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Abstract

SUMOylation plays critical roles during cell cycle progression. Many important cell cycle
regulators, including many oncogenes and tumor suppressors, are functionally regulated via
SUMOylation. The dynamic SUMOylation pattern observed throughout the cell cycle is ensured
via distinct spatial and temporal regulation of the SUMO machinery. Additionally, SUMOylation
cooperates with other post-translational modifications to mediate cell cycle progression.
Deregulation of these SUMOylation and deSUMOylation enzymes causes severe defects in cell
proliferation and genome stability. Different types of cancers were recently shown to be dependent
on a functioning SUMOylation system, a finding that could potentially be exploited in anti-cancer
therapies.
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SUMO: a ubiquitin-like modifier that regulates nuclear processes

The complexity of eukaryotic proteomes is widely expanded by protein processing and a
vast array of posttranslational modifications. The quick and reversible attachment of small
modifiers is essential for all cellular processes and ensures dynamic and rapid responses to
extracellular and intracellular stimuli. Apart from chemical modifications such as
phosphorylation [1], glycosylation [2] and acetylation [3], small polypeptides can be
attached to proteins, resulting in a change in the activity, localization, half-life or
interactome of the target protein. Since the initial discovery of ubiquitin, the founding
member of these small protein posttranslational modifications in 1975 [4], a large family of
structurally related ubiquitin-like modifiers has been uncovered including SUMO, Nedd8,
ISG15, FAT10, FUB1, UFM1, URM1, Atg12 and Atg8 [5-8]. The attachment of these small
ubiquitin-like modifiers is catalysed by an enzymatic cascade consisting of an activating
enzyme (E1), a conjugating enzyme (E2) and a ligase (E3), and can be reversed by specific
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proteases. In contrast to the amount of enzymes involved in regulating ubiquitylation, the
number of identified enzymes regulating SUMOQylation in human cells is limited (Table 1).

The SUMOylation pathway consists of the dimeric SUMO E1 SAE1/UBAZ2, the single E2
Ubc9 and E3 ligases including Protein Inhibitor of Activated STATSs (PIAS)-family
members, Ran Binding Protein 2 (RanBP2) and a few other E3 ligases. SUMOQylation is
reversible; SUMO proteases, originally named Sentrin-specific Proteases (SENPs) remove
SUMOs from target proteins. Covalent SUMOylation of target proteins can enable their non-
covalent interaction with partner proteins via SUMO Interaction Motifs (SIMs) in these
proteins.

SUMO is predominantly found in the nucleus and plays a crucial role in many nuclear
processes such as gene expression, genome stability [9], the DNA damage response [10],
protein trafficking [11] and cell cycle control. It is therefore not surprising that SUMO signal
transduction has been implicated in the development of several different cancer types, which
could potentially be exploited in anti-cancer therapies. In this review we will focus on the
role of SUMO in cell cycle regulation, specifically highlighting its physiological relevance
and its deregulation in cancer. Recent progress includes the identification of many novel
SUMO substrates with important roles in cell cycle progression using proteomic approaches,
and the demonstration that different mouse cancer models are dependent on a functioning
SUMOylation system. Switching of SUMOylation in these cancer models caused a
proliferation block of the cancer cells, showing that SUMO conjugating enzymes are
potential drug targets.

Twenty years of SUMO research in cell cycle control

SUMO wias linked to cell cycle progression even before the identification of the small
protein modifier itself. Twenty years ago, the yeast SUMO conjugating enzyme Ubc9 was
first proposed to be a ubiquitin conjugating enzyme. Ubc9 was shown to be required for
progression through mitosis by degrading M-phase cyclins [12]. Consequently, disrupting
UBC9in budding yeast resulted in large budded cells bearing only a single nucleus with a
short spindle and replicated DNA, a hallmark of G2-M arrested cells. The yeast SUMO
homologue, Suppressor of Mif Two 3 (Smt3), was also linked to cell cycle progression right
from its identification. Smt3 was found as a functional suppressor of a mutation in the
centromeric protein MIF2, a homologue of the mammalian Centromeric Protein-C (CENP-
C). Similarly, disrupting SM73blocked yeast cells at the G2 to M transition [13]. Yeast cells
lacking UBA2 or AOS1, both essential subunits of SUMO activating enzyme, or SMT3
itself, did not display sharp arrests in a particular phase of the cell cycle. Indeed null mutants
derived from sporulation were found to undergo multiple cell divisions before they ceased
growing [14,15]. These observations suggest that SUMOQylation is not exclusively important
during the G2/M transition in the yeast cell division cycle. Interestingly, early work of Erica
Johnson revealed that the yeast septins are SUMOylated in a cell cycle dependent manner
[16].

