 10 μm. (B) Overexpression of 
EVI1-HA was induced for 48 or 72 h, followed by immunoblotting for EVI1-HA or the loading control actin using 50 μg of protein extract from parental 
U2OS cells, uninduced (-TET) and induced (+TET) U2OS cells conditionally overexpressing EVI1-HA. (C) In U2OS cells conditionally overexpressing 
EVI1-HA, transgene expression was induced for 72 h. Parental U2OS cells, uninduced (-TET) and induced (+TET) U2OS cells conditionally overexpressing 
EVI1-HA were immunostained for γ-tubulin (green) and EVI1-HA (red). DNA was counterstained with DAPI (blue). Scale bars represent 10 μm. Insets 
show centrosomes at higher magnification. (D) U2OS cells conditionally overexpressing EVI1-HA were left untreated (-TET) or induced to express the 
transgene for 48 or 72 h (+TET). Parental U2OS cells were grown in parallel. Following immunostaining as in (C), percentages of cells with more than 
two centrosomes were quantified in 4 × 100 cells per data bar. ***, this difference is highly significant (p = 0.00011). **, this difference is significant (p 
= 0.0055). (E) U2OS cells conditionally overexpressing EVI1-HA and parental U2OS cells were transfected with CETN2-Dendra2 (green). Twenty-four h 
later, transgene expression was induced where indicated (+TET). Cells were harvested 72 h after transgene induction and immunostained for γ-tubulin 
(red). DNA was counterstained with DAPI (blue). Scale bars represent 10 μm. Insets show centrosomes at higher magnification. (F) The observations 
shown in (E) were quantified by evaluating 3 × 50 transfected cells per data bar, which were categorized as specified in the figure. ***, this difference is 
highly significant (p = 0.00097).
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both diploid G
2
/M and tetraploid G

0/1
 cells, were 

present with a virtually unchanged percentage 
of 25.57 ± 6.20% after induction of EVI1-HA 
overexpression as compared with 27.12 ± 3.04% 
in uninduced controls (p = 0.5823) and 29.60 ± 
2.06% in parental U2OS cells (Fig. 4A). Similar 
results were obtained with U2OS cells retrovi-
rally transduced to conditionally overexpress 
EVI1, which showed proportions of 76.92% dip-
loid cells in G

0/1
 phase, 7.69% of cells in S phase 

and 13.43% cells with 4N DNA when EVI1 was 
induced for 72 h, while among uninduced cells, 
61.27% were in diploid G

0/1
 phase, 11.04% were 

in S phase and 26.68% harbored 4N DNA.
To further corroborate that overexpression 

of EVI1 causes accumulation of tetraploid cells 
in G

0/1
 phase and to exclude a cell cycle arrest 

in mitosis, cells were immunostained with an 
antibody to phospho-S10-histone H3 as mitosis 
marker.49 Two-variable flow cytometry analy-
sis revealed that EVI1 overexpression led to a 
decrease in the percentage of cells with 4N DNA 
content in mitosis to 1.61 ± 0.30% (mean ± SD 
from six experiments) in U2OS-EVI1-HA cells 
induced to overexpress EVI1 for 72 h as com-
pared with 2.49 ± 0.21% in uninduced controls (p 
= 0.00023) and 2.63 ± 0.21% in parental U2OS 
cells (p = 0.000008).

Next, we tested the abundance of a set of cell 
cycle regulators by immunoblotting. While EVI1 
overexpression did not have any impact on the 
levels of cyclin A, cyclin E, cyclin B1, Cdk2 and 
Cdk4, both cyclin D1 and p21 were markedly 
upregulated after induction of EVI1-HA overex-
pression as compared with uninduced controls 
and parental U2OS cells (Fig. 4B). In addition, 
an in vitro kinase assay using histone H1 as a 
substrate demonstrated reduced Cdk2 activity 
in U2OS-EVI1-HA cells induced to overexpress 
EVI1-HA (Fig. 4C). Again, these results were 
confirmed using U2OS cells retrovirally trans-

duced to conditionally overexpress EVI1, which showed a similar 
reduction of Cdk2 activity in response to EVI1 overexpression 
(Fig. 4D). Taken together, EVI1 overexpression leads to accu-
mulation of U2OS cells in G

0/1
 phase of the cell cycle, which is 

accompanied by elevated cyclin D1 and p21 levels and reduced 
Cdk2 activity.

