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CANCER
When one takes into account that the human body consists of approximately 100 
trillion (1014) cells, it is frightening to imagine that the majority of these cells have 
the intrinsic capacity to become a cancer cell that divides uncontrollably and 
develops into a malignant tumour. Fortunately, cells have defence mechanisms 
that protect them from becoming malignant. Still, cancer is a common disease 
worldwide, indicating that things go wrong despite these mechanisms. Although 
many types of cancer exist, it is thought that the vast majority originate through 
the manifestation of several distinct alterations1. First, cells have to self-sustain 
their growth indefinitely and, second, they have to become insensitive to anti-
growth signals. Third, they have to evade the induction of programmed cell death, 
a process called apoptosis. Fourth, cells have to acquire limitless replicative 
potential. Fifth, in order to progress to a larger size, tumours must develop blood 
vessels to ensure sustained oxygen and nutrient supply (angiogenesis). Sixth, 
tumour cells have to acquire the capability to invade neighbouring tissue and gain 
the potential to settle at distant sites in the organism (metastasis). Additionally, 
in recent years it has become apparent that development of certain cancers also 
requires a switch in the energy metabolism and the ability to evade destruction 
by the host immune system2. This would make a total of at least eight capabilities 
cells have to acquire to be able to develop into a malignant tumour.

MAKING CANCER CELLS in vitro
The cancer-causing alterations described above originate from errors in the 
pathways that normally govern these processes. Genetic alterations (mutations) 
as well as changes in gene expression devoid of alterations in the genetic code 
(the so-called epigenetic changes) are the cause of these errors. In healthy cells, 
mutations are repaired by cellular DNA repair systems. However, the genomes of 
cancer cells are in general unstable, thereby increasing the frequency of gaining 
alterations in pivotal pathways. 

The (epi-) genetic alterations underlying cancer development are found in 
so-called tumour suppressor genes (cellular “brake” genes that inhibit growth) 
and oncogenes (cellular “accelerator” genes that support growth) resulting in the 
respective inactivation and activation of these genes. Examples of genes that have 
a high inactivating mutation frequency in human cancer are the retinoblastoma 
(pRB) and p53 tumour suppressor genes. Ras (RasV12; glycine 12 to valine) and 
B-Raf (B-RafE600; valine 600 to glutamine) are examples of proto-oncogenes in 
which activating mutations are frequently found.

In 1999 Hahn et al. described an in vitro system to make tumour cells from 
normal (primary) human cells by expression of defined genetic elements (Fig. 
1). Expression of telomerase reverse transcriptase (hTERT), the early region of 
simian virus 40 (SV40), and oncogenic Ras was shown to be sufficient to fully 
transform human primary cells into cells having all the characteristics of tumour 
cells3. HTERT is the enzymatic component of the human telomerase enzyme. 
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Normal cells have a limited lifespan due to erosion of the telomeres (the ends of 
chromosomes) by repeated cell division. During tumorigenesis, cells have to find 
a way to prevent that telomere length decreases to an extent that would make 
them stop proliferating. HTERT expression immortalizes cells by enabling them 
to sustain telomere length4. Telomerase activity is only present in certain types of 
stem and germ cells, and not in normal human cells. Cancer cells are also able 
to sustain their telomeres either by expression of hTERT5 or by a recombination-
based mechanism called ALT (alternative lengthening of telomeres)6. The early 
region of SV40 encodes for the small and large T antigens. Small t is thought 
to participate in the transformation process through interference with the 
function of protein phosphatase 2A7. Large T expression can be substituted by 
expression of short interfering RNAs (siRNAs) targeting components of the pRB 
and p53 tumour suppressor pathways8 (Fig. 1), indicating that the effect of large 
T mainly encompasses inactivation of these two pathways. Lastly, the expression 
of oncogenic Ras provides cells with the sustained mitogenic trigger needed to 
proliferate without being dependent on external growth signals. In this thesis we 
utilized this well-defined system to identify novel components of the involved 
pathways and to get a better understanding of how normal cells can transform 
into tumour cells.

SENESCENCE: A MECHANISM AGAINST TRANSFORMATION
Senescence
Senescence is an irreversible growth arrest that can be induced in response to 
certain cellular stresses (Fig. 2). One of the first observations describing this 
phenomenon was that in vitro propagation ultimately drives primary human cells 
into an irreversible growth arrest9,10. It was termed replicative senescence and is 

Figure 1

Figure 1. Schematic model for the in vitro transformation of human primary cells. Overexpression of 
hTERT, small t, and RasV12 in combination with inhibition of the p53 and p16INK4A/pRB tumour suppressor 
pathways – either by short interfering RNAs (KD: knockdown) or expression of viral antigens (e.g. large 
T) – results in the full neoplastic transformation of human primary cells.
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caused by progressive shortening of telomeres11-13. The DNA damage response 
plays a central role in replicative senescence. When telomeres reach their critical 
minimal length a DNA damage response is initiated. This stress response can drive 
cells into a reversible cell cycle arrest. Within the timeframe of the arrest cells can 
repair their damage and re-enter the cell cycle. When the damage exceeds a 
certain limit, cells can either go into apoptosis or enter replicative senescence. 
Maintaining telomere length through activation of telomerase prevents that cells 
go into replicative senescence12,13. 

Oncogene-induced senescence
Cells can also enter senescence independently of telomere attrition (Fig. 2). In 
primary cells, for example, excessive mitogenic signalling elicits a stress response 
that drives them into in an irreversible cell cycle arrest. The arrest phenotypically 
resembles replicative senescence and was therefore named oncogene-induced 
senescence (OIS)14. In vitro, OIS can be induced by expression of oncogenes, 
such as RasV12. Although OIS and the DNA damage response are known as 
separate cellular stress responses, recent reports suggest that they actually might 
be causally linked. This model proposes that the initial hyper-replication phase 
upon oncogene expression leads to DNA replication stress and the activation 
of a DNA damage response, which ultimately drives cells into senescence15,16. 

Figure 2

Figure 2. Stress responses that 
induce senescence. Depicted are 
several stresses cells can encounter 
that may ultimately drive them into 
cellular senescence. Senescence 
induction initiated by telomere 
attrition and oxidative stress acts 
via the DNA damage response. 
Recent evidence implies that the 
DNA damage response might also 
be (partially) required for senescence 
elicited by oncogene expression.
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Importantly, OIS was found to play a pivotal role in the protection against tumour 
development in vivo17-20. 

Markers of senescence
Several markers have been established that can be used to identify senescent 
cells (reviewed in ref. 21) (Fig. 2). First of all, senescent cells are characterized 
by their typical morphological appearance. The acquired morphology might 
differ depending on the stress responsible for the initiation of senescence. Cells 
become big and flat in the case of RasV12-induced senescence. Several general 
markers have been found that are widely used to study this important tumour 
suppressor mechanism. Increased protein levels of certain components of the 
p53 and pRB tumour suppressor pathways – the two main pathways involved 
in the establishment of senescence – are found in senescent cells. High levels 
of p16INK4A, its relative p15INK4B, and the p53 target gene p21 can be detected21. 
Senescence is, at least in vitro, not always accompanied with increased p53 
levels. The oncogenic trigger can also result in post-translational modification 
of p53 that activate, rather than stabilize, the protein8. Other proteins are highly 
expressed in senescent cells as well, but their functional involvement is not very 
well established. Two examples of this class of markers are DCR2 and DEC1 (ref. 
21). Another feature of senescent cells is the activity of senescence-associated 
β-galactosidase. The enzymatic activity is derived from the increased lysosomal 
content of senescent cells, which can be detected both in vitro and in vivo22. 

Finally, chromatin-dense foci are present in senescent cells that can be 
visualized by staining of the DNA with DNA dyes, like DAPI23. Chromatin is an 
organized combination of DNA and protein that is used to deal with the large 
amount of DNA that is present in every nucleus of a cell. Winding of every 147 
basepairs of the DNA helix around eight histone proteins (histone octamer) 
creates the so-called nucleosome. It consists of two copies of the four core 
histone proteins: H2A, H2B, H3, and H4. Linked by histone H1, the nucleosomes 
coil into the 30 nm fibre. The packaging of DNA in chromatin also serves as an 
additional layer of transcriptional regulation. Transcriptionally silent domains are 
in densely packed chromatin (heterochromatin), whereas transcriptionally active 
chromatin (euchromatin) appears to be open and thereby accessible for proteins 
that regulate transcription. Posttranslational modifications of histones are an 
important factor in regulation of chromatin states. Active and inactive chromatin 
domains are marked by specific histone modifications. The foci in senescent 
cells bear features of transcriptionally silent chromatin and are therefore named 
senescence-associated heterochromatin foci (SAHF)23. Initially it was thought 
that heterochromatin formation during the establishment of senescence stably 
silences genes required for proliferation (like target genes of the transcription 
factor E2F). However, a recent report describes that SAHF are also present in 
oncogene-expressing cells that bypassed OIS, implying that they are not 
required for the proliferation arrest24. They point to a role of SAHF in inhibiting 
the replication stress-induced DNA damage response15, thereby driving the cells 
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into senescence rather than apoptosis. This would mean that SAHF are not true 
markers of senescent cells. In fact, none of the above-described features solely 
mark senescent cells. Therefore, a combination of several markers has to be used 
to detect them.

THE P53 TUMOUR SUPPRESSOR PATHWAY
The p53 gene is the most frequently mutated gene in human cancer as mutations 
appear in more than 50% of tumours. In the case that tumours harbour the wild-
type p53 gene, it is thought that alterations in other p53 pathway components 
are responsible for its inactivation25. The p53 pathway plays a central role in 
senescence and its tumour suppressive function mainly relies on this effect26. 
Nonetheless, it has been well documented that p53 is also essential for other 
stress responses, including induction of apoptosis. The p53 gene encodes a 
transcription factor that can activate and repress transcription of target genes. 
Although other functions have been ascribed to p53, the observation that the 
inactivating mutations found in cancer are mainly in its sequence-specific DNA 
binding domain implies that regulating transcription is its main function in tumour 
suppression25.

It is not surprising that p53 expression and activity are tightly regulated, as its 
function forms an important barrier to malignant transformation. The p53 protein 
is highly unstable due to the activity of the ubiquitin ligase MDM2. MDM2 itself 
is a p53 target gene, thereby creating a negative feedback loop. MDM2 activity 
is counteracted by the p14ARF protein, which can bind and sequester MDM2, 
thereby stabilizing p53. In addition, posttranslational modifications of p53 can 
interfere with the p53/MDM2 interaction, like N-terminal phosphorylation27,28. 
Besides phosphorylation and ubiquitination, p53 protein stability and activity are 
regulated by many other posttranslational modifications, including acetylation, 
sumoylation and methylation29. For example, acetylation of p53’s lysine residues 
is a requisite for its activation30.

As a transcription factor, p53 regulates the transcription of dozens of target 
genes. Selective regulation of distinct target gene sets is responsible for the 
different responses that p53 activation can elicit. Certain posttranslational 
modifications enable p53 to transcriptionally activate specific subsets of target 
genes31-34. Furthermore, quantitative and qualitative differences in stress input, 
cell-type specific variations in the availability of cofactors, as well as differences 
in the affinity of p53 and its cofactors for target gene promoters appear to be 
involved in regulating specific target gene sets and driving cells into a certain 
response (ref. 35-39) (Fig. 3). In general, p53 has a higher affinity for promoters 
of target genes required for the induction of a cell cycle arrest than for promoters 
of pro-apoptotic target genes. Depending on the strength or nature of the stress 
response, p53 can be stabilized and activated in different degrees. In response 
to mild stress, relatively low levels of p53 will preferentially activate high affinity 
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pro-cell cycle arrest genes whereas massive stress will lead to higher levels of 
active p53, which can then also bind and activate the low affinity promoters of 
pro-apoptotic target genes (ref. 25) (Fig. 3). The bromodomain-containing protein 
BRD7 is specifically required for p53 binding to the high affinity target gene 
promoters and is essential for recruitment of histone acetyltransferases to these 
promoters, thereby keeping the chromatin in an open and active state39,40. BRD7 
is one of the factors of which inhibition can neutralize the p53 pathway without 
affecting the p53 gene itself. Indeed, BRD7 loss is found in a substantial amount 
of human breast tumours harbouring wild-type p53 (ref. 39).

Figure 3

Figure 3. Triggering the p53 pathway. Activation of the p53 tumour suppressor pathway can result 
in several cellular outcomes, including cell cycle arrest, senescence and apoptosis. This depends on 
the nature of the stress, the availability of cofactors and the affinity of p53 and/or its cofactors for 
their target genes. Upon mild stress, relatively low levels of p53 bind preferentially to high affinity 
pro-cell cycle arrest gene promoters and recruit cofactors (depicted as A and B) to efficiently activate 
transcription. Severe stress results in high levels of p53, which can now also bind to low affinity pro-
apoptotic target gene promoters and recruit different factors to activate transcription (depicted as C 
and D). Additionally, posttranslational modifications of p53 are involved in regulating specific subsets 
of target genes as well. For convenience only acetylation (Ac) and phosphorylation (P) are depicted. 
The p53 protein can be modified at multiple residues. A combination of modifications is required for 
its proper activation.
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NON-CODING RNAS IN THE P53 PATHWAY
The p53 tumour suppressor network consists of – and regulates – many genes. 
Until recently this complex network only contained protein-coding genes. The 
discovery of non-coding RNAs initiated the search for a possible role of this class 
of regulatory molecules in the p53 pathway. 

MicroRNAs
MicroRNAs (miRNAs) were the first class of non-coding RNAs shown to play a 
role in the p53 pathway. MiRNAs are small endogenous RNAs that silence gene 
expression posttranscriptionally. This mainly occurs by binding of the mature 
(processed) miRNA to the 3’-untranslated region (3’UTR) of its target genes, 
resulting in translational inhibition and/or transcript decay. Nucleotides 2 – 8 from 
the 5’-end of the mature miRNA, the so-called seed sequence, appear to be 
important for binding to its target sequences. A role for miRNAs in tumorigenesis 
is well established, acting both as tumour suppressor genes and oncogenes. 

The miR-34 family is a direct transcriptional target of p53 and is required 
for proper p53 function41-45. As a downstream effector of the p53 pathway, 
this miRNA family functions as a tumour suppressor gene. On the other hand, 
the miR-372&373 cluster has oncogenic properties. Expression of this cluster 
bypasses OIS, partially via neutralization of downstream signalling of p53 (ref. 46). 
Furthermore, expression of miR-373 promotes tumour invasion and metastasis47. 
Another oncogenic miRNA cluster implicated in the p53 pathway is the miR-17-92 
cluster. This miRNA cluster contains six miRNAs, namely miR-17, miR-18, miR-
19a, miR-19b, miR-20 and miR-92. Targeting of the p53 target gene p21 and 
the E2F transcription factors by miR-17&20 partially explains the oncogenicity 
of the cluster48-52. In addition, miR-19a&b have been shown to target the tumour 
suppressor PTEN, an important inhibitor of the PI3K/AKT signalling pathway that 
regulates cell survival, cell cycle progression and cellular growth53,54. Finally, the 
pro-apoptosis factor BIM is targeted by multiple miRNAs of the miR-17-92 cluster, 
including miR-92 (ref. 55-58). Therefore, it seems that the miR-17-92 cluster 
reaches its optimal oncogenic activity through all its miRNA components. This 
is confirmed by several recent reports showing that expression of the complete 
miRNA cluster is required for the highest oncogenic potential in the oncogene-
induced stress response (ref. 49, Drost et al., this thesis) and most potent inhibition 
of the TGF-β pathway in neuroblastoma59.

At present, many more miRNAs have been described that target either 
components of the p53 pathway, or even p53 itself (reviewed in ref. 60). However, 
the picture appears to be even more complex as miRNAs are not the only non-
coding RNAs that are implicated in the p53 pathway.

Long intergenic non-coding RNAs (lincRNAs)

Recently, over a thousand long intergenic non-coding RNAs (lincRNAs) were 
identified, using genome-wide chromatin-state maps61. Besides the presence 
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and/or absence of specific histone modifications, the location – outside known 
protein-coding genes – and ultra-conservation are other features of potential 
lincRNA-encoding regions. Interestingly, several lincRNAs are transcribed in 
a p53-dependent manner61,62. One of these lincRNAs, termed lincRNA-p21, is 
specifically required for p53-dependent repression of target genes and induction 
of apoptosis62. The mechanism whereby lincRNA-p21 is repressing transcription is 
not well understood. However, several possibilities exist based on observations for 
other lincRNAs. HOTAIR, for example, was shown to interact with the Polycomb 
Repressive Complex 2 (PRC2). This complex keeps chromatin in a transcriptionally 
silent state. HOTAIR is required for transcriptional silencing of the HOXD locus and 
for PRC2-dependent histone modifications at this locus63. In addition, HOTAIR can 
also interact with other transcription regulation complexes64. Essentially, 20% of 
the thus-far known lincRNAs was shown to bind the PRC2 complex65. This indicates 
that non-coding RNA-mediated recruitment of histone modifying complexes is an 
important mechanism by which lincRNAs can regulate gene expression. 

Another possible mechanism by which non-coding RNAs could regulate 
transcription was proposed with the discovery of enhancer RNAs (eRNAs)66. 
Enhancers are regulatory elements that enhance transcription of genes at 
distant sites. A genome-wide search for enhancer domains identified a subset of 
enhancers that were bound by RNA polymerase II and produced transcripts bi-
directionally. The transcription of these so-called eRNAs positively correlated with 
the level of mRNA production of neighbouring genes. However, the functional 
relevance of eRNAs is still unclear. One proposed mechanism is that eRNAs 
affect chromatin modifications at enhancer domains that may facilitate loop 
formation between promoter and enhancer regions. In this thesis we describe 
the identification of several regions that are bound by p53 with high affinity. 
These regions carry the characteristics of eRNA-producing enhancer domains and 
produce transcripts (eRNAs) in a p53-dependent fashion. We further demonstrate 
that the eRNAs produced from the identified enhancer regions are required for 
efficient transcription of target genes and a p53-dependent cell cycle arrest. 
Finally, we show that p53 is required for the enhancer activity and that intra-
chromosomal interactions take place between the enhancers and surrounding 
genes. These results imply that p53 may control transcription of multiple genes 
via the regulation of enhancer activity.

Altogether, non-coding RNAs are an important class of regulatory molecules 
in the p53 pathway. With the on-going discovery of ultra-conserved RNA species 
it would not be surprising if many more non-coding RNAs play pivotal roles in this 
tumour suppressor pathway.
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OUTLINE OF THE THESIS
The p53 pathway plays a central role in protecting cells from becoming tumorigenic. 
Reactivation of the pathway is under extensive study in the development of 
anti-cancer drugs (reviewed by Mandinova and Lee, Sci. Transl. Med. 2011). 
Although a lot is known about the pathway, the way it is inactivated in human 
tumours harbouring the wild-type p53 gene is in many cases unknown. This raises 
the question if we indeed know all the components of this important tumour 
suppressor pathway. In this thesis, we aimed to identify novel components of the 
p53 tumour suppressor network. Besides focussing on protein-coding genes, we 
also set out to identify non-coding gene components. To reach these goals, we 
made use of genetic screens and genome-wide p53 binding analysis. Ultimately, 
newly identified members might be used as novel targets for anti-cancer drugs.

Chapter 1 is a general introduction giving an overview of the processes, 
pathways and molecules that are being discussed in this thesis. 

Chapter 2 describes a screen to find novel tumour suppressor genes in the 
transformation process. We identified BRD7 as an important cofactor of p53 
that is required for p53-dependent transcription of a subset of target genes and 
oncogene-induced senescence. We suggest that BRD7 loss is a way to neutralize 
the p53 pathway in human tumours that retain wild-type p53.

Chapter 3 gives an extra view on the results described in chapter 2 and links 
our findings to published data about related topics.

In chapter 4 we analysed genome-wide p53 binding patterns to identify non-
coding transcripts as transcriptional targets of the p53 pathway. We describe 
the identification of several enhancer domains that are bound by p53 with high 
affinity and produce eRNAs in a p53-dependent manner. In addition, the activity 
of these enhancers requires p53. We suggest that p53 can regulate target gene 
transcription by producing eRNAs and affecting the activity of enhancer domains. 

In chapter 5 a screen is described that was performed to identify oncogenic 
miRNAs. We show that expression of the miR-17-19 cluster – containing miR-17, 
miR-18, miR-19a, miR-20 and miR-19b – interferes with the pRB pathway, thereby 
contributing to the full neoplastic transformation of human primary cells.

Chapter 6 discusses a recent paper describing the role of a positive feedback 
loop consisting of IL-6, NF-κB, miRNA let-7 and LIN28B in oncogene-induced 
transformation. A transient oncogenic trigger appears to be sufficient to fully 
transform certain cell types. The status of the pRB and p53 pathways might be 
decisive whether or not cells are driven into this feedback loop.

Chapter 7 is a general discussion about the findings presented in this thesis.
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AbSTRACT
Oncogene-induced senescence is a p53-dependent defence mechanism against 
uncontrolled proliferation. Consequently, many human tumours harbour p53 
mutations and others show a dysfunctional p53 pathway, frequently by unknown 
mechanisms. Here we identify BRD7 (bromodomain-containing 7) as a protein 
whose inhibition allows full neoplastic transformation in the presence of wild-type 
p53. In human breast tumours harbouring wild-type, but not mutant, p53 the 
BRD7 gene locus was frequently deleted and low BRD7 expression was found in 
a subgroup of tumours. Functionally, BRD7 is required for efficient p53-mediated 
transcription of a subset of target genes. BRD7 interacts with p53 and p300 and is 
recruited to target gene promoters, affecting histone acetylation, p53 acetylation 
and promoter activity. Thus, BRD7 suppresses tumorigenicity by serving as a p53 
cofactor required for the efficient induction of p53-dependent oncogene-induced 
senescence.
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INTRODUCTION
The p53 tumour suppressor is an essential mediator of the cellular response 
triggered by oncogene activation, which causes a permanent cell-cycle arrest 
termed oncogene-induced senescence (OIS). OIS provides an important barrier 
to tumour development in vivo1–3, and work in animal models suggests that this 
may represent the major mechanism of the tumour suppressive activity of p53 (ref. 
4). Thus, interference with OIS by inhibiting the p53 tumour suppressor pathway 
allows cells to continue to proliferate in the presence of active oncogenes, 
leading to an increased frequency of tumour formation. This is reflected in the 
appearance of mutations in p53 in as many as 50% of human tumours5. In most 
other cases, in which the p53 gene is wild-type, genetic lesions in components 
of the p53 pathway are found interfering with its activation. A classical example 
is the increased turnover or sequestration of the p53 protein itself through, for 
example, overexpression of HDM2 (ref. 5). Other examples involve the loss of 
gene products that are required for full activation of the p53 protein, or inhibition 
of p53 function downstream of its activation6,7. However, for many tumours that 
retain wild-type p53 the genetic alterations leading to functional impairment of 
the tumour suppressive response are not defined.

RESULTS
A loss of function screen for genes required for p53-dependent OIS 
identifies BRD7
To identify genes in the p53 pathway that are required for OIS, we performed 
a loss-of-function screen in primary human BJ fibroblasts expressing hTERT 
and 4-OH-tamoxifen (4-OHT)-inducible oncogenic H-RasV12 (BJ/ET/RasV12ER 
cells7). We have shown previously that loss of p53 in primary human fibroblasts 
accelerates cell proliferation and contributes to cellular transformation8. Whereas 
the acceleration of cell proliferation was mediated through p14ARF, cellular 
transformation was independent of it. Therefore, to focus on genes acting in 
the transformation process, we performed our screen in BJ/ET/RasV12ER cells 
in which p14ARF was knocked down (Fig. 1a). Nineteen outliers were selected 
(Supplementary Information, Table S1). Validation with additional knockdowns 
targeting these genes identified several that conferred a growth advantage 
on BJ/ET cells expressing RasV12, all targeting the same gene, BRD7 (Fig 1b; 
Supplementary Information, Fig. S1a, b). There was a correlation between BRD7 
knockdown efficiency and functionality (Fig. 1b), and no changes in p53 and RasV12 
expression levels were observed (Fig. 1c). These results suggest that inhibition of 
BRD7 expression enables primary human BJ cells to continue proliferating in the 
presence of oncogenic RasV12, implying that BRD7 is involved in OIS. 

