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ABSTRACT

Transcriptional regulation of DNA repair is of out-
most importance for the restoration of DNA in-
tegrity upon genotoxic stress. Here we report that
the potent environmental carcinogen benzo[a]pyrene
(B[a]P) activates a cellular DNA damage response
resulting in transcriptional repression of mismatch
repair (MMR) genes (MSH2, MSH6, EXO1) and of
RAD51, the central homologous recombination re-
pair (HR) component, ultimately leading to downreg-
ulation of MMR and HR. B[a]P-induced gene repres-
sion is caused by abrogated E2F1 signalling. This
occurs through proteasomal degradation of E2F1
in G2-arrested cells and downregulation of E2F1
mRNA expression in G1-arrested cells. Repression
of E2F1-mediated transcription and silencing of re-
pair genes is further mediated by the p21-dependent
E2F4/DREAM complex. Notably, repression of DNA
repair is also observed following exposure to the ac-
tive B[a]P metabolite BPDE and upon ionizing radia-
tion and occurs in response to a p53/p21-triggered,
irreversible cell cycle arrest marking the onset of cel-
lular senescence. Overall, our results suggest that
repression of MMR and HR is an early event during
genotoxic-stress induced senescence. We propose
that persistent downregulation of DNA repair might
play a role in the maintenance of the senescence phe-
notype, which is associated with an accumulation of
unrepairable DNA lesions.

INTRODUCTION

Unrepaired or false repaired DNA lesions interfere with
replication and transcription, leading to either mutations
and cancer, or cell death and senescence. Therefore, a coor-

dinated and faithful DNA damage response and repair is of
central importance for maintaining genomic integrity and
survival. A significant influence on the outcome of dam-
age repair and processing is exerted by the abundance and
regulation of DNA repair factors. Transcriptional induc-
tion and activation of DNA repair factors are important
regulatory mechanisms contributing to the adaptation of
cells to genotoxic stress (1). However, it appears that the in-
verse strategy, i.e. downregulation of gene expression in re-
sponse to DNA damage, also plays a role in the fine-tuned
regulation of complex DNA repair pathways. In our previ-
ous work, we analysed the regulation of DNA repair in re-
sponse to benzo[a]pyrene (B[a]P) and its active metabolite
benzo(a)pyrene 7,8-diol-9,10-epoxide (BPDE). We showed
that low (nontoxic) concentrations of BPDE cause AP-1
and p53 dependent upregulation of several nucleotide exci-
sion repair (NER) genes, leading to enhanced NER activity,
consequently reducing the effectiveness of a challenge dose
of this carcinogen (2).

B[a]P is formed by incomplete combustion and released
into the atmosphere from industrial production processes
and vehicle exhaust emissions. It is also produced during
food preparation and tobacco smoking (3). Thus, expo-
sure to B[a]P is ubiquitous in modern life; as an example,
the U.S. population has a daily intake of ∼2.2 �g of B[a]P
(3). Various studies have shown that B[a]P is mutagenic
and associated with developmental damage, immunologi-
cal impairments, decreased fertility, low birth weight and
smaller head circumference in children. A bulk of data in
animal models is available showing that B[a]P gives rise to
a variety of cancers including alimentary and respiratory
tract, liver, kidney, pharynx, and skin. In humans exposed
to B[a]P a significantly increased risk of lung cancer has
been found. Beside this, B[a]P was reported to be associ-
ated with the development of cancers of oesophagus, larynx,
mouth, throat, kidney, bladder, pancreas, stomach, cervix
and blood. Therefore, already in 1987, B[a]P was classified
as a ‘probable human carcinogen’. In 2014, the Environ-
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mental Protection Agency (EPA) published a revised health
assessment of B[a]P, upgrading its cancer classification to
‘carcinogenic to humans’. Accordingly, B[a]P is listed as a
Group 1 carcinogen by the IARC (4).

B[a]P is an incomplete carcinogen, which is metabolized
into an ultimate highly electrophilic carcinogenic species
(5). Multiple studies showed that BPDE represents the ul-
timate carcinogenic metabolite of B[a]P (6–9); ∼10% of
B[a]P is converted to BPDE (10). B[a]P is metabolized
by cytochrome P450 (Cyp1A1) into benzo(a)pyrene-7,8-
epoxide and by an epoxide hydrolase to benzo(a)pyrene-7,8-
dihydrodiol (11). Additional metabolism by cytochrome
P450 results in the ultimate carcinogen benzo(a)pyrene 7,8-
diol-9,10-epoxide (BPDE) (11), which binds via the epox-
ide group at the C-10 position within the bay region of
the molecule (12) to the exocyclic N2 position of gua-
nine (13,14), forming a bulky adduct in the DNA. These
adducts are removed from DNA by NER (15–18), and hu-
man primary endothelial cells, which are impaired in nu-
cleotide excision repair, are sensitive to BPDE (19). Be-
sides NER, translesion synthesis is involved in the by-
pass of BPDE adducts. Thus, polymerase kappa (POLK) is
able to bypass B[a]P-guanine adducts (dG-N2-BPDE) in an
error-free manner by inserting dC opposite the lesion (20–
22), whereas polymerase eta (POLH) bypasses the adducts
in an error-prone manner by inserting dA opposite dG-
N2-BPDE (20,23,24). Of note, incorporation of A oppo-
site dG-N2-BPDE matches with the mutation spectrum of
BPDE, suggesting POLH plays an important role in BPDE-
induced mutagenesis (23).

Microarray-based gene expression studies upon expo-
sure to B[a]P were performed in HepG2, MCF7 and
HCT116 cells at early time points (2–48 h), showing in-
duction of DDB2 (25,26). Moreover, XPC expression was
induced after BPDE exposure in human mammary ep-
ithelial (27) and breast cancer MCF-7 cells (28). In our
previous work, we observed transcriptional activation of
the p53-regulated NER genes DDB2 and XPC upon ex-
posure of metabolically competent MCF7 cells to B[a]P
and in BPDE-exposed human telomerase-immortalised fi-
broblasts (VH10tert) and primary epithelial lung cells. Ad-
ditional experiments showed that pre-treatment with low-
dose BPDE not only enhanced the expression of the NER
factors but also maintained the expression during the sub-
sequent high-dose exposure, ensuring NER capacity and
leading to an adaptive response (2). Similar to the above
mentioned NER genes, POLH was also induced. Interest-
ingly, transient overexpression of POLH not only reduced
the frequency of apoptosis, but also enhanced the muta-
tion frequency. In addition to the activation of NER and
POLH, we observed transcriptional repression of the DNA
repair genes MSH2, MSH6, EXO1 and RAD51. EXO1,
MSH2 and MSH6 are proteins involved in mismatch re-
pair (MMR), which recognize and repair mispaired bases,
while RAD51 is a crucial player in homologous recombina-
tion (HR), responsible for the repair of DNA double-strand
breaks (29).

In this study, our aim was to analyse the molecular mech-
anisms underlying the repression of these DNA repair genes
and the corresponding pathways in B[a]P-treated cells. We
show that the repression is caused by dual abrogation of

the E2F1 pathway, which occurs by proteasomal degrada-
tion of E2F1 and by transcriptional silencing of the E2F1
gene mediated by the DREAM complex. Downregulation
of the E2F1 pathway went along with the induction of
B[a]P-induced senescence, which indicates that senescence
induction and repression of DNA repair are causally related
phenomena.