EVI1 overexpression induces activation of the p53-depen-
dent tetraploidy checkpoint. Elevated p21 levels in response to 
EVI1 overexpression indicated that there might be activation of 
the p53 pathway, which would be expected as a result of the tet-
raploidy checkpoint. In fact, immunofluorescence clearly indi-
cated that EVI1 overexpression induced nuclear accumulation 
of p53 protein, which was strongest in cells with enlarged nuclei 
(Fig. 5A and B). The same pattern was found for p21, which also 
accumulated in response to EVI1-HA induction, showing the 

Cells overexpressing EVI1 accumulate in G
0/1

 phase and 
show elevated cyclin D1 and p21 levels. To further corroborate 
that EVI1 overexpression leads to cytokinesis failure resulting in 
cells with supernumerary centrosomes, we tested the prediction 
that this phenotype should be accompanied by cells accumulat-
ing in G

0/1
 phase of the cell cycle since cytokinesis failure acti-

vates a p53-dependent tetraploidy checkpoint.45 As expected from 
previous results,32 the diploid G

0/1
 fraction was elevated to 57.52 

± 5.13% in U2OS-EVI1-HA induced to overexpress EVI1-HA 
for 72 h as compared with 47.06 ± 2.59% in uninduced con-
trols (p = 0.0034) and 48.52 ± 3.35% in parental U2OS cells, 
while the S phase fraction was reduced to 12.00 ± 2.88% dur-
ing EVI1-HA overexpression as compared with 21.20 ± 1.86% in 
uninduced controls (p = 0.0003) and 18.66 ± 2.10% in parental 
U2OS cells. Cells harboring 4N DNA, presumably including 

Figure 2. EVI1-overexpressing cells show abnormal nuclei. (A) In U2OS cells conditionally 
overexpressing EVI1-HA, transgene expression was induced for 72 h. Cells were immu-
nostained for γ-tubulin (green) and EVI1-HA (red). DNA was counterstained with DAPI 
(blue). Scale bars represent 10 μm. Insets show centrosomes at higher magnification. (B) 
U2OS cells conditionally overexpressing EVI1-HA were left untreated (-TET) or induced to 
express the transgene for 72 h (+TET). Parental U2OS cells were grown in parallel. Follow-
ing immunostaining as in (A), percentages of cells with more than two centrosomes and 
the nuclear morphology detailed in the figure were quantified in 3 × 100 cells per data 
bar. ***, this difference is highly significant (p = 0.00021). **, this difference is significant (p 
= 0.00312).
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Table S1). In conclusion, further polyploidization of tetraploid 
cells arisen after EVI1-induced cytokinesis failure is inhibited by 
the p53-dependent tetraploidy checkpoint.

EVI1-overexpressing cells harboring supernumerary cen-
trosomes show low levels of Ki-67. To further confirm the 
assumption that EVI1-induced supernumerary centrosomes 
reflect tetraploid cells arrested in G

0/1
 phase after cytokinesis 

failure, we used K
i
-67 as proliferation marker that is expressed 

during all active phases of the cell cycle (S, G
2
 and mitosis) 

but absent from resting cells (G
0
) and low during early G

1
 

phase.49 Immunofluorescence staining revealed that EVI1-
overexpressing cells showing centrosome amplification dis-
played low K

i
-67 protein levels or were K

i
-67-negative, while 

the majority of K
i
-67-positive cells did not harbor supernumer-

ary centrosomes (Fig. 7A). In response to EVI1 overexpression, 
8.33 ± 0.57% of all cells showed centrosome amplification and 
low K

i
-67 levels as compared with 0.00 ± 0.00% in uninduced 

cells (p = 4.9759E-05), while centrosome amplification was 
accompanied by moderate K

i
-67 intensity in 5.33 ± 0.57% of 

EVI1-overexpressing but 2.66 ± 0.57% of uninduced cells (p = 
0.0002; Fig. 7B). Notably, cells displaying centrosome amplifi-
cation together with high K

