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ABSTRACT
DNA replication capacity, the maximal amount of DNA a cell can synthesize at any given time during 
S phase, is controlled by E2F-dependent transcription. Controlling replication capacity limits the replica-
tion rate and provides a robust mechanism to keep replication fork speed within an optimal range whilst 
ensuring timely completion of genome duplication.
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Introduction

Accurate genome duplication is essential for life. During 
the cell cycle, a number of regulatory mechanisms ensure 
that the genome is duplicated completely, accurately, and 
only once per cell cycle during the synthesis phase (S 
phase) before it is segregated during mitosis to produce 
two genetically identical daughter cells. Upon S phase 
entry DNA replication is initiated, known as firing, from 
discrete location in the genome, termed replication origins. 
Replication proteins bind to origins in a highly regulated 
manner, which is known as licensing. Firing allows for 
replication to be initiated from replication origins forming 
so-called replication bubbles, where two replication forks 
emanating from an origin proceed in opposite directions. 
The number of origins that are licensed is much higher 
than the actual number of origins that fire, leaving the 
majority of origins in an inactive, dormant state.1 This 
allows for plasticity during the DNA replication process; if 
a replication fork stalls, another dormant origin nearby 
becomes active and replication can be completed. In addi-
tion, not all active origin fire at the beginning of S phase 
but follow a spatial and temporal firing program with early, 
mid, and late firing origins. This program is linked to the 
three-dimensional organization of the genome that is in 
turn linked to the structure and function of chromatin. 
This ensures that only a limited number of the active 
replication origins fire at a certain time during S phase.1

Replication capacity determines the length of S phase

The total amount of DNA being synthesized at a given time 
during S phase is determined by the number of active 
replication forks and the speed at which these travel. This 
is the DNA synthesis rate, which determines the time it 
takes to duplicate the entire genome and thereby S phase 

duration. Empiric observations suggest that a reduction in 
the firing of origins is compensated for by an increase in 
replication fork speed and vice versa.2–4 This inverse rela-
tionship between the amount of firing and the speed of 
replication forks supports the idea that there is a limited 
amount of DNA a cell can synthesis per unit time.

In our recently published work,5 where we explore this 
concept, we propose a replication capacity model, whereby 
cells have an intrinsic mechanism to limit the amount of 
DNA they can synthetize at any given time throughout 
S phase. We argue that a mechanism that limits the amount 
of DNA synthesis ensures timely completion of genome 
duplication independently of fluctuations in the number 
of active replication forks. This would ensure that replica-
tion fork speed is maintained within a safe range, prevent-
ing replication forks from traveling too slowly or too 
quickly (Figure 1a), which has been linked to the genera-
tion of genomic instability.6

E2F transcription determines replication capacity

Our work suggests that E2F-dependent transcription lies at the 
basis of the mechanism that controls replication capacity dur-
ing S phase. Activation of E2F-dependent transcription drives 
the transition between Gap1 (G1) phase and S phase and is 
central to cell cycle entry. It is regulated by a family of tran-
scription factors (E2F transcription factors 1–8) and their co- 
regulators, the pocket proteins, whose most prominent mem-
ber is the protein Retinoblastoma 1, RB1. E2F-dependent genes 
encode for proteins required for cell cycle progression and 
DNA replication and repair.7 Activation of E2F-dependent 
transcription in G1 is followed by its inactivation during 
S phase, giving rise to a wave of G1/S transcription, with target 
gene expression peaking at different times during the G1 and 
S phases.8
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Our work shows that preventing inactivation of E2F- 
dependent transcription during S phase, via depletion of 
the repressor E2F6, increases the amount of DNA cells can 
synthesis per unit time during S phase, thus shortening 
the S phase length. Conversely, overexpressing E2F6, by 
reducing E2F-dependent transcription, decreases DNA 
synthesis rates (Figure 1b, C). We propose that E2F- 
dependent transcription controls replication capacity by 
controlling the gene expression levels of replication factors 
required for DNA replication.

Our findings extend the central role of E2F-dependent 
transcription in controlling S phase. Our work establishes 
that in addition to driving S phase entry it also determines 
the S phase duration, which is in addition to its critical role in 
the cellular response to replication stress for maintenance of 
genome stability.9

Together these findings support a general role for E2F 
transcription in the S phase control and homeostasis, showing 
an overarching role for this transcriptional network in the 
mechanisms controlling genome duplication both in unper-
turbed conditions and under stress.

Importance for genomic stability and cancer

The concept that replication fork speed must be maintained 
within an optimal range is already well supported by the 
finding that significantly slowing down or speeding up 

replication forks increases fork stalling, and potentially col-
lapse, with implications for genome stability.6 A mechanism 
that provides a framework within which replication dynamics 
can fluctuate, by indirectly controlling replication fork pro-
gression to stay within an optimal range, is an important 
homeostatic mechanism for S phase. Our data show that 
increasing the speed of replication forks, by increasing repli-
cation capacity, causes cell cycle arrest and generates a certain 
level of DNA damage in subsequent cell cycles. It is not clear 
what causes the DNA damage, but it is possible that some 
under-replicated DNA or other unresolved structures are 
detected during mitosis and subsequently recognized by the 
checkpoint in the following G1. E2F-dependent transcription 
is often deregulated in cancer, as a consequence of oncogene 
activation, causing unscheduled S phase entry.10 Our data 
suggest that besides shortening the G1 phase, deregulated 
E2F-dependent transcription is also likely to affect the repli-
cation capacity of cancer cells. Further research is required to 
establish if this provides a buffer to prevent oncogene- 
induced replication stress or contributes to the accumulation 
of genomic instability.
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Figure 1. Molecular mechanism through which replication capacity regulates DNA replication rate and S phase length via E2F transcription. A. Replication rate (shaded 
areas) is given by the amount of active replication forks and the speed at which they travel. Replication capacity (black line) ensures that the area remains constant in 
case of variation in the number or speed of replication forks. E2F transcription sets replication capacity, therefore, replication rate remains relatively constant. 
B. Increasing E2F transcription increases replication capacity, extending replication rate (shaded area). It mostly affects replication fork speed. Conversely, decreasing E2F 
transcription decreases replication rate. C. Increasing replication rate, by increasing E2F transcription, decreases S phase duration.
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