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Cell division is a process that is essential to 
the propagation of life and involves many 
different steps. In plants and animals this 

cell cycle begins with the cell growing and pro-
ducing proteins. Then the cell duplicates its 
DNA, and equally divides its genetic material 
between the two daughter cells, before these 
cells finally separate from each other. The transi-
tions in the cell cycle are tightly controlled to 
guarantee that the right events take place in the 
right order (Figure 1A).

Our understanding of how progress through 
the cell cycle is controlled was greatly improved 
by the discovery of proteins called cyclins and 
enzymes called cyclin-dependent kinases (or CDKs 
for short). During the different stages of the 
cycle, various cyclins and CDKs form complexes 
that add phosphate groups to other proteins to 
drive the cell through the cell cycle (Morgan, 
2007).

A cell essentially ‘decides’ to divide when it is 
in G1-phase; and when it commits to entering the 
cell cycle, the cell enters S-phase and starts dupli-
cating its DNA. Cues from inside the cell and 
from the surrounding tissue are involved in this 
decision, with a tumor suppressor protein called 
Retinoblastoma protein (or Rb for short) having 
a central role. It was discovered, more than 20 
years ago, that Rb inhibits the activity of a set of 
transcription factors called E2F that switch genes 
‘on’ or ‘off’ during G1-phase (reviewed in Dick 
and Rubin, 2013; Henley and Dick, 2012). This 
suggested that the decision to enter a new cell 
cycle coincides with the E2F transcription factors 
changing the expression of genes in G1-phase. 
Subsequent studies suggested that, during this 
phase, the Rb protein is inactivated in a step-wise 
manner by CDKs as these enzymes become more 
active. Rb inactivation was shown to be driven by 
an increase in the levels of CDK activity associated 
initially with cyclin D, and then with cyclin E during 
G1-phase (DeCaprio et al., 1989; Mittnacht  
et al., 1994; Lundberg and Weinberg, 1998).

Now, in eLife, Steven Dowdy and co-workers 
at the University of California San Diego and 
Harvard Medical School report results that will 
force us to revise our understanding of the rela-
tionship between the cyclin D/CDK complex 
and the Rb protein (Narasimha et al., 2014).

According to the long-standing model 
(Figure 1B), as the level of cyclin D/CDK com-
plexes increases during G1-phase, these com-
plexes gradually add phosphate groups to 
multiple sites on the Rb protein, a process termed 
hypo-phosphorylation (Mittnacht et al., 1994). 
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Figure 1. Revising the role of cyclin D/CDK in the 
regulation of Rb activity. (A) The cell cycle involves the 
following phases: the S-phase, during which DNA is 
duplicated, and the M-phase (or mitosis), during which 
chromosome segregation and cell division happen.  
A gap or G1-phase precedes the S-phase, and the 
G2-phase happens before the M-phase. Cyclins and 
cyclin-dependent kinases (CDKs) form a complex that 
drives progress through the cell cycle: the activity of 
these complexes (indicated by the width of the red 
region) starts in G1-phase and increases throughout the 
cell cycle, until the cyclins are destroyed during the 
M-phase. Cyclin-CDK complexes drive the G1-to-S 
transition (cell cycle commitment) by activating the E2F 
transcription factors and triggering large-scale changes 
in gene expression. (B) The long-standing model of 
how E2F-transcription is activated is as follows: initial 
hypo-phosphorylation (hypo ℗) and gradual inactivation 
of Rb by cyclin D/CDK leads to an accumulation of 
cyclin E. This triggers a positive feedback loop, as more 
cyclin E/CDK results in hyper-phosphorylation (hyper ℗) 
and complete inactivation of Rb, which activates 
E2F-dependent transcription. (C) The work by Dowdy 
and co-workers establishes a new role for cyclin D/CDK 
in the regulation of Rb activity by demonstrating that 
mono-phosphorylation (mono ℗) of Rb by cyclin D/CDK 
in fact activates Rb to repress E2F transcription. Mono-
phosphorylated Rb is the active form in dividing cells, 
and it is throught that un-phosphorylated Rb is involved 
in exiting from the cell cycle into a resting or ‘G0-phase’ 
(the thickness of the inhibition arrows reflects strength 
of Rb activity). Based on these results Dowdy and 
co-workers suggest that an increase in cyclin D/CDK 
activity allows cells to enter the G1-phase and be 
primed for cell cycle progression. Whether mono-
phosphorylation prevents exit from the cell cycle or 
promotes entry into G1 phase is currently unknown 
(indicated by ‘?’). Hyper-phosphorylation by cyclin E/CDK 
inactivates Rb and activates E2F transcription, without 
the involvement of cyclin D/CDK. However, the mechan-
ism responsible for triggering the accumulation of cyclin 
E/CDK is unknown (possible ways are indicated by ‘?’).