i
-67 levels (as expected in the case of 

centrosome overduplication during S phase) were significantly 
reduced to 0.33 ± 0.57% in response to EVI1 overexpression as 
compared with 2.33 ± 0.57% in uninduced cells (p = 0.0014; 
Fig. 7B). In addition, quantitative RT-PCR, which was nor-
malized using GAPDH and G6PD as reference genes, showed 
a significant decrease of K

i
-67 mRNA levels to 48.18 ± 6.13% 

72 h after induction of EVI1-HA overexpression relative to 

highest levels in enlarged nuclei as well (Fig. 5C and D). Hence, 
EVI1 overexpression induces activation of the p53 pathway, 
which appears to be strongest in cells with enlarged nuclei, pre-
sumably as a result of the p53-dependent tetraploidy checkpoint.

To further corroborate this notion, we efficiently depleted p53 
in U2OS-EVI1-HA cells using siRNA, which also resulted in 
downregulation of its transcriptional target p21, thereby revert-
ing its accumulation during EVI1 overexpression (Fig. 6A). The 
same pattern was found in U2OS cells retrovirally transduced to 
conditionally overexpress EVI1 (Fig. 6B). Noteworthy, in both 
U2OS-EVI1-HA cells and U2OS cells retrovirally transduced to 
overexpress EVI1 an upregulation of p53 protein was detectable 
by immunoblotting (Fig. 6A and B). As predicted, the observed 
enlargement of nuclei in EVI1-overexpressing cells was more pro-
nounced when p53 was downregulated (Fig. 6C). We quantified 
this observation by flow cytometric cell cycle analysis, which 
revealed that p53 depletion induced an increase in polyploid 
cells after induction of EVI1 overexpression, with both cells with 
more than 4N DNA and cells with 8N DNA being elevated in 
comparison to luciferase-depleted controls (Fig. 6D; Table S1). 
It should be noted that also in uninduced U2OS-EVI1-HA cells, 
p53 depletion led to a somewhat higher proportion of polyploid 
cells (indicating, in accordance with our live cell imaging data, 
some background of failed mitoses leading to tetraploidization 
and, in the case of p53 depletion, further polyploidization), but 
the percentage of polyploid cells without induction of EVI1 was 
clearly lower than in response to EVI1 induction (Table S1). 
Again, these results could be reproduced using U2OS cells ret-
rovirally transduced to conditionally overexpress EVI1 (Fig. 6E; 

Figure 3. EVI1 overexpression is associated with cytokinesis defects. U2OS cells conditionally overexpressing EVI1-HA were monitored by time-lapse 
microscopy for 72 h following induction of transgene expression. A representative example of an EVI1-overexpressing cell undergoing mitosis is 
marked by arrowheads: after an apparently normal mitosis and karyokinesis, cytokinesis remains incomplete, resulting in a binuclear cell. Elapsed 
times after start of observation are given as hours:minutes.
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EVI1 overexpression interferes with prolif-
eration and induces a negative feedback loop. To 
determine whether EVI1-induced cytokinesis fail-
ure and G

0/1
 arrest interfere with proliferation, we 

induced overexpression of EVI1-HA for up to 120 
h. As expected, EVI1 overexpression was associ-
ated with impaired proliferation leading to sig-
nificantly reduced cell counts as compared with 
uninduced controls (Fig. 8A), which could not be 
explained by increased apoptosis since the amount 
of death cells was not significantly changed (data 
not shown). Interestingly, inhibition of proliferation 
was most pronounced 72 h after start of induction, 
while at later time points, the difference between 
EVI1-overexpressing and uninduced cells tended 
to become smaller again (Fig. 8A). This finding is 
best explained by the observation that although tet-
racycline was renewed every 48 h to ensure constant 
transgene induction, overexpression of EVI1-HA 
decreased over time and became undetectable 
by 120 h (Fig. 8B). Since clonal selection cannot 
explain this downregulation during such a short 
period of time comprising only about two cell dou-
bling periods (see, Fig. 8A), we conclude that EVI1 
overexpression induces a negative feedback loop 
downregulating its own expression. Hence, cyto-
kinesis failure and G

0/1
 arrest in response to EVI1 

overexpression significantly interfere with cellular 
proliferation, which is limited by a negative feed-
back loop.