SUMOylation is also critical for cell cycle progression in mammals. Ubc9-deficient mouse
embryos harboured severe mitotic defects, including larger metaphase plates due to
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hypocondensation, an increased number of anaphase bridges and an increased number of
polyploid cells, leading to premature death at the early postimplantation stage [17].
Mammals harbour four different SUMO family members, SUMO1-4, only three of which
appear to be conjugated, SUMO1-3. SUMO?2 is the only essential SUMO family member.
SUMO2-deficient mice died early during embryonic development (embryonic day 10.5),
with severe developmental defects [18]. In contrast, SUMO3"~ mice were viable and did not
show any overt defects [18]. Due to their high sequence similarity in their mature forms, it is
unlikely that SUMO2 and SUMO3 have major different functional properties. However, the
two proteins show a striking difference in their expression levels. The SUMO2 mRNA
accounts for 80% of the entire SUMO mRNA pool in total mouse embryos at E7.5, whereas
SUMO3 is only expressed at very low levels (2%) [18]. SUMO1 "~ mice are also viable and
fertile and lack any obvious phenotype, indicating that the SUMO?2 pool is able to
compensate for the absence of SUMO1 [19,20]. Mating experiments between the different
knockout mice further indicated that the different SUMO family members functionally
compensated for each other [18]. Thus, accurate mouse development appears to require the
presence of a critical level of SUMO2.

A conditional knockout of Ubc9 in chicken DT40 cells did not arrest cells in a specific cell
cycle stage, but led to an increased number of apoptotic cells with multiple or fragmented
nuclei [21]. Similarly, knockdowns of Ubc9 or the SUMO E1 subunit SAE2 in human cells
severely reduced the cell proliferation rate but did not arrest cells in a specific cell cycle
stage [22,23]. This could be explained by SUMO having essential functions during all cell
cycle phases in mammalian cells, not just during the G2/M transition. This multitude of
SUMO signals that are essential for efficient cell cycle progression will be detailed in this
Review.

Redistribution of the SUMO machinery during mitosis

SUMO localizes at centromeres, kinetochores and mitotic and meiotic chromosomes in
different organisms including humans and frogs [24-26]. In Caenorhabditis elegans, SUMO
accumulates at the metaphase plate but its presence decreases during anaphase [27], which is
regulated via the interplay between the SUMO ligase GEX3 interacting protein 17 (GEI-17)
and the SUMO protease Ubiquitin-Like Protease 4 (ULP-4). These observations
demonstrate that SUMO target proteins that are essential for cell cycle progression need to
be SUMOylated in an accurate temporal and spatial manner. This is predominantly achieved
via changes in the localization and activity of SUMO ligases and proteases. Consistently,
several SUMO ligases and proteases are redistributed during mitosis (Figure 1).

The SUMO E3 ligase PIASy is specifically targeted to mitotic chromatin [28]. Furthermore,
the stable complex of RanGAP1-SUMO1, the SUMO E3 ligase RanBP2 and the SUMO E2
Ubc9, present at the nuclear envelope during interphase, translocates to the kinetochores and
the spindle apparatus during mitosis [29,30]. Downregulation of RanBP2 in mice leads to
severe defects in chromosomal segregation resulting in increased aneuploidy, underlining its
essential role during mitotic progression [31].
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Similar to RanBP2, the SUMO proteases SENP1 and SENP2 are mostly localized at the
nuclear envelope and nuclear pore complexes during interphase [32]. During mitosis, green
fluorescent protein (GFP)-fusions of both SENP proteins were found to accumulate at outer
kinetochores [33]. Endogenous SENP1 was also found at centromeres and spindle
microtubules. Interestingly, overexpression of SENP2 led to cell cycle arrest at the pro-
metaphase stage, caused by defects in targeting the microtubule motor protein CENP-E to
kinetochores [34]. Several studies showed that the N-terminal domains of SENP proteases
determine their subcellular localization and interaction partners [35-37]. Indeed, a
comparison between different chimeric fusion proteins of SENP1 and SENP2 revealed that
the N-terminus of SENP2 is essential for its unique features. This domain is required to bind
the nuclear pore subcomplex Nup107-160 and karyopherin a.,, which move to the outer
kinetochores during prometaphase [33]. Whereas only SENP2 overexpression blocks cells in
metaphase, SENP1 but not SENP2 depletion caused slower progression through mitosis due
to delayed chromosome separation, suggesting an essential role for SENP1 during the
spindle assembly checkpoint and the disintegration of cohesins [33]. SENP7 directly
interacts with and stabilizes the heterochromatin protein 1 (HP1) at pericentric regions in
mouse cells, a step needed for the formation of centromeric organization and accurate
chromosomal segregation [38,39]. Accordingly, SENP7 is able to deSUMOylate HP1 /in
vivo and depletion of SENP7 leads to prolonged time spent in mitosis.

Interestingly, SENP5 plays a cytoplasmic role during mitosis. SENP5 translocates to
mitochondria at the onset of mitosis, where its function is needed to promote mitochondrial
fragmentation [40]. Additionally, SENP5 plays a role in cytokinesis [41].

These examples highlight the functional redistribution of the SUMO machinery during
specific cell cycle stages to enable cell cycle progression. It would be of great interest to
further investigate the dynamic signals required for accurate localization of the SUMO
machinery during cell cycle progression.

