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Chapter 1

INTRODUCTION

Cell proliferation forms the basis for mammalian development, regeneration and even tu-
morigenesis. The mother cell divides into two daughter cells through a process named cell
cycle, during which the major task is to replicate DNA and distribute the duplicated chromo-
somes equally into the daughter cells. However, throughout the cell cycle, genome integrity
of the mother cell is always challenged by endogenous and exogenous stress, like replication
stress and genotoxic agents. If the damaged DNA cannot be repaired timely and accurately, it
could result in gene mutations, which is a major source of carcinogenesis. Hence, to maintain
a stable genome through rounds of cell division, mammalian cells have evolved a series of
sophisticated and precise mechanisms to guard their genome against the deleterious lesions.
These mechanisms include cell cycle checkpoints, diverse DNA repair pathways, chromatin
reorganization and protein modifications.

Here, in this introductory chapter, an overview is provided of how cells protect genome
integrity in each cell cycle phase. | will highlight the important roles of E2F transcription fac-
tors and a protein complex called cohesin in controlling the genome integrity. | will then
outline key outstanding questions on this subject and delineate how the work in this thesis

contributes to answer those open questions.
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Genomic integrity control in G1 phase

The major threat to genomic integrity in G1 phase is DNA damage, which can be caused by
endogenous metabolic processes like base hydrolysis and oxidative damage?, and external
sources like ultraviolet and chemotherapy agents*. To cope with potential DNA lesions, eu-
karyotic cells have evolved an exquisite network to repair the damaged DNA in G1 phase*®.
Among the diverse types of DNA lesions, double-strand breaks (DSBs) are probably the most
detrimental, which may cause severe genome rearrangements®.

In response to DSBs, cells first suspend the progression of G1 phase by activating the
ataxia-telangiectasia mutated (ATM) kinase’®. This kinase can stabilize P53 protein by phos-
phorylating p53 and MDM2. MDM2 is an E3 ubiquitin ligase, phosphorylation of which inter-
rupts its binding to p53 and prevents P53 degradation®. Stabilized P53 mediates the transcrip-
tion of CDKN1A, which encodes P21 protein®. P21 binds to and inhibits the activity of cyclin
D-CDK4/6 and cyclin E-CDK2 complexes, which leads to the inactivation of RB/E2F signaling
axis, a key pathway mediating the G1/S phase transition (Figure 1),

Cells can repair DSBs by either error-free homologous recombination (HR) or the er-
ror-prone non-homologous end joining (NHEJ)***, If DSBs occur in G1 phase, cells preferen-
tially repair it via the NHEJ pathway, due to the lack of a genetically identical or near-identical
DNA strand that serves as a repair template. This repair template is usually the sister chroma-
tid, but sister chromatids only become available after replication, during S- and G2-phase®.
During G1, DSBs are also recognized by the MRE11-RAD50-NBS1 (MRN) complex, followed
by the loading of Ku70/80 proteins in mammalian cells. Ku70/80 complex binding prevents
extensive nucleolytic processing of the DSB end and promotes the subsequent ligation of the
DSB ends via the LIG4-XRCC4 factors®!®. However, NHEJ is error-prone, and gene mutations
are frequently introduced during this process.

If the DNA lesions are too severe to repair, for example when DNA strands cross-link and
bulky DNA adducts are formed, cells exit the cell cycle. The resulting fate is generally either
permanent arrest (senescence) or apoptosis. This emergency brake prevents cells with se-

vere DNA damage from proliferation, and thus maintain tissue homeostasis?’.

DNA replication without errors in S phase

Once cells enter S phase, DNA replication is fired at the licensed origin sites. But cells are
frequently subject to anomalous conditions, such as nucleotide pool imbalance or shortage,
transcription-replication conflicts, aberrant DNA conformation, or DNA damage induced by
UV light. These conditions can all hinder DNA synthesis and can lead to DNA replication stress
(RS)*. Moreover, tumor cells typically experience greater endogenous DNA RS than normal
cells. This can be caused by the loss of a tumor suppressor genes or deregulated oncogene
expression?®. DNA RS refers to any condition that interrupts the replication fork progression
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and stability, resulting in unfinished DNA replication, intertwined DNA, chromosome break-
age in mitosis and potential tumorigenesis®. In response to these errors, the intra-S check-
point is activated. This checkpoint slows down the progression of S phase, to mitigate DNA
damage, and allows time for repair of DNA lesions?’.

Activation of the intra-S checkpoint is mediated by binding of replication protein A (RPA)
to single-stranded DNA (ssDNA)?2. Replicative polymerases tend to stall in face of lesions
while the helicase continues to unwind the DNA ahead, which leads to the generation of
ssDNA and the subsequent loading of the ssDNA binding protein RPA?, RPA binding to ssDNA
activates the BRCA2-RAD51 axis and the Fanconi Anemia (FA) pathway to stabilize stalled
replication forks?*. On the other hand, ATR gets recruited to the sites of DNA damage and
phosphorylates the checkpoint kinase 1 (CHK1). Active CHK1 phosphorylates CDC25A, target-
ing it for ubiquitin-mediated degradation and/or sequestration into cytoplasm?>?, CDC25A
degradation leads to inhibition of origin firing and elongation of S phase (Figure 1).

During S phase, cells have multiple mechanisms to repair different types of DNA lesions.
Nucleotide misincorporation and small insertion or deletion loops are corrected by the mis-
match repair (MMR) pathway?. DSBs resulting from replication fork collapse are preferably
repaired through the HR pathway, due to the availability of sister DNA template in the middle
and late S phase?. Extensive resection by EXO1 and the MRN complex on the DSB ends al-
lows the invasion of single DNA strands into sister double-stranded DNA and repair the break
using this undamaged DNA template. In addition, to repair single-strand gaps or nicks, cells
have also evolved two mechanisms. One is translesion synthesis (TLS), which enables cells to
continue DNA replication by incorporating nucleotides across damage, thereby avoiding rep-
lication fork breakdown %. The other mechanism is template switching (TS), which uses the
undamaged information of the sister duplex to fills in gaps, which seems to share similarities

with HR®C. How cells balance these various mechanisms in S phase is not fully understood.

Key mechanisms in response to DNA damage in G2 phase

G2 phase is a gap period between S phase and mitosis, which allows cells to deal with unre-
paired gaps and DSBs that occur during replication. In addition, external DNA damage caused
by genotoxins and irradiation (IR) would have to be dissolved prior to mitosis to avoid mitotic
catastrophe3..

Damaged DNA in G2 phase is sensed by the same mechanism depicted in G1 phase, as
ATM/ATR become active. In G2 phase they inhibit PLK1 activity by phosphorylation, which in
turn prevents WEE1 from degradation by SCFF™ and stimulates the degradation of CDC25A
by the same E3 ubiquitin ligase®**, Stabilized WEE1 kinase and lack of CDC25A phosphatase
activity together inhibit CDK1/cyclin B activity. Additionally, CDK1 activity can be also sup-
pressed by upregulation of p21 induced by p533%. Thus, CDK1/cyclin B activity is repressed in
response to DNA damage, thereby preventing cells from entering M phase until the DSB are

10
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repaired (Figure 1).

Because of the availability and proximity of sister chromatids, HR is an optimal mech-
anism to repair DNA lesions in G2 phase to preserve genome integrity. To favor HR, BRCA1
and phosphorylated CtIP counteract the ssDNA binding of 53BP1 and RIF1, facilitating the
extended resection of DSBs and the subsequent binding of RPA and RAD51 to this resected
DNA 3537 Despite the high fidelity of HR, cells can still choose NHEJ to repair DSBs during G2.
Previous work showed that ~85% of DSBs induced by IR in G2 are repaired by NHEJ, whereas
HR only repaired ~15% heterochromatin-associated DSBs*®. NHE/ is easier and faster than HR,
and HR may be only reserved for difficult-to-repair DNA breaks®. Thus, how cells sense the
complexity of DSBs would be interesting to investigate.

11
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Figure 1. DNA damage response in mammalian cells during interphase. Basically, damaged DNA triggers the

activation of ATM and/or ATR, which activates the downstream pathway through phosphorylating CHK2 and

CHK1, respectively. In addition, P53 proteins and MDM2 can be phosphorylated by ATM/ATR during G1 phase.

Phosphorylation of MDM2 prevents P53 degradation and contributes to p53-mediated induction of P21 ex-

pression. P21 inhibits CDK4/6-Cyclin D kinase activity, thereby resulting in G1 arrest. In S phase, active CHK1/

CHK2 phosphorylates CDC25A, leading to CDC25A degradation. Without phosphatase CDC25A, CDK2-Cyclin

E/A becomes inactive, thus preventing completion of DNA synthesis. In G2 phase, active CHK1/CHK2 phos-

phorylates PLK1 (not shown) and CDC25A. Then PLK1 target, kinase WEE1, stabilizes and inhibits activation

of CDK1-Cyclin B. In parallel phosphorylated CDC25A is targeted for degradation and contributes as well to

inactivation of CDK1-Cyclin B causing a G2 arrest.
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Precise chromosome segregation in M phase

In order to preserve organism integrity and function, sister chromatids must be evenly di-
vided into two daughter cells during M phase. However, improper separation of sister chro-
matids can be caused by altered microtubule dynamics, unresolved chromatin bridges, un-
der-replicated or incorrectly repaired chromosomes*>*!, Errors in generating daughter cells
with abnormal numbers of chromosomes may lead to cell death, or alternatively the for-
mation of aneuploid progeny. Aneuploidy has been found in cancer cells and patients with
developmental defects, like Down syndrome*2.

To safeguard proper chromosome segregation, the two kinetochores on the sister
chromatids must be correctly attached to the spindle apparatus®. The kinetochore is a disc-
shaped protein structure that assembles on the centromere and link the chromatid to spindle
microtubule. Cells employ a mechanism known as the spindle assembly checkpoint (SAC) to
coordinate the correct connection between kinetochores and spindle microtubules launched
from the two opposite centrosomes*. If one (or more) kinetochore are not properly at-
tached®, the SAC is initiated by the assembly of the Mitotic Checkpoint Complex (MCC). The
MCC is a tetrameric complex composed of MAD2, CDC20, BUBR1 and BUB3 in mammalians,
which binds the anaphase-promoting complex/cyclosome (APC/C) and inhibits its activity..
Thus, sister chromatids segregation and anaphase are postponed via activation of the SAC
and MCC*. Hence, the SAC monitors and responds to any errors during kinetochore-microtu-

bule attachment, assuring the following accurate separation of sister chromatids.

Roles of cohesin complex in the maintenance of genome integrity

To protect sister chromatids from premature separation, they are bound together during the
formation in S phase until mitosis. This is done by a ring-shaped complex, called cohesin.
Cohesin is an evolutionarily conserved protein complex, composed of four main subunits:
SMC1, SMC3, RAD21 and SA1/2 in mammalian cells*’. SMC proteins (SMC1 and SMC3) are
rod-like with a hinge domain on one end and an ATPase head domain on the other. The con-
nection between hinge domains leads to the formation of a V-shaped SMC heterodimer. The
N- and C-terminal domains of RAD21 bind to the ATPase head domains of SMC3 and SMC1,
respectively, forming a ring-shaped structure (Figure 2A). The binding of SA1 or SA2 to RAD21
provides a docking site for multiple cohesin regulators, which control the dynamic associa-
tion of cohesin with DNA throughout the cell cycle®. Cohesin plays key roles in maintaining
the genome stability by participating in DNA replication, DNA damage repair and sister chro-

matid separation, as detailed below.
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Cohesin and DNA replication

DNA replication couples with the establishment of sister chromatid cohesion (SCC),
during which cohesin rings entrap newly duplicated DNA until the onset of mitosis*. To sta-
bilize the cohesin loaded on sister chromatids, SMC3 needs to be acetylated by ESCO1/2 in
order to be recognized and bound by Sororin, which can counteract the binding of the cohes-
in remover, WAPL***! (Figure 2B). Simultaneously, stably loaded cohesin is crucial to sustain
replication fork progression®?. Therefore, cohesin is essential to coordinate DNA replication
and genomic integrity.

Cohesion and chromosome segregation

To separate the sister chromatids evenly and timely into daughter cells during mitosis,
cohesion is dissolved stepwise in vertebrate cells®. As prophase starts, firstly the fraction of
cohesin on the sister chromatid arms is removed by the engagement of WAPL, which binds
to cohesin after Sororin is phosphorylated by Aurora B and CDK1 and dissociates from cohes-
in®%5, In addition, phosphorylation of SA2 by PLK1 can facilitate this first wave of WAPL-de-
pendent cohesin release®®. WAPL was reported to mediate this process by disrupting the
interaction between SMC3 and the N-terminus of RAD21%.

To shield the small fraction of cohesin complexes at centromeres required for holding
the sister chromatids together until anaphase, Shugoshin 1 (Sgo 1) and its partner the protein
phosphatase 2A (PP2A) act against the phosphorylation of cohesin subunits, SA1/2%. More-
over, cohesin at centromeres functions to stabilize the attachment of microtubules to kine-
tochores by opposing the pulling forces of microtubules to generate tension®. If the sister
chromatids are correctly attached to the opposite mitotic spindles, the remaining cohesin at
centromeres is removed following the cleavage of RAD21 by separase, allowing the separa-
tion of sister chromatids into daughter cells®® (Figure 2B). Hence, accurate separation of sister
chromatid in mitosis requires precise and step-wise release of cohesin complex.

14
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Figure 2. Formation and dissolution of sister chromatid cohesion (SCC). A. Ring-shaped structure of cohesin
complex in vertebrates. SMC1 and SMC3 interact to form a V-shaped complex, which is bridged by RAD21,
with the N terminus binding to SMC3 and C terminus binding to SMC1. SA1 or SA2 bind to the middle part of
RAD21. B. SCC is established on replicated DNA molecules and stabilized by SMC3 acetylation and binding of
Sororin in S phase. SCC is dissolved in two steps. In prophase, mitotic kinases (Aurora B, CDK1 and PLK1) phos-
phorylate Sororin and SA1/2, leading to the release of cohesin from the arms of sister chromatids mediated
by WAPL. Cohesin at centromere is protected by Sgo-PP2A complex, which counteracts the activity of mitotic
kinases. In anaphase, Separase cleaves RAD21, removing the remaining cohesin and allowing separation of

sister chromatids.
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Roles of E2Fs in the maintenance of genome integrity

As mentioned above RB/E2F axis is a key pathway in mediating G1/S phase transition. There
is also mounting evidence showing that E2F proteins engage in DNA replication and DNA
damage repair regulation during S- and G2-phase, thereby safeguarding the genome integrity
throughout the cell cycle.

The E2Fs are a family composed of eight transcriptional factors in mammals, which drive
the expression of genes involved in DNA replication, metabolism, repair and cell cycle reg-
ulation®-#2, They share highly conserved DNA binding domains (DBD), which allow them to
bind directly the E2F consensus DNA binding sequence (TTT[C/G][C/G]CGC)®. According to
the sequence homology and transcriptional function, E2Fs are divided into three categories:
activators (E2F1-3A), repressor (E2F3B-E2F6) and atypical repressors (E2F7 and -8) (Figure
3). Since E2F7 and -8 contain two tandem DBDs instead of one in E2F1-6, and bind E2F con-
sensus motif independent of the transcriptional factor dimerization partners (DP), they are

therefore designated as atypical E2Fs5¢7,

NLS Dimerization Transactivation

E2F1

]
E2F2 ]
I
|

DNA binding

Activators

E2F3a

E2F3b

Canonical E2Fs

E2F4

E2F5

Repressors

- E2F6

E2F7a DNA binding 1 DNA binding 2

E2F7b

Atypical E2Fs
Repressors

E2F8

Figure 3. Structure diagram of mammalian E2F family members. All E2F family members contain a distinctive
winged-helix DNA binding domain (DBD). E2Fs are divided into activators and repressors based on their tran-
scriptional activity. The dimerization domain in E2F1-6 facilitates their interaction with one of the transcription
factor dimerization partners (DP1 or -2) to bind DNA. The transactivation domain grants the binding to pocket
proteins (RB1, p107 and p130), which regulate E2Fs transcriptional activity. Unlike canonical E2Fs, E2F7 and
-8 have two DBDs and lack the dimerization and transactivation domains. Therefore, E2F7 and -8 are named
atypical E2Fs. E2F3 and E2F7 encode two isoforms, a and -b. NLS: Nuclear Localization Signal. LZ: Leuzine Zip-
per domain. MB: Marked Box domain. Illustration is adapted from Chen et al. 2009%.
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E2F-dependent transcription is critical for the timely transition of the G1 to S phase
and the accurate DNA duplication®. In an unperturbed cell cycle, E2F activators are released
from RB binding in G1 phase, to induce the expression of genes such as MCM2-7, ORC1-6,
CDT1 and CDC6 required for DNA replication, and CDK2, CCNE1/2 and CCNA2 for G1/S phase
transition® (Figure 4, upper panel). Therefore, combined loss of E2F activators led to nota-
ble decrease of E2F targets and proliferation, which appears to be depend on P53-mediated
transcriptional activity’. However, E2F is not simply an on/off switch of S phase. The levels of
E2F transcription also affect the speed of DNA replication. As it comes to the mid-S phase,
E2F6-8 replace E2F activators and downregulate the levels of E2F transcripts, including E2F
activators’. The downswing of E2F transcription in late S phase is important to slow down
the replication rate and avoid potential DNA damage in vitro’*. On top of E2Fs affecting DNA
replication speed, they also control expression of genes involved in DNA repair. For example,
sustained E2F-dependent transcription by E2F6 depletion was found sufficient to replication
stress-induced DNA damage”. Likewise, loss of E2F7 increased the levels of genes involved
in DNA repair pathways and subsequently facilitated the repair of genotoxic damage. Hence,
it is crucial to control the levels and activity of E2F factors for cells in face of DNA damage.

The strongest evidence that aberrant E2F-dependent transcription results in genomic
instability comes from the fact that cancers can arise when E2F family members are genet-
ically altered. For example E2F7 and -8 mediated transcription repression is critical to sup-
press the formation of hepatocellular carcinoma (HCC) during postnatal liver development in
mice’. Moreover, experimental amplification of E2F1 or E2F3 copies triggered liver cancer
in mice”. Furthermore, in more than 50% of retinoblastoma and 29% patients with bladder
cancer, E2F3 was found to be amplified or overexpressed’®”’. Overexpression of E2F1 or E2F3
has also been detected in lung, ovarian, breast and colon cancer’®. Notwithstanding these

findings, the mechanisms that could underlie genetic instability in E2F3-amplified cancers

remains unclear.
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E2F target

E2F target gene expression

E2F1-3
E2F6-8

E2F expression

Cell cycle progression

Figure 4. Model of E2F regulation throughout cell cycle. In GO (quiescent or differentiation) cells, repressors

E2F4-5 locate in nuclear to suppress target genes transcription. Upper panel: upon growth stimulus, E2F4-5
translocate into cytoplasm, and activators E2F1-3 get released from RB1 binding and induce E2F target genes
expression, facilitating G1-S phase transition. After entering S phase, E2F transcription starts to decrease, at-
tributing to repressors E2F6-8, and stays low during G2-M phase. Lower panel: Since E2F1-3 are per se E2F tar-
gets, their protein levels (green curve) peak in cells entering S phase when repressors E2F6-8 accumulate and
reach the highest level (orange curve) in the middle of S phase. Whereas, the levels of E2F4-5 remain the same
throughout cell cycle. Because they translocate into cytoplasm when cells decide to enter cell cycle. E2F1-3
proteins decrease during S phase due to SCF**>-mediated degradation and transcriptional repression by E2F6-
8. And we previously found that E2F7-8 were targeted by APC/C for degradation in M and G1 phases, while

the mechanism behind the downswing of E2F6-8 in G2 phase needs to be determined.

Given the crucial oscillation of E2F-dependent transcription over the cell cycle, the sta-
bility of E2F factors requires timely regulation. The protein levels of E2F activators (E2F1-3)
peak at the G1/S transition, and atypical E2Fs (E2F7 and -8) levels peak in late S phase and
stay low in G2-M-G1 phase, while E2F4-5 are constitutively expressed during the whole cell
cycle®®. Whereas E2Fs 1-3 and 6-8 stay in the nucleus throughout the cell cycle, E2F4-5 shuttle
between nucleus and cytoplasm. They are located in the nucleus to repress transcription in
quiescent cells, but they reside in the cytoplasm in cycling cells, where they cannot repress

transcription (Figure 4, lower panel).
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To achieve the timely control of E2Fs protein levels, their turnover is carefully timed
throughout the cell cycle. E2F1 and E2F3 are degraded by the APC/C®®®° complex in early
mitosis’. We found that during late M phase and G1 phase, atypical E2Fs are degraded by
APC/CH18 Byt we noticed that the protein levels of atypical E2Fs began to decrease already
in G2 phase when APC/C®1 is still inactive. If and how atypical E2Fs are regulated during G2-
phase had not been studied prior to the start of this thesis work.

Although E2Fs function mostly as transcription factors in the regulation of DNA repli-
cation and cell cycle progression, several studies show non-canonical roles of E2Fs beyond
proliferation control®:. For example, besides regulating E2F activity, RB was found to involve
in chromatin regulation and DNA repair as well®?. E2F1 was shown to assist in these non-clas-
sic processes by guiding RB to genome locations for chromatin remodulation and to areas
of DNA damage®. In addition, E2F7 was reported to accumulate at DNA damage loci and
mediates the recruitment of chromatin regulators, carboxy-terminal binding proteins and
histone deacetylases (HDAC1 and HDAC2) to permit DNA repair®. Additionally, E2F4 physi-
cally involves in the formation of centriole during multiciliogenesis®. In our previous study,
we performed a quantitative SILAC-based proteomic screening to find out novel proteins
interacting with atypical E2Fs®. Interestingly, E2F7 and -8 bind to components of cohesin
complex, which is essential for the formation of sister chromatid cohesion and chromosome
segregation in mitosis.

In summary, mammalian cells employ multiple mechanisms during cell division to main-
tain genome integrity in face of DNA damage, DNA replication stress and chromosome sepa-
ration disorder. Fine control of E2F-dependent transcription activity and dynamic association
of cohesin and DNA throughout cell cycle progression both play a pivotal role in the mainte-
nance of genome stability. However, our understanding of these control processes -and how
they are intertwined- is still limited, as they are complicated and involve dynamic actions
of many different proteins. In this thesis, we explored the regulation of atypical E2Fs in G2
phase, the physiological function of their interaction with cohesin and the effect of E2F3 am-
plification on DNA replication in cancer cells. Lastly, we discuss the studies in this thesis and
present an outlook towards the future perspective.
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SCOPE AND OUTLINE OF THIS THESIS

After decades of investigation, E2Fs have shown their critical roles as transcription factors
in cell cycle control and DNA replication. However, it is not completely clear that how E2F
factors themselves are regulated in different cell cycle phases. We and other groups have
been dedicated to uncovering the mechanisms underlying the oscillation of E2F factors. In
this these, we present the importance of fine control of E2F3 and E2F7/8 protein levels in
maintaining the proper cell cycle progression and genome stability. Moreover, a noncanoni-
cal function of E2F7/8 is described in the process of cohesin release in prophase, which adds
another layer of complexity to the functions of E2F factors.

In chapter 2, we found that cyclin F is responsible for the downregulation of E2F7/8
proteins in G2 phase. And the downswing of E2F7/8 is necessary for the expression of E2F
targets involved in DNA replication and repair, thereby facilitating the G2/M transition by
eliminating the potential DNA lesions. Stabilization of E2F7/8 proteins via cyclin F depletion
notably increased the levels of DNA damage and delayed the G2-M progression.

In chapter 3, we uncovered that E2F7/8 are able to physically interact with cohesin com-
plex. This interaction is independent of DNA binding and important for the release of cohesin
in prophase. Because E2F7/8 deficiency significantly increased the amount of chromatin load-
ing cohesin and subsequently impaired the resolution of sister chromatid in prometaphase.
Thus, E2F7/8 presented a noncanonical function here to preserve the proper cell division.

In chapter 4, we discovered that E2F3 amplified bladder cancer cells and patients dis-
play replication stress. This is verified in vitro by overexpressing E2F3 in E2F3 intact bladder
cancer cell lines. Further investigation shows that E2F3 overexpression is able to override the
suppression of RB1 and accelerate S phase entry. However, how E2F3 amplification induces
replication stress is still unclear.