Discussion

In the present work, we applied several complemen-
tary approaches to demonstrate that overexpression 
of EVI1 interferes with proliferation of U2OS cells 
as a result of a reduced activity of the cell cycle-pro-
moting kinase Cdk2, leading to accumulation of 
cells in G

0/1
 phase of the cell cycle. In addition, we 

show that EVI1 overexpression causes cytokinesis 
failure and subsequent arrest of cells with supernu-
merary centrosomes in tetraploid G

0/1
 phase.

Inhibition of proliferation associated with a 
G

0/1
 arrest as a result of EVI1 expression has been 

described before in the human myeloid cell line 
U937.32 EVI1-induced inhibition of Cdk2, associ-
ated with reduced cyclin A levels, has been described 
in human erythroleukemia cells used as a model for 
megakaryocytic differentiation, where Cdk2 inhi-
bition interfered with endomitotic cycles.33 To the 
contrary, EVI1 overexpression in rodent fibroblasts 
led to deregulated Cdk2 activity,50 indicating pos-
sible cell type- or species-specific effects.

How does EVI1 overexpression lead to Cdk2 inhibition and 
consequential G

0/1
 arrest? Our data suggest that activation of p53 

and subsequent upregulation of p21 at least partly contributes to 

uninduced controls (p = 0.0023). Together, these data demon-
strate that EVI1-induced centrosome amplification is confined 
to cells in G

0
 or early G

1
 phase.

Figure 4. EVI1 overexpression leads to accumulation of cells in G0/1 phase. (A) Parental 
U2OS cells, uninduced (-TET) and induced (+TET) U2OS cells conditionally overex-
pressing EVI1-HA were cultured for 72 h. After 7-AAD staining, the DNA content was 
measured by flow cytometry. (B) Lysates of parental U2OS cells, uninduced (-TET) 
and induced (+TET) U2OS cells conditionally overexpressing EVI1 were prepared at 
the indicated time points after transgene induction, followed by immunoblotting 
for the indicated proteins. (C) U2OS cells conditionally overexpressing EVI1-HA were 
induced to express the transgene (+TET) or left uninduced (-TET) for 72 h, followed by 
immunoprecipitation of Cdk2 from 50 μg protein per lane and an in vitro kinase assay 
using histone H1 as a substrate to measure Cdk2 activity (upper right panel). Nega-
tive controls included induced cells where the Cdk2 antibody or lysate was omitted 
during immunoprecipitation, or the immunoprecipitate was heated to 95°C for 5 min 
(upper left panel, from left to right). Immunoblots for HA and actin were prepared in 
parallel, showing induction of EVI1-HA after 72 h (lower panel). (D) The in vitro kinase 
assay of Cdk2 activity as described in (C) was reproduced using U2OS cells retrovirally 
transduced to conditionally overexpress EVI1, with the minor modification that 100 μg 
protein per lane was used for immunoprecipitation, and that the immunoblot used to 
demonstrate transgene overexpression was performed with an antibody to EVI1.
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There is robust evidence that centrosome amplification can 
be induced via deregulated centrosome duplication in interphase, 
e.g., by overexpression of components of the centrosome duplica-
tion machinery, or as a checkpoint response to DNA damage, 
which also takes place during interphase.37-44 As an alternative 
route to supernumerary centrosomes, mitotic defects resulting 
in G

0/1
 cells with 4N DNA have been proposed, which could 

be experimentally induced by overexpression of Plk1, Aurora 
A or Aurora B.45 In this model, loss of p53 was proposed to be 
an important determinant of polyploidization associated with 
repeated centrosome duplication cycles, which was explained by 

this outcome. Since tetraploidization affected only a fraction of 
EVI1-overexpressing cells, but p53 activation seemed to be more 
widespread under the experimental conditions used here, acti-
vation of the tetraploidy checkpoint appears to be not the only 
underlying cause of p53 activation, although probably contribut-
ing to this activation, since both p53 and p21 were most abundant 
in enlarged nuclei. How, on the other hand, EVI1 overexpression 
is mechanistically linked to the p53 pathway or cytokinesis fail-
ure as the underlying cause of activation of the tetraploidy check-
point, remains to be determined and might be difficult to solve 
due to the multitude of EVI1 targets.