MATERIALS AND METHODS

Cell culture, drug treatment, siRNA-mediated knockdown
and pharmacological inhibition

The human diploid VH10tert foreskin fibroblast cell line
was immortalised by stable transfection with the telomerase
gene (TERT) and kindly provided by Prof. L. Mullenders
(Department of Toxicogenetics, Leiden University Medical
Centre, the Netherlands). MCF7 breast cancer cells were
obtained from CLS Cell Lines Service GmbH, Eppelheim,
Germany. VH10tert cells were cultivated in Dulbecco’s min-
imal essential medium (DMEM) containing 10% FCS un-
der nitrogen atmosphere (5% CO2, 5% O2) and MCF7 cells
were cultivated in DMEM-F12 containing 5% FCS under
normal atmosphere (5% CO2) at 37◦C and were regularly
checked for mycoplasma contamination. Human primary
bronchial epithelial cells (PBECs) were purchased from
Provitro (Berlin) and cultivated in Airway epithelial cell
growth medium containing 10% fetal bovine serum. DLD1,
LoVo and SW480 cells were purchased from ATCC and
cultured in RPMI medium supplemented with 10% FCS
at 37◦C, 6% CO2. Generation and cultivation of SW480-
MSH6ko cells have been described (30).

B(a)P was purchased from SIGMA (B1760),
activated r-7,t-8-dihydroxy-t-9,10-epoxy-7,8,9,10-
tetrahydrobenzo(a)pyrene (BPDE; CAS no. 58917-
67-2) was synthesized from trans-7,8-dihydroxy-7,8-
dihydrobenzo(a)pyrene (31) by Dr A. Seidel (BIU Bio-
chemical Institute for Environmental Carcinogens, Prof.
Dr G. Grimmer-Stiftung, Grosshansdorf, Germany) as
described (32). Ionizing radiation was performed within
a Gammacell irradiator 2000 (Cs-137 source, Molsgaard
Medical, Denmark).

For silencing, predesigned siRNAs specific for p21 (sc-
29427, Santa Cruz Biotechnology), E2F1 (L-003259-00-
0005, Dharmacon) and E2F4 (sc-29300) were used; control
human non-silencing siRNA (Silencer Select Predesigned
siRNA Negative Control #1 siRNA; Ambion) was used
as negative control. The transfections of siRNAs were
performed using Lipofectamine RNAiMAX Reagent (In-
vitrogen). The p21 inhibitor UC2288 (CAS 532813, Cal-
biochem) was used at 5 �M, chloroquin (CAS 50635,
Sigma Aldrich) at 5 �M, SKP2 E3 Ligase inhibitor III
(506305, Calbiochem) at 10–50 �M, TAME (CAS 901473,
Selleckchem) at 0.4 mM, MG132 (CAS 133407826, Sell-
eckchem) at 50–500 nM, rapamycine (CAS 53123889, Sel-
leckchem) at 0.5 �M and MRT-68921 (CAS 1190379704,
Selleckchem) at 2 �M.

Preparation of RNA and real-time qPCR

Total RNA was isolated using the NucleoSpin® RNA
Kit (Macherey-Nagel, Düren, Germany) and 1 �g of to-
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tal RNA was transcribed into cDNA (Verso cDNA Kit,
Thermo Scientific, Dreieich, Germany). qPCR was per-
formed in technical triplicates using the GoTaq® qPCR
Master Mix Protocol (Promega, Madison, USA) and
the CFX96 Real-Time PCR Detection System (Biorad,
München, Germany). The specific primers are listed in Sup-
plementary Table S1. Non-template controls were included
in each run, expression was normalized to gapdh and β-
actin; the untreated control was set to one. Analysis was per-
formed using CFX Manager™ Software; SD shows intra-
experimental variation.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed as de-
scribed (33) using E2F1 (sc-193, Santa Cruz Biotechnology)
and E2F4 (sc-866, Santa Cruz Biotechnology) antibodies.
Real-time PCR was performed using specific primers flank-
ing the E2F1 binding site of EXO1, MSH2, MSH6, and
RAD51, which are listed in Supplementary Table S1. Fur-
thermore, binding of E2F4 to a DREAM-specific binding
site in the promoters of E2F1, MSH2 and MSH6, was per-
fomed using previously described primers (34) listed in Sup-
plementary Table S1.

Detection of MSH2 promoter activity

The MSH2-CAT promoter plasmid was described before
(35). It was co-transfected with RSV-�gal, and CAT and �-
gal activity were determined as described (35). The results
are expressed as CAT/�-gal activity in relation to the con-
trol.

Determination of apoptosis, cell cycle progression, autophagy
and senescence

For quantifying drug-induced apoptosis, annexin V-
FITC/propidium iodide (PI) double stained cells were
analyzed by flow cytometry; to analyse cell cycle distribu-
tion, cells were stained with PI and cell cycle distribution
was determined by flow cytometry. Detection of autophagy
was performed using the Cyto-ID® Autophagy Detection
Kit (Enzo Life Science). Flow cytometry was performed
using a BD FACSCanto™ II. Senescence was measured
either microscopically by ß-Gal staining, or by cytometry-
based detection of C12FDG (ImaGene Green™ C12FDG
lacZ Gene Expression Kit) as described before (33). Exper-
iments were repeated at least three times, mean values ±
SD are shown.

Separation of G1- and G2-cells and isolation of senescent
cells

For isolation of senescent cells, the cells were trypsinized,
washed with PBS, fixated with 70% EtOH at −20◦C and
stored at −80◦C. Upon de-freezing, 7 × 106 cells/ml were
stained with 20 �M DRAQ 5 (ab108410, Abcam) for 10 min
at RT. For isolation of senescent cells, the cells were stained
with C12FDG (ImaGene Green™ C12FDG lacZ Gene Ex-
pression Kit), resuspended in dissociation buffer (Gibco)
containing 1% FCS. G1 and G2 cells as well as C12FDG

positive and C12FDG negative cells were sorted using a
BD FACSAriaIII SORP cell Sorter using a 100 �m nozzle.
RNA isolation was performed using the NucleoSpin RNA
Plus XS, Micro kit (Machery and Nagel).

Preparation of protein extracts and western blot analysis

Whole-cell and nuclear extracts were prepared as described
(36). For detection of phospho-specific antibodies, cells
were directly lysed in 1x SDS-PAGE sample buffer and sub-
sequently sonified. Mouse mAb and rabbit pAb were di-
luted 1:500–1:2000 in 5% BSA, 0.2% Tween–TBS and in-
cubated overnight at 4◦C; the specific antibodies are listed
in Supplementary Table S2. Protein-antibody complexes
were detected by Pierce® ECL Western Blotting Substrate
(Thermo Fisher). Ubiqitinated proteins were isolated using
the UBIQAPTURE-Q® kit (BML-UW8995 – Enzo Life
Sciences).

DNA repair assays and detection of proteasomal activity

MMR activity was analysed using electromobility shift as-
says (EMSA), as described (37). Efficiency of HR was deter-
mined using the qPCR-based HR Assay kit (Norgen Biotek
Corporation, ON, Canada) as described (38). Proteasomal
activity was measured using the Proteasome 20s activity as-
say kit (MAK172, Sigma Aldrich).

