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Abstract

Tissue morphogenesis is a fascinating aspect of both developmental biol-
ogy and regeneration of certain adult organs, and timely control of cellular 
differentiation is a key to these processes. During development, events 
interrupting cellular differentiation and leading to organ failure are embry-
onic lethal; likewise, perturbation of differentiation in regenerating tissues 
leads to dysfunction and disease. At the molecular level, cellular differen-
tiation is orchestrated by a well-coordinated cascade of transcription fac-
tors (TFs) and chromatin remodeling complexes that drive gene expression. 
Altering the localization, stability, or activity of these regulatory elements 
can affect the sequential organization of the gene expression program and 
result in failed or abnormal tissue development. An accumulating body of 
evidence shows that the sumoylation system is a critical modulator of 
these regulatory cascades. For example, inhibition of the sumoylation sys-
tem during embryogenesis causes lethality and/or severe abnormalities 
from invertebrates to mammals. Mechanistically, it is now known that 
many of the TFs and components of chromatin remodeling complexes that 
are critical for development and differentiation are targets for SUMO 
modification, though the specific functional consequences of the modifica-
tions remain uncharacterized in many cases. This chapter will address sev-
eral of the models systems that have been examined for the role of 
sumoylation in differentiation and development. Understanding the pro-
found regulatory role of SUMO in different tissues should lead not only to 
a better understanding of developmental biology, stem cell linage control, 
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and the mechanisms of cellular differentiation, but may also lead to the 
identification of new targets for drug therapy and/or therapeutic manipula-
tion of damaged organs and tissues.
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12.1	 �Introduction

Embryonic development and post-embryonic dif-
ferentiation are complex processes that depend 
on exquisitely coordinated networks of gene 
expression. Orchestrating this network relies on 
diverse regulatory mechanisms that control the 
expression, localization, and activity of the perti-
nent transcription factors (TFs), co-regulators, 
and chromatin modifying complexes that collec-
tively determine global patterns of transcription. 
Among these mechanisms is post-translational 
modification of the TFs and their co-factors. Over 
the last 20 years, sumoylation has emerged as a 
significant functional modifier of TFs, their co-
activators and co-repressors, and components of 
the chromatin remodeling machinery (see Chaps. 
2, 3, and 5). This broad target range is consistent 
with reports that sumoylation has a global impact 
protein networks, at least under certain condi-
tions (Heaton et  al. 2012; Xiao et  al. 2015; 
Hendriks et al. 2014, 2015). There is also grow-
ing evidence that sumoylation can provide fine 
tuning to these networks by altering and coordi-
nating activities of network components, and sev-
eral example pertaining to development and 
differentiation are presented in the following sec-
tions, as well as in more detail in Chaps. 14, 15, 
and 19.

Initially, the importance of sumoylation in 
development and differentiation was underscored 
by studies using knockouts or knockdowns of the 
sumoylation system in various model organisms. 
Many studies have focused on Ubc9 as loss of 
this sole SUMO conjugating enzyme totally 
abrogates sumoylation. In C. elegans, RNAi 
knockdown of Ubc9 results in severe develop-

mental defects and embryonic arrest after gastru-
lation (Jones et al. 2001). Likewise, deletion of 
smo-1, the sole SUMO encoding gene in the ele-
gans genome, results in sterile adults with severe 
defects in the reproductive system (Broday et al. 
2004). Interestingly, overexpression of SUMO 
also perturbed the reproductive system, suggest-
ing that precise levels of sumoylation are critical 
for normal development (Rytinki et  al. 2011). 
Developmental defects are also observed for 
Ubc9 mutation in zebrafish (Nowak and 
Hammerschmidt 2006). In Drosophila, dysregu-
lation of sumoylation by targeting Ubc9 (Huang 
et al. 2005), SUMO (Nie et al. 2009; Kanakousaki 
and Gibson 2012), the E1 activating enzyme 
(Kanakousaki and Gibson 2012), or an E3 SUMO 
ligase (Betz et al. 2001) all yielded developmen-
tal defects [reviewed in (Smith et al. 2012)]. Both 
SUMO (Yukita et al. 2007) and SUMO proteases 
(Wang et al. 2009) have been shown to be essen-
tial for normal Xenopus development. Many of 
these sumoylation effects are even more pro-
nounced during mouse development where loss 
of Ubc9 function leads to apoptosis and early 
embryonic lethality (Nacerddine et  al. 2005). 
Embryonic lethality in mice was also seen for 
PIAS1 knockouts (Constanzo et  al. 2016), 
SENP1 mutants (Sharma et al. 2013), and SENP2 
knockouts (Kang et  al. 2010). This critical role 
for sumoylation in development is not confined 
to animals, and is likewise observed for plants 
(see Chap. 14). Thus, the combined literature 
supports a critical role for sumoylation in devel-
opment, though the individual targets and mecha-
nisms appear to vary highly between species. The 
following sections will discuss the role of 
sumoylation in several diverse systems.
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12.2	 �The Reproductive System

As cited in the previous section, reproductive 
tract defects were one of the first developmental 
abnormalities associated with defective 
sumoylation. Subsequent publications have 
reported abundant expression of SUMO and 
SUMO proteins in male and female germ cells of 
several species. High concentrations of 
sumoylation components were detected in testis 
and sperm cells in worms, mice, rats, and humans, 
emphasizing a conserved mechanism across spe-
cies in the development of the male reproductive 
organs (Broday et  al. 2004; Kim et  al. 2000; 
Vigodner et al. 2006; Vigodner and Morris 2005; 
Brown et  al. 2008; Santti et  al. 2003; La Salle 
et al. 2008; Metzler-Guillemain et al. 2008; Yan 
et al. 2003). Likewise, SUMO proteins has also 
been reported in female germ cell oocytes (Li 
et al. 2006), and sumoylation appears to be criti-
cal for oocyte maturation (Wang et al. 2010; Yuan 
et  al. 2014), though the contribution of 
sumoylation to the male reproductive system 
remains better characterized (Vigodner 2011). 
Together these observations underscore the 
importance of sumoylation for sex organ devel-
opment and gamete maturation is a wide variety 
of species as described in more detail below.

