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Introduction

Neuroblastoma is the most common solid extracranial tumor 
in early childhood, with clinical phenotypes varying from 
spontaneous regression or differentiation to relentless pro-
gression.1-3 The 5-y survival rate of high-risk neuroblastoma 
patients remains below 35%,4-6 which is mainly due to drug 
resistance of tumors and metastases after relapse. Characteristic 
for high-risk neuroblastomas is amplification of MYCN onco-
gene, which occurs in about 20% of all primary tumors and is 
associated with tumor progression or relapse and poor patient 
outcome.7,8 The specific mechanisms of how MYCN inter-
feres with cellular responses to drug treatment are still poorly 
understood. Studies showing that ectopic MYCN overexpres-
sion sensitizes neuroblastoma cells to p53-mediated apoptosis 
induced by irradiation or cytotoxic drugs9-13 indicate that drug 
resistance of MYCN-amplified neuroblastoma cells may result 

Relapse with drug-resistant disease is the main cause of death in MYCN-amplified neuroblastoma patients. MYCN-
amplified neuroblastoma cells in vitro are characterized by a failure to arrest at the G1-S checkpoint after irradiation- or 
drug-induced DNA damage. We show that several MYCN-amplified cell lines harbor additional chromosomal aberrations 
targeting p53 and/or pRB pathway components, including CDK4/CCND1/MDM2 amplifications, p16INK4A/p14ARF 
deletions or TP53 mutations. Cells with these additional aberrations undergo significantly lower levels of cell death after 
doxorubicin treatment compared with MYCN-amplified cells, with no additional mutations in these pathways. In MYCN-
amplified cells CDK4 expression is elevated, increasing the competition between CDK4 and CDK2 for binding p21. this 
results in insufficient p21 to inhibit CDK2, leading to high CDK4 and CDK2 kinase activity upon doxorubicin treatment. 
CDK4 inhibition by siRNAs, selective small compounds or p19INK4D overexpression partly restored G1-S arrest, delayed 
S-phase progression and reduced cell viability upon doxorubicin treatment. our results suggest a specific function of 
p19INK4D, but not p16INK4A, in sensitizing MYCN-amplified cells with a functional p53 pathway to doxorubicin-induced cell 
death. In summary, the CDK4/cyclin D-pRB axis is altered in MYCN-amplified cells to evade a G1-S arrest after doxorubicin-
induced DNA damage. Additional chromosomal aberrations affecting the p53-p21 and CDK4-pRB axes compound the 
effects of MYCN on the G1 checkpoint and reduce sensitivity to cell death after doxorubicin treatment. CDK4 inhibition 
partly restores G1-S arrest and sensitizes cells to doxorubicin-mediated cell death in MYCN-amplified cells with an intact 
p53 pathway.
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from additionally altered expression of genes involved in DNA 
damage response.

Cellular DNA damage response after irradiation or drug 
exposure involves different biological processes, including cell 
cycle arrest, apoptosis, differentiation and DNA repair. The p53 
and pRB tumor suppressors are both important to prevent rep-
lication of cells with damaged DNA, implying that the clinical 
efficacy of chemotherapeutic drugs or irradiation will be influ-
enced by both p53 and pRB status in the target tumor. Following 
drug-induced DNA damage, p53 protein is upregulated, leading 
to transcriptional activation of a large number of target genes, 
including BAX and CDKN1A (p21CIP1). p21, in turn, binds to 
CDK2 to inhibit its function and cause G

1
 cell cycle arrest. Pro-

apoptotic genes activated by p53, such as BAX, may trigger cell 
death when DNA damage cannot be repaired. Functional pRB 
is also essential for G

1
 arrest following irradiation or drug treat-

ment.14,15 This is supported by RB1−/− mouse embryo fibroblasts 
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lines. Because CDK4- and CDK2-containing complexes both 
bind p21, we tested whether highly abundant CDK4/cyclin D1 
complexes compete with CDK2-containing complexes for newly 
induced p21 after drug-induced DNA damage. To test whether 
CDK4 inhibition can restore a functional G

1
 arrest and sensi-

tize cells to drug-induced death, we inhibited CDK2 and CDK4 
using small-molecule inhibitors, shRNA/siRNA methodology 
and tetracycline-inducible cell models to modulate p19INK4D and 
p16INK4A expression.

Results

Deregulated MYCN impairs cell cycle arrest after drug-
induced DNA damage. To define the role of MYCN after 
doxorubicin (doxo)-induced DNA damage, we used two 
MYCN regulatable neuroblastoma cell models, one having a 
MYCN-amplified genetic background and the other, single-copy 
MYCN. Cell cycle distribution and cell death were analyzed 
using flow cytometry in control or doxo-treated cells. MYCN-
amplified IMR5/75-C2 stably express a tetracycline-inducible 
MYCN shRNA that, upon induction, reduced MYCN protein 
to approximately 35%.33 Untreated IMR5/75-C2 cultures with 
high endogenous MYCN expression showed higher numbers 
of cycling cells (S and G

2
/M) compared with IMR5/75-C2 

expressing the MYCN shRNA, indicating that even reducing 
MYCN protein levels to ~35% has a robust impact on cell cycle 
distribution (Fig. 1A). Doxo treatment further depleted unin-
duced (MYCN-expressing) IMR5/75-C2 cultures of G

0
/

1
 phase 

cells. Reduction of MYCN by inducing the MYCN-targeting 
shRNA in these cultures restored G

1
 arrest after doxo treatment 

and diminished the G
2
/M fraction by 2.5-fold (Fig. 1A). The 

sub-G
1
 fraction, indicative of apoptosis, after doxo treatment 

was not significantly different between IMR5/75-C2 cultures 
expressing low or high MYCN (33.8% ± 0.5 and 34.6% ± 0.4, 
respectively) (Fig. 1B).