In chapter 5, we discuss the elaborate regulation of E2F factors in the cell cycle and
the noncanonical roles of E2F factors reported so far. And we also summarize the findings
about the dynamic association of cohesin and chromatin in terms of maintaining genome

integrity and propose how possibly E2F7/8 contribute to the timely release of cohesin during

prophase.
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Appendix
Abbreviation Meaning
P53 Tumor protein P53
DSBs Double Strand Breaks
CDKN1A Cyclin Dependent Kinase Inhibitor 1A
CDK2 Cyclin Dependent Kinase 2
CDK4 Cyclin Dependent Kinase 4
CDK6 Cyclin Dependent Kinase 6
RB Retinoblastoma 1
E2F adenoviral Early region 2 binding Factor
HR Homologous Recombination
NHEJ Non-Homologous End Joining
uv Ultraviolet
RS Replication Stress
RPA Replication Protein A
CHK1 Checkpoint Kinase 1
CDC25A Cell Division Cycle 25A
MMR Mismatch Repair
EXO1 Exonuclease 1
TLS Translesion Synthesis
TS Template Switching
ATM Ataxia-telangiectasia mutated kinase
ATR Ataxia-telangiectasia and Rad3 related kinase
PLK1 Polo Like Kinase 1
SCF SKP1-CUL1-F-box protein ubiquitin ligase
SAC Spindle Assembly Checkpoint
MCC Mitotic Checkpoint Complex
SMC Structure Maintenance of Chromosomes
SA Stromal Antigen
ScC Sister Chromatid Cohesion
ESCO1/2 Establishment of Sister Chromatid Cohesion N-Acetyltransferase
1/2
PP2A Protein Phosphatase 2A
DBD DNA-binding Domain
MCM Minichromosome Maintenance Complex Component
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ABSTRACT

E2F7 and E2F8 act as tumor suppressors via transcriptional repression of genes involved in
S-phase entry and progression. Previously, we demonstrated that these atypical E2Fs were
degraded by APC/C™" during G1 phase. However, the mechanism driving the downregula-
tion of atypical E2Fs during G2-phase is unknown. Here, we show that E2F7 is targeted for
degradation by the E3 ubiquitin ligase SCF¥“"F during G2-phase. Cyclin F binds via its cyclin
domain to a conserved C-terminal CY motif on E2F7. An E2F7 mutant unable to interact with
SCFoinF remains stable during G2. Furthermore, SCF*“i"F can also interact and induce deg-
radation of E2F8. However, this does not require the cyclin domain of SCF"F nor the CY
motifs in the C-terminus of E2F8, implying a different regulatory mechanism than for E2F7.
Importantly, depletion of cyclin F causes an atypical E2F-dependent delay of the G2/M tran-
sition, accompanied by reduced expression of E2F target genes involved in DNA repair. Live
cell imaging of DNA damage revealed that cyclin F-dependent regulation of atypical E2Fs is

critical for efficient DNA repair and cell cycle progression.
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INTRODUCTION

The atypical E2Fs, E2F7 and E2F8, are transcriptional repressors controlling a network of
genes that drive cell cycle progression. Our previous studies have revealed that classical
E2F7/8 target genes, such as CDT1, CDC6 and RAD51, are involved in DNA replication, repair
and metabolism2. Ectopic expression of atypical E2Fs leads to downregulation of these tar-
get genes accompanied by a permanent S-phase arrest and severe DNA damage?®. In con-
trast, depletion of E2F7 and E2F8 leads to upregulation of E2F targets, loss of DNA damage
checkpoint control and spontaneous development of hepatocellular carcinomas®*. As such,
activity of E2F7 and E2F8 must be tightly regulated during the cell cycle and in response to
DNA damage. Nonetheless, the regulation of the atypical E2Fs is not fully elucidated. Re-
cently, we have shown that APC/CCdh1 targets E2F7 and E2F8 for degradation during the G1
phase of the cell cycle, and that inhibition of the APC/CCdh1-mediated degradation of E2F7
and E2F8 impairs S-phase entry, eventually resulting in cell death®. Additionally, in response
to replication stress the repressor activity of atypical E2Fs is inhibited by Checkpoint Kinase 1
(Chk1) to prevent a permanent cell cycle arrest®. These studies demonstrated that the proper
regulation of atypical E2Fs during cell cycle progression and DNA damage is critical to avoid a
detrimental effect on cell survival.

In previous studies, while investigating the oscillating expression pattern of atypi-
cal E2Fs, we observed that the protein levels of E2F7 and E2F8 peak in S-phase and are
down-regulated during the G2-phase of the cell cycle. However, the regulatory mechanism
behind the downregulation in G2 is unknown®. Since the transcript levels of E2F7 and E2F8
are only slightly lower in G2- compared to S-phase, it is likely that atypical E2Fs are subjected
to proteasomal degradation during this phase of the cell cycle. Previous studies have linked
the E2F family members with G2 to M transition®%. In addition to genes that are involved in
DNA replication and repair, a substantial number of mitotic genes such as CDK1, CCNB1 and
PLK1 were also identified as E2F-regulated genes. We consistently found that E2F7 and E2F8
transcriptionally regulate a subset of genes that are related to chromatin and cytoskeleton
organization?. Together, these studies give rise to the research questions of how atypical E2Fs
are regulated and what their function during G2-phase is.

We thereby focused on the potential involvement of the Skp, Cullin, F-box protein con-
taining complex (SCF), an E3 ubiquitin ligase complex that controls the transition between
G1/S and G2/M phases by targeting a number of key cell cycle regulators for proteasomal
degradation®. The substrate specificity of the SCF complex is determined by the F-box pro-
tein subunits. To date, over 70 human F-box proteins have been identified, and the founding
member of the F-box family is cyclin F. Mouse embryonic fibroblasts (MEF) lacking cyclin F
exhibited cell cycle defects, indicating that cyclin F plays a role in cell cycle regulation®. In ad-
dition, emerging evidence supports the importance of cyclin F in promoting the G2/M phase
transition and preventing genomic instability***2.
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In the current study, we discovered that SCF*“I"F targets E2F7 and E2F8 for proteasomal
degradation during G2-phase in human cells. Inhibition of cyclin F-dependent E2F7/8 degra-
dation caused a defect in G2 progression and increased DNA damage accompanied by down-
regulation of E2F target genes involved in DNA replication and DNA repair. These findings
suggest that degradation of atypical E2Fs via cyclin F might be necessary for efficient repair
of DNA lesions during G2. Taken together, this study provides new mechanistic insights into

how human cells control the progression through G2-phase of the cell cycle.

RESULTS

E2F7 and E2F8 are subjected to Cullin-RING ligase-dependent degradation during G2- and
early M-phase.

Our previous study showed that E2F7 and E2F8 are substrates of APC/C®" during G1 phase
and that their protein levels peak during S phase when APC/C%" s inactive®. However, protein
levels of atypical E2Fs already begin to decline during G2 phase, when APC/C% js still inac-
tive. This suggests an additional mechanism targeting E2F7 and E2F8 proteins for degradation
in G2. To monitor the protein levels of E2F7 and E2F8 throughout the cell cycle, Hela cells
were synchronized at the onset of S-phase by double thymidine treatment and subsequently
released into fresh medium. Both atypical E2Fs were already expressed at the onset of the
double thymidine release and their protein levels peaked 6 hours after the release during
late S-phase (Fig 1A, S1A). Notably, the levels of E2F7 and to a lesser extent E2F8 decreased
9-12 hours after release when most cells were in G2-phase. Release from a hydroxyurea (HU)
block also showed that E2F7/8 markedly decreased after 8 hours when most cells were in G2
(Fig S 1B). In line with this, E2F7/8 protein levels were low in cells treated with nocodazole, a
microtubule inhibitor that arrests cells in prophase (Fig 1B). Together these findings suggest
that E2F7/8 peak in S-phase and are degraded during G2 and early mitosis.

We investigated which mechanism could be responsible for degradation of E2F7/8
during G2 and prophase, and we reasoned that the SCF (Skp-Cullin-F-box protein) ubiquitin
ligase complex would be a highly likely candidate®®. The SCF is the largest member of E3
ligase family and among its many functions is the control of G2/M phase transition by pro-
teasomal degradation of key cell cycle regulators, including the APC/C®" inhibitor Emil1416,
We therefore tested whether the Cullin-RING ligase promotes the degradation of E2F7 and
E2F8 by treating Hela cells for 16 hours with MLN4924, a potent and selective Cullin-RING
ligases inhibitor'’. To avoid bias from effects of this inhibitor on cell cycle progression, Hela
cells were arrested in prophase with nocodazole. Under these conditions, the degradation
of the atypical E2Fs was rescued by MLN4924, suggesting that E2F7/8 are targets of the SCF
complex (Fig 1C). To test whether Cullin-RING ligases inhibition increases the half-life of E2F7
and E2F8, cells were treated with cycloheximide (CHX), to inhibit protein synthesis, in the
presence or absence of MLN4924. Indeed, both E2F7 and E2F8 were stabilized by MLN4924
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treatment (Fig 1D). These data demonstrate that atypical E2Fs are subjected to degradation
by the Cullin-RING ligases during G2- and early M-phase of the cell cycle.

A B Cc
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Figure 1. E2F7 and E2F8 are subjected to Cullin-RING ligase-dependent degradation during G2- and early
M-phase. A. Protein levels of E2F7 and E2F8 during cell cycle progression. Hela cells were synchronized by
a double thymidine block and released into fresh medium. Cells were harvested at the indicated time points
and an asynchronous (AS) condition was used as control. Protein levels were measured by immunoblotting
and cell cycle progression was determined by flow-cytometry (shown in Fig S1A). The asterisk indicates the
E2F7-specific band. B. Decreased stability of E2F7 and E2F8 in nocodazole-arrested cells. Hela cells were either
treated with DMSO or nocodazole (50 ng/ml) for 16 hours. Cells were harvested and lysed for immunoblotting.
Protein expression of cyclin B1 was used as a marker for G2 or M, and y-tubulin was used as loading control.
C. Selective Cullin-RING inhibitor MLN4924 rescued the degradation of E2F7/8 under nocodazole-arrested
condition. Hela cells were treated with DMSO, nocodazole or nocodazole plus MLN4924 (0.1 uM) for 16 hours.
Cells were harvested and lysed for immunoblotting. cyclin B1 expression was used as a marker for G2 or M
cell cycle progression, and y-tubulin was used as loading control. D. Increased half-life of E2F7/8 by MLN4924
treatment. Hela cells were either treated with cycloheximide (CHX, 50 ug/ml) with or without MLN4924 (0.1
uM). Protein levels of E2F7 and E2F8 were determined by immunoblotting (left panel). Asterisk indicates the
E2F7-specific band. cyclin B1 and cyclin A2 expressions were used as a marker for G2 or M cell cycle pro-
gression, y-tubulin was used as loading control. Quantifications (right panels) were performed based on two

independent experiments.

Cyclin F binds to E2F7 and E2F8 via defined C-terminal motifs.
The SCF complex selectively binds to its substrates via specific F-box protein subunits®. Since
the degradation of E2F7/8 occurred during G2 and prophase, we therefore hypothesize that
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the F-box protein cyclin F, a SCF ubiquitin ligase complex that is also active in G2 phase, could
be a putative candidate for E2F7/8 degradation. This atypical cyclin does not interact with
cyclin-dependent kinases but instead functions as a conserved substrate recognition subunit
of the SCF ubiquitin ligase complex. It mediates degradation of multiple proteins including
SLBP, RRM2 and CDC6 during G2 phase, to control cell cycle progression and to maintain
genome stability'®%. Previous work demonstrated that cyclin F can bind its substrates via
a cyclin-binding sequence (known as CY motif) which contains a hydrophobic patch RxL or
RxI motifs?’. We mapped three conserved putative CY motifs within murine E2F7 and four
within murine E2F8 (Fig 2A). Immunoprecipitation was performed to examine the interaction
between cyclin F and E2F7/8. We overexpressed EGFP-tagged-E2F7 and -E2F8, or only EGFP
and found that E2F7/8-EGFP, but not EGFP alone interacts with endogenous cyclin F (Fig S1C).
Reciprocal immunoprecipitation showed that Flag-tagged cyclin F can also pull down exoge-
nous E2F7/8-EGFP (Fig S1D).

Next, we aimed to identify the cyclin F-binding motif in E2F7/8 and mutated RxL or RxI
motifs to two alanines (AxA). A series of binding experiments using both wild-type and AxA
mutants were carried out to evaluate their interactions with cyclin F (Fig 2B). We found that
E2F7 and E2F8 with mutations at their C-terminal CY motifs (E2F7R/AxA 894/8% gnd E2FGRX/AXA
850/862 hereafter abbreviated to E2F7%* and E2F8%%*4) failed to interact with endogenous
cyclin F. These data provide strong evidence that cyclin F binds to both E2F7 and E2F8 via a ca-
nonical CY motif. E2F7 and -8 have highly similar amino acid sequences and these C-terminus
motifs are located at parallel positions on E2F7 and E2F8. Furthermore, these C-terminal mo-
tifs are conserved across multiple species (Fig S1E) suggesting that the interaction between
cyclin F and atypical E2Fs also occurs in other species. We then performed co-immunopre-
cipitations with truncated versions of cyclin F to test their interactions with EGFP-tagged
E2F7/8. We found that a A 270 mutant version of cyclin F, which lacks the cyclin domain, lost
its binding to E2F7 while wild-type version and other truncated mutants still bound to E2F7
(Fig 2C). Of note mutating the hydrophobic patch domain (ML/AA) of cyclin F did not inter-
fere with its binding to E2F7. This suggests that the interaction between cyclin F and E2F7
required the cyclin domain, but not specifically via hydrophobic patch domain of cyclin F.

EGFP-E2F8 interacted with all truncated or mutants versions of cyclin F, indicating that cyclin

F binds via its F-box to E2F8 (Fig 2C).
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Figure 2. Cyclin F binds to E2F7 and E2F8 through a defined motif at the C-terminus.
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Figure 2. Cyclin F binds to E2F7 and E2F8 through a defined motif at the C-terminus. A. Schematic view
showing the location of putative cyclin F recognition motifs (RxL or Rxl) on murine E2F7 and E2F8 proteins. B.
C-terminus motifs at parallel positions on E2F7 and E2F8 are essential for binding to cyclin F. The residues on
each motif were mutated to alanines (R to A, I/L to A) with site-direct mutagenesis PCR. HEK293 cells were
transfected with either EGFP-tagged empty vector (EGFP), wild-types E2F7/8 (WT) or alanine mutants. Noco-
dazole (50 ng/ml) was added 32 hours after transfection, and MG132 (1 pug/ml) was added 5 hours before har-
vesting at 48 hours post transfection. Cells were harvested and lysed for immunoprecipitation using anti-EGFP
resin followed by immunoblotting with antibodies against cyclin F and EGFP. C. Schematic view showing the
truncated mutants and ML/AA mutant of cyclin F (Left). HEK cells were transfected with indicated constructs

and co-immunoprecipitation was performed using Flag resin (Right).

E2F7 and E2F8 are targeted for ubiquitination and degradation by cyclin F during G2/M
phases.

Since cyclin F interacts with atypical E2Fs, we hypothesized that over-expression of cyclin F
would result in de-stabilization of wild-type E2F7/8 but not of the E2F77%** and E2F8R&* mu-
tants that show reduced interaction with cyclin F. By performing co-transfection and immu-
noblotting we did indeed observe that protein levels of wild-type E2F7 but not the E2F7789A
mutant were down-regulated by over-expression of cyclin F in G2/M phases, suggesting that
cyclin F mediates degradation of E2F7 via the motif at the C-terminus (Fig 3A). Overexpres-
sion of cyclin F decreased also the expression of endogenous E2F7/8 (Fig S2A). The extent
of downregulation was similar to the effect of cyclin F overexpression on CDC6, a known
cyclin F target®. Interestingly, although the E2F8" mutant was more stabilized compared
to wild-type E2F8 in G2/M phases, both versions were down-regulated by cyclin F (Fig 3A).
The E2F8%%Awhich showed also reduced interaction with cyclin F (Fig 2B) was also degraded
by cyclin F (Fig S1F), suggesting that the degradation of E2F8 by cyclin F is not exclusively
mediated through these conserved RxL interaction motifs.

If cyclin F targets E2F7 and E2F8 for degradation, then downregulation of cyclin F would
result in stabilization of atypical E2Fs. To test this, cyclin F was knocked down by a pool of
siRNAs and the protein expression of endogenous E2F7/8 was measured by immunoblotting.
Cyclin F knockdown resulted in increased expression of E2F7/8 compared to cells transfected
with a scrambled siRNA (Fig 3B). In line with this finding, we also showed that two different
siRNAs against cyclin F lead to stabilization of endogenous E2F7/8 (Fig S2B). In addition, we
measured the half-life of E2F7/8 with CHX treatments and found that E2F7/8 were stabilized
in the presence of cyclin F siRNA compared to the scrambled siRNA (Fig S2C). These data
demonstrate that cyclin F targets E2F7/8 for degradation. To determine during which phase
in the cell cycle this process occurs, we monitored the expression of atypical E2Fs
during cell cycle progression after release from a double thymidine block in the presence and
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Figure 3. E2F7 and E2F8 are targeted for ubiquitination and degradation by cyclin F during G2/M. A. Wild-
type or mutant versions of EGFP-tagged E2F7/8 were co-transfected with either empty vector or Flag-tagged
cyclin F in HEK293 cells. Nocodazole was added to cells 8h before harvest. 48 hours after transfection, cells
were collected and lysed for immunoblotting. B. Knockdown of cyclin F stabilized E2F7 and E2F8. HelLa and RPE
cells were transfected with either scramble siRNA or pool cyclin F siRNA. Cells were harvested at 48 hours post
transfection. Protein levels of E2F7/8 were analyzed by immunoblotting. Asterisk indicates the specific band of
E2F7 detection. C. Cyclin F targets atypical E2Fs during G2/M. Hela cells were transfected with either scram-
bled siRNA (scr) or cyclin F siRNA (sicyclin F) for 24 hours. Then cells were synchronized by double thymidine
block and released into fresh medium after the second block. Cells were harvested at the indicated timepoints
after the release. Protein expression was measured by immunoblotting and cell cycle progression was deter-
mined by flow-cytometry (shown in Fig S1A). Asterisk indicates the specific detection of endogenous E2F7. D
and E. Cyclin F contributes to the ubiquitylation of E2F7 and E2F8 in vivo. HEK293 cells were transfected with
HA-E2F7/8, with or without Flag-cyclin F, and with HA-tagged ubiquitin. 5 hours before harvest, cells were
treated with MG132. 48 hours after transfection, HEK cells were harvested and lysed for immunoprecipitation

pull-down assay with anti-HA resin followed by immunoblotting.
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absence of cyclin F siRNA. We observed that protein levels of cyclin F gradually increased
from early S phase and peaked 9 hours after release, when most cells were in G2-phase
(Fig 3C and Fig S2D). E2F7 levels started to decrease at that same time point. E2F8 proteins
decreased later (12 hours). At 12 hours, when the majority of cells were still in G2, E2F7 and
E2F8 protein and transcript levels had almost completely disappeared (Fig 3C and Fig S2D,E).
Importantly, cyclin F knockdown enhanced the protein levels of E2F7 and E2F8 at 9 hours
after thymidine release, when cells were in G2-phase. The mRNA levels of E2F7 were not
affected by cyclin F knockdown (Fig S2E), supporting that the stabilization of E2F7 resulted
from reduced proteasome degradation. E2F8 transcript levels were slightly higher at Oh and
9h and lower at 3h and 6h in cyclin F knockdown conditions compared to scr-treated cells.
This finding suggests that increased transcript levels of E2F8 at 9h might have contributed to

the increased protein expression of E2F8.

To verify whether cyclin F controls the stability of E2F7/8 through ubiquitin-mediated
degradation, we performed in vivo ubiquitination assays. Atypical E2Fs and HA-tagged wild-
type ubiquitin were co-expressed in the presence and absence of cyclin F. Then E2F7 and
E2F8 were subjected to immunoprecipitation followed by immunoblotting for HA-ubiquitin
(Fig 3D and E). We found that E2F7 and E2F8 were poly-ubiquitylated. Over-expression of cy-
clin F enhanced the ubiquitination of E2F7/8. In addition, we demonstrated that E2F7R894A
displayed a reduction in ubiquitination compared to E2F7WT (Fig S2F). Taken together, our
data suggest that E2F7/8 are targeted for degradation by SCFcyclin F-mediated ubiquitina-
tion.

Failure to degrade E2F7 and E2F8 results in defected G2/M transition.

Next, we aimed to investigate the biological significance of the cyclin F-dependent degrada-
tion of atypical E2Fs. In the flow cytometry data from Fig S2D, knockdown of cyclin F induced
a delay in the progression of cells through G2- or M-phase, reflected by a smaller G1 cell
population at 9 and 12 hours after thymidine release. Given that protein levels of E2F7/8
were stabilized during G2 phase upon cyclin F depletion (Fig 3C), we hypothesized that the
G2/M transition delay by cyclin F loss resulted from stabilized expression of E2F7 and E2F8.
To test our hypothesis, we analyzed whether loss of E2F7/8 would rescue the cell cycle delay
caused by loss of cyclin F. To this end, E2F7 and E2F8 (7/8°) were deleted in non-transformed
human cells - Retina Pigment Epithelial cells (RPE-hTERT) expressing the Fluorescent Ubiqg-
uitin Cell Cycle Indicator (FUCCI system) using CRISPR-CAS9 technology®. RPE-hTERT cells
carrying a Cas9-construct lacking a small guiding RNA (sgRNA) were used as control (Ctrl).
Complete and permanent deletion of both E2F7 and E2F8 was confirmed by immunoblotting
(Fig S3A). To monitor the cell cycle progression through the G2- and M phases, these two cell
lines were synchronized at the onset of S-phase by HU treatment for 16 hours. After release
from HU, the progression of each individual cell was recorded by live cell imaging (Fig 4A).

Around 50% of Ctrl cells reached mitosis within 24 hours after HU release, while only 20%
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of cells with cyclin F siRNA progressed through mitosis (Fig 4B). Importantly, the delay in cell
cycle progression induced by the knockdown of cyclin F was completely rescued in cells with
deletion of E2F7/8.

Since HU treatment results in DNA damage and loss of E2F7/8 leads to an impaired DNA
damage response*?24, the impact of cyclin F-mediated degradation of E2F7/8 was investi-
gated under unperturbed conditions. Similar to the setting in panel Fig 4A, both Ctrl and 7/8°
cells were transfected with either scrambled siRNA or siRNA against cyclin F and subjected to
fluorescent live cell imaging. Four cell cycle stages, i.e. G1 phase, G1-S transition, late S to G2,
and M, were analyzed based on the fluorescence signal (see Material and Methods). For each
condition, 50 cells were followed and their cell cycle progression starting from G1 phase was
recorded (Fig 4C). We found that 70% of the Ctrl cells (35/50) completed mitosis during the
observed time window, while cyclin F knockdown resulted in a delayed cell cycle progression
with only 44% (22/50) of all cells finishing mitosis in the same time period (Fig 4D). In line
with the HU-synchronized cells, deletion of E2F7/8 could rescue the delayed cell cycle pro-
gression induced by cyclin F knockdown under unperturbed conditions, with 60% of scram-
bled siRNA 7/8 cells completing mitosis within 24 hours compared to 58% (29/50) of cyclin
F siRNA 7/8% cells. Moreover, the time from G1-S transition to mitosis for those cells that
completed this process was measured (Fig 4E). We found that Ctrl cells with cyclin F siRNA
moved from S-phase entry to completion of mitosis in an average time of approximately 18
hours, compared to less than 16 hours in Ctrl cells incubated with scrambled siRNA. This de-
layed cell cycle progression phenotype was absent in the 7/8 cell lines treated with cyclin F
siRNA; they also needed less than 16 hours to complete mitosis from the moment of S-phase
entry. We also quantified the fates of the whole cell population (50/each, at the last frame
of the live imaging). Strikingly, 42% of the Ctrl cells with cyclin F knockdown were in late S or
G2, compared to only 18% in scrambled condition (Fig 4F, individual cells were shown in Fig
S3B). More importantly, such delay was not observed in the 7/8 cells, suggesting that the
delay in S and/or G2 progression by cyclin F knockdown is a consequence of stabilized E2F7/8.

Overexpression of E2F7%%%A mutant delays G2-M progression

If cyclin F dependent degradation of atypical E2Fs is important for G2/M progression, then
a non-degradable version of an atypical E2F should slow down cell cycle progression. To test
this, we first compared the appearance of E2F7"" and E2F7%%* proteins when adding dox-
ycycline immediately after HU release (Fig 5A). Immunoblotting analysis revealed that 6 to
12 hours after addition of doxycycline the protein levels of mutant version E2F7%% were
increased compared to E2F7"T, whereas mRNA levels of E2F7%* were lower than E2F7"T
(Fig 5B). This finding excluded the possibility that the enhanced expression of E2F7%%**was

41



Chapter 2

A
RNA HU rel ;
5'4 poee HU synchronized
-48h -16h Oh [ 24h
trace record 100 Ctr 100 7/8"°
g - SCT ~ ser
mAG1- 2 = o sicyclin F 80 o sicyclin F >
Geminin 8 gp| Logrank P<0.01 60| Logrank P=0.92 ,/:
E e
mKO2- g . ® et 0] wa.o P
(W 2 *“ w8 " ¥-$ ,//
= y
D 20 220 20 a7
DIC o r‘/ a=® /
- ol _I.‘n.nav‘fa-g 0 et i
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)
C D
G1 Early S Late S-G2 Mitosis .
_. = 7. “® Non-synchronized
_e- Gy -2
=)
2 6 _ 100, Ctrl 100, 7/gK0
> mMAG1-Geminin & = - scr
g S A — mKO2-Cdt1 g 801 osicyolin F 801 _ sicyclin F
-
£ ,E 60| Logrank P<0.01 -,’ 60| Logrank P=0.89 pe
g 3 < e Lt
c S 40 i ° 40 |
8 2 £ N v o2 7
3 T 20 2 20 g f’j
g |, S A 7
c 0 ol - ok, 0 IORPOe o
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)
F G1 = §/G2 M/GO
- 20 = = 100
5 N
o -
216 2 80 44
- s _ 60 58
w @
£ 12 g3 e0 «
S 4 2%
(é a® 40
E 4 3
o 3 20
E B
F o o o
- I S \i
(\Xa (}\(\ *QK:Q {}\o -(9 ()\(\ 0‘6}’ \\(\Q
& e A S
x A o,ﬁ (@) S ,\\% B
& Py & o
AV < n\\Q’

Figure 4. Failure to degrade E2F7 and E2F8 results in delayed G2/M progression.

related to higher transcript levels. Then we compared the G2/M progression between the
Hela cell lines in which either E2F7"T or E2F77%* were induced by doxycycline after HU re-
lease (Fig 5C). In this live cell imaging assay, over-expression of E2F7"T caused a minor cell
cycle delay towards mitosis (Log rank P=0.054), while E2F7%A significantly reduced the num-
ber of cells finishing mitosis after 24h (Log rank P<0.01). Interestingly, we found the y-H2AX
level was significantly higher in cells expressing E2F7%* than E2F7"", suggesting that ex-
pressing E2F7R**induced DNA damage and thereby delayed cell cycle progression (Fig S3C).
Together, these data demonstrated that expression of mutant version E2F7"%% resulted in
delayed G2-M progression.
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Fig 4. Failure to degrade E2F7 and E2F8 results in delayed G2/M progression. A. Schematic view of the ex-
perimental setting for the HU-synchronized live cell imaging. 48 hours before imaging, RPE-FUCCI cells were
transfected with siRNA against scramble or cyclin F. 16 hours before imaging, cells were synchronized at the
G1/S border by HU (2 mM) treatment. Representative images from different channels are shown, and white
arrows in Differential Interference Contrast DIC channel indicate the traced cell. B. Quantification of the num-
ber of Ctrl (left panel) and 7/8° (right panel) RPE-FUCCI cells with scr or sicyclin F that completed mitosis after
HU release. For each condition, 100 cells were monitored by live cell imaging. Each cell was followed until it
successfully finished mitosis and divided into two daughter cells for a maximum of 24 hours. Log-rank tests
were performed to analyze the statistical significance. C. Schematic view of the experimental setting for live
imaging of asynchronous cells. 48 hours before imaging, RPE-FUCCI cells were transfected with siRNA against
scramble or cyclin F. At the start of the imaging, G1 cells (red: mKO2-Cdt1 > mAG1-Geminin, 50 cells per condi-
tion) were enrolled and subsequently monitored though their entire cell cycle until mitosis. D. Knockdown of
cyclin F causes a delay in mitotic entry that is dependent on E2F7 and E2F8. Number of Ctrl (left panel) or 7/8%°
(right panel) RPE-FUCCI cells with scr or cyclin F RNAi that finished mitosis during live cell imaging is shown. For
each condition, 50 cells at G1 were monitored by live cell imaging. Each cell was followed until it successfully
progressed through S and G2 phase, finished mitosis and divided into two daughter cells, for a maximum of
24 hours. Log-rank tests were performed to analyze the statistical significance. E. Loss of cyclin F delays the
progression from G1/S transition to mitosis. Histogram shows the time from G1/S (mAG1-Geminin intensity
increases to higher than 10% of the maximum value in three consecutive imaging frames) to completed mi-
tosis. Only cells that finished mitosis were enrolled in this quantification. Student t-test was used to test the
statistical significance, asterisks indicates the P value <0.01. F. Depletion of cyclin F stalls the cell cycle at late S/
G2. After 24 hours of live cell imaging, the cell cycle progression from panel E was quantified. Histogram shows

the percentage of cells at each stage (at 24h) over the whole population (50 cells per condition).
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Figure 5. Overexpression of E2F7%®**A mutant delays G2/M progression. A. Disruption of cyclin F binding site
increased stability of E2F7. E2F7VTand E2F7%%* constructs were integrated in to HelLa/TO system. Cells were
arrested with HU for 16 hours before releasing into doxycycline containing medium, and cells were collected
every 3 hours for immunoblotting. B. gPCR showing that mRNA level of E2F7"" and E2F7"®** were at compa-
rable levels. C. Over-expression of E2F7%*A delays cell cycle progression through G2-M phase. Hela/TO cells
expressing either wild-type or mutant version of E2F7 were arrested with 16h of HU, and then cells were
released into fresh medium with or without doxycycline. Live cell imaging was performed to trace the G2-M

progression of Hela/TO cells.