Next, we characterized the effect of BRD7 loss on several well-established 
markers of OIS, including flat cell morphology, expression of senescence-associated 
β-galactosidase, and formation of senescence-associated heterochromatin foci. 
In comparison with control cells, a marked decrease in all senescence markers was 
observed in RasV12-expressing BRD7-knockdown (BRD7KD) and p53-knockdown 
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Figure 1. A genetic screen for genes required for OIS identifies BRD7. A) Schematic representation of 
OIS and the setup of the loss-of-function screen. B) GFP-growth competition assays of BJ/ET/p14ARF-KD/
RasV12ER cells transduced with the indicated pRetrosuper (pRS) knockdown vectors and cultured in 
the presence of 4-OHT (+RasV12). An accompanying quantitative-RT-PCR for BRD7 mRNA expression 
shows the functionality of the BRD7 knockdown vectors. Graphs represent mean and s.d. for three 
independent experiments. C) BJ/ET/RasV12ER cells were transduced with the indicated knockdown 
vectors and cultured in the absence or presence of 4-OHT for 3 days and then harvested; western blot 
analysis was performed to detect BRD7, p53, RasV12, and actin (loading control). Uncropped images of 
blots are shown in Supplementary Information, Fig. S15. D) Cells from (C) were cultured in the presence 
of 4-OHT for 10 days and stained to detect cells that were positive for SA-β-galactosidase. Graphs show 
means and s.d. for three independent experiments. E) Cells from (C) were cultured in the presence of 
4-OHT for 10 days and senescence-associated heterochromatin foci were revealed by Hoechst staining. 
Scale bars, 20 mM. Graphs show means and s.d. for three independent experiments.
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(p53KD) cells (Fig. 1d, e; Supplementary Information, Fig. S2a). No significant 
changes in BRD7 messenger RNA and protein levels were observed on expression 
of RasV12 (data not shown; Fig. 1c), and in addition the nuclear localization of 
BRD7 did not change (Supplementary Information, Fig. S3b). Further, BRD7 did 
not co-localize with senescence-associated heterochromatin foci (Supplementary 
Information, Fig. S3b). No change in appearance or persistence of γ-H2AX foci 
during recovery from DNA damage was observed in BJ/ET cells expressing 
BRD7KD (Supplementary Information, Fig. S4), implying that BRD7 does not 
directly influence the DNA damage response. Re-expression of short hairpin 
RNA (shRNA)-resistant BRD7 in RasV12-expressing BJ/ET-BRD7KD cells significantly 
inhibited cell growth, showing that BRD7 is indeed the functional factor in these 
assays (Supplementary Information, Fig. S1c, d). Finally, the requirement of BRD7 
for OIS is not specific to RasV12-induced senescence, because cells expressing 
BRD7KD were also less efficient in inducing senescence on overexpression of 
c-Myc (ref. 9) (Supplementary Information, Fig. S2b–d). Taken together, these 
results indicate that BRD7 is required for p53-dependent OIS. 

Genetic interaction of BRD7 with the p53 pathway
The endogenous expression of p53 limits the cellular proliferation of primary 
human cells under normal culture conditions, as observed by the growth 
advantage induced by knocking down p53 in primary human fibroblasts and in 
primary mammary epithelial cells8,10. To investigate whether a genetic interaction 
exists between BRD7 and the p53 pathway, we performed green fluorescent 
protein (GFP)-growth competition assays in primary human fibroblasts expressing 
p53KD. Whereas BRD7KD conferred a significant growth advantage comparable to 
that of p53KD on cells with normal p53 levels, the effect was greatly diminished 
in cells with decreased p53 levels (Fig. 2a, c). As controls we used p53KD and 
p14ARF-KD, which only conferred a growth advantage on cells with functional p53 
levels, and p16INK4A-KD, which confers a growth advantage independently of p53. 
The same results were obtained in cells expressing RasV12 (Fig. 2b, d). Intriguingly, 
the growth advantage conferred by p53KD was greatly decreased in cells deficient 
in BRD7 (Fig. 2e, f). These observations show that proper function of p53 in 
controlling proliferation and OIS requires BRD7, and vice versa.

BRD7 interacts physically with p53
Confirming the genetic and functional interaction between BRD7 and p53, we 
observed that the two proteins interact physically. Initially, a yeast two-hybrid screen 
led to the identification of BRD7 as a new interaction partner of p53, specifically 
with the carboxy-terminal domain of p53 (Supplementary Information, Fig. S5). 
The interaction between p53 and BRD7 was validated by co-immunoprecipitation 
and co-localization assays in BJ/ET cells (Fig. 3a; Supplementary Information, Fig. 
S3c). The expression of RasV12 increased the interaction between the two proteins 
(Fig. 3a). 

In vitro binding assays with a maltose-binding protein (MBP)–BRD7 fusion 
protein and several deletion mutants of p53 mapped the region of binding of 
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Figure 2. Genetic interaction of BRD7 with the p53 pathway. (A – F) GFP growth competition assays 
of BJ/ET/RasV12ER cells with the indicated genetic backgrounds and expressing the indicated pRS-GFP 
vectors cultured in the absence (A, C, E) or presence (B, D, F) of 4-OHT: (A) BJ/ET, (B) BJ/ET +RasV12, (C) 
BJ/ET-p53KD, (D) BJ/ET-p53KD +RasV12, (E) BJ/ET-BRD7KD, (F) BJ/ET-BRD7KD +RasV12.

p53 to BRD7 to its C-terminal domain (residues 363–393; Fig. 3b). Pull-down 
assays indicated that p53 interacts with the amino-terminal part of BRD7 (residues 
1–128) upstream of its bromodomain (residues 128–238; Fig. 3c). Indeed, BRD7 
and BRD7ΔBD (a mutant lacking the bromodomain) bound equally well to wild-
type p53 and p53-9KR11 (Fig. 3d), indicating that neither the bromodomain of 
BRD7 nor the C-terminal lysine residues of p53 are required for this interaction. 

Re-expression of an shRNA-resistant BRD7 mutant lacking residues 1–128 in 
RasV12-expressing BJ/ET-BRD7KD cells inhibited cell growth less efficiently than re-
expression of wild-type BRD7, indicating that the p53–BRD7 interaction is indeed 
required for at least part of the growth-inhibitory effects of BRD7 (Supplementary 
Information, Fig. S1c, d).

BRD7 is required for transcriptional activation of a subset of p53 target 
genes
BRD7 is known to bind acetylated lysine residues in histones12,13 and to be a 
component of a chromatin-remodelling complex14, suggesting a possible role in 
the regulation of transcription. We therefore examined whether BRD7 is required 
for the transcriptional activation of p53 target genes. We assessed the expression 
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Figure 3. BRD7 interacts physically with p53. A) Co-immunoprecipitation of endogenous BRD7 and 
p53 in BJ/ET-RasV12ER cells cultured in the absence (–) or presence (+RasV12) of 4-OHT. Lysates were 
immunoprecipitated (IP) with anti-BRD7 antibody. Control immunoprecipitation (C) was performed 
with anti-haemagglutinin antibody. WB, western blot. B) In vitro binding of p53 deletion mutants with 
full-length (FL) BRD7. Top: p53 proteins were produced by in vitro translation (IVT) and incubated 
with bacterially expressed MBP-BRD7 protein or with MBP protein as control. Bottom: schematic 
representation of the p53 proteins used. TA, transactivation domain; DBD, DNA-binding domain; 
OD, oligomerization domain. C) In vitro binding of BRD7 deletion mutants with full-length p53. Full-
length p53 protein was translated in vitro and incubated with bacterially expressed MBP-BRD7 deletion 
proteins (depicted in the scheme below), or with MBP protein as control. BD, bromodomain. D) H1299 
cells (p53-null) were transiently transfected with either p53 wild-type (WT) or p53-9KR expression 
vector, together with GFP-tagged full-length BRD7, bromodomain-deleted BRD7 (ΔBD) or empty 
EGFP control. The interaction was analysed by immunoprecipitating GFP and subsequent western blot 
analysis to detect bound p53. Uncropped images of the western blots are shown in Supplementary 
Information, Fig. S15.

levels of several known p53 targets in normally growing and RasV12-expressing 
BJ/ET cells containing either a control, p53KD or BRD7KD vector. Figure 4a and 
Supplementary Information, Figure S6, show that RasV12 induces transcription of all 
these genes in a p53-dependent manner. BRD7KD greatly affected the expression 
of P21 (CDKN1A), HDM2 (MDM2), TIGAR (C12orf5) and PAI1 (SERPINE1), whereas 
no significant effect was observed for BAX, PUMA (BBC3), PIG3 (TP53I3), FAS 
(CD95) and NOXA (PMAIP1). 
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To get an overview of which p53 target genes require BRD7 for their 
transcription, we performed mRNA-expression array analysis comparing RasV12-
expressing BJ/ET cells containing either one of two different BRD7KD vectors, 
or p53KD vector or control vector (Fig. 4b). Clustering analysis of genes whose 
expression was decreased in knockdown cells revealed three groups: p53KD-
specific genes, BRD7KD-specific genes, and genes shared by p53KD and BRD7KD 
(Supplementary Information, Fig. S7a–c). Gene ontology (GO) analysis revealed 
a significant enrichment for pro-apoptotic genes in the cluster of genes 
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Figure 4. BRD7 is required for efficient transcriptional activation of a specific subset of p53 target genes. 
A) BJ/ET/RasV12ER cells containing control vector, one of two different BRD7KD vectors, or p53KD vector 
were cultured for 10 days in the absence (grey bars) or presence (black bars) of 4-OHT. mRNA levels of 
the indicated genes were determined by quantitative RT-PCR. Graphs show means and s.d. for three 
independent experiments. B) Schematic overview of the mRNA-expression array analysis performed 
on RNA extracted from cells from (A) cultured in the presence of 4-OHT. C) Representation of genes 
downregulated specifically in p53KD or BRD7KD cells, or downregulated genes shared by the two genetic 
backgrounds. Numbers represent the amount of genes present in that GO cluster. D) U2-OS cells 
(wild-type p53), transfected with the indicated siRNAs, were treated with etoposide (+) or DMSO (–) 
for 12 h (left) or 24 h (right). The effects of BRD7KD on S-phase entry were evaluated by incorporation 
of bromodeoxyuridine (left); the effects on apoptosis were evaluated by analysis of DNA content by 
staining with propidium iodide. Graphs show means and s.d. for three independent experiments. P 
values were calculated with two-tailed unpaired t-tests. Western blot analysis was performed to detect 
BRD7, p53 and actin (loading control).
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downregulated in p53KD cells but not in BRD7KD cells (P < 0.002; hypergeometric 
distribution, after correction for multiple testing). This included, as expected, p53 
and BAX, but also FAS, TNFRSF10A, TNFRSF10B and DRAM1 (FLJ11259) (Fig. 4c). 
BRD7KD significantly affected the expression of several p53 target genes, among 
them P21, HDM2, cyclin G1 (CCNG1), RRM2B, ZMAT3 (WIG1) and FGF2 (Fig. 4c). 
There was also a subset of genes specifically repressed in BRD7KD cells but not 
in p53KD cells (Supplementary Information, Fig. S7c), suggesting that p53 is not 
the only transcriptional partner of BRD7. As no clear GO appeared in this group, 
the acting factors remain unknown. Thus, BRD7 is required for the transcriptional 
activation of a subset of p53 target genes. 

Furthermore, in U2-OS cells (p53 wild-type), loss of BRD7 expression resulted 
in lower basal P21 mRNA levels and impaired induction of p21 after treatment 
with etoposide, whereas PUMA mRNA remained unchanged (Supplementary 
Information, Fig. S8). Cell proliferation assays did indeed show that BRD7KD 
cells bypass a DNA damage-induced growth arrest, whereas apoptosis is still 
normally induced by etoposide or ultraviolet irradiation (Fig. 4d; Supplementary 
Information, Fig. S8). This effect of BRD7 is highly relevant to OIS, because the 
main feature of OIS is the induction of an irreversible growth arrest. 

BRD7 binds to a subset of p53 target gene promoters and affects 
histone acetylation
Our results suggest that BRD7 acts as a transcriptional cofactor of p53 for a 
subset of target genes. We therefore determined whether BRD7 is found within 
transcriptional complexes on the p53 cognate sites in these promoters. Chromatin 
immunoprecipitation (ChIP) for BRD7 from BJ/ET cells expressing RasV12 showed 
specific binding of BRD7 at the upstream (−2.3 kilobases (kb)) p53-binding site in the 
P21 promoter, and within the p53-binding region of the HDM2 promoter (Fig. 5a), 
which both require BRD7 for efficient transcriptional activation (Fig. 4a). In contrast, 
much less binding of BRD7 was detected on the promoters of the p53 target genes 
that do not require BRD7 for their transcription, including PUMA, FAS and BAX, 
although it was higher than that to the promoter of a non-transcribed gene (Fig. 
5a). BRD7 binding to the P21 and HDM2 promoters (but not PUMA, FAS or BAX) 
was compromised in p53KD cells (Fig. 5a). These results suggest that the activation 
of several target gene promoters by p53 involves the recruitment of BRD7. 

Seeking wide-scale delineation of the cooperation between p53 and BRD7 in 
the transcriptional regulation of target genes, we performed a ChIP-sequencing 
analysis on these proteins (Fig. 5c). BRD7 showed much broader chromatin binding 
than p53, and its peaks were sharply concentrated near the transcriptional start 
sites (TSSs) of target genes (Supplementary Information, Fig. S9). Binding peaks 
of BRD7 were identified near TSSs of 4,422 genes, whereas p53 binding peaks 
were identified upstream of or within 52 genes. The overlap between genes 
bound by BRD7 and p53 was statistically significant (26 genes; P = 1.6 x 10−4; 
Supplementary Information, Table S2a). Notably, integration of ChIP-sequencing 
and mRNA-expression microarray results showed that the binding peaks for both 
p53 and BRD7 were enriched in the group of genes downregulated in both p53KD 
and BRD7KD cells but not in the group of genes downregulated only in p53KD cells, 
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Figure 5. BRD7 binds to selected p53 target gene promoters in a p53-dependent fashion and affects 
histone acetylation and promoter activity. A) BJ/ET/RasV12ER cells containing control, BRD7KD (no. 
4), or p53KD vector were cultured for 48 h in the presence of 4-OHT h and subjected to ChIP with 
either BRD7-specific or unrelated (anti-haemagglutinin) antibody as control. Binding of BRD7 to the 
indicated genomic regions was quantified by calculating the percentage of input chromatin bound 
by real-time PCR. Genomic regions amplified were surrounding the upstream p53-binding site (5’ BS) 
within the P21 promoter, the p53-binding site within HDM2, PUMA, FAS and BAX promoters, and the 
promoter region of muscarinic acetylcholine receptor (AcR). Graphs show means and s.d. for three 
independent experiments. B) BJ/ET/RasV12ER cells expressing the indicated knockdowns were cultured 
in the presence or absence of 4-OHT (+RasV12) or treated with etoposide, and subjected to ChIP with 
antibodies against acetylated H3K9 or total H3 histone. The abundance of Ac-H3K9 histone mark 
within the indicated genomic region (P21 5’ BS; p53 BS in HDM2, PUMA and FAS promoters) was 
calculated as the ratio between Ac-H3K9 and total H3 and is represented as fold difference from values 
measured in control-transduced, normally growing BJ/ET cells. Graphs show means and s.d. for three 
independent experiments. P values were calculated with two-tailed unpaired t-tests. C) BJ/ET/RasV12ER 
cells expressing the indicated knockdowns were cultured in the presence of 4-OHT and subjected to 
ChIP-sequencing for BRD7 and p53. Shown are the binding profiles on the P21 and HDM2 promoters.

which contains the p53 pro-apoptotic targets (Supplementary Information, Table 
S2b). This observation is in agreement with previous studies reporting that p53 
binds pro-apoptotic targets with lower affinity5 (Supplementary Information, Table 
S2c) and indicates that BRD7 cooperates with p53 mainly on its high-affinity, non-
apoptotic targets. 

To investigate the effect of BRD7 on histone modifications, we determined the 
acetylation status of histone 3 at lysine 9 (H3K9), a marker of active chromatin15. 
ChIP analysis revealed that BRD7KD results in a great decrease in H3K9 acetylation 
around p53-binding sites in the P21 and HDM2 promoters induced by either 
RasV12 or etoposide treatment (Fig. 5b). No significant effect was observed on 
basal H3K9 acetylation. In addition, H3K9 acetylation on the PUMA and FAS 
promoters was induced by oncogene expression and etoposide-induced DNA 
damage. However, BRD7KD did not affect this induction. This is in agreement with 
our observation that BRD7 is not required for transcription of these genes (Fig. 4a; 
Supplementary Information, Fig. S6). 

Next we examined the promoter activity of reporter constructs containing 
the P21, HDM2 or FAS promoter in MCF7 cells (expressing BRD7 and wild-
type p53). As expected, p53KD greatly decreased the promoter activity of all 
reporter constructs (Supplementary Information, Fig. S10). However, BRD7KD only 
significantly affected the activity of the P21 and HDM2 reporters (P < 0.01) but 
not that of FAS (P > 0.15). Taken together, these results show a p53-dependent 
recruitment of BRD7 to several p53 target gene promoters, resulting in an 
induction of histone acetylation and promoter activity.

BRD7 interacts with p300 and controls acetylation of the p53 C-terminus 
at target gene promoters
Activated p53 induces the P21 promoter by recruiting p300, as well as other 
histone-acetyl transferases, to modify histone tails16–18. Because BRD7 affects 
histone acetylation, we investigated its requirement for the recruitment of p300 
to the P21 promoter. BRD7KD resulted in a marked decrease in p300 on the P21 
promoter in RasV12-expressing BJ/ET cells (Fig. 6a). Moreover, endogenous BRD7 
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and p300 proteins are found in complex in these cells (Fig. 6b). This interaction 
required the C-terminus of BRD7 and seemed to be p53-independent, because it 
can also be observed in cells lacking p53 (Supplementary Information, Fig. S11). 
DNA-bound p53 is acetylated at several lysine residues by p300/CREB-binding 
protein (CBP) and this contributes to induction of the transcription of P21 (refs 
19, 20). Because RasV12 expression induces acetylation of p53 on K382 by means 
of p300/CBP20, we analysed the effect of BRD7 on this modification. H1299 cells 
were co-transfected with p53 and BRD7, and the K382 acetylation status of p53 
was analysed. Figure 6c shows that BRD7 expression increases the acetylation 
of p53, independently of its bromodomain. Furthermore, expression of p300 
induced acetylation of p53 on K382, and this effect was dependent on BRD7 
(Fig. 6d). Consistently, BRD7KD in BJ/ET cells decreased RasV12-induced or DNA-
damage-induced p53 acetylation on K382 (Fig. 6e). These results imply that BRD7 
is important for p300-dependent p53 acetylation. 

To determine whether BRD7 affects the amount of acetylated (active) p53 bound 
to target gene promoters we performed ChIPs for total and K382-acetylated p53 
from BJ/ET cells either expressing RasV12 or treated with etoposide. Both types 
of cellular stress revealed an increase in chromatin-bound acetylated p53 on all 
target promoters examined (Fig. 6f). This increase was greatly diminished in cells 
expressing BRD7KD on the promoters that require BRD7 for activation (P21 and 
HDM2) but not on promoters not requiring BRD7 (PUMA and FAS), indicating 
that BRD7 regulates p53 protein activity at specific target promoters. Finally, 
acetylation of p53 was shown to promote its binding to target promoters21. We 
therefore examined whether BRD7 affected the binding of p53 to the P21 promoter 
in BJ/ET cells either expressing RasV12 or treated with etoposide. Indeed, BRD7KD 

Figure 6. BRD7 controls loading of p300 on the P21 promoter and affects p53 C-terminal acetylation. 
A) BJ/ET/RasV12ER cells expressing the indicated knockdowns were cultured in the presence of 4-OHT 
and subjected to ChIP for p300. Binding of p300 to the P21 promoter (5’ BS) is represented as fold 
difference from values measured in control cells. Graphs show means and s.d. for three independent 
experiments. B) Co-immunoprecipitation of endogenous BRD7 and p300 in BJ/ET-RasV12ER cells, 
cultured in the presence of 4-OHT. Lysates were immunoprecipitated with anti-BRD7 antibody. Control 
immunoprecipitation (C) was performed with anti-haemagglutinin antibody. Uncropped images of the 
western blots are shown in Supplementary Information, Fig. S15. C) H1299 cells were transfected with 
p53 and either Flag-pCDNA3, Flag-BRD7, or Flag-BRD7-ΔBD. p53 was immunoprecipitated and its 
K382 acetylation status was evaluated by western blot analysis with anti-p53-AcK382 antibody. D) 
H1299 cells were transfected with p53 and haemagglutinin-p300 expression constructs as indicated, 
together with siRNAs targeting BRD7 (#1 and #4) or control (C) siRNA. Acetylation of p53 on K382 
acetylation was analysed as in (C). Western blot analysis was performed to evaluate expression levels 
of BRD7, p53, p300 and actin (loading control). E) BJ/ET/RasV12ER cells expressing the indicated 
knockdowns were cultured in the presence of 4-OHT (+RasV12, left) or treated with etoposide (right). As 
a control, cells were treated with Nutlin-3a to stabilize p53. Acetylation of p53 on K382 acetylation was 
analysed as in (C). Western blotting was performed to analyse BRD7 expression, using actin as loading 
control. Uncropped images of the western blots are shown in Supplementary Information, Fig. S15. F) 
BJ/ET/RasV12ER cells expressing the indicated knockdowns were cultured in the absence or presence 
of 4-OHT (+RasV12) or treated with etoposide, and subjected to ChIP with anti-p53-AcK382 or total p53 
antibodies. Enrichment for acetylated p53 within the indicated genomic region (P21 5’ BS; p53 BS on 
HDM2, PUMA and FAS promoters) was calculated as the ChIP ratio of AcK382-p53 to total p53 and is 
represented as fold difference from values measured in control-transduced, normally growing BJ/ET 
cells. P values were calculated using two-tailed unpaired t-tests. Graphs show means and s.d. for three 
independent experiments. G) Schematic model showing how BRD7 may serve as a p53 cofactor to 
regulate the transcriptional activity of p53 target genes.

34



2

Brd7 IS A trANSCrIptIoNAL CofACtor of p53

Figure 6

A 

B 

D 

C 

E 

F 

G 
Figure 6

A 

B 

D 

C 

E 

F 

G 

Figure 6

A 

B 

D 

C 

E 

F 

G 

Figure 6

A 

B 

D 

C 

E 

F 

G 

Figure 6

A 

B 

D 

C 

E 

F 

G 

Figure 6

A 

B 

D 

C 

E 

F 

G 

Figure 6

A 

B 

D 

C 

E 

F 

G 

Figure 6

A 

B 

D 

C 

E 

F 

G 

35



2

ChApter 2

caused a significant decrease in the amount of p53 bound to the P21 promoter 
in both conditions (Supplementary Information, Fig. S12). In conclusion, BRD7 
is instrumental in promoting p53 activation at target promoters by affecting the 
acetylation of K382 through p300, loading of p53 and acetylation of histones at 
these promoters. Therefore BRD7 is required for the efficient induction of p53-
dependent OIS (Fig. 6g).