12.2.1	 �Vuval Morphogenesis

To investigate the role of SUMO (SMO-1) in C. 
elegans development, a deletion mutant was con-
structed and analyzed (Broday et al. 2004). While 
earlier smo-1 RNAi studies showed 100% embry-
onic lethality (Fraser et  al. 2000; Jones et  al. 
2002), the smo-1 −/− mutants survived, but were 
sterile. This mutation is associated with physio-
logical disturbance of vulval uterine connection 
in C. elegans and also with somatic gonad and 
germ line abnormal differentiation. These results 
resembled the phenotype seen with mutations in 
LIN-11, a transcription factor which demon-
strates important regulatory properties for vulval 
precursor cell division as well as uterine morpho-
genesis (Newman et  al. 1999). Broday et  al. 

showed that LIN-11 can be SUMO modified at 
lysines 17 and 18, and that the double mutant 
form of LIN-11 could partially rescue vulva for-
mation in a LIN mutant background, but was still 
significantly impaired for uterine seam cell (utse) 
formation. They additionally showed that expres-
sion of a SUMO-LIN11 fusion in the smo-1 
mutant C. elegans background rescues π-cell dif-
ferentiation, but accentuates impairment of late 
stages in vulval development. These combined 
results support the conclusion that sumoylation is 
critical for normal vulval development and that 
LIN-11 is an important sumoylation target in this 
system. Subsequent work showed that 
sumoylation of LIN-1 promoted transcriptional 
repression and interaction with MEP-1, a compo-
nent of the NuRD transcriptional repressive com-
plex which may be an important pathway in 
controlling vulval development (Leight et  al. 
2005). Nevertheless, it is likely that LIN-11 is not 
the only factor whose sumoylation state plays an 
essential role for gonadal uterine-vulval morpho-
genesis in worms. For example, recent work 
showed that the nuclear hormone receptor, NHR-
25, is sumoylated and that this modification is 
critical for normal vulval formation (Ward et al. 
2013). While these results underscore the impact 
of sumoylation on the formation of the elegans 
reproductive system, similar observations in ver-
tebrates are lacking. In contrast, a large literature 
supports a role for sumoylation in vertebrate 
gametogenesis.

12.2.2	 �Sperm Differentiation

Spermatogenesis is a process of the reproductive 
system by which male germ cells enter into meio-
sis, divide, and differentiate into mature sperma-
tozoa. During meiosis homologous chromosome 
pairs, including the heterochromosome XY, are 
distributed equally to the daughter cells. The tim-
ing, sub-cellular recruitment, and assembly of 
chromatin remodeling proteins are crucial for 
proper synapsis and chromosomal recombination 
during spermatogenesis. Initial reports indicated 
the presence of SUMO1 in mouse, rat, and human 
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spermatids (Rogers et  al. 2004; Vigodner and 
Morris 2005; Vigodner et  al. 2006), suggesting 
an active role for the sumoylation process.

Two groups described the dynamic expression 
pattern of SUMO during SC formation in the 
mouse and human models, respectively. La Salle 
et  al. (La Salle et  al. 2008) examined the 
sumoylation genes and proteins during prophase 
meiosis I in male mouse germ cells. They com-
pared localization and expression levels of 
SUMO1 versus SUMO2/3 by immunolabeling 
on surface spread chromatin and RT-PCR, respec-
tively. SUMO1 clearly localized to the XY body 
and the chromocenter of pachytene spermato-
cytes, as did SUMO2/3. However, as prophase 
progressed, SUMO1 and SUMO2/3 presence 
decreased from both the XY body and the chro-
mocenter. Interestingly, while the presence of 
SUMO1 was completely absent in metaphase I, 
SUMO2/3 could still be detected in centromeres, 
suggesting a functional distinction for these 2 
SUMO types. To further characterize the impli-
cation of the sumoylation in the division and 
development of male sperms, they determined 
that the only known SUMO conjugation enzyme 
(UBE2I) showed overlapping localization with 
SUMO1 and SUMO2/3  in prophase and with 
SUMO2/3 in metaphase. This strongly suggests 
that conjugation of proteins by SUMO is taking 
place at these locations, and thus infers that 
sumoylation plays a functional role in sperm 
maturation.

To further characterize the dynamics of this 
system, La Salle et al. looked at the relative tran-
scription levels of 19 sumoylation system genes 
using quantitative RT-PCR. Sumo1 transcript lev-
els peaked in early prophase (Zygotene) and then 
quickly decreased as prophase progressed. 
Sumo2/3, Sae1/2, and Ube2i showed a similar 
pattern though with a peak expression at the adult 
pachytene spermatocyte stage and decreased 
expression in mature spermatids. The SUMO 
proteases showed a more varied pattern of expres-
sion with Senp1, 2, and 6 having patterns similar 
to Sae1/2 and Ube2i, while Senp5 was similar to 
Sumo1. Senp3 and 7 were distinct in that they had 
highest expression at the leptotene/zygotene 
stage followed by declining expression with sub-

sequent sperm maturation, a pattern shared by the 
Pias3 SUMO ligase. In contrast to Pias3, the 
other ligases (Pias1, 2, and 4) had low expression 
at the leptotene/zygotene stage with a dramatic 
increase in expression in spermatids. Unlike the 
changing expression patterns of the sumoylation 
system genes, expression of Senp8, a NEDD8 
protease, was relatively constant throughout 
spermatogenesis, suggesting that changes in the 
sumoylation gene expressions is biologically sig-
nificant. Overall, two main patterns emerged 
from RNA and protein expression studies: high 
expression during meiosis follow by low expres-
sion post-meiosis for SUMO1/2/3, SAE1/2, 
UBE2i, and SENP1/2/5/6; low expression during 
meiosis and high expression post-meiosis for 
PIAS 1, 2, and 4. These differential expression 
patterns clearly indicate a dynamic process dur-
ing spermatogenesis and are consistent with a 
requirement for the sumoylation during this pro-
cess. It is not yet clear if specific proteins modi-
fied by SUMO and it enzymes regulate 
chromosome dynamics during meiosis in male 
germ cells, although the co-localization and com-
mon expression patterns of SUMO and its 
enzymes does suggest that protein modification 
takes place on the chromatin. Consistent with this 
possibility, studies in yeast indicate that 
sumoylation of TOP2 is most important for 
proper chromosome segregation in mitosis, sug-
gesting that sumoylation is important in main-
taining proper cell division (Bachant et al. 2002) 
(Azuma et al. 2003, 2005).