Cyclin F controls transcription of DNA repair genes via degradation of E2F7/8.

To determine in an unbiased manner which transcripts are regulated by atypical E2Fs in a cy-
clin F dependent manner, we performed RNA sequencing on nocodazole-synchronized cells
treated with scrambled (scr), cyclin F, E2F7/8 or cyclin F/E2F7/8 (triple) siRNAs. We observed
a substantial overlap between genes that were downregulated by cyclin F siRNA compared
to scr, and genes that were upregulated in cyclin F/E2F7/8 siRNAs compared to cyclin F siR-
NAs. (Fig 6A, S4A). Gene ontology analysis showed that these genes, which were downreg-
ulated genes after cyclin F knockdown and rescued by additional E2F7/8 knockdown, were
strongly enriched for DNA repair and replication pathways (Fig 6B, Fig S4B). Among these
DNA repair genes, we observed many known E2F7/8 target genes, such as RAD51, MSH2/6,
EXO1, and CHEK1% Quantitative PCR and immunoblotting on a subset of these DNA repair
genes confirmed that they were indeed downregulated by cyclin F depletion in an E2F7/8-de-
pendent manner (Fig 6C, D). Consistently, the expressions of E2F7/8 target genes involved in
DNA replication showed a similar expression pattern (Fig 6C, lower panel). We also confirmed
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Figure 6. Cyclin F regulation of DNA replication and DNA repair genes is dependent on E2F7/8. A. Heatmap
showing differentially expressed genes after cyclin F knockdown, and rescued by additional E2F7/8 depletion.
Highlighted genes are all involved in DNA repair. Cells were arrested with nocodazole for 16 hours prior to
harvesting to minimize bias from potential differences in cell cycle progression between the different condi-
tions. B. KEGG pathway analysis of genes downregulated by cyclin F knockdown, and rescued by additional
E2F/8 depletion. Bars represent -log P values, such that larger values mean stronger statistical significance. The
cut-off P value 0.05 is shown as a red dotted line. C. gPCR showing the RNA expression of atypical E2F- target
genes that are involved in DNA replication or DNA repair. Hela cells were transfected for 48 hours with siRNAs
as indicated. Cells were incubated with nocodazole for 16 hours before harvesting. Data represent averages +
SEM (n=3); ¥*P<0.05 or **P<0.01 (Student’s t-test). n.s.: not significant. D. Immunoblotting showing the protein

levels of Chk1 and Rad51 in the indicated siRNA conditions. Hela cells were treated with nocodazole for 16

hours prior to harvesting.
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this finding in RPE cells (Fig S4C). Interestingly, we found that genes known to control mitotic
entry, such as PLK1 (polo-like kinase 1) and CCNB1 (cyclin B1) were upregulated in response
to cyclin F knockdown (Fig S4D), but were not affected by knockdown of atypical E2Fs. This is
in line with a previous study where it has been shown that cyclin F suppresses a B-Myb driven
transcriptional program regulating mitotic gene expression?. Phosphorylated MPM2 as an
indicator of M phase was slightly increased in sicyclin F and siTriple conditions compared to
scr and siE2F7+8 conditions, suggesting that depletion of cyclin F also affects mitotic entry
through regulation of B-Myb target gene expression (Fig S4E).

Degradation of atypical E2Fs sustains DNA repair functions in G2

Multiple DNA damage repair pathways, including mismatch repair (MMR), nucleotide exci-
sion repair (NER), base excision repair (BER) and homologous recombination (HR) are regu-
lated by atypical E2Fs in a cyclin F dependent manner (Fig 6B). We wondered if these tran-
scriptional effects of cyclin F depletion would have functional consequences. Therefore, we
tested if HR repair was impaired in cyclin F-depleted cells. We found that knockdown of cyclin
F significantly reduced HR repair efficiency, and this repair deficiency was fully recovered by
additional knockdown E2F7 and E2F8 (Fig 7A and Fig S5A, see Material and Methods).

If failure to degrade atypical E2Fs resulted in enhanced repression of DNA damage repair
genes, then DNA lesions would accumulate. To test this idea, the level of phosphorylated
y-H2AX was measured using immunofluorescence staining in nocodazole-arrested cells (Fig
7B). Indeed, loss of cyclin F resulted in a significant increase of y-H2AX levels, when com-
pared with the scrambled condition. In addition, combined knockdown of E2F7/8 and cyclin
F rescued the DNA lesions, suggesting that DNA repair capacity during G2 was restored by
sustaining E2F-dependent DNA repair gene expression.

To monitor the dynamics of DNA damage repair by live cell imaging, a truncated ver-
sion of 53BP1-mApple construct was integrated into RPE cells?. In response to DNA damage,
mApple-tagged 53BP1 localizes to damage sites, which can be seen as bright foci. Therefore
measurement of the numbers of 53BP1 foci in the nucleus can be used to monitor the onset
and repair of DNA damage. RPE cells stably expressing this construct were transfected with
SiRNA targeting cyclin F or E2F7/8, and then treated with HU for 16 hours to arrest the cell cy-
cle at the onset of S phase before live cell imaging. We first quantified the number of 53BP1
foci in the nucleus at the start of HU release. Interestingly, in the non-treated conditions,
knockdown of cyclin F significantly increased the number of 53BP1 foci compared to scram-
bled siRNA (Fig S5B). Furthermore, combined knockdown of cyclin F and E2F7/8 attenuated
this increase, suggesting that DNA damage repair function was restored. This result indicated
again that the cell cycle delay caused by loss of cyclin F was due to a decrease in DNA repair
capacity by enhanced repressor activity of E2F7/8. We noticed that the average number of
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Figure 7. Degradation of atypical E2Fs maintains DNA damage repair.

53BP1 foci per nucleus was significantly higher in scr and sicyclin F conditions compared to
siE2F7+8 and siTriple conditions when cells were synchronized with HU (Fig S5B). This result
suggested that depletion of E2F7 and E2F8 can elevate the DNA damage repair capacity not
only to compensate the loss of cyclin F but also to an even higher level. This is consistent
with our RNA-seq data showing that siE2F7+8 and siTriple had enhanced expression of DNA
repair genes compared to the control and sicyclin F conditions. We then quantified the DNA
damage recovery time (from HU release until all 53BP1 foci disappeared) and cell division
events of individual cells (Fig 7C and D). We found that loss of cyclin F significantly lengthened
the damage recovery time to 16.4 hours, compared to 11.1 hours of scrambled condition.
Furthermore, a substantial number of sicyclin F cells failed to recover from DNA damage
within 24 hours, compared to scrambled control (Fig 7C). Most importantly, the DNA damage
recovery time decreased to a length similar to the scrambled group by additional knockdown
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of E2F7/8, indicating that the delay of damage recovery was dependent on the atypical E2Fs
functions. To further investigate when the DNA damage repair occur after HU release, we
measured the average 53BP1 foci number over time (Fig S5C). We found that depletion of
cyclin F caused an prolonged recovery from 53BP1 at 6-8 hours after HU release. More im-
portantly, this is the time window when the cells progressed to G2 phase (Fig S5D), support-
ing our reasoning that cyclin F dependent degradation of E2F7/8 impact on G2 progression

through regulation of DNA damage repair.

Figure 7. Degradation of atypical E2Fs maintains DNA damage repair. A. Loss of cyclin F induced E2F7/8-de-
pendent Homologous Recombination deficiency. Hela cells that were stably transformed with pDR-GFP were
transfected with siRNA as indicated. After 24h, cells were transfected with GFP-HR plasmid. 48h after the initial
transfection, cells were harvested for Flow-cytometry. GFP positive cells were gated (Fig EV5A). Relative HR
efficiency were adjusted to the scramble siRNA condition. Data represent averages + SEM (n=3); *P<0.05 or
**P<0.01 (Student’s t-test). n.s.: not significant. B. Loss of cyclin Finduced E2F7/8-dependent y-H2AX accumu-
lation. Hela cells were transfected with indicated siRNA for 24 hours, and then treated with nocodazole for 16
hours before fixation for immunofluorescence staining of y-H2AX. DAPI was used to stain the cell nucleus. Rel-
ative intensity of y-H2AX was quantified by Image J software, and 150 cells were quantified for each condition.
Red bars represent averages; **P<0.01 (Student’s t-test). n.s.: not significant. Scale bar 20 um. C. Loss of cyclin
Fincreased DNA damage recovery time before cell division. RPE cells integrated with the 53BP1 construct were
transfected with indicated siRNA for 24 hours, and then treated with HU for 16 hours. At the beginning of the
imaging, only the single cells with at least one 53BP1 foci were traced, till the time frame that no 53BP1 foci
was observed. The mitotic progression of the cells was defined as the duration from damage recovery to cell
division. Histogram shows the damage recovery time (green) and the mitotic progression (black) of 50 cells for
each condition. Chi-square analysis was performed to test the statistical significance (P<0.01). D. Knockdown
of cyclin F caused a delay in DNA lesion recovery that is dependent on E2F7/8. The cumulative curves represent
the add-up number of cells that overcome the DNA damage lesions, for a time frame of 24 hours. For each

condition, 50 cells were quantified. Log-rank tests were performed to analyze the statistical significance.
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DISCUSSION

In the current study, we demonstrated a biological model that cyclin F-dependent degra-
dation of atypical E2Fs is critical for DNA repair and G2-phase progression (Fig 8). We first
showed that E2F7 and E2F8 are targeted for degradation by cyclin F during G2/M phases.
In an unperturbed cell cycle , cyclin F promotes the degradation of atypical E2Fs to allow a
timely G2/M transition. Previous studies demonstrated that cyclin F functions a key regulator
of the cell cycle!®?, CCNF, the gene encoding cyclin F, is highly conserved across different
species. Moreover, its function is essential in the embryonic development of mice®. MEFs
(mouse embryonic fibroblasts) derived from Ccnf’ mice show reduced population doubling
times and a delay in cell cycle re-entry from quiescence, indicating that cyclin F is required
for cell proliferation. Interestingly, this slowdown in cell cycle re-entry may be partially ex-
plained by the inhibition of APC/C®" by cyclin F during GO/G1 phase. Cdh1 is a substrate of
cyclin F, and deletion of cyclin F resulted in stabilization of Cdh1 and inhibition of S-phase
entry*’. However, it is important to note that cyclin F expression is low at GO/G1 and grad-
ually increases after S phase, and most of cyclin F-mediated degradation occurs during G2
phase (also shown in Fig 3C). These findings raised the question whether cyclin F regulates G2
phase progression and, if it does, by which mechanism. In this study, we showed that cyclin F
knockdown leads to an E2F7/8-dependent G2/M transition delay. Most importantly, by using
single live cell imaging, we demonstrated that this G2/M transition delay was likely due to a
prolonged DNA repair period (Fig 7C). Cyclin F induces the degradation of E2F7/8 to maintain
the expression of DNA repair genes thereby ensuring flawless cell cycle progression through
G2 until mitotic entry.

Another central function of cyclin F is its role in guarding cells against genotoxic stress
and genomic instability during the cell cycle. It has been shown that cyclin F promotes the
degradation of the centrosomal protein CP110 and the DNA replication protein CDC6 thereby
ensuring mitotic fidelity and preventing DNA re-replication'>?°. Moreover, cyclin F targets the
ribonucleotide reductase RRM2 and stem loop binding protein SLBP for proteasomal degra-
dation, which provides a balanced dNTP pool for DNA repair, and prevents SLBP-dependent
accumulation of H2AFX mRNA translation to reduce susceptibility to genotoxic stress!®*, In
line with these findings, our data demonstrate that cyclin F sustains the expression of DNA
repair genes such as RAD51, CHEK1 and BRCA1, through degradation of the atypical E2Fs in
G2 phase. Interestingly, in response to irradiation, cyclin F has been shown to be down-reg-
ulated in an ATR-dependent manner, which resulted in stabilization of SLBP and RRM2 to
promote DNA repair®®?°, Interestingly, both SLBP and RRM2 are bona fide targets of E2F7/82.
Therefore, we hypothesized that cyclin F controls SLBP and RRM2 expression at two different
levels: directly via their ubiquitin-dependent degradation, and indirectly via degradation of
the transcriptional repressors E2F7/8. These complex regulation mechanisms mediated by
cyclin F could be significant to the cancer field, since aberrant expression of RRM2 has been
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found in multiple type of cancers and failure to maintain the balance of dNTP can cause ge-
nome instability?-°,

In addition to RRM2 and SLBP, cyclin F targets CDC6 for degradation, which is also tran-
scriptionally regulated by atypical E2Fs'2. Thus, E2F-dependent transcription and SCFoin F
appear to have partially overlapping functions. Therefore, the repressor functions of atypical
E2Fs could potentially compensate for the loss of cyclin F. In addition, failure to degrade these
overlapping targets (such as CDC6) in G2 phase could result in the re-initiation of DNA repli-
cation leading to genome instability?°. Therefore, we hypothesized that atypical E2Fs might
act as a fail-safe mechanism to repress the expression of key cell cycle genes in case of inac-
tivation of SCF*“i"F, Such a compensation mechanism could help to minimize the occurrence
of genome instability.

Our data indicate that the biological significance to keep an intermediate level of E2F7/8
during the G2 phase is most likely to support DNA damage repair before a cell can enter
mitosis. This is in line with our previous work, which showed that the DNA replication stress
kinase Chk1 phosphorylates E2F7/8 to inhibit its transcriptional repressor function on DNA
repair genes and thereby promotes DNA lesion recovery upon replication stress®'. Moreover,
two recent studies indicated that loss of E2F7 conferred resistance to DNA damaging drugs
by elevating expression of DNA repair genes such as Rad51, 51BP1 and FANCD2%>%*, These
results raise the question whether stabilization of E2F7/8 would in turn sensitize cancer cells
towards chemotherapy.

To conclude, our study discovered a novel regulatory mechanism for atypical E2Fs
whereby cyclin F-mediates degradation during the G2- phase of the cell cycle. Degradation
of E2F7 and E2F8 is of importance for proper G2 progression as depletion of cyclin F leads to
a defect in cell cycle progression that depends on atypical E2Fs. Moreover we provide novel
insights into the regulation of DNA damage repair gene expression during G2/M phases, in
which cyclin F-mediated degradation of atypical E2Fs promotes DNA damage repair by sus-

taining DNA repair gene transcription.
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MATERIAL AND METHODS

Cell culture, cell line generation and transfection

Hela, hTERT-RPE1 and HEK 293T cell lines were purchased from ATCC and cultured in DMEM
medium (41966052, Thermo Fisher Scientific) containing 10% fetal bovine serum (10500064,
Life Technologies). The Hela cell line with stably transformed with pDR-GFP was a gift from
prof. dr. M.A.T.M. (Marcel) van Vugt, University of Groningen, The Netherlands. Site-directed
mutagenesis was performed by a two-step PCR amplification (PCR protocol and primers are
provided in Table 1). Successful mutations were confirmed by Sanger sequencing (Macro-
gen, Inc). Other drugs used in this study are: Nocodazole (50 ng/ml, M1404, Sigma Aldrich);
Hydroxyurea (2 mM, H8627, Sigma Aldrich); Thymidine (2mM, T9250, Sigma Aldrich); Cyclo-
heximide (50 pug/ml, 01810, Sigma Aldrich), MLN4924 (0.1 uM, MLN-4924, Active Biochem),
MG132 (1 ug/ml, Peptide International, 1ZL-3175-v_5mg).

To transfect HEK cells, 130 pug/ml PEI (Polyethylenimine, 23966, Polysciences) was mixed
with the desired plasmids (15 pg) containing DMEM (ratio of 1:1). Mixtures were added di-
rectly to the cells and incubated for 6 hours before being replaced with fresh media. ON-Tar-
get plus Smartpool siRNAs (2 nM) were products from GE Dharmacon; siRNA transfection
was carried out according to the manufacturer’s protocol using RNAiMax (13778075, Thermo
Fisher Scientific). The following siRNAs were used: Dharmacon L-003215-00-0005 (sicyclin
F/), Thermo Fisher HSS175354 (siE2F7), Thermo Fisher HSS128758 /HSS128760 (siE2FS),
Dharmacon D-001210-02-05 (Scrambled).

The lentiviral construct containing a truncated version of 53BP1 tagged with mApple
was obtained from Addgene (Apple-53BP1trunc was a gift from Ralph Weissleder (Addgene
plasmid # 69531 ; http://n2t.net/addgene:69531; RRID:Addgene_69531)). Lentivirus was
produced by transfecting HEK 293T cells with 10ug lentiviral packaging plasmids (1:1:1) and
10 ug of the 53BP1 construct with PEIl for 2h. Then 10ml fresh medium was added and virus
was harvested after 48h. 3ml of virus containing medium and polybrene (8 ug/mL) was add-
ed to PRE cells for an incubation of 24hours. RPE cells containing the construct were selected
with puromycin (1.0 pg/ml) for 5 days.

Immunoprecipitation and Immunoblotting

Cells were washed twice with cold PBS and collected by scraping and spinning. Cells were lysed
in RIPA buffer composed of 50 mM Tris-HCI, 1 mM EDTA, 150 mM Nacl, 0.25% deoxycholic
acid, 1% Nonidet-P40, 1 mM NaF and NaV,0,, and protease inhibitor cocktail (11873580001,
Sigma Aldrich) for 30 minutes on ice. Then lysates were centrifuged at 12,000 g for 10 min
to collect supernatants. Finally Laemmli buffer was added, and the samples were subjected
to SDS-PAGE and immunoblotting. For immunoprecipitations, cells were lysed in RIPA buffer

and immunoprecipitations were carried out by incubating 20 pl of anti-FLAG M2 Affinity Gel
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(A2220, Sigma-Aldrich) or GFP-Trap (gta-20, Chromotek). After the pull-down, the agarose
beads were washed three times with RIPA and PBS before proceeding to a standard SDS-
PAGE and immunoblotting. All antibodies used in this paper are listed in Table 1.

Flow cytometry

Cells were harvested by trypsinization and subsequent fixation with 70% ethanol and over-
night storage at 4 °C. Before staining, cells were washed twice with ice cold Tris-buffered
saline (TBS) and re-suspended with 500 pl staining buffer that contained 20 pug/ml propidium
iodide (P4170, Sigma Aldrich), 250 pg/ml RNase A (RNASEA-RO ROCHE) and 0.1% bovine
serum albumin (A8531, Sigma Aldrich). Samples were loaded on a BD FACS Canto Il Flow cy-
tometer. Cell cycle analysis was conducted using the Cell Cycle analysis function from FlowJo
v10.0 software.

RNA-sequencing

Total mRNA was collected using Qiagen’s RNeasy kits. Sequencing libraries were then pre-
pared using the Truseq Poly-A kit, according to the manufacturer’s instructions. All 16 sam-
ples were pooled into one lane of an Illlumina Nextseq500 sequencer. Quality of the raw
sequencing data was first checked using the program FastQC. Then, sequencing reads were
trimmed for adapter sequences, and mapped to the human genome (assembly hg38) us-
ing STAR version 2.4.2a. All mapped reads were counted using HTSeq version 0.6.1 in union
mode. The raw count data were then used to perform differential expression analysis using
DESeq2. Heat-maps were created using the software package pheatmap, and represent fold
changes calculated from normalized count data. The RNA-sequencing data have been de-
posited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession
number GSE133416 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133416).
Down-regulated genes in cyclin F knockdown, and rescued by additional E2F7/8 knockdown
are shown in Table 2. DEgenes_RNAseq_CCNF.

Live imaging

For live cell imaging, 4,000 RPE-FUCCI cells were seeded into a glass-bottom p-Slide 8-well
plate. siRNA transfections were carried out the next day, and imaging started at 48 hours
after cell seeding. A Nikon Stochastic Optical Reconstruction Microscope (A1R-STORM) was
used for live imaging. For each condition, 5x5 fields (63x magnification / field) were obtained.
Auto-focus was set to capture photos from GFP (488 nm), RFP/mApple (555 nm) and differ-
ential interference contrast (DIC) channels every 20 minutes for 24 hours.

The software NIS-Element version 4.51.01 was utilized for the quantification. For the HU
arrest/release experiment, 100 cells were traced manually under the DIC channel as previ-

ously described.. For the asynchronized experiment, the quality of the movies was first im-
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proved with the auto-scale rolling balls option, with the radius set to 30. Each cell was marked
and traced with the ROI (Regions Of Interest) function. In total 50 individual cells were se-
lected for each condition, and one additional blank ROl was made to rule out the background
signal. The fluorescence intensity from 480nm and 560nm channels (based on each select-
ed ROI) was obtained with the “Time measurement” option in ROI panel. Cell cycle stages
were determined by the fluorescence signal intensities of CDT1-mKusabira Orange (mKO)
and Geminin-mAzami Green (mAG): G1 stage: Red, mKO signal > mAG signal; G1-S transition:
Yellow, mAG signal increases to 10% of maximum in three consequent frames; Late S to G2:
Green, mAG signal > mKO signal; M to early G1: Colorless, disappearance of mAG signal, and
evidence of mitotic division from Differential Interference Contrast DIC image.

For quantification of 53BP1 foci in Fig S5B, cell image was obtained from each time point

and 50 cells per condition were randomly selected for foci counting.

Quantitative PCR

Isolation of RNA, cDNA synthesis and quantitative PCR were performed based on manufac-
turers’ instructions for QIAGEN (RNeasy Kits), Thermo Fisher Scientific (cDNA synthesis Kits)
and Bio-Rad (SYBR Green Master Mix), respectively. Gene transcript levels were determined
using AAC, method for multiple-reference gene correction. f-actin and GAPDH were used as
references. qPCR primer sequences are provided in Table 1.

CRISPR-CAS9 knockout

RPE-hTERT-FUCCI cells (a kind gift from prof. Rene Medema; Netherlands Cancer Institute)
were transduced with a lentiviral expression vector encoding both Flag-tagged Cas9, and a
single guide (sg) RNA sequence against E2F7 (sgRNA #1: GTGCTGCCAGCCCAGATATA, sgRNA
#2: GAGCTAGAAACTTCTGGCAC) or E2F8 (sgRNA #1: GTTCCTCTGCCACTTCGTCA, sgRNA #2:
GATCTCTGTTGCGGATCTCA) cloned into a pSicoR backbone as previously described®*. Len-
tiviral particles were produced by co-transfecting the pSicoR construct with 3 generation
packaging plasmids into 239T cells. The sgE2F7 and sgE2F8 vectors contained puromycin and
blasticidin resistance cassettes, respectively, thus allowing for sequential selection of E2F7-
and E2F8-mutant clones by manual picking. Indel mutations were confirmed with Sanger
sequencing, and complete deletion of E2F7 and E2F8 was verified by immunoblotting for
E2F7/8. Cells expressing the vector containing only Cas9, but no sgRNA, served as control
cell lines.