Figure 5. EVI1 overexpression induces activation of the p53 pathway. (A) Parental U2OS cells, uninduced (-TET) and induced (+TET) U2OS cells condi-
tionally overexpressing EVI1-HA were harvested 72 h after induction of transgene expression and immunostained for HA (red) and p53 (green). DNA 
was counterstained with DAPI (blue). Scale bars represent 10 μm. (B) The observations shown in (A) were quantified by counting cells displaying nucle-
ar positivity for p53. Results are given as mean ± SD of 3 × 100 cells per data bar. **, these differences are significant (p = 0.0015 and p = 0.0010 for the 
comparison with uninduced EVI1-HA and parental U2OS cells, respectively). (C) Parental U2OS cells, uninduced (-TET) and induced (+TET) U2OS cells 
conditionally overexpressing EVI1-HA were harvested 72 h after induction of transgene expression and immunostained for HA (red) and p21 (green). 
DNA was counterstained with DAPI (blue). Scale bars represent 10 μm. (D) The observations shown in (C) were quantified by counting cells displaying 
nuclear positivity for p21. Results are given as mean ± SD of 3 × 100 cells per data bar. ***, these differences are highly significant (p = 0.00055 and p = 
0.00018 for the comparison with uninduced EVI1-HA and parental U2OS cells, respectively).
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study, tetraploid cells arrested in G
0/1

 phase as a result of EVI1-
induced cytokinesis failure did not undergo multiple rounds of 
DNA replication and centrosome duplication, which is consistent 
with both the demonstrated activation of the p53 pathway and the 
observed cell cycle profile in which the 4N DNA peak likely rep-
resents a mixture of diploid G

2
/M cells and tetraploid G

0/1
 cells. 

A confirmation of this assumption comes from our p53 depletion 

p53 acting as a mediator of a G
1
 tetraploidy checkpoint.45 Our 

data provide further evidence that centrosome aberrations in 
malignant cells can indeed arise via mitotic defects. In fact, the 
resulting phenotype of cytokinesis failure leading to binuclear 
cells harboring supernumerary centrosomes closely resembles 
the findings described for Plk1, Aurora A or Aurora B overex-
pression.45 Since p53 is functional in the U2OS cells used in our 

Figure 6. Further polyploidization of EVI1-induced tetraploid cells is inhibited by p53. (A) Parental U2OS cells and U2OS cells conditionally overex-
pressing EVI1-HA were transfected with siRNAs targeting luciferase (siluc) or p53 (sip53), respectively. Twenty-four hours later, transgene expression 
was induced where indicated (+TET), and cells were harvested 72 h thereafter, followed by immunoblotting for the indicated proteins. (B) U2OS cells 
retrovirally transduced to conditionally overexpress EVI1 were treated as in (A), followed by immunoblotting for the indicated proteins. (C) U2OS cells 
conditionally overexpressing EVI1-HA were transfected with siRNAs targeting luciferase (siluc) or p53 (sip53), respectively. Twenty-four hours later, 
transgene expression was induced where indicated (+TET), and cells were harvested 72 h thereafter, followed by immunostaining for HA (red) and 
γ-tubulin (green). DNA was counterstained with DAPI (blue). Scale bars represent 10 μm. Insets show centrosomes at higher magnification. (D) U2OS 
cells conditionally overexpressing EVI1-HA were transfected with siRNAs targeting luciferase (siluc) or p53 (sip53), respectively. Twenty-four hours 
later, transgene expression was induced where indicated (+TET), and cells were harvested 72 h thereafter, followed by flow-cytometric analysis of 
DNA content. This included gating in cells of interest (blue) by excluding doublets, followed by defining regions containing cells with 8N DNA (red), 
corresponding to the given percentages, or more than 4N DNA (not shown). The complete data are listed in Table S1. (E) Flow-cytometric analysis of 
polyploidization was performed exactly as described in (D), except that U2OS cells retrovirally transduced to conditionally overexpress EVI1 were used. 
The complete data are listed in Table S1.
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lentiviral transduction, human EVI1 (NCBI: NM_005241) 
was synthesized (Geneart), inserted into the pCCL.SIN.cPPT.
TRE.IRES.eGFP.wPRE tet-inducible expression vector and veri-
fied by sequencing. VSV.G pseudotyped lentiviral vector stocks 
were produced by transient co-transfection as described53 with 
minor modifications. The CETN2-Dendra2 construct has been 
described.47