Inhibition of BRD7 cooperates in oncogene-induced transformation
Loss of p53 is an essential step in the full neoplastic transformation of cells, 
characterized by their acquired ability to grow anchorage-independently in semi-
solid medium (soft agar assay) and as tumours in immuno-compromised mice22. 
We therefore tested whether BRD7KD inactivates the p53 pathway sufficiently to 
induce cellular transformation. As observed previously, BJ/ET cells expressing 
p14ARF-KD, p16INK4A-KD, small t and RasV12 require effective loss of the p53 pathway 
to gain a transformed phenotype8 (Fig. 7a, b). In addition, BRD7KD, by either 
of two independent shRNAs, resulted in efficient colony formation and tumour 
growth in immuno-compromised mice (Fig. 7a, b; Supplementary Information, 
Fig. S13). Similar results were obtained in MCF10A human mammary epithelial 
cells (Supplementary Information, Fig. S14). Thus, efficient activation of p53 by 
oncogenes, as a mechanism against transformation, requires BRD7. 

Loss of BRD7 in a subset of human breast tumours harbouring 
wild-type p53
BRD7 is encoded in a locus on chromosome 16q12 that is a well-known hotspot 
for loss of heterozygosity in breast cancers23. However, the tumour suppressor 
present at that locus has not been unequivocally identified. On the basis of our 
genetic and biochemical analyses, we predicted that decreased BRD7 expression 
would be beneficial for pre-tumorigenic cells still containing wild-type p53. 
Decreased BRD7 expression should therefore be observed in a subset of p53 
wild-type, but not in p53 mutant, tumours. 

Figure 7. Inhibition of BRD7 cooperates to transform primary human fibroblasts, and BRD7 expression 
is lost in a subset of breast tumours containing wild-type p53. A) BJ/ET cells expressing SV40 small 
t, p14ARF-KD, p16INK4A-KD, RasV12, and the indicated constructs were plated in soft agar. Colonies were 
counted after 3 weeks. Graphs show means and s.d. for three independent experiments. B) Cells from 
(A) were injected subcutaneously in immuno-compromised mice. The numbers of mice per group that 
developed tumours are shown. C) Normalized BRD7 mRNA signal (lowest = 0, highest = 1) from 251 
breast cancer samples23 was plotted. p53 status was assigned as wild-type (WT, left) when there were no 
mutations found or if the sample showed a p53 wild-type signature as described23. BRD7 level cutoff was 
determined at the average minus one standard deviation (horizontal line). The χ2 P value is indicated. D) 
Kernel smoothed estimate (KSE) curves of 31 p53 mutated (blue) and 35 p53 wild-type (grey) sporadic 
breast tumours. The curves for gains and losses were determined separately by KC-SMART. Significant 
differences between the two groups were determined by comparative KC-SMART. Genomic regions 
with a significantly greater gain or loss in the p53 wild-type tumours (compared with the p53 mutant 
tumours) are depicted with a green bar on top of or below the figure, respectively, and with a green 
line in the grey KSE curves. The significant changes in p53 mutant tumours (compared with p53 wild-
type) are shown in red. The enlargement depicts a detailed view of the two areas of differential loss on 
chromosome 16q and the genomic location of BRD7 within the first differential loss.
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We monitored BRD7 in a breast cancer expression data set containing 
251 tumours that were differentiated for p53 status by profiling analysis and 
sequencing24. We found a subset (40/205) of p53 wild-type tumours expressing 
BRD7 at levels lower than one standard deviation below the mean, whereas this 
subset was largely absent from p53 mutant tumours (2/46) (P < 0.007; Fig. 7c). 
A similar subgroup was found in two independent breast cancer data sets whose 
p53 status is known from immunohistochemistry25 (BRD7 was low in 9/52 p53 
wild-type tumours, compared with 0/20 p53 mutant tumours; P = 0.04 (data not 
shown)) or by applying the Miller profiling analysis26 (BRD7 was low in 40/211 p53 
wild-type tumours, compared with 6/84 p53 mutant tumours; P = 0.0058 (data 
not shown)). 

To investigate possible changes in BRD7 copy number in p53 wild-type breast 
tumours, we analysed comparative genomic hybridization data for a group 
of 68 sporadic breast tumours27. For 66 of these tumours the p53 status was 
determined by sequence analysis. This data set was used to compare the profiles 
of 35 p53 wild-type and 31 p53 mutant breast tumours (Fig. 7d). Interestingly, in 
addition to a gain on chromosome arm 17q, the clearest significant difference was 
a loss on chromosome arm 16q. This loss comprised two regions: 45.15–54.09 
Mb and 68.45–86.65 Mb. The genomic position of BRD7 is at 48.9 Mb, at the 
centre of the first differential loss. This result, together with our mRNA expression 
analysis, implies that BRD7 expression drives selection for chromosome 16q loss 
during tumorigenesis in p53 wild-type tumours, whereas tumours harbouring p53 
mutations do not have this selection pressure. However, our data do not exclude 
the possibility that other genes in this region are involved.

DISCUSSION
We have identified BRD7 in a screen for tumour suppressor genes required for 
p53-dependent OIS and show that BRD7 interacts with p53. This interaction is 
stimulated by the RasV12 oncogene and is required for the p53-dependent induction 
of OIS through regulation of a subset of p53 target genes. We have shown that 
BRD7 interacts with p300 and is critical for its recruitment and for the induction 
of histone and p53 acetylation at p53 target promoters. It is conceivable that 
BRD7, which binds acetylated histones through its bromodomain, helps to sustain 
a proper acetylation status of histones surrounding p53-binding sites during 
transcription. BRD7 was recently identified as a component of a BRG1-specific 
SWI/SNF (switch/sucrose non-fermentable) chromatin-remodelling complex14. 
BRG1 knockdown has been shown to impair p21 expression28,29, partly as a result 
of decreased binding of p53 to the P21 promoter30. Moreover, p53 has been 
shown to promote nucleosomal repositioning31. It seems conceivable that BRD7 
may serve for the recruitment of chromatin-remodelling complexes to p53 target 
promoters to regulate transcription during OIS. 

In addition to p53, BRD7 could also serve as a transcriptional cofactor for 
other proteins. Recently it was shown, by overexpression studies, that BRD7 
transcriptionally regulates components of the Ras/MEK/ERK and Rb/E2F 
pathways32,33. Therefore, besides its important role in the p53 pathway, BRD7 may 
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also regulate the transcription of other genes involved in cell-cycle regulation. 
Furthermore, many differentially expressed genes in BRD7KD cells are not p53 target 
genes. In accordance with this, ChIP-sequencing identified BRD7 binding peaks 
near TSSs of 4,422 genes, whereas only 26 of these were p53 target genes. This 
implies that BRD7 is required for the transcriptional regulation of up to hundreds 
of genes. However, the presence of BRD7 on promoters does not necessarily mean 
that it regulates gene transcription. Although BRD7 is present, at low levels, on 
low-affinity p53 target genes, it is not required for their transcriptional activation. 
However, so far we have no clear indication of what determines the requirement of 
BRD7 for the transcriptional regulation of the genes it binds to. 

Functional impairment of the p53 pathway is instrumental for neoplastic 
transformation. Our evidence that BRD7 is essential for p53 activity in OIS and 
that its knockdown cooperates in oncogene-induced transformation would 
predict that a subset of tumours retaining wild-type p53 could benefit from 
its functional loss. Indeed, low levels of BRD7 were found in nasopharyngeal 
carcinoma through methylation of the BRD7 gene34,35, and most nasopharyngeal 
carcinoma tumours retain wild-type p53 (ref. 36). Moreover, BRD7 overexpression 
in a BRD7-negative nasopharyngeal carcinoma cell line induces growth arrest33. In 
accordance with this, we report low levels of BRD7 specifically in breast tumours 
harbouring wild-type, but not mutant, p53. As mentioned above, loss of BRD7 
expression can occur through methylation of the BRD7 gene34. Here we show that 
loss of BRD7 expression in breast tumours can also occur through deletion of its 
genetic locus. Theoretically, tumours that have inactivated the p53-dependent 
OIS pathway by loss of BRD7 should still be sensitive to apoptosis. It is therefore 
likely that these tumours complement BRD7 loss with genetic events affecting the 
apoptotic response. On chromosome 16q12, next to BRD7, is the cylindromatosis 
(CYLD) gene, which encodes a well-known pro-apoptotic factor with tumour 
suppressive activity. Therefore, deleting 16q12 would endow tumours with the 
means to interfere with both OIS and induction of apoptosis by the loss of BRD7 
and CYLD, respectively. The frequent loss of 16q12 observed in breast cancer and 
its correlation with the retention of wild-type p53 (ref. 23) (Fig. 7d) support such 
notion.

METHODS
Cell culture, transfection and retroviral transduction
All cells, except H1299 and MCF10A, were cultured in DMEM medium with 10% 
FCS and antibiotics. H1299 cells were cultured in RPMI medium with 10% FCS 
and antibiotics. MCF10A cells were maintained in DMEM:F12 Ham’s medium 
(Sigma) 1:1, supplemented with 5% horse serum (Gibco), insulin (10 μg ml−1; 
Sigma), hydrocortisone (0.5 μg ml−1) and epidermal growth factor (20 ng ml−1; 
Peprotech). Transfection of DNA was performed with polyethylenimine for MCF7 
cells and Lipofectamine 2000 (Invitrogen) for H1299 and U2-OS cells. Cells were 
transfected with 50 nM siRNA oligonucleotides with Lipofectamine RNAiMax 
(Invitrogen). Retroviruses were made by calcium phosphate transfection of 
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Ecopack 2 cells (Clontech) and harvesting 40 and 64 h later. BJ cells were selected 
with the proper selection medium 48 h after transduction for at least 1 week. 
For RasV12-encoding retroviruses, cells were kept under selection for the entire 
duration of the experiment.

RNA-interference screen
BJ/ET/p14ARF-KD/RasV12ER cells were retrovirally transduced in triplicate with the 
NKI shRNA library37. After drug-selection for library-transduced cells, cells were 
grown in the presence of 100 nM 4-OHT to induce OIS. As control, cells were 
grown in the absence of 4-OHT (Fig. 1a). Genomic DNA was isolated with a 
DNeasy tissue kit (Qiagen). shRNA-encoding sequences were recovered by PCR 
and subjected to hybridization with a DNA microarray containing complementary 
shRNA probes37. To verify the functionality of the identified shRNA vectors, GFP-
growth competition assays were performed8. Six shRNA vectors conferred a 
substantial growth advantage to RasV12-expressing cells undergoing senescence 
(Supplementary Information, Fig. S1a). To identify on-target effectors, four 
additional shRNAs were constructed for each of the six genes and GFP-growth 
competition assays were performed to test their functionality. Two additional 
shRNA vectors conferred a growth advantage on the cells, both targeting BRD7, 
implying that the other hits were picked up as a result of off-target effects. This 
was confirmed by the observations that some of the identified genes are not 
expressed in BJ fibroblasts and that some of the selected shRNAs did not cause a 
downregulation of the mRNA to be targeted (data not shown).

Protein production and in vitro binding assays
MBP fusion proteins were extracted in 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 
1 mM EDTA pH 8, 10 mM 2-mercaptoethanol and purified with amylose resin 
(NEB E8021S) in accordance with the manufacturer’s instructions (NEB). In vitro 
translation was performed in accordance with the standard protocol (Promega) 
in the presence of [35S] methionine. The proteins were diluted in 150 mM Tris-
HCl pH 7.5, 1% Nonidet P40 (NP40), 10% glycerol, and incubated with 2.5 μg of 
MBP–BRD7 fusion constructs or MBP.

GFP growth competition assays
BJ/ET cells were retrovirally transduced with pMSCV-blast-RasV12ER, drug-selected, 
and transduced with pRS–yellow fluorescent protein (YFP) or pRS–GFP constructs 
expressing the respective shRNA. Efficiency of transduction was determined 
by flow cytometry (FL1) and cells were plated in medium with and without 100 
nM 4-OHT. Cells were propagated, and the percentage of GFP-positive or YFP-
positive cells was measured twice a week. The relative growth advantage was 
calculated as described8.

Immunoprecipitation
Co-immunoprecipitation of BRD7 and p53 was performed in 50 mM Tris-HCl pH 
8, 100 mM NaCl, 1% NP40, 1 mM EDTA, 5% glycerol with protease inhibitor 
cocktail (Sigma), 1 mM phenylmethylsulphonyl fluoride, 5 mM NaF, 1 mM 
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Na3VO4, 1 μM trichostatin A (TSA) and 5 μM nicotinamide, with 2 mg of total 
lysate and 3 μg of anti-BRD7 antibody or anti-haemagglutinin antibody as control. 
Co-immunoprecipitation of endogenous BRD7 and p300 was performed in 25 
mM HEPES/KOH pH 8, 150 mM KCl, 0,5% NP40, 2 mM EDTA, 2% glycerol with 
protease and deacetylase inhibitors as above, with 2 mg of total lysate and 3 
μg of anti-BRD7 antibody or anti-haemagglutinin antibody as control. p53 
immunoprecipitation was performed in RIPA buffer with DO-1 antibody. When 
required, antibodies were covalently bound to Protein A-Sepharose (Amersham) 
by using 5 mg ml−1 dimethylpimelimidate (Pierce).

Tumour growth assays
BJ/EHT/p14ARF-KD/p16INK4A-KD/st cells were transduced with pRS-control, pRS-
BRD7KD or pRS-p53KD, drug-selected, and transduced with pBabe-puro-RasV12. 
After 1 week, 5 x 104 cells were plated in triplicate in soft agar (30 mm dishes). 
After 3 weeks of growth, macroscopically visible colonies were counted. To assay 
in vivo tumorigenesis, 106 cells were injected subcutaneously into immuno-
compromised BALB/c mice.

Quantitative RT–PCR and mRNA expression array analysis
Total RNA was extracted with Trizol (Invitrogen) and hybridized to mRNA 
expression arrays (HumanWG-6 BeadChip; Illumina) in accordance with the 
manufacturer’s instructions (http://microarrays.nki.nl). cDNA was transcribed 
with Superscript III (Invitrogen) in accordance with the manufacturer’s protocol. 
To determine mRNA expression levels, primers were designed with Primer 
Express v. 3.0 Software. Real-time PCR was performed with SYBR Green PCR 
master mix (Applied Biosystems) and Chromo 4 Real Time PCR Detector (Bio-
Rad Laboratories). Primers sequences are shown in Supplementary Information, 
Table S3a. Probes that were not detected (detection P > 0.05) in all samples 
were filtered out. Data were normalized with quantile normalization and further 
analysed with the EXPANDER package38. Expression data were submitted to GEO 
(accession number GSE20076).

Constructs and antibodies
The NKI shRNA library was described previously37. Additional information can 
be found on the Screeninc website (http://screeninc.nki.nl). pRetrosuper (pRS), 
pRS-blast, pRS-hygro, pRS-YFP and pRS-GFP, pBabepuro, pBabe-puro-RasV12, 
pBabe-puro-RasV12ERTAM, pMSCV-blast, pMSCV-blast-RasV12ERTAM, pMSCV-GFP-st 
and pBabe-H2B-GFP were described previously8,39–41. pRS-p53 2, pRS-p16 4 and 
pRS-p14 1 shRNA constructs were described previously8. BRD7 shRNA sequences 
were cloned into pRS-YFP, pRS-hygro or pRS-blast. Targeting sequences: no. 312, 
5´-CCAGATGGAACAACGACGT-3´; no. 313, 5´-GAAGCTTTGAATCAACTGA-3´; 
no. 1, 5´-GTACTAATGCCATGATTTA-3´; no. 2, 5´-GCAAGTAACTCCAGGTGAT-3´; 
no. 3, 5´-CCAGAGACCATTTATTATA-3´; no. 4, 5´-GCACGTATGGAGTTCGAAA-3´. 
pcDNA3-Flag–BRD7 and pcDNA3-Flag–BRD7ΔBD have been described previous-
ly42. From these, pEGFP–BRD7 and pEGFP–BRD7ΔBD were obtained by subclon-
ing. pMSCV–BRD7 was obtained by PCR amplification, using pcDNA3-Flag–BRD7 
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as a template, and cloned into pMSCV-blast (BRD7 forward, 5´-GCATCTCGAG-
GCCACCATGGGCAAGAAGCACAAGAAGC-3´; BRD7 reverse, 5´-GCATCTC-
GAGTCAACTTCCACCAGGTCCAC-3´). This was used as a template to obtain 
pMSCV–BRD7Δ1/128 (Δ1/128 forward,5´-GAAGATCTGCCACCATGCCTCCAAA
AAAGAAGAGAAAGGTAGCTGAAGAAGTAGAACAGACACCCCTTCAAG-3´) and 
pMSCV–BRD7Δ361/651 (Δ361/651 reverse, 5´-GCATCTCGAGTCAAATGGGATC-
CACAGGATGGAG-3´). The plasmids for bacterial expression of MBP–BRD7 fusion 
proteins were all obtained by PCR amplification of the entire BRD7 open reading 
frame or its portions, using pcDNA3-Flag–BRD7 as a template, and cloning in 
frame with the MBP gene of pMAL-C2X vector (NEB). p21-luc, containing 2.4 kb 
of the human P21 promoter and upstream region, pGL3-HDM2-luc, containing 
0.3 kb of the HDM2 promoter, and pGL3-FAS-luc, containing 1.7 kb of the human 
FAS promoter, were described previously43,44.

Antibodies against p53 (DO1, 1:1000 for WB, 1:50 for immunofluorescence; 
and FL-393, 1 mg for ChIP), p21 (F5, 1:500 for WB), RAS (F235, 1:1000 for WB), 
c-myc (C33, 1:1000 for WB), CDK4 (C22, 1:1000 for WB) and HA (Y11, 1 mg for 
ChIP) were purchased from Santa Cruz Biotechnology; anti-BRD7 rabbit polyclonal 
serum was raised against the C-terminal portion (aa 361-651) of human BRD7 
expressed in bacteria, affinity purified by standard procedures, and used diluting a 
200 ng ml-1 solution 1:1000 for WB, and 1 mg for ChIP. Anti-GFP rabbit polyclonal 
serum was raised against GST-GFP fusion protein expressed in bacteria, affinity 
purified and used 1:1000 for WB. Other antibodies were anti– acetyl-Lys382-p53 
(Cell Signaling Technology and Abcam, 1:1000 for WB; 1 mg for ChIP), anti-p300 
(NM11; BD-Pharmingen, 1:500 for WB, 1 mg for ChIP), anti-acetyl-Histone-H3 (Lys 
9) (#07-352, Millipore, 1 mg for ChIP), anti-Histone- H3 (ab1791, Abcam, 1 mg for 
ChIP), anti-γ-H2AX (JBW301, Millipore).

Senescence-associated β-galactosidase assay
BJ/EHT/RasV12ER cells were transduced with pRS-blast constructs and drug 
selected. Cells were plated in triplicate and cultured for 10 days in the presence of 
100 nM 4-OHT. Senescence-associated β-galactosidase activity was determined 
as described40. 

Luciferase assays
MCF7 cells were co-transfected with 400 ng of pRS, pRS-BRD7KD or pRS-p53KD 
in combination with 100 ng luciferase reporter and 0.5 ng renilla plasmid. Three 
days after transfection, luciferase assays were performed in accordance with the 
manufacturer’s instructions (Dual Luciferase system; Promega).

Chromatin immunoprecipitation assay
ChIP experiments were performed within the first 48 h on RasV12 induction, when 
the differences in proliferation rate between control and knockdown cells are 
minimal (Supplementary Information, Fig. S1b). Cells were crosslinked for 15 min 
with 1% formaldehyde, neutralized with 125 mM glycine pH 2.5 and washed in 
PBS. For BRD7 ChIP, formaldehyde crosslinking was preceded by protein–protein 
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crosslinking with 2 mM disuccinimidyl glutarate for 30 min. Preparation and lysis 
of nuclei, chromatin sonication to 500–1,000 base pairs (bp) average fragment 
size, immunoprecipitation and DNA extraction were performed as described 
previously45. A negative control for immunoprecipitation was performed in the 
presence of isotype-specific unrelated antibody. Purified DNA was resuspended 
in water and a one-tenth aliquot was used for quantification. Real-time PCR was 
performed on a StepOne Plus cycler (Applied Biosystems), using SYBR Green 
Universal PCR Master Mix (Applied Biosystems). Primer sequences are shown in 
Supplementary Information, Table S3b. Promoter occupancy was calculated as 
the percentage of input chromatin immunoprecipitated with the 2–ΔΔCt method46. 

Apoptosis assay
At 48 h after transfection, cells were treated with 50 μM etoposide (Sigma) 
or left untreated; 24 h later, cells (adherent and floating) were harvested and 
resuspended in PBS with 0.1% NP40 and 2 μg ml−1 RNaseA, adding 10 μg ml−1 
propidium iodide, and were then analysed by flow cytometry. At least 1.5 x 104 
cells were analysed in each acquisition, and the percentage of cells with a DNA 
content less than 2n was calculated.

Proliferation assay
Cells were treated for 12 h with 50 μM etoposide and pulsed for 3 h with 30 
μM bromodeoxyuridine (BrdU; Sigma). Cells were then fixed, permeabilized 
and treated with NaOH to denature DNA. BrdU incorporation was measured by 
immunofluorescence with an anti-BrdU antibody (GE Healthcare), and the nuclei 
were stained with Hoechst. At least 300 cells were scored for BrdU incorporation. 

Immunofluorescence assay
Cells seeded on polylysine-coated coverslips were incubated for 5 min with 
CSK buffer (10 mM PIPES pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 
1 mM EGTA, 0.5% Triton X-100) at 4°C, fixed with 3% paraformaldehyde and 
permeabilized with 0.1% Triton X-100 in PBS. After incubation with primary 
antibodies, anti-mouse tetramethylrhodamine B isothiocyanate and anti-rabbit 
fluorescein isothiocyanate-conjugated secondary antibodies (Sigma) were used. 
Images were obtained with a Leica DM4000B epifluorescence microscope or a 
Leica DM IRE2 confocal microscope where indicated.

Yeast two-hybrid screening
The yeast strains and yeast two-hybrid screening procedures used were described 
previously47. The primary screening was performed by using a LexA-p53 wild-
type construct lacking the p53 transactivation domain (Δ11–69) and a human 
fetal brain cDNA library cloned into the galactose-inducible expression vector 
pJG4–5 described (ref. 48). At least 2 x 106 primary clones were analysed, and 
positive interactions were further confirmed in a secondary two-hybrid assay that 
also included LexA-p53 constructs with deletions of the proline-rich domain ΔPro: 
62–92) and at the carboxy end (LexAp53/74–298) as bait.
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ChIP sequencing
DNA was purified by SDS–PAGE to obtain 100–300-bp fragments and sequenced 
on an Illumina 1G sequencer. In brief, size-fractionated DNA was extracted and 
a single adenosine was added with Klenow exo− (3´and 5´ exo minus; Illumina). 
Illumina adaptors were then added and DNA was subjected to 20 cycles of 
PCR in accordance with the manufacturer’s instructions. DNA was purified and 
sequenced on the Illumina Genome Analyzer II platform to generate 36-bp reads, 
in accordance with the manufacturer’s instructions. Sequence reads were mapped 
to the NCBI Build 36 (hg18) reference human genome by using Eland (Illumina), 
allowing up to two mismatches (Supplementary Information, Table S2d). Peaks 
were detected with the CisGenome tool49, comparing reads data from the p53-
immunoprecipitation and BRD7-immunoprecipitation samples with their matching 
controls derived from cells in which these factors had been knocked down. In 
all, 24,921 and 133 peaks were identified for BRD7 and p53, respectively (false 
discovery rate 10%). Peaks were mapped to the nearest gene (up to 20 kb) with 
the CisGenome utility. BRD7 peaks were significantly concentrated near the TSS 
of target genes (Supplementary Information, Fig. S9); in subsequent analyses we 
therefore considered only BRD7 peaks that fell within 800 bp of the TSS (4,914 
peaks near the TSS of 4,422 genes). A total of 56 p53 peaks were located near or 
within 52 genes. The significance of the overlap between genes containing p53 
and BRD7 peaks (26 genes) was estimated with a hypergeometric test performed 
with respect to a background set of 13,276 genes expressed in BJ cells (according 
to results obtained by expression microarray profiling). ChIP-sequencing Data 
were submitted to GEO (accession number GSE20076).
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Table S1. Selected outliers from the loss of function screen.