We compared the findings in IMR5/75-C2 with those in 
SH-EP-MYCN (TET21N), which stably express a tetracycline-
regulatable MYCN transgene allowing MYCN induction by 
removal of tetracycline from the culture medium.34 Untreated 
SH-EP-MYCN cultures expressing the MYCN transgene con-
tained higher numbers of cycling cells (S and G

2
/M) than cul-

tures without MYCN transgene expression. Doxo treatment of 
MYCN-expressing SH-EP-MYCN cultures further reduced the 
G

0
/

1
 fraction by 7.4% of untreated cultures, whereas doxo treat-

ment did not affect the fraction of cells in G
0
/

1
 in SH-EP-MYCN 

cultures with an inactive MYCN. Doxo treatment reduced the 
fraction of SH-EP-MYCN cells in S-phase and enriched the 
fraction of SH-EP-MYCN cells in the G

2
/M phase regardless of 

whether the MYCN transgene was activated or not (Fig. 1A). The 
sub-G

1
 fraction of either untreated or doxo-treated SH-EP-MYCN 

cells overexpressing MYCN was also higher than in cultures 
without the active MYCN transgene (Fig. 1B). These experi-
ments demonstrate that ectopic MYCN expression in neuroblas-
toma cells with a single-copy MYCN genetic background does 
not fully recapitulate the response to doxo in MYCN-amplified 
cells. This suggests that the higher MYCN dosage together with 

failing to arrest in G
1
-S despite p53-p21CIP1 activation.16 Loss 

of pRB does not interfere with either p21 induction or inhibi-
tion of CDK2 activity in response to γ-irradiation, suggesting 
that pRB acts downstream of p21 during p53-dependent G

1
 

arrest.17 Intriguingly, drug-induced DNA damage causes RB1+/+ 
and RB1+/− fibroblasts to arrest but induces apoptosis in RB1−/− 
fibroblasts. From these findings, it has been hypothesized that 
the susceptibility of tumor cells—as opposed to normal cells—to 
undergo p53-dependent apoptosis arises from their inability to 
enforce a pRB-dependent cell cycle arrest. Consequently, altera-
tions of the p53 pathway, including TP53 mutations, would mark 
a switch to a chemotherapy-resistant tumor. Although frequent 
in other human cancers,18 TP53 mutations occur in less than 2% 
of primary neuroblastomas. MDM2 amplification and loss of 
p14ARF, which result in inhibition of p53 functions, occasionally 
occur in relapse tumors and neuroblastoma cell lines established 
from tumors following chemotherapy.19-21 DNA damage response 
in p53 wild-type neuroblastoma cells seems to be determined 
by MYCN expression level.22 MYCN regulates several compo-
nents of the p53-p21 axis.9,13,23-26 MYCN transcriptionally acti-
vates both TP53 and the p53 inhibitor MDM2 and suppresses 
p21CIP1 transcription. However, p53 remains transcriptionally 
active and induces p21 after irradiation- or drug-induced DNA 
damage in MYCN-amplified neuroblastoma cells.27 Despite this, 
MYCN-amplified neuroblastoma cells fail to induce functional 
G

1
 arrest,12,27-29 indicating a failure downstream p21 signaling 

to be involved in the impaired cell cycle arrest. Indeed, a later 
study found that the level of p21 induction after DNA damage is 
significantly lower in MYCN-amplified compared with MYCN-
single-copy cells.12 Analysis of resistance to different chemothera-
peutic agents in several neuroblastoma cell lines established at 
different points of therapy revealed that most cell lines deriv-
ing from progressive tumors or relapses were highly resistant to 
doxorubicin.30 Doxorubicin is commonly used for treatment of 
high-risk neuroblastomas. It induces DNA damage through dif-
ferent mechanisms, including DNA intercalation, topoisomer-
ase II inhibition and free radical formation,31 which, similar to 
irradiation-induced DNA damage, should result in G

1
 cell cycle 

arrest and apoptosis.
We have previously established that MYCN upregulates the 

CDK4/cyclin D1 complex in high-risk neuroblastomas and par-
ticularly MYCN-amplified tumors.24 A study using c-myc-3'RR/
p53+/− and c-myc-3'RR/Cdk4R24C (a Cdk4-Arg24Cys mutation 
that prevents binding of all four INK4 members to Cdk4) mouse 
models revealed that both mice developed MCL-like lymphomas 
with similar gene expression profiles that differ only in those 
related to the p53 or Cdk4R24C mutation.32 This suggests that the 
expression level of MYCN and the functional status of p53 and 
CDK4 may play a role in tumorigenesis, including neuroblas-
toma. We hypothesized here that highly abundant CDK4/cyclin 
D1 may weaken the G

1
 checkpoint after doxorubicin-induced 

DNA damage in MYCN-amplified neuroblastoma cells, and 
investigated whether amplified MYCN and/or chromosomal aber-
rations of pRB pathway members (e.g., CDK4 or CCND1 ampli-
fication, p16-INK4A deletion) are associated with an attenuated 
G

1
 arrest after drug-induced DNA damage in neuroblastoma cell 
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Figure 1. Amplified MYCN and additional chromosomal aberrations impair drug-induced DNA damage response in neuroblastoma cells. SH-ep-MYCN 
cells were treated with tetracycline to suppress MYCN transgene expression. IMR5/75-C2 cells were treated with tetracycline to induce the shRNA 
targeting MYCN (= MYCN-). Doxo was added to the culture medium 48 h later after tetracycline addition. Cell cycle (A) and cell death (B) were analyzed 
using flow cytometry 48 h after doxo addition. Data are presented as mean ± SD of triplicates. (B) Also shows a western blot of MYCN knockdown 
48 h after addition of tetracycline to the media. (C) Cell death was analyzed 48 h after doxo treatment using flow cytometry (sub-G1 fractions). Shown 
here is the cell death enhancement (% sub-G1 cells upon doxo treatment − % sub-G1 cells of untreated cultures). Data are presented as mean ± SD of 
triplicates. (D) Cells were treated with doxo, 48 h later fixed and double stained with propidium iodide and BrdUtp to detect DNA breaks. Data shows 
one representative experiment.
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the cellular genetic background establishes the impaired DNA 
damage response in MYCN-amplified cells.