SUMOylation and Cyclin-dependent kinases in concert

The activity and localization of the SUMO machinery can be influenced by interaction
partners and by crosstalk with other posttranslational modifications. Interestingly, SENP3 is
heavily phosphorylated during mitosis, suggesting its regulation via mitotic kinases [42].
Additionally, kinases that are active at defined moments during cell cycle progression can
also influence SUMOylation by cooperating with Ubc9. A subset of SUMO targets is
regulated via an internal Phosphorylation Dependent SUMOylation Motif (PDSM)
WKXEXXSP, where ¥ is a large hydrophobic residue [43]. Phosphorylation of these sites
enhances the binding of Ubc9 to stimulate SUMOylation of these targets [44]. This PDSM
motif partly overlaps with the motif [S/T]Px[K/R], the preferential phosphorylation site for
cyclin-dependent kinases (CDKs), which are key players in cell cycle progression [45].
Combined, this suggests that CDKs might regulate SUMO target proteins via the consensus
motif ¥ KXExxSPx[K/R].

The degradation of the human Flap endonuclease 1 (FEN1) serves as example for the strictly
defined hierarchy of SUMOylation and other PTM events needed at a specific point in time
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during cell cycle progression. FEN1 is involved in the processing of Okazaki fragments
during DNA replication in S phase, and is phosphorylated by cyclin A-dependent kinases,
which are only active at this specific stage of the cell cycle [46]. Although lacking a regular
PDSM motif, the three-dimensional structure of the protein reveals that a phosphorylated
serine residue lies adjacent to the SUMO acceptor site [47]. Phosphorylation is a
prerequisite for SUMOylation, which in turn promotes polyubiquitylation as a third
posttranslational modification and eventually leads to degradation of the protein at the end of
S phase, when it is no longer needed. It would be interesting to overlap the targets of cyclin-
dependent kinases with known SUMO substrates, specifically as recent advances in
proteomic approaches allow us to identify both phosphorylation and SUMOylation sites
[48-52]. This might lend insight into the substrates that are co-regulated by SUMOylation
and CDKs.

The mutual interaction between CDKs and SUMOylation furthermore includes the
regulation of the activity of CDKs by SUMOylation. SUMOQylation of CDK6 during mitosis
has been described to block ubiquitylation and subsequent degradation of the enzyme,
ensuring its presence during G1/S transition [53]. Additional CDKs and cyclins have been
identified as SUMO targets in recent proteomic screens and targeted approaches, including
CDK1, CDK9, CDK11 and Cyclin-E, further highlighting crosstalk between SUMOylation
and phosphorylation during cell cycle regulation [23,48,54] (Figure 2).

These proteomic approaches have also greatly helped in identifying other SUMO target
proteins essential for cell cycle progression and have uncovered global SUMO dynamics
throughout the cell cycle [23,55]. It would be interesting to identify groups of specific
substrates regulated by the different dynamic SUMO machinery components. The
identification of target subsets for each SUMO E3 enzyme and each SUMO protease could
provide more insight into the specific roles played by these enzymes in cell cycle
progression. In addition, further functional analysis of specific SUMO targets is of high
importance, as the exact effect of SUMOylation on specific target proteins with essential
roles in cell cycle regulation has only been described in a few cases. The effect of
SUMOylation on the activity of Topoisomerase lla, for example, has been studied in
relatively more detail (Box 1).

Protein group modification at mitotic chromosomes

In many cases, several subunits of the same regulatory complexes are targeted via
SUMOylation. This is consistent with proteomic studies, showing that SUMO frequently
modifies entire functional groups of proteins [56]. Protein group SUMOylation, potentially
enhanced by the formation of longer SUMO2/3 chains on the target proteins, can trigger the
formation of complexes at centromeric regions and might therefore be essential for
chromosome alignment and segregation. Interestingly, both SENP6, a SUMO protease with
a preference for poly-SUMO chains, and Ring Finger Protein 4 (RNF4), known to
ubiquitylate proteins bearing poly-SUMO chains, are essential regulators of mitotic
progression [57]. In human HeLa cells, depletion of SENP6 leads to defects in spindle
assembly and chromosome condensation during mitosis by decreasing the stability of
essential complexes, particularly the CENP-H/I/K complex, at the kinetochores [57].
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Interestingly, this phenotype can partially be rescued by depletion of RNF4, suggesting
antagonistic functions of these two proteins at the inner kinetochores during mitosis (Figure
3).