Gene Symbol Accession Gene Name

FLJ10986 NM_018291 HYPOTHETICAL PROTEIN FLJ10986

PP2R2A NM_002717 PROTEIN PHOSPHATASE 2 (FORMERLY 2A), REGULA-
TORY SUBUNIT B (PR 52), ALPHA ISOFORM

EGR1 NM_001964 EARLY GROWTH RESPONSE 1

PANK1 NM_148977 PANTOTHENATE KINASE 1

AATK NM_001080395 APOPTOSIS-ASSOCIATED TYROSINE KINASE

VDRIP NM_014166 VITAMIN D RECEPTOR INTERACTING PROTEIN

SHOX NM_000451 SHORT STATURE HOMEOBOX

CDC5L NM_001253 CDC5 CELL DIVISION CYCLE 5-LIKE (S. POMBE)

PCDH15 NM_033056 PROTOCADHERIN 15

MEST NM_002402 MESODERM SPECIFIC TRANSCRIPT HOMOLOG 
(MOUSE)

NEK9 NM_033116 NIMA (NEVER IN MITOSIS GENE A)-RELATED KINASE 9

KCNJ5 NM_000890 POTASSIUM INWARDLY-RECTIFYING CHANNEL, SUB-
FAMILY J, MEMBER 5

TEF NM_003216 THYROTROPHIC EMBRYONIC FACTOR

RNUT1 NM_005701 RNA, U TRANSPORTER 1

GALR2 NM_003857 GALANIN RECEPTOR 2

BRD7 NM_013263 BROMODOMAIN CONTAINING 7

NCOA2 NM_006540 NUCLEAR RECEPTOR COACTIVATOR 2

DKFZP586M0622 AL117396 DKFZP586M0622 PROTEIN

IPMK NM_152230 INOSITOL POLYPHOSPHATE MULTIKINASE

SUPPLEMENTARY TAbLES AND FIGURES
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A

Gene 
Symbol GeneId 

expression 
Cluster# 

BCL2L1 598 2

CDKN1A 1026 2

MDM2 4193 2

RPS27L 51065 2

RRM2B 50484 2

TRIM55 84675 2

ZMAT3 64393 2

SPG3A 51062 4

ANKRD11 29123 -

ATF3 467 -

ATP2A2 488 -

DDB2 1643 -

FAM46A 55603 -

GADD45A 1647 -

GAS6 2621 -

ISG20L1 64782 -

MCCC2 64087 -

NSMCE2 286053 -

PDGFC 56034 -

PLK2 10769 -

PLK3 1263 -

PRDM1 639 -

PRKCE 5581 -

PSMD3 5709 -

SCHIP1 29970 -

SHROOM3 57619 -

B

Cluster expression pattern 
# of genes 
in cluster factor 

Number of genes 
with factor’s peak 

enrichment 
for factor

*
 p value 

1 
Down in p53

KD
 but 

not in BRD7
KD

 
38 

BRD7 15 1.32 0.14

p53 0 - - 

2 
Down in both p53

KD
 

and BRD7
KD

 
47 

BRD7 23 1.63 0.005

p53 8 49.1 2.3*10
-13

C

Gene
expression 
cluster

*
p53 peak 
height

#

BAX 1 4

DRAM 1 3

FAS 1 3

TNFRSF10A 1 3

TNFRSF10B 1 5

BCL2L1 2 17

CDKN1A 2 19

GDF15 2 8

MDM2 2 10

RPS27L 2 8

RRM2B 2 15

TRIM55 2 6

ZMAT3 2 19

Table S2. ChIP-sequencing to uncover genome-wide p53 
and BRD7 binding. Overlap between genes bound by 
BRD7 (peak +/- 800 bp. from TSS) and p53 (peak within 
or 20 kb upstream target genes). #Cluster #2: genes 
downregulated in both p53KD and BRD7KD cells. Cluster #4: 
genes downregulated only in BRD7KD cells. *Enrichment 
for factor: ratio between the prevalence of genes with 
peaks of the factor (BRD7, p53) in the cluster and in 
the background set of all genes expressed in the cells. 
*Expression cluster - cluster #1: genes downregulated only 
in p53KD cells; cluster #2: genes downregulated in both 
p53KD and BRD7KD cells. #None of the peaks in cluster 1 
reached statistical significance. (D) Number of reads ChIP-
sequencing analysis.
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D

Sample Number of reads 
Number of reads uniquely 
mapped to the genome 

BRD7 12329360 3492990 

BRD7.shBRD7 13042650 3364562 

p53 13006478 2773414 

p53.shp53 12837856 2920460 

A

Gene forward reverse 

Brd7 CTGGAGATGCCGAAGCACAC TGGGATCCACAGGATGGAGA

p21 TACCCTTGTGCCTCGCTCAG GAGAAGATCAGCCGGCGTTT

Hdm2 GAATCTACAGGGACGCCATC TCCTGATCCAACCAATCACC

Bax CCGCCGTGGACACAGAC CAGAAAACATGTCAGCTGCCA

Puma TGTGAATCCTGTGCTCTGCC TTCCGGTATCTACAGCAGCG

Tigar AAAGAAGCGGATCAAAAAGAACA CTGCCAAAGAAGTTTCCAGACA

PIG3 GGTGAAGTCCTCCTGAAG GTCCAGATGCCTCAAGTC

PAI1 TGAAGATCGAGGTGAACGAGAGT TGCGGGCTGAGACTATGACA

Noxa GTGTGCTACTCAACTCAG ATTCCTCTCAATTACAATGC

Fas CACACTCACCAGCAACACCAA GCTTTCTGCATGTTTTCTGTACTTCC

B

promoter forward reverse 

p21 AGCAGGCTGTGGCTCTGATT CAAAATAGCCACCAGCCTCTTCT 

Hdm2 GGGCTATTTAAACCATGCATTTTC GTCCGTGCCCACAGGTCTA

Puma GCGAGACTGTGGCCTTGTGT CGTTCCAGGGTCCACAAAGT

Fas ACAGGAATTGAAGCGGAAGTCT GAGTTCCGCTCCTCTCTCCAA

Bax TAATCCCAGCGCTTTGGAAG TGCAGAGACCTGGATCTAGCAA 

AcHR CAACCAAAGCCCATGTCCTC AGGCACGCTACAGGGCTTC

Table S3. Sequences of primers used for Q-RT-PCR (A) and ChIP (B).
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Figure S1

A 

B 

C 

D 

E 

Figure S1. Identification of genes required for OIS. GFP-growth competition assays of the six hits that 
were validated. Q-RT-PCR for BRD7 mRNA expression shows the efficiency of the BRD7 knockdown 
vectors used in (A). Cells from Figure 1D were subjected to a growth assay in the presence of 4-OHT. 
Standard deviations from three independent experiments are shown. BJ/ET-RasV12ER-BRD7KD#4 cells 
expressing the indicated shRNA-resistant BRD7 proteins were subjected to a growth assay in the 
presence of 4-OHT. An artificial NLS was attached to the D1/128 mutant to ensure proper localization. 
Cells from (C) were harvested and expression levels of re-expressed BRD7 proteins were analysed by 
western blotting. Background band is used as loading control (*). The BRD7-D361/651 mutant cannot 
be detected by the BRD7 antibody and was not included in the figure.

Figure S1

A 

B 

C 

D 

E 

Figure S1

A 

B 

C 

D 

E 
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Figure S2. BRD7 is required for p53-dependent OIS. BJ/ET/RasV12ER cells expressing the indicated 
knockdowns were cultured in the presence of 4-OHT for 10 days and stained to detect SA-β-
galactosidase positive cells. Scale bar, 100 mM. BJ/ET cells expressing the indicated knockdowns were 
transduced with a c-Myc-expression vector and selected. After 8 days cells were stained to detect 
SA-β-galactosidase positive cells. Scale bar, 100 mM. Quantification of the experiment described in (B). 
Graphs represent mean and s.d. from three independent experiments. Cells from (B) were harvested 
and western blot analysis was performed to detect c-Myc, BRD7, and actin (loading control).
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Figure S3. Analysis of BRD7 nuclear localization upon induction of RasV12. BJ/ET/RasV12ER cells cultured 
in the presence or absence of 4-OHT for 9 days were stained with the indicated antibodies and with 
Hoechst to visualize DNA. As a control for specificity of the BRD7 antibody, BRD7 was silenced by 
transduction with pRS-BRD7KD. SAHFs are evident in the uneven distribution of DNA through the 
nucleus. In panel C confocal microscopy was performed and yellow staining results from co-localization 
of BRD7 and p53. Scale bars, 20 mM (A) and 10 mM (B, C).
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B 

Figure S4
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Figure S4. BRD7 does not affect the persistence of DNA damage signals. (A) BJ/ET cells transduced 
with either pRS-Ctrl or pRS-BRD7#4 were either left untreated or were irradiated with 2 Gy and allowed 
to recover for 0.5 h, 16 h and 24 h before staining for γH2AX. Representative figures are shown. Scale 
bars, 20 mM. (B) Quantification of the experiment described in (A). Graphs show means and s.d. for 
three independent experiments.
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Figure S5
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Figure S5. Yeast-two-hybrid screen for p53 binding partners. Summary of the results obtained in 
the yeast-two-hybrid screening. The screen was performed using a human fetal brain cDNA library 
and a transactivation domain-deleted human p53 fused to the DNA binding domain of LexA as bait. 
Schematic representation of the bait constructs used in the screen.
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Figure S6

Figure S6. BRD7 is required for the efficient transcriptional activation of a specific subset of p53 target 
genes. BJ/ET/RasV12ER cells containing control vector, one of two different BRD7KD vectors, or p53KD 
vector were cultured in the absence (-RasV12) or presence (+RasV12) of 4-OHT for 10 days. mRNA levels of 
the indicated genes were determined by Q-RT-PCR. Graphs show means and s.d. for three independent 
experiments. P values were calculated using t-test.
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A 
 Cluster #1 (47 probes):  

- Repressed only in p53KD 

- Enriched for apoptotic genes 

Cluster #2 (53 probes):  

- Repressed in p53KD; partial 
repression in BRD7KD 

Cluster#3 (25 probes) and #4 (112 probes):  

- Repressed only in BRD7KD 

- No GO enrichment found 

B C 

Figure S7. mRNA expression and GO-analysis. Listed are genes significantly repressed in p53KD (A), 
both p53KD and BRD7KD (B), and BRD7KD (C) BJ/ET/RasV12ER cells cultured in the presence of 4-OHT for 
10 days. No gene name means that the probe was not mapped to any known gene.

A 
 Cluster #1 (47 probes):  

- Repressed only in p53KD 

- Enriched for apoptotic genes 

Cluster #2 (53 probes):  

- Repressed in p53KD; partial 
repression in BRD7KD 

Cluster#3 (25 probes) and #4 (112 probes):  

- Repressed only in BRD7KD 

- No GO enrichment found 

B C 
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Figure S8. BRD7 is required for stress-dependent transcriptional induction of p21 but not PUMA in 
U2-OS cells. U2-OS cells were transfected with siRNA against BRD7 (B#4) or control siRNA (C) and 
treated with etoposide for 18 h. Induction of p21 and PUMA was then evaluated by Q-RT-PCR. Graphs 
show means and s.d. for three independent experiments. U2-OS cells were transfected with siRNA 
against BRD7 (B#1 and B#4) or control siRNA (C) and then treated with UV (20 J*m2) 36 h before 
harvesting or left untreated (NT). The effect on apoptosis induction was evaluated by western blot 
analysis of PARP cleavage. Full scans of the western blots are shown in Figure S15.

Figure S9. BRD7 binding pattern analysis. Distribution of BRD7 binding peaks as a function of their 
distance to the TSS of the nearest gene. The distribution is highly concentrated towards TSSs.
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Figure S10
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Figure S10. BRD7 affects promoter activity of specific p53 target genes. MCF7 cells were co-transfected 
with the indicated p53 reporter constructs and knockdown vectors. The relative firefly luciferase/renilla 
activity was determined and compared to the control vector. Graphs represent mean and s.d. from 
three independent experiments. P values were calculated using t-test.
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Figure S11. BRD7 and p300 interact 
independently of p53. H1299 cells 
(p53-null) were transfected with p300 
and either pGFP-BRD7 or pGFP. The 
interaction between BRD7 and p300 
was evaluated by immunoprecipitating 
with anti-GFP antibody and detecting 
bound p300 by western blot. 
Binding of HA-p300 to BRD7 upon 
overexpression in H1299 cells and 
pull-down with bacterially expressed 
MBP-BRD7 deletion proteins. MBP 
protein was used as control. Binding 
reactions were compared with 1/50 
of protein inputs by western blot 
analysis. Full scans of the western 
blots are shown in Figure S15.
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Figure S12. BRD7 is required for p53 loading on target gene promoters. BJ/ET/RasV12ER cells from 
Figure 6E were subjected to ChIP for p53. Values are represented as fold change compared to control 
cells. Graphs represent mean and s.d. from three independent experiments.

Figure S13. In vivo tumour growth. Pictures of several mice that developed tumours in the experiment 
described in Figure 7A and 7B.
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Figure S15. Full scans of key western blots.

Figure S14. BRD7 enhances oncogene-
induced transformation of human mammary 
epithelial cells. Normal MCF10A breast 
epithelial cells stably expressing the 
indicated knockdowns were transduced 
with pLPC-puro-RASV12 or with empty vector. 
After selection, cells were seeded in soft 
agar and colonies were counted 2 weeks 
later. Histograms show the percentage of 
colony-forming cells. Error bars show means 
± s.d. for three independent experiments. 
P values were calculated using two-tailed 
unpaired t-tests.
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AbSTRACT
Oncogene-induced senescence (OIS) is a cellular defence mechanism against 
excessive mitogenic signalling and tumorigenesis. One of the major pathways 
required for OIS is the p53 tumour suppressor pathway. Consequently, many 
human tumours harbour p53 mutations while others show a dysfunctional p53 
pathway, frequently by unknown mechanisms. We recently identified BRD7 as 
a potential tumour suppressor gene acting as a transcriptional cofactor for p53, 
affecting histone acetylation, p53 acetylation, and promoter activity on a subset 
of p53 target genes. We further found low BRD7 expression specifically in a 
subgroup of human breast tumours harbouring wild-type, but not mutant, p53 
and showed that one of the responsible mechanisms is deletion of the BRD7 gene 
locus. Here we further discuss the role of BRD7 as a cofactor in transcriptional 
regulation and highlight its role as a tumour suppressor via association with p53 
and other tumour suppressor proteins.
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INTRODUCTION
Oncogene-induced senescence (OIS) is an anti-proliferative cellular stress 
response that serves as an essential intrinsic barrier to tumour development in 
vivo1-3. Although the importance of OIS is acknowledged, the exact mechanism 
of action is not well understood. Several lines of evidence indicate that oncogene 
expression, similarly to telomere exhaustion and genotoxic damage, induces the 
senescence program by activating the DNA damage response (DDR). Specifically, 
the initial hyper-replication phase fostered by oncogene activity leads to replication 
stress, which eventually drives cells into senescence4,5. Essential for execution of 
OIS is the p53 tumour suppressor pathway. Activation of this pathway by oncogene 
expression induces senescence mainly through transcriptional activation of 
target genes, including the CDKN1a gene (encoding the cyclin-dependent 
kinase inhibitor p21) and Serpine1 (also known as PAI-1, encoding plasminogen 
activator inhibitor-1; ref. 6). Work with animal models implied that OIS is the major 
mechanism of tumour suppression by p53 in vivo7. Thus, interference with OIS by 
inhibiting the p53 pathway allows cells to continue to proliferate in the presence 
of active oncogenes, leading to increased tumorigenicity. Underscoring the 
therapeutic potential of this pathway, it has been demonstrated that reactivation 
of p53 in murine tumours causes cellular senescence and associated tumour 
regression8,9. Indeed, DNA-damaging chemotherapeutic agents can induce 
senescence in cancer cells, which contributes to the anti-tumour effect of these 
molecules. 

Many post-translational modifications have been shown to modulate p53 
protein stability, transcriptional activity and selectivity for its target genes. As 
p53 exerts its multiple functions mainly as a transcription factor, an unresolved 
issue concerns the routes that lead to specific cellular outcomes by directing 
p53’s choice between different subsets of target genes. For example, it was 
shown that acetylation of p53 is necessary for its activation10, and acetylation of 
specific lysine residues on p53 appears to activate different subsets of p53 target 
genes. Acetylation of lysine 120 within the DNA binding domain of p53 by the 
acetyltransferase Tip60 was found to specifically direct p53 towards the induction 
of apoptotic target genes11,12, while both acetylation of C-terminal lysine 320 by 
PCAF, and of lysines 373 and 382 by p300/CBP, have been associated with the 
induction of p21 (ref. 13,14). Therefore, it seems likely that post-translational 
modifications of the p53 protein determine its functionality in OIS. However, also 
cell type-specific variations in the availability of certain p53 cofactors, as well as 
differences in the affinity of p53 and its cofactors for these promoters, have been 
documented to play a role in determining the eventual fate of a stressed cell15. 

The central role of the p53 pathway in tumour suppression is reflected in the 
appearance of p53 mutations in as many as 50% of human tumours (IARC TP53 
Database http://www-p53.iarc.fr/ Statistics.html). When the p53 gene itself is 
wild-type, genetic lesions in components of the p53 pathway are often found 
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to interfere with its activities. Still, in many cases the mechanism behind the 
inactivation of this major tumour suppressor pathway is unknown.

bRD7 IS A TRANSCRIPTIONAL COFACTOR REqUIRED FOR P53-
DEPENDENT OIS
We identified Bromodomain-containing 7 (BRD7) as an important transcriptional 
cofactor of p53 by combining a loss-of-function screen for putative tumour 
suppressor genes required for p53-dependent OIS and a two-hybrid screen to 
fish out novel p53-interacting proteins. Through this approach we concomitantly 
highlighted the genetic and functional interaction of p53 with BRD7 (ref 16). 
BRD7 is an evolutionarily conserved protein bearing a single bromodomain17. 
The protein has been shown to be a subunit of SWI/SNF chromatin-remodelling 
complexes and has been implicated in regulation of transcription18,19. 

In human primary fibroblasts, knockdown of BRD7 enabled cells to bypass 
oncogene-induced senescence in the presence of wild-type p53. BRD7 appeared 
to be required for efficient transcription of a specific subset of p53 target genes 
that become induced upon expression of RasV12, including p21, PAI-1, HDM2, 
Cyclin G1, p53R2, WIG-1, while apoptotic genes were not dependent on BRD7 
(Fig. 1a). Dissecting the mechanism of functional cooperation of p53 and BRD7, 
we observed that their interaction is stimulated by RasV12 expression. In these 
conditions, p53 recruits BRD7 to several of its high-affinity target promoters, 
including p21 and HDM2. While the BRD7 C-terminus is engaged in binding to 
p53, its N-terminal domain interacts with the histone acetyltransferase p300. We 
showed that BRD7 is required for the efficient recruitment of p300 to the p21 
promoter, where it activates transcription by facilitating acetylation of both p53 
on lysine 382 and histone H3 on lysine 9 within nearby nucleosomes. Histone 
acetylation may in turn support the spreading of BRD7 throughout a wider 
chromatin region, by means of its ability to recognize acetylated histones through 
the bromodomain17,20. Spreading of BRD7 across the chromatin surrounding p53-
binding sites is confirmed by the larger amplitude of BRD7 binding peaks as 
compared to those generated by p53, observed by ChIP-sequencing16. It is likely 
that, through continuous recruitment of p300, this process generates a positive 
loop that amplifies histone acetylation, thereby sustaining promoter activity. 

In addition, BRD7 was recently identified as a component of a SWI/SNF 
chromatin-remodelling complex18. This adds further evidence to the previously 
described interactions of p53 with other SWI/SNF subunits, and of the involvement 
of SWI/SNF activity in p53-dependent transcription21,22. SWI/SNF complexes are 
targeted to promoters via direct interactions with transcription factors23. The ability 
of p53 to independently bind different SWI/SNF subunits suggests that each may 
have a specific function. Given its role in OIS, it is conceivable that BRD7 may 
serve for selective recruitment of chromatin-remodelling complexes to p53 target 
promoters to regulate transcription during OIS. Strikingly, knockdown of the SWI/
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SNF core ATPase BRG1 has been shown to impair p21 expression24,25 and this 
appeared to partially depend on decreased binding of p53 to the p21 promoter26. 
BRG1 has also been implicated in restraining p53 activity in the absence of DNA 
damage by cooperating with the E4 ubiquitin ligase CBP27. However, our data do 
not support a role for BRD7 in regulating p53 stability. 

Another level of transcriptional regulation by p53 comes from the recent 
observation that p53 can cause nucleosome repositioning. In unstressed cells, 
p53 keeps the p21 promoter in a poised state by directing the binding of 
the histone variant H2A.Z to p53-cognate sites within the p21 promoter, thus 
inhibiting the onset of senescence. Upon DNA damage, p53-dependent activation 
of the p21 promoter then involves eviction of H2A.Z28. The establishment of 
the senescent phenotype is accompanied by extensive changes in chromatin 
structure. In particular, many senescent cells accumulate specialized domains of 
facultative heterochromatin, called Senescence Associated Heterochromatin Foci 
(SAHF). SAHF are thought to repress the expression of proliferation-promoting 
genes, thereby contributing to the senescence-associated proliferation arrest29. 
SAHF formation is a multistep process that involves chromatin-remodelling 
events and, at least at late stages, requires intact p53 and retinoblastoma (RB) 
pathways30,31. Although SWI/SNF remodelling complexes are involved in RB-
dependent repression of E2F target genes32,33 and induction of cell differentiation 
and senescence, it is not known whether they may directly participate in SAHF 
formation. Clearly, it would be of interest to investigate whether BRD7 also acts 

Figure 1

Figure 1. Cell fate determination by BRD7 and mode of action. (A) BRD7 is recruited to p53 target 
promoters and affects transcription of genes required for oncogene-induced senescence. (B) BRD7-
dependent recruitment of Oct1 and BRCA1 to target promoters implies involvement of BRD7 in DNA 
repair and cancer treatment resistance. (C) A potential role for BRD7 in stem cell self-renewal by 
regulation of the Bmi1 gene.

A

B

C
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as a cofactor for RB in the onset of senescence. However, our data do not directly 
implicate BRD7 in SAHF formation, but rather suggest that during OIS BRD7 is 
excluded from these structures16. This observation is consistent with the report 
that BRD7 is normally associated with actively transcribed chromatin domains19.

IMPLICATIONS FOR bRD7 IN PROLIFERATION, DNA REPAIR 
AND STEM CELL bIOLOGY
As a component of SWI/SNF complexes, BRD7 can be expected to function 
as a transcriptional cofactor for many other proteins. Moreover, SWI/SNF 
complexes and BRD7 itself can function both as activators and repressors. This 
suggests that BRD7 may regulate up to thousands of genes. ChIP-sequencing 
data highlighted binding of BRD7 to thousands of genomic sites, although we 
have also observed that BRD7 binding to a promoter does not always imply that 
the gene is transcriptionally regulated by BRD7 (ref. 16). BRD7 targets include 
proliferation-related genes, such as components of the Ras/MEK/ERK and RB/E2F 
pathways34,35, with consequent inhibition of G1/S progression34. 