Quantification and statistical analysis

The data were evaluated using Student’s t-test and were ex-
pressed as a mean ± SD. *P ≤ 0.05 was considered statisti-
cally significant, **P ≤ 0.01 very significant, ***P ≤ 0.001
highly significant. Statistical analyses were performed us-
ing GraphPad Prism version 6.01 for Windows, GraphPad
Software, La Jolla, CA, USA (www.graphpad.com).

RESULTS

BPDE/B[a]P-induced DNA damage represses MMR and
HR repair

In this study, we utilized MCF7 cells, which are metaboli-
cally competent and able to metabolize B[a]P into BPDE. In
contrast, VH10tert are not metabolically competent; they
were used to verify that the mechanisms identified upon
B[a]P exposure of MCF7 cells are caused by BPDE-adducts
and not by other metabolites of B[a]P. In our previous
work, we reported that B[a]P and the activated metabo-
lite, BPDE, triggers upregulation of the NER system (2).
To determine whether B[a]P/BPDE has an impact on other
DNA repair pathways, we used qPCR-arrays. We identi-
fied several DNA repair genes, which were, however, not
upregulated but transcriptionally repressed in MCF7 and
VH10tert cells treated with low-dose B[a]P and BPDE, re-
spectively. These downregulated genes encode the MMR
proteins EXO1, MSH2, MSH6. RAD51, the main compo-
nent of the HR, was also downregulated (Figure 1A, C). For
verification, we analysed the corresponding proteins. In line
with the decrease in mRNA expression, the protein levels of
MSH2, MSH6, EXO1 and RAD51 were strongly reduced

http://www.graphpad.com


12088 Nucleic Acids Research, 2020, Vol. 48, No. 21

Figure 1. Time-dependent repression of DNA repair genes after B[a]P treatment in metabolically competent MCF7 breast cancer cells (A) and upon
BPDE exposure in VH10tert cells (C) was measured by qPCR. Time-dependent repression of DNA repair proteins upon B[a]P treatment in MCF7 cells
(B) and after BPDE exposure in VH10tert cells (D) was measured by immunoblotting. �-Actin was used as internal loading control, x-fold induction
was measured densitometrically and is annotated under the respective blot. (E) Binding of MSH2/MSH6 to GT-mismatches was measured via EMSA.
GC-oligonucleotides were included as specificity control; 1 = specific band, 2 = unspecific bands, 3 = unbound oligonucleotides, x-fold induction was
measured densitometrically and is annotated under blot. (F) HR activity was analysed using a PCR-based HR activity assay. (A, C, F) Experiments were
performed in triplicates and differences between treatment and control were statistically analyzed using Student’s t test (non labeled = non significant,
*P < 0.1 **P < 0.01, ***P < 0.001).

in response to BPDE/B[a]P-induced DNA damage (Figure
1B, D). To analyse whether the repression of EXO1, MSH2,
MSH6 and RAD51 upon B[a]P/BPDE treatment has an
effect on MMR, we determined the MMR activity using
an electromobility shift assay (EMSA) based on the bind-
ing of the MSH2/MSH6 complex to a GT mispair incor-
porated into a radioactive-labeled oligonucleotide. Speci-
ficity of the reaction was shown by using MSH2 and MSH6
deficient cells, as well as CRISPR–Cas9 mediated knock-
out of MSH6 (Supplementary Figure S1A). A reduction in
MSH2/MSH6 binding to the GT mispair was detected us-
ing cell lysates of B[a]P treated MCF7 and BPDE treated
VH10tert cells (Figure 1E). In addition, analysis of the HR
activity of these cells using a qPCR-based HR assay re-
vealed a strong reduction in HR repair activity (Figure 1F).

Taken together, our results indicate that B[a]P and BPDE
treatment leads to transcriptional repression of MMR and
RAD51 gene activity, which results in a functionally com-
promised MMR and HR repair.

BPDE/B[a]P-induced repression of MMR and HR is caused
by abrogated E2F1 signalling

The E2F pathway regulates the replicative status of a cell
and is regulated via pocket family proteins, which inter-
act with E2F factors. The pocket protein family consists
of p105/Rb, p107 and p130/Rbl2, while the E2F family is
composed of several transcription factors, which can either
mediate transcriptional activation or repression. The model
claims that p130/Rbl2 binds the transcriptional repressor
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E2F4, whereas p105/Rb binds and thereby inactivates the
transcriptional activators E2F1, E2F2 and E2F3 (39). In-
terestingly, ChIP-Seq and ChIP-on-Chip studies have sug-
gested that EXO1, MSH2, MSH6 and RAD51 might be
E2F1 and E2F4 target genes (40,41). Moreover, we showed
that E2F1 regulates the expression of MSH2 and MSH6
(and resistance to methylating genotoxins) in mouse em-
bryonic stem cells (42). Therefore, we analysed the binding
of E2F1 to the promoters of MSH2, MSH6, EXO1 and
RAD51 by ChIP and subsequently performed qPCR 24–
72 h after exposure of MCF7 cells to B[a]P and VH10tert
cells to BPDE (Figure 2A). Our results revealed strongly re-
duced binding of E2F1 to these promoters upon treatment.
To further support the hypothesis that repression of MSH2,
MSH6, EXO1 and RAD51 after B[a]P/BPDE exposure is
caused by genotoxin-induced downregulation of E2F1, we
silenced E2F1 by RNAi and performed MSH2 promoter
assays. Furthermore, we analysed repression of these DNA
repair factors upon siRNA mediated silencing of E2F1 in
the absence and presence of B[a]P by qPCR (Supplemen-
tary Figure S2). The data clearly indicate that silencing of
E2F1 causes a decrease in expression of MSH2, MSH6,
EXO1 and RAD51 and also reduces MSH2 promoter ac-
tivity in non-exposed cells. Upon B[a]P exposure, silenc-
ing of E2F1 did not further enhance downregulation of
MSH2 promoter activity and DNA repair gene repression.
Reduced promoter binding of E2F1 was associated with
decreased binding of E2F1 to a consensus sequence con-
taining oligonucleotide, as detected by EMSA (Figure 2B).
The specificity of the reaction was shown by Supershift-
EMSA as well as by siRNA-specific E2F1 silencing (Sup-
plementary Figure S1B). To determine the mechanism lead-
ing to the decreased E2F1 binding, we monitored E2F1 and
Rb expression levels upon B[a]P/BPDE exposure using im-
munoblotting. A strong reduction of E2F1 protein was ob-
served following B[a]P/BPDE treatment (Figure 2C), which
was paralleled by reduced Rb as well as pRb levels (Figure
2C). Overall, these data indicate that repression of EXO1,
MSH2, MSH6 and RAD51 expression after B[a]P/BPDE
exposure is caused by genotoxin-induced downregulation of
E2F1.