Statistical analysis

Immunoblots, immunoprecipitation, flow cytometry, FACS sorting and qPCR results were re-
peated three times unless otherwise described in the figure legends. Statistical analyses on

gPCR were analyzed by Student t-test. Statistical test on Fig 5C was analyzed by Chi-square
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test, and cumulative curves from 4B/C, 5D were analyzed by Log-rank tests.
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SUPPLEMENTARY MATERIAL

Table 1: Mutagenesis primers

Mutagenesis

Forward primer (5’-3’)

Reverse primer (3’-5’)

E2F7 Rx1 110/112 AxA

GAACGCATCCTCCTTAT-
TCTCAGCGGGTGCGAA-
CAGCTCCTTTTTCTTCTCC

GGAGAAGAAAAAGGAGCT-
GTTCGCACCCGCTGAGAATAAG-
GAGGATGCGTTC

E2F7 RxL 221/223 AxA

CTCTCCCAGTCTCTGTGCGGTC-
GCCAGGGTTTTGGGGAGG

CCTCCCCAAAACCCTGGCGAC-
CGCACAGAGACTGGGAGAG

E2F7 RxL 894/896 AxA

CCCGCTGCTAGAGATTTCT-
GCTCTCGCCTGGGCT-
GAGCTAGTGTTT

AAACACTAGCTCAGCCCAGGC-
GAGAGCAGAAATCTCTAGCAG-
CGGG

E2F8 RxL 15/17 AxA

CAGGGGGCTTTTCATCGCTC-
CCGCTTTATGTGGCTCAGAAAA-
GAGGTTTTCCT

AGGAAAACCTCTTTTCTGAG-
CCACATAAAGCGGGAGCGAT-
GAAAAGCCCCCTG

E2F8 RxL 81/83 AxA

GCACTTCGGTTGTCAGACGCGC-
CCGCTTTCTGATCTCGACTTCGG

CCGAAGTCGAGATCAGAAAG-
CGGGCGCGTCTGACAAC-
CGAAGTGC

E2F8 Rxl 408/410 AxA

GCTGCTGGGAGCGGAACTGG-
CCTTCGCCCGATCATTTTCTAT-
GCTC

GAGCATAGAAAATGATCGGGC-
GAAGGCCAGTTCCGCTCCCAG-
CAGC

E2F8 RxI 860/862 AXA

TATCCTCAGTTGAGACTTC-
CGCTTTGGCCTGTGGGACAAA-
GAGGGTTC

GAACCCTCTTTGTCCCACAGG-
CCAAAGCGGAAGTCTCAACT-
GAGGATA

Table 2: qPCR primers

Genes Forward primer (5’-3’) Reverse primer (3’-5)
ACTB GATCGGCGGCTCCATCCTG GACTCGTCATACTCCTGCTTGC
GAPDH | CTCTGCTCCTCCTGTTCG GCCCAATACGACCAAATCC
E2F7 CTCCTGTGCCAGAAGTTTC CATAGATGCGTCTCCTTTCC
E2F8 AATATCGTGTTGGCAGAGATCC AGGTTGGCTGTCGGTGTC
CCNE1 GACACCATGAAGGAGGACGG ATTGTCCCAAGGCTGGCTC
CcDC6 AAACCCGATCCCAGGCACAG AGGCAGGGCTTTTACACGAGGAG
MCM2 | GGCAATGATCCTCTCACCTCC CATCCTCTTCTTCCTCCAGGG
CDT1 CGTCCAGGACATGATGCGTAGG TTGAAGGTGGGGACACTGCG
CCNF AGGTGGTGTGTCAGAGTCTCCC TCCCATAAGGAAAGACCTGTGC
RAD51 | TGCTTATTGTAGACAGTGCCACC CACCAAACTCATCAGCGAGTC
CDC25A | GAGATCGCCTGGGTAATGAA TGCGGAACTTCTTCAGGTCT
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Table 3: Antibodies for immunoblotting

Name Company Catalog Dilution
GFP Abcam AB6673 1:1000
Flag Sigma-Aldrich F3165 1:2000
E2F7 Santa Cruz sc-66870 1:1000
E2F8 Abcam 109596 1:1000
y-tubulin | Sigma-Aldrich T6557 1:5000
CDC6 Santa Cruz sc-9964 1:1000
Cyclin B1 | Santa Cruz sc-245 1:1000
Cyclin F | Santa Cruz sc-952 1:1000
Myc Santa Cruz sc-40 1:1000

Figure S1. Cyclin F binds to E2F7 and E2F8. A. Cell cycle analysis of the double thymidine block and release
experiment shown in Fig 1A. Hela cells were synchronized by double thymidine block and then released in
fresh medium. Asynchronized (AS) and synchronized cells were harvested at the indicated time points for
propidium iodide staining and flow-cytometry analysis. B. E2F7 and E2F8 are degraded during G2/M phases.
Hela cells were treated with hydroxyurea (HU, 2 mM) for 16 hours to arrest cells at G1/S border. Then HU was
removed and cells were released into fresh medium. Protein samples were harvested at the onset of release
and 8 hours after release. E2F7/8 levels were measured by immunoblotting. Protein expression of cyclin B1
was used as a marker for G2 or M cell cycle progression, and y-tubulin was used as loading control. Asterisk
indicates the specific band of E2F7 detection. C. Immunoprecipitation shows that cyclin F physically interacts
with E2F7/8 in vitro. HEK293 cells were transiently transfected with either EGFP-tagged empty vector (EGFP),
EGFP-tagged E2F7 or EGFP-tagged E2F8. MG132 was added to the cells 5 hours before harvesting at 48 hours
post transfection. Cells were harvested and lysed for immuno-precipitation using GFP resin. Asterisk indicates
the E2F8-specific band. D. Reciprocal IP demonstrated the bindings between cyclin F and E2F7/8. HEK cells
were transfected with Flag-tagged empty vector or cyclin F, together with GFP-tagged E2F7 or E2F8. MG132
was added to cells 5h before harvesting, and Co-IP was performed using Flag resin. E. Homology of atypical
E2Fs at their C-terminus shows that the cyclin F-binding motifs are conserved among different species. F. Wild-
type or R408A mutant of EGFP-tagged E2F8 were co-transfected with either empty vector or Flag-tagged cyclin

F in HEK293 cells. Nocodazole was added to cells 8h before harvest. 48 hours after transfection, cells were

collected and lysed for immunoblotting.
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Figure S2. Cyclin F-dependent degradation of E2F7 and E2F8. A. Over-expression of cyclin F down-regulates
endogenous E2F7 and E2F8. HEK cells were transiently transfected with Flag-tagged empty vector or cyclin
F. Cells were harvested and lysed 48 hours after transfection. Endogenous E2F7 and E2F8 were measured by
immunoblotting. Detection of CDC6, a known cyclin F target, served as a positive control. Asterisk indicates
the E2F7 and CDC6 specific bands detection. B. Knockdown of cyclin F stabilized E2F7 and E2F8. HeLa and RPE
cells were transfected with either scramble siRNA or individual cyclin F siRNA. Cells were harvested at 48 hours
post transfection. Protein levels of E2F7/8 were analyzed by immunoblotting. C. The knockdown of cyclin F
increases the half-life of E2F7/8. Hela cells were transfected with scrambled siRNA (scr) or cyclin F siRNA (si-
cyclin F). 24 hours after transfection, Hela cells were treated with cycloheximide (CHX). Cells were harvested
at the indicated time point after CHX treatment. Asterisk indicates the specific detection of endogenous E2F7.
Quantifications (lower panels) were performed based on two independent experiments. D. Cell cycle analysis
of the double thymidine block and release of the experiment shown in Fig 3D. Hela cells were transfected with
siRNA against scrambled (scr) or cyclin F for 24 hours. Then cells were synchronized with double thymidine
block and released into fresh medium. Samples were harvested at the indicated time points for propidium
iodide staining and flow-cytometry analysis. E. mRNA levels of E2F7 and E2F8 were not affected by knockdown
of cyclin F. qPCR was preformed to analyze the double thymidine block and release of the experiment shown
in Fig 3D. F. E2F7"** mutant has reduction of ubiquitylation. HEK cells were transiently transfected with either
empty empty vector or myc-tagged ubiquitin, together with either EGFP-tagged E2F7"T or E2F7%%** , MG132

was added to cells 5h before harvesting, and EGFP-IP was performed.
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Figure S3. Failure to degrade E2F7/8 caused cell cycle delay and DNA damage accumulation. A. Confirmation
of efficient deletion of E2F7 and E2F8 in RPE-FUCCI cells utilizing CRISPR-CAS9 technology. Cells were transduc-
ed with Flag-tagged Cas9, and either a construct lacking sgRNA (Ctrl), or a construct containing sgRNA directed
against E2F7 and E2F8 (7/8%°). Protein levels were analyzed by immunoblotting. B. Depletion of cyclin F stalls
the cell cycle at late S/G2. Each bar in the histogram shows the time that each individual of cell has spent from
G1/S to Mitosis (correspond to Fig 4F). Red (G1), Green (S/G2) and Gray (M/G0) indicate the cell cycle stage
of each cell after 24h live cell imaging. C. Over-expression of E2F7%*** mutant caused DNA damage. Hela/TO
cells were arrested 16h with HU and then released into fresh medium containing doxycycline. Protein samples
were harvested every 3 hours and immunoblot for y-H2AX (Left). Quantifications were performed based on

two independent experiments (Right).
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Figure S4. Cyclin F controls transcription of DNA repair via E2F7/8. A. Venn diagrams of differentially ex-
pressed transcripts in RNA-sequencing analysis of nocodazole-arrested Hela cells depleted for cyclin F and/or
E2F7/8 as indicated. B. KEGG pathway analysis of genes upregulated by cyclin F knockdown, and rescued by
additional E2F/8 depletion. Bars represent -log P values, such that larger values mean stronger statistical signif-
icance. The cut-off P value 0.05 is shown as a red dotted line. C. gPCR assay showing the expression of atypical
E2F target genes that are involved in DNA damage and repair. RPE cells were transfected for 48 hours with
siRNA as indicated. 16 hours before harvesting, cells were treated with nocodazole. Data represent averages +
SEM (n=3); *P<0.05 or **P<0.01 (Student’s t-test). n.s.: not significant. D. PCR showing the RNA expression of
PLK1 and CCNB1. Hela cells were transfected for 48 hours with siRNAs as indicated. Cells were incubated with
nocodazole 16 hours before harvesting. Data represent averages & SEM (n=3); *P<0.05 or **P<0.01 (Student’s
t-test). n.s.: not significant. E. Phosphorylated MPM2 staining in flow-cytometry demonstrated that mitotic

activity was regulated in a cyclin F dependent manner.
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Figure S5. Cyclin F-dependent degradation of E2F7/8 promotes DNA repair in G2.
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Figure S5. Cyclin F-dependent degradation of E2F7/8 promotes DNA repair in G2. A. Loss of cyclin F induced
E2F7/8-dependent Homologous Recombination deficiency. Hela cells were transfected with siRNA as indicat-
ed. After 24h, Hela cells with stably transformed pDR-GFP were transfected with siRNA and harvested after
48h for flow-cytometry. B. Quantification of the 53BP1 foci at the beginning of live imaging (Left: non-treated,
Right: HU treated 16 hours). Dot-plots show the 53BP1 foci number from each cell. The number of cells and the
average foci per nucleus were showed in the table below. Red bars represent averages; **P<0.01 (Student’s
t-test) and n.s. (not significant). C. Dynamics of the number of 53BP1 foci per cell after HU release. At each
time point after HU release, 50 random cells were picked and 53BP1 foci in each cell were counted. D. Flow

cytometry showing the cell cycle progression of each condition at different time points after HU release.
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ABSTRACT

E2F transcription factors regulate cell cycle progression through timely expression of cell cy-
cle genes. However, it is unclear whether E2Fs have also transcription-independent functions
that control cell cycle progression. Here we show that atypical E2Fs, E2F7 and E2F8, directly
interact with the cohesin subunit SMC1, compete with RAD21 for binding to SMC1, and en-
able cohesin release from sister chromatids during prophase. Cells depleted for E2F7/8 fail to
efficiently remove cohesin from chromosome arms, and show delayed mitotic progression.
In conclusion, we uncover a novel and transcription-independent function of atypical E2F
proteins in regulating cohesin release and the timely progression through mitosis.
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INTRODUCTION

E2Fs are a family of transcription factors that control the expression of many genes that drive
cell cycle progression and proliferation’. Mammalian cells express eight different family mem-
bers, which can be classified into transcriptional activators (E2F1-3) and repressors (E2F4-8).
Among them, E2F7 and E2F8 are atypical as they have two tandem DNA binding domains in-
stead of one, as is the case in the canonical E2Fs. E2F7 and E2F8 also are atypical in that they
bind to the promoter of the target genes independent of transcription factor dimerization
partners and pocket proteins?. Atypical E2Fs work as transcriptional repressors during S- and
G2-phase, downregulating hundreds of genes involved in DNA replication, metabolism and
repair®. However, atypical E2Fs may engage in different multiprotein complexes with various
functions. As a striking example, we found that E2F7 and -8 could also physically interact with
HIF1. This interaction stimulates VEGFA expression, a key factor driving angiogenesis®. To bet-
ter understand the molecular actions of E2F7 and -8 we further investigated their interaction
partners and the physiological functions of these protein-protein interactions. Interestingly,
we find that E2F7 and -8 interact with the cohesin complex.

In cycling cells, it is of critical importance that the DNA is copied faithfully and that the
genomic information is distributed evenly to the daughter cells. To achieve this goal, the
sister DNAs need to be held together from S phase until anaphase through a process known
as sister chromatid cohesion®. Cohesion is mediated by a ring-shaped multi-subunit protein
complex, called cohesin, which at its core consists of SMC1, SMC3, RAD21, and SA1 or SA2.
The SMC subunits are rod-like proteins with a hinge domain on one end and a head domain
on the other. The interface connecting the SMC3 head domain and the RAD21 N-terminus is
proposed to be the exit gate for DNA release®.

The establishment of cohesion is coupled with DNA replication during S-phase, when
cohesin rings connect the newly duplicated DNAs. These linkages are maintained along the
length of chromosomes until the end of G2 phase. As cells progress into mitosis, the bulk of
cohesin rings along the chromosome arms is removed’2. Disruption of cohesin dissociation
from chromosome arms can impair the decatenation of sister chromatids and the correct
attachment of microtubules to kinetochores, leading to chromosome segregation errors®*°.
The latter step depends on WAPL, which opens the interface between SMC3 and RAD21,
allowing the exit of DNA'3, In addition, phosphorylation of SA2 and Sororin is also essential
for the efficient removal of cohesin during prophase***. Sororin is a cohesin protector, which
competes with WAPL for the binding to the cohesin ring®. Notwithstanding these findings,
the cellular processes that control cohesin release from DNA during prophase remain incom-
pletely understood.

Here, we demonstrate that E2F7/8 contributes to removal of cohesin during prophase
in human and mouse cells. Deficiency of E2F7/8 increases the amount of undissolved sister
chromatids in prometaphase and delays mitotic progression. Surprisingly, we find that this
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effect is independent from the DNA-binding or transcription-repressing capacity of E2F7/8.
Instead, we provide evidence that E2F7/8 binding to SMC1 competes with RAD21. We pro-

pose that E2F7/8 facilitates cohesin release by opening up cohesin rings.

RESULTS

Atypical E2Fs interact with cohesin independent of DNA-binding

To identify novel proteins interacting with atypical E2Fs we had carried out a quantitative
SILAC-based proteomic screening?’. In this experiment, doxycycline inducible EGFP-E2F7-,
EGFP-E2F8- and EGFP Hela cell lines were cultured in ‘light” or “heavy” medium and treated
with doxycycline for 16h. Then, nuclear fractions derived from these cells were incubated
with GFP-trap beads and subjected to tandem mass spectrometry. Next, we compared the
relative abundances of proteins pulled down by EGFP- E2F7 or E2F8 over EGFP only and set-
tled on those with above two-fold enrichment from both forward and reverse labeling exper-
iments. We found that both E2F7 and E2F8 had about 200 putative binding partners, and 90
ones in common (Fig. 1A). We noticed that the mutual hits contained both SMC1 and SMC3,
two core subunits of the cohesin complex (Fig 1B). Additionally, another cohesin subunit,
RAD21, was found in the list of putative E2F8 binding partners. To validate these interactions,
EGFP-E2F7 or E2F8 were transfected in HEK 293T cells, followed by GFP immunoprecipita-
tion. The results showed that SMC1, SMC3 and RAD21 were all pulled down efficiently by
E2F7 as well as E2F8 (Fig. 1C).

Since both cohesin and atypical E2Fs can associate with DNA, we wondered if DNA bind-
ing could indirectly mediate their interactions in these pull-down experiments. To this end,
we performed another GFP immunoprecipitation with either EGFP- E2F7/8 wildtype or EG-
FP-E2F7/8 DNA binding domain (DBD) mutants carrying point mutations required to bind
to the canonical E2F binding motifs®. We found that E2F7/8 DBD-mutants could still bind to
SMC1 (Fig. 1D). Moreover, when lysates from cells transfected with E2F7-EGFP or EGFP-E2F8
wildtype were treated with 200 ug/ml ethidium bromide to break down the interaction be-
tween DNA and proteins prior to immunoprecipitation®®, SMC1 was still pulled down (Fig.
1D). These results demonstrate that atypical E2Fs can directly associate with cohesin.
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Figure 1. Atypical E2Fs bind to cohesin. A. Venn diagram showing comparative analysis of overlap between

putative E2F7 and E2F8 binding partners identified with SILAC. B. Top hits of E2F7-EGFP and E2F8-EGFP binding

partners that were enriched 2-fold or more compared to EGFP pull-downs. C. Verification of the interaction

between atypical E2Fs and cohesin components. HEK cells were transfected with EGFP, EGFP-tagged E2F7 or

E2F8 for 48 hours. MG132 (1 ug/ml) was added 5 hours prior to harvesting. Cells were lysed with RIPA buffer

and incubated with anti-EGFP resin for immunoprecipitation. Immunoblotting was then performed. D. Atypi-

cal E2Fs binds to SMC1 independent of DNA binding. HEK cells were transfected with indicated plasmids and

collected as described in C). Cell lysates were incubated with 200 pg/ml ethidium bromide (EtdBr) for 1 hour

prior to immunoprecipitation.
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Atypical E2Fs directly bind to SMC1

To understand in more detail cohesin’s interactions with atypical E2Fs, we investigated
whether cohesin subunits might directly bind to atypical E2Fs. To this end, we performed an
in vitro protein interaction assay where GST-tagged E2F7 or E2F8 derived from E. coli cells
was immobilized with GST beads. These in vitro translated recombinant E2F proteins were
incubated separately with four different His-tagged cohesin subunit proteins (SMC1, SMC3,
RAD21 or SA1) and then subjected to immunoblotting. We found that atypical E2Fs specifi-
cally pulled down SMC1 (Fig. 2A), demonstrating that atypical E2Fs interact with the cohesin
complex via binding to SMC1.

Next, we sought to map the specific interaction domain that enables atypical E2Fs to interact
with SMC1. A series of E2F7 truncation and deletion constructs were made and transfected in
HEK293T cells to pull down endogenous SMC1. We found that the interaction between E2F7
and SMC1 requires amino acids 264 until 552, including the second DBD of E2F7 (Fig. 2B).
Attempts to further narrow down the SMC1-interacting domain of E2F7 were unsuccessful,
indicating that this entire E2F72%*%°2 domain is required for the interaction with SMC1. For
example, a A367-552 mutant version of E2F7 only partially lost the capacity to interact with
SMC1 (Fig. S1A). However, secondary structure prediction utilizing two platform tools'®?°
(http://bioinf.cs.ucl.ac.uk/psipred/), shows that the domain stretching between amino acids
264 to 552 of E2F7 contains several clusters of helix domains (Fig. S1B and S2). It was report-
ed that both DBDs in E2F8 belonged to the winged-helix family?'. E2F8 is highly homologous
to E2F7 and we observed similar clusters of helix domains when subjecting E2F8 to the same
analysis (Fig. S1C). Based on the homology of E2F7 and E2F8, we speculate that the second
DBD in E2F7 would also form a winged-helix, which probably promotes the interaction be-
tween E2F7 and SMCL1. Collectively, these results provide strong evidence that atypical E2Fs
bind the cohesin subunit SMC1 via helix-rich domains.
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Figure 2. Atypical E2Fs bind to SMC1 specifically. A. Interactions between atypical E2Fs and individual cohesin
subunits in vitro. GST and GST-tagged E2F7 and E2F8 were pulled down with GST resin from E.coli cell lysates,
and incubated with ~10 pg 6His-tagged cohesin proteins overnight. Inmunoblotting was then performed. B.
Co-immunoprecipitations with SMC1 and truncated versions of E2F7 to map the interaction domain of E2F7.
The indicated HA-tagged E2F7 fragments were transfected into HEK cells and HA immunoprecipitation was
then performed, followed by immunoblotting (left). Schematic view showing the truncated mutants of E2F7

(right). Orange boxes indicate the DNA-binding domains of E2F7.
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Atypical E2Fs are required for the dissociation of cohesin from chromosome arms

Next, we studied the relevance of E2F7/8 on cohesin function. We tested the effect of E2F7
and E2F8 loss on sister chromatid cohesion. We knocked down E2F7 and E2F8 with siRNAs
in Hela cells and analyzed sister chromatid cohesion by performing chromosome spreads.
Eighty-five percent of the spreads from control cells incubated with scrambled siRNA showed
the “normal” X-shape chromosomes with clearly resolved sister chromatid arms and tightly
connected at the centromere, but this percentage was strongly reduced in spreads from cells
with knockdown of E2F7, E2F8 or both. Instead, roughly 50% of the E2F7/8-knockdown cells
showed “closed” chromosomes, in which the individual sister chromatids were hardly distin-
guishable (Fig. 3A). Human retinal pigment epithelium cell lines (nTERT-RPE1) with homozy-
gous deletion of both E2F7 and E2F8, hereafter referred to as E2F7/8%° cells also showed an
increase in the percentage of closed chromosomes compared to their E2F7/8-intact counter-
parts (Fig. S3A). To quantify the distance between sister chromatids, we applied a FISH-based
analysis on prometaphase spreads using two different DNA markers located on chromosome
16 22, Knockdown of E2F7 and/or E2F8 in Hela cells resulted in reduced distances between
sister chromatids compared to the ones from control cells (Fig. 3B). To verify whether the
requirement of E2F7 and E2F8 for cohesin dissociation is conserved across species, we also
analyzed the chromosome spreads from three mouse cell lines. Specifically, these are E2f7/>
loxP. F2f8lox/l® double knockout mouse embryonic fibroblasts (MEFs), immortalized with ret-
roviral construct containing Myc and Ras®!* 23, in which Cre was either expressed permanently
or induced via a tamoxifen inducible construct. In addition, chromosome spreads from pri-
mary conditional E2f7°x. E2f8l*/xP double knockout keratinocytes were analyzed 4. All
these cell lines showed robust increases in closed chromosomes after deletion of E2f7 and
E2f8 (Fig. 3C).

This failure to separate sister chromatids during prometaphase was not caused by an
overall increase in expression of cohesin proteins in E2F7/8-knockdown cells, because the
overall expression levels of cohesin proteins levels did not differ after E2F7 and E2F8 knock-
down (Fig. 3D). To confirm that the increase of spreads with closed sister chromatids results
from a defect in cohesin release in E2F7/8-depleted cells, we extracted chromatin fractions
from RPE wildtype cells and RPE-E2F7/8 cells. We observed that there was indeed an in-
crease in SMC1 and RAD21 accumulation on chromatin of E2F7/8%° cells that were arrested
in prometaphase with nocodazole compared to control cells (Fig. 3E). Remarkably, chroma-
tin-bound cohesin was not elevated in S and G2 phase cells with combined E2F7/8 deletion
or knockdown, showing that this phenotype specifically occurs during mitosis (Fig. S3B, C). Fi-
nally, we induced ectopic E2F7 expression in Hela cells, leading to a ~15% increase in spreads
presenting premature sister chromatids separation (Fig. S3D). In addition, FISH-analysis on
chromosome spreads in Hela cells with inducible overexpression of E2F7 or E2F8 showed
increased distances between sister chromatids compared to the non-induced cells (Fig. S3E).

These findings demonstrate that atypical E2Fs are essential for efficient cohesin removal
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Figure 3. Atypical E2Fs are required for prophase pathway cohesin release. A. Quantification of three types of
chromosome spreads (pictures above) in Hela cells after knockdown of E2F7, E2F8 or both. Nocodazole (200
ng/ml) was added 3 hours prior to collecting mitotic cells. Over 100 spreads were counted per condition in
each experiment. B. FISH staining of chromosome 16 with specific probes for 16p13 (green) and 16922 (red)
in Hela cells transfected with indicated siRNAs. Pictures above show two types of chromosome 6 with closed
arms and arms at normal distance, respectively. C. Quantification of three types of chromosome spreads (pic-
tures above) in primary murine cells after knockout of E2f7, E2f8 or both. Primary cells were treated with
Nocodazole (200 ng/ml) for 3 hours to accumulate mitotic cells. Over 100 spreads were counted per condition
in each experiment. D. Immunoblots of cohesin subunits in Hela cells depleted for E2F7, E2F8 or both. E. Im-
munoblots showing the cohesin subunits levels in chromatin and cytoplasm in RPE1 cells wildtype clones (#1
and #2) and E2F7/8 double knockout clones (#1 and #2). Cells were treated with Nocodazole (200 ng/ml) for

16 hours to collect mitotic cells.

Atypical E2Fs destabilize the integrity of cohesin complexes and regulate mitotic progres-
sion

Previous studies have shown that WAPL interacts directly with the cohesin complex and is
required for cohesin release from sister chromatids arms prior to metaphase?>?®. Since loss
of either atypical E2Fs or WAPL resulted in a similar defect in cohesin removal, as displayed
by an increased number of closed chromosomes (Fig. 3A, Fig. 4D), we investigated if atypical
E2Fs could act as a docking site or co-factor for WAPL to facilitate the release of cohesin in
prometaphase. We evaluated the interaction between E2F7/8 and WAPL in HEK 293T cells by
transfecting EGFP-tagged DBD-mutant E2F7 and E2F8 and found that endogenous WAPL was
indeed pulled down and that this interaction is not dependent on the atypical E2F DNA bind-
ing (Fig. 4A). To determine a potential direct interaction between atypical E2Fs and WAPL,
we performed an in vitro pulldown assay where 6xHis-tagged WAPL was incubated with GST
or GST-tagged E2F7 or E2F8 followed by His immunoblotting. However, we did not observe a
direct interaction between WAPL and atypical E2Fs in vitro, indicating that atypical E2Fs likely
interact with WAPL via their common binding partners, the cohesin subunits (Fig. S4A). Ad-
ditionally, we showed that WAPL binding to cohesin is not altered in the absence of atypical
E2Fs by performing co-immunoprecipitations assays between SMC3 and WAPL in wildtype
and E2F7/8 deficient RPE cells (Fig. S4B). In the same cell line the overall and cytoplasmic
expression of WAPL did not differ in presence or absence of atypical E2Fs. However, we ob-
served increased WAPL levels on chromatin during prophase in E2F7/8-deficient RPE cells
compared to wildtype cells, probably due to enhanced cohesin abundance (Fig. 3E).