The formation of complexes including multiple SUMO substrates is additionally aided by
the presence of SUMO Interaction Motifs (SIMs) within complex subunits. For example the
microtubule motor protein CENP-E, which is essential during chromosome alignment, is a
SUMO target protein and contains a SUMO interaction motif that is required for targeting
the protein to the outer kinetochore [34]. Interestingly, two proteins interacting with CENP-
E, kinetochore protein Nuf2 and Budding Uninhibited by Benzimidazoles-Related 1
(BubR1), have also been identified as SUMO2/3 target proteins, indicating that these
modifications might be involved in targeting CENP-E to the kinetochore. BubR1 is an
essential part of the spindle assembly checkpoint (SAC) and is localized at unattached
kinetochores during pro-metaphase. In metaphase, however, it needs to be released to enable
cells to enter anaphase and SUMOylation has been described to promote this process. An
ectopically expressed SUMO deficient mutant of BubR1 is inhibited in its removal from the
kinetochores during metaphase, leading to mitotic delay and increased chromosomal
missegregation [58] (Figure 3).

Many of the subunits of the chromosomal passenger complex (CPC) have been shown to be
SUMOylated. The CPC promotes the selective disassembly of microtubules from
misattached chromosomes and is therefore pivotal for accurate chromosome alignment
during early mitosis. It consists of the Aurora B kinase, Inner centromeric protein
(INCENP), Survivin and Borealin, of which Aurora B, Borealin and the yeast Survivin
homolog Birl have been shown to be SUMOylated [42,59,60]. A SUMOylation-deficient
mutant of Aurora B was unable to rescue the severe defects in chromosome alignment after
depletion of endogenous Aurora B and failed to re-localize from the outer chromosomal
arms to the inner centromeres at the transition from pro-metaphase to metaphase [61]. Apart
from affecting the localization of the enzyme, SUMOQylation has also been identified to
promote auto-phosphorylation of Aurora B, which is essential for its activation during early
mitosis [59]. Another CPC subunit, Borealin, is highly SUMOylated by RanBP2 during
metaphase, and its SUMOylation levels drop at the transition to anaphase due to the activity
of SENP3 [42]. However, the functional relevance of Borealin SUMOylation is currently
unknown.

Apart from stabilizing complexes, polySUMOylation of proteins can also destabilize
complexes, as demonstrated for the cohesin complex in yeast [62]. Functional inactivation of
the sister chromatid cohesin protein Pds5 promotes SUMOylation of the cohesin subunit
Mcd1, which leads to its ubiquitylation by the SUMO targeted ubiquitin ligase SIx5-SIx8
and subsequent degradation. These results demonstrate that polySUMOylation destabilizes
the cohesion complex and that Psd5 activity antagonizes this process. Thus, it is important to
analyse the effect of SUMOylation for each complex individually, as SUMOylation can have
greatly varying effects.
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SUMOylation in tumorigenesis

Deregulation of the SUMO machinery in cancer cells

Related to the essential role of SUMOylation in maintaining chromosome integrity and
regulating cell proliferation, evidence is accumulating for a key role of SUMOQylation in
cancer. Many components of the SUMO machinery are highly expressed in cancer tissues,
suggesting that activated SUMOylation is linked to tumor growth (Table 1). Overexpression
of the SUMO conjugating enzyme Ubc9 occurs in many types of cancer, including ovarian
[63], colon and prostate cancer [64], and promotes cell invasion and metastasis [65].
Interestingly, overexpression of the SUMO proteases SENP1 and SENP5 occurs in
malignant cancers, suggesting that SUMOylation needs to be tightly regulated to prevent
malignant progression and cell proliferation [66,67].

Interestingly, knockdown of the SUMO E1 subunit SAE2 strongly impaired colon tumor
growth in mice, showing the functional relevance of SUMOQylation for tumor growth [68].
The SUMO E1 enzyme is also essential for Myc-driven tumors in mice [69]. Consistently,
low levels of the SUMO activating enzyme in patients suffering from Myc-dependent breast
cancer correlated with longer metastasis-free survival [69]. These findings underline the
potential of targeting the SUMO machinery for cancer therapy.

SUMOylation-mediated regulation of oncogenes and tumor suppressors

The transcription factor c-Myc is a prime example of an oncogene involved in cell
proliferation and apoptosis. Amplification of c-Myc is one of the most frequent events in a
wide variety of different cancer types [70]. Recently, c-Myc was found as a SUMO target
specifically after heat shock and inhibition of the proteasome, suggesting that SUMO-
modified c-Myc is rapidly degraded by the proteasome [48,71,72] (Figure 4). Alternatively,
c-Myc is specifically SUMOQylated in response to protein-stress as a signalling mechanism.
Knocking down the SUMO-activating enzyme SAE2 blocked cancer progression in a mouse
model of c-Myc driven breast cancer [69]. However, it is currently unclear, how
SUMOylation exactly promotes c-Myc-driven tumorigenesis. Knocking down SUMO ligase
PIAS1 reduced the SUMOylation levels of c-Myc and led to increased expression of a c-
Myc driven reporter gene [73], however inhibiting SAE2 repressed genes normally induced
by c-Myc [69]. Despite these mechanistic questions, the finding that c-Myc driven tumors
are dependent on a functioning SUMOylation system open up exciting new therapeutic
opportunities to block this key oncogene [74].