Abrogation of the E2F1 pathway is independent of cell death

Next, we addressed the question of how B[a]P/BPDE ex-
posure triggers abrogation of the E2F1 pathway. To rule
out that the observed effects are unspecific, resulting from
genotoxin-induced cytotoxicity, we analysed the sub-G1
fraction and annexin/PI positivity by flow cytometry. Our
data revealed that exposure of MCF7 cells to B[a]P and
VH10tert cells to BPDE in the applied doses induces cell
death only in a minor fraction of the treated cells (Figure
3A, B, left panel). MCF7 cells showed <10% of sub-G1
at early times and up to 72 h after treatment, peaking af-
ter 120 h with 20% cell death and VH10tert cells showed
∼15% cell death 96 h after treatment. Using annexinV/PI
staining, we observed the majority of MCF7 cells died by
necrosis, whereas the majority of VH10tert cells died by
apoptosis (Figure 3A/B, middle panel). This difference can
be explained by the fact that MCF7 cells are deficient for
caspase-3 (43). Moreover, a pan-caspase inhibitor (zVAD)

did not affect the B(a)P/BPDE-triggered reduction in E2F1
expression, excluding caspase-dependent E2F1 degradation
(Figure 3A, B, right panel). Overall, because of the low pro-
portion of dead cells in the population (<10%) we conclude
that the abrogation of the E2F1 pathway is independent of
the cell death response.

Downregulation of the E2F1 pathway is independent of au-
tophagy

An important process for protein homeostasis is autophagy,
which represents a digestion and recycling of proteins
and cell organelles that are unneeded, dysfunctional and
required as nutrient source under cellular stress condi-
tions. During autophagy, target proteins are engulfed by
autophagosomes, which fuse with lysosomes and thereby
form autolysosomes, by which they get digested. In order
to test whether B[a]P and BPDE induce autophagy, we
studied the formation of autophagic vesicles. Initial flow
cytometry-based measurements showed the formation of
autophagosomes upon exposure of MCF7 cells to B[a]P
and of VH10tert cells to BPDE (Supplementary Figure
S3A). Thus, up to 10% of MCF7 and up to 50% of VH10tert
cells were Cyto-ID positive upon exposure. Since Cyto-ID
positivity is restricted to autophagosomes and is lost in au-
tolysosomes, we inhibited the fusion between autophago-
somes and lysosomes using the autophagy-inhibitor chloro-
quine (CQ). Adding CQ dramatically enhanced Cyto-ID-
positivity in B[a]P-treated MCF7 cells to the same level ob-
served in BPDE-treated VH10tert cells (Figure 3C), indi-
cating that the autophagy pathway is activated in response
to B[a]P and BPDE treatment. To support these findings,
the expression of LC3B, which is part of the autophago-
somes, was analysed by confocal microscopy, showing in-
creased LC3B expression upon combined CQ/B[a]P expo-
sure in MCF7 cells and upon CQ, BPDE and combined
CQ/BPDE exposure in VH10tert cells (Figure 3D). We
should note that already in non-exposed VH10tert cells,
strong signs of autophagy were observed, hinting at the cell
dependence on autophagy as energy source. This is also re-
flected by the toxicity of CQ, since treatment of VH10tert
cells with CQ alone induced >20% of sub-G1 positive cells.
Opposite, CQ was not toxic to MCF7 cells (Supplementary
Figure S3B).

To investigate whether the autophagic response is in-
volved in reducing E2F1 protein expression, we analysed
the impact of the autophagy inhibitors CQ and MRT68921
(ULK1 inhibitor) as well as of the autophagy inducer ra-
pamycin on E2F1 expression (Figure 3E). The efficiency of
the inhibitor treatment was verified by analysing its effect on
the expression of lipidated-LC3B-II, which is part of the au-
tophagosomes, and of p62 expression. In both cell models,
neither ULK1i- nor CQ-mediated inhibition of autophagy
rescued the loss of E2F1. Beside CQ also MRT68921, which
blocks rapamycin-dependent autophagy, did not impact the
expression of E2F1. Finally, direct induction of autophagy
by rapamycin had no impact on E2F1 expression (Figure
3E), although inducing Cyto-ID positivity (Supplementary
Figure S3C). In summary, the data indicate that autophagy
is not involved in B[a]P/BPDE-dependent abrogation of
E2F1 signalling.
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Figure 2. (A) Binding of E2F1 to the promoters of EXO1, MSH2, MSH6 and RAD51 was analysed by ChIP and subsequent qPCR 24, 48 and 72 h after
B[a]P (1 �M) or BPDE (0.25 �M) treatment. The amount of the immunoprecipitated mRNA in the control was set to 1. Experiments were performed in
triplicates and differences between treatment and control were statistically analyzed using Student’s t test (non labelled = non significant, *P < 0.1 **P <

0.01, ***P < 0.001). (B) E2F1 activity was measured by EMSA 24 and 48 h upon B[a]P in MCF7 cells and upon BPDE in VH10tert cells; 1 = specific band,
2 = unspecific bands, 3 = unbound oligonucleotides, x-fold induction was measured densitometrically and is annotated under blot. (C) Time-dependent
expression of E2F1, pRb and Rb was measured by immunoblotting in MCF7 and VH10tert cells upon B[a]P and BPDE treatment respectively. �-Actin
was used as internal loading control.

Downregulation of the E2F1 pathway depends on ubiquitin-
mediated proteasomal degradation

An important mechanism of controlling the E2F1 level
is proteasome-dependent degradation (44). To analyse
whether B[a]P affects the activity of the 20S proteasome,
we measured its activity using a proteasomal activity kit.
Treatment with B[a]P enhanced proteasomal activity time-
dependently (Figure 4A). To directly address whether B[a]P