Given that deletion of atypical E2Fs delays cohesin release, we hypothesized that atyp-
ical E2Fs might be able to destabilize the cohesin complex. In support of this idea, we found
that ectopic E2F7 competes for binding between SMC1 and the other core cohesin ring com-
ponent RAD21. We transfected Flag-tagged SMC1 into HEK 293T cells with or without the ad-
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dition of HA-tagged E2F7. Chromatin fractions were isolated and subjected to Flag immuno-
precipitation. This experiment showed that less RAD21, and potentially also somewhat less
SMC3 were pulled down by Flag-tagged SMC1 in cells co-transfected with E2F7. This indicates
that E2F7 addition impairs the interaction between cohesin subunits (Fig. 4B).
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Figure 4. Atypical E2Fs destabilize cohesin integrity and promote mitosis progression.
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Figure 4. Atypical E2Fs destabilize cohesin integrity and promote mitosis progression. A. Interaction between
EGFP-tagged E2F7 or E2F8 DNA-binding mutant and endogenous WAPL. B. Flag immunoprecipitation to check
the interaction between SMC1 and other two cohesin subunits, SMC3 and RAD21, in the presence of E2F7.
HEK cells were transfected with Flag empty vector or Flag-tagged SMC1 and equal amount of HA empty vector
or HA-tagged E2F7 as indicated. MG132 (1 pug/ml) was added 5 hours prior to harvesting cells. C. Inmunoblots
confirming the knockdown of WAPL and induction of EGFP-tagged E2F7 after doxycycline addition in Hela/
TO E2F7-EGFP cells. D. Quantification of chromosome spreads from Hela/TO EGFP-E2F7 inducible cells. Cells
were first transfected with siRNA against WAPL for 36 hours and then treated with doxycycline (200 ng/ml)
for 12 hours. Nocodazole (200 ng/ml) was added 3 hours before collection of mitotic cells. E. Quantification of
the time cells spend during NEB-to-Metaphase and Metaphase-to-Anaphase. Hela cells were transfected with
indicated siRNAs. Hydroxyurea (2 mM) was added 36 hours after siRNA transfection. Sixteen hours later, cells

were released from HU and subjected to live imaging.

Next, we tested whether E2F7/8 can facilitate cohesin removal independent from WAPL.
To this end, we analyzed if doxycycline-inducible EGFP-E2F7 overexpression could still cause
enhanced sister chromatid separation when WAPL was knocked down with siRNA. We first
evaluated the impact of induced overexpression of E2F7 alone. We found that the number
of cells with separated sister chromatids during prometaphase increased compared to con-
trol supporting our previous findings that E2F7 promotes cohesin release (Fig. 4C, D). Then
we tested the effect of WAPL knockdown alone, and detected that the number of cells with
closed chromosomes increased, consistent with previous studies demonstrating that WAPL is
critical for cohesin release as well?>?°. When E2F7 expression was induced in cells with WAPL
knockdown the number of closed chromosomes decreased and shifted towards more nor-
mal chromosomes, demonstrating that E2F7 can promote cohesin release in the absence of
WAPL. Taken together, these data suggest that atypical E2Fs can facilitate WAPL-independent
cohesin release, likely through interfering with the integrity of the cohesin complex.

Given that cohesion has to be dissolved by WAPL to allow for timely mitotic progression
and accurate sister chromatid segregation'®?’, we evaluated if E2F7/8 loss would result in
mitotic defects. We monitored the mitotic progression of Hela cells transfected with siRNAs
against either E2F7/8 or WAPL by live cell imaging. We measured the duration from nuclear
envelop breakdown (NEB) to the formation of metaphase plates, and then from metaphase
to the onset of anaphase. Consistent with previous work, we found that WAPL-knockdown
cells needed twice as much time to progress from prometaphase until the onset of anaphase
relative to control cells (Fig. 4E). Remarkably, E2F7/8 knockdown caused a very similar mitotic
delay as WAPL knockdown. We then investigated if the observed mitotic defects are accom-
panied by chromosome segregation errors during anaphase, such as formation of chromo-
some bridges and lagging chromosomes. WAPL-knockdown cells released from a CDK1-inhib-
itor block displayed increased segregation errors, while knockdown of E2F7/8 hardly affected
segregation fidelity (Fig. S4C, D). This indicates that arm resolution defects need not neces-
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sarily lead to segregation errors. Taken together our findings demonstrate that atypical E2Fs

promote cohesin release and regulate timely progression through mitosis.

DISCUSSION

In vertebrate cells, most cohesin on chromosomes is released in the early stages of mitosis
by WAPL, which is important for faithful chromosome segregation®. However, the loading and
release of cohesin rings is a highly complex process involving multiple proteins, and a com-
plete picture of how cohesin is removed from chromosomes is still lacking. We add another
layer of complexity to this picture by showing that in mammalian cells, atypical E2Fs can
interact with cohesin via SMC1, and destabilize the interaction between SMC1 and RAD21.
Thus, we propose a model where binding of E2F7/8 to SMC1 can promote cohesin release in
prophase. We envision a mechanism of action where E2F7/8 could open the SMC1/RAD21
interface, allowing the release of cohesin. Interestingly it was previously shown that WAPL
promotes opening of the SMC3/RAD21 interface?. Our further observation that atypical E2Fs
can induce cohesion loss also in the absence of WAPL would support the model that atypical
E2Fs and WAPL might act at opposite ends of the RAD21 protein to open up cohesin rings.

Moreover, our results showed that atypical E2Fs did not affect cohesin levels on chro-
matin during S- or G2-phase, although this is when their expression levels peak. During S
phase, cohesin is stabilized by acetylation and protected by Sororin, forming sister chromatid
cohesion?®. This could also explain why atypical E2Fs would not be able to facilitate cohesin
release before the start of mitosis.

Our finding that two E2F transcription repressors have a non-canonical effect on cohesin
release is unexpected, and raises the question why mammalian cells would combine these
two different functions in one protein. Given that E2F7/8 bind to hundreds of cell cycle genes,
which are highly expressed during S and G2-phase, it would place them physically close to
sites of sister chromatid cohesion, where E2F7/8 can facilitate release during prophase. We
propose that E2F7/8 by this proximity exerts its non-canonical activity, which in turn enables

the formation of the archetypal X-shape of mitotic chromosomes.
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MATERIALS AND METHODS

Cell culture, transfection and cell line generation

Hela, RPE1-hTERT, and HEK293T cell lines were purchased from ATCC and cultured in DMEM
(41966052; Thermo Fisher Scientific) containing 10% fetal bovine serum (11550356; Fisher
Scientific).

Tet repressor-expression Hela inducible cell lines (Hela/TO) were generated as previous-
ly described in 3 0.2 pg/ml doxycycline (D9891, Sigma-Aldrich) was added to induce protein
overexpression. The generation of E2F7/8 double knockout RPE cell lines and confirmation
of successful depletion were described in*. Histone H2B-iRFP expressing Hela cell line was
produced by infecting Hela cells with H2B-iRFP containing lentiviral particles made with the
third generation packaging plasmids in HEK cells. PLentiPGK DEST H2B-iRFP670 plasmid was
purchased from Addgene (#90237). Equal expression of H2B-iRFP cells were sorted with flow
cytometry for live cell imaging.

Transfection in HEK cells was performed by mixing 130 pg/ml PEI (polyethylenimine,
23966, Polysciences) with plasmids (15 pg) at a ratio of 1:1 in serum free DMEM medium.
After 15 minutes incubation at room temperature, mixture was added to cells and wait 6
hours prior to refreshing with fresh medium. siRNA was transfected at a final concentration
of 10 nM with RNAIMAX (13778075; Thermo Fisher Scientific) in cell culture well with ~50%
confluency of cells.

Mass spectrometry

To prepare samples for SILAC, Hela/TO cell lines were pre-cultured with Heavy/Light medium
for two weeks to incorporate isotopically labelled lysine (K8, 282986440, Silantes) and argi-
nine (R10, 282986404, Silantes). EGFP-tagged E2F7 and -8 were induced to express with dox-
ycycline for 16 hours. Then cells were lysed with RIPA buffer (50 mM Tris-HCI, 150 mM NaCl,
1 mM EDTA, 0.25% deoxycholic acid, 1% Nonidet-P40, 1 mM NaF and NaV,0,, and protease
inhibitor cocktail (11873580001, Sigma Aldrich)), and subjected to EGFP immunoprecipita-
tion. Detailed treatment of precipitated proteins prior to mass spectrometry and analysis of
the raw data were described in our previous study?®’.

Protein purification and in vitro interaction assay

GST tagged human E2F7b and E2F8 were expressed and induced in BL21 competent E. coli
cells. 6x His tagged cohesin proteins were expressed and induced in BL21 (DE3) competent E.
coli cells. 0.5 mM IPTG was used to induce protein expression.

For protein interaction in vitro assay, GST and GST tagged E2F7 and -8 were purified with
Glutathione sepharose (GE17-0756) from 10 ml cell suspension. Then GST tagged proteins
were incubated with ~10 pg 6x His tagged cohesin proteins purified with a Ni-NTA spin kit
(31314, QIAGEN) overnight. Next day, Glutathione Sepharose was washed three times with
washing buffer (50 mM Tris pH7.7, 150 mM KCl, 0.1% Triton X-100, 1 mM DTT) prior to being
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suspended in 1x SDS loading buffer.

Generation of chromosome spreads

Hela cells were treated with nocodazole (200 ng/ml) for 3 hours to capture them in pro-
metaphase. Cells were washed, trypsinised, and spun down. Supernatant was discarded, and
pellets were resuspended. 1 ml 0,075 M KCI (37°C) was added while shaking constantly, and
then kept at 37°C for 15 minutes. 500 pl methanol: acetic acid (3:1) fixative was added, and
samples were centrifuged (5 minutes, 2000 rpm). Supernatant was removed, and fixative was
carefully added to the pellets, followed by 20 minutes incubation at room temperature. Sam-
ple was spun down (5 minutes, 2000 rpm), and fixation procedure was repeated twice. After
the last centrifuge step, pellets were resuspended in a 200 pl volume of fixative. Drop three
drops (15-20 pl) from £30 cm height on clean microscope slides and let dry. Coverslips were
mounted on slides using Fluoroshield mounting medium containing DAPI (Sigma, F6057). Im-

ages were taken using a Leica TCS SPE-Il confocal microscope and analyzed using Fiji software.

Fluorescence in situ hybridization (FISH)

FISH was performed as previously described?. In short, chromosome spreads were hybrid-
ized with probes for a-satellite regions on Chr16p13 (green) and Chrl6p22 (red). Measure-
ments of inter-chromosomal distances were done with Slidebook software.

Immunoprecipitation and immunoblotting

Cells were washed with 1X PBS twice and collected by scraping. Cell pellets were lysed with
RIPA buffer for 30 minutes and supernatant was collected for a standard SDS-PAGE or immu-
noprecipitation. Antibodies used and dilution are listed in table S2.

For immunoprecipitation, cell lysate supernatants were cleared up with 20 ul Protein G
Plus/Protein A agarose suspension (IP05-1.5, Calbiochem) firstly. For EGFP and GST immu-
noprecipitation, 20 ul GFP-Trap resin (gta-20, Chromotec) or Glutathione sepharose (GE17-
0756) were added into cleared supernatant and incubated for 1 hour. For Flag and HA, 2 ug
antibody was added to cleared supernatant and incubated overnight. Then, 20 ul Protein G
Plus/Protein A agarose were added and incubated for 1 hour. After the pull-down, the above
beads were washed three times with RIPA buffer and PBS before proceeding to SDS-PAGE
immunoblot.

Chromatin fractionation

Three million cells were collected and lysed with 200 ul buffer A (10 mM HEPES, 10 mM KCl,
1.5 mM MgCl,, 0.34 mM Sucrose, 10% glycerol, 1 mM DTT, 1x protease inhibitor cocktail) plus
extra 0.1% Triton X-100 for 5 minutes on ice. Centrifuge at 1500 g for 4 min. The supernatant
containing cytoplasmic proteins and the pellet containing the nuclei were then processed
separately for protein isolation. The nuclei were washed with buffer A once and lysed with
200 ul buffer B (the elements of buffer A plus 3 mM EDTA and 0.2 mM EGTA) on ice for
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10 min. The supernatant contained free nuclear proteins and the pellet contained chroma-
tin-bound proteins. The chromatin fraction was washed twice with buffer B and suspended
in 1 x SDS loading buffer for SDS-PAGE.

Immunofluorescence and live imaging

Cells were plated over cover slips (5 mm) and treated under desired conditions as indicated.
By collecting, cells were washed with 1x PBS once and then fixed with 4% PFA at room tem-
perature for 20 minutes. The PFA was discarded and the cells were washed with PBS twice.
PBS containing 0.1% Triton X-100 was added and incubated for 20 minutes to permeabilize
the cells. The coverslips were washed with PBS twice, dried and mounted on glass slides us-
ing Fluoroshield mounting medium containing DAPI (Sigma, F6057).

For live cell imaging, 25 thousand Hela cells containing RFP-H2B were plated in 4-well
CELLview culture dishes (627975, Greiner) one day ahead prior to siRNAs transfection.
Twenty-four hours after siRNA transfection, cells were treated with 0.2 mM thymidine for
16 hours. Cells were subjected to imaging after 8 hours of thymidine release. Images were
acquired every 3 minutes for 6 hours on a Nikon A1R-STORM microscope using a 10x objec-
tive in a humidified chamber at 37°C, 5% CO,. Cell tracking was performed manually with NIS
Elements software.

Quantification and statistical analysis
Immunoblots, immunoprecipitation, chromosome spreads, immunofluorescence and FISH
were repeated three times unless otherwise stated in the figure legends.

Statistical analyses were done by Kruskal-Wallis One Way Analysis of Variance on Ranks
and Dunnett’s Method for multiple comparisons for Fig 3B and 4E. Student’s t tests were
done for Fig S3E and S3C. * P < 0.05, ** P <0.01, *** P < 0.001. Sample sizes and other exper-

iment-specific statistical details are described in the figure legends.
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SUPPLEMENTARY MATERIAL

Table 1: Antibodies for immunoblotting

Name Company Cat#t Dilution
GFP Abcam AB6673 1:1000
Flag Sigma-Aldrich F3165 1:3000
HA Biolegend 16B12 1:3000
E2F7 Santa Cruz SC-66870 1:1000
E2F8 Abcam 109596 1:1000
y-tubulin Sigma-Aldrich T6557 1:1000
SMC1A Bethyl A300-055A 1:1000
SMC3 Bethyl A300-060A 1:1000
RAD21 Sigma-Aldrich 05-908 1:1000
GST Santa Cruz sc-138 1:3000
WAPL Santa Cruz sc-365189 1:1000
H2B Cell signaling 8135 1:1000

86




Atypical E2Fs interact with SMC1

P
A N A
<<"@6 <“§D
¢ &
NAalN\s oF

| e

HA-IP
- HA

| — — -| SMC1

Input ‘

w— HA
10 20 30 40 50
B cLTHNEL: spraTrLEE
PDRNPITPVKEP
I ENKEBAF VNS
YPLSTEKT
201 SRVAKNGYGWHEGRHSsHEKEE
1 Bl ERRKDGSPDPRDPHLLDOFSEADSY
o [Msxr e v EEEE @@ esaoTro
® K EERG FKWI GFVD s
s HEH KV s s
T Asi LprPALsMODBENcVvKPLAQPVESYVA S0
1 @TDLPFPAFS v AASDTENLKPALLAGAQPLVYVPSTAQLF 50
%51 MLYGSVAQE L] opveapoLsv T ESAGKREEeerRDPQEEED 0
1. v PS88S8STDLAGPYVTMGNG P | o0
851 v GNPARNPODTE NEN T ¥ "o
01 T TVAPSPAQLP vVPEC B F 750
781 H PMNFGLSTLA HiLE P P 800
ot N GSHGVI HPES VRH s [l o0
&1 T GDPVFRRKER RNT 8 %0
001 004
10 20 30 40 50
Strand [ Hetix Caoil [ visordered
[ | pisorderea, protein binding [ Putative Domain Boundary [l Membrane Interaction [ Transmembrane Helix
] Extraceliuiar [l Re-entrant Helix Cytoplasmic ‘Signal Peptide
10 2 30 50
(& i men@KENLFSEPHKRGLMKS P | Y |
GLS
YPN
RLAKNRYTWHGRH
KSCGI EDHVI KSH
MEFTMs tral EDHV 300
BlLoL!I KKVHVTEERGRKPAFKWTGPEI 350
KENERKNLES T NEEE
EssaNsPPVEN E @ 40
LDPTVNTELEL 1P 50
LeaPAQAQMLTEP N A 550
LaraBlErHcacx M| 600
PTPTPLFP SO VD es0
I PYASSELTAV 3lE "™
NPSSAI VNFTL HE ™
RATNHDSPVLG B o
TKPTSSPYTDF BE %
860
10 20 20 40 50
Strand [ Helix Caoil []bisorderea
Dnmmmmnmlnu [ Putative Domain Boundary [ | [ | Helix
1 Extraceliular [ Re-entrant Helix Cytoplasmic Signal Peptide

Figure S1. SMC1 binds atypical E2Fs via helix-rich domains. A. HA immunoprecipitation showing the interac-
tion between the indicated E2F7 fragments and endogenous SMC1. B. Predicted secondary structure of mu-
rine E2F7 via an online platform developed by UCL Department of Computer Science. C. Predicted secondary

structure of murine E2F8.
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Mus E2F7

Mus E2F8

Figure S2. AlphaFold structure prediction of E2F7 and E2F8 protein. A. Overview of full murine E2F7 protein
structure predicted in AlphaFold Protein Structure Database developed by Deepmind and EMBL-EBI. Predicted
winged-helix formed between aa264-552 is marked with the green dashed circle. pLDDT corresponds to the
model’s prediction of its score on the local Distance Difference Test (IDDT-Ca). B. Overview of full murine E2F8
protein structure predicted in AlphaFold Protein Structure Database. Predicted winged-helix formed between

2a243-541 is marked with the green dashed circle.
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Figure S3. Loss of atypical E2Fs loss has no apparent effect on cohesin levels on chromatin in interphase.
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Figure S3. Loss of atypical E2Fs loss has no apparent effect on cohesin levels on chromatin in interphase. A.
Quantification of chromosome spreads from RPE E2F7/8°© and wild type (WT) cells (two clones showed for
each genotype). B. Protein levels of SMC1 on chromatin in RPE E2F7/8"° cells (clone #1 and #2) at S and G2
phases respectively. Cells were first synchronized in early S phase with Hydroxyurea (2 mM) overnight and then
released for 3 hours to collect S phase cells and for 9 hours to collect G2 phase cells. H2B works as loading
control of chromatin fraction and y-tubulin for cytoplasm fraction. C. Detection of chromatin-bound SMC1 in
Hela cells at S and G2 phases respectively. Cells were transfected with siRNAs against E2F7 and E2F8. After 36
hours, Hydroxyurea (2 mM) was added. 16 hours later, cells were released and collected at indicated time.
D. Quantification of chromosome spreads after induction of E2F7 overexpression. E2F7-EGFP was induced
for 12 hours with doxycycline (200 pug/ml). Nocodazole (200 ng/ml) was added 3 hours prior to harvesting
mitotic cells. E. FISH staining of chromosome 16 with specific probes for 16p13 (green) and 16922 (red) in Hela
cells with wild type E2F7 induction, and quantification of distances between sister chromatids. Measures of
inter-chromosomal distances were performed with Slidebook analysis software. Three independent replicates,

with at least 50 measurements per condition, were performed.
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Figure S4. Atypical E2Fs deficiency has no notable effect on chromosome segregation. A. Interaction between
atypical E2Fs and WAPL in vitro. GST and GST-tagged E2F7 and E2F8 were pulled down with GST resin from
E.coli cell lysates, and incubated with ~10 pg 6His-tagged WAPL overnight. Immunoblotting was then per-
formed. B. Test the interaction between SMC3 and WAPL in RPE E2F7/8°%° cells. Wildtype and E2F7/8 knock-
out cells were lysed with RIPA buffer and incubated with 1 ug SMC3 primary antibody overnight. Next day,
Protein A/G agaroses beads were added and incubated for 1 hour prior to immunoblotting. C. Quantification
of chromosome mis-segregation in Hela cells transfected with indicated siRNAs. Thirty-six hours after siRNA
transfection, CDK1 inhibitor (RO-3306) (7.5 uM) was added to synchronize cells in G2 phase. After another 16
hours, cells were released for 1 hour to collect anaphase cells. D. Immunoblots showing the knockdown of

E2F7, E2F8 and WAPL in C).
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ABSTRACT

Amplification of the E2F3 locus is one of the most common somatic gene alterations in blad-
der cancer . E2F3 amplification was also reported to positively associate with the advanced
progression of bladder cancer, though the underlying mechanism is still not clear. Here, we
show that patients and bladder cancer cell lines with E2F3 amplification display elevated
expression of a replication stress gene signature compared to tumor biopsies and cell lines
with normal copy numbers. Furthermore, we found that inducible overexpression of E2F3 in
bladder cancer cell lines caused replication stress, DNA damage, and even increased genome
instability as measured by micronuclei formation. We show that E2F3 overexpression caused
an imbalance in nucleoside metabolism, most likely due to excessive dNTP synthesis, and
that suppletion with exogenous nucleosides could rescue this replication stress phenotype.
Moreover, we show that E2F3 overexpression sensitizes bladder cancer cells to drugs that
target the intra-S-phase checkpoint, such as ATR and WEE1 inhibitors. This indicates that
E2F3 amplification could serve as a biomarker to stratify patients with muscle-invasive blad-
der cancer who might benefit from the combinational treatment of first-line chemotherapeu-

tic drugs and intra-S-phase checkpoint inhibitors.
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INTRODUCTION

In mammalian cells, the CDK-RB-E2F signaling pathway is the main driver of cell cycle en-
try and DNA replication. In G1 phase, phosphorylation of the retinoblastoma protein (RB)
by CDK4/6-cyclin D complexes releases E2F activators, E2F1-3, allowing them to bind to the
promoter of target genes and upregulate their expression®. Among the E2F target genes,
CCNE1 and CCNE2 (which encode two isoforms of cyclin E) and FBXO5 (which encodes Emil)
are well-known to facilitate the G1/S transition?, while MCM2-7, CDC6, CDT1 and ORC are
necessary for DNA synthesis®. Hence, the CDK-RB-E2F axis is highly regulated in normal cells
to avoid unscheduled cell cycle entry and the formation of cancers. Indeed, RB1 and CDKN2A
(which encodes the CDK inhibitor P16™%**) are tumor suppressor genes that are commonly
mutated or lost in cancer. Furthermore genes encoding cyclin D or cyclin E proteins are am-
plified in many cancers, and act as oncogenes. The amplification of genes encoding activating
E2Fs is less common, but intriguing, E2F3 locus amplification was observed in up to 21% of
patients with muscle-invasive urothelial carcinoma*®. Amplification of E2F3 is also relative-
ly frequent in retinoblastoma and melanoma®’. Previous studies showed that depletion of
E2F3 in bladder cancer cells harboring E2F3 amplification impaired DNA replication and pro-
liferation, indicating that ectopic E2F3 protein levels provided a growth advantage to tumor
cells and thereby contributed the development of bladder cancer®. Because E2F3 is of great
importance for normal cellular proliferation as well® it is difficult to elucidate the role of E2F3
amplification on bladder tumorigenesis only by knockdown or knockout of E2F3. Previous
work showed that E2F3 amplification typically co-occurs with loss of RB function'?, suggesting
that these two oncogenic alterations synergize to override the G1/S checkpoint. However, we
recently showed that inducible overexpression of E2F3 in non-transformed epithelial cells
caused defect in cell cycle exit during G2 after the induction of DNA damage®*. This indicates
that the consequences of E2F3 amplification on proliferating cancer cells could extend be-
yond a G1/S checkpoint defect.

DNA replication stress (RS) can be defined as events that cause stalling and/or collapse
of DNA replication forks'?. Accumulating evidence shows that overexpression of oncogenes
such as RAS, MOS, MYC, CCNE and CDC25A is sufficient to induce RS in cultured cells, and
various underlying mechanisms have been described®. For example, increased global tran-
scriptional activity, and conflicts between progressing replication forks and transcription ma-
chinery can be observed in HRASY*? -induced RS*'11%. Similar phenotypes were also observed
in cancer cells with cyclin E overexpression, where increased replication initiation and tran-
scription led to RS*. Furthermore, cyclin E overexpression causes a decrease in dNTP pool,
which is another source of RS*. Following oncogene-induced RS, the ATR/CHK1 pathway be-
comes active and suspends DNA synthesis, which can result in cell cycle arrest or senescence
if the damaged replication forks cannot be recovered in a timely manner!?. However, RS is

not only detrimental to tumor proliferation, as it can lead to genetic variation that could
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drive tumor evolution®. RS can cause DNA damage, which leads to genomic instability if not
repaired properly.

Here, we reveal that E2F3 overexpression causes premature S-phase entry in bladder
cancer cells, leading to replication stress, ATR/CHK1 activation and DNA damage. As a con-
sequence, we observed that E2F3 overexpression caused micronuclei formation, suggesting
genomic instability. We provide evidence that this increased RS is triggered by deprivation
of the nucleoside pools and reduced rates of gene transcription during S-phase. Lastly, we
discover that E2F3 overexpression can sensitize bladder cancer cells to three different intra-
S-phase checkpoint inhibitors, which are currently being tested in clinical trials. Therefore,
we propose that E2F3 amplification could serve as a potential biomarker for future clinical
treatment of patients who could benefit from these checkpoint inhibitors.

RESULTS

E2F3 amplification causes overexpression of E2F target genes and cell cycle defects.

The chromosome 6p22 locus, which encodes the E2F3 gene, is frequently amplified in human
bladder cancer. To investigate the potential consequences of this amplification, we sought to
analyze the transcriptomic differences between patients with intact E2F3 and patients with
E2F3 amplification. To this end, we analyzed the RNA-sequencing data from the muscle-in-
vasive bladder cancer (BLCA) patients of The Cancer Genome Atlas (TCGA) and examined
the differentially expressed genes (DEGs) between patients with and without £2F3 amplifi-
cation. The tumors with amplified E2F3 showed over 2200 significantly upregulated genes
(Supplementary Table 1). E2F3 was among the most strongly upregulated genes, confirming
that E2F3 copy number gains in bladder cancer biopsies are accompanied with enhanced
expression of E2F3 (Fig S1A).