MYCN amplification and chromosomal aberrations of p53 
and/or pRB pathway members impaired doxo-induced DNA 
damage response in neuroblastoma cells. We next investigated 
whether genetic aberrations affecting the p53 and/or pRB path-
ways in addition to MYCN amplification are involved in estab-
lishing the impaired drug-induced DNA damage response. We 
analyzed the effect of doxo treatment on the cell cycle and cell 
death in 13 well-characterized neuroblastoma cell lines and a 
primary neuroblastoma short-term culture (NB-7) using flow 
cytometry (Table 1; Fig. S1). The percent change in the frac-
tion of cells in the G

0
/

1
 and S phases and the fold-change of the 

G
2
/M phase cell enrichment were determined after doxo treat-

ment compared with untreated control cultures. Together these 
values were used to define characteristic neuroblastoma cell 
responses to DNA damage and separate the cell lines into defined 

DNA damage response groups (Table 1). Eight of nine tested 
MYCN-amplified neuroblastoma cell lines showed prominent 
reduction of G

0
/

1
 and S phase cells and massive enrichment of 

G
2
/M phase cells after doxo treatment (response group 1). Only 

MYCN-amplified LA-N-5 showed S phase cell enrichment asso-
ciated with reduction of G

0
/

1
 phase cells (response group 2). The 

failure of most MYCN-amplified cell lines to arrest in G
1
 and/or 

S phase after doxo treatment was associated with additional chro-
mosomal aberrations of p53 and/or pRB pathway members. For 
instance, NGP and LS both harbor amplified MYCN, CDK4 and 
MDM2 and showed the most pronounced G

0
/

1
 fraction reduc-

tion and G
2
/M cell enrichment after doxo treatment (Fig. S1, 

LS additionally harbor an amplified CCND1 gene, and Fig. S2). 
Neuroblastoma cell lines lacking amplified MYCN responded 
variably to drug-induced DNA damage, and the response was 
dependent on chromosomal aberrations affecting p53 and/or 
pRB pathway members. SK-N-AS harbors a TP53 mutation, 

Table 1. Drug-induced DNA damage response of neuroblastoma cell lines

No.
DNA damage 

response group
Cell line

G0/1 changes 
after doxo 

(%)

S changes 
after doxo 

(%)

G2/M 
enrichment 

(fold)

MYCN/MYC 
status

pRB pathway 
alterations

p53  
pathway 

alterations

Other genetic 
alterations

1

response 
group 1

NB-7 −7 −95 4.0 MYCN amp 1 2 1p del; 17q gain

2 tR14 −11 −37 3.7 MYCN amp
CDK4 amp 

(dmins)
MDM2 amp 

(dmins)
1p del; 17q gain

3 SK-N-Be(2)-C −11 −78 3.9 MYCN amp 1 tp53 mut 1p del; 17q gain

4 IMR-32 −16 −67 3.6 MYCN amp 1 2
1p del; 11q del; 

17q gain

5 IMR5/75 −22 −100 4.1 MYCN amp 1 2
1p del; 11q del; 

17q gain

6 Kelly −34 −100 11.1 MYCN amp 1 tp53 mut
1p del; 11q del; 

17q gain

7 SK-N-AS −60 −100 5.0 high MYC 1 tp53 mut
1p del; 11q del; 

17q gain

8 NGp −88 −77 10.0 MYCN amp
CDK4 amp 

(HSR)
MDM2 amp 

(HSR)
t(1p); 11q del; 

17q gain

9 LS −90 −99 4.7 MYCN amp
CDK4 amp 

(HSR); CCND1 
amp (HSR)

MDM2 amp 
(HSR)

1q gain; 17q 
gain

10 response 
group 2

LA-N-6 −14 −2 4.2 high MYC
p16-INK4A del; 

CCDN1 dupl
p14ARF del

1p del; 11p del; 
14q gain; 17q 

gain

11 LA-N-5 −14 33 1.5 MYCN amp 1 2 1p del; 17q gain

12 response 
group 3

SH-ep 4 −92 2.7 high MYC p16-INK4A del p14ARF del
del (14); 17q 

gain

13 SJ-NB-12 −4 −91 7.4 MYC amp p16-INK4A del p14ARF del 1p del; 17q gain

14
response 
group 4

SH-SY5Y −6 −4 1.5 high MYC 1 2
del (14); 17q 

gain

15 ewing sarcoma SK-N-MC 26 0 0.04 MYC amp n.d. TP53 mut
EWS-FLi1 gene 

fusion

Measure for G1 or S arrest after drug-induced DNA damage response is given by the change of cells in G0/1 or S phase after doxo treatment compared 
with the untreated control; G2/M enrichment, ratio G2/M doxo/G2/M untreated; all experiments were done in triplicate; 1copy number status of p16-
INK4A, CDK4/6, RB1, CCND1 normal; 2copy number status of p14ARF, MDM2, TP53 normal; amp, amplification; dupl, duplication; del, deletion; t(1p), recip-
rocal 1;15 translocation; high, high expression; mut, mutation; dmins, double minutes; HSR, homogeneously staining region; n.d., not defined.
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and showed a prominent reduction of G
0
/

1
 and S phase cells 

and G
2
/M fraction enrichment (response group 1) after doxo 

treatment, similar to MYCN-amplified cells. LA-N-6, with a 
p16-INK4A/p14ARF deletion and a CCND1 duplication had a 
similar DNA damage response phenotype (response group 2) to 
MYCN-amplified LA-N-5, but lacked S phase cell enrichment 
(Table 1; Fig. S2). SH-EP, a subclone of SK-N-SH that harbors a 
p16INK4A/p14ARF deletion, showed an intermediate DNA dam-
age response phenotype (response group 3) with no change in the 
G

0
/

1
 fraction and a reduced S phase fraction. This is probably 

due to deleted p16INK4A/p14ARF, because another subclone of 
SK-N-SH with normal p16INK4A/p14ARF, SH-SY5Y (response 
group 4), did not show a prominent change in the S phase frac-
tion after doxo treatment. In summary, these results demonstrate 
that, besides amplified MYCN, chromosomal aberrations of p53 
and/or pRB pathway members impair G

1
-S cell cycle arrest and 

lead to G
2
/M cell enrichment.

We quantified the enhancement of cell death by doxo treat-
ment by calculating the difference between the sub-G

1
 fractions 

of doxo-treated and untreated cultures (Fig. 1C). The stron-
gest enhancement of cell death occurred in MYCN-single-copy 
SH-SY5Y. Doxo treatment induced less cell death in the other 
SK-N-SH subclone, SH-EP, and two other MYCN-single-copy 
cell lines, which harbor either a p16INK4A/p14ARF deletion 
(LA-N-6) or mutant TP53 (SK-N-AS). MYCN-amplified cell 
lines without additional alterations of p53 pathway components 
underwent modest levels of cell death but less compared with 
MYCN-single-copy SH-SY5Y. MYCN-amplified neuroblastoma 
cell lines with chromosomal aberrations of p53 pathway members 
(either p14ARF deletion, MDM2 amplification or TP53 muta-
tion) exhibited significantly lower enhancement of cell death  
(p = 0.014, Wilcoxon test) upon doxo treatment. Together, this 
indicates that impairing p53 antagonizes the pro-apoptotic func-
tions of MYCN.