A role for BRD7 in regulation of genes involved in DNA repair has been 
highlighted by a recent report showing that BRD7 interacts with the tumour 
suppressor protein BRCA136. The authors identified a variety of genes co-regulated 
by BRCA1 and BRD7, including oestrogen receptor α, and the DNA repair factor 
Rad51 (Fig. 1b). SWI/SNF complexes have been shown to participate directly in 
DNA repair, an activity that requires prompt alterations of chromatin accessibility 
to DDR components. In yeast, SWI/SNF complexes are recruited to DNA double 
strand breaks (DSBs) to facilitate DNA repair, and mammalian SWI/SNF complexes 
contribute to DSB repair by stimulating the phosphorylation of histone H2A.X at 
DSB-surrounding chromatin37. Notably, this involves a cooperative activation loop 
among SWI/SNF, γ-H2AX and H3 acetylation38. Furthermore, the catalytic SWI/
SNF subunit BRG1 facilitates different stages of nucleotide excision repair (NER). 
It does so by modulating chromatin relaxation, stimulating stabilization of the 
xeroderma pigmentosum protein (XPG) at the damaged sites and subsequently 
stimulating the recruitment of downstream NER factors to UV-induced lesions39. 
Our data do not suggest a role for BRD7 in affecting the persistence of DNA 
damage signals upon acute genotoxic stress16. This points towards a restricted role 
for BRD7 in the executive, rather than the causative, phases of OIS. However, a 
potential contribution of BRD7 in the activities of BRCA1 and SWI/SNF complexes 
in DNA repair remains to be explored. 

BRCA1 was previously shown to interact with p53 and regulate its stability 
and transcriptional activity. Intriguingly, this interaction has been proposed 
to selectively direct p53 towards induction of genes required for DNA repair 
and growth arrest40, and shifting p53-mediated cellular outcomes towards 
senescence41. The observation that BRG1 is involved in BRCA1-mediated 
activation of p21 transcription by p53 (ref. 42), raises the intriguing possibility 
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that the scaffold protein BRCA1 might contribute to recruit BRD7, and thus SWI/
SNF activity, to specific promoters. Based on data of Harte and colleagues, it 
would be interesting to verify whether BRCA1 is consistently present at promoters 
co-regulated by p53 and BRD7 (ref. 36). 

Finally, an intriguing connection of BRD7 with stem cell biology has 
been proposed while analysing the consequences of its knockdown on the 
transcriptional profile of embryonic stem cells18. One of the genes induced after 
BRD7 knockdown was the Bmi-1 oncogene, required for self-renewal properties 
of stem cells (Fig. 1c). This potential function of BRD7 is in agreement with the 
suggested contribution of senescence to tissue aging, through exhaustion of 
renewable tissue stem cell populations43-45.

bRD7: ANOTHER TUMOUR SUPPRESSOR IN THE SWI/SNF 
COMPLEx
P53-dependent induction of OIS leads to tumour regression and clearance8,9. Our 
data indicate that impairment of OIS by inhibition of BRD7 allows full neoplastic 
transformation of both human primary fibroblasts and mammary epithelial cells 
in the presence of wild-type p53 (ref. 16). Based on this, one could predict that 
reduced BRD7 expression would be beneficial for pre-tumorigenic cells still 
containing wild-type p53. Notably, BRD7 is encoded in a locus on chromosome 
16q12 that is a well-known hotspot for LOH in breast cancers46. Highlighting 
the relevance of BRD7 for tumour suppression by p53, we found reduced BRD7 
expression and deletion of the genomic locus hosting the BRD7 gene specifically 
in a subset of breast tumours retaining wild-type p53, but not in tumours 
expressing mutant p53 (ref.16). Loss of BRD7 expression thus provides a means 
to inactivate the p53 pathway while retaining wild-type p53. We are currently 
analysing BRD7 expression and localization by immunohistochemistry (IHC) in 
normal breast tissues and in primary breast carcinomas of which the p53 status is 
known based on direct sequencing. 

Further support for a tumour suppressive role for BRD7 in cancer was found 
in nasopharyngeal carcinoma (NPC). Low levels of BRD7 were found in these 
tumors47,48, and the majority of NPC tumours have been shown to retain wild-type 
p53 (ref. 49). Ectopic overexpression of BRD7 in NPC cells was associated with a 
proliferation arrest, and with altered expression of genes belonging to Ras/MEK/
ERK and RB/E2F pathways34. In addition, a CpG island was recently identified in 
the BRD7 gene, which is methylated in a large percentage of NPC tumors48. We 
are currently analysing the methylation status of this CpG island in primary breast 
tumour datasets, in order to establish whether next to deletion, methylation is 
also a mechanism to inactivate BRD7 in breast cancers. 

Besides allowing pre-tumorigenic cells to grow while expressing activated 
oncogenes16, BRD7 loss may have diverse consequences on the development of 
breast tumours. Transcriptional profiling and ChIP-sequencing of RasV12-expressing 
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cells containing BRD7 knockdown suggest that BRD7 regulates genes involved 
in cell metabolism, DNA repair, as well as putative suppressors of tumour 
aggressiveness and metastasis16. This possibly points to multiple layers of tumour 
suppression by BRD7. First, BRD7 appeared to be required for the expression of 
IRS-1 (Insulin receptor substrate 1), a protein that plays a key role in transmitting 
signals from the insulin and IGF-1 receptors to the PI3K/AKT and Erk/MAP kinase 
pathways. Suppression of IRS-1 has been reported to promote mammary tumour 
metastasis in mouse models, and IRS-1 has been frequently found inactivated 
in human metastatic breast tumors50. Second, the involvement of BRD7 in the 
activities of both p53 and BRCA-1. Somatic loss of BRCA1 and p53 in mice induces 
mammary tumours with features of human BRCA1-mutated basal-like breast 
cancer, exhibiting dramatic genomic instability51. Third, BRD7 loss could endow 
breast tumours with resistance to targeted treatments or affect the outcome 
of chemotherapy. This was recently demonstrated in cells lacking BRD7, where 
BRCA1-dependent expression of oestrogen receptor α is reduced. Consequently, 
cells were not affected by the treatment with fulvestrant36. In addition, cellular 
senescence contributes to the anti-tumour effect of some genotoxic drugs used 
for chemotherapy. Our data imply that BRD7 plays a role in p53-dependent 
transcription in cells treated with etoposide16, thereby suggesting that BRD7 may 
also be involved in p53-dependent senescence in response to drug-induced DNA 
damage. 

Finally, p63 and p73 share many protein partners with p53 (ref. 52), and it 
is then conceivable that BRD7 might also assist specific tumour suppressive 
functions of p53 family members53,54. In particular, it has been reported that 
TAp63 isoforms are robust mediators of Ras-induced senescence that prevent 
tumorigenesis in vivo in p53-nullizygous mice55, moreover p63 has a crucial role 
in preventing invasiveness and metastasis of epithelial tumors56. It would then be 
interesting to investigate a possible role of BRD7 in these activities. 

In addition to BRD7, several other subunits of chromatin-remodelling complexes 
have been implicated in human cancer (reviewed in ref. 57). Loss of BRG1, BRM or 
both was found in 10% to 20% of a range of tumour types, including breast and 
ovarian tumors58-60. SNF5 (Ini1/Baf47/Smarcb1), a core component of the SWI/
SNF complex, is a potent tumour suppressor that is consistently lost, mutated or 
silenced by methylation in pediatric rhabdoid tumours61,62. 

CONCLUDING REMARKS
In this Extra View we discussed the requirement of BRD7 for the tumour suppressive 
functions of p53, BRCA1, and its role as a component of SWI/SNF chromatin-
remodelling complexes. However, many unresolved issues remain. Several of 
them concern the potential regulation of BRD7 activity by oncogene expression. 
We have shown that the interaction of BRD7 with p53 increases upon expression 
of RasV12. It remains to be determined whether specific oncogene-induced 
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modifications of p53, BRD7 or both are responsible for this. Although we were not 
able to observe differences in BRD7 expression, stability or subcellular localization 
in response to RasV12 expression, it is conceivable to assume that posttranslational 
modifications are involved in directing this widespread factor towards specific 
regulation of senescence-inducing targets. Indeed, we have observed that BRD7 
can also bind to p53 target promoters that are not involved in OIS, such as some 
apoptotic promoters. However, it is not required for their expression upon p53 
activation16. Can BRD7 then be a determinant for specificity? It has been shown 
that the presence of specific subunits within the BAF complex affects SWI/SNF 
target genes differentially, in some cases even antagonistically, determining their 
gene-specific mode of action18. It therefore seems likely that SWI/SNF complexes 
are involved in the regulation of specific p53 target genes in response to different 
cellular stresses, thereby determining cellular fate. 
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AbSTRACT
The p53 tumour suppressor protein regulates transcription of genes involved in 
cell proliferation and survival. In addition to protein-coding genes, several non-
coding RNA species were shown to be essential for proper functioning of the 
p53 pathway. We identified several genomic regions that are bound by p53 with 
high affinity. These regions carry all the features of enhancer domains, possess 
high enhancer activity and produce enhancer RNAs (eRNAs) in a p53-dependent 
manner. SiRNAs targeting the produced transcripts interfere with p53-dependent 
induction of distantly located genes and a cell cycle arrest, suggesting that eRNAs 
are functionally relevant. Furthermore, we identified multiple intra-chromosomal 
interactions between the enhancers and surrounding genes, correlating with p53-
dependent transcription of these genes. We propose that p53 can affect target 
gene transcription by regulating the activity of enhancer domains and eRNA 
production. 
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INTRODUCTION
The p53 transcription factor is the most frequently mutated gene in cancer and 
plays a central role in suppression of tumorigenesis1. Chromatin-binding profiles 
reveal specific interactions of p53 with promoter regions of nearby genes, but 
also with distant locations that may act as enhancers of transcription. Enhancers 
are non-protein-coding domains that regulate transcription of genes at long 
distances that are characterized by specific chromatin signatures of histone 
methylation and acetylation patterns2-4. While p53 binding to promoter regions 
locally activates gene expression of one gene, enhancers may affect several 
distant genes in a tissue-dependent manner. Interestingly, RNA polymerase II 
(RNAPII) was shown to bind to a subset of enhancers and produce transcripts, 
defined as enhancer RNAs (eRNAs)5-7. The transcription of eRNAs was shown 
to positively correlate with mRNA levels of surrounding protein-coding genes5. 
However, it is unclear if eRNAs have any function in target gene transcription. 
Here we identified several genomic regions that are bound by p53 with high 
affinity and harbour all chromatin features of eRNA-producing enhancer domains. 
We demonstrate that these enhancer domains require p53 for their activity and 
that p53-dependent production of eRNAs affects transcription of distant genes. 
In addition, the enhancers appeared to intra-chromosomally interact with multiple 
surrounding genes, which correlated with p53-dependent transcription of these 
genes. Thus, our results imply that eRNA production at enhancers is required for 
long-distance transcription activation by enhancer-bound p53.

RESULTS
Genome-wide p53 binding analysis identifies p53-dependent enhancer 
domains
The recent observation that the thus-far known p53 target genes are not required 
for p53-dependent tumour suppression8 made us search for novel p53 target 
genes. Specifically, we searched for putative enhancer regions that are bound by 
p53 and thus may require p53 for their activity on target gene promoters. To identify 
p53-bound enhancer domains we made use of publically available genome-wide 
p53-binding datasets9,10 and ranked p53-bound regions based on peak height 
(Supplementary Information, Table S1). In addition to the presence of a significant 
p53-binding peak, we searched for regions that harbour histone modifications that 
have been shown to mark active enhancer regions. These include high levels of 
histone 3 lysine 4 monomethylation (H3K4me1), low levels of H3K4 trimethylation 
(H3K4me3) and high levels of H3K27 acetylation (H3K27Ac)3,4,11. Seven regions 
contained evident markers of enhancer activity and high affinity p53-binding (Fig. 
1a; Supplemental Information, Fig. S1). Compared with p53 binding to the p21 
(CDKN1A) promoter, a well-known high affinity p53 target gene, of the seven 
regions four harboured a p53-binding peak that was significantly higher, while 
the three others contained a comparable p53 peak (Fig. 1a and Supplemental 
Information, Fig. S1 and S2). We termed the identified p53-bound enhancers 
enhancer p53-binding region 1 – 7 (ep53BR1–7). To confirm that the histone 
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modifications observed in the genome browser are also present in our cell system, 
we performed chromatin immuno-precipitations (ChIPs) for H3K4me1, H3K4me3 
and H3K27Ac on ep53BR2 in primary BJ fibroblasts immortalized by expression of 
hTERT (BJ/ET). Indeed, H3K4me1 was the predominant modification on ep53BR2 
in combination with high levels of H3K27Ac (marking active genomic regions), 
whereas the promoter of the p53 target gene MDM2 harboured, as expected, 
predominantly H3K4me3 in combination with high levels of H3K27Ac (Fig. 1b, c). 
Similar results were obtained in MCF7 cells (data not shown).

Next, we determined whether ep53BR1–7 have p53-dependent enhancing 
activity using luciferase reporter assays in MCF7 cells. We cloned into luciferase 
reporter constructs the identified p53-bound regions and some additional flanking 
sequence (ranging from ~1.8 – ~ 2kb) in front of the SV40 promoter. Transfection 
of all reporters revealed significant enhancing activity compared to SV40 without 
enhancer sequence, ranging from about 4-fold to about 190-fold, whereas two 
control genomic regions (harbouring no enhancer features) did not show any 
activity (Fig. 1d, e and Supplemental Information, Fig. S3). As expected from an 
enhancer region, transcription activation was orientation-independent (Fig. 1d). 
Intriguingly, the enhancer activity was p53-dependent as co-transfection of a p53 
knockdown vector (p53KD) significantly inhibited enhancer activity, and mutating 
the p53-binding sites completely abolished the activity of ep53BR2 (Fig. 1d, e 
and Supplemental Information, Fig. S3). The fact that some enhancing activity 
was seen in cell transfected with p53KD suggests that residual p53 left in the cells 
was sufficient to provide some enhancer activity. Altogether, we identified seven 
p53-bound regions that harbour histone modification marks of enhancer domains 
and contain p53-dependent enhancer activity. 

Ep53BR2 and ep53BR4 produce eRNAs in a p53-dependent manner
Recently, it was shown that RNA polymerase II (RNAPII) binds to a subset of 
enhancers where it bi-directionally transcribes so-called enhancer RNAs (eRNAs)5. 
In addition to the already mentioned high levels of H3K4me1, low levels of 
H3K4me3 and high levels of H3K27Ac, eRNA-producing enhancer domains were 
marked by p300/CBP binding5. Remarkably, we found significant RNAPII and 

Figure 1. Identification of p53-dependent enhancer domains. (A) UCSC Genome Browser (hg18 
assembly) presentation of the p53-binding pattern10 and histone modifications at the ep53BR2 (top) 
and ep53BR4 (bottom) genomic regions. (B) BJ/ET cells were subjected to ChIP for total H3, H3K4me1 
and H3K4me3. The abundance of the histone modifications within the indicated genomic regions was 
calculated as the ratio between the H3K4me1 and H3K4me3, both corrected to total H3. MDM2 was 
used as promoter control. Graphs show means and s.d. for three independent experiments. (C) Cells 
from (B) were subjected to ChIP with antibodies against total H3 and H3K27Ac. H3K27Ac abundance 
within the indicated genomic regions was calculated as the ratio between H3K27Ac and total H3. 
MDM2 was used as promoter control. Region downstream of ep53BR2 was used as negative control. 
Graphs show means and s.d. for three independent experiments. (D) MCF7 cells were co-transfected 
with the indicated reporter construct and either control or p53 knockdown (p53KD) vector. The relative 
firefly luciferase/renilla activity was determined and compared to the control promoter vector (Ctrl.). 
Graphs represent mean and s.d. from three independent experiments. P values were calculated using 
t-test. Mutant (mut) contains point mutations in the p53-binding motifs of ep53BR2. (E) As (D) but for 
ep53BR4.
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p300 binding at ep53BR2 and ep53BR4 in different cell lines (UCSC genome 
browser; Fig. 2a) and confirmed this in BJ/ET cells by RNAPII ChIP (Fig. 2b). As 
RNAPII binds to ep53BR2 and 4, we set out to investigate whether p53 activation 
induces transcript production from these regions. We treated BJ/ET cells with 
the MDM2-inhibitor Nutlin-3 or left them untreated and performed quantitative 
RT-PCR with primers covering the p53-bound regions. This analysis revealed 
induction of transcripts at both loci upon Nutlin-3 treatment (Fig. 2c, d). Transcript 
production could also be induced upon ionizing radiation or Nutlin-3 treatment 
of MCF7 cells (containing wild-type p53), but not by Nutlin-3 treatment of MDA-
MB-436 cells, which contain mutant p53 (Supplementary Information, Fig. S4 and 
Fig. S5), further confirming p53-dependent induction. Last, northern blot analysis 
verified p53-dependent transcript induction at ep53BR2, and revealed that the 
size is around 600 nucleotides (Fig. 2e). In conclusion, our observations indicate 
that ep53BR2 and ep53BR4 produce eRNAs in a p53-dependent manner. 

Inhibition of eRNAs produced at ep53BR2 and ep53BR4 affects 
transcription of nearby genes
The production of eRNAs at enhancers has been shown to correlate with 
transcription of neighbouring genes5. The genes nearest to ep53BR2 and 
ep53BR4 are PAPPA (pregnancy-associated plasma protein A; at ~ 210 kb) and 
IER5 (immediate early response 5; at ~ 50 kb), respectively. Curiously, mRNA 
levels of both genes decreased (~2 and ~3 fold, respectively) upon knockdown 
of p53 in BJ/ET cells, as determined by 3’-end mRNA sequencing (Fig. 3a). In 
addition, Nutlin-3 treatment of BJ/ET cells induced p53-dependent transcription 
of both PAPPA and IER5 (Fig. 3b-d). These results imply that both genes are 
transcriptionally regulated by p53. However, no significant p53-binding peak can 
be detected in the promoters of PAPPA and IER5 by ChIP-seq in BJ/ET cells, 
arguing that p53 regulates their transcription either from a distant location or via 
an indirect route. 

To determine if the eRNAs produced from ep53BR2 and ep53BR4 are involved 
in p53-dependent transcriptional regulation of PAPPA and IER5, respectively, 
we designed siRNAs targeting the eRNA transcripts that are produced form 
these regions (Supplemental Information, Fig. S6). We transfected cells with a 
negative control siRNA, two independent siRNAs targeting ep53BR transcripts, 
or a positive control siRNA targeting p53 and determined the relative induction 
of PAPPA and IER5 mRNA levels upon Nutlin-3 treatment. As expected, the 
transcription of PAPPA and IER5 was activated upon Nutlin-3 treatment. This 
induction significantly decreased when p53 was knocked down, confirming that 
the induction of transcription of these transcripts is p53-dependent (Fig. 3e, f, 
left panels). Intriguingly, transfection of either of two independent knockdowns 
targeting the eRNAs produced from ep53BR2 and ep53BR4 significantly inhibited 
the induction of PAPPA and IER5, respectively, upon Nutlin-3 treatment (Fig. 3e, 
f, left panels). In contrast, the induction of p21 following Nutlin-3 treatment was 
not significantly inhibited by eRNA knockdown, implying that the effect is specific 
for PAPPA and IER5 (Fig. 3e, f, right panels). These results indicate that eRNA 
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Figure 2. Ep53BR2 and ep53BR4 carry features of eRNA-producing enhancer domains and produce 
transcripts in a p53-dependent manner. (A) UCSC Genome Browser (hg18 assembly) presentation 
showing RNAPII and p300 binding at ep53BR2 (top) and ep53BR4 (bottom). (B) BJ/ET cells were 
cultured in the presence of Nutlin-3 for 24 h and subsequently subjected to ChIP for RNAPII. Rabbit 
IgG was used as negative control. Protein binding to the indicated genomic regions was quantified by 
calculating the percentage of input that is chromatin-bound. Graphs show means and s.d. for three 
independent experiments. (C) + (D) BJ/ET cells were treated with Nutlin-3 for 24 h or left untreated. The 
relative transcript levels produced at ep53BR2 (C) and ep53BR4 (D) were determined by quantitative 
RT-PCR in relation to GAPDH. Graphs show mean and s.d. for three independent experiments. (E) 
MCF7 cells expressing either a control or p53 knockdown vector were treated with Nutlin-3 for 24 h 
or left untreated. Northern blot analysis was performed to detect transcripts produced at ep53BR2. 
tRNA-Met was used as loading control.
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production from ep53BR2 and ep53BR4 is required for the induction of PAPPA 
and IER5 transcription, respectively, following p53 activation.

ERNAs produced at ep53BR2 are involved in the efficient induction of a 
p53-dependent cell cycle arrest
Next, we set out to investigate if eRNA production is involved in a p53-dependent 
cell cycle arrest. Therefore, we transfected MCF7 cells with a control siRNA, one 
of two independent siRNAs targeting the eRNA transcripts, or a p53 siRNA. 
After treatment with ionizing radiation (IR), cell cycle profiles were analysed by 
propidium iodide staining. As expected, control transfected MCF7 cells entered 
a G1 arrest upon IR. This could be alleviated by knockdown of p53 or p21, 
confirming that the arrest is dependent on a functional p53 pathway. Interestingly, 
transfection of MCF7 cells with either one of the two siRNAs targeting ep53BR2-
produced transcripts resulted in a significant decrease in the amount of cells 
arrested in G1 (Supplemental Information, Fig. S7a, b). Furthermore, similar to the 
knockdown of the ep53BR2-produced eRNAs, knocking down PAPPA significantly 
inhibited the p53-dependent cell cycle arrest as well (Fig. 3g and Supplemental 

Figure 3. P53-dependent eRNAs are required for transcription of genes lying in proximity of ep53BR2 
and ep53BR4. (A) BJ/ET cells expressing either a control or p53 knockdown vector were subjected to 
3’-end mRNA sequencing. Depicted are RPKM values as fold difference from control cells. (B) BJ/ET 
cells expressing either a control or p53 knockdown vector were treated with Nutlin-3 for 24 h or left 
untreated. Western blot analysis was performed to detect p53, p21 and CDK4 (loading control). (C) + 
(D) BJ/ET cells expressing either a control or p53 knockdown vector were treated with Nutlin-3 for 24 h 
or left untreated. Relative PAPPA (C) and IER5 (D) mRNA levels were measured by quantitative RT-PCR 
and is represented as fold induction from values measured in untreated control cells. Graphs represent 
mean and s.d. from three independent experiments. (E) BJ/ET (E) and MCF7 (F) cells were transfected 
with the indicated siRNAs and either treated with Nutlin-3 for 24 h or left untreated. Relative PAPPA (E, 
left panel), IER5 (F, left panel) and p21 (E, F, right panels) mRNA levels were measured by quantitative 
RT-PCR and is represented as fold induction from values measured in untreated cells. Graphs represent 
mean and s.d. from at least three independent experiments. P values were calculated using t-test. N.s., 
not significantly downregulated. (G) MCF7 cells were transfected with the indicated siRNAs and 24 h 
later treated with ionizing radiation (10 Gy). The next day cells were treated with nocodazole for 24 h. 
Cell cycle profiles were evaluated by propidium iodide staining and compared to cells transfected with 
control siRNA. Graphs represent mean and s.d. from three independent experiments. P values were 
calculated using t-test. * p value < 0.01

Figure 3

G
siRNA G1 G2/M 

siPAPPA#3 -
14.73

15.4
7

siPAPPA#4 -
13.47

14.2
3

si-
ep53BR2 

-
16.40

17.3
3

sip21 -35.6 35.4

sip53 -
39.97

39.3
0

sirNA G1 G2/M 

siPAPPA#3 -14.73 15.47 

siPAPPA#4 -13.47 14.23 

si-ep53BR2 -16.40 17.33 

sip21 -35.6 35.4 

sip53 -39.97 39.30 



4

ChApter 482

Information, Fig. S7c). Altogether, these results indicate that the eRNAs produced 
from ep53BR2 are required for an efficient p53-dependent cell cycle arrest and 
that this is likely to be due to inhibition of PAPPA induction by p53.