Hypo-phosphorylated Rb protein then becomes 
less able to inhibit the E2F transcription factors, 
which are then able to switch on many genes, 
including the gene that encodes cyclin E. The 
expression of cyclin E further increases the overall 
activity of CDKs, causing hyper-phosphorylation 
of the Rb protein, which fully inactivates this pro-
tein, and allows the expression of E2F-dependent 
genes. This positive feedback loop then drives the 
cell into a new cell cycle (Johnson and Skotheim, 
2013).

Dowdy and co-workers—including Anil 
Narasimha, Manuel Kaulich and Gary Shapiro as 
joint first authors—provide new data that contra-
dict the dogma; cyclin D/CDK complexes do not 
inactivate the Rb protein. Instead, surprisingly, 
the Rb protein is activated in G1-phase by cyclin 
D/CDK adding a phosphate group at one site 
(out of a possible 14). The hyper-phosphorylation 
of Rb by cyclin E/CDK, which inactivates the Rb 
protein and activates E2F-dependent transcription, 
is independent from its mono-phosphorylation 
by cyclin D/CDK (Figure 1C). The results of 
Dowdy and co-workers radically change the way 
we think about the role of cyclin D/CDK in regu-
lating the function of the Rb proteins.

First and foremost the new results challenge 
the current model in which cyclin D/CDK starts 
the process of E2F-dependent transcription, 
which causes the accumulation of cyclin E/CDK 
and triggers the positive feedback mechanism 
that commits a cell to dividing. So, how is E2F 
activity initiated? This is now an open question. 
Interestingly, it was recently shown that in cells 
that are undergoing continuous cell division, 
there is residual cyclin/CDK activity from the 
previous cell cycle that could trigger the next 
cell cycle (Spencer et al., 2013). Alternatively, 
other transcription factors could also be involved 
in starting cyclin E expression (Naetar et al., 
2014).

Furthermore, the Rb protein is activated when 
DNA is damaged, and Dowdy and co-workers 
showed that this activity also requires mono-
phosphorylation of Rb by cyclin D/CDK. Surprisingly, 
mono-phosphorylation also takes place in cells 
that have exited the cell cycle when they are 
exposed to chemicals that damage DNA. This 
suggests that the ‘DNA damage checkpoint’ (the 
pathway that halts the cell cycle to give a cell time 
to repair its DNA when it is damaged) activates 
cyclin D/CDKs. However, future work is needed 
to establish how this occurs in a cell. It will also be 
important to investigate if the other Rb-related 
proteins also need to be mono-phosphorylated 
by cyclin D/CDKs to be activated.
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Finally, while Dowdy and co-workers show 
that mono-phosphorylated Rb is the active 
form of this protein in cells that are repeatedly 
dividing, they also present data that suggest 
that un-phosphorylated Rb is involved in exit-
ing the cell cycle when a cell starts to specialise 
into a specific cell type. These results support a 
new model in which an increase in cyclin D/CDK 
activity, which is seen in many cancers, might 
‘prime’ a cell for entry into the cell cycle, by 
preventing its exit.

Every once in a while a study comes along 
that changes everything. The work of Dowdy 
and co-workers represents one of those rare 
cases that turn a long-standing model on its 
head. Their results will force those studying the 
process of commitment to cell division to revisit 
old data and will initiate new investigations, 
kicking off an exciting rebirth of a well-established  
field.
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