We further investigated whether doxo-induced cytotoxicity is 
dependent on the capability of neuroblastoma cells to arrest in 
G

1
-S. To determine the cell cycle phase of cell death induction, 

DNA breaks in G
0
/

1
, S and G

2
/M phases were assessed using a 

double staining with propidium iodide and BrdUTP after doxo 
treatment. MYCN-single-copy SH-SY5Y were used as a refer-
ence, because doxo treatment induced cell death most strongly 
in this cell line. BrdUTP-positive SH-SY5Y cells were predomi-
nantly observed in the G

0
/

1
 and S phases. In the MYCN-amplified 

cell line IMR5/75, which has no additional alterations targeting 
the p53 and pRB pathway, BrdUTP-positive cells were assessed 
equally in the G

0
/

1
, S and G

2
/M phases. Contrastingly, only few 

BrdUTP-positive cells were observed in the G
0
/

1
 and S phases 

in the three MYCN-amplified cell lines that harbor additional 
alterations of p53 and/or pRB pathway components (Fig. 1D). 
We also observed that the number of DNA breaks differed in 
the four MYCN-amplified cell lines, which was dependent on 
additional chromosomal aberrations of p53 and/or pRB pathway 
members. Thus, SK-N-BE(2)-C, Kelly and LS, harboring either 
a TP53 mutation or amplification of CDK4 and MDM2, showed 
less BrdUTP-positive cells compared with IMR5/75, which has 
none of the investigated additional chromosomal aberrations 

besides amplified MYCN. Collectively, this demonstrates the 
role of chromosomal aberrations in p53 and/or pRB pathway 
members, including CDK4/CCND1 and MDM2 amplifications, 
p16INK4A/p14ARF deletion or TP53 mutation, in impairing 
G

1
-S arrest and cell death after doxo treatment.
Competitive binding of p21 to CDK4 and CDK2 complexes 

results in high CDK4 and CDK2 kinase activities in MYCN-
amplified neuroblastoma cells after doxo-induced DNA dam-
age. Deregulated MYCN increases the activity of the G

1
 cell 

cycle kinases, CDK4 and CDK2, by transcriptionally activat-
ing CDK424 and suppressing p21CIP1.23 We hypothesized that 
impaired G

1
 arrest after doxo-induced DNA damage could be 

associated with high G
1
 cell cycle kinase activity. CDK2 and 

CDK4 activity was assessed in untreated and doxo-treated cell 
lines with various MYCN or MYC genetic backgrounds, includ-
ing single-copy MYCN (SH-SY5Y and SH-EP), amplified 
MYCN (IMR-32, Kelly and LS) and amplified MYC (SK-N-MC 
Ewing sarcoma cell line). The SK-N-SH subclone, SH-SY5Y, 
showing almost unchanged G

0
/

1
 and S phase fractions and the 

highest level of cell death after doxo treatment, exhibited the 
lowest CDK2 and CDK4 activity in untreated and doxo-treated 
cultures of all cell lines that we analyzed. The other SK-N-SH 
subclone, SH-EP, which is p16INK4A/p14ARF deleted, exhibited 
higher CDK4 and CDK2 activities than SH-SY5Y, which could 
be due to the lack of p16INK4A and p14ARF expression. CDK4 activ-
ity tended to decrease after doxo treatment in all three MYCN-
amplified cell lines, but still remained higher than in untreated 
SH-SY5Y. CDK2 activity decreased in only one out of three 
MYCN-amplified cell lines (IMR-32) after doxo treatment, but 
remained higher than in both SH-SY5Y and SH-EP subclones 
with single-copy MYCN (Fig. 2A). Similar to CDK4, CDK1 
activity also remained high in MYCN-amplified neuroblastoma 
cell lines after doxo treatment (Fig. S3). These results indicate 
that after doxo treatment the activity of cell cycle kinases is only 
minimally affected in MYCN-amplified neuroblastoma cells.

Following drug-induced DNA damage, activity of CDK4 and 
CDK2 is controlled by activation of the p53-p21 axis, and also 
independently of p53, through proteolysis of cyclin D1 releasing 
p21 from the CDK4/cyclin D1 complex, which, in turn, inacti-
vates CDK2.35 We evaluated the relative amounts of p21 in G

1
 

cell cycle kinase complexes before and after doxo treatment in 
two MYCN-single-copy, four MYCN-amplified neuroblastoma 
cell lines and the SK-N-MC Ewing sarcoma cell line using co-
immunoprecipitation with antibodies against CDK4 and CDK2. 
All cell lines harboring TP53 mutations, which included Kelly, 
SK-N-BE(2)-C and SK-N-MC, lacked p21 expression indepen-
dent of doxo treatment (Fig. 2B). Generally, p21 levels were low 
in untreated neuroblastoma cells. Thus, complexes precipitated 
with antibodies against either CDK4 or CDK2 in most untreated 
neuroblastoma cell lines contained barely detectable amounts 
of p21. With such low levels of available p21, only a small pool 
can be expected to shift from CDK4- to CDK2-containing 
complexes upon doxo treatment. Doxo treatment induced p21 
expression only in p53 wild-type neuroblastoma cells. Induction 
of p21 after doxo treatment was less in all cell lines that also 
harbored amplified MYCN, namely IMR-32 and LS (Fig. 2B), 
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which is consistent with lower p21 levels observed after irradia-
tion in MYCN-amplified compared with MYCN-non-amplified 
cell lines.12 Following doxo treatment, p21 was distributed in 

both CDK4- and CDK2-containing complexes. Overall CDK2 
activity remained high after doxo treatment in MYCN-amplified, 
TP53-wild-type cells, despite a substantial amount of p21 in 

Figure 2. High CDK4 and CDK2 activity after doxorubicin treatment of MYCN-amplified cells. (A) CDK4 and CDK2 activity were analyzed 48 h after 
treatment using RB and histone 1 as substrates, respectively. Luminescence directly correlates to the amount of produced ADp, indicative for kinase 
activity. Data are presented as mean ± SD of duplicates. (B) Whole-cell protein extracts were prepared 48 h after doxo treatment and immunoprecipi-
tated with anti-CDK4, anti-CDK2 or control anti-p38 antibodies. then, 50 μg of whole-cell protein extracts (ext) and 500 μg of the immunoprecipitates 
(Ip) were separated on 12.5% SDS-pAGe. β-actin was used as loading control for whole-cell protein extracts.
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CDK2-containing complexes. Sequestration of p21 produced in 
response to DNA-damaging drugs away from CDK2 complexes 
into highly abundant CDK4/cyclin D1 complexes may result in 
unaltered CDK2 activity in the MYCN-amplified neuroblastoma 
cells.