Ep53BRs interact with multiple surrounding genes that require p53 for 
their transcription
Enhancers control gene expression over a distance and in an orientation 
independent manner. This happens through so-called DNA looping, which brings 
the enhancer in close proximity of multiple target promoters. Thus, p53 could 
potentially regulate transcription of multiple target genes through binding to one 
enhancer region. To determine whether the identified p53-dependent enhancer 
domains intra-chromosomally interact with the putative target gene regions, 
we applied chromosome conformation capture on chip (4C) technology12,13 
for ep53BR2, ep53BR4 and ep53BR5 in BJ/ET cells (Fig. 4a, c, Supplemental 
Information, Fig. S8). Prominent interaction peaks could be detected nearby 
PAPPA and IER5 when scanning from ep53BR2 and ep53BR4, respectively (Fig. 
4a, c). The interaction was not very local and seemed to spread over several 
thousands of bases. In addition, all three enhancers appeared to interact with 
other neighbouring genes. Indeed, 3’-end mRNA sequencing revealed that most 
of these genes require p53 for efficient expression (Fig. 4b, d, Supplemental 
Information, Fig. S8). These observations indicate that the identified p53 
enhancer regions physically contact multiple distant genomic regions to convey 
p53-dependent transcription regulation.

DISCUSSION
We show that regulating gene transcription through distant enhancer domains is 
a mechanism by which p53 induces target gene transcription. We found several 
enhancer regions that are bound by p53 with high affinity, require p53 for their 
activity and produce eRNAs in a p53-dependent manner. We present evidence 
that eRNAs are required for gene transcription. Recently, enhancer-like features 
were also ascribed to a different class of ncRNAs14. Knockdown of these ncRNAs 
was demonstrated to result in decreased expression of neighbouring genes. In 
contrast to eRNAs5, these ncRNAs are poly-adenylated and the regions encoding 
them harbour the chromatin signature of protein-coding genes (high H3K4me3 at 
5´-end and downstream H3K36me3 (ref. 14)). Here we suggest for the first time 
that eRNAs are involved in target gene transcription as well. The suppression of 
p53-induced eRNAs resulted in decreased p53-dependent target gene induction. 
Additional research will be required to resolve how eRNAs induce target gene 
transcription. 

In addition, we show that the identified enhancers physically interact with 
multiple distant protein-coding genes. Expression of these genes is indeed 
dependent on p53. As enhancers can interact and regulate multiple target genes 
(recently reviewed in ref. 15), enhancer-bound p53 would be able to regulate 
transcription of multiple target genes via one single binding site. We propose that 
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Figure 4. Ep53BRs intra-chromosomally interact with multiple distantly located genes. (A) Intra-
chromosomal interactions of ep53BR2 with surrounding regions as determined by 4C analysed 
by trimmed mean analysis of deep sequencing data. (B) BJ/ET cells expressing either a control or 
p53 knockdown vector were subjected to 3’-end mRNA sequencing. Colour code depicts degree of 
p53-dependent regulation. Depicted are RPKM values as fold difference from control cells. N.e., not 
expressed. (C) Intra-chromosomal interactions of ep53BR4 with surrounding regions as determined by 
4C analysed by trimmed mean analysis of deep sequencing data. (D) Same as (B). (E) Schematic model 
depicting how enhancer-bound p53 may regulate target gene transcription. X represents cofactors 
that might be required for activation of transcription and/or intra-chromosomal interactions. The 
involvement of eRNAs produced from the enhancers is under current investigation. Possibly, eRNAs 
interact with proteins that facilitate enhancer/promoter looping. E, enhancer; P, promoter.
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enhancer-bound p53 can activate transcription of distant target genes by getting 
in close proximity of target gene promoters via intra-chromosomal interactions. 
Transcription of target genes is induced upon p53 activation, which requires p53-
dependent eRNA production (Fig. 4e).

The genomic region including ep53BR2 is located at 9q33.1. This region is 
associated with loss of heterozygosity (LOH) in human cancer16,17. Based on the 
data we present in this report, it would be interesting to determine whether loss 
of ep53BRs contributes to human cancer.

METHODS
Cell culture, transfection and retroviral transduction 
Cells were cultured in DMEM medium with 10% FCS and antibiotics. 
Transfection of MCF7 cells for reporter assays was performed with 
polyethylenimine. SiRNA transfections of BJ/ET and MCF7 cells were performed 
using Dharmafect 1 and 3 (Dharmacon), respectively. SiRNA sequences 
were as follows: ep53BR2#1 GCACAGATTCCGTGTAAAT; ep53BR2#3 
GCTGGACACTGGGTAAATC; ep53BR4#1 TTAGGGGAAGCTGCTATGT; 
ep53BR4#2 CAGCCTTGTGGTTTCACAG; sip21 GACCATGTGGACCTGTCAC; 
sip53 GACTCCAGTGGTAATCTAC. SiRNAs targeting PAPPA were purchased 
from Dharmacon. Retroviruses were made by calcium phosphate transfection of 
Ecopack 2 cells (Clontech) and harvesting 40 and 64 h later.

Constructs and antibodies 
pRetrosuper (pRS), pRS-blast, pRS-hygro, pBabe-puro-RasV12ERTAM, pMSCV-blast-
RasV12ERTAM and pBabe-H2B-GFP-hTERT were described previously18-21. pRS-p53 
was previously described18. To monitor enhancer activity the sequences of interest 
were cloned in pGL3-promoter luciferase reporter vectors (Promega). Primer 
sequences are shown in Supplementary Information, Table S2. Mutations in the 
p53-binding sequences of ep53BR2 were made in two steps using Quickchange 
Site-Directed mutagenesis kit (Agilent) according to manufacturer’s instructions 
(primer 1, 5’-CTTCTGAGAAACTCATGGAGATTTCTGTGCATGCCTGAAC-3’; 
primer 2, 5’-ATGTCTGTGCATGCCTGAAATTCTCTGACAAAGCCAAGCA-3’).

For ChIP antibodies against the following proteins were used: H3 (Cell 
Signaling Technology), H3K4me1 (Abcam, ab8895), H3K4me3 (Upstate, clone 
MC315), H3K27Ac (Abcam, ab4729) and RNAPII (Upstate, clone CTD4H8).

For Western blotting antibodies against p53 (DO1), p21 (F5) and CDK4 (C22) 
were purchased from Santa Cruz Biotechnology. Anti-beta Actin antibody was 
from Abcam (ab8227).

Quantitative RT–PCR, 3’-end mRNA sequencing and Northern blot
Total RNA was extracted with Trizol (Invitrogen) according to the manufacturer’s 
instructions. cDNA was transcribed with Superscript III (Invitrogen) using random 
hexamers in accordance with the manufacturer’s protocol. To determine mRNA 
expression levels, primers were designed with Primer Express v. 3.0 Software. 



4

p53 reGuLAteS eNhANCer ACtIVItY ANd erNA produCtIoN 85

Real-time PCR was performed with SYBR Green PCR master mix (Applied 
Biosystems) and Chromo 4 Real Time PCR Detector (Bio-Rad Laboratories). Primer 
sequences are shown in Supplementary Information, Table S3. 

3’-mRNA sequencing was performed according to the manufacturer’s 
instructions (Illumina mRNA-seq). To sequence from the 3’-end, first strand cDNA 
synthesis was performed using oligo(dT) instead of random primers. 

For Northern blot, 30 μg of total RNA (DNase treated) was run on a gel composed 
of 15 % polyacrylamide (19:1), 48% urea and 1x TBE. RNA was transferred to 
BrightStar-Plus Positively Charged Nylon Membranes (Ambion) at 200 mA for 1 
h in 0.5x TBE. Subsequently, RNA was cross-linked to the membrane (1200 J for 
1 min). Pre-hybridization was performed in ULTRAhyb®-Oligo solution (Ambion) 
for 1 h at 42°C. Hybridization was performed in ULTRAhyb®-Oligo solution 
(Ambion) containing 150 ng of biotin-tagged oligo (BioTeg; Sigma) by overnight 
incubation at 42°C. Next, membranes were washed in 2x SSPE/0.5% SDS (2x 15 
min), 0.2x SSPE/0.5% SDS (2x 30 min) and 2x SSPE (1x 5 min). Signal detection 
was performed using BrightStar BioDetect Kit according to the manufacturer’s 
instructions (Ambion). Probe sequence: 5’-CCCCACTTTCCACTGGGTCC-3’.

Luciferase reporter assays
MCF7 cells were co-transfected with 400 ng of pRS or pRS-p53KD in combination 
with 100 ng luciferase reporter (pGL3-promoter; Promega) and 5 ng renilla plasmid. 
Three days after transfection, luciferase assays were performed in accordance 
with the manufacturer’s instructions (Dual Luciferase system; Promega).

Chromatin immunoprecipitation assay
ChIP assays were performed as described22 with some minor modifications. In 
brief, cells were cross-linked for 8 min with 1% formaldehyde and neutralized with 
125 mM glycine. After centrifugation, the pellet was resuspended in lysis buffer 
(50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) and sonicated to achieve an average 
fragment size of 300 – 800 basepairs. Chromatin was diluted in RIPA buffer (10 
mM Tris pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1 
% SDS, 0.1 % sodium deoxycholate) and incubated overnight with the indicated 
antibody. A negative control for immunoprecipitation was performed in the 
presence of normal rabbit IgG (Santa Cruz). The next day beads were added and 
incubated for 2 – 3 h. After washing, DNA was eluted overnight in elution buffer 
(20 mM Tris pH 7.5, 5 mM EDTA, 50 mM NaCl, 1% SDS, 50 μg/ml proteinase 
K) followed by DNA purification using PCR purification kit (Roche). Real-time 
PCR was performed with SYBR Green PCR master mix (Applied Biosystems) and 
Chromo 4 Real Time PCR Detector (Bio-Rad Laboratories). Primers sequences are 
shown in Supplementary Information, Table S4.

Chromosome conformation capture on chip (4C)
4C templates were prepared as described previously13. In brief, at least 107 BJ/
ET or MCF7 cells were harvested using trypsin-EDTA, and trypsin was quenched 
with FCS-containing medium. Cells were cross-linked with 2% formaldehyde for 
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10 min at room temperature, followed by quenching with glycine (125 mM final) 
and centrifugation for 8 min at 600 g (4ºC). Cells were lysed in 150 mM NaCl, 50 
mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.5% NP-40, 1.0% Triton X-100, and nuclei 
were pelleted for 8 min at 600 x g (4ºC). Nuclei were digested overnight with 
400 U DpnII (NEB), followed by proximity ligation in 7 ml using 100 U T4 DNA 
ligase (Roche) overnight at 16ºC. DNA circles were phenol-chloroform extracted 
and ethanol precipitated using glycogen as a carrier (20 mg/ml). DNA circles were 
further digested with 50 U Csp6I (Fermentas) overnight at 37ºC, followed by 
heat-inactivation and subsequently ligated in 14 ml using 200 U T4 DNA ligase. 
Trimmed circles, the 4C template, were ethanol precipitated using glycogen as a 
carrier (20 mg/ml). 16 identical 50 ml PCR reactions were performed per viewpoint 
using the Expand Long Template PCR system (Roche) with 200 ng 4C template 
per PCR reaction. PCR conditions were as follows: 95°C for 2 min; 36 cycles of 
95°C for 15 s, 55°C for 1 min and 68°C for 3 min; followed by a final step of 68°C 
for 7 min. All 16 PCR reactions were pooled and purified for next-generation 
sequencing using the Roche High Pure PCR Product Purification Kit.

4C primers carried additional 5’ overhangs composed of adapter sequences 
for Illumina single read sequencing, and were sequenced on a GA-II or Hi-seq 
2000 machine (Illumina).
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Figure S1
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Figure S1. Identification of p53-dependent enhancer domains. (A) – (E) UCSC Genome Browser (hg18 
assembly) presentation of the p53-binding pattern10 and histone modifications around the indicated 
ep53BRs. 
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Figure S2. P53 has a high affinity for ep53BRs. UCSC Genome Browser (hg18 assembly) presentation 
of the p53-binding pattern at the high affinity p53 target gene p21 (CDKN1A).

Figure S3

Figure S3. Identified ep53BRs have p53-dependent enhancer activity. MCF7 cells were co-transfected 
with the indicated reporter construct and either control or p53 knockdown (p53KD) vector. The relative 
firefly luciferase/renilla activity was determined and compared to the control promoter vector (Ctrl.). 
Graphs represent mean and s.d. from three independent experiments. P values were calculated using 
t-test. Graphs show means and s.d. for three independent experiments. * p value < 0.01, ** p value < 
0.05.
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Figure S5

Figure S5. Ep53BR2 and ep53BR4 produce 
transcripts in a p53-dependent manner. 
MDA-MB-436 (mutant p53) were treated 
with Nutlin-3 for 24 h or left untreated. 
The relative ep53BR2 (top) and ep53BR4 
(bottom) transcript levels were determined by 
quantitative RT-PCR. Graphs show mean and 
s.d. for three independent experiments.

Figure S4

A B 

C 

Figure S4. Ep53BR2 and ep53BR4 produce transcripts in a p53-dependent manner. (A) MCF7 cells 
were treated with ionizing radiation (10 Gy) or left untreated. After 8 h, the relative ep53BR2 transcript 
levels were determined by quantitative RT-PCR. Graphs show mean and s.d. for three independent 
experiments. (B) MCF7 cells expressing either a control or p53 knockdown vector were treated with 
Nutlin-3 for 24 h or left untreated and harvested. Western blot analysis was performed to detect p53, 
p21 and CDK4 (loading control). (C) Cells form (B) were treated with Nutlin-3 for 24 h or left untreated. 
The relative ep53BR4 transcript levels were determined by quantitative RT-PCR. Graphs show mean and 
s.d. for three independent experiments.
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Figure S6

A 

B 

Figure S6. Ep53BR2 and ep53BR4 siRNA locations and efficiencies. Schematic representation of the 
targeting locations and siRNA efficiencies for ep53BR2 (A) and ep53BR4 (B).
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Figure S7

B C 

siRNA G1 G2/M 

si-
ep53BR2#1 

-10.15 9.8

si-
ep53BR2#3 

-5.98 4.7

sip21 -28.8 25.8

sip53 -30.2 28.3

A 

Figure S7. ERNAs produced from ep53BR2 are required for p53-dependent cell cycle arrest. MCF7 
cells were transfected with the indicated siRNAs and 24 h later treated with ionizing radiation (10 
Gy). The next day cells were treated with nocodazole for 24 h. Cell cycle profiles were evaluated by 
propidium iodide staining and compared to cells transfected with control siRNA. (A) Graphs represent 
mean and s.d. from three independent experiments. P values were calculated using t-test. * p value < 
0.01, ** p value < 0.05. (B) FACS plots of the experiment described in Fig. S7a. (C) FACS plots of the 
PAPPA siRNAs used in the experiment described in Fig. 3g.
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Figure S8
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Figure S8. Ep53BRs intra-chromosomally interact 
with multiple distantly located genes. (A) BJ/ET cells 
expressing either a control or p53 knockdown vector 
were subjected to Western blot analysis to determine 
p53 expression levels. Actin was used as loading control. 
(B) Intra-chromosomal interactions of ep53BR5 with 
surrounding regions as determined by 4C analysed by 
trimmed mean analysis of deep sequencing data. (C) BJ/
ET cells expressing either a control or p53 knockdown 
vector were subjected to 3’-end mRNA sequencing. 
Colour code depicts degree of p53-dependent 
regulation. Depicted are RPKM values as fold difference 
from control cells. N.e., not expressed.
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Table S1. Top 20 p53-binding peaks identified using p53 ChIP-seq10

rank # chromosome start end Neighbouring gene ep53Br 

1 chr8 29683912 29684200 DUSP4 1

2 chr9 117746224 117746551 PAPPA 2

3 chr4 77922127 77922401    

4 chr4 76030785 76031048    

5 chr3 154815119 154815393    

6 chr5 52822299 52822583    

7 chr12 19476074 19476349 PLEKHA5 3

8 chr1 179370714 179371060 IER5 4

9 chr3 196389658 196389937    

10 chr6 36752063 36752408 CDKN1A  

11 chr16 20784627 20784882 DCUN1D3 5

12 chr4 123938821 123939097    

13 chr8 126270765 126270982    

14 chr17 52149897 52150142    

15 chr1 232820805 232821097 IRF2BP2 6

16 chr10 89592873 89593111    

17 chr13 113573373 113573719    

18 chr4 157912082 157912296    

19 chr20 29750782 29750998 BCL2L1 7

20 chr1 142722044 142722314    

Table S2. Sequences of cloning primers.

region forward (5’-3’) reverse (5’-3’) 

ep53BR1 GTCTAAAAAGTACCTTTACAGC  GATTAATCCATTGATGAGGGAAGAG  

ep53BR2 CTAGTATATGAACTGTTATTGTCC  TTTTTTAGGTAGAATTTTCCAGC  

ep53BR3 GAAAGGAGGGCTGGTTGCTTTATTTT-
GGCTGAAGGCC  

CCTTCTGGGAGTCCCAGAAG-
GGCAAGGGTCTCTCAC  

ep53BR4 GCTCACGCCTGTAATCTCAGCACTTTG  CTTGTGGCCAACTATGACACTCCAG  

ep53BR5 CCAAAAATAAATAAATAAAAATGC  TTGCTGATTGATCATCTGTTG  

ep53BR6 CGTGTCTGCTTGGTTTGGGCTC  CTCTGAGCAATTTCTCAATAAAAC  

ep53BR7 CGAGTAGCTGGGAATACAGGT-
GCGAAAC  

GAACTCTTACTTTAATGGGAGAGACAG  
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Table S3. Sequences of primers used for quantitative RT-PCR.

Gene forward (5’-3’) reverse (5’-3’) 

ep53BR2 CCAGTGGAAAGTGGGGGAGT CCTGAAATCTCTGCTTGGCTTTG 

ep53BR4 TGGCACTGGGCTTAGGTCTTTT  CCCACAAGGGCTCTCAAGTTC  

p21 TACCCTTGTGCCTCGCTCAG GAGAAGATCAGCCGGCGTTT

PAPPA TGCCGAGAGAATAAGCACAAGG  GGTGGAGGTGGGTCACAGG  

IER5 CGGGGAGGGAGGGACTTTAC  AGGTGGGGAGGGACAGAAGG  

Table S4. Sequences of primers used for ChIP.

region forward (5’-3’) reverse (5’-3’) 

ep53BR2 GTTACAAATACGGGAGCTGGAC  AAAGGCCAGGGAATGTAGACTG  

Downstream 
ep53BR2 

CTAGAACTTTGTCTGATGTGGTCAA  GGACAGCTCTTTATTCCATTATGTC  

ep53BR4 ACTCTTAAACAGCCTTGTGGTTTC  CAGAAACACCCCACTACAGTCTC  

Downstream 
ep53BR4

AAGTAGAGTCCTGGGAGAAACAGA  GGCCCTAGACAAACATCTAAAGAAC  

MDM2 GGGCTATTTAAACCATGCATTTTC GTCCGTGCCCACAGGTCTA
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AbSTRACT
Malignant transformation of non-tumorigenic cells involves multiple genetic and 
epigenetic alterations. Cells have to bypass several intrinsic defence mechanisms 
to become a full-blown tumour cell. MicroRNAs are a class of small endogenous 
non-coding RNAs that have been implicated in tumorigenesis. Here we describe 
the involvement of the oncogenic miR-17-92 cluster in transformation of human 
primary cells. We show that expression of this microRNA cluster hampers the 
retinoblastoma (pRB) tumour suppressor pathway. Furthermore, cluster expression 
can replace loss of p16INK4A, an important component of the pRB pathway, in 
cellular transformation. Thus, the miR-17-92 microRNA cluster is involved in the 
malignant transformation of human primary cells.

Jarno Drost1, P. Mathijs Voorhoeve1 and Reuven Agami1,2

1 Division of Gene regulation, the Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX, 
Amsterdam, the Netherlands; 2 Centre for Biomedical Genetics, the Netherlands.
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INTRODUCTION
MicroRNAs (miRNAs) are a class of small endogenous non-coding RNAs that 
regulate gene expression. Regulation mainly occurs through association of the 
so-called mature miRNA with the 3’-untranslated region (3’UTR) of protein-coding 
genes and subsequent inhibition of translation and/or transcript destabilization1. 
MiRNAs have been implicated in a large variety of cellular processes. Proper 
regulation of their expression is therefore essential and deregulation has been 
linked to tumorigenesis. MiRNAs can function both as oncogenes and tumour 
suppressor genes. Oncogenic properties have, for example, been ascribed to 
the polycistronic miR-17-92 cluster. The locus encoding miR-17-92 is frequently 
amplified in lymphomas and lung cancers2-4. Furthermore, it was shown that 
overexpression of this cluster of miRNAs in the Eµ-myc transgenic mouse model 
of B cell lymphoma dramatically accelerated the onset and progression of the 
disease5. Since then, many reports confirmed the oncogenic potential of the miR-
17-92 cluster (reviewed in ref. 6). 

The miR-17-92 cluster encodes six miRNAs, namely miR-17, miR-18a, miR-
20a, miR-19a, miR-19b and miR-92a. Based on their seed sequence the miR-17/
miR-20a and miR-19a/miR-19b families can be distinguished. The exact role of 
the individual miRNAs in the oncogenicity of the complete cluster has not yet 
been satisfactorily elucidated (reviewed in ref. 7). All miRNAs in the cluster have 
been shown to target at least one tumour suppressor gene. In addition, it has 
been shown that all cluster miRNAs participate in repression of the TGFβ pathway, 
implying that cooperation between miRNAs may occur8.

Tumorigenesis is a multistep process involving the inactivation of tumour 
suppressor genes and activation of oncogenes. In vitro, expression of the 
telomerase reverse transcriptase subunit (hTERT), the RasV12 oncogene and SV40 
small t in combination with inhibition of the p53 and pRB tumour suppressor 
pathways is sufficient to transform human primary fibroblasts into tumour cells9,10. 
This model was used before in our lab to study the oncogenic role of miR-372&3 
in oncogene-induced senescence (OIS)11.

In this study, we used a miRNA expression library that was designed in 
our lab to screen for miRNAs that are involved in OIS. We identified a role for 
miR-17, part of the miR-17-92 cluster, in oncogene-induced transformation. We 
show that expression of 5 miRNAs of the miR-17-92 cluster (miR-17-19) results 
in an agonistic effect, implying that these miRNAs cooperate to reach their full 
oncogenic potential. Finally, the miRNAs in this cluster hamper the pRB pathway 
and their expression allows the transformation of human primary cells. 
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RESULTS
A genetic screen reveals miR-17&18 involvement in the oncogene-
induced stress response
To identify miRNAs that are involved in the oncogene-induced stress response, 
we screened a miRNA-expression library (containing 320 miRNAs) in primary 
human BJ fibroblasts expressing hTERT and 4-OH-Tamoxifen (4-OHT)-inducible 
oncogenic H-RasV12 (BJ/ET/RasV12ER). To reduce the amount of false-positive hits 
we transduced BJ/ET/RasV12ER cells with single miRNA-expressing constructs 
instead of the pooled library. After selection, cells were pooled and cultured for 
three weeks in the absence or presence of 4-OHT. MiRNA abundance in the RasV12-
expressing population was compared to the untreated population by hybridisation 
to a miRNA-microarray11. Next to the previously identified miR-372&373 (ref. 11) 
and their relative miR-302, other miRNA-expressing constructs were reproducibly 
enriched in two independent experiments. Using growth competition assays, the 
effect could be validated for two of these. Remarkably, both vectors contained 
and expressed the same miRNAs: miR-17&18 (Fig. 1a and 1b). Expression of 
the miRNAs was determined using RNase protection assay (RPA; Fig. 1c). These 
results point to a role for miR-17&18 in the cellular stress response elicited by 
oncogene activation.

