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1. Introduction

Proliferation is driven by an intricate machinery, the
smooth operation of which is essential for the development
and survival of the organism. The central task of this
machinery is to copy the genetic material of a dividing cell
and to distribute it evenly between daughter cells. Yet, in
higher eukaryotes, the division of every single cell has to
be coordinated with the development of the whole organism.
Mistakes in this cell cycle program are rarely tolerated: they
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give rise to developmental aberrations or cancer and often
lead to the organism’s demise.

A collaborative effort from many laboratories has trans-
formed our understanding of the cell cycle from a black box
to an amazing level of molecular detail. Early groundbreaking
studies revealed the crucial role of oscillating kinase activities
in driving the embryonic cell cycle.!™* The activation of a
kinase, which was first referred to as “maturation-promoting
factor” and later identified to be cyclin-dependent kinase
Cdk1, was shown to trigger entry of cells into mitosis. Its
capability to phosphorylate its substrates is dependent on the
periodic synthesis of essential cyclin subunits.5~7 Conse-
quently, the removal of cyclins shuts down Cdk1 and leads
to exit from mitosis. It was soon realized that cyclins are
disposed of by ubiquitin-proteasome-dependent degradation,’
which brought ubiquitination into the limelight of cell cycle
control.

Subsequent studies extended the role of ubiquitination in
regulating proliferation far beyond its part in the tug-of-war
between kinase activation and protein degradation. Ubig-
uitination also regulates checkpoints that ensure the high
fidelity of cell division and signaling networks that couple
proliferation to differentiation and development. Such a
powerful role in cell cycle control comes with its own risk,
and many malignancies result from aberrant ubiquitination.
In this review, we will discuss key concepts that illustrate
how ubiquitination regulates cell cycle progression and how
its misregulation can trigger aberrant proliferation and cancer.

2. The Players in Ubiquitin-Dependent Cell Cycle
Control

2.1. An Enzymatic Cascade Mediates
Ubiquitin-Dependent Cell Cycle Control

During ubiquitination, a covalent isopeptide bond is
formed between the carboxy terminus (C-terminus) of
ubiquitin and a nucleophilic side chain in the substrate
protein.>!® In the vast majority of cases, ubiquitin is linked
to the e-amino group of lysine residues, but modifications
also occur at the amino-terminus,** the hydroxyl group of
serine residues,? or the thiol group of cysteine residues.>!4

In order to allow the transfer of ubiquitin to its acceptor,
it is first activated by a ubiquitin-activating enzyme, E1
(Figure 1). E1 uses ATP to form a phosphodiester bond
between the C-terminus of ubiquitin and AMP, before the
ubiquitin is transferred to the active-site cysteine of E1 by
thioester formation.'® At least two human E1 enzymes
activate ubiquitin,’®~*8 but in most cases, this reaction is
carried out by the product of the essential UBEL gene. In
dividing cells, the Ubel protein localizes to hotspots of cell
cycle control, such as the cytoskeleton, the mitotic spindle,
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or the spindle midzone. Cell lines carrying thermosensitive
mutations in UBEL suffer from cell cycle arrest and in fact
provided early evidence that ubiquitination is crucial for cell
cycle control.?°

The charging with ubiquitin triggers conformational
changes in E1 that expose a binding site for the recruitment
of one of ~60 human ubiquitin-conjugating enzymes, or
E2s.2! E2s receive the activated ubiquitin on an active-site
cysteine by trans-esterification. Most E2s are single domain
proteins, some of which have short extensions at the N- or
C-terminus. Several of these E2s, including Ubc13, Cdc34,
or UbcH10, have central functions in cell cycle control. In
few cases, E2 domains are found in large multifunctional
proteins, one of which, the 528 kDa BRUCE, localizes to
the spindle midzone and functions during the abscission stage
of cytokinesis.??

Once ubiquitin is bound to an E2, its transfer to the
substrate relies on ubiquitin-protein ligases, or E3s. The E3s
recruit distinct sets of substrates and thereby provide most
of the specificity of ubiquitination. They largely come in two
different flavors and contain either a catalytic HECT or RING
domain. HECT-domains (Homologous to EGAP C-Terminus)
harbor an active-site cysteine, which is charged with ubiquitin
by E2s before the ubiquitin is transferred to the substrate.
By contrast, RING-E3s (Really Interesting New Gene) do
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not have an active site cysteine. Instead, they bind at the
same time to the charged E2 and the substrate and activate
the E2 to transfer ubiquitin directly to the substrate
acceptor.23-26

With ~50 HECT and ~600—1000 RING domain contain-
ing proteins, E3s are the most abundant class of ubiquitina-
tion enzymes in humans. Many of these enzymes have
pivotal roles in cell cycle control. For example, HECT-E3s
are named after the EBAP protein, which is hijacked by the
human papillomavirus E6 protein to catalyze the ubiquiti-
nation and degradation of the cell cycle regulator p53.27:2
Other HECT-E3s implicated in cell cycle control include
Smurf ubiquitin ligases, which terminate antimitogenic
TGF-p signaling,?®%® or Itch, which promotes the endocytosis
of ErbB4 growth factor receptors.3* Among the many RING-
E3s controlling proliferation are the anaphase-promoting
complex (APC/C),%273% the SCF,% the tumor suppressor
Brcal/Bard1,®” or the oncogene Mdm2.%
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its yeast homolog, Ubc1, activates the APC/C [32]

targets p53 for degradation in HPV-infected cells [28]
regulate TGF-f receptors [172,173]

stimulates endocytosis of growth factor receptors [31]
regulates the PTEN tumor suppressor [180]

essential for pro?rus!lon through mitosis [32-35]

targets many cell cycle regulators, including p27, Weed, EmH [81,181,182]
regulates G2/M checkpoint and centrosome maturation [ 183]

targets p53 for degradation in the absence of DNA damage {33}
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Figure 1. Enzymatic players in ubiquitin-dependent cell cycle control: (A) schematic overview over the enzymatic cascade catalyzing
ubiquitination; (B) examples of enzymes at the different steps of ubiquitination that have roles in ubiquitin-dependent cell cycle control.