CDK4 inhibition partially restores G
1
-S cell cycle arrest and 

reduces viability after drug treatment in MYCN-amplified cells. 
To further investigate the effects of CDK4 and CDK2 activity on 
drug-induced cell cycle arrest in MYCN-amplified cells, CDK4 
and/or CDK2 were selectively inhibited in combination with 
doxo treatment, and cell cycle changes were assessed using flow 
cytometry. Transient transfection of two CDK4 siRNAs achieved 
knockdown efficiencies of 76% and ~96% in LS and SK-N-
BE(2)-C, respectively, at the protein level (Fig. 3A). CDK4 
knockdown increased the G

0
/

1
 fraction and decreased the num-

ber of cells in G
2
/M phase in both untreated and doxo-treated 

cultures compared with non-transfected or with control siRNAs 
transiently transfected cells (Fig. 3B; Fig. S4). To validate the 
effect of CDK4 inhibition, we treated 12 neuroblastoma cell 
lines previously characterized in Table 1 with a CDK4-specific 
small-molecule inhibitor (RO050124), which has been shown to 
delay G

0
/

1
 in cells with functional pRB.36 Combined RO050124 

and doxo treatment increased the G
0
/

1
 and S phase fractions in 

nine and six cell lines, respectively, and reduced the G
2
/M frac-

tion in 11 cell lines compared with cultures treated only with 
doxo (Fig. 3C, results are shown for SK-N-BE(2)-C, LS, Kelly 
and IMR-32). This confirmed our results obtained by tran-
sient silencing of CDK4 using siRNAs. We next tested whether 
CDK4 inhibition by RO050124 was capable of enhancing the 
inhibitory effect of doxo on neuroblastoma cell viability using 
the alamarBlue assay. Here, we focused on MYCN-amplified 
neuroblastoma cell lines harboring additional aberrations of p53 
pathway members, namely TP53-mutant SK-N-BE(2)-C and 
MDM2-amplified LS, which responded poorly to doxo treat-
ment with cell death responses of only 7% and 11%, respectively 
(Table 1). Combined treatment achieved at least an additive 
effect on viability reduction for both cell lines compared with 
the doxo or RO05012 treatment alone (Fig. 3D). To test whether 
this inhibitory effect on viability in these cells after CDK4 inhi-
bition results from G

1
-S cell cycle arrest or also from cell death, 

we assessed the sub-G
1
 fraction of TP53-mutant SK-N-BE(2)-C, 

and MDM2-amplified LS after combined treatment with doxo 
and the CDK4 inhibitor, RO050124. Sensitization to cell death 
could not be observed in these cell cultures. Inhibition of CDK4 
in two other cell lines that are characterized by an impaired p53 
pathway, Kelly and TR14, did also not sensitize for doxo-induced 
cell death (Fig. S5), indicating that the combinatory treatment 
promotes a G

1
-S arrest as opposed to cell death, at least in cell 

lines with p53 pathway aberrations.
We also analyzed the effect of CDK2 inhibition on cell cycle 

arrest after drug-induced DNA damage using siRNA-medi-
ated silencing. CDK2 activity has been previously shown to be 
required for irradiation-induced DNA damage response at least in 
(1) untransformed human telomerase-expressing retinal pigment 
epithelial cells, RPE-hTERT; (2) the human colon carcinoma 
cell line, HCT116; and (3) NBS-T cells deriving from a patient 

with Nijmegen Breakage Syndrome.37 Three MYCN-amplified 
cell lines were transiently transfected with four siRNAs targeting 
different sequences in the CDK2-coding region. These siRNAs 
achieved knockdown efficiencies between 50–86% in all three 
cell lines on the protein level. The most effective knockdown was 
achieved by siRNA#2 (72–86% knockdown, Fig. 4A). CDK2 
knockdown increased the G

0
/

1
 fraction and decreased the num-

ber of cells in G
2
/M phase in both untreated and doxo-treated 

cultures compared with non-transfected or with control siRNAs 
transiently transfected cells. In contrast to CDK4 inhibition, 
CDK2 knockdown did not significantly alter the S phase fraction 
in both untreated and doxo-treated cultures (Fig. 4B; Fig. S6). 
We also assessed drug-induced cell cycle arrest in the MYCN-
amplified IMR-32 model that stably expresses a tetracycline-
inducible CDK2 shRNA (IMR-32-CDK2shRNA).38 Induction 
of the CDK2-targeting shRNA achieved CDK2 knockdown 
of > 95% at the protein level (Fig. 4C). CDK2 knockdown in 
combination with doxo treatment increased the G

0
/

1
 fraction by 

22.2-fold and prevented G
2
/M cell enrichment. CDK4 inhibi-

tion using RO050124 increased the G
0
/

1
 fraction by 10.4-fold. 

Combined CDK2 and CDK4 inhibition using siRNA meth-
odology and the small-molecule compound RO050124 further 
increased the G

0
/

1
 fraction (Fig. 4C). To test whether CDK2 

and/or CDK4 inhibition sensitizes for doxo-induced cell death 
in cells with functional p53 signaling, we also assessed the sub-
G

1
 fraction in IMR-32-CDK2shRNA and parental IMR-32 cells. 

CDK4 inhibition by RO050124 or siRNA-mediated knock-
down modestly increased doxo-induced cell death in IMR-32-
CDK2shRNA cells expressing high levels of CDK2 and parental 
IMR-32 cells (Fig. 4D and E). Intriguingly, additional knock-
down of CDK2 by shRNA induction reduced the sub-G

1
 frac-

tion in doxo-treated IMR-32-CDK2shRNA cultures compared 
with cells expressing high CDK2 levels. Moreover, the sensitizing 
effect of the CDK4 inhibitor, RO050124, to doxo was reversed 
by simultaneous CDK2 knockdown in IMR-32-CDK2shRNA 
cells (Fig. 4D). CDK2 inhibition did also not sensitize for doxo-
induced cell death in neuroblastoma cells with an impaired p53 
pathway (Fig. 4F). Taken together, these experiments dem-
onstrate that either CDK4 or CDK2 inhibition restores doxo-
induced G

1
 cell cycle arrest in MYCN-amplified neuroblastoma 

cells, but only CDK4 inhibition further increases the S phase 
upon DNA damage. CDK4 inhibition yields a cooperative cyto-
static effect with doxo independent of functional p53 and further 
sensitizes for doxo-induced cell death but only in cell lines with-
out additional alterations targeting the p53 pathway.