In contrast to mouse, human spermatocytes 
show a much different distribution of SUMO1 
(Metzler-Guillemain et al. 2008). Human pachy-
tene spermatocytes showed the presence of 
SUMO1  in constitutive heterochromatin, but 
lacked SUMO1 on the XY body, underscoring a 
different regulatory regime associated with 
human compared to mouse spermatogenesis; 
why these XY results differ from those of 
Vigodner et al. is not yet clear (Vigodner et al. 
2006). Additionally and consistent with mouse 
studies, there was no SUMO1 detected on syn-
aptonemal complex (SC) structures, so unlike 
yeast there may be no role for SUMOs in mam-
malian SC assembly. In addition to SUMO1 
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localization to the constitutive heterochromatin, 
Guillemain et  al. demonstrated that increased 
SUMO1 staining correlates with decreased his-
tone H4-K20me3 staining. This result suggests a 
competition between sumoylation and methyla-
tion at lysine 20 and raises the possibility that 
sumoylation of lysine 20 is an important epigen-
etic mark for constitutive heterochromatin in 
human spermatocytes.

In summary, numerous bioimaging studies 
have localized SUMO1 versus SUMO2/3 
throughout spermatogenesis and have shown dif-
ferences in their distributions that suggests differ-
ent functional roles [reviewed in (Vigodner 2011; 
Rodriguez and Pangas 2016)]. While some dis-
crepancies exist in the literature, in general 
SUMO1 is found in association with the sex 
chromosomes of meiotic spermatocytes and with 
centrosome in spermatids (Brown et  al. 2008; 
Vigodner and Morris 2005). All three SUMO are 
also found co-localized with XY bodies in sper-
matocytes (La Salle et  al. 2008; Vigodner and 
Morris 2005) Interestingly, SUMO has been 
found at double-strand DNA break sites, indicat-
ing a possible role in meiotic recombination 
(Shrivastava et al. 2010; Vigodner 2009). While 
the numerous localization studies are supportive 
of a biological role for sumoylation in spermato-
genesis, these studies are mostly observational, 
and functional evidence has been limited by the 
constraints of this cell system, including the pau-
city of identified SUMO targets in sperm cells. 
Three more recent reports are beginning to pro-
vide evidence for a functional role. First, it was 
reported that defective spermatozoa have exces-
sive sumoylation in the tail and neck regions 
compared to normal sperm, a result that hints 
strongly towards a requirement for finely bal-
anced sumoylation in normal sperm development 
(Vigodner et al. 2013). Second, cigarette smoke 
extract exposure which is known to cause oxida-
tive stress in sperm results in desumoylation of 
many sperm proteins which may be at least par-
tially responsible for the reduce sperm function 
(Shrivastava et al. 2014). Third, a large scale iso-
lation and identification of sumoylated proteins 
from spermatocytes and spermatids revealed 120 

substrates, including many with unique roles in 
spermatogenesis (Xiao et al. 2016). Having spe-
cific substrates proteins to evaluate for 
sumoylation effects should greatly accelerate the 
understanding of mechanisms and pathways 
through which SUMO modification affect the 
spermatogenesis process.

12.2.3	 �Oocyte Maturation

The role of sumoylation during oocyte formation 
is less studied than for spermatogenesis, but a few 
studies have examined the SUMO pathway and its 
components (Ihara et al. 2008; Wang et al. 2010; 
Yuan et  al. 2014). SUMOs 1–3 can be detected 
throughout oocyte maturation and there is agree-
ment that SUMO 2/3 localizes to the nucleoplasm 
(Ihara et  al. 2008; Yuan et  al. 2014). Likewise, 
Ubc9 is mostly found in the nucleoplasm (Ihara 
et al. 2008). In contrast, the location of SUMO1 
has been reported to be either nuclear membrane 
associated (Ihara et al. 2008) or in germinal vesi-
cle in meiotically competent oocytes (Yuan et al. 
2014). During oocyte maturation there are differ-
ences in the localization of SUMO1 versus 
SUMO2/3 suggestive of different substrates and 
functional differences in their roles.

To begin to address the biologic function of 
sumoylation in oocytes, individual components 
of the sumoylation system have been overex-
pressed or inhibited. Overexpression of the 
SUMO protease, SENP2, led to defects in spin-
dle organization, consistent with an important 
role of sumoylation (Wang et al. 2010). Consistent 
with the SENP2 result, blocking SUMO1 with 
antibodies or reducing Ubc9 levels with siRNA 
also led to spindle disruption and altered subcel-
lular localization of gamma-tubulin, a known 
spindle organization protein (Yuan et  al. 2014). 
Surprisingly, SUMO1 overexpression had no dis-
cernible effect. Similar studies with SUMO2/3 
are not available so little is known about its 
mechanistic role in oocytes. Identification of spe-
cific SUMO substrates in these cells, such as was 
recently done for sperm cells, would greatly 
facilitate further functional characterization.
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12.3	 �Embryonic Development