The modification with ubiquitin can be reversed by ~100
human deubiquitinating enzymes (DUBSs).3**° DUBs contain
a cysteine protease domain or a Zn?*-binding JAMM
domain,* through which they hydrolyze the isopeptide bond
between the C-terminus of ubiquitin and the substrate. As
regulators of proliferation, DUBs themselves are controlled
during cell cycle progression by recruitment of binding
partners,*? regulation of expression levels,*# autocatalytic
cleavage,* or modifications.*® The misregulation of DUBs
can result in aberrant proliferation and cancer, which is well
understood for the tumor suppressor Cyld.*447

Proteins decorated with ubiquitin chains containing at least
four ubiquitin molecules can be recognized by the 26S
proteasome.*® The proteasome is a compartmentalized pro-
tease, which unfolds ubiquitinated proteins and degrades
them in a secluded chamber.*® It recognizes ubiquitinated
proteins by using dedicated receptors, which either bind the
proteasome transiently or are integral components of the
proteasomal cap.®~>! Before substrates are degraded, ubig-
uitin is cleaved off by proteasome-resident DUBs so that it
can be reused by the cell.*® The activities of the proteasome
and its associated DUBs are essential for cell cycle progres-
sion. Consequently, proteasome inhibition blocks prolifera-
tion of cancer cells and has recently been approved for the
treatment of multiple myeloma.?

2.2. The APC/C and the SCF: Leading Characters
in the Cell Cycle Cast

Two main characters in this impressive cast of enzymes
are the anaphase-promoting complex (APC/C) and the
SCF.32736 Both enzymes are essential for proliferation in all
eukaryotes. In dividing cells, the APC/C orchestrates pro-
gression through mitosis and G1, while the SCF operates at
all stages of the cell cycle program. Despite differences in
their temporal regulation, the APC/C and the SCF are very
similar in their basic architecture.

Both the APC/C and the SCF are oligomeric RING-E3s,
which have multiple core subunits (4 in the case of SCF; 13
for APC/C).5® In both enzymes, the catalytic activity is
provided by RING-finger proteins, Rbx1 or Ro52 in SCF36:%

and Apcl1 in APC/C,* which are anchored to the enzyme
by a scaffold cullin protein (Cull in SCF and Apc2 in APC/
C). The various substrates are delivered to the SCF or APC/C
by specific adaptors that associate only transiently with the
E3s. The SCF, for example, uses ~60 F-box proteins, which
contain an F-box domain to associate with the SCF-core
subunit Skpl, and a substrate binding domain, such as
WDA40- or leucine-rich repeats.®® The equivalent of F-box
proteins in the APC/C are the coactivators Cdc20 and Cdh1,
which employ WD40-repeats as substrate binding domains.5"%

While the blueprints for SCF and APC/C are similar,
differences exist in the regulation of substrate binding to these
E3s. The SCF is always eager to promote ubiquitination but
only modifies substrates that have been marked by post-
translational modifications, such as phosphorylation. Once
a substrate is phosphorylated, it is rapidly recognized by the
F-box protein and delivered for ubiquitination to the SCF.3¢
Mutation of phosphorylation sites or kinases stabilizes SCF
substrates, which in the case of 5-catenin results in aberrant
cell cycle control and cancer.>® Contrary to SCF, the activity
of the APC/C itself is regulated during the cell cycle, and
APC/C substrates are usually not modified. The APC/C is
activated during mitosis by phosphorylation of core sub-
units,% and it is shut down during late G1 by degradation of
its specific E2 UbcH10,%* degradation and inhibitory phos-
phorylation of the substrate targeting factors Cdc20/Cdh1,’
and expression of its inhibitor Emi1.5%% Additional inhibitors,
such as the spindle checkpoint proteins Mad2 and BubR1,
ensure APC/C activation at the proper time and place during
the cell cycle, which will be discussed in more detail
throughout this review,%-64

2.3. Different Ubiquitin Modifications Have
Distinct Functions in Cell Cycle Control

The intimate collaboration of E1, E2s, and E3s results in
the transfer of a single ubiquitin (monoubiquitination) or the
decoration of substrates with ubiquitin chains (multiubig-
uitination) (Figures 2). Depending on the modified protein,
monoubiquitination recruits different partners that then trigger
specific reactions. In eukaryotic cell cycle control, the
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Figure 2. Different ubiquitin modifications have distinct functions in cell cycle control. Substrates can be modified with a single ubiquitin
(monoubiquitination) or with ubiquitin chains (multiubiquitination). Ubiquitin chains differ in structure and function, depending on what
lysine of ubiquitin is used for chain formation. Examples for different modifications and their substrates in cell cycle control are shown on

the right.

monoubiquitination of histones is important for recognition
of stalled replication forks and S phase progression,55:6¢
monoubiquitination of growth factor receptors regulates their
endocytosis and limits growth factor signaling,®” and monou-
biquitination of PCNA recruits translesion polymerases to
mediate DNA repair, thereby removing road blocks to cell
cycle progression.®

When chains are assembled, one of the seven lysine
residues of ubiquitin serves as acceptor site for the next
ubiquitin to be attached. Depending on the lysine residue
preferentially employed for chain formation, these chains
differ in structure and function.®®™ In yeast, all lysine
residues of ubiquitin can be modified,”* but we understand
most about the consequences of chains linked through K48,
K11, or K63. K48-linked chains are bound by the 26S
proteasome; they are the canonical signal for degradation,
and essential for proliferation.®? Chains linked through K11
of ubiquitin are assembled by the human cell cycle E3
anaphase-promoting complex (APC/C).”2™ These K11-linked
chains are recognized by several proteasomal substrate
receptors and trigger the degradation of APC/C substrates.
Because the APC/C is required for proliferation in all
eukaryotes, it is likely that K11-linked chains are essential,
too, but this remains to be determined. By contrast, K63-
linked ubiquitin chains usually function independently of the
26S proteasome. By recruiting specific binding partners to
modified substrates, K63-linked chains activate kinases
during inflammation,”* orchestrate events in the G2/M
checkpoint,”® or mediate lysosomal targeting of activated
growth factor receptor.”