p19INK4D, but not p16INK4A, abrogates cell cycle progres-
sion in MYCN-amplified neuroblastoma cells and sensitizes 
for cell death after drug-induced DNA damage. To further 
address the role of CDK4 in impairing drug-induced cell cycle 
arrest, we focused on the activity and protein expression status 
of CDK4 downstream targets in the pRB-E2F signaling path-
way. Phosphorylation status of pRB was determined using west-
ern blotting after doxo treatment of three MYCN-amplified cell 
lines [IMR5/75, SK-N-BE(2)-C and LS] and the SH-SY5Y 
MYCN-single-copy cell line. We found an increased phosphory-
lation of pRB on its CDK4-specific binding site Ser78039 after 
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Figure 3. For figure legend, see page 1099.
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doxo treatment in MYCN-amplified cells. Doxo treatment also 
resulted in strong expression of the SKP2 ubiquitin ligase, an 
inhibitor of p21 and p27 and a prototypic E2F target, in MYCN-
amplified cells. In contrast, pRB phosphorylation and SKP2 
expression decreased in MYCN-single-copy SH-SY5Y cells upon 
doxo treatment (Fig. 5A). Together, this suggests that high CDK4 
activity in a MYCN-amplified cell makes the cell refractory to 
drug-induced DNA damage and favors cell cycle progression 
at least partly through pRB hyperphosphorylation. To further 
investigate whether CDK4 inhibition could prevent pRB Ser780 
phosphorylation and restore drug-induced cell cycle arrest, we 
used the CDK4-specific small-molecule inhibitor, RO050124. In 
addition, we generated neuroblastoma cell lines stably expressing 
tetracycline inducible constructs for the two endogenous CDK4 
inhibitors, p16-INK4A or p19-INK4D.40-42 RO050124 treatment, 
induction of p19-INK4D or p16-INK4A prevented pRB Ser780 
phosphorylation, but only CDK4 inhibition through RO050124 
or p19-INK4D induction decreased SKP2 expression in MYCN-
amplified cells after doxo treatment (Fig. 5A and B). Flow cyto-
metric analysis revealed that the combination of p19-INK4D 
induction with doxo treatment in MYCN-amplified IMR5/75 
almost doubled the G

0
/

1
 fraction, similar to the effect of CDK4 

inhibition using RO050124 or siRNAs, compared with doxo 
treatment alone. The combination of p19-INK4D induction and 
doxo treatment in IMR5/75 further increased the S phase frac-
tion by 44.9-fold, indicating a prominent S phase block, and 
decreased the number of cells in G

2
/M phase by 16.2-fold. In 

contrast, induction of p16-INK4A in combination with doxo 
treatment in IMR5/75 only slightly increased the G

0
/

1
 fraction, 

slightly decreased the G
2
/M fraction, and did not alter the num-

ber of cells in the S phase (Fig. 5C). This implies that p19INK4D 
and p16INK4A act at least partly through different mechanisms to 
prevent accumulation of cells in G

2
/M, with p19INK4D activating 

checkpoints during the G
1
-S transition and S phase and p16INK4A 

activating only the G
1
-S transition checkpoint. Intriguingly, the 

induction of p19-INK4D, but not p16-INK4A, sensitized MYCN-
amplified IMR5/75, which has no additional alterations target-
ing the p53 pathway, for doxo-induced cell death (Fig. 5D).

Discussion

MYCN-amplified neuroblastoma cells show a distinct pheno-
type after drug-induced DNA damage. This is characterized by a 
failure to arrest in G

1
-S, pronounced G

2
/M cell enrichment and 

reduced cell death occurring equally in all phases of the cell cycle. 
We show that these changes are not only triggered by the higher 
MYCN dosage in these cells, but also by the genetic background 
of the tumor cells, specifically the additional chromosomal aber-
rations affecting p53 and pRB pathway members. Our results 

have also uncovered a novel function of MYCN in neuroblas-
toma cells that impairs a G

1
-S arrest after drug-induced DNA 

damage through a mechanism other than the transcriptional 
suppression of p21 following p53 activation.

Our functional analyses of the CDK4/cyclin D-pRB axis 
indicate that high CDK4 kinase activity substantially contrib-
utes to impaired DNA damage-induced cell cycle arrest and 
cell death resistance in MYCN-amplified neuroblastoma cells. 
We show here that CDK4 inhibition restores G

1
-S cell cycle 

arrest and reduces cell viability upon doxorubicin treatment in 
MYCN-amplified neuroblastoma cells. It was established earlier 
that almost all MYCN-amplified neuroblastoma cells with wild-
type p53 fail to arrest at G

1
-S despite p21 induction by different 

p53-activating stimuli, such as drug- or irradiation-induced DNA 
damage, p14ARF induction, or treatment with small compounds 
(e.g., nutlins) inhibiting the MDM2-p53 interaction.12,23,27,43 In 
line with this, ectopic expression of p21 in neuroblastoma cells 
with amplified MYCN inhibits neither CDK2/cyclin E activ-
ity nor cell cycle progression.28 Here, we demonstrate that high 
CDK4 activity is also causally involved in impaired DNA dam-
age-induced cell cycle arrest in MYCN-amplified cells, at least 
in part by abrogating p21 function. In untreated neuroblastoma 
cells, we found that p21 is barely detectable in CDK4/cyclin D1 
complexes, where it usually functions not only as an assembly 
factor for active CDK4/cyclin D1, but also as a cellular pool for 
p21 that can be quickly released upon DNA damage. It has been 
shown that DNA damage favors cyclin D1 proteolysis, thereby 
releasing p21 from the CDK4 complex, which, in turn, inhibits 
CDK2 and cell cycle progression.35 Our data now indicate that a 
sufficient p21 reservoir is missing in MYCN-amplified neuroblas-
toma cells. Moreover, we found that upon drug-induced DNA 
damage, newly induced p21 is not only allocated to CDK2/
cyclin E but also to CDK4/cyclin D1 complexes. Both complexes 
appear to compete for the newly synthesized p21, and an insuf-
ficient amount of p21 protein remains in complex with CDK2. 
The reduction in p21-bound CDK2 results in only a slight or 
no inhibitory effect on the overall CDK2 kinase activity in 
MYCN-amplified neuroblastoma cells (Fig. 5E). Accordingly, 
several MYCN-dependent and -independent mechanisms target 
p21 function in neuroblastoma cells: (1) transcriptional acti-
vation of p21CIP1 is suppressed by abundant MYCN, which 
reduces the basal cellular p21 pool as well as the transcriptionally 
induced p21 following p53 activation;23 (2) high abundance of  
CDK4/cyclin D1 complexes as a consequence of CDK4/CCND1 
gene amplification and/or transcriptional activation of CDK4 by 
MYCN; and (3) mutations altering p53 pathway functions.