induces proteasomal degradation of E2F1, MCF7 cells
were treated with B[a]P in the presence or absence of the
proteasome inhibitor MG132 (Figure 4B). Indeed, E2F1
protein expression was rescued upon efficient proteasome
inhibition using 200 nM MG132 (Figure 4B and Supple-
mentary Figure S4A). Similar to E2F1, also Rb protein ex-
pression was rescued upon proteasome inhibition (Figure
4B). The results indicate that B[a]P induces proteasome-
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Figure 3. (A) MCF7 cells were treated with 1 �M B[a]P and (B) VH10tert cells were treated with 0.25 �M BPDE for different time points. Cell death was
measured by flow cytometry using PI staining (left graph) and Annexin V/PI staining (middle graph). Expression of E2F1 upon B[a]P or BPDE exposure
was measured by immunoblotting in the presence or absence of 50 �M zVAD (right graph). �-Actin was used as internal loading control, x-fold induction
was measured densitometrically and is annotated under the respective blot. (C) Autophagy was measured in MCF7 and VH10tert cells upon exposure to
B[a]P and BPDE, respectively, in the presence of chloroquine (CQ) using Cyto-ID staining. (D) MCF7 and VH10tert cells were treated with 1 �M B[a]P
and 0.25 �M BPDE for 72 h, respectively, in the absence or presence of CQ. Autophagy was measured by microscopical detection of LC3B-I/II (green
fluorescence). TO-PRO III (blue fluorescene) was used for nuclear staining; scale bars equate 50 �m. (E) MCF7 and VH10tert cells were treated for 72
h with 1 �M B[a]P or 0.25 �M BPDE, respectively, in the presence or absence of the autophagy inhibitors MRT and CQ, as well as of the autophagy
inducer rapamycine (Rapa). LC3B-I/II, p62 and E2F1 were detected by immunoblotting. HSP90 and �-Actin were used as internal loading control, x-fold
induction was measured densitometrically and is annotated under the respective blot. (A–C) Experiments were performed in triplicates and differences
between treatment and control were statistically analyzed using Student’s t test (non labelled = non significant, *P < 0.1 **P < 0.01, ***P < 0.001).
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Figure 4. (A) MCF7 cells were exposed to 1 �M B[a]P and proteasomal activity was measured. (B) MCF7 cells were treated with 1 �M B[a]P for 72 h in the
presence or absence of the proteasomal inhibitor MG132. E2F1, Rb and pRb were detected by immunoblotting (C) Cell cycle distribution was measured
in MCF7 cells using PI staining and flow cytometry 48–120 h after B[a]P exposure. (D) DNA synthesis was measured using BrdU incorporation 4–48 h
after B[a]P exposure. (E) MCF7 cells were treated with 1 �M B[a]P. 24–72h later, the expression of CDC25a, CDC25c, pCHK1 and pCHK2 was detected
by immunoblotting. (F) MCF7 cells were treated with 1 �M B[a]P in the presence of MG132. 48–72 h later, ubiqitinated proteins were isolated using the
UBIQAPTURE-Q® kit and subjected to immuoblotting and the presence of E2F1 and Rb was detected. (G) MCF7 cells were treated with 1 �M B[a]P
for 72 h in the presence or absence of a SKP2 inhibitor (SKP2 E3i). Expression of E2F1 and Rb was detected by immunoblotting. (H) VH10tert cells were
treated with 0.25 �M BPDE for 72 h in the presence or absence of MG132, SKP2 E3i or TAME. E2F1 was detected by immunoblotting. (B, E–H) �-Actin
was used as internal loading control. (A, C, D) Experiments were performed in triplicates and differences between treatment and control were statistically
analyzed using Student’s t test (non labelled = non-significant, *P < 0.1 **P < 0.01, ***P < 0.001). Concerning cell cycle distribution, at all time points
a significant (*) decrease of cells in G1 and increase in the G2-phase was observed. (B, E, G, H) x-fold induction was measured densitometrically and is
annotated under the respective blot.
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dependent degradation of E2F1 and Rb. Besides rescuing
the degradation of E2F1, proteasome inhibition also par-
tially rescued the expression of MSH2, MSH6, EXO1 and
RAD51 mRNA expression (Supplementary Figure S4B).

E2F1 regulates cell cycle progression, particularly pro-
gression from the G1 to the S-phase (44). During the late
S/G2-phase and early M-phase, the multi-E3 ubiquitin lig-
ase complexes SCFskp2 and APC/c, respectively, medi-
ate E2F1 poly-ubiquitination to target it for proteasome-
dependent degradation, thereby allowing G2/M progres-
sion (44). To analyse the effects of B[a]P on cell cycle pro-
gression, cell cycle distribution was determined by flow cy-
tometry. B[a]P arrested the cells almost equally in the G1
and the G2-phase (Figure 4C), which was associated with
a complete block of replication 48 h post-treatment, as in-
dicated by BrdU incorporation (Figure 4D). Cell cycle ar-
rest upon B[a]P treatment was associated with phosphory-
lation of CHK1 and CHK2, as well as with degradation of
CDC25c (Figure 4E).

To analyse ubiquitination of E2F1, we made use of the
UBI-QAPTURE-Q® kit to purify poly-ubiquitinated pro-
teins from cell lysates. To this end, MCF7 cells were treated
with B[a]P in the presence of MG132 to inhibit proteaso-
mal degradation of ubiquitinated proteins. Immunoblot-
ting demonstrated an enrichment of E2F1 and Rb upon
B[a]P exposure, substantiating for increased ubiquitination
of both proteins (Figure 4F). Next, we used inhibitors
against the SCF-Skp2 and APC/c complex and analysed
their impact on E2F1 degradation. Upon SCF-Skp2 inhibi-
tion, the degradation of E2F1, but not of Rb, was rescued
(Figure 4G), indicating that the SCF-Skp2 complex is in-
volved in the ubiquitination of E2F1 upon DNA damage,
targeting E2F1 for proteasomal degradation. In contrast,
APC/c inhibition using TAME, even at high, toxic concen-
trations had no impact on E2F1 degradation (Supplemen-
tary Figure 4C). Similar to MCF7, in VH10tert cells the in-
hibitors MG132 and SKP2i, but not TAME, protected cells
against E2F1 degradation (Figure 4H).

Downregulation of the E2F1 pathway is dependent on E2F4-
mediated transcriptional repression

Since only a fraction of cells is arrested in the G2-phase
upon B[a]P treatment, additional mechanisms are likely to
be involved in the downregulation of the E2F1 pathway in
the G1-phase. E2F1 is transcriptionally activated in G1 and
reaches the highest expression in the S-phase. An important
factor arresting cells in G1 is the cyclin dependent kinase in-
hibitor 1a (CDKN1A, p21), which inhibits cyclin D-CDK1
and cyclin D-CDK2 complexes thus inhibiting phosphory-
lation of Rb proteins. This leads to activation of p130-E2F4
and inactivation of p105-E2F1, which causes cell cycle ar-
rest (45,46). Related to its role as CDK inhibitor, p21 is re-
sponsible for activation of DREAM, a multi-protein com-
plex mediating transcriptional repression.

In line with the transcriptional activation of p21 upon
B[a]P exposure (Figure 1A), we also observed increased
p21 protein expression as part of the B[a]P-induced p53 re-
sponse (Figure 5A). Analysing a potential DNA damage-
induced activation of the DREAM complex, we next de-
termined the expression of the DREAM complex compo-

nents E2F4, E2F5, p130 and pp130. In contrast to E2F1,
the expression of E2F4 and E2F5 was not altered upon
B[a]P exposure (Figure 5B, left panel). However, the inac-
tive, phosphorylated form of p130 was lost (Figure 5B, right
panel), indicating activation of the DREAM complex fol-
lowing B[a]P treatment.

One of the main targets of the DREAM complex is the
E2F1 gene. Indeed, upon B[a]P exposure a strong transcrip-
tional repression of E2F1 mRNA expression was observed
(Figure 5C). To analyse whether this repression is caused by
the p21-DREAM pathway, B[a]P-induced transcriptional
repression of E2F1 was analysed upon pharmacological in-
hibition of p21 and by siRNA-mediated knockdown. Both
strategies efficiently rescued the expression of E2F1 mRNA
(Figure 5D). p21 inhibition also abolished E2F1 protein re-
pression (Supplementary Figure S4D), further highlighting
a critical role of p21. In addition, repression of the E2F1
target genes MSH2, MSH6, EXO1 and RAD51 was also ab-
rogated upon inhibition of p21 (Figure 5E). Similar results
were obtained in VH10tert cells upon exposure to BPDE
(Supplementary Figure S4E).

