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An shRNA barcode screen provides insight into cancer
cell vulnerability to MDM2 inhibitors
Thijn R Brummelkamp1,3,4, Armida WM Fabius1,4, Jasper Mullenders1, Mandy Madiredjo1, Arno Velds1,2,
Ron M Kerkhoven1,2, René Bernards1 & Roderick L Beijersbergen1

The identification of the cellular targets of small molecules
with anticancer activity is crucial to their further development
as drug candidates. Here, we present the application of
a large-scale RNA interference–based short hairpin RNA
(shRNA) barcode screen to gain insight in the mechanism of
action of nutlin-3 (1). Nutlin-3 is a small-molecule inhibitor of
MDM2, which can activate the p53 pathway. Nutlin-3 shows
strong antitumor effects in mice, with surprisingly few side
effects on normal tissues1. Aside from p53, we here identify
53BP1 as a critical mediator of nutlin-3–induced cytotoxicity.
53BP1 is part of a signaling network induced by DNA damage
that is frequently activated in cancer but not in healthy
tissues2. Our results suggest that nutlin-3's tumor specificity
may result from its ability to turn a cancer cell–specific
property (activated DNA damage signaling3) into a weakness
that can be exploited therapeutically.
The tumor-suppressor gene TP53 (also called p53 and encoding the
protein p53) is the gene most frequently mutated in human cancer.
However, approximately 50% of all human tumors retain normal p53
(ref. 4). Direct activation of p53 in these tumors could in principle be
used as a means to eradicate tumor cells. The activity of p53 is tightly
regulated. p53 is activated in response to a variety of stresses, such as
DNA damage, nutrient deprivation or oncogene activation, resulting in
the transcriptional activation of target genes involved in growth arrest
and apoptosis5. To protect healthy cells from the deleterious effects of
uncontrolled p53 activation, p53 is subject to a negative feedback loop
activated by the protein product of one of its target genes, MDM2.
The protein MDM2 binds to p53, inhibits transcriptional activation,
causes nuclear export and acts as an E3 ligase to target p53 for proteasomal degradation6,7.
One potential approach for activating p53 in tumor cells is to disrupt the interaction between MDM2 and p53 with the small molecule
nutlin-3 (refs. 1,8). Nutlin-3 binds to MDM2, thereby preventing the
interaction with p53 and causing p53 to be stabilized. Nutlin-3 has
strong antitumor effects in vivo but, notably, few toxic effects in normal
mice1. In theory, activation of p53 could be at least as deleterious to

normal cells as to tumor cells, because the former are not attenuated
in their ability to undergo apoptosis and are more obedient to growthinhibitory signals than are cancer cells. However, tumor cells that have
lost the p53 gene through mutation seem to be exquisitely sensitive to
reintroduction of the wild-type gene9. This phenomenon has never
been understood in detail, and has often been attributed to the presence of other oncogenic mutations or to a differential wiring of the p53
network in tumor cells as compared to normal cells9. We report here
a loss-of-function genetic screen designed to identify important components of the p53 network mediating the cytotoxic effect of nutlin-3
in human tumor cells.
A variety of approaches can be used for the identification of genes
essential for a drug-induced phenotype9–16, including the recently
developed RNAi barcode screening technology10–13. Barcode screens
use DNA microarrays to follow the relative abundance, under particular
conditions, of each shRNA vector in a large population of cells infected
with an shRNA vector library (Fig. 1a). Using retroviral infection, we
introduced a collection of 23,742 different pRETRO-SUPER vectors
designed to target 7,914 human genes for suppression by RNA interference (RNAi) into MCF-7 cells (which have wild-type p53)10. The
infected cells were split into two pools, one of which was left untreated
and was used as a reference while the other was exposed to 4 µM nutlin3. MCF-7 cells respond to this concentration of nutlin-3 predominantly
by undergoing cell-cycle arrest rather than apoptosis (data not shown
and Fig. 2c), possibly because the cells have a deficiency in caspase-3
(ref. 14). After 14 d of selection with nutlin-3, we recovered shRNA
cassettes by PCR amplification and analyzed them by hybridization to
DNA microarrays as described10,15. A small number of shRNA vectors
were consistently enriched in the population treated with nutlin-3 (Fig.