We have also established that high CDK4 in MYCN-amplified 
cells has an unexpected function during S phase, promoting not 
only S phase progression, but also further cell death resistance. 

Figure 3 (See opposite page). CDK4 inhibition partially restores G1-S arrest and reduces cell viability upon drug treatment in MYCN-amplified cells. 
(A and B) Cells were transiently transfected with one of two different CDK4 siRNAs or one of two unrelated control siRNAs, then treated with doxo 
24 h after transfection. Knockdown efficacies of both CDK4 siRNAs (%) are shown in the western blot (A), in addition to flow cytometric cell cycle 
analyses performed 48 h after doxo treatment (B). (C) Flow cytometric cell cycle analyses after 48 h of treatment with doxo and/or the CDK4 inhibi-
tor, Ro0505124. (D) Cell viability was assessed after doxo and/or Ro0505124 treatment at the indicated time points using the alamarBlue assay. Data 
shown in (B–D) are presented as mean ± SD of triplicates.
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Figure 4. For figure legend, see page 1101.
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CDK4 inhibition restored G
1
-S cell cycle arrest associated with 

reduced cell viability and/or increased sensitivity to cell death 
in MYCN-amplified cells with or without additional alterations 
targeting p53 pathway components. S phase arrest and enhanced 
cell death after drug-induced DNA damage was not observed in 
the presence of CDK2-targeting siRNAs. Moreover, CDK2 inhi-
bition reversed the chemosensitizing effect of CDK4 inhibition, 
probably through inhibiting G

1
 to S transition. Single-strand 

DNA breaks may be tolerated in G
1
 phase, but emerge to be more 

toxic as double-strand breaks during S phase.44 CDK4 inhibi-
tion via p19INK4D or p16INK4A overexpression similarly delayed 
G

1
-S transition in MYCN-amplified cells. However, p19INK4D but 

not p16INK4A overexpression in MYCN-amplified cells induced S 
phase arrest and had a modest chemosensitizing effect on cell 
death after drug-induced DNA damage, arguing for a specific 
function of p19INK4D during S phase.

Inhibitors specifically targeting CDK4/6 have been developed 
and shown to have antiproliferative effects on different cancer 
cell lines, including breast, ovarian, myeloma, mantle cell lym-
phoma, AML and glioblastoma cell models,45-49 to prevent tumor 
growth in several human xenograft models45,50,51 and are cur-
rently evaluated in phase I/II clinical trials.52-55 Roberts et al. sug-
gested that selective CDK4/6 inhibitors could be used in human 
cancers dependent on their CDK4/6 activity and sensitivity to 
chemotherapeutic drugs, either as antineoplastic agents to pre-
vent myelosuppression, or for pharmacological synchronization, 
i.e., CDK4/6 inhibition synchronizes tumor cells to increase cell 
death by chemotherapeutic drugs in a cell cycle-dependent man-
ner.56 Since we showed that the higher MYCN dosage together 
with the cellular genetic background establishes the impaired 
DNA damage response in MYCN-amplified cells, combinatory 
treatment with CDK4 inhibitors and compounds leading to 
reduction of MYCN expression57 may represent a potential thera-
peutic option in neuroblastoma. However, the effects of single 
or combined inhibition of cell cycle kinases, including CDK1, 
CDK2 and CDK4, in the context of drug-induced DNA dam-
age response should be further investigated in vitro and in vivo 
using genetically well-defined neuroblastoma cell line and mouse 
models.

In conclusion, we demonstrate that the CDK4/cyclin D-pRB 
axis controls cell cycle progression after drug-induced DNA 
damage as an additional layer of control besides the p53-p21 axis 
in neuroblastoma cells. Furthermore, we have established that 
CDK4 inhibition sensitizes neuroblastoma cell lines with ampli-
fied MYCN and a deregulated p53/pRB pathway to the cytostatic 
effect of doxorubicin. This suggests that selective CDK4 inhibi-
tors should be investigated more intensely as a potential future 
therapeutic option for neuroblastoma.

Materials and Methods

Cell culture. Cells were cultured as follows: SH-SY5Y and 
SK-N-BE(2)-C in DMEM; IMR-32, SH-EP, Kelly (TP53 muta-
tion),58 IMR5/75, LS, TR14, NGP, SJ-NB-12, LA-N-5, LA-N-6, 
SK-N-AS and SK-N-MC (EWS-FLi1 gene fusion)59 in RPMI; 
both media were supplemented with 10% fetal calf serum. NB-7 
were cultured in Neurobasal A-Medium containing 2% B27 
supplement, 2 mM L-glutamine, 20 ng/ml rHuEGF, 20 ng/
ml rHuFGFb and 2 μg/ml heparin. IMR5/75–6TR, used for 
tetracycline-inducible expression of p16INK4A, p19INK4D or lacZ 
were cultured in RPMI supplemented with 10% fetal calf serum, 
7.5 μg/ml blasticidin and 200 μg/ml G418. SH-EP-MYCN 
(TET21N), IMR5/75-C2 and IMR-32-CDK2 shRNA were cul-
tured and induced as previously described.33,34,38 All neuroblas-
toma cell lines were analyzed using DNA fingerprinting by the 
“Deutsche Sammlung von Mikroorganismen und Zellkulturen” 
(DSMZ) in September 2008.

Plasmids. The human p16-INK4A or p19-INK4D open read-
ing frame was cloned and transfected into IMR5/75-6TR, and 
the resulting clones were cultured and induced, as previously 
described.60

RNA interference. CDK4 and CDK2 siRNAs were obtained 
from Invitrogen Ltd. Validated Stealth RNAi DuoPak for CDK4, 
Duplex #1: 5'-GGG AGA UCA AGG UAA CCC UGG UGU 
U-3' and #2: 5'-GCG CCA GUU UCU AAG AGG CCU AGA 
U-3'; for CDK2 Duplex #1: 5'-CCU UAA ACC UCA GAA UCU 
GCU UAU U-3' and #2: 5'-CCU AUU CCC UGG AGA UUC 
UGA GAU U-3'. CDK2 siRNA #3 was designed as previously 
published.38 CDK2 siRNA #4 was designed to target CDK2 on 
the same nucleotides as a previously described CDK2 shRNA.38 
Silencer negative control #1 (AM4611) and #2 (AM4613) siR-
NAs were obtained from Ambion. Cells were seeded into 6-well 
plates for flow cytometry or 10-cm2 plates for western blotting 
and transfected using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturers’ protocol.