Next, we analysed whether p21 induction is sufficient
to abrogate the E2F1 pathway using the pharmacologi-
cal MDM2 inhibitor nutlin-3a. Nutlin-3a binds to the N-
terminus of MDM2 and thereby prevents from its interac-
tion with the N-terminal transactivation domain of p53, ac-
tivating the p53 response in the absence of DNA damage
(53). As shown in Figure 5F, nutlin-3a strongly induced p21
expression and abrogated E2F1 and Rb/pRb expression to
a similar extent as B[a]P, indicating the activation of p21
is sufficient to completely block E2F1 signalling. To fur-
ther prove that E2F1, MSH2, MSH6, EXO1 and RAD51
are repressed by the DREAM complex upon B[a]P, we per-
formed ChIP experiments (Figure 5G). The results clearly
show an increased binding of E2F4 to the promoters of the
analysed genes, indicating that B[a]P triggered repression of
E2F1 and of the repair genes MSH2, MSH6, EXO1 and
RAD51 is caused by activation of the DREAM complex.
To further support this hypothesis, we silenced E2F4 using
RNAi and performed MSH2 promoter assays (Supplemen-
tary Figure S2). Furthermore, we analyzed the downregu-
lation of E2F1 and of the DNA repair factors upon siRNA
mediated silencing of E2F4 in the absence and presence
of B[a]P (Supplementary Figure S2). The data clearly indi-
cate that silencing of E2F4 neither altered the expression of
E2F1 and the DNA repair factors, nor affected MSH2 pro-
moter activity in non-exposed cells. However, upon B[a]P
treatment, silencing of E2F4 significantly prevented the re-
duction of MSH2 promoter activity and diminished repres-
sion of E2F1 and of the DNA repair genes.

Downregulation of the E2F1 pathway represents a
senescence-associated mechanism

Our data indicate that MSH2, MSH6, EXO1 and RAD51
are repressed upon B[a]P exposure via alterations in the
E2F signalling and suggest that two mechanisms are in-
volved: transcriptional repression of E2F1 by the DREAM
complex in G1 and proteasomal degradation of E2F1 in
G2. Since repression of the DNA repair factors is medi-
ated by the E2F system, which is also inactive in non-
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Figure 5. (A/B) MCF7 cells were exposed to 1 �M B[a]P for 24–72h. (A) Expression of p53, p53Ser15 and p21 was detected by immunoblotting. (B) MCF7
cells were exposed to 1 �M B[a]P for 24–96 h. Expression of E2F4, E2F5, pp130 and p130 was detected by immunoblotting. (C) Expression of E2F1
and p21 was detected by qPCR. (D) MCF7 cells were exposed to 1 �M B[a]P for 48 h in the presence of the p21 inhibitor UC2288 (p21i) or p21 specific
siRNA. Expression of E2F1 and p21 was detected by qPCR. (E) MCF7 cells were exposed to 1 �M B[a]P for 48 h in the presence of the p21 inhibitor
UC2288 (p21i). Expression of MSH2, MSH6, EXO1 and RAD51 was detected by qPCR. (F) MCF7 cells were exposed to 1 �M B[a]P for 48 h in the
presence or absence of the MDM2 inhibitor nutlin-3A (nut). Expression of E2F1, p21, pRb and Rb was detected by immunodetection. (G) Binding of
E2F4 to the promoters of EXO1, MSH2, MSH6 and RAD51 was analysed by ChIP and subsequent qPCR 24–72 h after B[a]P treatment. The amount
of the immunoprecipitated mRNA in the control was set to 1. (A, B, F) �-Actin was used as internal loading control, x-fold induction was measured
densitometrically and is annotated under the respective blot. n.d: induction factor could not be detected due to missing signal in the control. (C, D, E, G)
Experiments were performed in triplicates and differences between treatment and control were statistically analyzed using Student’s t test (non labelled =
non significant, *P < 0.1 **P < 0.01, ***P < 0.001).
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proliferating cells, we tested whether the observed gene re-
pression is also caused by DNA damage independent cell
cycle arrest. To this end, proliferation of MCF7 cells was
blocked by confluency. Although these cells were arrested
in the G1-phase (Supplementary Figure S4F), only mild
repression of EXO1 and no repression of MSH2, MSH6
and RAD51 was observed (Figure 6A). In contrast, these
factors were strongly repressed 72 h after B[a]P treatment
(Figure 6A). In addition, reduced expression of E2F1 and
activation of the DREAM complex (indicated by reduc-
tion in p130 phosphorylation) was exclusively observed in
B[a]P-exposed cells. This is in line with our finding that
p21 expression was induced upon DNA damage, but not
in proliferation-arrested (quiescent) cells (Figure 6B).

In contrast to quiescence, which is defined as a tem-
porary cell cycle arrest, senescence is considered to be ir-
reversible. To analyse whether B[a]P-induced proliferation
arrest is associated with senescence, we measured the in-
duction of senescence. Both microscopical detection of ß-
Gal stained cells and flow cytometry-based detection of
C12FDG-positive cells showed up to 40% senescent cells
(Figure 6C). The irreversibility of the proliferation arrest
was checked in colony formation assays, which indicated
that only a very low proportion of these cells (<1%) were
able to form colonies (Figure 6D).

To further analyse whether repression of E2F1 and the
DNA repair factors is associated with B[a]P-induced senes-
cence, senescent cells were separated 120 h after B[a]P
treatment via C12FDG staining. As control, non-exposed
and non-sorted B[a]P-exposed cells were included. The effi-
ciency of the separation was verified microscopically using
ß-Gal staining, showing >90% of ß-Gal positive cells in the
senescent population and <10% in the non-senescent pop-
ulation (Figure 6E). Besides the strong difference in ß-Gal
positivity, all B[a]P treated cells (mix, sen, non-sen) showed
a similar cell cycle distribution, e.g. a redistribution from
G1 into G2 (Figure 6F). The expression of EXO1, MSH2,
MSH6 and RAD51 was measured by qPCR, showing that
predominantly cells displaying the senescent phenotype re-
pressed these repair genes (Figure 6G).

Notably, 120 h (5 days) after B[a]P exposure seems to be
an early stage in the development of the senescence phe-
notype, reaching 30–40% ß-Gal positivity (see Figure 6C).
Already 7 days after B[a]P treatment, the amount of senes-
cent MCF7 cells further increased up to ∼80% (Figure 7A,
left panel), whereas no signs of toxicity or alterations in
the cell cycle distribution were observed (Figure 7A, mid-
dle and right panel). This indicates that C12FDG negative
cells, which showed a reduced expression of the repair fac-
tors, might represent cells at an early state of senescence,
preceding alteration in galactosidase activity. Repression of
MSH2, MSH6, EXO1 and RAD51 as well as induction
of p21 were still observed two weeks after B[a]P exposure
(Figure 7B), indicating that this feature is maintained in
senescent cells. Induction of senescence was also observed
in MCF7 and VH10tert cells upon exposure to the activated
B[a]P metabolite, BPDE (Supplementary Figure S5A, B).

Overall, our results demonstrate that B[a]P-induced
DNA damage activates the p53/p21 pathway, which leads
to downregulation of E2F1 and E2F1-mediated expression

of MMR and HR components and concomitantly to the
induction of senescence (Figure 7C).

DISCUSSION

Previously we showed that B[a]P activates DDB2, XPC
and POLH, via the sequence-specific transcription fac-
tor p53 (2,47). Here, we report that upon B[a]P exposure
of metabolically competent cells the MMR genes EXO1,
MSH2, MSH6 and the HR gene RAD51 are transcription-
ally repressed, which is accompanied by downregulation of
the corresponding proteins and DNA repair activity. Of
note, inhibition of MMR activity through downregulation
of MSH6 upon B[a]P was previously reported for ZR75-1
breast cancer cells (48). We further show that downregula-
tion of these DNA repair factors represents a specific con-
sequence of senescence-accociated abrogation of E2F1 sig-
nalling and occurs both in the G1 and the G2-phase through
different mechanisms.