Importantly, these gene expression differences are not biased by clinical variables such
as the distribution of cancer types and tumor stages (Fig S1B and C). Then, we analyzed the
key biological processes represented by the DEGs using gene set enrichment analysis (GSEA).
Genes upregulated in E2F3-ampified bladder tumors displayed marked enrichment for multi-
ple pathways associated with the cell cycle, such as “G2/M checkpoint” and “E2F targets” (Fig
1A). Downregulated transcripts (in total 2044) were mainly involved in processes related to
innate immune responses and inflammation, but also P53 (Fig 1B). Hence, E2F3 amplification
affects different cellular processes during bladder cancer development, but the most promi-
nent effect is induction of E2F targets and other cell cycle genes.

To study in a more controlled setting the physiological consequences of E2F3 ampli-
fication, we introduced a lentiviral doxycycline-inducible E2F3A overexpression system into
two E2F3-intact bladder cancer cell lines, T24 and UMUC3. The E2F3A construct was fused
to an mTurquoise2 fluorescent tag (Fig S1D). Given the effects of E2F3 amplification on ex-
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pression of cell cycle genes, we investigated the effect of E2F3 ectopic expression on cell pro-
liferation in our E2F3 inducible cell lines. Because E2F3 is a key activating factor during G1/S
transition, we first investigated if inducible overexpression of E2F3 accelerated S-phase entry.
To this end, we arrested T24 cells in G1 phase with the CDK4/6 inhibitor Palbociclib and then
released them from this block after 4 hours of E2F3 induction. We verified that 4 hours of
doxycycline was sufficient to cause a robust induction of the E2F3 overexpression construct
(Fig S1E). Cells were incubated with the thymidine analog 5-ethynyl-2’-deoxyuridine (EdU)
and collected at different time points after Palbociclib release to track S-phase entry and
cell cycle progression (Fig 1C). Consistent with its role as transcriptional activator of S-phase
genes, E2F3 induction accelerated the entry of S phase (Fig 1C). In line with this, gPCR on
synchronized G1 cells (6 hours after a nocodazole release) showed that E2F3 overexpression

significantly promoted the expression of genes involved in replication origin licensing and fir-
ing in G1 cells (Fig S1F and G). When we performed DNA content analysis after the Palbociclib
release, we noticed that after 24 hours an increased fraction of E2F3-overexpressing cells was
still stranded in G2/M phase compared to control cells (Fig 1D and E). This suggests a delay in
G2/M progression after E2F3 overexpression. Accordingly, we also observed that cell prolifer-
ation was significantly impaired after 3 days of continuous E2F3 induction by doxycycline (Fig
S1H). Collectively, these data show that E2F3 overexpression in bladder cancer cells causes

an acceleration in S-phase entry, which is offset by longer G2 duration.

Figure 1. E2F3 amplification causes overexpression of E2F target gens and cell cycle defects. A. Bar graph
showing the pathways that upregulated genes from E2F3-amplified patients involve in. Black dotted lines in-
dicates p-value of 0.05. B. Bar graph showing the pathways that downregulated genes from E2F3-amplified
patients involve in. Black dotted lines indicates p-value of 0.05. C. Experimental work scheme and representa-
tive flow cytometry plots showing EdU incorporation in T24 cells released from Palbociclib (1 uM). Quadrangle
inset indicates the Annexin V positive cells. Doxycycline was added 4 h prior to Palbociclib release. Cells were
collected at indicated time points. Plot on the right shows the quantification of EdU positive cells from two
separate experiments. ¥*P<0.05 (unpaired two-tailed t-test). D. Representative cell cycle profile at indicated
time points in T24 cells released from Palbociclib (1 uM) with or without E2F3 induction. E. Quantification of
G2/M phase cells after 24 h release from Palbociclib with E2F3 induction in T24 cells. *P<0.05 (unpaired two-

tailed t-test).
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Figure 1. E2F3 amplification causes overexpression of E2F target genes and cell cycle defects.
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E2F3 overexpression causes replication stress.

Previously, it was revealed that aberrant activation of RB-E2F pathway by HPV-16 E6/E7 or cy-
clin E oncogenes caused replication stress and led to genome instability®. Given the delayed
G2-M transition in E2F3-overexpressing bladder cancer cells, we wondered if E2F3 amplifica-
tion might also be able to override the G1/S checkpoint and induce RS, thereby slowing cell
proliferation. For this reason, we performed DNA fiber assays, in which cells were sequential-
ly pulse-labeled with the thymidine analogs chlorodeoxyuridine (CldU) and iododeoxyuridine
(IdU) for 20 min each, followed by DNA fiber spreading. CldU and IdU were detected by
immunostaining using specific antibodies. After 2 days of E2F3 induction, a clear reduction
in replication fork speed was observed in both T24 and UMUC3 cells by measuring the I1dU
fiber tract lengths (Fig 2A and B). In response to RS, cells activate ATR, which subsequent-
ly phosphorylates Chk1 at serine 345, to stabilize replication fork and delay cell cycle pro-
gression®®. Indeed, western blotting for phosphorylated Chk1 (S345) in T24 and UMUC3 cells
showed that the ATR/Chk1 pathway became active after 1 day of E2F3 overexpression and
remained active for the duration of the 3 days exposure to doxycycline (Fig 2C and D). In line
with E2F3-induced replication stress and Chk1 activation, the DNA damage marker yH2AX
increased over time. Oncogene-induced replication stress and DNA damage can lead to ge-
nomic instability’®. A widely used marker of genome instability is micronuclei, which contain
the acentric DNA fragments due to mis-repaired DNA damage or chromosome mis-segrega-
tion during anaphase?. Likewise, we found that E2F3 induction caused a three-fold increase
in cells containing micronuclei (Fig 2E). Overall, the data above suggest that E2F3 overexpres-

sion impairs DNA replication and induces genome instability.
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Figure 2. E2F3 overexpression causes replication stress. A. Representative DNA fibers counted and quantifica-
tion of replication fork speed in T24 cells with or without 48h E2F3 induction. Quantification here shows one
of two separate experiments. Crossbars represent median values per condition. B. Representative DNA fibers
counted and quantification of replication fork speed in UMUC3 cells with or without 48h E2F3 induction. Cross-
bars represent average values per condition. C. Blotting showing the levels of indicated proteins after 1 day, 2
days and 3 days of E2F3 induction in T24 cells. D. Blotting showing the levels of indicated proteins after 1 day,
2 days and 3 days of E2F3 induction in UMUCS3 cells. E. Representative nuclear with or without micronuclei and
quantification of micronuclei in T24 cells with 48 h E2F3 induction. 150 cells were counted for each condition

and repeated twice. Inset shows an enlarged nuclear. Scale bar, 20 um. *P<0.05 (unpaired two-tailed t-test).
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Ectopic E2F3 induces the expression of replication stress signature genes

We then asked if E2F3 amplification and overexpression causes DNA replication stress in vivo.
To answer this question, we studied if E2F3 amplification affected expression of a recent-
ly published RS gene signature consisting of CSORF33, DDX27, MOCS3, NAT10, MPP6, and
ZNF48%. First, we determined the mRNA levels of the six RS signature genes after inducible
E2F3 overexpression in T24 bladder cancer cells. Consistent with the RS phenotype we ob-
served before, E2F3 induction led to the increase in expression of RS signature genes (Fig 3A).
Then, we calculated the RS signature scores for E2F3-ampified versus non-amplified (intact)
bladder cancer biopsies in the TCGA dataset. Interestingly, despite substantial inter-patient
heterogeneity in this dataset, the E2F3-amplified group showed significantly higher RS signa-
ture scores (Fig 3B and S2A). To further verify that RS signature gene expression correlates
with E2F3 amplification, we also tested the mRNA levels of these RS signature genes in a
panel of bladder cancer cell lines, three of which harbor E2F3 amplifications. When com-
paring the average z-scores of the combined six RS signature genes, E2F3-amplified cell lines
showed a significant increase (Fig 3C). When comparing the individual RS signature genes
only MPP6 increased significantly in E2F3-amplified cells (Fig S2B). This may be ascribed to
the fact that only two of the three cell lines with E2F3 amplification (5637 and HT-1376)
showed consistently increased expression of the signature genes, while the third cell line
(TCC-SUP) showed an intermediate phenotype, with upregulation of two of the six genes in
the RS signature (Fig S2C). This variation appeared to be caused by differences in E2F3 pro-
tein expression levels, because immunoblotting showed that the protein levels of E2F3 were
markedly higher in 5637 and HT-1376 cells than the TCC-SUP cells (Fig S2D).

As replication stress compromises the integrity of DNA replication and impacts on chro-
mosome segregation at mitosis, we analyzed the effect of E2F3 amplification on genomic sta-
bility in bladder cancer patients from the TCGA dataset. Expectedly, patients with amplified
E2F3 present higher levels of mutation counts and aneuploidy (Fig 3D and E). Collectively,
our data demonstrate that E2F3 overexpression due to gene amplification causes replication
stress in bladder cancer patients and bladder cancer cell lines.

E2F3-induced replication stress can be relieved by nucleoside suppletion.

Next, we asked how E2F3 overexpression induced RS. Previous work showed that increased
replication initiation and global transcriptional activity mediated cyclin E-induced RS*. E2F3
activation is downstream from RB hyperphosphorylation by cyclin/CDK complexes during
late G1-phase and in turn E2F3 upregulates the level of cyclin E transcriptionally. Hence, we
reasoned that E2F3 overexpression could induce RS in a similar fashion as cyclin E overex-
pression.
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Figure 3. Ectopic E2F3 induces the expression of replication stress signature genes. A. The expression of RS
signature genes in T24 cells after 1, 2 and 3 days of induction. *P<0.05, **P<0.01, ***P<0.001 (unpaired two-
tailed t-test). B. Dot plot showing the replications stress (RS) scores in sub-groups of bladder cancer patients
as indicated. The RNA-seq expression data of patients is retrieved from TCGA. RS scores represent the average
value of the six RS signatures gene expression. C. RS scores of eight bladder cancer cell lines divided into E2F3
intact and amplified groups. *P<0.05 (unpaired two-tailed t-test). D. Dot plot showing the mutation counts in
sub-groups of bladder cancer patients as indicated. This data of patients is retrieved from TCGA. ***P<0.001
(Wilcoxon test). E. Dot plot showing the aneuploidy score in sub-groups of bladder cancer patients as indicat-
ed. This data is retrieved from TCGA. The aneuploidy score reflects the total number of chromosome arms with

arm-level copy-number alterations in a sample. ***P<0.001 (Wilcoxon test).
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We therefore analyzed replication origin firing rates by counting the incidence of new-
ly fired DNA tracts. Three types of DNA tracks were considered: termination, on-going and
origin firing (Fig 4A, inset). This analysis showed a substantial increase in the percentage of
newly fired origins (Fig 4A) and decrease in on-going tracks (S3A) in the E2F3-overexpressing
cells. Deprivation of deoxynucleotide (dNTP) pool was proposed to underlie the RS following
ectopic origin firing, which could be rescued by exogenous supply of nucleosides?®. To verify
if this is also the case in bladder cancer cells with E2F3 overexpression, we supplied T24 cells
with additional nucleosides (adenosine, guanosine, cytidine, and thymidine) and measured
replication fork speed. This experiment showed that nucleoside supply indeed rescued the
defects in replication fork speed and origin firing rates caused by E2F3 overexpression (Fig 4B
and C). Moreover, nucleoside suppletion reduced DNA damage, as seen with yH2AX immu-
noblotting. (Fig 4D).

To verify that nucleotide pools are indeed depleted in E2F3-overexpressing cells, we
measured nucleosides, nucleotides, and their precursors in T24 cells with or without 48
hours of E2F3 overexpression. Surprisingly, we did not observe a decrease but instead a
consistent increase of all dNTPs in E2F3-overexpressing cells (Fig S3B). This strongly argues
against a dNTP shortage being the prime cause of replication stress. However, the concen-
trations of the nucleosides adenosine, guanosine, cytidine, and thymidine were non-signifi-
cantly but consistently reduced after E2F3 overexpression (Fig. S3C). As nucleosides are not
only used for dNTP synthesis, but also as building blocks for mRNA synthesis, we wondered
if E2F3 overexpression caused a change in global transcription. Therefore, we first measured
the global transcription by quantifying nascent RNA synthesis after pulsing cells with the
RNA-specific labeled nucleoside 5-ethynylurideine (EU) for 1 hour. As expected, the global
RNA synthesis increased after 24 hours of E2F3 induction (Fig. 4E). However, transcription is
elevated in cycling versus non-cycling cells, and the percentage of cycling cells was increased
after E2F3-induction (Fig. 1C and D). Therefore, when we specifically quantified the nascent
RNA synthesis in S phase cells (IdU positive), and observed a significant decrease of EU in-
tensity after E2F3 induction (Fig. 4F). We postulate that E2F3 overexpression causes a shift
in nucleoside metabolism that promotes the formation of deoxyribonucleotide (dNTP) but
reduces ribonucleotide (NTP), thereby lowering transcription rates to favor DNA replication.
This would in turn result in transcription-replication conflicts and replication stress.

Overall, the data above show that oncogenic E2F3 causes an imbalance in nucleoside
and nucleotide metabolism, leading to reduced transcription during S-phase and excessive
replication origin firing. Exogenous nucleoside suppletion can rescue E2F3-induced replica-
tion stress.
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Figure 4. E2F3-induced replication stress can be relieved by nucleoside suppletion.
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Figure 4. E2F3-induced replication stress can be relieved by nucleoside suppletion. A. Quantification of fired
origins in T24 cells with 2 days of E2F3 induction. Three kinds of fibers were included in the quantification and
presented here. Data from two separated experiments are pooled. *P<0.05 (Mann-Whitney Rank Sum test). B.
Quantification of replication speed in T24 E2F3 inducible cells. Cells were treated with doxycycline for 2 days,
and simultaneously exogenous nucleosides (200 nM) were supplied or not. Nucleosides were refreshed daily.
*P<0.05, ***Pp<0.001 (Mann-Whitney Rank Sum test). C. Quantification of fired origins in T24 cells treated as
B). Three kinds of fibers were included in the quantification and presented here as in A). Data from two sepa-
rated experiments are pooled. *P<0.05 (Mann-Whitney Rank Sum test). D. Blotting showing the expression of
indicated proteins in T24 E2F3 inducible cells treated as B). E. Quantification of EU incorporation in T24 cells.
Cells were induced with doxycycline for 24 h and EU (1 mM) was added 1 h prior to collection. The intensity of
EU staining was measured with Image J. Pictures on the right present the EU staining in cells with or without
doxycycline addition. ***P<0.001 (Mann-Whitney Rank Sum test). F. Representative co-staining of EU and
IdU in T24 cells. Cells were induced with doxycycline for 24 h. EU (1 mM) and IdU (250 pM) were added 1 h
and 20 min prior to collection, respectively. Plot on the right shows the intensity of EU staining. ***P<0.001

(Mann-Whitney Rank Sum test). Scale bar, 20 um.

E2F3 overexpression induces G2/M arrest and sensitizes cells to checkpoint inhibitors

Oncogene-induced replication stress causes cancer cells to rely heavily on the intra-S-phase
checkpoint®. Thus, we hypothesized that E2F3-overexpression could sensitize bladder cancer
cells to inhibitors of this checkpoint (ATR/CHK1/WEE1 inhibitors). To this end, we induced
E2F3 expression in both T24 and UMUC3 cells and concurrently treated them with individual
checkpoint inhibitors (ATR, CHK1, or WEE1) for 48 hours. E2F3 overexpression increased the
sensitivity to all of these checkpoint inhibitors (Fig. 5A and S4A). To exclude the possible
confounding effect of E2F3 overexpression slowing down cell proliferation, we calculated
the IC50s of the checkpoint inhibitors. Indeed, E2F3 overexpression consistently decreased
the IC50s of all three checkpoint inhibitors (Fig. 5B and S4B). Additionally, more apoptotic
cells were detected with E2F3 induction and CHK1 inhibition compared to treating cells with
CHK1 inhibitor alone (Fig. 5C). We also tested if E2F3 overexpression sensitizes bladder can-
cer cells to the first-line chemotherapeutic drugs cisplatin and gemcitabine?. However cell
viability assays did not show a synergistic effect of the combination of E2F3 activation and the
two chemo drugs (Fig. S4C). Together these data suggest that E2F3 overactivation sensitizes
bladder cancer cells to intra-S-phase checkpoint inhibition, implying a potential role for E2F3
amplification in better stratification of patients in future clinical trials to test these inhibitors.
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Figure 5. E2F3 overexpression sensitizes bladder cancer cells to checkpoint inhibitors. A. Representative plots
showing the viability of T24 cells after 48 h checkpoint inhibitors treatment with or without E2F3 induction.
MTT assay was performed to measure cell viability. B. IC50 detection for Prexasertib, Ceralasertib and Adavo-
sertib in T24 cells. Cells were treated with indicated drug for 48 h and simultaneously doxycycline was added.
MTT assay was performed to measure cell viability. *P<0.05, **P<0.01 (unpaired two-tailed t-test). C. Rep-
resentative flow cytometry plots showing the detection of Annexin V positive cells. T24 cells were exposed
to Prexasertib (5 nM) with or without doxycycline for 48 h. Annexin V staining was performed. Graph on the
right shows the quantification of Annexin V positive cells from two separate experiments. *P<0.05 (unpaired

two-tailed t-test).
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DISCUSSION

In this study, we established E2F3 inducible cell lines to mimic E2F3 amplification often seen
in bladder cancer patients and investigated the effect of ectopic E2F3 expression on DNA
replication dynamic and cell cycle progression. The data suggest that E2F3 overexpression
disturbs nucleoside and nucleotide metabolism, and causes replication stress and impairs
G2/M phase progression, while S phase entry is accelerated by E2F3 induction. Moreover,
E2F3 overexpression was able to sensitize cancer cells to checkpoint inhibitors, indicative of a
role of E2F3 amplification as a potential biomarker to stratify patients for checkpoint inhibitor
treatment.

E2F3 locus amplification has been thought to promote the malignancy of bladder cancer
through enhancing cell proliferation**?*, In line with this, depletion of E2F3 in E2F3-amplified
cell lines indeed reduces cell proliferation®. However, considering that E2F3 deficiency also
impairs normal cell cycle progression, it is impossible to simply assert that E2F3 amplification
contributes to cell proliferation. Here, using doxycycline-inducible E2F3 expression in bladder
cancer cell lines with normal copy numbers of the E2F3 locus, we notice that overexpressing
E2F3 impedes DNA replication fork progression and activates intra-S checkpoint. This is in line
with the findings observed in cells with aberrant activation of CDK-RB axis. For example, a
reduction in replication fork speed was detected in primary keratinocytes expressing the hu-
man papillomavirus oncogene E7, which targets RB protein. In addition, overexpressing cyclin
E in human fibroblasts also gave rise to slower replication and induction of DNA damages?®.
A similar phenotype was detected in U20S osteosarcoma cells with cyclin E overexpression®.
Moreover, it was reported that stabilized E2F3 in S/G2 phase led to ectopic expression of E2F
target genes in M phase, causing early S phase entry and subsequent replication stress®.
Similarly, following E2F3 upregulation in G1 phase, we found that S-phase entry is accelerat-
ed, while more cells are arrested in G2- or /M-phase later, resulting from replication stress
and accumulation of DNA damage.

Then how could E2F3 act as an oncogene in muscle-invasive bladder cancer? Onco-
gene-induced replication stress is like a two-edged sword. Although it hampers DNA replica-
tion progression, it is also a major source of genome instability®, which is a hallmark of can-
cer. The accumulation of genome instability is considered to drive cancer development and
observed already in precancerous lesions?. Increasing evidences show that dysregulation of
CDK-RB pathway can undermine genome integrity via interfering with DNA replication, such
as RB loss?’” and cyclin D/E upregulation?®?°, And additional gain in copy number of E2F1 and
E2F3 was demonstrated to cause hepatocellular carcinoma in mice®. Hence, we reason that
E2F3 amplification promotes the progression of bladder cancer in patients through impairing
genomic integrity, allowing for the subsequent selection of genomic alterations favoring in
tumor malignancy. For instance, E2F3 amplification was found to couple with RB loss in a
subset of bladder tumor-derived cell lines'. Considering that E2F3 amplification is more fre-
quently seen than RB deletion in bladder cancer patients®, it is likely that £2F3 amplification
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leads to RB loss via increased genome instability.

Replication stress has been seen as a vulnerable target for cancer treatment. But proper
markers to indicate the levels of replication stress are missing. And recently the outcome of
clinical trial where combination of ATR inhibitor and standard chemo drugs were tested in
bladder cancer patients, falls short3'. Hence, it might help to improve the efficacy of check-
point inhibitors by stratifying patients with biomarkers of replication stress. Indeed, a pre-
vious study has showed that overexpression of cyclin E or Cdc25A was able to enhance the
toxicity of ATR and WEE1 inhibitors in vitro®?. With our finding that E2F3 overexpression also
sensitizes cells to inhibition of ATR, CHK1 and WEE1, the mounting data supports the notion
that ectopic expression of replication stress-inducing oncogenes could be used as criteria to
select patients for treatments with checkpoint kinase inhibitors, including ATR, CHK1 and
WEE1.

Taken together, this study reports that E2F3 overexpression is able to induce replication
stress, and cell lines and patients harboring E2F3 amplification share the same replication
stress gene signatures with those containing other oncogenes, CCNE1, MYC and CDC25A. Fur-
thermore, we find that aberrant E2F3 expression can enhance the sensitivity of cancer cells
to checkpoint inhibitors, which sheds light on the necessity of stratifying patients with above

oncogenes amplification to improve the efficacy of checkpoint inhibitors.
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MATERIALS AND METHODS

Cell culture, cell line generation and reagent

HEK293T, TCC-SUP, HT1376, 5637, HT1197, T24, UMUC3, SW780 and RT4 cell lines were pur-
chased from ATCC. HEK293T cells were cultured in DMEM (41966052, Thermo Fisher Scien-
tific). TSS-SUP, HT1376, HT1197 and UMUC3 cells were cultured in EMEM (30-2003, ATCC).
5637 cells were cultured in RPMI-1640 (30-2001, ATCC). SW780 cells were cultured in Leibo-
vitz’s L-15 medium (30-2008, ATCC). RT4 and T24 cells were cultured in McCoy’s 5a medium
(30-2007, ATCC). All the forementioned media contain 10% fetal bovine serum (10500064,
Life Technologies). And cells were cultures at 37°, 5% CO,,.

T24 and UMUCS3 cell lines containing Tet Repressor and E2F3 were created using len-
tiviral transduction with the third-generation lentiviral packaging system as previously de-
scribed (Moreno et al., 2020). Briefly, HEK293T cells in 100 cm dish were transfected with 9
pg lentiviral packaging plasmids and 9 pg constructs of interest using 90 ug PEI (Polyethylen-
imine, 23966). E2F3 overexpression was induced by adding 200 ng/ml doxycycline (D9891,
Sigma Aldrich).

Gemcitabine (51714), Cisplatin (S1166), Prexasertib (S7178), Ceralasertib (S7693), Ada-
vosertib (51525) and Palbociclib (S1116) were purchased from Selleck chemicals. Nocodazole
(M1404) was from Sigma Aldrich. Nucleosides (adenosine (A4036), thymidine (T1895), cyt-
idine (C4654) and guanosine (G6264)) and hydroxyurea (H8627) were all purchased from
Sigma Aldrich.

Immunoblotting

Cells were washed twice with ice cold 1x PBS and collected by scraping and spinning. Cell pel-
let was lysed with RIPA buffer (50 mM Tris-HCI, 1 mM EDTA, 150 mM NaCl, 0.25% deoxycholic
acid, 1% NP-40, 1mM NaF, 1mM Na,VO, and protease inhibitor cocktail (11873580001, Sigma
Aldrich)) for 30 minutes on ice. Then supernatant was collected for a standard SDS-PAGE or
immunoprecipitation. Antibodies used in this study are listed in Table 1.

Immunofluorescence

Cells were plated over cover slips (5 mm) and treated under desired conditions as indicated.
By collecting, cells were washed once with 1x PBS and then fixed with 4% PFA at room tem-
perature for 20 minutes. The PFA was discarded and cells were washed with 1x PBS twice.
PBS containing 0.1% Triton X-100 was added and incubated for 20 minutes to permeabilize
the cells. The coverslips were washed with 1x PBS twice and blocked with 5% BSA for 30 min-
utes. Next, cells were stained with primary and secondary antibodies respectively, 2 hours at
room temperature. Lastly, cover slips were dried and mounted on glass slides using Fluoro-
shield mounting medium containing DAPI (Sigma, F6057).
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DNA fiber analysis

Cells were pulse-labeled with 25 uM CldU and followed by 250 uM for 20 minitues respective-
ly. DNA fibers were prepared as previously described (Benedict B, et al., 2018). Pictures were
taken with a Olympus BX51 fluorescence microscope under the 40x objective. The length
and quantification of number of different types of DNA tracks were manually analyzed with

Image) software. The track length was calculated using the conversion factor 1 um = 2.59 kb.

Quantitative PCR

RNA isolation, cDNA synthesis and quantitative PCR were performed as previously described
(Westendorp B, et al., 2012). Gene mRNA levels were determined using AAC, method for
multiple-reference gene correction (GAPDH, ACTIN, RPS18 were used). Primer sequences are
provided in Table 1.

EU incorporation assay

Cells were plated over cover slips and pulsed with 1 mM EU for 1 hour prior to collection. The
rest assay was performed according to the manufacturer’s instructions in the Click-iT RNA
Alexa Fluor 594 Imaging Kit (C10330, Invitrogen). Pictures were taken with a Olympus BX51
fluorescence microscope under the 40x objective. Image) was used to measure the mean
Alexa Fluor 594 fluorescence intensities.

Flow cytometry

For cell cycle analysis, cells were trypsinized and fixed with 1x PBS containing 70% Ethanol
in 4° overnight. Cells were washed twice with ice cold 1x TBS and resuspend with propidium
iodide (PI, P4170, Sigma Aldrich) staining buffer (20 pug/ml PI, 250 ug/ml RNase A and 0.1%
BSA). Samples were run on a BD LSRFORTESSA X-20 cell analyzer. For Annexin-V staining, cells
were trypsinized and stained according to the manufacturer’s instructions (A35110, Thermo
Fisher). For EdU incorporation assay, cells were pulse-labeled with 10 uM EdU for 1 hour prior
to collection. EdU staining was carried out according to the manufacturer’s instructions in the
Click-iT Plus EdU Alexa Fluor 647 assay kit(C10634, Thermo Fisher).