1b). As expected, one of these vectors that was positively selected in the
presence of nutlin-3 as compared to untreated control cells is directed
against p53 which validates the shRNA barcode approach used here. Loss
of p53 confers resistance to nutlin-3 by removing the effector of MDM2
(ref. 1). In addition, several of the shRNA vectors we identified target
proteins with known or predicted functions in p53-mediated pathways
(Fig. 1c). Two of these shRNA vectors target p53-binding protein-1
(53BP1), through independent sequences. 53BP1 has been implicated
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response 3 (IER3, also called IEX-1). Both BAD and IEX-1 have roles
in the regulation of apoptosis. IEX-1 can block the PI3K/AKT pathway,
resulting in increased sensitivity to apoptosis17. PLAB is also implicated
as an important downstream mediator of DNA damage signaling18.
Other shRNA vectors we identified in our screen target genes that are
not implicated in the regulation of p53 or p53-dependent pathways.
The presence of the genes encoding TGFβ-inducible early growth
response-1 (TIEG1, also called KLF10) and PLAB among the targets
of the vectors identified suggests that the TGFβ pathway is involved in
the cell-cycle arrest induced through the activation of the p53 pathway

in DNA damage sensing leading to p53 activation. In addition, we
found an shRNA vector targeted against protein heterogeneous nuclear
ribonucleoprotein K (hnRNPK), which has recently been identified as
an MDM2 target and transcriptional coactivator of p53 in response to
DNA damage16. The observation that depletion of hnRNPK abrogates
the transcriptional induction of p53 target genes is consistent with an
override of a nutlin-3–mediated cell-cycle arrest upon hnRNPK inactivation. We also identified three vectors targeting genes encoding known
p53 transcriptional targets: BCL2-antagonist of cell death (BAD),
placental bone morphogenic protein (PLAB) and immediate-early
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Figure 1 shRNA barcode screen identifies
53BP1 as a mediator of the antiproliferative
effects of nutlin-3. (a) Schematic outline of the
nutlin-3 barcode experiment in MCF-7 cells.
Identical populations of MCF-7 cells infected
with the NKI shRNA library were either left
untreated or treated with 4 µM nutlin-3. After
14 d the shRNA cassettes were recovered and
labeled10,11. The labeled shRNA probes were
hybridized to DNA microarrays containing
the sequences complementary to the hairpin
oligos. (b) Analysis of the relative abundance
of shRNAs recovered from the nutlin-3 barcode
experiment. Data are normalized and depicted
as M, the 2log (ratio Cy5/Cy3), versus A (2log
(√intensity Cy3 × Cy5)). The data are the average
of two independent hybridization experiments
performed in duplicate with reversed color. (c)
List of genes targeted by the shRNA vectors from
b that were significantly enriched (P < 0.01)
in nutlin-3–treated cells. The vectors for TP53
and both vectors for 53BP1 have been validated
for knockdown and rescue of nutlin-3–induced
cell-cycle arrest. Column M depicts the 2log
ratio of the abundance of barcodes present in
cells treated with nutlin-3 (Cy5) as compared to
untreated cells (Cy3).

MDM2
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Figure 2 53BP1 modulates the cellular
cytotoxicity induced by nutlin-3 in MCF-7 cells.
(a) MCF-7 cells infected with shRNAs against
GFP or two independent shRNAs directed
against 53BP1 (knockdown vector is labeled
KD), untreated or treated with 4 µM nutlin-3 for
14 days. Cell density is visualized by Coomassie
staining of the cells. (b) MCF-7 cells and A549
cells infected with shRNAs directed against GFP,
p53 or 53BP1, untreated or treated with nutlin-3.
(c) Cell-cycle profile and BrdU incorporation
of MCF-7 infected with shRNAs against GFP
(control), p53 or 53BP1. Percentages of BrdUpositive cells are shown. (d) Western blot analysis
of the MCF-7 cells expressing either shRNA
against GFP (control) or one of the two shRNAs
against 53BP1, 53BP1#1 or 53BP1#2. The cells
were analyzed for the expression levels of 53BP1,
the stabilization of p53 and the induction of p21
and MDM2.
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by nutlin-3 treatment. Notably, TIEG1 expression is reduced in invasive
breast cancer cells19. The shRNA barcode screen did not identify genes
that enhance the cytotoxic effects of nutlin-3 in MCF-7 cells—that
is, there were no shRNA vectors that were significantly depleted from
the population as a result of nutlin-3 treatment. This may either be a
consequence of the biological system or reflect a technical limitation of
the current barcode protocol. In addition, we cannot exclude the possibility that some vectors are selected in this screen as a result of effects
on cellular components other than the intended targets.