MiR-17-19 – induced growth advantage is independent of the p53 pathway
Proper activation of the p53 tumour suppressor pathway is essential to prevent 
oncogene-induced transformation of primary BJ fibroblasts10,12. To determine 
if miR-17&18 expression interferes with this pathway, we performed growth 
competition assays in BJ/ET cells expressing both RasV12 and p53KD. Indeed, 
additional knockdown of p53 in these cells does not result in a growth advantage, 
confirming that they lack functional p53 (Fig. 2a). However, expression of miR-
17&18 conferred a similar growth advantage to p53KD cells as to control cells (Fig. 
1b and 2a). Additionally, this growth advantage was only apparent in BJ/ET cells 
expressing RasV12 (data not shown). This implies that these miRNAs give a p53-
independent proliferation advantage in the presence of RasV12. 

MiR-17&18 are part of the miR-17-92 cluster that, in addition to miR-17&18, 
contains the miR-17 family member miR-20a, but also miR-19a, -19b and -92 (Fig. 
2b). Multiple oncogenic activities have been ascribed to this cluster (reviewed 
in ref. 6). To determine the effect of miR-17-92 expression on cell proliferation 
we performed growth competition assays in BJ/ET cells expressing p53KD, RasV12 
and a vector expressing all the miRNAs in the cluster (Fig. 2c). Remarkably, miR-
17-92 expression gave a significantly increased growth advantage compared 
to expression of miR-17&18 (Fig. 2a). This effect was similar to knockdown of 
p16INK4A, which also gives a p53-independent growth advantage10. Sequence 
analysis of the miR-17-92 expression vector revealed a mutation in the miR-92 
seed sequence, indicating that miR-92 is probably not involved in the observed 
effect. To identify the functional miRNA(s) in the cluster, we designed vectors 
expressing the separate miRNAs or several combinations of them. However, 



5

the MIr-17-92 CLuSter IN NeopLAStIC trANSforMAtIoN 101

expression of none of the combinations conferred a growth advantage to cells 
similar to expression of the complete cluster (Supplemental Information, Fig. S1), 
indicating that simultaneous expression of all miRNAs is required for the most 
efficient effect.

Potential role for miR-17-19 in the pRB pathway
The retinoblastoma (pRB) pathway is another tumour suppressor pathway that 
prevents the neoplastic transformation of primary cells. Oncogene activation 
induces the cyclin-dependent kinase inhibitor p16INK4A, which inhibits the cyclin 
D/CDK4 complex from phosphorylating pRB. Hypo-phosphorylated pRB binds 
E2F and represses transcription of its target genes, which are required for cell 
cycle progression (ref. 13; Fig. 4). Since expression of miR-17-19 renders RasV12-
expressing cells with a p53-independent growth advantage (Fig. 2a), we set 
out to investigate if cluster expression affects the pRB pathway. Therefore, we 
analysed the phosphorylation status of pRB and the activation of the E2F target 
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Figure 1. MiR-17&18 are involved in oncogene-induced senescence. (A) Table showing the enriched 
miRNAs in the RasV12-expressing population in two independent experiments. In black the previously 
identified miRNAs11. Depicted in red are the newly identified miRNAs. (B) Growth competition assays 
of BJ/ET/RasV12ER cells transduced with the indicated vectors and cultured in the presence of 4-OHT 
(+RasV12). (C) To check proper miRNA expression from the constructs identified in (A), RPA was performed 
on RNA from HEK293T cells transfected with either miRVec-Ctrl. (C) or miRVec-17&18. Cyclophilin was 
used as loading control. P = 10% input probe; Y = yeast control RNA.
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gene cyclin A in normally proliferating and RasV12-expressing BJ/ET cells. Indeed, 
RasV12 expression reduced the amount of phosphorylated pRB and cyclin A levels 
in control cells (Fig. 3a). Interestingly, primary cells expressing RasV12 and the miR-
17-19 cluster retained pRB in a hyper-phosphorylated state (Fig. 3a). In addition, 
cyclin A levels did not decrease upon RasV12 expression confirming that E2F 
remains transcriptionally active (Fig. 3a). 

Senescence is an irreversible growth arrest that can be induced by several 
cellular stress responses, like oncogene expression14. There are several markers 
used to identify senescent cells, including the formation of senescence-associated 
heterochromatin foci (SAHF). The formation of SAHF is dependent on a functional 
pRB pathway15. To further confirm that miR-17-19 expression interferes with the 
pRB pathway, we investigated the formation of SAHF in BJ/ET cells expressing 
p53KD and RasV12. Lacking functional p53, these cells bypass OIS. Typically, although 
proliferating, SAHF could still be detected in these cells, implying that these foci 
are not functionally involved in senescence induction. This observation was recently 
confirmed by Di Micco et al., showing that proliferating oncogene-expressing 

Figure 2

A B 

C 

Figure 2. Agonistic p53-independent growth advantage by miR-17-19 expression. (A) Growth 
competition assays of BJ/ET/RasV12ER/p53KD cells transduced with the indicated vectors and cultured 
in the presence of 4-OHT (+RasV12). (B) Schematic representation of the miR-17-92 cluster and the main 
constructs used in this study. Family members are depicted in the same colors. Top, miR-17-92; middle, 
miR-17&18; bottom, miR-17-19. (C) RPA was performed on RNA from HEK293T cells transfected with 
the indicated vectors. Cyclophilin was used as loading control. P = 10% input probe; Y = yeast control 
RNA; C = control.
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cells still display SAHF16. Still, a significant reduction in the amount of SAHF-
positive cells was observed in cells expressing p16INK4A-KD, confirming that the pRB 
pathway is involved in SAHF formation. Similar to knockdown of p16INK4A, miR-
17-19 expression also inhibited the formation of SAHF in RasV12-expressing BJ/
ET/p53KD cells (Fig. 3b). Altogether, these results suggest that cluster expression 
interferes with proper functioning of the pRB pathway in response to oncogene 
expression.

The miR-17-19 cluster supports the transformation of human primary cells
Full neoplastic transformation of human primary cells can be accomplished by 
expression of hTERT, small t, RasV12 and interference with the p53 and pRB pathways 
by, for example, knockdown of p16INK4A and p53 (ref. 10). The transformation of 
cells can be visualized by their acquired ability to grow anchorage-independently 
in semi-solid media (soft agar assay). To determine whether miR-17-19 expression 
sufficiently inactivates the pRB pathway to induce cellular transformation, we 
performed soft agar assays in BJ/ET cells expressing p53KD, small t, RasV12, and 
either an empty vector, p16INK4A-KD or miR-17-19. As expected, knockdown of p16INK4A 
increases the efficiency to form colonies in soft agar, confirming the transformed 
phenotype of the cells. Expression of miR-17-19 increased colony growth similar Figure 3

A B 

C 
Figure 3. miR-17-19 expression hampers 
the pRB pathway upon RasV12 expression 
and supports malignant transformation. 
(A) BJ/ET/RasV12ER cells containing the 
indicated vectors were cultured in the 
presence of 4-OHT for 10 days, harvested 
and subjected to western blot to detect 
phosphorylated pRB on residues 807/811, 
total pRB, cyclin A, p16INK4A and tubulin 
(loading control). (B) BJ/ET/RasV12ER/
p53KD were cultured in the presence 
of 4-OHT for 10 days and SAHF were 
visualized by DAPI staining. (C) BJ/ET 
cells expressing SV40 small t, p53KD, RasV12 
and the indicated constructs were plated 
in soft agar. Colonies were counted after 
three weeks. Graphs represent mean and 
s.d. from three independent experiments.
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to p16INK4A-KD, indicating that cluster expression can efficiently replace knockdown 
of p16INK4A in the transformation of human primary cells (Fig. 3c). 

In conclusion, our data confirm the oncogenic properties of the miR-17-19 
cluster. We show that cluster expression supports the malignant transformation 
of primary human cells and propose that this is partially achieved via interference 
with the pRB tumour suppressor pathway (Fig. 4).

Figure 4 

DISCUSSION
We identified miR-17&18 in a screen for miRNAs involved in the cellular stress 
response elicited upon oncogene expression. Remarkably, expression of the miR-
17-92 cluster gives an agonistic effect, suggesting that these miRNAs cooperate 
to reach the observed effect. This effect is, at least partially, independent of the 
p53 pathway. The recent observation that miR-17&20 can partially overcome 
oncogene-induced senescence by suppression of p21 showed that miR-17-92 is 
also implicated in the p53 pathway17. However, our data shows that expression of 
miR-17&20 in RasV12-expressing BJ/ET cells gives a weaker effect than expression 
of the complete cluster, indicating that the other miRNAs are involved as well. 
On top of that, we observed a miR-17-19-induced proliferation advantage in cells 
expressing p53KD, implying a p53-independent effect of this cluster. 

We propose that miR-17-19 interferes with efficient activation of the pRB 
pathway. We observed hyper-phosphorylation of pRB and transcriptionally active 
E2F in miR-17-19 and RasV12 expressing cells. In addition, miR-17-19 expression 
interfered with p16INK4A/pRB-dependent SAHF formation after oncogene 

Figure 4. Schematic representation of the pRB pathway and how miR-17-19 expression might interfere.
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activation, and could replace loss of p16INK4A in the neoplastic transformation of 
primary human cells. The by pRB regulated transcription factor E2F1 has been 
proposed to be a target gene of miR-17&20 (ref. 18). However, besides the fact 
that inactivation of E2F1 would block rather than support proliferation, we and 
others have not been able to detect a significant suppression of this protein upon 
expression of these miRNAs (data not shown; ref. 17).

Obviously, the next step would be to identify the targets responsible for the 
effects observed upon miR-17-19 expression. Although we approached this issue 
in several different ways, we were not able to identify the responsible targets. 
For instance, we combined target prediction programs with micro-array mRNA 
expression analysis, but none of the targets identified through this strategy could 
recapitulate the effect given by miR-17-19 expression (data not shown). MiRNAs 
have the potential to regulate hundreds of target genes and the repression of a 
combination of these might be responsible for the observed effect. In addition, the 
miR-17-19 cluster contains five miRNAs, making the search for targets even more 
complex. It was recently shown that all the miRNAs of the miR-17-92 cluster are 
involved in repression of the TGFβ pathway in neuroblastoma cells8. Mestdagh and 
colleagues demonstrate that each miRNA contributes to the repression of one or 
more genes in the TGF-β pathway, thereby efficiently interfering with the pathway. 

Several reports claimed to have identified the oncogenic miRNA in the miR-17-
92 cluster. Two recent papers propose miR-19 to be the most important miRNA, 
mainly through regulation of PTEN19,20. Other reports describe miR-17&20 as the 
main oncogenic miRNA by targeting several components of different tumour 
suppressor pathways. Among these are p21 and E2F1, major downstream 
effectors of the p53 and pRB tumour suppressor pathways, respectively. Further 
research will be required to characterize the contribution of each single miRNA 
and the targets that are involved. 

METHODS
Cell culture, transfection and retroviral transduction
BJ primary fibroblasts were cultured in DMEM with 10% FCS and antibiotics. 
Retroviruses were made by calcium-phosphate transfection of Ecopack 2 cells 
(Clontech) and harvesting 40 and 64 h later. BJ cells were selected with the proper 
selection medium 48 h after transduction for at least a week. In the case of RasV12-
encoding retroviruses, cells were kept under selection for the entire duration of 
the experiment.

Screen of the miRNA expression library
BJ/ET/RasV12ER cells were plated in 24-well plates and retrovirally transduced with 
retroviruses containing separate miR-expression constructs11. After drug-selection 
for library–transduced cells, cells were pooled and grown in the presence or 
absence of 10-7 M 4OH-Tamoxifen (4-OHT). Genomic DNA was isolated using 
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DNeasy tissue kit (Qiagen). MiRNA-encoding sequences were recovered by 
PCR and subjected to hybridization with a miRNA-microarray, containing all 
miRNA library inserts11. Outliers were picked when enriched in two independent 
experiments followed by verification using growth competition assays.

Growth competition assays
BJ/ET cells were retrovirally transduced with pMSCV-blast-RasV12ER, drug selected, 
and transduced with miRVec-YFP or pRS-GFP constructs expressing the respective 
miRNA or shRNA, respectively. Efficiency of transduction was determined by flow 
cytometry (FL1) and cells were plated in medium with and without 10-7 M 4-OHT. 
Cells were propagated, and the percentage of GFP-, or YFP-positive cells was 
measured two times per week. The relative growth advantage was calculated as 
described10. 

Transformation assay
BJ/EHT/p53KD/st cells were transduced with miRVec-Ctrl, miRVec-17-19, or pRS-
p16, drug selected, and transduced with pBabe-puro-RasV12. After one week, 5 x 
104 cells were plated in triplicates in soft agar (30 mm dishes). After three weeks 
of growth, macroscopically visible colonies were counted. 

Constructs and antibodies
The miRNA expression library was described previously11. miRVec-blast, 
miRVec-YFP, pRetrosuper (pRS), pRS-GFP, pBabe-puro-RasV12, pBabe-puro-
RasV12ERTAM, pMSCV-blast-RasV12ERTAM, pMSCV-GFP-st, and pBabe-H2B-GFP 
were described before10,21,22,23. pRS-p53 and pRS-p16 shRNA constructs 
were previously described10. miRVec-17-19 was cloned by PvuII digestion 
of miRVec-17&18, PvuII/NheI digestion of miRVec-18,19a&20 and NheI 
digestion of miRVec-19b&92. Fragments were ligated and used as template 
for PCR with 17fw (GCGGATCCGGCATAAATACGTGTCTAAATGGACC) 
and 92rv (GCGAATTCAATAAATCTAACAACAAAAAATATAG). PCR 
fragment was subsequently used as template for PCR with 17fw and 19brv 
(GCGAATTCCACAGCATTGCAACCGATCCCAACCTG) followed by BamHI/EcoRI 
cloning in miRVec. Antibodies against p16INK4A (C19), cyclin D (M20/H295) and 
cyclin A (BF683) were purchased from Santa Cruz Biotechnology. pRB (4H1) and 
phospho-pRB 807/811 were from Cell Signaling. 

Staining of senescence-associated heterochromatin foci
Cells seeded on fibronectin-coated coverslips were fixed using 4% 
paraformaldehyde. Next, they were permeabilized in 0.2% Triton X-100/PBS and 
stained with DAPI (1:1500 in PBS).

RNase protection assay
RPA was performed using the miRVana probe construction and detection kits 
(Ambion) according manufacturers instructions. Cyclophilin probe was described 
previously11. Primer sequences are listed in Table S1.
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Figure S1

Figure S1. Growth competition assays of BJ/ET/RasV12ER/p53KD cells transduced with the indicated 
vectors and cultured in the presence of 4-OHT (+RasV12).

Table S1. Sequences of probes used for RPA.

mir rpA probe 

miR-17 CAAAGTGCTTACAGTGCAGGTAGTCCTGTCTC 

miR-18 TAAGGTGCATCTAGTGCAGATACCTGTCTC 

miR-20 TAAAGTGCTTATAGTGCAGGTAGCCTGTCTC 

miR-19a TGTGCAAATCTATGCAAAACTGACCTGTCTC 

miR-19b TGTGCAAATCCATGCAAAACTGACCTGTCTC 

miR-92 TATTGCACTTGTCCCGGCCTGCCTGTCTC 
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AbSTRACT
During neoplastic transformation, cells can promote their own growth by activating 
proto-oncogenes. Reporting in Cell, Iliopoulos et al. (2009) now show that in 
certain cell types, a transient oncogenic signal is sufficient to induce neoplastic 
transformation and to maintain it through a positive feedback loop driven by the 
inflammatory cytokine interleukin-6.
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To become fully transformed, primary human cells need to bypass several cellular 
failsafe mechanisms that normally keep cellular growth in check. In addition, 
transformed cells can become self-sufficient by producing their own growth 
signals. Activating mutations in proto-oncogenes are a frequent path to cellular 
neoplastic transformation, and several reports have described the dependence of 
cancer cells on the oncogene even after transformation10. However, in this issue 
of Cell, Struhl and colleagues4 report that transient induction of the Src oncogene 
in nontransformed human mammary epithelial cells results in production of the 
cytokine interleukin-6 (IL-6), which drives — and maintains — cells in a transformed 
state. This is mediated by a positive feedback loop involving IL-6, NF-κB, the let-7 
micro-RNA (miRNA), and its regulator, LIN28B, resulting in a “snowball” effect. 

NF-κB is a transcription factor that can induce the expression of IL-6, a cytokine 
that plays a crucial role in the immune response and inflammation. LIN28B is a 
stem cell factor and RNA binding protein that inhibits processing of the let-7 
miRNA8. Changes in let-7 expression have been associated with tumorigenesis. 
Although links between inflammation and cancer have been suggested, a link 
between NF-κB and let-7 has not been reported so far. However, the new work 
links all of these four players and demonstrates that they cooperate to maintain 
cellular transformation in response to transient oncogene activation4. 

How transient is the oncogenic signal and how does it work? Iliopoulos et 
al. expressed a tamoxifen-inducible estrogen receptor-Src (ER-Src) fusion protein 
in nontransformed human mammary epithelial cells. They show that a 5 min 
treatment with tamoxifen is sufficient to drive the cells into the transformed state. 
Next, they provide evidence that this transient treatment induces expression 
of the inflammatory cytokine IL-6 in an NF-κB-dependent manner. Specifically, 
they show that Src activates NF-κB, which directly activates the transcription of 
LIN28B. Indeed, the expression of the mature let-7 miRNA rapidly decreases in 
response to Src activation, through induction of LIN28B. As a result, IL-6, a direct 
target of let-7, is derepressed, causing cellular transformation through STAT3, a 
transcriptional activator that is phosphorylated and activated in response to IL-6 
signaling. A positive feedback loop is generated through IL-6, the expression of 
which is induced by NF-κB, but IL-6 can itself activate NF-κB (Fig. 1a). This loop 
explains why the transformed state is maintained even after Src expression is 
shut off. Confirming this model, the authors report that inhibition of any of the 
components of the feedback loop reverses the transformed phenotype. 

The authors provide evidence that their findings may be relevant to some 
human cancers. In both normal and cancer cells (derived from breast, prostate, 
and hepatocellular tissues), the authors find a negative correlation between the 
expression of the let-7 miRNA and that of IL-6. In normal cells, let-7 levels are 
high and IL-6 levels are low, whereas in cancer cells let-7 levels are low and IL-6 
levels are high. These observations suggest that the feedback loop involving IL-6 
and let-7 may be active in these cancer cells. Furthermore, interference with any 
component of the inflammatory feedback loop inhibited the tumorigenicity of 
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several human cancer cell lines. However, despite this striking negative correlation 
in certain human cancers, in vivo tumor models will be needed to prove a causal 
role for this regulatory circuit in driving tumorigenesis. Intriguingly, mice lacking 
IL-6 are more resistant to the formation of tumors driven by the Ras oncogene 
and to developing tumors of the colon associated with inflammatory colitis than 
normal mice, suggesting causality1,3. Future experiments should address whether 
the IL-6/NF-κB/LIN28B/let-7 loop is involved in the formation of tumors in these 
animal models. 

Many reports have shown that IL-6-mediated inflammation and cancer are 
linked. However, both tumor-suppressive and tumor-promoting activities have 
been ascribed to IL-6. In accordance with the observations of Iliopoulos et al. 
suggesting a tumor-promoting role for IL-6, a recent study showed that IL-6 
expression, induced by the RasV12 oncogene, is required for tumor growth of human 
kidney cells in vivo1. On the other hand, oncogene-induced IL-6 upregulation in 
primary human fibroblasts results in senescence5. This antiproliferative response 
is mediated, at least in part, by the induction of the cyclin-dependent kinase 
inhibitor p15INK4B (Fig. 1b). How can these results be reconciled with the findings 
of Iliopoulos and colleagues? Remarkably, the spontaneous immortalization of the 
mammary epithelial cells used by Iliopoulos et al. is associated with a deletion on 
chromosome some 9p21. This deletion includes part of the INK4/ARF locus, such 
that these cells lack the genes encoding the cyclin-dependent kinase inhibitors 

Figure 1

Figure 1. Inflammation and Tumorigenesis. Signaling via oncogenes activates an inflammatory response 
that drives cells along several different pathways. The response may depend on the cell type or genetic 
background. (A) An oncogenic trigger activates a positive feedback loop involving IL-6, NF-κB, let-7 
miRNA, and LIN28B. IL-6 signaling activates the transcriptional activator STAT3, which drives cells into 
the transformed state; IL-6 also activates NF-κB and so completes the loop4. (B) Oncogene expression 
can also activate the transcription factor C/EBPβ. C/EBPβ activates transcription of IL-6 and expression 
of the INK4 locus, resulting in cellular senescence. IL-6 positively regulates C/EBPβ, thereby generating 
a positive feedback loop. (C) A proportion of cells in which the positive feedback loop (IL-6, NF-κB, 
let-7 miRNA, LIN28B) is activated acquire characteristics of stem cells, such as self-renewal, and may 
act as cancer stem cells in tumors.
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p15INK4B and p16INK4A (ref. 2). This raises the exciting possibility that the type of 
IL-6 response that is induced after oncogene activation depends on the status of 
the INK4/ARF locus. Consistent with this hypothesis, the human kidney cells used 
in the study of Ancrile et al. in which IL-6 promoted tumor growth, expressed 
SV40 large T antigen. SV40 large T antigen inactivates the ARF/p53 and INK4/Rb 
tumor suppressor pathways, thereby neutralizing any IL-6-dependent cell cycle-
inhibitory effects via p15INK4B and p16INK4A. It would be interesting to determine 
whether p15INK4B and p16INK4A are still transcriptionally activated in response to 
oncogene expression. In contrast to mammary epithelial cells, transient activation 
of the RasV12 oncogene in a primary fibroblast transformation model9 was not 
sufficient to maintain transformation, perhaps indicating that the IL-6 response 
might be cell-type dependent. 

Iliopoulos et al. made another interesting observation. They report that 
their positive feedback loop is required for the self-renewing capacity of 
tumor-initiating cells, so-called cancer stem cells (Fig. 1c). A small proportion 
of the mammary epithelial cells expressing the ER-Src fusion protein that were 
transiently treated with tamoxifen acquired properties of cancer stem cells, such 
as self-renewal capacity. The inflammatory loop was more active in this population 
compared to cells that did not self-renew. When the authors blocked the function 
of several components in the feedback circuit, they saw a decrease in the self-
renewal capacity of the cancer stem cells. This is not the first time a transient 
signal was found to induce stem cell formation. For example, it is well established 
that reprogramming of adult fibroblasts back to a stem cell-like state can occur 
after transient expression of the reprogramming factors OCT4, SOX2, c-MYC, and 
KLF4 (ref. 7), pointing to the involvement of a positive feedback loop. The results 
of Iliopoulos et al. suggest that the IL-6/NF-κB/LIN28B/let-7 loop could also be 
at work in the reprogramming of fibroblasts. Given that LIN28B can also be used 
as a reprogramming factor, it is tempting to speculate about the involvement of 
the positive feedback loop identified by Iliopoulos et al. in stem cell maintenance. 
Intriguingly, the INK4/ARF locus serves as a barrier to efficient reprogramming6, 
again implying that this locus plays an important role in the effects observed by 
Iliopoulos et al. 