MTT assay

Cells were plated in 96-well plate and treated as desired. Cells were washed with 1x PBS once
and treated with full medium containing 5 mg/ml MTT (3-(4,5-Dimethylthiazol-2-yl, M6494,
Invitrogen) for 4 hours at 37°, 5% CO,. Medium containing MTT was discarded and 150 pl
DMSO was added. Samples were measured at the wavelength of 490 um with a Clariostar
Plus Microplate Reader. MTT conversion was plotted relative to the untreated cells in each
condition. Per experiment, five replicates per condition were included. Averages and stan-
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dard deviation of the five replicates were plotted.

Mass spectrometry

Cell pellets were extracted in 100 pL lysis buffer containing methanol/acetonitrile/dH20
(2:2:1). Samples were centrifuged at 16000g for 15 minutes at 4 °C to remove cell debris and
proteins and supernatants were collected for LC-MS analysis.

LC-MS analysis was performed on a Q-Exactive HF mass spectrometer (Thermo Scien-
tific) coupled to a Vanquish autosampler and pump (Thermo Scientific). The MS operated in
polarity-switching mode with spray voltages of 4.5 kV and -3.5 kV. Metabolites were sepa-
rated using a Sequant ZIC-pHILIC column (2.1 x 150 mm, 5 um, guard column 2.1 x 20 mm,
5 um; Merck) with elution buffers acetonitrile (A) and eluent B (20 mM (NH4)2C03, 0.1%
NH40H in ULC/MS grade water (Biosolve)). Gradient ran from 20% eluent B to 60% eluent B
in 20 minutes, followed by a wash step at 80% and equilibration at 20%. Flow rate was set at
100 pl/min. Analysis was performed using LCquan software (Thermo Scientific). Metabolites
were identified and quantified on the basis of exact mass within 5 ppm and further validated
by concordance with retention times of standards. Peak intensities were normalized based

on total ion count.

Statistical analysis

Immunoblots, immunofluorescence, MTT assay, DNA fiber assay, flow cytometry and qPCR
were repeated three times unless otherwise stated in the figure legends.

Statistical analyses were done by Pearson’s Chi-squared tests for Fig 2G and S1A. * P <
0.05, ** P <0.01, *** P < 0.001. Sample sizes and other experiment-specific statistical details
are described in the figure legends.
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SUPPLEMENTARY MATERIAL

Table 1: Antibodies used for immunoblotting
Name Company Catalog Dilution
GFP Abcam AB6673 1:3000
p-CHK1 (S345) Cell signaling 2348 1:1000
CHK1 Cell signaling 2360 1:1000
YH2AX Cell signaling 9718 1:1000
GAPDH Cell signaling 2118 1:1000
BrdU Abcam Ab6326 1:100
BrdU BD Biosciences 347580 1:300
E2F3 Santa Cruz sc-56665 1:1000

Table 2: qPCR primers

Gene Forward primer (5°-3’) Reverse primer (5’-3')

CDC6 AAACCCGATCCCAGGCACAG AGGCAGGGCTTTTACACGAGGAG
CDC45 CTTGAAGTTCCCGCCTATGAAG GCATGGTTTGCTCCACTATCTC
CDT1 CGTCCAGGACATGATGCGTAGG TTGAAGGTGGGGACACTGCG
DBF4 GGGCAAAAGAGTTGGTAGTGG ACTTATCGCCATCTGTTTGGATT
MCM5 ACACGGATGTAGGAGCTTCG ACACGGATGTAGGAGCTTCG
CCNE2 TTGGCTATGCGTGAGGAAGT TGCTCTTCGGTGGTGTCATA
C80ORF33 CAGAAGAAGTTCCCCTAAGCG TGCTCCAATAGCCTGCTCTTT
DDX27 AGGAGGCTGCGAAAAGTTAAG GGTTCCGATTAAGCCGAGGT
MOCS3 TGCCCGGATCAAACACCAG GGGACCGAGGAATCTTTGGG
MPP6 AGACTGGGACAATTCAGGACC GCATTTTGGCTACCTCCTCAT
NAT10 GCCTCTTGTAAGAAGTGTCTCG TCTTTTCAGAGATGCCCTCGAT
ZNF48 GATTGGACAAGAGGCCGACT TCACTCCCTAGACCTGTGCG
GAPDH CTCTGCTCCTCCTGTTCG GCCCAATACGACCAAATCC
ACTIN GATCGGCGGCTCCATCCTG GACTCGTCATACTCCTGCTTGC
RPS18 AGTTCCAGCATATTTTGCGAG CTCTTGGTGAGGTCAATGTC
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Figure S1. E2F3 amplification increases E2F3 protein levels and E2F-dependent transcription in G1 phase.
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Figure S1. E2F3 amplification increases E2F3 protein levels and E2F-dependent transcription in G1 phase.
A. Graph showing the E2F3 gene expression in bladder cancer patients with intact or amplified £2F3 loci. B.
Graph showing the distribution of tumor stages in bladder cancer patients. C. Graph showing the distribution
of cancer types in bladder cancer patients. D. Nuclear and GFP staining in UMUC3 cells after 24 h E2F3 induc-
tion. Scale bar, 20 um. E. Blotting showing the induction of E2F3-EGFP after 4 h doxycycline treatment in T24
cells. F. Experimental work scheme and cell cycle profile at 0 and 6 h after nocodazole (100 ng/ml) release in
T24 cells with or without E2F3 induction. G. The transcriptional expression of E2F targets in T24 cells treated as
D). *P<0.05, **P<0.01 (unpaired two-tailed t-test). H. Plot showing the proliferation of T24 cells overtime with
E2F3 induction. MTT assay was performed to measure the viable cells. Doxycycline (200 ng/ml) was refreshed

daily. ¥*P<0.01, ***P<0.001 (unpaired two-tailed t-test).
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Figure S2. E2F3 amplification correlates with the expression of replication stress signature genes positively.
A. Heatmap showing the expression of individual RS signature genes in bladder cancer patients with intact
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bladder cancer cell lines. C. Dot plots showing the transcriptional expression of six RS signature genes in eight
bladder cancer cell lines. ns: no significance, **P<0.01 (unpaired two-tailed t-test). D. Blotting showing the
protein expression of E2F3 in eight bladder cancer cell lines. Cells were treated with Hydroxyurea (2 mM) for

16 h prior to collection.
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Figure S3. E2F3 overexpression increases the levels of nucleotides. A. Quantification of on-going and termi-
nated fiber tracts in T24 cells with 2 days of E2F3 induction. Data from two separated experiments are pooled.
*P<0.05 (Mann-Whitney Rank Sum test). B. Plots showing the levels of individual nucleotides in T24 cells with
2 days of E2F3 induction. 4 replicates were included. C. Plots showing the levels of individual nucleosides in T24

cells with 2 days of E2F3 induction. 4 replicates were included.
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Figure S4. E2F3 overexpression sensitizes UMUC3 cells to checkpoint inhibitors. A. Plots showing the viability
of UMUCS3 cells after 48 h checkpoint inhibitors treatment with or without E2F3 induction. MTT assay was
performed to measure cell viability. B. IC50 detection for Prexasertib, Ceralasertib and Adavosertib in UMUC3
cells. Cells were treated with indicated drug for 48 h and simultaneously doxycycline was added. MTT assay
was performed to measure cell viability. ¥*P<0.05, **P<0.01 (unpaired two-tailed t-test). C. Plots showing the
viability of T24 cells after 48 h chemo drugs treatment with or without E2F3 induction. MTT assay was per-

formed to measure cell viability.
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Chapter 5

In this thesis, we explored the significance of properly regulating E2F transcription factors
in the normal cell cycle. We found that atypical E2Fs, E2F7 and E2F8, are important for DNA
damage repair and chromosome segregation during G2-M phase in a transcription-depen-
dent and -independent manner, respectively (chapter 2 & 3). Additionally, ectopic expression
of E2F3 protein, originating from E2F3 loci amplification, was found to be capable to cause
DNA replication stress and subsequently challenge the integrity of the genome (chapter 4).
Collectively, these three studies reveal the importance of proper controlling of E2F activity for
maintaining stability of the genome. In this last chapter of my thesis, firstly | will discuss the
importance of fine regulating the protein levels of E2F factors during cell cycle progression.
Secondly, | will discuss functions of E2Fs beyond controlling gene transcription. Finally | will
zoom into the interplay between atypical E2Fs and sister chromatid cohesion, and outline

how cohesin preserves genome stability through the dynamic association with DNA.

Fine tuning the levels of E2F transcription factors is critical for proper

cell cycle progression and tissue homeostasis.

A cell cycle could not proceed properly without the precise control of E2F transcription fac-

tors. The main reason is that a large set of genes regulated by E2Fs is involved in cell cycle
phase transition, DNA replication and repair’2. To manage the timely expression of E2F target
genes, cells have evolved multiple ways to finely regulate the levels of E2F activators and
repressors during different cell cycle phases.

In early G1-phase, E2F activators (E2F1-3) are lowly expressed and they are function-
ally repressed by RB1 in mammalian cells to avoid premature G1/S transition'. When RB1 is
phosphorylated and E2F activators are released. Subsequently E2F activators transcription-
ally upregulate their own mRNA levels and corresponding protein levels, which triggers the
rapid increase of E2F target gene expression and promotes S phase entry and DNA replica-
tion?. Overriding the G1/S checkpoint is one key aspect of tumorigenesis and RB1 is often lost
or mutated in cancer patients. Importantly, abnormally high expression of activator E2Fs in
RB1-proficient cells can also cause tumorigenesis. For example, copy number gains in E2f1 or
E2f3 in mice are sufficient to cause spontaneous hepatocellular carcinomas?. In line with this,
we showed in chapter 4 that ectopic E2F3 expression was able to override the repression
by RB1 and induced premature entry of S phase. This phenotype is consistent with that ob-
served in cells with overexpressed cyclin E or RB1 depletion*®, indicating that transcriptional
repression of activator E2Fs is important to prevent untimely S-phase initiation in cells with
intact RB1. This G1/S checkpoint-overriding effect can thus explain why E2F3 gene amplifi-
cation is often seen in cancer patients. Nevertheless, early S phase entry comes with a cost.
E2F3 overexpression led to slower DNA replication, intra-S checkpoint activation and DNA
damage, which was followed by delayed S/G2/M progression (Figure 1). Given these draw-

backs imposed by E2F3 overexpression, it is intriguing to investigate why a subset of bladder
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cancer patients still harbor £2F3 amplification. One possible explanation is that bladder can-
cer cells containing E2F3 loci amplification have already developed tactics, like boosting the
nucleotide pool and protecting stalled replication forks®, to tolerate E2F3-induced replica-
tion stress. In support of this, we did observe less DNA damage by supplying bladder cancer
cells with nucleosides. Additionally, Ribonucleotide reductase, RRM2 and RAD51 are both
E2F targets’, which are important for de novo nucleotide (dNTP) production and replication
fork protection®°. Thus, one can conceive that E2F3 amplification, on one hand, accelerates
S phase entry and causes replication stress. On the other hand, it favors cells to tolerate rep-
lication stress by upregulating genes such as RRM2 and RAD51. Nevertheless, increasing the
expression of those RS tolerance genes is not enough to mitigate all the replication stress in-
duced by E2F3 overexpression (chapter 4). So could cancer cells in fact benefit from a limited
amount of RS caused by E2F3 amplification? There is mounting evidence that oncogene-in-
duced replication stress impairs genome integrity, driving the development of early-stage
cancer®, Indeed, using a transgenic mouse model, cyclin E overexpression was found able
to induce mammary carcinoma and hepatocellular carcinoma®**?, Moreover, we found that
bladder cancer patients with E2F3 amplification had higher number of mutation counts and
levels of aneuploidy (Chapter 4). Hence, E2F3 amplification might contribute to tumor pro-
gression via increasing the tumor mutational burden. In any case, restricted gene expression
of E2F transcription activators is of critical importance to preserve proper G1-S transition and

genome stability.

Cell cycle progression

Normal cell G1 s Gz/m
EZF3-Amp cell Shorter G1 Slower S G2/M arrest
~_ e

Figure 1. Effect of E2F3 amplification on cell cycle progression. E2F3 amplification leads to ectopic expression
of E2F3 protein in G1 phase, which results in early S phase entry and DNA replication stress. DNA damage

raising from impaired DNA replication delays G2/M phase progression.

As cells progress through S phase, phosphorylation by cyclin A-CDK2 complexes was
reported to inhibit the DNA binding activity of E2F1'%. Furthermore, the levels of the repres-
sor proteins E2F7 and -8 peak by mid-S phase to mediate a downswing of E2F-dependent
gene transcription?®. Together, these oscillations and alterations of activating and repressing
E2F factors bring down the levels of E2F targets towards the end of S-phase. To achieve the
downswing of E2F activators, apart from the transcriptional suppression by E2F repressors, a
recent study showed that SCF¥“"F complex is responsible for the degradation of E2F1-3in S
and G2 phase®. Mutations in E2F1-3 that prevent cyclin F binding led to persistent expression
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of these proteins and correspondingly higher levels of E2F targets in S-G2 phase, which was
found to shorten the next G1 phase progression and induce DNA damage. On the other hand,
the transcriptional downregulation of E2F-dependent transcription via repressor E2Fs is also
important for appropriate S phase progression and genomic integrity. Sustained E2F-depen-
dent transcription in S phase through E2F6 depletion was able to speed up S phase progres-
sion and cause cell cycle arrest over time?¢. Our previous studies showed that combined dele-
tion of the E2F7 and -8 repressor proteins could override cell cycle exit after DNA damage and
proceed to mitosis at the price of promoting genome instability?’. Therefore, downregulation
of E2F activators in both transcriptional and post-translational levels is required for proper
DNA replication and genome stability in S phase.

Degradation Degradation
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Figure 2. Fine regulation of E2F factors in cell cycle progression. E2F activators (E2F1-3) are targeted by cyclin

$

F for degradation from the mid-S to G2 phase. Meanwhile, E2F7/8 might be protected by an unknown factor
or post-translational modification (like phosphorylation) from cyclin F-mediated degradation until the onset of
G2 phase, while a portion of E2F7/8 is still preserved and retained until anaphase (symbolized by the light-blue

shading of the protective factor).

While it is important for cells to downregulate the expression of E2F target genes in
S-G2 phase through E2F repressors, we observed that the protein levels of E2F7/8 already
decreased in G2 phase when the first E2F7/8 degron we found previously, APC/C is still
inactive'®. In chapter 2, we proved that the degradation of E2F7/8 was mediated by SCFeinf
as well. This partial degradation of E2F7/8 in G2 phase allows for the expression of some key
E2F targets, such as RAD51, BRCA1/2 and CHK1, enabling cells to dissolve the potential en-
dogenous DNA lesions deriving from DNA replication. Additionally, downregulation of E2F7/8
allows retention of E2F targets involved in DNA replication. For example, the DNA licensing
factors (CDC6 and CDT1) were shown to expressed in G2 and early mitosis in preparation for
the later DNA origin assembly in next cell cycle!®. However, it is counterintuitive that cyclin
F targets both activator and repressor E2Fs. An explanation could be that there is a timely
order, such that activators are targeted for degradation in S phase®®, while E2F7/8 are pro-
tected from degradation until G2 phase (Figure 2). E2F7/8 could for example be protected
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from cyclin F via temporary binding to a protective factor or a post-translational modification.

Taken together, mammalian cells must maintain an exquisite balance of activator and
repressor E2Fs by both transcriptional and post-translational control mechanisms to ensure
proper transitions of cell cycle phases and maintain genome stability.

Non-canonical roles of E2F factors independent of their transcrip-

tional activity.

As mentioned before, E2F proteins mostly function downstream of CDK-RB axis as transcrip-
tion factors to either activate or inhibit expression of a largely overlapping set of target genes.
This raises the question why mammals would need as many as 8 different family members.
One plausible reason is that E2Fs are versatile proteins that can have functions beyond di-
rect transcription control. Multiple studies have presented roles of E2F factors independent
of their transcriptional activity in chromatin regulation, DNA damage repair and multicilio-
genesis, adding the complexity to the functions of E2F family. The best studied example is
E2F1. Both in mammals and plants, E2F1 was found to localize at DNA double strand breaks
(DSBs) together with RB*%, The localization of E2F1 to DSBs is associated with homologous
recombination by promoting RAD51 binding?!. Furthermore, RB-E2F1 complexes can also
mediate the binding of chromatin modifying enzymes, which enhance access to the repair
machinery and facilitate DNA end processing®?. Apart from the role of E2F factors in DNA
damage repair, E2F4 also functions to promote multiciliogenesis through an interaction with
the centriole replication machinery in cytoplasm®?4. And recently another E2F3 isoform,
E2F3d was reported to physically interact with microtubule-associated protein 1A/1B-light
chain 3 (LC3) on outer mitochondrial membranes to induce mitophagy?. All these findings
indicate that E2F factors can function beyond genes transcriptional regulation. So far, there
is only a very limited number of studies on non-transcriptional functions of atypical E2Fs.
Zalmas and coworkers reported that E2F7 may localize at DSBs to recruit different chromatin
remodelers (HDAC1/2) to contribute to the DNA repair process®. We could not detect E2F7
recruitment to DSBs in our lab?’, but during the work leading to this thesis we discovered
another transcription-independent role of atypical E2Fs. We observed that E2F7/8 interact
with the cohesin subunit SMC1 to facilitate cohesin release during prophase of mitosis, most
likely by interfering with the Rad21-SMC1 interface (Figure 3). For E2F7, we showed that this
interaction did not rely on the presence of chromatin, but on a helix-rich segment of E2F7
spanning amino acids 263-553. Depletion of E2F7 and E2F8 impaired cohesin removal from

the chromosome arms during mitosis, resulting in delayed mitosis.
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sister chromatids

sister chromatids

SMC3 SMC1

Figure 3. A speculative model of cohesin release during prophase. While WAPL removes cohesin on arms of
sister chromatids by promoting the "DNA exit” formed by SMC3 and RAD21 N-terminus (upper model), E2F7/8
might be able to remove a portion of cohesin from chromosome by disengaging the interaction of SMC1 and

RAD21 C-terminus (lower model).

Of note, although the protein levels of E2F7/8 peak in S/G2 phase, we observed that
the effect of these two E2Fs on cohesin occurred only during M- and had no impact during
S- or G2- phase. Possibly, DNA-binding cohesin complexes are stabilized and protected from
E2F7/8-mediated release through post-translational modifications, similar to how cells pre-
vent cohesin removal from WAPL during S-G2 phase. Specifically, cohesin loading on DNA
is coupled with acetylation modification and subsequent Sororin binding, which can then
compete with the binding between RAD21 and WAPL, thus promoting the formation of co-
hesion?®?°, Since we found E2F7/8 particularly bound to SMC1, Sororin might not be able to
resist E2F7/8 binding to cohesin. Thereby we speculate that E2F7/8 binding to SMC1 binding
can be prevented by unknown factors and cannot dissociate cohesin from chromatin until

the onset of mitosis.

132



General Discussion

Another intriguing question is how cells precisely control the protein levels of E2F7/8 in
G2 phase. On one hand, E2F7/8 are targeted for degradation during G2 to prevent excessive
repression of target genes that are critical for DNA repair and timely G2 phase progression
(chapter 2). On the other hand, a certain portion of E2F7/8 should be preserved for cohesin
release during prophase. Most likely a portion of E2F7/8 is protected against degradation via
post-translational modifications. There are multiple putative CDK and PLK1 phosphorylation
sites in E2F7/8 predicted by an online tool ELM (http://elm.eu.org/) (Table 1 and 2). Thereby;,
we speculate that these mitotic kinases might be able to phosphorylate a subset of E2F7/8

and stabilize them. Future studies using site-directed mutagenesis are required to test this

hypothesis.

Position Human E2F7 Description Probability

S13 DLIS PR Short version of the CDK phosphorylation | 1.929E-03

5638 DLA S PK sites

S861 VPV T PK

T45 APK T PIK Canonical version of the CDK phosphoryla- | 1.929E-03

T61 KKF T PER tion sites

T68 NPI'T PVK

S430 EPS S PYR

S95 SAA S PDIR Longer version of the CDK phosphorylation | 1.929E-03
sites

S39 VDR S RMA PLK1 phosphorylation sites 7.674E-03

S525 VDV S LAS

S784 VNF S LPG

Table 1. Putative phosphorylation on human E2F7 protein by CDKs and PLK1. (Adopted from http://elm.
eu.org/searchdb.html)

Complex networks regulate dynamic association of cohesin and DNA

to preserve genome stability.

Cohesin is involved in coordination of many processes that affect genome integrity, such as
gene transcription, DNA replication and repair, and mitotic chromosome segregation®. To
coordinate these processes, cohesin associates with DNA during the cell cycle in a dynamic
manner which is achieved through post-translational modifications of cohesin subunits and
cohesin-binding factors. Below | will discuss the current state of knowledge and formulate
outstanding research questions about dynamic regulation of cohesin during DNA replication,
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repair and chromosome segregation.

Position Human E2F8 Description Probability
$762 VPV S PR Short version of the CDK phosphoryla- | 1.929E-03
7812 VPV T PK tion sites

T20 LMK T PLK Canonical version of the CDK phosphor- | 1.929E-03
T44 PLT T PTK ylation sites

S417 APS S PIK

T696 FHV T PLK

S71 SAV S PEIR Longer version of the CDK phosphoryla- | 1.929E-03
$664 SAL'S PNHR tion sites

T189 LNK T LGT PLK1 phosphorylation sites 7.674E-03
S661 ENS S ALS

T686 SEL T AVN

T737 VNF T LQH

T847 ANK T SLG

Table 2. Putative phosphorylation on human E2F8 protein by CDKs and PLK1. (Adopted from http://elm.
eu.org/searchdb.html)

Both in the Xenopus egg extract system and human cells, cohesin is recruited to the
pre-replication complex (pre-RC) via the interaction between cohesin loaders NIPBL/MAU2
(SCC2/SCC4 in Xenopus) and DBF4-dependent kinase (DDK)**** in human. DDK-mediated
phosphorylation of MCM2-7, key components of pre-RC, triggers the binding of GINS and
CDC45 to form the CDC45/MCM2-7/GINS (CMG) complex and initiates replication. Thus, it
was proposed that the binding of NIPBL/MAU?2 to pre-RC at the G1/S transition mediated the
subsequent loading of cohesin during S phase, essential for the formation of sister chromatid
cohesion (SCC)3L. How this pool of pre-RC anchored cohesin is protected from WAPL-mediat-
ed removal is not known yet. However, it is clear that DNA replication is accompanied by SCC
establishment and that a subset of replisome components, like Ctf4, Tofl, Csm3, and Chl1 in
yeast and their corresponding orthologs WDHD1, TIMELESS, TIPIN, and DDX11 in metazoans,
are required for SCC formation3*®. To date it is still elusive how the ring-shaped cohesin
complexes entrap the duplicated DNA molecules. Due to size constraints, it is unlikely that
the entire replisome can pass through the cohesin ring®. Therefore, it was proposed that as
DNA replication initiates, replisome-binding cohesin rings might dissociate transiently from
single strand DNA but still interact with some replisome components. After DNA replication
is finished, replisome-binding cohesin rings deposit behind the replication fork to establish
SCC3. This hypothesis is supported by the finding that in WAPL-deficient human cells, co-
hesin loaded in G1 remains associated with chromatin through S phase®. And replication
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fork progression is hampered by artificially tethering the SMC head domains, precluding ring
opening. Although the cohesin pre-bound to pre-RC in G1 phase is used to establish cohe-
sion, de novo cohesin loading in S phase may be still needed. Recent studies in yeast showed
that SCC2/SCC4 was required in replicating cells for cohesion establishment®¥3°, It remains to
be seen if this is also the case in human cells.

There is accumulating evidence that cohesion dynamics play an important role in the
response to replication stress. Firstly, cohesin was found to accumulate at sites of stalled
forks, depending on RPA-coated ssDNA and chromatin remodeling®®*. The loading of cohesin
can recruit BRCA2 and RAD51 to protect stalled forks and repair DNA lesions via homologous
recombination®**, On the other hand, a portion of cohesin needs to dissociate from DNA
by WAPL instead, because the inhibition of cohesin mobility by knocking down WAPL clearly
impaired cell viability under replication stress conditions*. Thus, WAPL-mediated removal
of cohesin may facilitate its accumulation at stalled forks to aid repair and restart. How cells
control these complex cohesion dynamics in conditions of replication stress remains to be
defined.

Normal cell E2F7/8 or WAPL deficient cell

Normal Closed

Figure 4. Chromosome spreads. The left picture shows representative chromosome spreads from normal cells

(X-shaped sister chromatids), the right from E2F7/8 or WAPL deficient cells (paralleled sister chromatid arms).