What determines which chain type is formed? In many
cases, the ubiquitin chain topology is dependent on the E2.
K63-linked chains, for example, are assembled by the
heterodimeric E2 Mms2—Ubc13, which functions in cell
cycle control due to its role in the G2/M checkpoint. Mms2,
a ubiquitin-E2 variant (UEV), has no E2-activity itself.

Instead, it binds the acceptor ubiquitin, which brings K63
of the acceptor ubiquitin into proximity of the active site of
the E2 Ubcl3.” Since Ubcl3 can only function when
presented with an acceptor ubiquitin by Mms2, Mms2—Ubc13
is able to elongate ubiquitin chains but may be unable to
add the first ubiquitin to a substrate lysine.”®"®

In a similar manner, E2s are pivotal for the formation of
K48- and K11-linked chains.3?728 The E2 Cdc34, which is
important at multiple cell cycle stages,®*® is responsible for
the assembly of K48-linked chains by the cell cycle E3 SCF.
This capability of Cdc34 requires a conserved acidic loop
in Cdc34, which may directly contact ubiquitin.®? Also, the
formation of K11-linked chains by the APC/C depends on
its E2, UbcH10, which is required for progression of cells
beyond metaphase.”>7388 The assembly of K11-linked
chains by APC/C and UbcH10 relies on short sequence
motifs present in substrates and in ubiquitin, which are
referred to as TEK boxes.”? In addition, UbcH10 cooperates
with a novel E2 enzyme, which helps determine the
specificity for K11-linked ubiquitin chains (K.EW., AW,
unpublished).

3. The Different Functions of Ubiquitination in
Cell Cycle Control

Ubiquitin is such a crucial regulator of proliferation that
discussing every mechanism of ubiquitin-dependent cell cycle
control would go far beyond the scope of this review. We
will instead focus our discussion on selected examples that
illustrate how ubiquitin can take charge over proliferation
(Figure 3). We will review how ubiquitin-dependent pro-
teolysis ensures the regulated and unidirectional progression
through the cell cycle; how ubiquitination and proteolysis
orchestrate the function of cell cycle checkpoints; and how
ubiquitination and endocytosis coordinate proliferation with
development.
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Figure 3. Examples of modified substrates in ubiquitin-dependent cell cycle control.2”8~1% |n the left panel are examples of ubiquitinated
proteins that are not degraded upon their modification. In parentheses, the function of the relevant modification in cell cycle control is
noted. In the right panel are examples of proteins that are degraded after being ubiquitinated at different times in the cell cycle. In parenthesis,

the relevant ubiquitin ligases are noted.

3.1. The Role of Ubiquitin-Dependent Proteolysis
in Cell Cycle Progression

3.1.1. Do Not Look Back: Generation of Irreversible Cell
Cycle Transitions

Cells have to guarantee that their genomic information is
replicated only once per cell cycle and that the two identical
copies are distributed evenly between the daughter cells. To
this end, cells have to ensure that replication always precedes
mitosis. The necessary unidirectionality of cell cycle progres-
sion depends on irreversible transitions between cell cycle
stages, which is achieved by ubiquitin-dependent degradation.

A well characterized example of how ubiquitin-dependent
proteolysis generates irreversible cell cycle transitions is exit
from mitosis, which depends on the degradation of cyclin
proteins.2 The A- and B-type cyclins activate the major
mitotic kinase, Cdkl, to constitute “maturation promoting
factor”, the activity of which is required for establishing and
maintaining the mitotic state. Without cyclins, Cdk1 is unable
to bind and phosphorylate its many mitotic substrates.®
Consequently, the ubiquitination of cyclins A and B by the
anaphase-promoting complex (APC/C) and their degradation
by the 26S proteasome efficiently shuts down Cdkl and
promotes exit from mitosis. The importance of this pro-
teolytic event is illustrated by cells that fail to degrade
cyclins: they arrest in mitosis. Such failure of cyclin
degradation can be caused by inhibition of the proteasome,®
activation of checkpoints that inhibit the APC/C,%? or
exg)eression of cyclin mutants not recognized by the APC/
C.

The degradation of cyclins is the key mechanism of
triggering Cdk1 inactivation and mitotic exit in eukaryotes.
To test whether the irreversibility of mitotic exit relies on
ubiquitin-dependent proteolysis, mitotic cells can be treated
with the Cdk1-inhibitor flavopiridol 8" Because active Cdk1
is essential for mitosis, its inhibition by flavopiridol promotes
mitotic exit, and this occurs even if the degradation of cyclin
B is blocked by proteasome inhibitors.®” If flavopiridol is
removed from postmitotic cells still containing cyclin B1,

however, the remaining cyclin quickly activates Cdk1 and
pushes cells back into mitosis! Upon reverse entry into
mitosis, cells break down their nuclear envelopes, condense
their chromosomes, and align them at the metaphase plate.
If occurring during normal cell cycle progression, such a
“reverse transition” would wreak havoc as mitotic check-
points will not be fully functional and the likelihood of
mistakes in chromosome segregation will be high. Since in
the absence of drugs, mitotic exit depends on cyclin B1
degradation, such inappropriate reverse transitions cannot
occur. Thus, ubiquitin-dependent degradation is essential for
the irreversible nature of the M—G1 transition.