Our identification of two independent shRNA vectors targeted against
53BP1 in our screen greatly reduces the possibility that the observed
effects are due to ‘off-target’ effects of the RNAi vectors. Moreover, this
indicates that the observed phenotype is due to the reduced expression
of the intended target. We therefore focused our subsequent validation
on the effect of 53BP1 on nutlin-3 cytotoxicity. To validate the selection
of shRNAs against 53BP1 in our barcode experiment, we performed a
long-term growth assay with MCF-7 cells expressing the two different
shRNA vectors against 53BP1. MCF-7 cells exposed to nutlin-3 undergo
a proliferation arrest and acquire a flattened phenotype (Fig. 2a,b, left).
In contrast, MCF-7 cells transduced with shRNA encoding retroviruses
against p53 or 53BP1 and exposed to nutlin-3 show a cellular morphology resembling that of untreated MCF-7 cells. This effect is not unique
to MCF-7 breast cancer cells, as inhibition of 53BP1 also alleviates the
cytotoxic effects of nutlin-3 in A549 (human lung cancer) cells (Fig. 2b,
right). We tested the effect of the inactivation of either p53 or 53BP1
on the cell-cycle progression of MCF-7 cells exposed to 4 µM nutlin-3
for 48 h. The percentage of MCF-7 cells in S-phase, as determined by
BrdU incorporation, was reduced from 44% for control cells to 2% in
cells exposed to nutlin-3, whereas knockdown of p53 or 53BP1 largely
prevented this reduction, resulting in S-phase percentages of 29% and
17%, respectively (Fig. 2c). To further validate the efficacy of the shRNA
vectors against 53BP1, we tested their effects on the expression of 53BP1,
the stabilization of p53 by nutlin-3, and the activation of a p53 target
gene, CDKN1A (also called p21 and encoding p21cip1). Both shRNA
vectors targeting 53BP1 were active in inhibiting 53BP1 expression (Fig.
2d). The induction of p53 by nutlin-3 treatment is not altered in the
presence or absence of 53BP1 expression. Notably, the shRNA-mediated knockdown of 53BP1 impairs the activation of the p53 target gene
CDKN1A by nutlin-3. These results demonstrate that, beside p53, 53BP1
also has an essential role in mediating the cytotoxic effects of nutlin-3
in MCF-7 cells.
53BP1 is a component of the ATM-CHK-53BP1 pathway that is
activated by double-stranded DNA breaks or shortened telomeres,
resulting in the induction of p53 (ref. 20). Notably, this ATM-CHK53BP1 DNA damage checkpoint-signaling pathway is often constitutively activated in human cancers and premalignant lesions, but not in
normal, healthy tissues2,3,21. Based on the role of 53BP1 in mediating
the antiproliferative effect of nutlin-3 identified here, we hypothesized
that intrinsic DNA damage signaling in MCF-7 cells is required for
nutlin-3 cytotoxicity. The presence of activated DNA damage signaling
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Figure 3 Intrinsic DNA damage signaling contributes to the cytotoxic effect
of nutlin-3 in MCF-7 cells. (a) Immunolocalization of p53BP1 (above) and
CHK2 (below) in human primary fibroblasts (left) and MCF-7 cells (right)
before and after irradiation. (b) Western blot analysis of the stabilization
of p53 and induction of p21 in MCF-7 cells treated with increasing
concentrations nutlin-3 for 18 h in the absence or presence of 2.5 mM
caffeine. The cells were pretreated with 2.5 mM caffeine for 12 h.
(c) Western blot analysis of the stabilization of p53 and the induction of
p21 in normal BJ fibroblasts treated with increasing concentrations nutlin-3
without or with exposure to 2Gy irradiation.