As discussed in Sect. 12.1, a general requirement 
for sumoylation during embryonic development 
is common to many organisms as loss of Ubc9, 
the sole SUMO conjugating enzyme, is typically 
lethal. In zebrafish, deficiency in any of the three 
SUMO paralogs is well tolerated during develop-
ment, but loss of all three is led to severe defects, 
consistent with a requirement for sumoylation 
though with considerable redundancy between 
the paralogs (Yuan et  al. 2010). Interestingly, 
even though all three SUMO paralogs are widely 
expressed throughout embryonic development in 
the mouse model, the essential SUMO paralog 
appears to be SUMO2 (Wang et al. 2014). It was 
initially reported that knocking out SUMO1 was 
embryonic (Alkuraya et al. 2006), but subsequent 
studies failed to find a phenotype for SUMO1 
null mice suggesting that SUMO2/3 compen-
sated for the loss of SUMO1 (Zhang et al. 2008). 
By constructing separate SUMO2(−/−) and 
SUMO3(−/−) mice, Wang et  al. demonstrated 
that loss of SUMO2 was embryonic lethal while 
SUMO3(−/−) mice were viable (Wang et  al. 
2014). Somewhat surprisingly based on the 
SUMO2 result, SENP1 which specifically desu-
moylates SUMO1 conjugates was also found to 
be essential for mouse embryogenesis (Sharma 
et al. 2013). One possible role that might explain 
this requirement is removal of SUMO1 from 
poly-SUMO2/3 chains. Inability to degrade these 
chains could account for the accumulation of 
SUMO2/3 product observed. Embryonic lethal-
ity was also observed for SENP2 null mice (Kang 
et al. 2010). In these embryos there was a signifi-
cant cardiac defect due to accumulation of the 
sumoylated form of the Pc2/CBX4 subunit of the 
polycomb repressive complex which led to 
reduced transcription of two genes essential for 
cardiac development, Gata4 and Gata6. Similar 
defects in cardiac development were also seen 
using a condition SENP2 knockout mouse model 
(Maruyama et  al. 2016). Consistent with this 
result, the SUMO E3 ligase, PIAS1, is also criti-
cal for cardiac development during embryogene-
sis (Constanzo et al. 2016). Gata4 is sumoylated 
(Collavin et  al. 2004), and PIAS1 co-localizes 

with Gata4 (Constanzo et  al. 2016) suggesting 
that it may be the SUMO ligase that promotes 
modification of Gata4 by SUMO. A critical role 
for sumoylation is also seen in neural crest and 
muscle development where SUMO modification 
of the Pax7 transcription factor is essential proper 
morphogenesis (Luan et  al. 2013). Thus, while 
many questions remain unaddressed, the evi-
dence to date clearly indicates a critical role for 
sumoylation in the embryonic development of a 
wide range of organ systems.

12.4	 �Stem Cells

Stem cells, whether embryonic or adult, are rela-
tively pluripotent cells with the capacity to dif-
ferentiate into one or more cell types. These cells 
are critical for normal development and for cer-
tain maintenance needs in adult tissues. 
Additionally, stem cells have enormous potential 
for therapeutic applications in human disease and 
injury, so understanding their biology and func-
tion is a major focus in the medical sciences 
today (Sayed et al. 2016; Wang and Zhou 2016). 
It is becoming clear that sumoylation has signifi-
cant roles in stem cell propagation and differen-
tiation, and specific examples of SUMO 
modification in stem cell populations are begin-
ning to be identified. As in the reproductive sys-
tem, sumoylation in stem cells appears important 
for regulation of critical TFs that contribute to the 
differentiation decision switches that control cell 
fate. Better understanding of the role sumoylation 
plays in stem cell biology may provide new 
means for controlling and directing stem cell 
growth and differentiation.

12.4.1	 �Embryonic Stem Cells

One of the initial observations connecting 
sumoylation with embryonic stem cells was the 
phenotype of the Ubc9 null mice (Nacerddine 
et al. 2005). While the Ubc9 knockout is embry-
onic lethal, normal appearing blastocysts can be 
isolated at E3.5. However, the endogenous plu-
ripotent stems cells in the blastocyst do not 
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expand and exhibit apoptosis, consistent with a 
requirement for sumoylation to develop beyond 
this stage. Further evidence for a role of 
sumoylation in development has come from stud-
ies examining the distribution and expression of 
sumoylation components during murine brain 
development. Loriol et al. demonstrated high lev-
els of SUMO1 modified proteins in neuronal 
nuclei early in development (Loriol et al. 2012). 
As development progressed there was an overall 
reduction in sumoylation but an increase at syn-
apses. They also noted developmental-dependent 
changes in SENP1 and SENP2 levels that may in 
part account for changing sumoylation levels in 
various regions of the brain. A subsequent study 
also observed developmental regulation of 
SUMO1, SUMO2/3, and Ubc9 in developing 
mice brains, again with a decrease in total 
sumoylated proteins as development proceeded 
(Hasegawa et  al. 2014). Strong signal was 
observed for SUMO1 and SUMO2/3  in neural 
stem cells with persistence of the SUMO2/3 sig-
nal, suggestive of different functional roles for 
SUMO1 versus SUMO2/3 modification in neural 
stem cell differentiation. Analysis of SENP2 
function in mouse embryos revealed a similar 
important role for sumoylation in trophoblast 
development (Chiu et  al. 2008). In this system, 
SENP2 is required for desumoylation of Mdm2, 
a key regulator of p53 (Jiang et al. 2011). In the 
absence of SENP2, Mdm2 remains sumoylated 
and interferes with p53 degradation. The 
increased levels of p53 cause cellular stress and 
disrupt the G-S phase transition.

The sumoylation system is also critical for 
hematopoiesis in zebrafish via hematopoietic 
stem/progenitor cells (HSPCs). The tango(hkz5) 
zebrafish mutant is defective for hematopoiesis 
and this mutation maps to the gene encoding the 
SAE1 subunit of the SUMO E1 activating 
enzyme (Li et al. 2012). Embryos with this muta-
tion show drastically reduced numbers of HSPCs, 
and this phenotype could be reproduced with an 
Ubc9 knockdown, strongly linking the HSPC 
decrease to defective sumoylation. Similar effects 
on hematopoiesis were seen with mopholino-
mediated knockdown of either SUMOs or Ubc9 
(Yuan et  al. 2015). In this study, the CCAAT/

enhancer-binding protein α (C/EBPα) was shown 
to be a critical sumoylation target as a SUMO- C/
EBPα fusion could rescue the hematopoietic 
defect in embryos deficient for SUMO.