Another key proliferation driver, the Forkhead transcription factor 1 (FoxM1), is also
regulated by SUMOylation [23] (Figure 4). FoxM1 is overexpressed in many types of solid
tumors such as breast, colon, lung, prostate and liver cancer [75]. Similar to c-Myc, it is still
not completely understood how SUMOylation affects FoxM1 activity. Contradicting results
have been published for the different FoxM1 SUMOQylation mutants used in these studies
[23,76]. Specifically, modification of FoxM1 with SUMO1 was described to inhibit its
transcriptional activity and resulted in increased APC/CDH1-dependent ubiquitylation and
subsequent degradation of FoxM1 and therefore reduced mitotic progression [76]. By
contrast, SUMOylation of FoxM1 with SUMO2 was found to increase its transcriptional
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activity to promote cell proliferation [23]. These differences could be explained by the use of
a FoxM1-Ubc9 fusion construct in one study [76], potentially resulting in SUMOQylation of
different acceptor lysines compared to non-fused FoxM1[23].

Interestingly, phosphorylation of FoxM1 by Polo-like kinase 1 appeared to alter its
SUMOylation levels, highlighting an additional FoxM1 regulatory step [77]. SUMOylated
FoxM1 has been detected in human gastric cancer cells [78], but whether SUMOQylation
levels of FoxM1 are generally altered in tumor tissues and whether this affects tumor cell
growth remains to be elucidated.

In addition to c-Myc and FoxM1, another key SUMOylated oncogene is the melanoma-
lineage-specific microphthalmia-associated transcription factor (MITF). A MITF Mi-E318K
germline mutation increased predisposition to sporadic melanoma and renal cell carcinoma.
This mutation disrupts a SUMO consensus site, and lack of SUMOylation increased the
transcriptional activity of MITF, increasing the levels of other tumor promoting factors such
as hypoxia-inducible factor 1 a HIF1la [79,80]. Thus, SUMQylation of MITF prevents
tumor initiation and progression (Figure 4).

SUMOylation furthermore plays a critical role in Acute Promyelocytic Leukemia (APL).
APL is caused by the promyelocytic leukemia protein-retinoic acid acceptor a PML-RARa
fusion oncoprotein [81]. Mouse models expressing this fusion gene display an APL-like
phenotype. Interestingly, a single point mutation in PML-RARa, disrupting the K160
SUMOylation site in the PML moiety, is sufficient to block the APL-like phenotype [82].

Proteomic studies have revealed that a large fraction of the SUMOylated proteome is
involved in transcriptional regulation and chromatin remodelling. Many transcription factors,
such as p53 [83], c-Jun [84], translocation Ets leukemia (TEL) [85] and cCAMP response
element-binding protein CREB [86], are known oncogenes and tumor suppressors,
deregulated in a multitude of human cancers. Whereas the effect of SUMOylation on the
activity of these regulators is partially identified, it is unknown whether SUMOylation of
these target proteins is actually deregulated in human cancers. Therefore, it would be of
great interest to efficiently purify SUMO targets from these tissues, which is currently a
major challenge in the SUMO field. A start to develop relevant methodology has been made
[49,87].

Targeting the SUMO system

As described above, many components of the SUMO machinery are overexpressed in cancer
tissues and knockdown of the SUMO pathway blocks cell proliferation and induces
apoptosis. It is therefore of great interest to develop compounds that specifically block the
activity of the SUMOylation machinery. Drugs targeting the SUMO activating enzyme are
currently under investigation. Chemical inhibitors, such as ginkgolic acid and anacardic
acid, bind to the SUMO activating enzyme and block the E1-SUMO intermediate [88].
Treatment of NOTCH1-activated breast epithelial cells with ginkgolic acid, for example,
reduces cell proliferation and induces apoptosis, suggesting a potential effect of this
SUMOylation inhibitor on NOTCHZ1-driven breast cancer [89]. Reactive oxygen species
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(ROS) can inhibit both the SUMO activating and SUMO conjugating enzymes in a different
manner, via the formation of reversible disulfide bridges between the catalytic cysteine
residues [90]. It has been reported that several chemotherapeutic drugs used to treat acute
myeloid leukemias induce the formation of ROS, thereby inhibiting the SUMO pathway and
subsequently reducing tumor growth [91]. Additionally, small SUMO-mimicking peptides
can act as SUMOylation inhibitors [92]. Another interesting compound in this context is
arsenic trioxide. This ancient Chinese drug was identified to induce SUMOylation and
subsequent degradation of PML-RARa, a fusion protein responsible for acute
promyelocytic leukemia [93-96].

Interestingly, elevated levels of SENP expression have also been linked to cancer
development, underlining that disruption of the equilibrium between SUMOQylation and
deSUMOylation leads to abnormal cell proliferation. Several SENPs are known to regulate
important oncogenes and tumor supressors. SENP1, for example, is involved in the
deSUMOylation and stabilization of HIF1a [97], a transcription factor known to be
upregulated in many human cancers and highly important for tumor survival [98]. The
specific inhibition of SENP1 via potent drugs would therefore be of great interest for the
development of new cancer therapies [99,100].