Immunoprecipitation. Cells were plated in 15-cm2 plates and 
lysed in 1,000 μl RIPA buffer (50 mM Tris-HCL pH 7.4, 1% 
NP-40, 0.25% Na-deoxycholate, 1 mM EDTA, two protease 
inhibitor tablets; see Millipore protocol), and 500 μg of pro-
tein was immunoprecipitated with 2 μg of the specific antibody 
bound to Dynabeads Protein G (Invitrogen). Bound proteins 
were eluted by boiling in SDS-sample buffer and then resolved 
on 12.5% SDS-PAGE. Antibodies were used as previously 
published.35

In vitro CDK1, CDK2 or CDK4 kinase assay. To deter-
mine CDK1, CDK2 or CDK4 activity, specific complexes were 
immunoprecipitated as described above. Kinase activity was 

Figure 4 (See opposite page). High CDK2 activity impairs drug-induced cell cycle arrest in MYCN-amplified neuroblastoma cells. Cells were trans-
fected with one of four different CDK2 siRNAs or one of two control siRNAs 24 h prior to doxo treatment. (A) Western blot showing the knockdown 
efficacies of the four CDK2 siRNAs (%) and flow cytometric cell cycle analyses showing the CDK2 siRNA#2 with highest knockdown efficacy 48 h after 
doxo treatment. (C and D) IMR-32 cells stably transfected with a tetracycline-inducible shRNA targeting CDK2. Addition of tetracycline to the culture 
medium induced expression of the CDK2-targeting shRNA. Cells were treated with doxo and/or the Ro0505124 CDK4 inhibitor 24 h after shRNA induc-
tion. Cell cycle (C) and cell death (D) were analyzed using flow cytometry 48 h after treatment. (E and F) Cell death analysis for MYCN-amplified cells 
transiently transfected with two siRNAs targeting CDK4 (E) or CDK2 siRNA#2 (F). Cell death was determined using flow cytometry 48 h after doxo treat-
ment. Data in (B–F) are presented as mean ± SD of triplicates.
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Figure 5. p19INK4D, but not p16INK4A, abrogates CDK4-mediated pRB phosphorylation and cell cycle progression in MYCN-amplified neuroblastoma cells 
and sensitizes for cell death after drug-induced DNA damage. (A) Western blot of whole-cell protein extracts 48 h after treatment with doxo and/or 
the CDK4 inhibitor, Ro0505124. Since Ro0505124 was dissolved in 50% ethanol, we used this as control. tetracycline (tet), dissolved in 70% ethanol, 
was added to the culture medium of IMR5/75 cells to induce p19-INK4D (= p19+), p16-INK4A (= p16+) or lacZ. Doxo was added to the culture medium 48 
h after induction. 70% ethanol was used as control. Western blot (B) and flow cytometric analyses of the cell cycle (C) or cell death (D) were performed 
48 h after doxo treatment. IMR5/75 cells stably transfected with a tetracycline-inducible lacZ construct were used as control and showed neither cell 
cycle distribution nor cell death fraction changes upon induction of lacZ in untreated and doxo-treated cultures. Flow cytometry data are presented 
as mean ± SD of triplicates. (E) Schematic model of doxorubicin-induced DNA damage response in neuroblastoma cells. Note: *, genetic aberrations; 
s.c., single-copy; amp., amplified; pRB, hypophosphorylated; pRB-p, partially phosphorylated; pRB-pp, hyperphosphorylated.
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analyzed using the ADP-Glo Kinase Assay Kit (Promega), the 
CDK2/Cyclin A2 or CDK1/Cyclin A2 Kinase Enzyme System 
(Promega) or RB substrate (upstate cell signaling solutions) 
following the manufactures’ instructions. Luminescence was 
assessed using the FLUOstar Optima microplate fluorescence 
reader (BMG LABTECH).

Protein expression. Whole-cell lysates were prepared and 
protein expression visualized as previously described.61 Fifty μg 
of protein lysate was separated per lane on 7–15% SDS-PAGE. 
Blots were probed with antibodies directed against Phospho-RB 
Ser780 (#9307, Cell Signaling Technology), RB (#554136, 
BD Biosciences), CDK2 (#09550, Dianova), CDK4 (#09583, 
Dianova), cyclinD1 (#08330, Dianova), p21 (#sc-6246, Santa 
Cruz), p53 (#sc-126, Santa Cruz), SKP2 (#08-1334, Zymed 
Laboratories Inc.), p19 (#sc-56334, Santa Cruz), p16 (#sc-9968, 
Santa Cruz) or β-actin (#A5441, Sigma-Aldrich). HSR-peroxidase-
labeled anti-mouse (#115-035-003, Dianova) or anti-rabbit (#111-
035-144, Dianova) antibodies were used as secondary antibodies.

Viability assay. Cells were seeded at 5,000 cells per well in 
96-well plates and primed with RO0505124 24 h later. Four hours 
later, doxorubicin was added to the culture medium. AlamarBlue 
assay (ABD Serotec) was performed according to the manufac-
turer’s instructions. Fluorescence was detected using the FluoStar 
Optima microplate fluorescence reader (BMG LABTECH).

Flow cytometric analysis of cell cycle and cell death. Cells 
were plated in 25-cm2 flasks or 6-well plates. Flow cytometry was 
used to assess cell cycle and cell death as previously described.62 
The APOBrdU Kit (Phoenix Flow Systems) was used to detect 
BrdU-positive cells according to the manufacturers’ protocol.

(Multicolor) fluorescence in situ hybridization  
(FISH/mFISH). FISH was performed to analyze the status of 
CCND1 in each cell line using BAC DNA probes (RP11-554A11 
and RP11-614E9) labeled with FITC (Molecular Probes) or Cy3 
(GE Healthcare) coupled dUTPs by nick translation as previ-
ously described.63 Normal lymphocytes were used as control cells 
to ensure the correct signal number and position of BAC clones. 
mFISH was performed as previously published.63

Pharmacological inhibition. Cell cultures were treated with 
0.1 μg/ml doxorubicin (TOC-2252-M010, Biozol) and 2.5 μM 
RO0505124 (Roche) where indicated.
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