While the accumulating literature reveals a 
potent role for sumoylation during embryonic 
development, the specific mechanistic pathways 
in different organ systems are still mostly unde-
fined. One general effect of sumoylation is likely 
to involve direct modification of the small pool of 
transcription factors that are critical for regulat-
ing embryonic stem (ES) cells. Octamer4 (Oct4) 
is known to be required for maintenance of stem 
cell pluripotency and their undifferentiated state; 
even slight variation in expression levels signifi-
cantly impacts embryonic cellular differentiation 
(Niwa et al. 2000). Oct4 is a POU transcription 
factor which can act as a repressor or activator 
controlling over 600 genes in the genome. High 
expression of Oct4 in ES cells leads to differen-
tiation commitment to endoderm or ectoderm. 
Persistence of high Oct4 expression leads to 
embryonic carcinoma while down regulation of 
Oct4 transactivation leads to mesoderm differen-
tiation (Kuijk et al. 2008; Looijenga et al. 2003). 
Therefore, transient regulation of Oct4 is crucial 
for cell fate commitment and proper embryonic 
cell differentiation. Mouse Oct4 has 3 lysines 
that have a SUMO consensus sequence and can 
be modified in vivo and in vitro (Wei et al. 2007). 
Two of these lysines are conserved in human 
Oct4, including lysine 118. Lys118 is located 
near the N-terminal DNA binding domain and is 
poly-sumo modified in vitro and in vivo. 
Surprisingly, Oct4 sumoylation with SUMO1 
doesn’t decrease its transcriptional activity, but 
instead increases its stability, its DNA binding, 
and its transactivation. Although these combined 
studies support a role for sumoylation in the reg-
ulation of Oct4 activity, only suggestive data 
have been generated on the actual contribution of 
SUMO-Oct4 towards cell differentiation com-
mitment. Similar to Oct4, other factors critical 
for stem cell regulation such a KLF4 (Du et al. 
2010), Nanog (Wu et  al. 2012), and Sox2 
(Tsuruzoe et al. 2006) are sumoylated, suggest-
ing that sumoylation may provide a complex 
coordination of the activity of these factors dur-
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ing development. Much further work will be 
needed to define the precise functional roles of 
sumoylation in control of ES cell differentiation.

In addition to being SUMO modified, Oct4 
can bind to other sumoylated proteins without 
being itself SUMO modified, and this may also 
account for changes in its transactivation as well. 
For instance, Sox2, another stem cell marker, 
forms a tight complex with Oct4 and regulates its 
transactivation as well (Rodda et al. 2005). Sox2 
is also conserved from mice to humans. Sox2 is 
sumoylated (Tsuruzoe et  al. 2006), but how 
sumoylation of either Sox2 or Oct4 affects com-
plex formation or function of the complex in ES 
cell differentiation is unknown. Also of interest is 
the observation that Oct4 is sumoylated only by 
SUMO1 and not by SUMO2 (Wei et al. 2007). 
This observation may imply specific functional 
regulation through SUMO1 that could be tied to 
distinct patterns of SUMO1 versus SUMO2/3 
expression in developing ES cells.

12.4.2	 �Post-natal Stem Cells

In addition to its role in embryonic development 
and ES cell regulation, numerous examples are 
accumulating that demonstrate an important role 
for sumoylation in adult stem cells such as bone 
marrow hematopoietic stem cells. These adult 
stem cells can split into two lineages: the myeloid 
and lymphoid lineages. Myeloid progenitor cells 
can be further divided into sub-classes of blood 
cells including monocytes, macrophages, neutro-
phils, basophils, eosinophils, erythrocytes, mega-
karyocytes/platelets, and dendritic cells. Their 
differentiation is regulated by lineage specific 
TFs leading multipotent cells to become special-
ized blood cells. For instance, expression of the 
MafB transcription factor in myeloid progenitor 
cells forces differentiation into macrophages and 
prevents myeloid lineage differentiation toward 
erythroid or dendritic cell types (Tillmanns et al. 
2007). Conversely, high level of myb expression 
preserves immature myeloid cell proliferation, 
controlling timing of the differentiation process 
(Emambokus et al. 2003). Thus MafB and c-myb, 
two transcription factors, act as antagonists in the 

balance of the hematopoietic system. Moreover, 
induction of myb in macrophages leads to rapid 
de-differentiation (Beug et al. 1987).

To determine the mechanism driving the 
antagonist effect between MafB and v-myb, 
Tillmanns et  al. investigated the sumoylation 
control of those two transcription factors and 
found that MafB is SUMO modified at two lysine 
residues in vivo and in vitro (Tillmanns et  al. 
2007). Interestingly, preventing MafB 
sumoylation led to macrophage differentiation 
and inhibition of myeloid progenitor expansion. 
Furthermore, the MafB SUMO site mutant could 
not be repressed by v-myb and committed to 
macrophage differentiation even with expression 
of v-myb, suggesting that repression of MafB by 
v-myb is dependent on the MafB sumoylation 
state. Likewise, c-myb is itself sumoylated via 
TRAF7, a SUMO ligase. Sumoylated c-myb is 
sequestered by TRAF in the cytoplasm, and 
therefore, negatively regulated by SUMO (Morita 
et al. 2005). The dual negative effect on both TFs 
suggests a finely tuned regulation of these com-
peting activities by the sumoylation system. 
Consequently, the presence or absence of effector 
proteins such as SUMO ligases may be a key 
determinant in the balance between cellular dif-
ferentiation versus proliferation, and the degree 
of sumoylation may coordinate the antagonist 
transcription factors to control hematopoietic cell 
differentiation. Evidence in support of a role for 
SUMO ligases in hematopoiesis was recently 
reported (Liu et al. 2014). PIAS1 was shown to 
control the switch for HSPCs between self-
renewal and differentiation through another 
member of the Gata family, Gata1.