Cell culture and cell lines. U2OS (ATCC) and derived cells 
were cultured in DMEM (PAA) supplemented with 10% FCS 
(Biochrom) and antibiotics. U2OS cells conditionally overex-
pressing GFP-STIL have been described.48 The following siRNAs 

experiments, which demonstrate that this 
arrest can be overcome by inhibition of p53, 
leading to polyploidization beyond the tetra-
ploid G

0/1
 state. In conclusion, the majority of 

cells with supernumerary centrosomes found 
in our system are explained by centriole dis-
engagement in tetraploid G

0/1
 cells leading to 

four distinct centrosome signals.
How might supernumerary centrosomes 

induce chromosomal instability in EVI1-
overexpressing cells? Recent data suggest 
that in tetraploid cells resulting from failed 
cytokinesis, supernumerary centrosomes 
lead to elevated chromosome missegrega-
tion rates when cells enter mitosis again.34 
In agreement with this model, it has been 
observed before that tetraploid cells are prone 
to chromosome loss, giving rise to aneu-
ploidy.34,51,52 The underlying cause of this 
chromosome loss seem to be supernumer-
ary centrosomes promoting chromosome 
segregation errors.34,51 These observations fit 
to the finding that EVI1 overexpression in 
acute myeloid leukemia and myelodyspla-
sia is often associated with monosomy 7.16-18 
However, this scenario would require that at 
least some of the tetraploid cells, which are 
largely arrested in G

0/1
 phase in our system, 

ultimately reenter mitotic cycles. Since many 
of the diverse effects of EVI1 overexpression 
seem to depend on cell type and other deter-
minants (e.g., p53 mutations or other genetic 
alterations leading to abrogation of the tetra-
ploidy checkpoint), it may be assumed that 
EVI1 overexpression is beneficial to clonal 
evolution by inducing chromosomal insta-
bility, although not directly promoting cell 
proliferation. This might be one possible 
explanation of the seeming paradox of myelo-
dysplasia, which is a clonal disorder charac-
terized by slow and inefficient proliferation 
coupled with chromosomal instability, but 
still possesses a selective advantage over regu-
lar hematopoiesis.

In conclusion, our results provide novel 
insights into cell cycle deregulation caused by EVI1 overexpres-
sion. Centrosome amplification, secondary to an EVI1-induced 
cytokinesis defect, may be the underlying cause of EVI1-induced 
chromosomal instability, which might be a critical determinant 
of the growth advantage of malignant cells overexpressing EVI1.

Materials and Methods

Plasmid construction. For stable transfection, EVI1-HA was 
cloned into a modified pcDNA4/TO (Invitrogen) vector whose 
selection cassette was changed from zeocin to puromycin. For 

Figure 7. EVI1-overexpressing cells harboring centrosome aberrations show low Ki-67 levels. 
(A) Parental U2OS cells, uninduced (-TET) and induced (+TET) U2OS cells conditionally overex-
pressing EVI1-HA were harvested 72 h after induction of transgene expression and immunos-
tained for γ-tubulin (green) and Ki-67 (red). DNA was counterstained with DAPI (blue). Scale 
bars represent 10 μm. Insets show centrosomes at higher magnification. (B) U2OS cells condi-
tionally overexpressing EVI1-HA were left untreated (-TET) or induced to express the transgene 
for 72 h (+TET). Parental U2OS cells were grown in parallel. Following immunostaining as in (A), 
percentages of cells with more than two2 centrosomes were quantified and given in relation 
to the Ki-67 staining intensity in 3 × 100 cells per data bar. ***, all indicated differences are 
highly significant (p < 0.0001).
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cultures were induced with 1 mg/l tetracycline for 48 h. GFP-
positive single cells were sorted into a 96-well plate and expanded 
in the absence of tetracycline, and EGFP expression was verified 
by flow cytometry; expression of human EVI1 was verified by 
RT-PCR using the following primers: EVI1-for, 5'-TCC ACG 
AGG AAC GGC AGT ACA G-3' and EVI1-rev, 5'-TCG CAT 
TCT TTG CAT TCT TGG-3'.