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in MCF-7 cells was demonstrated by the detection of nuclear foci containing 53BP1, a characteristic of DNA damage–induced activation
of 53BP1 (ref. 22). Indeed, a substantial fraction of MCF-7 cells show
localization of 53BP1 in nuclear foci. Normal BJ fibroblasts have diffuse nuclear staining, although some 53BP1 foci are present (Fig. 3a,
above). The presence of DNA damage foci in normal human fibroblasts in culture is in agreement with previous studies describing the
presence of H2AX DNA damage foci and p53 activation in primary
cells cultured in vitro23. MCF-7 cells also show strong nuclear staining
with an antibody directed against phosphorylated CHK-2, even in the
absence of ionizing radiation (Fig. 3a, below). In contrast, normal BJ
fibroblasts show very little immunoreactivity, whereas BJ fibroblasts
treated with ionizing radiation show strong nuclear staining (Fig. 3a,
below). Together these data indicate that in MCF-7 cells, in the absence
of ionizing irradiation, activation of DNA damage checkpoint signaling involving 53BP1 occurs, reflecting DNA damage signaling seen in
many human tumors2.
The presence of activated DNA damage checkpoints in MCF7 cells
suggests that DNA damage–induced ‘stress signals’ could be important in sensitizing MCF-7 cells to MDM2 inhibition. To test this, we
inhibited DNA damage signaling in MCF-7 cells through inhibition of
ATM/ATR-dependent checkpoints by caffeine (2) treatment24–26. The
inhibition of ATM/ATR kinases in MCF-7 cells resulted in a decrease
in the transcriptional activation by p53 in response to nutlin-3 exposure, as evidenced by induction of p21cip1 (Fig. 3b). The inhibition of
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Figure 4 The cytotoxic effect of nutlin-3 in
tumor cells is enhanced by intrinsic DNA damage
signaling. (a) Chemical structure of nutlin-3.
(b) Schematic representation of a putative model
reflecting the intrinsic DNA damage signaling
(involving 53BP1) present in tumor cells (but
absent in normal cells) increasing the cytotoxicity
associated with nutlin-3 treatment.
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ATM/ATR kinases does not prevent p53 accumulation in response to
nutlin-3 exposure, indicating that p53 stabilization and transactivation are separate events (Fig. 3b). To further test whether DNA damage signaling enhances the effects of nutlin-3, we treated normal BJ
fibroblasts with increasing concentrations of nutlin-3 in the absence
or presence of a low level of DNA damage induced by ionizing radiation. A more robust activation of the p53 target gene p21cip1 was seen
in response to nutlin-3 treatment in the presence of DNA damage (Fig.
3c). From these results we conclude that inhibition of intrinsic DNA
damage signaling by 53BP1 knockdown prevents full activation of p53
after stabilization in response to MDM2 inhibition.
Genomic instability is a well-recognized property of the vast majority
of human cancers. This labels cancer tissues with a feature not seen in
normal tissues, and it has therefore been suggested that genetic instability is an Achilles heel of tumor cells that could be exploited by future
anticancer therapeutics27. Recent experiments have indicated that activation of DNA damage signaling (involving H2AX, 53BP1, ATR and
ATM) occurs very early during tumorigenesis3,21. Our data indicate that
this DNA damage signaling enhances the effects of the MDM2 inhibitor
nutlin-3 (Fig. 4). The absence of such signals in normal cells in vivo may
well explain their reduced sensitivity to nutlin-3 (ref. 2). The consequences of partial inactivation of MDM2 by small-molecule inhibitors
resemble the phenotype seen in mice carrying a hypomorphic allele of
MDM2. These mice are viable but show severe radiosensitivity28.
Our data suggest that MDM2 inhibitors would be most effective
for tumors that have both wild-type p53 and activated DNA damage
signaling, which is a substantial fraction of all human tumors. However,
a combination of MDM2 inhibitors with DNA-damaging treatments
may be harmful to normal cells and would cause undesired side effects
in patients. In conclusion, the present study illustrates that shRNA barcode screens can be used to reveal cellular components that mediate
drug cytotoxicity, resulting in a more complete understanding of drug
action and enabling more rational decisions to be made in regard to
drug application.
METHODS
Cell culture. MCF-7 breast cancer cells and BJ primary human fibroblasts, both
expressing the ecotropic receptor, were cultured in DMEM supplemented with
10% fetal calf serum and penicillin and streptomycin. Cells were grown at 37 °C
in 5% CO2. Phoenix cells were used to produce ecotropic retroviruses as described
previously11. Nutlin-3 ((+/−)-4-[4,5-bis(4-chlorophenyl)-2-(2-isopropoxy4-methoxyphenyl)-4,5-dihydroimidazol-1-carbonyl]piperazin-2-one) was
obtained from Cayman Chemical. Caffeine pretreatment of MCF-7 cells was
performed by incubation with 2.5 mM caffeine (Sigma-Aldrich) for 12 h.