To more generally examine the role of 
sumoylation in adult mice, Demarque et  al. 
developed an inducible knockout mouse line 
(Demarque et  al. 2011). The major phenotypic 
effect was observed in the small intestine where 
the stem cell population was rapidly depleted 
leading to death within 6 days. At the subcellular 
level, defects were observed in nuclear positioning 
and in polarization of actin, with keratin 8 identi-
fied as a major SUMO target. The combined 
molecular defects resulted in diminished prolif-
erative capacity and detachment of enterocytes 
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from the basal lamina. A critical role for Ubc9, 
and hence sumoylation, was likewise observed 
for reprogramming of mouse embryonic fibro-
blasts into induced pluripotent stem (iPS) cells 
and for survival of embryonic stem (ES) cells 
(Tahmasebi et al. 2014). In the absence of Ubc9, 
iPS induction was greatly impaired and ES cells 
underwent apoptosis. Interestingly, reduced 
Ubc9 was correlated with decreases in the protein 
levels for Nanog, Oct4, KLF4, and Sox2, all criti-
cal transcription factors for stem cell differentia-
tion and themselves targets for sumoylation. 
While these two studies clearly demonstrate the 
requirement for sumoylation, adult stem cells, 
like embryonic stem cells, appear to require a 
delicate balance between sumoylation and desu-
moylation (Nayak et al. 2014). In human dental 
follicle stem cells, siRNA knockdown of the 
SENP3 desumoylating enzyme also prevented 
differentiation in the osteogenic pathway. A num-
ber of critical regulatory factors accumulated in 
the sumoylated form in the absence of SENP3, 
suggesting that inability to turn over the SUMO 
moieties on these substrates impaired the differ-
entiation program in these cells. Thus, the reoc-
curring theme is that a delicate balance between 
sumoylation and desumoylation is essential for 
proper maintenance and/or differentiation of 
stem cells.

12.5	 �Tissue and Cellular 
Differentiation

In addition to its roles in embryonic develop-
ment, SUMO also plays critical roles in differen-
tiation in adult tissues. Several examples have 
been clearly identified and characterized in recent 
years, and while much remains unknown, the 
contribution of sumoylation to the differentiation 
process in distinct tissue types is now well estab-
lished. In some cases, specific TFs serve as the 
critical sumoylation targets for differentiation, 
while in other cases the targets are unidentified 
and the mechanism by which sumoylation con-
tributes to the differentiation process is unde-
fined. The following subsections discuss the 

currently evaluated systems where sumoylation 
has a known effect on initiation or completion of 
differentiation.

12.5.1	 �Epithelial Tissue

The epidermis has been intensely studied both as 
a convenient model of tissue differentiation 
(Gandarillas 2000; Werner and Smola 2001) and 
for its medical importance in wounds, oncogen-
esis, congenital and acquired skin dysfunctions, 
and infections (Angel et  al. 2001; Ghoreishi 
2000). Human keratinocytes are easily induced to 
differentiate in culture so that state-specific dif-
ferences can be explored at the biochemical and 
molecular level (Poumay and Leclercq-Smekens 
1998). Furthermore, the development of organo-
typic cultures has allowed the recapitulation of 
nearly authentic epidermal histology and mor-
phology in vitro (Benbrook et  al. 1995). 
Nonetheless, regulation of epidermal differentia-
tion is still poorly understood (Koster et al. 2002). 
Many studies have focused on changes in tran-
scriptional programs that result from differentia-
tion induction signals and have identified a 
number of TFs relevant to the differentiation pro-
cess. More recently, Deyrieux et  al. studied the 
role of sumoylation in skin biology using the 
human HaCaT line as a model system (Deyrieux 
et al. 2007). In both undifferentiated and differ-
entiated HaCaT cells the sumoylation system 
was expressed and active with numerous sub-
strates modified. Interestingly, at both the RNA 
and protein levels, expression of the sumoylation 
system components was transiently upregulated 
during the active differentiation process with a 
peak expression observed as late differentiation 
markers appeared. Immunohistochemical analy-
sis of HaCaT cells stratified in organotypic cul-
tures revealed that Ubc9 expression increased in 
the suprabasal cells, just beneath where keratin 
K1 expression commenced, and then waned in 
the upper layers, consistent with the transient 
expression increase seen in differentiating 
monolayer cultures. When sumoylation was pre-
vented during differentiation the monolayer 
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HaCaT cells showed delayed and reduced expres-
sion of the late differentiation markers and 
grossly abnormal morphology, suggesting that 
sumoylation is needed for successful completion 
of the differentiation program. Global 2-dimen-
sional gel analysis of the SUMO3 substrates dur-
ing HaCaT differentiation revealed a complex 
profile (Heaton et  al. 2012). The number of 
SUMO3-modified proteins was highest in basal 
cells with an abrupt decrease immediately fol-
lowing induction of differentiation followed by a 
gradual increase at 2–3 days post-induction. 
However, within this overall trend there was great 
variability in the level of sumoylation of individ-
ual proteins; some increased, some decreased, 
and some were unchanged. While the specific 
critical target(s) has not yet been identified, these 
results strongly support a role for sumoylation in 
the differentiation of skin, likely through modu-
latory effects on pertinent TFs.

A role for sumoylation in keratinocyte biology 
has also been observed through studies of the 
Cbx4 protein, a component of the polycomb 
repressive complex 1 (PCR1) (Luis et al. 2011; 
Mardaryev et al. 2016). Cbx4 has SUMO ligase 
activity that is important for its regulatory activ-
ity (Kagey et al. 2003; Wotton and Merrill 2007). 
In epidermal stem cells a ligase-minus mutant of 
Cbx4 stimulated proliferation and increased dif-
ferentiation, suggesting that sumoylation of one 
or more targets contributes to restricting growth 
and keeping these cells in the undifferentiated 
state (Luis et  al. 2011). Consistent with these 
observations in cultured cells, deletion of Cbx4 in 
mice results in altered epidermis with enhanced 
expression of differentiation markers and prema-
ture expression of these markers in the suprabasal 
layers (Mardaryev et  al. 2016). Transfection 
studies with domain-deletion versions of Cbx4 
confirmed that these effects on keratinocyte 
growth and differentiation were dependent on the 
SUMO-ligase activity. To further understand this 
pathway it will be critical to identify SUMO sub-
strates for Cbx4.