DNA repair gene repression is caused by abrogated E2F1 sig-
nalling

ChIP experiments revealed that repression of these DNA
repair genes was associated with reduced E2F1 binding
to the promoters of the respective genes. For MSH2 and
MSH6, the data are in line with the previous observations
that E2F1 regulates MSH2 and MSH6 in rat cells (49) and
that murine stem cells show a higher expression of MSH2
and MSH6 compared to differentiated cells due to increased
E2F1 activity (42). Recently, we also observed a repres-
sion of these factors upon temozolomide (TMZ) treatment
of glioblastoma cells (33). Whereas upon TMZ treatment
downregulation of E2F1 signalling was caused by disrup-
tion of the E2F1/DP1 complex (33), a dramatic decrease in
the E2F1 protein was observed upon B[a]P exposure point-
ing to drug-specific mechanisms of E2F1 regulation. This
is in contrast to other reports showing E2F1 stabilisation
in response to genotoxic stress (50–52). We should note,
however, that in these studies toxic B[a]P concentrations
were used, whereas the decrease in the E2F1 protein level
reported here was observed upon sub-toxic (senescence-
inducing) B[a]P concentrations. The reduced E2F1 expres-
sion was independent of cell death and autophagy.

B[a]P abrogates E2F1 signalling in the G2-phase by protea-
somal degradation

During cell cycle progression, E2F1 is ubiquitinated by
several E3 ligases leading to its degradation during cellu-
lar transition from S into G2 and from G2 into the M-
phase, respectively. Thus, SCFskp2 is known to ubiquitinate
E2F1 in the late S-phase (53) and the anaphase-promoting
complex/cyclosome (APC/c) targets E2F1 during the early
M-phase (prometaphase), either via the adaptor protein
Cdh1 (54) or Cdc20 (55). Upon B[a]P exposure, enhanced
ubiquitination and increased overall proteasomal activity
was observed. Moreover B[a]P-induced loss of E2F1 was
abrogated using a proteasomal or a SCFskp2 inhibitor. In-
hibition of the APC/c complex had no impact on E2F1
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Figure 6. (A/B) MCF7 cells were kept in confluency for one week and replicating cells were either non-exposed or exposed to 1 �M B(a)P for 72 h.
(A) Expression of MSH2, MSH6, EXO1 and RAD51 was detected by qPCR. (B) Expression of E2F1, Rb, p21, E2F4, E2F5 and pp130 was detected by
immunoblotting. �-Actin and HSP90 were used as internal loading control. (C) Time-dependent induction of senescence upon B[a]P was measured by
microscopical detection of ß-Gal positive cells (left panel) and FACS-based detection of C12FDG positive cells (right panel). (D) Clonogenic survival upon
B[a]P was measured by the colony formation assay. (E–G) MCF7 cells were exposed to 1 �M B(a)P for 120 h. C12FDG positive and negative cells were
separated by FACS. As comparison, non-exposed and B[a]P-exposed cells were included. (E) Frequency of senescence was determined by �-Gal staining in
non-exposed cells (con), non-sorted B[a]P-exposed cells (mix), sorted C12FDG positive and negative cells. (F) Cell cycle distribution was measured using PI
staining and flow cytometry. (G) Expression of EXO1, MSH2, MSH6 and RAD51 was measured by qPCR in non-exposed cells (con), non-sorted B[a]P-
exposed cells (mix), sorted C12FDG positive and negative cells. (A, C–G) Experiments were performed in triplicates and differences between treatment
and control were statistically analyzed using Student’s t test (non labeled = non-significant, *P < 0.1 **P < 0.01, ***P < 0.001). (F) Concerning cell cycle
distribution, in non-sorted B[a]P-exposed cells (mix), sorted C12FDG positive and negative cells a significant (**) decrease of cells in G1 and increase in
the G2-phase was observed.
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Figure 7. (A) MCF7 cells were exposed to 1 �M B[a]P for one week. Senescence was measured by C12FDG staining (left graph), cell death by Annexin
V/PI staining (middle graph) and cell cycle distribution by PI staining (right graph). (B) MCF7 cells were exposed to 1 �M B[a]P for one or two weeks.
Expression of E2F1, EXO1, MSH2, MSH6, RAD51 and p21 was detected by qPCR. (A, B) Experiments were performed in triplicates and differences
between treatment and control were statistically analyzed using Student’s t test (non-labelled = non significant, *P < 0.1 **P < 0.01, ***P < 0.001).
(C) Model explaining the interaction between E2F1 signalling abrogation, transcriptional repression of DNA repair and induction of senescence. B[a]P
induces genotoxic stress, which activates the DDR resulting either from replicative stress or the formation of DSBs. Activation of ATR, ATM, CHK1 and
CHK2 leads to phosphorylation and activation of p53 and, subsequently, to enhanced expression of DNA repair genes DDB2, XPC and POLH and the
CDK inhibitor p21. p21 blocks E2F1 activation and activates the DREAM complex, which arrests cells in G1/S and G2/M. In parallel, activation of the
DDR triggers degradation of CDC25c, which contributes to the G2/M arrest. In G2-arrested cells, E2F1 is ubiquitinated and degraded by the proteasome,
whereas in G1-arrested cells the DREAM complex blocks E2F1 transcription. The dual inhibition of the E2F1 signalling pathway represents the initial
step in senescence induction and, in addition, supresses MSH2, MSH6, EXO1 and RAD51, which therefore represents an early mark for B[a]P-induced
senescence. It is to suppose that the senescence-associated inhibition of DNA repair further blocks the repair of critical DNA lesions, and therefore might
be involved in the maintenance of senescence.
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degradation even at high concentrations. These data indi-
cate that within the G2-phase, the abrogation of the E2F1
signalling and subsequent downregulation of DNA repair
genes is caused by proteasomal degradation of E2F1.

B[a]P abrogates E2F1 signalling in the G1-phase by activa-
tion of the DREAM complex

Since B[a]P treatment caused DNA repair gene repression
in G1 and G2, additional mechanisms must prohibit syn-
thesis of E2F1 in G1 cells. Interestingly, p53 has been re-
ported to be indirectly associated with transcriptional re-
pression through activation of p21 and recruitment of the
E2F4-associated repressor complex DREAM (56). More
precisely, p21 inhibits CDK1 and CDK2 activity, thereby
reducing phosphorylation of the Rb proteins. This leads
to activation of p130-E2F4 and inactivation of Rb-E2F1,
which inhibits cell cycle progression (45,46). Associated
with its role as CDK inhibitor, p21 is responsible for the for-
mation of the repressive DREAM complex (57). The core
of the DREAM complex is formed by the MuvB complex,
which itself consists of the MuvB-related proteins LIN9,
LIN37, LIN52, LIN54 and RBBP4 (58). Throughout the
cell cycle, several proteins bind to the MuvB core to in-
crease or decrease transcriptional activity. Thus, B-MYB
and FOXM1 binding can enhance the transcriptional ac-
tivator function of the MuvB complex. In contrast, bind-
ing of p130 in its hypo-phosphorylated form together with
E2F4 and DP1 turns the MuvB complex into the repressive
DREAM complex. DREAM can bind to E2F consensus
sequence in the DNA, which is supported by CHR-like ele-
ment (CLE) in a distance of 4 bp from the E2F binding site,
via the linked E2F4, thereby shielding the promoter from
activating E2Fs (57,59).