Antibodies. Antibodies used were mouse monoclonals to 
Cdk4 (Santa Cruz, sc-56277), Cep170 (a gift from Erich A. 
Nigg), Ki-67 (DAKO, M7240), MCM7 (Santa Cruz, sc-9966), 
p21 (Millipore/Upstate, 05–345), p53 (Progen Biotechnik, 
61039), γ-tubulin (Exbio, TU-30, 11–465-C100), rabbit poly-
clonals to actin (Santa Cruz, sc-1616R), Cdk2 (Santa Cruz, 
sc-163), cyclin A (Santa Cruz, sc-751), cyclin B1 (Santa Cruz, 
sc-752), cyclin D1 (Santa Cruz, sc-753), cyclin E (Santa Cruz, 
sc-481), HA (Sigma, H6908), phospho-histone H3 (Millipore, 
06–570), γ-tubulin (Sigma, T5192) and a rabbit monoclonal 
antibody to EVI1 (Cell Signaling, 2593). Secondary antibod-
ies were from Molecular Probes (Alexa Fluor 488, highly cross-
adsorbed) or from Jackson ImmunoResearch (Cy3-conjugated 
goat anti-mouse IgG) for immunofluorescence and from Vector 
Laboratories (HRP-conjugated) for immunoblots.

Immunofluorescence and live cell imaging. Cells were grown 
on glass coverslips and fixed in methanol/acetone (1:1, v/v). 
Indirect immunofluorescence staining was performed accord-
ing to standard protocols. Cells were mounted in Vectashield 
with DAPI (H 1200; Vector Laboratories) diluted (1:3) with 
Vectashield (H 1000; Vector Laboratories). Fluorescence images 
were captured and processed using an Axiovert 200 M micro-
scope equipped with a Plan-Apochromat 63x/1.4 objective and 
AxioVision software (Carl Zeiss Microscopy). Time-lapse video 
microscopy of cells grown on a glass bottom dish (FD35–100, 
World Precision Instruments) was performed at 37°C in a humid-
ified atmosphere containing 5% CO

2
 using an Axio Observer.Z1 

microscope equipped with a Plan-Apochromat 20x/0.8 DIC II 
objective and AxioVision software (Carl Zeiss Microscopy).

Immunoblotting, immunoprecipitation, kinase assay. Cells 
were lysed with RIPA buffer [50 mM TRIS-HCl, pH 7.5, 150 
mM NaCl, 1 mM EDTA, 1% Nonidet P40 (Genaxxon), 0.5% 
sodium deoxycholate] supplemented with one complete protease 
inhibitor cocktail tablet (Roche) and 5 PhosSTOP phosphatase 
inhibitor cocktail tablets (Roche) per 50 ml of buffer, followed 
by mechanical homogenization and collection of the supernatant 
after 20 min centrifugation at 14,000 × g. A measure of at least 50 
μg protein per sample was used for immunoblotting according to 
standard protocols. Following immunoprecipitation according to 
published methodology,54 Cdk2 kinase activity was determined 
following a published protocol using histone H1 as substrate.50

Flow cytometry. According to standard protocols, trypsinized 
cells fixed with 70% methanol were stained with 7-AAD (BD 
Biosciences) and subjected to flow cytometry using a FACScan 
(BD Biosciences) flow cytometer. For analyzing the mitotic 
index, cells were trypsinized, fixed with ice-cold 70% ethanol 
for 1 h, washed with PBS supplemented with 1% fetal calf serum 
(Gibco), treated with 0.25% Triton X-100 (Sigma)/PBS for 15 
min on ice and consecutively washed and incubated with a rabbit 