Like keratinocytes, differentiation of ocular 
lens epithelial cells also requires sumoylation, 
with SUMO1 and SUMO2/3 exhibiting distinct 
functions (Gong et  al. 2014). Differentiation in 

this system can be triggered by treatment with 
basic fibroblast growth factor (bFGF), and over-
expression of SUMO2/3 inhibits this bFGF-
induced differentiation while overexpression of 
SUMO1 has no effect. Conversely, knockdown 
of SUMO2/3 did not affect differentiation while 
knockdown of SUMO1 again inhibited the 
bFGF-induced differentiation. These results sug-
gest that SUMO1 expression is required for dif-
ferentiation and the SUMO2/3 is inhibiting this 
process. Mechanistically, the transcription factor 
Sp1 is known to be a major regulator of lens-
specific gene transcription, and Sp1 was shown to 
be differentially regulated by the SUMO para-
logs. Sp1 was activated by SUMO1 while it was 
repressed by SUMO2 conjugation at K683. 
Addition of the SUMO2 moiety at K683 reduced 
both DNA binding capacity of Sp1 and its ability 
to interact with the coactivator, p300. This antag-
onistic activity of SUMO1 versus SUMO2 on 
Sp1 function is consistent with the effects of 
these two paralogs on lens cell differentiation and 
suggests that varying levels of the different 
SUMOS may be a major pathway for regulating 
differentiation in this cell system.

12.5.2	 �Myocytes

Like basal keratinocytes, the muscle precursor 
cells known as myoblasts are proliferative cells 
that can stop replicating and enter terminal dif-
ferentiation (Pownall et al. 2002). Upon differen-
tiation the myoblasts start to fuse and form 
multinucleated myotubes, a process driven by the 
activity of the MyoD family of TFs in coopera-
tion with the myocyte enhancer factor (MEF2) 
family (Tapscott 2005). Using the well-
established C2C12 myoblast differentiation 
model, Riquelme et  al. examined sumoylation 
during the differentiation process (Riquelme 
et  al. 2006a). In contrast to keratinocytes, they 
showed that overall sumoylation of cellular tar-
gets declined for both SUMO1 and SUMO2/3 
after induction of differentiation. Additionally, 
Ubc9, which is expressed in both myocytes  
and myotubes, changes its distribution during 
differentiation and became more homogenously 
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distributed throughout the nuclei of myotubes. 
Ubc9 knockdown with siRNA reduced global 
sumoylation, but had no effect on MyoD or myo-
genin expression, localization, or activity, sug-
gesting that the effect of Ubc9 in not mediated 
directly through the MyoD family. Somewhat 
surprisingly since overall sumoylation decreases 
during myocyte differentiation, Ubc9 knock-
down inhibited differentiation and resulted in 
decreased formation of myotubes. Neither apop-
tosis nor G2/M arrested cells increased under the 
knockdown conditions, so the mechanism of the 
Ubc9 effect is unclear, but must reflect subtle dif-
ferences in target modification during knock-
down compared to the sumoylation decrease seen 
during normal differentiation.

While the sumoylation of the MyoD family is 
uncertain, sumoylation of other myogenesis reg-
ulatory factors is now well documented. SnoN is 
an oncoprotein that also plays a role in muscle 
differentiation and was recently shown to be 
sumoylated at a single lysine residue in C2C12 
cells (Wrighton et  al. 2007). Mutation of the 
sumoylation site to arginine imbued SnoN with 
enhanced myogenic activity and enhanced tran-
scriptional synergy with MyoD. During C2C12 
cell differentiation, sumoylation of SnoN 
decreased slightly, consistent with decreased 
sumoylation promoting myocyte differentiation 
and myotube formation. Similarly, several mem-
bers of the MEF2 family have been shown to be 
sumoylated, including MEF2A (Riquelme et al. 
2006b), MEF2C (Gocke et al. 2005), and MEF2D 
(Gregoire et  al. 2006), and at least for MEF2A 
(Riquelme et al. 2006b) and MEF2C (Kang et al. 
2006) sumoylation is a negative regulator of tran-
scriptional activity. While the role of MEF2 
sumoylation in myocyte differentiation remains 
to be explored, the modification of these impor-
tant regulatory factors by SUMO is clearly con-
sistent with a functional role for sumoylation in 
growth and differentiation of this cell type. 
Furthermore, cross-talk between MEF2 
sumoylation and other post-translational modifi-
cations such as phosphorylation (Gregoire et al. 
2006) and acetylation (Gregoire et al. 2007) sug-
gests exciting and complex regulatory feedback 
that may be critical for proper response to 

external stimuli and subsequent control of 
differentiation.

Several additional studies have begun to iden-
tify and characterize other sumoylation targets 
that are critical for muscle cell development. One 
of the members of the Pax family of transcrip-
tional regulators, Pax7 is sumoylated on K85, 
and this modification is necessary to prevent 
myogenic differentiation of murine skeletal mus-
cle cells (Luan et al. 2013). A lysine to arginine 
mutant of Pax7 at residue 85, which cannot be 
sumoylated, fails to transactivate known Pax7 
target genes, which suggests that one or more of 
these gene products is critical for maintaining the 
cells in the undifferentiated state. Sharp-1 is 
another inhibitor of skeletal muscle differentia-
tion that is also sumoylated, in this case at lysines 
240 and 255 (Wang et al. 2013). Mutation of the 
SUMO addition sites or overexpression of 
SENP1 reduces the ability of Sharp-1 to repress 
differentiation, strongly linking this ability to 
SUMO modification. Mechanistically, the 
sumoylation of Sharp-1 promotes interaction 
with G9a, a histone methyltransferase with co-
repressor activity. In the absence of Sharp-1 
sumoylation G9a occupancy of muscle promot-
ers is reduced, likely leading to transcription of 
genes promoting differentiation. A third inhibitor 
of muscle cell differentiation, BS69, is also a 
substrate for sumoylation at lysine 367, and in 
this case PIAS1 appears to be an important 
SUMO ligase to enhance BS69 sumoylation (Yu 
et  al. 2009). However, sumoylation deficient 
mutants of BS69 showed no obvious phenotype 
so the role of sumoylation in the differentiation 
function of BS69 remains uncertain.