Ubiquitin-dependent proteolysis serves a similar role in
establishing the irreversible transition from G1 into S, which
is pivotal for DNA replication.® During G1, when Cdk
activity is low, cells license their origins of replication.
However, they initiate DNA replication only after having
activated cyclin-dependent kinases at the G1—S transition.
Irreversible kinase activation is brought about, at least in
part, by the ubiquitin-dependent degradation of a Cdk
inhibitor, p27. If degradation of p27 is disturbed, cells can
revert back from S into G1 and relicense origins of
replication again that have already been used. This allows
these cells to amplify genes or chromosomes, an event often
observed in tumors. 8%

Consistent with its importance for cell cycle control, the
degradation of p27 is tightly regulated. When, during G1,
cells commit to another round of cell division, they activate
Src and Abl kinases. These kinases phosphorylate p27 on a
conserved tyrosine, Y88, which leads to the displacement
of p27 from its binding site in the catalytic cleft of Cdk2.9.:%2
This in turn allows cyclin E/Cdk2 to phosphorylate p27 on
another conserved threonine, T187, thereby creating a
binding site for p27 on the F-box protein Skp2 and its
associate Cks1.8! Together with Cks1, SCFS%"2 ubiquitinates
p27 and marks the Cdk inhibitor for degradation by the 26S
proteasome, which results in a burst of Cdk2 activity,
activation of E2F transcription factors, and synthesis of more
A- and E-type cyclins.®® The ensuing full activation of Cdk2
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commits cells to entry into S. Since no p27 is left, cells
cannot revert back into G1 and entry into S is irreversible.

The degradation of p27 provides directionality but also
releases a brake in the cell cycle, which is exploited by
hyperproliferative tumor cells. For example, amplification
of the EGF receptor in breast cancer cells or activation of
Abl by the BCR—ABL translocation in chronic myelogenous
leukemia activates Src or Abl kinases and targets p27 for
degradation.®8%* oss of the PTEN tumor suppressor results
in increased expression of Skp2 and, conversely, lower levels
of p27.% Overexpression of Skp2 is, in fact, observed in
many malignancies.®® An increased level of p27 degradation
is a prognostic factor for disease progression and therapeutic
response in cancer, with low levels of p27 correlating with
poor prognaosis.

3.1.2. Step by Step: Transitions within a Cell Cycle Stage

Not only transitions between cell cycle stages but also the
processes within one cell cycle phase have to occur in a
defined sequence. This is illustrated during mitosis, which
in mammalian cells takes less than one hour. In this short
period of time, cells break down their nuclear envelope,
condense their chromosomes, attach them to the spindle,
distribute the sister chromatids to the two daughter cells, and
finally separate the daughters during cytokinesis. Just imagine
a cell starting cytokinesis before the chromosomes were even
attached to the spindle—big mistake!

The sequence of mitotic events is determined by closely
connected processes, including phosphorylation of hundreds
of proteins and precisely timed ubiquitin-dependent degrada-
tion. The main director of mitotic degradation is the APC/
C, which in addition to the cyclins mentioned before, controls
the turnover of other mitotic kinases, spindle organizers,
centrosomal proteins, kinesins, cytokinesis regulators, and
finally its own E2, UbcH10.535761.97.9% The APC/C ubiquiti-
nates its substrates in a sequential manner, referred to as
“substrate ordering”.”>%® As much as we can tell from the
analysis of APC/C substrates in multiple species, the
sequence of APC/C-dependent ubiquitination reactions is
conserved through evolution.’®1%! Disturbing substrate or-
dering would be deleterious: for example, the premature
degradation of the cytokinesis regulator PIk1 can lead to
massive cytokinesis defects and multinucleation.®”

Consistent with the robustness of cell cycle control, several
mechanisms keep up substrate ordering by the APC/C.
Anything but an unbiased enzyme, the APC/C discriminates
between substrates by catalyzing their ubiquitination with
different degrees of processivity.®19 Its “favorites”, such
as cyclin B1 or securin, are decorated with long ubiquitin
chains within a single binding event. The length of the
ubiquitin chains attached to such processive substrates
exceeds the four ubiquitin molecules required for recognition
by the proteasome.*® The most processive substrates of the
APC/C are consequently the first proteins to be degraded
after the APC/C is switched on to fully active at the
metaphase—anaphase transition.

Less preferred substrates, however, require multiple bind-
ing events to the APC/C to receive a ubiquitin chain long
enough for proteasomal recognition. After dissociation, these
distributive, partially ubiquitinated substrates compete for
rebinding to the APC/C with all its other substrates. The
competitiveness of the mitotic environment is illustrated by
a comparison of protein concentrations: each of the rate-
limiting APC/C activators Cdc20 and Cdhl is present at
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approximate concentrations of 50 nM, while the combined
concentration of all mitotic APC/C substrates exceeds 2—3
uM (M.R., unpublished). A slight increase in the level of a
processive substrate can throw the whole system off balance
and bring mitotic progression to a halt.®® The dissociated
substrates are also recognized by deubiquitinating enzymes,
which remove already attached ubiquitin.*®*® Together, these
mechanisms delay the degradation of distributive substrates
to late mitosis or G1. With few exceptions discussed below,
the degree of processivity of ubiquitination matches the
timing of degradation of APC/C substrates. Substrate order-
ing by the APC/C, therefore, is the outcome of a fierce
competition between ubiquitination and deubiquitination and,
thus, similar to a mechanism of kinetic proofreading proposed
by Hopfield.1%

The exceptions to the processivity rule are APC/C
substrates that are degraded earlier than expected from their
processivity of ubiquitination. These substrates are all turned
over when the bulk of the APC/C is inhibited by the mitotic
spindle checkpoint. They include cyclin A, which activates
Cdk1;1% the mitotic kinase Nek2, which is important for
centrosome separation;'% and the CDK-inhibitor p21.297 Al
of these substrates require Cdc20 for degradation, but the
mechanisms allowing their degradation despite inhibition of
Cdc20 by the spindle checkpoint are only beginning to be
understood. It may involve direct binding of substrates to
core APC/C subunits, direct competition with spindle
checkpoint components for binding to Cdc20, or alternative
means of APC/C targeting by Cdk1,108.109