E2F1, which is transcriptionally activated in G1, also rep-
resents a target of the DREAM complex. Upon B[a]P expo-
sure, a strong transcriptional repression of E2F1 was asso-
ciated with activation of the DREAM complex, as detected
by hypo-phosphorylation of p130. Moreover, pharmaco-
logical inhibition and knockdown of p21 abrogated the
transcriptional repression of E2F1, MSH2, MSH6, EXO1
and RAD51, suggesting that these repair genes are also tar-
gets of the DREAM complex, which is activated upon geno-
toxic stress. Indeed, ChIP experiments using E2F4 anti-
bodies showed an increased binding after B[a]P exposure.
This is in line with data revealing MSH2 and MSH6 as
E2F4 targets (34,60). Besides MSH2 and MSH6, additional
DNA repair factors have been described to be targeted by
the DREAM complex, including the members of the Fan-
coni Anemia pathway (61,62). Indeed, also these genes were
transcriptionally repressed upon B[a]P exposure (Supple-
mentary Figure S5C), further indicating the importance
of the DREAM complex in regulating DNA repair upon
genotoxic stress.

DNA repair gene repression is an early event in DNA-damage
induced senescence

Since the activity of the E2F1 pathway is strongly associated
with cell cycle progression and distribution, one might spec-
ulate that the observed downregulation of DNA repair is a

side-effect of proliferation inhibition and cell cycle redistri-
bution. Several findings, however, contradict this interpreta-
tion. (i) At early (Supplementary Figure S6A) and late (Fig-
ures 4C, 7B) time points, a uniform decrease of cells in G1
and increase in the G2-phase was observed. Since MSH2
and RAD51 are reported to be higher expressed in S/G2
than in the G1-phase (63), the repression of these factors
following genotoxin treatment is very unlikely to be caused
by mere cell cycle redistribution. In this case, an increase in
expression would be expected due to the lower G1 and in-
creased G2 cell population. (ii) Analysing gene expression in
untreated G1 and G2 cells showed only for MSH2 a higher
expression in G2 and for E2F1 in G1 (Supplementary Fig-
ure S6B). Upon B[a]P exposure the expression of EXO1,
MSH6, RAD51 and E2F1 was reduced in G1 and G2 to a
similar level. Only for MSH2 a stronger repression was ob-
served in G2 compared to G1, which was due to its higher
basal expression in the G2-phase. Thus, our results show
that repression of the repair factors occurs in G1 and G2.
(iii) Cellular quiescence is not sufficient to silence MSH2,
MSH6 or RAD51. Accordingly, non-proliferative, conflu-
ent MCF7 cells neither showed E2F1 degradation nor re-
duced pp130 expression. Furthermore, neither induction of
p21 nor repression of MSH2, MSH6 or RAD51 was ob-
served in confluent (contact inhibited) MCF7 cells. This in-
dicates that the repression of DNA repair only occurs in
cells upon genotoxic stress and not upon non-genotoxic
stress-induced cell cycle arrest.

We further provide evidence that the repression of DNA
repair is a consequence of genotoxin-induced senescence
(for review on senescence see (64–67)). The p21-triggered,
irreversible cell cycle arrest is essentially involved in block-
ing E2F1 signalling through induction of E2F1 degradation
in G2 and activation of the DREAM complex in G1 and
thereby represses MMR and HR. Similar results were ob-
tained in glioma cells, in which only p53/p21 proficient cell
lines were able to induce senescence and responded with re-
pression of MSH2, MSH6, EXO1 and RAD51 upon treat-
ment with TMZ (33). p53/p21 deficient cell lines showed
neither senescence nor DNA repair repression, although
they were strongly arrested in G2 following genotoxin treat-
ment (33). Finally, separation of C12FDG positive and neg-
ative cells indicates, that upon B[a]P exposure, repression of
DNA repair is much stronger in later phases of senescence
than in cells that have not reached this state yet, although
they show a similar cell cycle distribution.

Additional alterations in DNA repair gene expression

Besides B[a]P, also the active metabolite BPDE was able to
induce senescence and repression of MSH2, MSH6, EXO1
and RAD51, which was observed in MCF7 and VH10tert
cells (Supplementary Figure S3A/B) as well as primary
bronchial epithelial cells (Supplementary Figure S7). Im-
portantly, ionizing radiation also caused cellular senes-
cence, which was preceded by repression of these repair fac-
tors (Supplementary Figure S8), indicating that this mech-
anism is independent of cell type and genotoxic stimuli.
We should note that upon B[a]P and IR multiple crosslink
repair-regulating FANC-components, which also represent
DREAM targets, were also dysregulated (Supplementary
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Figures S5C, 8B). Interestingly, additional analyses showed
clear differences between the different DNA repair path-
ways (Supplementary Figures S9–11). While the expression
of NER factors was not dysregulated, additional MMR fac-
tors like MLH1, PMS1 and PMS2 were found to be strongly
repressed. Concerning BER factors, among 17 tested com-
ponents only ligase I and polymerase beta (PolB) showed
strong repression upon treatment with B[a]P and IR. Fur-
thermore, the different DNA glycosylases were not affected.
Similar results were also observed for NHEJ, where only
repression of Ku70 was observed. In the case of HR, ad-
ditional genes like RAD51C, RAD54B and XRCC2 were
strongly repressed beside RAD51. Overall, our results show
that specifically ICL repair, HR and MMR are dysregulated
during B[a]P-induced senescence.

Biological consequence of DNA repair repression in senescent
cells

It is conceivable that the observed strong alterations in
DNA repair activity influence the fate of senescent cells.
Genotoxin-induced senescence is characterized by sus-
tained activation of the DDR, implicating the presence
of unrepaired DNA lesions (which are presumably DSBs).
Upon B[a]P/BPDE treatment, a large fraction of cells is
arrested in G2, in which HR acts as a main pathway for
the repair of DSBs. Therefore, we speculate that downreg-
ulation of HR prevents the repair of critical DSBs, which
causes a sustained trigger activating the DDR, thus main-
taining the senescent state. Of note, B[a]P is highly carcino-
genic (4,5). Carcinogenesis requires proliferation of exposed
cells and expansion of initiated cells. Therefore, it is reason-
able to conclude that induction of senescence protects from
carcinogenesis. However, it has been shown that cells can es-
cape senescence (68–70). In this case, the limited repair dur-
ing the senescent phase may increase chromosomal instabil-
ity (by deficient HR) and mutation frequency (by deficient
MMR). Therefore, the cells evading or escaping senescence
might be prone to undergo carcinogenesis at a later stage. To
analyse the impact of compromised DNA repair on senes-
cence maintenance and to analyse the impact of senescence-
evading or senescence-escaping cells on carcinogenesis will
be an important task for the future.
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