The dissociation of SCC starts when a cell enters mitosis. To date, WAPL is the only
well-established factor responsible for the removal of cohesin from chromosome arms during
prophase?®. Hence, WAPL deficiency results in closed sister chromatids instead of normal
X-shaped ones in prometaphase (Figure 4). In chapter 3, we provide evidence that E2F7/8
also participate in cohesin release in a WAPL-independent manner. Indeed, we found that
E2F7 overexpression was able to reduce the percentage of cells with closed sister chroma-
tids after WAPL knockdown. Our findings raise the question why mammalian cells need two
different types of proteins, i.e. atypical E2Fs and WAPL, to release cohesin in prophase. To
answer this question, it is important to first discuss the biological function of cohesin removal

along the chromosome arms during prophase. Separase, which becomes active at the onset
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of anaphase, removes centromeric cohesin. However, this protein can also remove cohesin
along the chromosome arms, thus allowing for mitosis progression in WAPL-depleted cells.
However, WAPL-deficient RPE (retinal pigment epithelium) cells show severe chromosome
segregation errors and eventually undergo a P53-dependent cell cycle arrest*”. Mechanisti-
cally, it was shown that timely cohesin removal during prophase is important to focus aurora
kinase B to centrometric regions to ensure efficient correction of erroneous microtubule-ki-
netochore attachments. Aurora B is crucial to correct the erroneous kinetochore-microtubule
attachment*. Given this importance of rapid removal of cohesin from chromosome arms, it
seems logical that not only WAPL, but also other proteins such as atypical E2Fs, can mediate
cohesin release during prophase. However it is important to note that E2F7/8 cannot fully
compensate for the loss of WAPL (Chapter 3). Additionally, one recent study reported a new
protein, called WIZ (Widely Interspaced Zinc fingers protein), which can interact with cohesin
complex and change the levels and distribution of cohesin occupancy across the genome
independently of WAPL***°, The purpose of having the WIZ-mediated cohesin localization on
chromatin was believed to properly control the dynamic of cohesin during DNA loops forma-
tion, hence regulating gene expression. Next, how WIZ and WAPL distinguish which portion
of cohesin they should target would be interesting to explore. Likewise, it would be relevant
to investigate if E2F7/8 can only target a specific portion of cohesin . However, it is important
to note that overexpression of E2F7 increased the separation of sister chromatids during
prophase (Chapter 3). This indicates that the cohesin-releasing activity of E2F7/8 is limited by
the protein levels of E2F7/8 which are downregulated by cyclin F-mediated degradation. All
in all, it is becoming increasingly clear that timely removal from chromosomes involves multi-
ple different proteins to ensure timely and error-free mitosis progression in mammalian cells.
Malfunctions in these proteins can be tolerated by cells to some extent, but may eventually

lead to aneuploidy and even contribute to development of cancer.
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Conclusion

In this thesis, we show that multiple E2F factors, namely E2F3, E2F7 and E2F8, play versatile
and crucial roles in maintaining genome integrity throughout the mammalian cell cycle. We
found out that fine regulation of E2F-dependent transcription by timely coordinating the lev-
els of E2F factors is essential for proper cell cycle progression and maintenance of genomic
stability. On top of this, one novel and noncanonical function of atypical E2Fs was discovered
that they physically bind and release cohesin during prophase, promoting mitosis progres-
sion. Together, our findings contribute to an improved understanding of the highly complex
cell cycle coordination by the E2F transcription factor family.
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Chapter 6

NEDERLANDSE SAMENVATTING

In ons lichaam vinden iedere dag miljarden celdelingen (mitoses) plaats. ledere mitose moet
leiden tot twee genetisch identieke cellen en daarom wordt dit proces op allerlei manieren
gecontroleerd. Bij kanker zijn de regulatiemechanismen op de celdeling weggevallen, waar-
door er invasief groeiende tumoren onstaan. Kanker is wereldwijd de belangrijkste doodsoor-
zaak, en vormt daarom nog steeds een enorm maatschappelijk probleem. Om betere kanker-
behandelingen te ontwikkelen is het heel belangrijk dat we beter gaan begrijpen hoe de
verschillende moleculaire controlemechanismen van de celdeling in elkaar grijpen en hoe

deze verstoord zijn bij kanker.

Het proces van vorming van twee dochtercellen uit één moedercel wordt de celcyclus
genoemd. Deze cyclus is verdeeld in 4 fasen (G1, S, G2 en M). Tijdens G1 groeit de cel, en
produceert zij moleculen die essentieel zijn voor het starten van de S fase. Tijdens S fase
wordt het DNA gerepliceerd. Tijdens G2 wordt het zojuist gekopieerde DNA gecontroleerd
op fouten en indien nodig gerepareerd, en wordt de M (mitose) fase voorbereid. Tijdens
M fase vindt dan de daadwerkelijke deling plaats. M fase wordt verder onderverdeeld in
vier fasen (profase, metafase, anafase en telofase) waarin de gedupliceerde chromosomen
(zuster chromatiden) gelijk worden verdeeld over de twee dochtercellen.

Wanneer een cel wordt gestimuleerd door groeisignalen, worden er meerdere sig-
naleringsroutes aangeschakeld om de celcyclus te starten. Een centrale rol hierin is weg-
gelegd voor de cycline/CDK-RB1-E2F route, die de DNA replicatie en dus S fase kan aan-
schakelen. E2Fs zijn een familie van transcriptiefactoren, die bestaat uit acht verschillende
leden (E2F1-8) in zoogdiercellen. Samen reguleren deze acht E2Fs de transcriptie van een
groot aantal genen. Gentranscriptie produceert boodschapper RNA (mRNA) moleculen, die
worden vertaald naar eiwitten die allerlei verschillende functies kunnen uitvoeren. E2Fs kun-
nen ruwweg worden ingedeeld in activatoren (E2F1-3) en remmers (E2F4-8) van transcriptie.
In rustende cellen bindt RB1 aan de activerende E2Fs en onderdrukt daarmee hun functie.
Echter, in ongecontroleerd groeiende kankercellen is de transcriptie van E2F-afhankelijke
genen meestal hyperactief, bijvoorbeeld door mutatie van het RB1 gen of amplificatie van
genen die coderen voor cycline eiwitten die ervoor zorgen dat RB1 niet aan E2Fs kan binden.
In vivo studies lieten in genetisch gemanipuleerde muizen lieten zien dat uitschakeling van
RB1 of overexpressie van cyclines de kans op het ontstaan van kwaadaardige tumoren sterk
vergroten. Dit laat zien hoe belangrijk de juiste controle van E2F-afhankelijke transcriptie is

voor het in stand houden van homeostase in weefsels.

E2Fs beinvloeden meer aspecten van de celcyclus dan alleen de transitie van G1 naar
S fase, maar het complexe samenspel van al deze acht E2F familieleden is nog slechts ten
dele opgehelderd. Daarom hebben we in dit proefschrift verdere studie gedaan naar de reg-
ulatie en functie van drie E2F factoren, namelijk E2F3, E2F7 en E2F8, tijdens de celcyclus.
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In hoofdstuk 1 introduceren we wat er tot dusver bekend was over de functies van E2Fs in
regulatie van de verschillende fases van de celcyclus. Verder introduceren we een ringvormig
eiwitcomplex genaamd cohesin en zijn functie in het behouden van genetische integriteit.
Verderop in het proefschrift zou blijken dat E2Fs cohesin beinvloeden.

In hoofdstuk 2 laten we zien dat E2F7 en -8 worden afgebroken door een eiwitcomplex
genaamd SCFo Ftijdens de G2 fase van de celcyclus. Hoewel E2F7 en -8 nodig zijn tijdens
late S en G2 fase om de E2F-afhankelijke transcriptie moeten remmen zodra de DNA-rep-
licatie voltooid wordt, moet hun activiteit in toom worden gehouden. We vonden dat dit
waarschijnlijk nodig is om de expressie van E2F-afhankelijke genen die betrokken zijn bij DNA
reparatie tijdens G2 hoog genoeg te houden. We laten zien dat verhoging van E2F7/8 via
depletie van cyclin F DNA schade veroorzaakt, en dat co-depletie van E2F7/8 deze schade
voorkomt. Gedeeltelijk afremmen van E2F7/8 activiteit is dus essentieel voor G2 progressie

en behoud van genetische stabiliteit.

Echter, gedeeltelijke expressie van E2F7 tijdens G2 en M fase is wel belangrijk. In hoofd-
stuk 3 beschrijven een onverwachte functie van E2F7 en -8. We vonden namelijk dat ze niet
alleen aan DNA binden, maar ook aan cohesin. Cohesin omsluit gekopieerde chromosomen
tijdens S fase om de zuster chromatiden bij elkaar te houden tot de start van mitose. Dan
wordt cohesin verwijderd en kan de celdeling plaatsvinden. Wij laten zien dat E2F7 en -8
nodig zijn voor het efficiént verwijderen van cohesin van de chromatiden tijdens profase van
de mitose. Depletie van E2F7/8 resulteerde in abnormaal hoge hoeveelheden cohesin op de
chromosomen in profase, en dit had tot gevolg dat cellen er veel langer dan normaal over
deden om mitose te voltooien. Hoofdstukken 2 en 3 laten samen zien dat de hoeveelheid
E2F7 en E2F8 in cellen nauwkeurig afgesteld moet zijn om de G2 en M fase van de celcyclus

probleemloos te laten verlopen.

In het werk beschreven in hoofdstuk 4 verlegden wij onze aandacht naar de activeren-
de tak van de E2F familie. We beschrijven in dit hoodstuk de effecten van E2F3 amplificatie.
Deze genamplificatie, die resulteert in sterk verhoogde expressie van E2F3 eiwit, wordt vaak
gezien bij blaaskankerpatiénten. We vonden dat geinduceerde overexpressie van E2F3 in
blaaskanker cellijnen voldoende was om suppressie door RB1 te omzeilen en cellen versneld
S fase in te laten gaan. Deze versnelde start van S fase ging echter wel ten koste van repli-
catiestress, die zich uitte als vertraagde DNA synthese en een verhoogde hoeveelheid DNA
schade. We hebben vervolgens genexpressiedata van blaaskankerpatienten geanalyseerd en
vonden hierin ook aanwijzingen voor replicatiestress als gevolg van £2F3 amplificatie. In cel-
lijnen laten we tenslotte zien dat deze E2F3-afhankelijke replicatiestress kankercellen extra
gevoelig lijkt te maken voor een groep medicijnen genaamd intra-S-phase checkpoint rem-

mers.

In hoofdstuk 5 brengen we al deze bevindingen samen en beschrijven de laatste
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inzichten in de coordinatie van E2F factoren tijdens de celcyclus, en het belang daarvan in
het beschermen van de genetische stabiliteit van cellen. Ook bediscussiéren we de huidige
stand van kennis over de dynamiek waarmee cohesin chromosomen bindt en weer loslaat.
We gaan in op de vraag via welk moleculair mechanisme E2F7 en -8 kunnen bijdragen aan
het loskoppelen van cohesin van chromosomen tijdens mitose. Tezamen geeft het werk bes-
chreven in dit proefschrift nieuwe inzichten in de manieren waarop E2F eiwitten betrokken

zijn bij het intact houden van de genetische informatie tijdens de celcyclus.
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LAYMAN SUMMARY

In our body, hundreds of billions of cell divisions (mitoses) occur every day, and each mitosis
must produce two daughter cells with identical genomic information. This is a highly con-
trolled process to maintain tissue homeostasis. However, in cancers cell proliferation takes
place in an uncontrolled manner, leading to malignant tumor formation. Cancer is the main
cause of death worldwide, and an enormous burden on society. To discover better ways to
treat cancer, it is of critical importance to understand the molecular mechanisms underlying

cell division.

The production of to two daughter cells from one single mother cell is called the cell
cycle, which is divided into four phases (G1, S, G2 and M). In G1 phase, the cell grows in size
and synthesizes components essential for S phase when DNA is replicated. During G2 phase
the newly copied DNA is checked and repaired and the cell is prepared for M phase, in which
the actual cell division process takes place. M phase is further subdivided into four phases
(prophase, metaphase, anaphase and telophase), during which duplicated chromosomes
(sister chromatids) are evenly separated into the daughter cells.

As a cell is stimulated by growth signals, multiple signaling pathways become active
to initiate the cell cycle. Among the pathways, cyclin/CDK-RB1-E2F pathway is an important
axis, driving the G1-S phase transition and promoting DNA replication. E2Fs are a family of
transcription factors, which consists of eight different members (E2F1-8) in mammalian cells.
Together, these eight different E2Fs can regulate the transcription of a large number of tar-
get genes. Gene transcription produces messenger RNA (mRNA), which can be translated to
corresponding proteins that execute all sorts of functions. According to their transcriptional
function, E2Fs are classified into activators (E2F1-3) and repressors (E2F4-8). Normally in qui-
escent cells, RB1 binds to E2F activators and suppresses their transcriptional activity. Howev-
er, in uncontrolled proliferating cancer cells, E2F-dependent transcriptional activity is usually
hyperactive, due to RB1 loss and/or amplification of cyclin proteins which can phosphorylate
RB1 to release E2Fs. In vivo studies showed that mice with RB1 loss or cyclin protein overex-
pression are clearly predisposed to develop tumors. Hence, proper control of E2F-dependent
transcription is crucial for normal tissue homeostasis. E2F transcription factors control more
aspects of the cell cycle than only the G1/S transition, but the complex regulation and inter-
play of all these eight different E2F family members is still incompletely understood.

In this dissertation, we studied the regulation and function of three E2F factors, that
is E2F3, E2F7 and E2F8, during cell cycle. Particularly, in chapter 1, we introduce the roles
of E2Fs people have found in regulation of cell cycle progression. in addition, a ring-shaped
protein complex, called cohesin, and its function in maintaining genome stability is depicted
as well. In chapter 2, we reveal that E2F7 and -8 are subjected to SCF“i"F-mediated degrada-
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tion in G2 phase. Although high expression of E2F7 and -8 in S and G2 phase is necessary for
downregulation of E2F-dependent transcription once DNA replication gets completed, this
expression must be limited to allow the expression of E2F target genes involved in DNA repair
to resolve potential DNA damage in G2 phase. We demonstrate that elevation of E2F7/8 via
cyclin F depletion remarkably increases the levels of DNA damage and slows down G2 phase
progression, while co-depletion of E2F7/8 can rescue this effect. Therefore, partial downreg-

ulation of E2F7 and -8 by SCF®“iF is essential for G2 phase progression and genome integrity.

In chapter 3, we then describe a noncanonical function of E2F7 and -8. Specifically, we
found that E2F7 and -8 are able to physically interact with cohesin. Cohesin is able to entrap
duplicated DNA in S phase to link sister chromatids until the onset of mitosis when cohesin is
removed to allow for separation of chromatids. We could show that E2F7 and -8 are required
for this cohesin removal during prophase. E2F7/8-deficient cells showed abnormally high
amounts of chromosome-bound cohesin prophase, but this also had functional consequenc-
es, as these cells spent more time to finish mitosis. Thus, E2F7 and -8 are involved in G2-M
phase progression in both transcriptional and non-transcriptional manners, to facilitate ge-
nome stability.

In chapter 4 we switched our focus to the activating arm of the E2F family, and studied
the role of E2F3 amplification, which is often seen in bladder cancer patients. E2F3 amplifi-
cation corresponds to strongly elevated levels of E2F3 protein. By ectopic induction of E2F3
in bladder cancer cell lines, we showed that E2F3 overexpression can overcome the sup-
pression from RB1 and accelerate S phase entry. However, this accelerated cell cycle entry
comes at the cost of replication stress. This replication stress was seen as slowing down of
DNA synthesis and induction of DNA damage. Further analysis of gene expression data from
bladder cancer patients revealed that patients with £2F3 amplification display higher levels
of replication stress. We show in our bladder cancer cell lines that this E2F3-induced replica-

tion stress may sensitize cells to a class of drugs called intra-S-phase checkpoint inhibitors.

Lastly, in chapter 5, we bring all these findings together and discuss the importance of
coordinated regulation of E2F factors during cell cycle progression to preserve genome integ-
rity. Additionally, we also depict the current state of knowledge on how cohesin dynamically
associates with DNA, and speculate how possibly E2F7 and -8 contribute to cohesin release
during mitosis. Overall, our findings provide new insights on how E2F factors engage in main-
tenance of genome stability.
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the place where | still stay now and transport the second hand mattress and fridge with your
car to my apartment. You have been a good example to learn from both in and out of the lab.
Eva, | miss a lot the time when you were in the lab. What a warm girl you are! Always patient
to listen to the issues | had from experiments and life, and gave me your advices. It’s also you
that encouraged me to experience different things, like Macumba, the last revelry before
COVID. Thanks for all the fun moments you made. “Professor to be” Jet, my bench neighbor,
I am impressed how efficient you are to handle everything, lab work, presentations, thesis,
marathon, cycling ......and thanks for helping me with flow cytometry, PCR and live imaging
setting, and also my first poster. So many bummers | met were solved with your great help.
By the way, thanks as well for correcting my English many times, like “a cup of beer”, haha.....
wish you all the success with your Postdoc study and wait to congratulate your next nice
findings.

“Doctors to be”, Anneloes, Thomas, Orsi and Alejandra, so nice to have you all in the
PhD team. Anneloes, even though you joined us lately, we knew from the first day | stepped
in our old office room. Thank you for your kindness and patience, you always could get what |
wanna express in my poor English, particularly in first couple of months. Good luck with your
following research, | hundred-percent believe it will be another big success. Thomas, | am so
honored to have you as my paranymph. Because | know there is a smart guy standing behind
me. So please “rescue” me while | am stuck by the questions from the opponents (:P). Thanks
for the house-warmings you held. That is when | could enjoy nice pasta without considering
the cost, haha... Good luck with the paper writing, | am sure you will get nice publications
with those fascinating data. Orsi, thanks for sharing with me the information about working
in a company, and also the encouragements you gave during my thesis writing. | will always
keep it in mind. Alejandra, we do not talk often, cause you work in another building. But your
calmness and intellect impressed me much. Good luck with all the following PhD work.

Elsbeth, thanks a lot for the orderings and instructions in the lab throughout my
whole PhD. | love to hear you talk about the fun stories about Cayetano. It must be quite fun
to have Cayetano around in the life. Saskia, thank you for sharing with me all the information
about your family and housing issues. Good luck with your fitness work, you will make it |
believe. Laura, thanks for the cookies and chocolates you brought from lItaly, it is dramatic
you managed your PhD and family with two kids at the same time. Wish you a happy life with
Luca and your two lovely boys. Rachel, thanks for the offers of help in my paper writing, so
kind of you. Jaime, thanks for all the cakes and ice cream you made for us. | will definitely
miss them. Tara, thanks for all the meetings you helped arrange.

Bram, thanks for all the advices you gave during the lab meeting, wish you all the best
with the full job in NKI. Kate, | am so admirable of the enthusiasm you have in running, as well
as in work. I hope | can still keep high motivation in tennis when | go home like you. Besides,
thanks to talking to you and John in person, | learnt that American English is another level to
practice, haha.... Hope | will still be used to talking to people when traveling in US someday.
Good luck with the Postdoc work and continue enjoying the life in the Netherlands. Jung-
Chin, so amazed by your quick thinking and extensive knowledge, and also the capability you
have to do researches both in Utrecht and Amsterdam. Thanks for the helpful suggestions
you gave in the lab meeting and performing the mass spectrometry experiment. Anita, it is
really impressive that you do everything so dedicatedly and meticulously. This is also reflect-
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ed by the nice questions and inputs you share in the meeting. Good luck with the Postdoc
work, | am really looking forward to seeing the transmission of DNA fragment between cells.
Aaron, it is really interesting to talk to you and learn about your work as a grant writer. Good
luck with the rest grant writing this year. Alice, nice to meet you at the end of my PhD, and
exciting to learn you got some promising results from canine patients recently. So keep going
and you will get more fascinating data.

Enric, what an enthusiastic guy you are! It is always relaxing to talk to you in the
lab. Thank you for all the suggestions on doing research, as well as the strategies of dating
(:P). I will keep it in mind. Frank, so luck to have the birthday at the same day with you and
celebrate the last two birthdays together. | will remember there is another guy celebrate his
birthday when | am having my birthday in China. Richard, thanks a lot for your kind supports
and help in setting up the live imaging experiments. Hanneke, thanks for your dedication in
the E2F3 project. You “dig” out so much cool information from both wet lab work and silico
analysis. Good luck with your master study. Marianna, it is nice you pick up tennis again.
Good luck with your report writing and tennis training. Anne, thanks for all the fun moments
you offered in the lab and good luck with your clinical study. Vivian, my private tennis coach,
thanks so much for the tips on correcting my serve, forehand, backhand, volley, basically
every technique of tennis. | will miss your tennis and of course you after back to China. Good
luck with your PhD.

Hi tennis gang in Utrecht, #7%8, B %, Eduardo, Maarten, Casper, Tomas, Stefan
and Tim, so luck to meet up you guys on the courts in Olympos. Especially, 72,
ERFRABKEREAT . FRITHRBIE, HEREECEHES—Mevel 7, RIFHEL,
BREFRIT T —E&/E, REEWITHRERT. HERDUEBRMNEREVSITR, 1 LRIR
FI, RAEEiZEAEENV! Eduardo, really nice to meet you, you are such a warm and smart
guy. Thank you for the tips you gave on my tennis, and | will miss the time when we
played tennis and watched the matches together. Good luck with your work and see
you around!

W, AFOUNAHRXT. AFLHEFR, SKRIERSBV~E, BR=EWR
TAREMAIE. EREAFTAXMRF FTIIXFENIENALSEMESRIZNGZ

Jl==3
Ho

B R PEBFESZE (CSC) MXE, ULRANSEEIFES

FE, I BRUE, ERRSEMNEDARRMEE, —BRILER —RILEZR,
R ERRAKFKROMNE, FRAREHETLS, MELRERE ELOFHTH.
RN AERE —FNSH, ILREFENERXBFEIMAETE, SRR IIEMERE
ARG REIIR,

RS —EIR ZstINRNRE ), $BFE, X, AR, BH, ®, K7, &k, &
B, A, &, B (FRE) M, 183, 8BEl, BT, NSTARRE, #4,
PRAEE. REHEMEZ), BRNEHE, ZETHAR, BFHRIEE, F&
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ZRERMNRBR. BRBAEH, TREMNBIRKFIZT, |BG. . . Zi#, IMREER
A, REt#RELeidenT . BEREXNIR, WMERNEREER, A RERLITERT
ERBHNREZE, HESEEZNFNMRER SREERE, MESEBNERA! &
B, XAFABASHILRBE A ILNRHEEBEFRAE, AEhERHIBERAC, @
EEN<ARN! FiE BEFZHEFER BEAREERT (P) . BREZEIRT

EFRE AN XE—, L, Bk, WA —SJLERE. . o XAFILFR—B
JLkR—8RILEIE, Bi§fRYHparanymph, FEBMEBERIES, —HRILEVEEKRIZK
BT B, B3k, BB (AARLEES/NAE) 5T M HAREE, RN FRENA
—XRE REERBRFENHELIRES MMAER". —BJLHER, HEXEE, H#R
B, BRENAABASHRNNZ . NEBREFERABLRRSY, B, B3k i
—IERIRA LR TE, B F H5Chlrevision, EWEIEMEXHAR.

A3EH, FEHubrecht building ELR T ME. HEIL, MHIHE, KRHR, ZF
A, SRAMERMNPX, MEXHRES, NERNBFLFHERES, FHOERZ
A, i, GAERAEER. EYETUR EMRM LS MMEIWN, PLiEIRPostdochy T 1
IERIRK, FHEZGRANT, R#, REMGRFSHMATXANETR, Kl FHR
paper. 7, RMCUBEIEY, RKEXH, PhDHD LR, SRAEXREMRAMRE,
AHRITRHEERE, ERSRMRELTIE, NEIRELERFELRREXBE
fIS% . Hang in there, FREEEHIMMNF AR, NE, RGRMKMEE XL FGER
FHK, BASRIERIT ML, WRFZART RO BRI ORERXJLER
B, ELRRMCUNTAHBTTEMNAE, PURMRIKIE AIREETRIRMNF, FHE
W, —RJLEE. BE, SSIRAROSE, REOBLARITTS, FERETR/LERE
fkhigh IF papers, FEUBHIRAIMIARMZEM L, BE, HERUEDERIE, RABE
paperfpaper, BENRENR, RARAERFKER? | XRER, SEHREMRLE—R
ERWRANE. SRRNER FEEH, EXRMANK! HE BRXCEAER
HE, BARAKBEE—T (ToT)~~) . FIHRERE-—FSTHXAUBCHALLT
W, RRIFETILE. MSFTEF, NEKR, BEXZTMHEE BEaERE—Mit
REBSENFNF . RERETRIACZHERERIE, EREKBIRM, NREER

e

‘R AHRBIREATESRE, REIELT. 15 EERE aaTE R
MARINANIR EBAIRETT SURME N AS), BERMBRAT AR, REFHRAESHEFITT
FT (P) o RIVL, EBEERBEIENE, —SRILIER, DALENNEZEIER
e FEMWILEE LEBR, REILHEZKR. L, NRBELERINR, ESREZUE
MEFREREE-EXAERT. FROE BEFAZHNSLEZEL, #EFEFAH
WU EHREF, RiffrEEindhovenf B ERTF, RERMAEWX, REFSEILELALRE
HRME, XEME. #WF, BR RESOANRRM, ABFHwhiskey, HERMZTH,
LEINRE—FBMADRE, 5, ZE, WLEV—3, sREFL. RARE
M, &, BMNEAS GEEMHE) —BRILMNANEBESREE, RE—%paper, H—
MELEN, F—ANERNIMARE, MAIRSIPI, REIHF, FREFA EREHSHH
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BE! BM, XELENEE/NE, EENE. MERELMENTT, REARFG
ETXBEEH ABRELANEEHAR, HERMN, IURETEXEFT, H—UIRF
ol

BETRBERSIRAN], RERR, MRXAFERIFRNEN, ARIDPTEZLR
B, ZR, RESKFZAAMINRATIR. BEkR, BRIRITRNIZERZH, B8X4T, #
SRARNE#HL, ANERE. FTRTERBEERSEAT, FIRHRTYUhuifyEE)
478, BEAT! #BF, BEN—FREOR, REEELEE ERMNERITTREX
X, MEHER BY @B EREXJLNOBIEXR T WM, k. FREE 4
fREFEER, JILIRMERAYER! EHF, FHEREZIVUAPhD  position, TEHBEE X
T, RRETUSFTILRER . AEIREEEEAOClympostk BIERA MY, HARIRE TRAE
TREFNER, AAXE, RREV! 28, g2 Wk BT €F RUERE—F
FIEREER, NEE, EEFRTSEIERBMNARMNETT . ETR®EFHRND
H, BMNBAT! SARKKBERH, HMNERKGbattleT !

RE, RNIZBSHEOAORA. & 8B BHERIMWNESHEEZES. USEY
FUEBBENERRT], EFREET. EZRENRE, FERNS LNEMMFRD. hE
AR EE-E PSRN F M HNER . RNTERBHERRNZL, BRI,
BHRMMRARY, RUEBERILHERILE, " SHEIERENNE, RION8—8 “IRE
B, ROy ERNRERMNER. BRESHOXEFNFHHTE, ATHRF=NNEK
JL, MWER, BUhER, BEE BHIABENIL RIOAERETRERE—T. XK
T, FHXEAMBBE2RMNOFET TR, SEEE, ETREDIE KRR, SHR
BER, AEFRATEXNERD ZX0VEC, EX4TE. B1OHE, NEL, MF
R, EHRHKMN, P55, BE, RERMNILEFENESHHREMRB, BRSERIE
iR, fEAKRE, RERESIMRMNEIL, HEFNLT., WEERK, BRFE. RAFR
MEBWHN, FUERDSTEFNESLHESMSR, WERI1. RBROFEANNKE,
TEXH, ERRER. CERTZAKREIL, HR, MIFEEL[KK, F—"Dhappyil
B!

K
Utrecht, 11.2022
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