A third mechanism contributing to the efficient degradation
of mitotic APC/C substrates is the colocalization of APC/C
and substrates at cellular “hotspots”. While much of the
APC/C is found in the cytoplasm, it also accumulates on
the centrosome and the spindle during mitosis.''® APC/CCdc20
is activated by Cdk1-dependent phosphorylation, and APC/C
subunits phosphorylated on Cdk1 consensus sites are first
detected on the spindle pole.®® The activation of the APC/C
on the centrosome or the spindle coincides with the localiza-
tion of several substrates, including cyclin B1, Tpx2, or
Aurora A, to these sites. In Drosophila, the APC/C substrate
cyclin B1 is first degraded on the centrosome and only later
on the spindle and in the cytoplasm.!'* Losing the connection
between the centrosome and the spindle, which occurs in
“centrosome-falloff” mutant flies, allows degradation of
cyclin B1 at the centrosome but stabilizes it on the spindle.!'?
Different mechanisms that target inactive APC/C to the
spindle or to kinetochores have been proposed,'*** but how
active APC/C is brought to microtubules remains to be
determined. A recently identified E2-activating enzyme,
which can bind both APC/C and microtubules, might provide
the missing link (K.E.W., A.W., unpublished).

3.1.3. Road Blocks to Progress: Generating a Regulated
Cell Cycle Transition

Especially in higher eukaryotes, it is important not only
that cell division occurs with high precision but also that it
is integrated into the development of the whole organism.
The coordination of proliferation with development depends
on signaling by growth and differentiation factors. In order
to remain responsive for growth-factor signaling, cells have
engineered road blocks against progression through the G1
phase, which depend on ubiquitin-dependent proteolysis
brought about by well-studied tumor suppressors.
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One of the best understood examples is the human tumor
suppressor Fhw7.1*> Fow?7 is an F-box protein that recognizes
phosphorylated substrates and targets them for ubiquitination
by the SCF™"7 and degradation by the proteasome. Most of
the substrates of Fbw7 have important roles in promoting
the transition from G1 to S, and their degradation ensures
that cells progress into S only after receiving the appropriate
signals from their environment. Such Fbw7 substrates include
cyclin E, which activates Cdk2 kinase to drive entry into S;
the transcription factor c-myc, which promotes entry into S
by increasing the synthesis of several cell cycle regulators;
and the signaling molecule Notch, which plays a key role in
development.’6~11° The recognition of substrates by Fow?7
requires their phosphorylation on two sites spaced by four
amino acids. In most, if not all cases, the kinase responsible
for phosphorylation at the —4 site is GSK3, which is
regulated by mitogenic signaling.*® If mitogenic signaling
is low (i.e., the environment tells the cell not to divide),
GSK3-activity is high. Consequently, Fbw7 substrates are
fully phosphorylated, ubiquitinated, and degraded, and the
cell has to await better conditions to proceed with its cell
cycle program.

Loss of Fbw7 function allows cells to proliferate even
under adverse conditions, such as those encountered by
rapidly dividing tumor cells. Because this endows tumor cells
with a growth advantage, Fbw7 function is often impaired
in cancer.™® This can occur by deletion of one allele or by
mutations in the substrate-binding domain of Fbw7. Con-
versely, mutations in substrates can also block their phos-
phorylation or recognition by Fbw7, as observed with c-myc
mutations in Burkitt’s lymphoma.t*s Finally, the viral on-
cogene SV40 large T antigen (LT) possesses a Fbw?7
recognition site, yet binding to Fbw7 does not result in SV40
LT ubiquitination. By functioning as a pseudosubstrate, SV40
LT blocks the substrate-binding site on Fbw7 and stabilizes
oncogenic Fbw7 substrates.!? The inhibition of E3s by
pseudosubstrates has recently emerged as a widespread
regulatory mechanism of ubiquitin-dependent cell cycle
control, providing a fine example of how studying viral
oncogenes can shed light on normal proliferation control 8312

3.1.4. The Final Transition: Irreversible Exit from the Cell
Cycle

A final transition has to be established when cells exit their
cell cycle program. This can occur reversibly during periods
of starvation or in stem cells that divide rarely and spend
most of their time in a quiescent state. However, when cells
are instructed to adopt a specific fate during terminal
differentiation, they irreversibly cease to proliferate, and this
process is dependent on ubiquitin-dependent proteolysis.

The differentiation of dividing stem cells into nondividing,
terminally differentiated cells requires tight transcriptional
regulation, which is brought about by opposing transcrip-
tional activators and repressors. The degradation of repressors
allows cells to rapidly activate genes in response to dif-
ferentiation cues. A case in point is made by the REST
protein, which in stem cells represses the transcription of
neuronal genes, such as ion channels or neurotransmitter
receptors. Upon differentiation, REST is phosphorylated on
C-terminal residues and subsequently recognized by the
F-box protein BTrCP.1227124 SCFAT'®® decorates REST with
K48-linked ubiquitin chains and targets it for degradation,
which coincides with the expression of neuron-specific genes.
If this process is blocked, as observed pathologically by
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C-terminal frame-shift mutations interfering with REST
recognition by STrCP,'?® neuronal differentiation is impaired.
By maintaining the stem cell character of neuronal precursor
cells, stabilized REST behaves likes an oncogene, and indeed
it is overexpressed in brain cancers.!?®

In addition to its function during neurogenesis, REST
represses the transcription of the essential mitotic spindle
checkpoint component Mad2.*?* In dividing cells, REST is
ubiquitinated by SCFAT? and degraded by the 26S protea-
some during G2. The degradation of REST is required for
achieving expression levels of Mad2 high enough for the
functionality of the spindle checkpoint. The stabilization of
REST, or its overexpression observed in medullablastoma
compromises the spindle checkpoint and harbors the potential
of introducing genetic instability. These consequences are
reminiscent of deletion of one MAD?2 allele, which predis-
poses mice to cancer development.'?® The degradation of
REST, therefore, stands out as a spectacular example of the
close connections between proliferation and differentiation
but also as an Achilles heel of stem cells: if REST is
stabilized, stem cells do not efficiently differentiate while at
the same time their ongoing proliferation has lost its
precision.