Despite the potential of targeting the SUMO machinery for cancer treatment, it remains
highly challenging to develop specific small molecule inhibitors to selectively inhibit only
the enzyme of interest. Furthermore, both the SUMO activating enzyme and SUMO
conjugating enzyme regulate overall SUMOylation levels and therefore also cellular
processes independent from cancer development [101]. It has to be taken into account that
targeting the entire SUMO conjugation pathway might have severe side effects. Some of the
recent discoveries on the regulation and specificity of Ubc9 after acetylation, however, might
raise new possibilities in developing drugs to target only distinct Ubc9 functions [102].
These findings highlight the need to further understand the regulatory pathways and exact
mechanisms of the SUMO machinery and the signals that trigger SUMOylation of specific
SUMO targets involved in cancer progression.

Concluding remarks and future perspectives

Precisely timed post-translational modifications are essential to ensure accurate progression
through the cell cycle. We now know extensive sets of ubiquitylation and phosphorylation
events that are important for the transition from one cell cycle phase to the next. By contrast,
we are limited in our understanding of SUMOylation events during cell cycle progression.
Interestingly, inhibition of the SUMO pathway leads to cell cycle arrest in yeast and to
decreased cell cycle progression and severe chromosomal defects in mouse and human cells,
demonstrating key contributions of this posttranslational modification to cell cycle
progression. Recent proteomic analyses have uncovered hundreds of target proteins
differentially SUMOylated throughout the cell cycle. It is believed that these dynamic
SUMO signals are ensured via differences in activity and localization of the SUMO
machinery at different cell cycle phases. As many of the identified SUMO target proteins are
known oncogenes and tumor suppressors, deregulation of these pathways via overexpression
of the SUMO system is known to contribute to increased cell proliferation and cell invasion
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and reduced apoptosis in tumors. These findings will trigger further investigations into the
regulatory mechanisms underlying the dynamic distribution and activity of the SUMO
machinery. Identification of the effects of SUMOQylation on important cell cycle regulators
will provide additional functional insights into the role of SUMOylation in cancer.

Evidence exists that some tumors are dependent on a functional SUMO pathway. Interfering
with SUMO signal transduction has been shown to block the growth of these tumors.
Whether SUMOylation is more broadly required for tumor growth remains to be established.
A more global investigation of the expression levels of different members of the SUMO
machinery and overall SUMOylation levels in a broad panel of tumors needs to be carried
out. Additionally, it will be interesting to study the SUMOylation levels of specific target
proteins like TOPO lla in these tumors. This knowledge can be used to select cancer types
that could potentially be treated by blocking the SUMQylation machinery. An additional
challenge will be to selectively interfere with SUMOylation in cancer cells, to avoid toxicity
in healthy tissues. Rapidly growing cells in the gut, the bone marrow and elsewhere might
similarly be dependent on a functioning SUMOylation system [103]. Nevertheless, it will be
interesting to further investigate whether interfering with SUMOylation could be a valid
anti-cancer strategy (Outstanding Questions box). Similar approaches to interfere with
Neddylation, another ubiquitin-like modification, are showing promising results [5,104].
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Text Box 1
SUMOylation regulates Topoisomerase lla in mitosis

A key SUMO target protein in cell cycle progression is Topoisomerase lla. (TOPO lla),
which is needed for decatenation of sister centromeres to prevent the formation of
anaphase bridges during chromosomal segregation. TOPO lla is SUMOQylated both in S.
cerevisiae and in higher eukaryotes [31,106,107]. SUMOylation of TOPO lla takes place
preferentially during mitosis and inhibits the decatenation activity of the enzyme in vitro
[107]. The SUMO ligase RanBP2 modifies TOPO lla in mammalian cells and is
essential for proper TOPO lla localization at the inner centromere [31]. By contrast
PIASy, but not RanBP2, is needed for SUMOylation of TOPO lla in Xenopus egg
extracts. Recruitment of PIAS+y to centromeric regions during metaphase is executed by
the Rod/Zw10/Zwilch (RZZ) complex [108] (Figure 3). At the onset of anaphase, as soon
as the sister chromosomes are accurately aligned, the RZZ is released, which leads to
translocation of PIAS+y away from the kinetochores. Due to the absence of PIASy and
the presence of multiple SENPs, TOPO lla is no longer modified via SUMO during
anaphase, resulting in increased decatenation activity and proper chromosome
segregation.

Interestingly, the Polo-like kinase 1- interacting checkpoint helicase (PICH) interacts
with SUMOylated TOPO lla at mitotic chromosomes of Xenopus egg extracts [109]. In
addition, PICH also binds to SUMOylated PARP-1 at mitotic chromosomes and
SUMOylation of PICH itself inhibits its loading onto DNA. These observations strongly
suggest that PICH localization and activity at mitotic chromosomes are tightly regulated
by SUMOylation. SUMOylation of PARP-1, however, did not alter the activity or
localization of the enzyme. Still, inhibition of the SUMO pathway strongly increases
PARylation at mitotic chromosomes, demonstrating that these two posttranslational
modifications harbour interconnected roles during chromosomal segregation [110].
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Outstanding Questions Box

What is the functional relevance of SUMOylation for all novel SUMO
substrates which have been recently identified? A wealth of novel
SUMO target proteins has been identified in a site-specific manner
using proteomics approaches. These targets include important cell
cycle regulators.