Barcode screen. MCF-7 cells were infected with retroviruses representing the
complete Netherlands Cancer Institute (NKI) shRNA library described previously10. Infected cells were selected on puromycin (2.0 µg/ml) for 4 d and split into
two populations. One population was left untreated, while the other population
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was exposed to 4 µM nutlin-3. After 14 d, genomic DNA was isolated with
DNAzol (Invitrogen) and shRNA inserts were amplified from genomic DNA
by PCR using the primers pRS-T7-fw, 5′-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGGCCCT TGAACCTCCTCGT TCGACC-3′ ,
containing a T7 RNA polymerase promoter sequence, and pRS8-rev,
5′-TAAAGCGCATGCTCCAGACT-3′. After purification (QIAquick PCR purification kit, Qiagen), PCR products were used for linear RNA amplification
using the Megascript T7 kit (Ambion), and purified RNA probes (RNeasy,
Qiagen) were labeled with cyanine-3 (Cy3) or cyanine-5 (Cy5) fluorescent
groups using ULS (Kreatech) and purified over a KreaPure (Kreatech) spin column as described29. Labeled RNA probes from untreated and nutlin-3–treated
cells were combined and hybridized to oligonucleotide arrays in 40 µl of
hybridization mixture (25% formamide, 5× SCC, 0.01% SDS, 25% Kreablock
(Kreatech)). Samples were heated to 100 °C for 5 min and applied to the array.
Microarrays were hybridized for 18 h at 42 °C, washed and scanned using an
Agilent microarray scanner. Quantification of the resulting fluorescent images
was performed with Imagene 5.6 (BioDiscovery), local background was subtracted, and the data were normalized30 and 2log transformed.
Plasmids. The shRNA sequences used to target p53 and p53BP1 were as follows: p53,
5′-GACTCCAGTGGTAATCTAC-3′; 53BP1#1, 5′-GATACTGCCTCATCACAGT3′; 53BP1, 53BP1#2 5′-GAACGAGGAGACGGTAATA-3′. The shRNA sequences
were cloned into pRETROSUPER as described previously10.
Cell-cycle analysis. MCF-7 cells infected with shRNA vectors against GFP
(control), p53 and 53BP1 were treated for 48 h with nutlin-3 or left untreated.
The cells were labeled with 10 µM BrdU for 30 min before harvesting. Cells
were fixed in 70% ethanol and permeabilized in HCl-Triton solution (2 M HCl,
0.5% Triton X-100). The samples were neutralized in borate solution (0.1 M
Na2B4O7•10H2O) and labeled with antibody to BrdU (Dako; 1% BSA in PBS
containing 0.5% Tween-20) in combination with FITC-conjugated secondary
antibody (Dako; goat anti–mouse IGM–FITC). Samples were incubated with 10
µg ml–1 propidium iodine and 250 µg ml–1 RNase. In each assay 10,000 cells were
collected by FACScan (Becton Dickinson) and analyzed using the FCS Express
program (De Novo Software).
Western blotting. Protein lysates were separated on SDS-PAGE gels, blotted onto nitrocellulose membranes and incubated with antibodies directed
against MDM2 (2A10 and SMP14, Santa Cruz), 53BP1 (Novus Biologicals),
p53 (DO-1), p21 (C19, Santa Cruz), CDK4 (C-22, Santa Cruz) and CDK2
(M2, Santa Cruz).
Immunofluorescence. Cells grown on coverslips were washed with PBS, fixed
and permeabilized in 3% paraformaldehyde and 0.1% Triton X-100, and washed
three times with PBS containing 0.05% saponin. Slides were blocked with 10%
normal goat serum in PBS with 0.05% saponin. Cells were stained with antibodies directed against 53BP1 (1:100, Novus Biologicals) and against phosphorylated
CHK-2 (p-T68-CHK2; 1:100, Cell Signaling Technologies); FITC-conjugated
goat anti-rabbit antibodies were used as secondary antibodies. All antibodies
were diluted in PBS containing 10% normal goat serum and 0.05% saponin.
Microarray data. Microarray datasets for the barcode experiments can found
at the authors’ supporting website (http://www.screeninc.nl).
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