Underscoring the importance of coordinating proliferation
with development, the other major cell cycle E3, the APC/
C, also functions during differentiation. In addition to
orchestrating progression of cells through mitosis, APC/CC
regulates synapses in Drosophila and Caenorhabditis
elegans'?"18 and controls axonal growth and patterning in
the developing nervous system of mice.'?® Important APC/
CCdnt substrates in differentiating neurons are the SnoN and
Id (inhibitors of differentiation) transcriptional repressors.13-1%2
The degradation of these repressors activates the transcription
of neuron-specific genes following cell cycle exit. APC/CC
also stabilizes the G1 cell cycle stage, which is the time when
cell cycle exit occurs during differentiation. Thus, APC/CCdh
generates a cell cycle state conducive to differentiation and
then contributes to the establishment of a specific cellular
fate, thereby elegantly coordinating proliferation with
differentiation.

3.2. The Role of Ubiquitination in Cell Cycle
Checkpoints

The faithful execution of the cell cycle program is
constantly monitored by checkpoint networks, which detect
damage or the failure to complete a cell cycle stage. The
activation of these checkpoints halts cell cycle progression
and provides cells with time to repair the damage. The
importance of checkpoints for faithful cell division is
underscored by their frequent loss of function in cancer.
Ubiquitination plays key roles in checkpoint establishment,
maintenance, and inactivation.

3.2.1. To Control and To Be Controlled: Ubiquitin and the
Spindle Checkpoint

The complexity of ubiquitin-dependent checkpoint control
is revealed during mitosis, when condensed chromosomes
have to be attached to the spindle by kinetochore—microtubule
interactions.™® It is essential that the kinetochores of the two
sister chromatids are connected to microtubules emanating
from opposing spindle poles; otherwise both sister chromatids
would end up in the same, then aneuploid daughter cell. Since
sister chromatids are held together by a ring-shaped protein
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complex, cohesin, the correct bipolar spindle attachment of
chromosomes generates tension between the sister chroma-
tids. The lack of microtubule attachment at a single kineto-
chore or lack of tension between sister chromatids activates
the spindle checkpoint.®® The spindle checkpoint then inhibits
the ubiquitin ligase APC/C, the activation of which would
trigger sister chromatid separation by targeting inhibitors of
the cohesin protease, separase, for proteasomal degrada-
tion.13% By inhibiting the APC/C, the spindle checkpoint
allows cells to correct erroneous chromosome attachment
before the sister chromatids are distributed to the daughter
cells.

The direct target of the spindle checkpoint is the substrate-
recruitment factor and APC/C activator Cdc20. Cdc20 is
sequestered in stoichiometric complexes with its inhibitors
Mad2 and BubR1.5254 The binding of Mad2 to Cdc20 occurs
at unoccupied kinetochores. It involves a template mecha-
nism, where one stably kinetochore-bound Mad?2 (through
interaction with another checkpoint component, Mad1l)
changes the conformation in another Mad2 molecule, which
is then capable of Cdc20 binding.**>'% The resulting
Cdc20—Mad2 complex resembles a “seatbelt” conformation,
which is very stable.’®” In addition, the yeast BubR1-
homologue Mad3 binds and inhibits Cdc20 as an APC/C
pseudosubstrate.*** The sequestration of Cdc20 in these
complexes inactivates the APC/C and arrests cells at
metaphase.

After all chromosomes have achieved bipolar attachment
to the spindle, sister chromatid separation is rapidly initiated
and occurs simultaneously throughout the cell. This indicates
that the spindle checkpoint is inactivated in a switch-like
manner, which is achieved, at least in part, by ubiquitination.
Following the completion of chromosome attachment, the
p31%°met protein and the E2 UbcH10 catalyze the APC/C-
dependent multiubiquitination of Cdc20 itself and potentially
other proteins as well.24*%® The APC/C-dependent multiu-
biquitination does not result in Cdc20 degradation but instead
triggers the dissociation of Cdc20 from its inhibitor Mad2,
activation of APC/CC¥? and initiation of sister chromatid
separation. It is likely that ubiquitination causes conforma-
tional changes in Cdc20 leading to Mad2 release or recruits
a ubiquitin-selective segregase, such as p97Yfdi/Nel4 o
disassemble the Cdc20/Mad2 complexes in an ATP-depend-
ent manner.t®% Following its activation, the APC/C
promotes the degradation of cyclin B1, Mps1, and Bub1l,
which are all required to maintain spindle checkpoint
function.***142 Thus, the APC/C itself initiates events leading
to the inactivation of the spindle checkpoint and, conse-
quently, more APC/C activation. Such a mechanism holds
great potential for positive-feedback regulation, which could
explainthe switch-like nature of spindle checkpointinactivation.

Biological switches solely built on positive-feedback loops
are difficult to keep under control; here, spindle checkpoint
inactivation could be brought about by local fluctuations in
p31®met The spindle checkpoint, however, employs an
additional layer of ubiquitin-dependent regulation to protect
cells against unscheduled sister chromatid separation. In early
mitosis, when chromosomes attempt to achieve bipolar
spindle attachment, the DUB Usp44 reverts the ubiquitination
of Cdc20 and stabilizes Cdc20—Mad2 complexes.* Loss of
Usp44 abrogates the spindle checkpoint and leads to
widespread chromosome missegregation. The phenotype of
Usp44 depletion can be rescued by codepletion of UbcH10,
providing evidence that Usp44 directly opposes the UbcH10-

Wickliffe et al.

dependent ubiquitination underlying spindle checkpoint
silencing. The ongoing competition between ubiquitination
and deubiquitination results in a very dynamic regulation of
the spindle checkpoint and allows cells to rapidly pull the
trigger leading to sister chromatid separation.