What is the identity of the SUMO target protein subset for each
SUMOylation and deSUMOylation enzyme? The SUMOylation and
deSUMOylation machinery consist of a relatively small number of
enzymes. Given the complexity of the SUMO proteome, each SUMO
E3 and SUMO protease must be responsible for regulating a relatively
large number of SUMO target proteins.

How do different post-translational modifications cooperate in a cell-
wide manner to drive cell cycle progression? Similar to SUMOylation,
ubiquitylation, phosphorylation and other post-translational
modifications play key roles during cell cycle progression.

What are the mechanisms behind the redistribution of the SUMO
machinery during cell cycle progression?

Different types of cancer are dependent on a functioning SUMOQylation
system. Is it possible to develop SUMOylation inhibitors and
deSUMOylation inhibitors to treat cancer? Will healthy cells be able to
tolerate these inhibitors?
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Trends

- Knocking down SUMO conjugating enzymes in eukaryotic cells causes an
overall delay in cell cycle progression.

- SUMO co-modifies groups of proteins throughout all phases of the cell
cycle to regulate cell cycle progression.

- Cyclin-dependent kinases and SUMOylation can act in concert to regulate
cell cycle progression.

- The dependence of cancer cells on a functioning SUMOylation system can
be exploited as anti-cancer therapy. Inhibitors of SUMO conjugating
enzymes could be used for this purpose.
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Interphase Prometaphase Metaphase Anaphase Telophase and Cytokinesis

Figure 1. Redistribution of the Small Ubiquitin-like Modifier (SUMO) machinery during mitosis
During interphase, SUMO2/3 (S in blue circles) and UBC9 are mostly present inside the

nucleus (purple) and also exhibit specific functions in the cytoplasm. During early mitosis,
the chromosomes (dark red) condense and align at the equator of the cell. Similarly,
SUMO2/3 accumulates at the metaphase plate and disappears again during anaphase after
the sister chromatids have separated. The RanGap-SUMO1/UBC9/RanBP2 complex and the
SUMO proteases SENP1 and SENP2 are mostly located at the nuclear envelope and the
nuclear pores during interphase and redistribute to the centromeres and kinetochores during
early mitosis. SUMOL1 remains associated with the SUMO E3 ligase RanBP2 during mitosis
and is therefore also present at mitotic chromosomes. Similarly, the SUMO ligase PIASy
and the SUMO protease SENP7 are known to accumulate at centromeric and pericentric
regions during metaphase. The SUMO protease SENP5, by contrast, translocates from the
nucleoli to the mitochondria (grey) at the early onset of mitosis prior to nuclear breakdown.
The SUMO E2 UBC9 and SUMO E3 ligases are shown in pink and SUMO proteases
(SENPs) are shown in green.
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Figure 2. SUMOylation of important cell cycle regulators
The cell cycle exhibits four different cell cycle phases. In G1 phase, the cell prepares for

DNA replication, which takes place during S phase. In the subsequent G2 phase, the cell
undergoes further preparations to finally be able to enter mitosis, in which the chromosomes
segregate and the cell divides. Several checkpoints throughout the cell cycle ensure the
integrity of the genome and the proper division of the cell. A multitude of transcription
factors (yellow) and enzymes regulating phosphorylation (green) and ubiquitylation (red)
events are important guards of these checkpoints or influence other essential steps for cell
cycle progression at specific time points. This figure summarizes some of the most
important cell cycle regulators, many of which have been described to be SUMOylated and
are highlighted in red font.
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Figure 3. SUMO target proteins at centromeres and kinetochores
Several SUMOylation events have been identified to be essential for accurate chromosomal

alignment and segregation. This figure depicts the localization of important SUMO targets
and several interaction partners (light grey circles) at the centromeric region and the
kinetochores during mitosis, and highlights several enzymes responsible for these
modification events (green circles). SUMO (S) is shown in blue circles, ubiquitin (U) is
depicted in red circles. Abbreviations used: Budding Uninhibited by Benzimidazoles-
Related (BUBR1), Centromere Protein (CENP), Inner Centromere Protein (INCENP),
Kinetochore protein (Nuf2), Protein Inhibitor of Activated STATs (PIAS), Ran Binding
Protein 2 (RanBP2), Ring Finger Protein 4 (RNF4), Rod-Zwilch-Zw10 complex (RZZ
complex), Sentrin-specific Protease (SENP), Topoisomerase Il a (TOPOlla).
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Figure 4. SUMOylation modulates the activity of transcription factors
The majority of SUMO targets identified so far are involved in transcriptional regulation and