The Iliopoulos et al. study shows that a transient oncogenic trigger can lead 
to cellular transformation. This is mediated through an inflammatory signal and 
subsequent activation of a positive feedback loop containing IL-6, NF-κB, let-7, 
and LIN28B. From a therapeutic point of view, this study and others raise the 
possibility that tumors with this overactive positive feedback loop —LIN28BHIGH/
Let-7LOW/IL-6HIGH— may be eradicated efficiently by interference with this loop, 
which also may inhibit the growth of cancer stem cells.
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The transformation of a normal cell to a tumour cell is caused by genetic and 
epigenetic changes in genes involved in cell proliferation and survival. Two pivotal 
players in tumour suppression are the p53 and pRB pathways, of which proper 
functioning is frequently altered in human cancer. However, in many cases the 
causative hit remains elusive. The identification of new proteins and non-coding 
RNAs that act in the p53 and pRB pathways could potentially explain a subset of 
these cases and give new insights in treatment therapies. 

BRD7 is a transcriptional cofactor of p53
In the first study described in this thesis (chapter 2 and 3) we present BRD7 as 
a novel cofactor of p53. BRD7 is a bromodomain-containing protein and part of 
the polybromo-associated BRG1-associated factor (PBAF) SWI/SNF chromatin-
remodelling complex1. We show that BRD7 interacts with p53 and that it is 
required for transcription of a specific subset of p53 target genes2. The genes 
that require BRD7 for their transcription mainly include the high affinity pro-
cell cycle arrest p53 target genes and exclude most low affinity pro-apoptotic 
targets. These observations were functionally confirmed by showing that BRD7 
is required for oncogene-induced senescence (OIS), but dispensable for p53-
dependent apoptosis. BRD7 is required for transcription through recruitment of 
the histone-acetyl transferase p300 to p53 target genes. This results in acetylation 
and activation of p53, as well as acetylation of surrounding histones, thereby 
opening the chromatin and facilitating binding of factors required for transcription. 
Remarkably, although BRD7 is not required for transcription of pro-apoptotic p53 
target genes, its binding could be detected on the promoters of these genes. 
It would be of interest to determine why BRD7 presence not necessarily implies 
involvement in transcription. It seems likely that other cofactors are involved 
in the transcriptional regulation of these genes. hCAS/CSE1L, for example, is 
specifically required for transcription of pro-apoptotic p53 target genes3.

Another interesting observation we describe in chapter 2 is the increased 
interaction between BRD7 and p53 upon oncogene expression, whereas no 
changes in their protein and mRNA levels could be observed. This may imply that 
posttranslational modifications are involved in the stabilization of the interaction. 
Although p53 can be acetylated at multiple lysine residues, neither these lysines 
nor BRD7’s bromodomain are involved in the interaction. Another possibility 
could be that a protein that is regulated by stress stabilizes the interaction. The 
possible involvement of posttranslational modifications and differential protein 
binding partners is under current investigation. 

The results we present in chapter 2 were recently confirmed by Burrows et al., 
who describe the identification of BRD7 in a screen for genes that are required for 
replicative senescence4. In addition to BRD7, they show that another component 
of the PBAF complex (BAF180) is required for p53-dependent transcription and 
senescence. Also other SWI/SNF complex components are able to interact with 
p53 and affect p53-dependent transcription, including BRG1 and BAF60a5-7. 
Thus, it seems likely that p53 recruits chromatin-remodelling complexes to the 
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promoter of target genes through direct interaction with one or more complex 
components. It would be interesting to determine if the composition of these 
complexes vary with different types of cellular stresses. 

Loss of BRD7 expression in human cancer
A possible role for BRD7 in tumour suppression was first postulated in a search 
for genes that are differentially expressed in nasopharyngeal carcinoma (NPC). 
Low expression of BRD7 was found in NPC and it was subsequently shown 
that promoter methylation is one of the underlying causes8,9. Additionally, 
overexpression of BRD7 suppressed the growth of a NPC cell line10. Although p53 
mutations are rarely found in NPC, no functional connection was made between 
the two genes. We discovered decreased BRD7 expression in a subset of breast 
tumours, specifically in those harbouring wild-type p53 (chapter 2). In addition to 
promoter methylation, we show that deletion of the region including the BRD7 
gene is another cause of its loss of expression. 

BRD7’s role in tumour suppression was further emphasized by the observation 
that it interacts with and serves as a transcriptional cofactor of the tumour 
suppressor BRCA1 (ref. 11). Remarkably, BRCA1 is specifically required for 
transcription of p53 target genes that are involved in cell cycle arrest and DNA 
repair12,13. Therefore, BRD7 and BRCA1 might also cooperate in the regulation of 
p53 target genes. 

Enhancer RNAs enter the p53 pathway
In chapter 4 we describe the identification of several enhancer domains that 
produce transcripts in a p53-dependent manner. Several recent reports describe 
the production of these so-called enhancer RNAs (eRNAs), but no clear function 
has been assigned to them14,15. ERNA-producing enhancer domains are marked 
by monomethylation of histone 3 at lysine 4 (H3K4me1), a lack of trimethylation at 
H3K4 (H3K4me3), p300 and RNA polymerase II (RNAPII) binding. RNAPII at these 
enhancers produces transcripts bi-directionally14,15. 

To identify non-coding p53 target genes we analysed genome-wide p53-
binding patterns2,16. We identified seven regions that are bound by p53 with high 
affinity and carry all the features of enhancer domains. We were able to show that 
these regions have enhancer activity that depends on functional p53 and produce 
transcripts in a p53-dependent fashion. Knockdown of the transcripts (eRNAs) 
produced from one of the enhancers interferes with a p53-dependent cell cycle 
arrest, showing for the first time that eRNAs may have functional relevance. 
Expression analysis of primary fibroblasts revealed decreased mRNA levels of 
several genes encoded nearby the enhancer domains upon p53 knockdown. 
Remarkably, our ChIP-seq did not detect any p53 binding in the promoters of 
these genes, suggesting that p53 regulates their transcription in an alternative 
manner. We found that the enhancers interact with multiple surrounding loci, 
including regions nearby the genes that we found to be regulated by p53. 
Since enhancer activity is p53-dependent, we suggest that p53 might regulate 
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transcription through binding to enhancer regions and affecting their activity or 
even their binding to target genes. We are currently investigating the involvement 
of p53 in the regulation of enhancer activity. 

The miR-17-92 cluster participates in oncogenic transformation at 
multiple levels
In chapter 5 we describe a role for the miR-17-92 cluster in tumorigenesis. We 
identified the miR-17&18 component of this oncogenic cluster in a screen for miRNAs 
whose expression allows bypass of oncogene-induced senescence. Remarkably, 
expression of the complete cluster gives an agonistic effect. The miRNA cluster 
consists of 6 miRNAs, which were all previously implicated in cancer (reviewed in 
ref. 17). For instance, miR-17&20 were shown to interfere with the p53 pathway by 
targeting p21 (ref. 18,19). However, we show that the cluster also dampens the pRB 
pathway (chapter 5). This implicates that overexpression of the miR-17-92 cluster 
neutralizes two important tumour suppressor pathways. Indeed, the miR-17-92 
cluster is one of the most potent oncogenic miRNAs. Both genomic amplification 
and increased expression are found in several types of human cancer20-22.

Several reports claim the identification of the most important oncogenic 
component of the miR-17-92 cluster. Some point to miR-17&20 via inhibition of 
p21 and the E2F transcription factors. Others keep miR-19a&b responsible, via 
regulation of PTEN. We, and others, show that expression of all the miRNAs is most 
effective in transforming human primary cells (this thesis; ref. 19). In agreement 
with this, cooperation between the single miRNA components of miR-17-92 is 
required for the most potent inhibition of the TGFβ pathway23. Unfortunately, we 
were unable to find the target(s) responsible for the observed effects. It seems 
likely that, as in the TGFβ pathway, multiple miRNAs (and thus multiple targets) 
are involved in the ultimate blockage of the pRB pathway. Additional research will 
be required to find these targets.
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SUMMARY
Cancer is a DNA disease originating from changes in expression of genes that 
regulate cell proliferation and survival. Genes serve as blueprints for the production 
of proteins and non-coding RNAs. Aberrant gene expression can occur upon 
changing the DNA code (mutations). The human body consists of approximately 
100 trillion cells. Sporadically, mutations occur during DNA replication, a phase 
where cells duplicate their DNA prior to cell division. However, also cells that do 
not divide can gain errors in their DNA through stresses from the outside, like UV-
radiation. Changes in the DNA will be passed on to the daughter cell, meaning that 
they will accumulate, as cells get older. Eventually, cells might gain the capacity to 
divide uncontrollably and cancer can arise. Fortunately, cells have mechanisms to 
protect them from uncontrolled division. These mechanisms are activated upon 
certain stresses, like DNA damage and excessive mitogenic signalling (hyperactive 
growth signalling). Genes that support cell growth are called oncogenes, whereas 
genes that inhibit growth are termed tumour suppressor genes. Activating and 
inactivating mutations in oncogenes and tumour suppressor genes, respectively, 
underlie the development of cancer. The pathways in which oncogenes and 
tumour suppressor genes are functioning are complex and for most of them not 
all components are known. Clarifying how these pathways are activated by stress 
and how they function to protect cells from turning malignant might have future 
implications in the treatment of cancer. In this thesis we describe the identification 
of novel components of two major tumour suppressor pathways and how they 
may contribute to the proper functioning of these pathways. 

The first chapter gives a short overview of the current knowledge regarding 
the research described in the other chapters. It also describes the model that 
we used to screen for tumour suppressor pathway components: the in vitro 
transformation model. With this model we can transform “normal” (primary) cells 
into tumour cells by simultaneous inhibition and activation of defined tumour 
suppressor genes and oncogenes, respectively (Chapter 1, Figure 1). Using this 
model, as well as other approaches, we identified novel components of the p53 
and pRB tumour suppressor pathways. 

In chapter 2 we describe the identification of bromodomain-containing 7 
(BRD7) as a cofactor of the p53 tumour suppressor protein. The gene encoding 
the p53 protein is the most mutated gene in human cancer. When the p53 gene 
is wild-type (unaltered) alterations in components of the pathway neutralize its 
activation. However, in many of the cases the alteration responsible for pathway 
inactivation is unknown. The main mechanism by which the p53 pathway 
utilizes its tumour suppressive function is through its central role in senescence 
induction. Senescence is an irreversible growth arrest that can be induced by 
several stresses, including the expression of oncogenes. It is an important in vivo 
tumour suppressive mechanism and escape from senescence could ultimately 
lead to cancer. We show that the ability of p53 to efficiently induce senescence 
is dependent on BRD7. Mechanistically, BRD7 binds to p53 and is required for 
p53-dependent transcription of a subset of target genes. Proper activation of p53 
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upon stress requires acetylation of the protein. We show that BRD7 recruits the 
p53 acetylator p300 to target genes where it not only acetylates (and activates) 
p53, but also surrounding histones. This keeps the chromatin at these locations 
in an open and transcriptionally active state. It was shown earlier that loss of 
BRD7 is common in nasopharyngeal carcinoma, a type of cancer that rarely 
harbours mutations in the p53 gene. One of the described causes for loss of 
BRD7 expression is methylation of the BRD7 gene. We describe in this thesis that 
BRD7 is also lost in breast cancer, specifically in tumours that harbour wild-type 
p53. We show that deletion of the genetic locus encoding BRD7 is another cause 
of BRD7 loss in cancer. Our observation that BRD7 is specifically downregulated 
in tumours with wild-type p53 confirms that BRD7 plays an important role in the 
p53 pathway. In conclusion, loss of BRD7 can explain how a subset of tumours can 
inactivate the p53 pathway without altering the p53 gene itself. The observations 
described in chapter 2 are further discussed in chapter 3 and the results are linked 
to previously published literature about related topics.

The p53 protein is a transcription factor that regulates transcription of dozens 
of target genes. Recently, several non-coding RNAs (transcripts that do not 
code for proteins) were added to the list of p53 target genes. Non-coding RNAs 
are implicated in important cellular processes, including cell proliferation and 
survival. In chapter 4 we use the genome-wide p53-binding pattern (described 
in chapter 2) to identify novel non-coding p53 target genes. We describe the 
identification of seven enhancer domains that require p53 for their activity and 
produce non-coding transcripts in a p53-dependent manner. The regions contain 
all the in literature described features that mark enhancer RNA (eRNA)-producing 
enhancer domains. Although eRNAs were described before, we are the first 
to show that their inhibition has functional implications, namely a less efficient 
induction of a p53-dependent cell cycle arrest upon stress. Finally, we propose 
that p53 regulates transcription of distantly located genes by affecting enhancer 
activity and eRNA production. 

In chapter 5 we set out to identify microRNAs (miRNAs) that are involved 
in the transformation of primary cells into tumour cells. MiRNAs are small 
endogenous non-coding RNAs that regulate protein expression by binding to 
the 3’ untranslated region (UTR) of messenger RNAs (mRNAs, the products of 
DNA transcription). When bound to its target mRNAs miRNAs can regulate their 
expression by inhibition of translation (the conversion of mRNA into protein) or 
mRNA degradation. We describe the oncogenic role of the miR-17-92 cluster 
in cellular transformation. This miRNA cluster contains six miRNAs (miR-17, 
miR-18a, miR-20a, miR-19a, miR-19b and miR-92) and to all of them oncogenic 
activities have been ascribed. We show that this cluster dampens the pRB tumour 
suppressor pathway. Cluster expression positively regulates transcription of genes 
required for progression through the cell cycle. It does so, at least partially, by 
affecting the phosphorylation status of the pRB protein. Normally, expression of 
an oncogene results in less (hypo-) phosphorylated pRB, which can then bind to 
E2F transcription factors and inhibit transcription of E2F target genes. These are 
mainly genes required for cell cycle progression. Expression of both an oncogene 
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and the miR-17-19 cluster (without miR-92) keeps pRB in a (hyper-) phosphorylated 
and E2F unbound state. This means that E2F can activate transcription and cells 
can continue to proliferate. Although we were unable to find the responsible 
target(s), we argue that all the miRNAs in the cluster are required for the most 
efficient inhibition of the pRB pathway. This implies that the miRNAs act at multiple 
levels in the pRB pathway and that cooperation takes places between them.

In this thesis we investigate how a normal cell can turn into a tumour cell. 
We present several novel components of the p53 and pRB tumours suppressor 
pathways and discuss how their identification helps us understand the way tumour 
cells can bypass intrinsic cellular safety mechanisms.
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NEDERLANDSE SAMENVATTING
Het menselijk lichaam bestaat uit ongeveer 100 biljoen cellen. Goede 
communicatie tussen deze cellen is essentieel om een functioneel organisme 
te kunnen handhaven. De deling van cellen is één van de processen waarbij 
communicatie tussen cellen een grote rol speelt. Wanneer deze communicatie 
verstoord raakt en een cel niet meer luistert naar groeiremmingssignalen kan 
ongecontroleerde celgroei en kanker ontstaan. Miscommunicatie wordt vaak 
veroorzaakt door veranderingen in genexpressie. Genen bevatten de code voor 
boodschapper-RNA’s (mRNA’s) die als blauwdruk fungeren voor het maken van 
eiwitten. Eiwitten zijn moleculen die betrokken zijn bij het uitvoeren van allerlei 
processen in een organisme. De ontwikkeling van een tumor wordt veroorzaakt 
door veranderingen in expressie van genen coderend voor eiwitten die een rol 
spelen bij het reguleren van celdeling en celdood. Voordat cellen delen moet het 
genetische materiaal, het DNA, gerepliceerd (verdubbeld) worden. Hierbij kunnen 
soms fouten (mutaties) in de DNA-sequentie ontstaan. Deze veranderingen worden 
doorgegeven aan de dochtercellen waardoor mutaties kunnen ophopen naarmate 
cellen ouder worden. Uiteindelijk kunnen deze veranderingen ongecontroleerde 
celgroei veroorzaken wat tot kanker en uiteindelijk de dood van het organisme kan 
leiden. Cellen hebben beveiligingsmechanismen om excessieve groei tegen te 
gaan. Deze mechanismen kunnen door verschillende stimuli worden geactiveerd, 
zoals DNA-schade en te veel groeisignalen (hyperactieve groeistimuli). Genen 
coderend voor moleculen die groei remmen worden tumorsuppressorgenen 
genoemd en genen coderend voor moleculen die een positieve invloed hebben 
op groei heten oncogenen. Zowel tumorsuppressorgenen als oncogenen maken 
deel uit van complexe signaleringsroutes waarvan vaak nog niet alle componenten 
bekend zijn. Het achterhalen van de precieze werking van deze routes in het 
beschermen van cellen tegen ongecontroleerde groei kan belangrijke implicaties 
hebben voor eventuele behandelstrategieën. In dit proefschrift beschrijven 
we de identificatie van een aantal nieuwe componenten van twee belangrijke 
tumorsuppressorroutes. Verder laten we zien hoe deze componenten betrokken 
kunnen zijn bij de werking van deze routes.

Hoofdstuk 1 geeft een beknopt overzicht van de huidige status van het 
onderzoek naar de onderwerpen die worden bestudeerd in dit proefschrift. Verder 
wordt in hoofdstuk 1 het model beschreven dat bij een aantal onderzoeken is 
gebruikt: het in vitro transformatiemodel. Dit model beschrijft hoe we in een 
celkweeksysteem (in vitro) een normale (primaire) cel kunnen veranderen in een 
kankercel. Dit wordt bewerkstelligd door gelijktijdige activatie en remming van, 
respectievelijk, gedefinieerde oncogenen en tumorsuppressorgenen. Hierdoor 
kunnen we onderzoeken in welke route een bepaald gen een rol speelt en hoe 
essentieel deze rol is.

In hoofdstuk 2 beschrijven we de identificatie van een bromodomein bevattend 
eiwit, BRD7, en de rol die het speelt in tumorgenese als cofactor van het p53 
tumor-suppressoreiwit. Het gen coderend voor p53 is het vaakst gemuteerde 
gen in kanker. Tumoren met een intact p53 gen hebben de route geremd door 
andere componenten dan p53 te inactiveren. In dit geval kan vaak niet worden 
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achterhaald wat de inactiverende mutatie is. Dit zou betekenen dat niet alle 
componenten van de route bekend zijn. Het p53 gen codeert voor een eiwit 
dat de transcriptie (het maken van mRNA) reguleert van genen die betrokken 
zijn bij celgroei en geprogrammeerde celdood (apoptose). Het belangrijkste 
tumorsuppressormechanisme dat wordt gereguleerd door p53 is senescence. 
Senescence is een onomkeerbaar cel cyclus arrest dat door verschillende soorten 
cellulaire stress kan worden geïnduceerd, waaronder hyperactieve groeistimuli. 
In hoofdstuk 2 beschrijven we dat p53 afhankelijk is van BRD7 in het efficiënt 
induceren van senescence. We laten zien dat BRD7 aan p53 bindt en nodig is 
voor p53 afhankelijke transcriptie. Dit wordt op twee manieren bewerkstelligd. 
Ten eerste, de aanwezigheid van BRD7 is nodig voor acetylatie van p53 na stress. 
Acetylatie van p53 is essentieel voor de activatie van het eiwit. Zonder BRD7 is er 
minder geacetyleerd (en dus minder actief) p53 waardoor er minder transcriptie 
is, wat resulteert in minder efficiënte senescence inductie. We laten zien dat BRD7 
bindt aan promotoren van p53 afhankelijke genen en p300 rekruteert. P300 is 
een eiwit dat p53 kan acetyleren. Ten tweede, als BRD7 p300 rekruteert naar 
de promotoren acetyleert het behalve p53 ook omliggende histonen. Dit houdt 
het chromatine (het DNA-verpakkingsmateriaal) in een open en transcriptioneel 
actieve staat. 

Verlies van BRD7-expressie werd voor de eerste maal geobserveerd in 
nasopharynx carcinoom, een type kanker waarin p53 mutaties zelden worden 
aangetroffen. Verlies van BRD7-expressie in deze tumoren kan optreden door 
methylatie van het gen. Wij laten in hoofdstuk 2 zien dat verlies van BRD7 ook 
optreedt in borsttumoren, maar specifiek in de tumoren met een intact p53 gen. 
We hebben gevonden dat verlies van BRD7 ook kan worden veroorzaakt door 
deletie van de genomische regio waarin BRD7 gecodeerd is. Onze observatie dat 
verlies van BRD7 vooral optreedt in tumoren met een intact p53 gen bevestigt 
dat het eiwit een belangrijke rol speelt in de p53 route. Verlies van BRD7 is dus 
een mogelijke manier waarmee kankercellen de p53 route kunnen inactiveren 
zonder het p53 gen te muteren. In hoofdstuk 3 bediscussiëren we de resultaten 
die worden gepresenteerd in hoofdstuk 2 en leggen we verbanden met de al 
bekende literatuur over gerelateerde onderwerpen.

Naast eiwitten kunnen genen ook coderen voor RNA’s waarvan geen eiwit 
gemaakt wordt, zogenoemde niet-coderende RNA’s (ncRNA’s). Ook ncRNA’s 
spelen een belangrijke rol bij deling en apoptose van cellen. Als transcriptiefactor 
kan p53 de transcriptie van tientallen genen reguleren. Recentelijk is aangetoond 
dat ook ncRNA’s door p53 gereguleerd worden. In hoofdstuk 4 beschrijven we 
de identificatie van zeven regio’s die in een p53 afhankelijke manier ncRNA’s 
produceren. We laten zien dat deze ncRNA’s nodig zijn voor een efficiënt p53 
afhankelijk cel cyclus arrest. De regio’s dragen alle beschreven kenmerken 
van een zogenaamd versterkingsdomein. Een versterkingsdomein versterkt 
transcriptie van genen die op verre afstand van het domein liggen. We laten zien 
dat p53 nodig is voor de activiteit van het versterkingsdomein en op die manier 
transcriptie van genen reguleert.

In hoofdstuk 5 bestuderen we een andere klasse ncRNA’s, namelijk microRNA’s 
(miRNA’s). MiRNA’s zijn kleine, niet-coderende RNA’s die mRNA-expressie kunnen 
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reguleren door te binden aan de 3’UTR van mRNA’s. Dit kan leiden tot zowel 
remming van translatie (het maken van eiwit uit mRNA) of afbraak van mRNA. We 
beschrijven de studie naar het miR-17-92 miRNA-cluster en de rol die het speelt 
in de transformatie van normale cel naar tumorcel. Het miR-17-92 cluster bevat 
zes miRNA’s (miR-17, miR-18a, miR-20a, miR-19a, miR-19b, miR-92) en voor alle 
is een oncogene functie beschreven. Wij laten zien dat expressie van het cluster 
interfereert met de pRB tumorsuppressorroute. Expressie van een oncogen leidt 
normaal gesproken tot lage niveaus gemodificeerd pRB eiwit waardoor het aan 
de E2F transcriptiefactor kan binden en transcriptie remt. Wanneer zowel een 
oncogen als miR-17-19 (miR-17-92 zonder miR-92) tot expressie wordt gebracht 
blijft pRB gephosphoryleerd en ongebonden, waardoor E2F transcriptie van 
genen die nodig zijn voor de celdeling kan blijven activeren. De verantwoordelijke 
mRNA’s waaraan de miRNA’s binden hebben we niet kunnen vinden, waarschijnlijk 
doordat de miRNA’s op meerdere niveaus in de route acteren door meerdere 
mRNA’s te reguleren. We stellen voor dat alle miRNA’s uit het cluster nodig zijn 
voor de meest efficiënte remming van de pRB-route en dat er dus samenwerking 
plaatsvindt tussen de miRNA’s. 

In dit proefschrift doen we onderzoek naar tumorsuppressorroutes die 
betrokken zijn bij de transformatie van een normale cel naar een tumorcel. We 
presenteren een aantal nieuwe componenten van deze routes en laten zien hoe 
deze componenten functioneren in – en bijdragen aan – het tumorsuppressoreffect 
van de routes.
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