3.2.2. Ubiquitination Step by Step: The G2/M Checkpoint

A key feature of the spindle checkpoint is its regulation
by reversible ubiquitination. A variation on this theme is
played by the G2/M checkpoint, which impairs entry of cells
into mitosis in response to damaged DNA. An important
component of the G2/M checkpoint is the ubiquitin ligase
Brcal/Bardl, activation of which blocks mitotic entry
through inhibition of cyclin B1/Cdk1.*® The loss of ubig-
uitination by Brcal/Bard1, which occurs in breast cancer cells
harboring mutations in the Brcal RING finger, abrogates the
function of the G2/M checkpoint.’** Such cells can enter
mitosis despite DNA damage and accumulate potentially
harmful mutations.

Just like the APC/C, Brcal/Bardl is closely regulated by
nonproteolytic ubiquitination. Following DNA damage, cells
activate the kinases ATM and ATR, which phosphorylate a
histone, H2AX, and a scaffold protein, Mdcl. Together,
yH2AX and Mdcl form a platform on which DNA repair
proteins and G2/M-checkpoint mediators are assembled. One
of the earliest proteins to be recruited is the ubiquitin ligase
Rnf8, which recognizes phosphorylated Mdcl through an
N-terminal FHA domain.**~4" Rnf8 and its E2 Ubcl3
decorate histones at the sites of damage with K63-linked
ubiquitin chains.” These K63-linked ubiquitin chains are
recognized by a ubiquitin-binding protein, Rap80, which
together with Ccdc98/Abraxas recruits the Brcal/Bardl
tumor suppressors.*8=151 Further ubiquitination by Brcal/
Bard1 coordinates later events of DNA repair and elicits the
checkpoint-dependent G2/M arrest. There are only few
substrates of Brcal/Bardl known at sites of DNA damage,
including the CtIP protein mutated in cancer.'® Rather than
promoting CtIP degradation, its Brcal/Bard-dependent ubig-
uitination stabilizes the interaction of CtIP with damaged
DNA and may promote its function in DNA end resection.'5
Loss of Rnf8, Brcal/Bardl, or Ubc13 all block the function
of the G2/M checkpoint.

Reminiscent of the regulation of the spindle checkpoint
by antagonistic ubiquitination (APC/C, UbcH10) and deu-
biquitination (Usp44), the Rap80/Brcal/Bardl complex also
contains a deubiquitinating enzyme, Brcc36.1% Another
DUB, Bapl, had also been shown to bind Brcal.!®® The
activity of Brcc36 is required for G2/M-checkpoint function,
but specific substrates have yet to be identified. Thus, both
cell cycle checkpoints are regulated by reversible and
nonproteolytic ubiquitination.

3.2.3. Ubiquitin-Dependent Proteolysis in Cell Cycle
Checkpoints

Sometimes, cell cycle checkpoints have to resort to more
radical means to grant a battered cell enough time to repair
the damage. Checkpoints then trigger the degradation of
regulators that are required for entry into the next cell cycle
stage. A case in point is made by the intra-S checkpoint,
which is activated when cells encounter DNA damage during
replication. Activation of the intra-S checkpoint promotes
the ubiquitination and degradation of the Cdc25A phospha-
tase,'%~1%8 which would otherwise activate Cdk kinases and
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promote cell cycle progression. The degradation of Cdc25A
therefore stalls cell cycle progression in S phase. The intra-S
checkpoint depends on the same ATM, ATR, and Chk
kinases as the aforementioned G2/M checkpoint, and Chk1
is required for the ubiquitination of Cdc25A by SCFATreP 157
The failure to degrade Cdc25A, for example by mutation of
Chk1 kinase, allows Cdk activation and cell cycle progression
despite DNA damage, thus compromising the fidelity of
replication. Not surprisingly, high levels of Cdc25A are
frequently observed in tumors and correlate with poor
prognosis.*°

Cell cycle checkpoints can also turn the tables and inhibit
degradation events required for cell cycle progression. The
tumor suppressor p53, for example, impairs cell cycle
progression in response to DNA damage. To ensure that cells
are not inadvertently slowed down, p53 is constantly
degraded following its ubiquitination by the E3 Mdm2.% The
detection of DNA damage decreases the activity of Mdm2
toward p53 by several means, including impaired p53
binding, reduced catalyticactivity of Mdmz2, and deubiquitination. 24
The complete inhibition of Mdm2 leads to stabilization and
activation of p53, which can then promote the synthesis of
the CDK-inhibitor p21, leading to cell cycle arrest. Mdm2
can also be partially inactivated, which results in p53
monoubiquitination rather than multiubiquitination.!®® As
shown with ubiquitin fusion proteins, monoubiquitination of
p53 triggers its nuclear export by exposing a nuclear export
signal that is recognized by the export factor Crm1.1%° Thus,
under those conditions, p53 is only transiently inhibited; the
cell remains skeptical enough to retain some p53 just in case.

3.3. Regulation of Growth Factor Signaling by
Ubiquitination

The role of ubiquitin in coordinating proliferation with
development will serve as a final example to illustrate the
intricate mechanisms of ubiquitin-dependent cell cycle
control. As already mentioned, mammalian cells decide
whether to proliferate or differentiate by recognizing a
mixture of extracellular growth and differentiation factors.
Cells integrate the signals emerging from multiple receptors
before committing to a further round of proliferation. The
overexpression of a single receptor disturbs this fine-tuned
machinery and results in prolonged signaling and inappropri-
ate cell cycle progression. To limit growth factor signaling,
ligand-engaged growth factor receptors are downregulated
by ubiquitin-dependent endocytosis. If the activity of the
responsible E3 is crippled, cells proliferate without much
restraint and the afflicted organism is likely to develop
cancer.

3.3.1. EGF Receptors

The importance of endocytosis for appropriate growth-
factor signaling and cell cycle regulation is illustrated by
the epidermal growth factor receptor, EGFR. Inhibition of
EGFR endocytosis or EGFR overexpression is tightly linked
to the development of breast cancer. By contrast, the
downregulation of EGFR kinase activity or the application
of humanized monoclonal antibodies against EGFR has been
proven to be of therapeutic benefit. 61,162

After engagement with its ligand, the dimerization of
EGFR induces its autophosphorylation and activation. This
triggers intracellular signaling cascades but, at the same time,
also promotes EGFR internalization by endocytosis and
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routing to the lysosomal compartment. The complete inac-
tivation of EGFR requires its degradation in the lysosome.
Although internalization of EGFR can occur in the absence
of ubiquitination, its targeting to the lysosomes depends on
K63-linked ubiquitin chains.®”"® The lysosomal routing is
mediated by the ESCRT pathway, which has several
components directly binding to ubiquitin.'6%* Thus, ubig-
uitination is essential for the efficient inactivation of EGFR
and constitutes an important negative-feedback loop to limit
growth factor signaling.