chromatin remodelling. The effect of SUMOylation on the target protein can differ greatly
and therefore has to be examined for each SUMO target and each SUMO site individually.
This figure shows some of the mechanisms identified for transcription factors involved in
cancer development. A) SUMO (S in blue circles) is known to affect protein-protein
interactions and can therefore either obstruct binding to transcriptional inhibitors or promote
the formation of inhibitory protein complexes. SUMOylation of FoxM1, for example, has
been described to inhibit the formation of protein dimers and thereby induce transcriptional
activity [23]. B) Similar to FoxM1, SUMOylation of the transcriptional repressor TEL/
ETV6 blocks the formation of the multimer, which is needed to repress transcriptional
activity at promoter regions. Therefore SUMOylation of TEL also promotes gene expression
[85]. C) A SUMO-deficient mutant of MITF shows enhanced binding to DNA and increased
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expression of the target gene HIF1a.. Therefore it has been suggested that SUMOylation of
MITF blocks DNA binding and leads to decreased transcriptional activity [79] D)
SUMOylation can also influence the stability of a target protein. SUMO and ubiquitin (U in
red circles) can compete for the same lysine (K) residues as described for IxBa.,, a repressor
of the multimeric transcription factor NFxB. While ubiquitylation of IxBa leads to
proteasomal degradation and the release of the two subunits p65 and p50 and therefore
enhances transcriptional activity, SUMOQylation of IxBa stabilizes the protein and blocks
gene expression [105]. E) However, the presence of multiple SUMO moieties can promote
ubiquitylation via SUMO targeted ubiquitin ligases (Stubl) as described as a potential
mechanism for c-Myc. SUMOylation via PIAS1 promotes ubiquitylation via the Stubl
RNF4 and subsequent proteasomal degradation, thereby reducing transcriptional activity
[73].
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Table 1
Deregulation of SUMO machinery components in different cancer types
Proteins Cancer type Deregulation References
SUMO proteins
SUMO1, liver Overexpression of SUMO1 [111]
gﬂmg% colon Overexpression of SUMO1 [112]
lip Overexpression of SUMO1 [113]
gastric Upregulation of SUMOL1 pseudogene3 [114]
SUMO activating enzyme
SAEL/2 gastric Overexpression of SAE2 [115]
lung Overexpression of SAE2 [116]
breast Low expression of SAE1 and SAE2 correlates with better survival [69]
SUMO conjugating enzyme
UBC9 lung Overexpression of UBC9 [117]
primary colon and primary prostate  Overexpression of UBC9 [64]
metastatic breast, prostate and lung  Downregulation of UBC9 [64]
breast High levels of UBC9 correlate with higher risk for cancer and poor [118,119]
response to chemotherapy
multiple myeloma Overexpression of UBC9 [120]
ovaries Overexpression of UBC9 [63]
brain Overexpression of UBC9 [121]
SUMO ligases
PIAS1, PIAS2, prostate Overexpression of PIAS1 [122,123]
PIAS3, PIASy .
(PIAS4) Overexpression of PIAS3 [124]
breast Overexpression of PIAS1 [125]
Overexpression of PIAS3 [124]
multiple myeloma Overexpression of PIAS1 [120]
gastric Downregulation of PIAS3 [126]
lung Overexpression of PIAS3 [124]
brain Overexpression of PIAS3 [124]
ovaries Expression of PIASy correlates with cancer aggressiveness [127]
pancreas Overexpression of PIASy [128]
RanBP2 small cell lung cancer Upregulation of RanBP2 compared to non-small cell lung cancer [129]
leukemia Expressed as RanBP2-ALK fusion protein [130]
SUMO proteases
SENP1, prostate Overexpression of SENP1 [131,132]
ggmg% Overexpression of SENP3 [101]
gEHEg colon Overexpression of SENP1 [133]
ggmgg Overexpression of SENP3 [134]
liver Downregulation of SENP2 [135]
Overexpression of SENP6 [136]
bladder Downregulation of SENP2 [137]
gastric Overexpression of SENP3 [138]
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Proteins Cancer type Deregulation References
oral Overexpression of SENP3 [139-141]
Overexpression of SENP5
breast Low expression of SENP5 contributes to better survival [142]
Downregulation of SENP6 [143]
USPL1 breast Expression contributes to risk of Grade 3 breast tumors [144]

Trends Biochem Sci. Author manuscript; available in PMC 2016 June 01.



	Abstract
	SUMO: a ubiquitin-like modifier that regulates nuclear processes
	Twenty years of SUMO research in cell cycle control
	Redistribution of the SUMO machinery during mitosis
	SUMOylation and Cyclin-dependent kinases in concert
	Protein group modification at mitotic chromosomes
	SUMOylation in tumorigenesis
	Deregulation of the SUMO machinery in cancer cells
	SUMOylation-mediated regulation of oncogenes and tumor suppressors

	Targeting the SUMO system
	Concluding remarks and future perspectives
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