were transfected using Dharmafect 1 (Thermo Scientific) accord-
ing to the manufacturer’s recommendations: 5'-CAG UCU 
ACC UCC CGC CAU AdTdT-3', targeting p53, 5'-UAA GGC 
UAU GAA GAG AUA CdTdT-3', targeting luciferase. Other 
transfections were done using Fugene 6 (Roche). T-Rex-U2OS 
cells (Invitrogen) stably expressing EVI1-HA inducible by 1 
mg/l tetracycline were generated using a modified T-REx sys-
tem (Invitrogen) and held under selection pressure with 0.1 g/l 
hygromycin and 1.5 mg/l puromycin. Lentiviral transduction of 
U2OS cells was performed with the pLVX-Tet-On Advanced len-
tiviral construct encoding for the tetracycline-controlled reverse 
transactivator (rtTA-Advanced, Clontech). Transduced cells were 
selected using 400 mg/l G418. rtTA-expressing cells were trans-
duced with the pCCL.SIN.cPPT.TRE.IRES.eGFP.wPRE tet-
inducible expression vector. For single-cell cloning, transduced 

Figure 8. EVI1 overexpression interferes with proliferation and induces 
a negative feedback loop. (A) Of parental U2OS cells, uninduced (-TET) 
and induced (+TET) U2OS cells conditionally overexpressing EVI1-HA, 
a measure of 200,000 cells per dish was seeded. At the indicated time 
points, cells were harvested and counted again to determine prolifera-
tion rates. Results are given as mean absolute numbers of cells from 
two experiments. ***, this difference is highly significant (p = 0.00035). 
**, these differences are significant (p < 0.009). (B) In U2OS cells condi-
tionally overexpressing EVI1-HA, transgene expression was induced for 
the indicated times, and tetracycline-containing medium was renewed 
every 48 h. Using 70 μg of protein extract per lane from induced cells 
(+TET) or uninduced controls (-TET), immunoblots for HA and the load-
ing control actin were prepared.
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GTG AGC CCT TC-3'; G6PD-rev, 5'-GGC CAG CCA CAT 
AGG AGT T-3'; GAPDH-for, 5'-GCT CTC TGC TCC TCC 
TGT TC-3'; GAPDH-rev, 5'-ACG ACC AAA TCC GTT GAC 
TC-3'.

Statistical analysis. Results are given as mean ± standard 
deviation (SD). The significance of quantitative differences was 
calculated using the heteroscedastic, two-tailed Student’s t-test.
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polyclonal antibody to phospho-Ser10-histone H3, a secondary 
antibody from Molecular Probes (Alexa Fluor 488, highly cross-
adsorbed) and PBS containing 0.25 mg/ml RNase A, followed by 
DNA staining with 7-AAD. Using a FACScan flow cytometer, 
the percentage of mitotic cells was assessed by gating in cells with 
4N DNA and bright phospho-Ser10-histone H3 and gating out 
doublets by their 7-AAD staining pattern.

Quantitative RT-PCR. DNase-treated mRNA was reversely 
transcribed using the Transcriptor High Fidelity cDNA Synthesis 
Kit (Roche) following the manufacturer’s recommendations. 
Amplification was performed in 384-well plates (Roche) using 
the Light Cycler 480 SYBR Green I Master Mix (Roche) under 
conditions optimized individually for each primer set. The reac-
tion was monitored with a Light Cycler 480 Real-Time PCR 
System (Roche). The expected PCR products were verified by 
standard native polyacrylamid gel electrophoresis and sequence 
analysis. The mRNA abundance of genes of interest and control 
genes was quantified based on triplicate reactions according to 
standard methodology. The following primers were used: K

i
-67-

for, 5'-AGA CGC CTG GTT ACT ATC AAA AG-3'; K
i
-67-rev, 

5'-GGA AGC TGG ATA CGG ATG TCA-3'; EVI1-HA-for, 
5'-AAA CTC GAA AGC GAG AAT GAT CT-3'; EVI1-rev, 
5'-TGG TGG CGA ATT AAA TTG GAC TT-3'; β-actin-for, 
5'-CCA ACC GCG AGA AGA TGA-3'; β-actin-rev, 5'-TCC 
ATC ACG ATG CCA GTG-3'; G6PD-for, 5'-GCA AAC AGA 
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