The activated EGFR is ubiquitinated by the RING-E3
c-Chl.1%5 ¢-Cbl is paired up with activated EGFR through
the adapter molecule Grb, and through recognition of an
autophosphorylated tyrosine residue of EGFR by the TKB-
domain of c-Cbl.*% The activity of c-Chl is absolutely
required for EGFR internalization. It is known that c-Cbl,
in addition to EGFR, has to ubiquitinate other proteins during
endocytosis, which could be substrate adaptors or compo-
nents of the endocytic machinery.

Mutants of c-Cbl underscore the importance of EGFR
endocytosis for cell cycle regulation. A retroviral version,
v-Cbl, lacks residues at its C-terminus and is unable to
ubiquitinate EGFR.X” v-Cbl behaves like a dominant nega-
tive mutant that protects EGFR from ubiquitination by c-Cbl
expressed in the host cell. Prolonged EGFR signaling causes
aberrant cell cycle progression, and indeed, v-Cbl expression
after retroviral infection leads to increased B cell prolifera-
tion, lymphoma, and myelogenous leukemia. In a similar
manner, mutations in the RING domain of c-Cbl that block
its capability to ubiquitinate and downregulate EGFR lead
to prolonged growth factor signaling, aberrant cell cycle
control, and cancer.*68

A recurrent theme in ubiquitin-dependent cell cycle
regulation is the opposition of E3s by DUBSs, which provides
the basis for dynamic regulation. So it comes as no surprise
that the lysosomal targeting of activated EGFR is subject to
DUB regulation. At least two human DUBs regulate EGFR
downregulation, AMSH and Usp8/UbpY .16818° Usp8 is itself
a cell cycle regulated protein, which is absent from quiescent
cells and is only expressed after these cells have been
stimulated to re-enter the cell cycle by growth factor
signaling.*® The DUBs function at multiple stages of EGFR
endocytosis and control the ubiquitination status of cargo
and of components of the endocytic machinery. An onco-
genic translocation fusing Usp8 to the PI-3K-subunit p85p5
lends support to an important function of these enzymes in
cell cycle control.*™

3.3.2. TGF-f signaling

TGF-$ and related cytokines impair proliferation and
promote differentiation in several tissues.*”* TGF-f ligands
are recognized by heterodimeric receptors (TR-I/TR-II),
leading to activation of their kinase activity and trans-
phosphorylation. The activated TR-I phosphorylates receptor
Smad proteins (R-Smads), allowing them to bind Smad4,
travel to the nucleus, and activate the transcription of genes
regulating proliferation and differentiation. Loss of TGF-f
signaling leads to aberrant cell cycle progression and has
been firmly linked to tumorigenesis and metastasis.

A class of inhibitory Smad proteins downregulate TGF-3
signaling by stimulating the ubiquitin-dependent degradation
of activated receptors. Smad7, for example, teams up with a
ubiquitin ligase, Smurf2.1> The Smad7—Smurf2 complex
is transported to cholesterol-rich caveolae, which contain
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internalized activated TR-I/TR-Il. At this time, Smad7
presents the E2 UbcH7 to the HECT-E3 Smurf2, thereby
stimulating Smurf2-dependent ubiquitination reactions.'”
This leads to modification of both Smad7 and the TRs and
targets Smad7 for proteasomal and the TRs for lysosomal
degradation.

TGF-3 signaling is regulated by ubiquitin-dependent
processes at multiple levels and provides a final example
for the complexity of ubiquitin-dependent cell cycle control.
Key substrates in the ubiquitin-dependent regulation of
TGF-£ signaling are the Smads. They can be ubiquitinated
by a variety of ubiquitin ligases, such as Smurfl, Smurf2,
the HECT-E3s Nedd4-2 and ltch, the U-box E3 CHIP, or
SCF.174-176 This can have distinct consequences, which may
be caused by different types of ubiquitination (monoubig-
uitination versus chains of different topology). For example,
whereas Smad3 ubiquitination by Nedd4-2 stimulates its
proteasomal degradation, the modification of Smad3 by Itch
activates its transcription activator function. The increased
degradation of Smads abolishes the capability of cells to
respond to antimitogenic TGF-g signaling. This is exempli-
fied by the overexpression of the E3 ectodermin, which
targets Smad4 for unscheduled degradation and is found in
intestinal tumors.*”?

4. Summary: Common Themes in
Ubiquitin-Dependent Cell Cycle Control

Ubiquitination is an essential regulator of cell cycle
progression in all eukaryotes. It controls a wide variety of
reactions important for proliferation and development, such
as progression through the cell cycle program, function of
cell cycle checkpoints, and coordination of proliferation with
development. Ubiquitination can exert specific control over
S0 many processes by changing the abundance or the activity
of madified proteins. Ubiquitination itself is tightly regulated
and carried out by very specific enzymes. Whether a protein
is ubiquitinated or not is often determined by a balance of
counteracting ubiquitination and deubiquitination activities.
Whenever irreversible transitions have to be accomplished,
ubiquitination triggers the proteasomal degradation of crucial
regulators. Ubiquitin-dependent proteolysis is also used to
dispose of activated growth-factor receptors by targeting them
to lysosomes. Finally, nonproteolytic ubiquitination exerts
cell cycle control by orchestrating events in cell cycle
checkpoints. We believe that the multiple layers of regulation
provided by ubiquitin hold great promise for future innova-
tive approaches to arrest the proliferation of cancer cells in
more efficient and specific ways than currently available.
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