In contrast to Pax7, Sharp-1, and BS69 which 
act as inhibitors of muscle differentiation, skNAC 
appears to be a positive regulator of differentia-
tion through a sumoylation-dependent process 
(Berkholz et al. 2014). skNAC bind to both the 
Mms21/Nse2 complex, which is known to func-
tion as a SUMO ligase (Potts and Yu 2005) and to 
a myogenic regulator known as Smyd1 (Li et al. 
2009). Knockdown of Mms21/Nse2 partially 
inhibits myogenesis and decreases Smyd1 
sumoylation muscle cells, suggesting that 
sumoylation regulates the activity of the skNAC/
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Smyd1 complex to control muscle differentia-
tion. The results with these different factors, 
Pax7, Sharp-1, BS69, and skNAC/Smyd1 all 
highlight a role for sumoylation in coordinating 
events that regulate the transition from undiffer-
entiated to differentiated state in muscle cells. 
Pax7 and BS69 play a similar role in both muscle 
and neural cells (Luan et al. 2013), and contribu-
tion of sumoylation to neural cell differentiation 
is discussed in the next section.

12.5.3	 �Neuronal Cells

In addition to their role in myocyte differentiation, 
MEF2 proteins are also critical factors for neuro-
nal biology (Heidenreich and Linseman 2004). 
The MEF2 family members are widely expressed 
in developing brains and have been implicated in 
control of proliferation, differentiation, and apop-
tosis [reviewed in (McKinsey et  al. 2002)]. One 
important function of the MEF2 proteins is to 
function as integrators of calcium signals medi-
ated through calmodulin and the calcium/calmod-
ulin-dependent protein kinase (CaMK). CaMK 
stimulates MEF2 transcriptional activity and 
appears to act through disruption of MEF2 interac-
tions with the HDAC transcriptional repressors 
(Lu et  al. 2000). Functional regulation of the 
MEF2 family is known to involve phosphoryla-
tion, and several studies have now shown that at 
least MEF2A (Riquelme et  al. 2006b), MEF2C 
(Gocke et al. 2005), and MEF2D (Gregoire et al. 
2006) are sumoylated, implying that post-transla-
tional modifications will be an important mecha-
nism for controlling MEF2 activity.

Among the MEF2 family members, the role of 
MEF2A in neuronal differentiation is the best 
characterized. MEF2A is required for post-
synaptic differentiation of cerebellar dendrites 
into dendritic claws, and this activity is regulated 
by sumoylation (Shalizi et  al. 2006). MEF2 is 
sumoylated on lysine 403 in a process that is pro-
moted by phosphorylation at lysine 408. When 
lysine 408 is dephosphorylated by calcium-
dependent activation of calcineurin, sumoylation 
at lysine 403 is reduced and acetylation of K403 

is promoted. Sumoylation of MEF2A reduces its 
transcriptional activating function and represses 
Nur77, a factor that normally prevents dendritic 
claw formation. In a subsequent publication, 
Shalizi et  al. demonstrated that PIASx (αor β) 
were the SUMO E3 ligases responsible for 
sumoylation of MEF2A, while the other 3 PIAS 
family members were inactive on MEF2 (Shalizi 
et al. 2007). PIASx knockdown reduced dendritic 
claw formation, but this reduction could be over-
come by expression of a MEF2A-SUMO fusion 
protein, indicating that PIASx is normally acting 
through stimulation of MEF2A sumoylation. 
Thus, sumoylation is a key component of the 
regulatory switch that controls morphogenesis of 
the claw. Interestingly, a previous report indi-
cated that PIAS1 could enhance sumoylation of 
MEF2A (Riquelme et al. 2006b), and while the 
reason for this discrepancy is unknown it does 
support a role PIAS proteins in MEF2 
sumoylation. As very little is known about the 
expression patterns of PIAS proteins in neural 
tissues, it will be important to determine how 
PIAS expression is regulated and what effect that 
has on sumoylation of different MEF2 members 
and their isoforms.

The calcium/calmodulin-dependent serine 
protein kinase (CASK), a member of the 
membrane-associated guanylate kinase 
(MAGUK) family, is also important for dendritic 
spine stabilization or maintenance in hippocam-
pal neurons (Chao et al. 2008). CASK appears to 
function by linking plasma membrane proteins 
with the actin skeleton through its interaction 
with the 4.1 protein. CASK is sumoylated at a 
single site, lysine 679, and sumoylated CASK 
shows reduced 4.1 binding and a more cytosolic 
location, suggesting that sumoylation may pro-
mote dissociation of CASK from the membrane. 
Expression of a CASK-SUMO fusion protein 
impaired spine formation which implies that 
sumoylation is a negative regulator of this event, 
in contrast to the positive regulation of cerebellar 
dendritic claw formation. Unfortunately, regula-
tion of these neuronal processes is likely to be 
complex and difficult to resolve due to the numer-
ous potential SUMO targets involved.
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Consistent with several other of the systems 
described above, desumoylation is also critical 
for neuronal differentiation (Juarez-Vicente et al. 
2016). Using a mouse teratocarcinoma cell line, 
Juarez-Vicente et al. demonstrated a generalized 
increase in free SUMO following neuronal induc-
tion with retinoic acid. Examination of the 
expression levels for the components of the 
sumoylation system found no changes except for 
upregulation of SENP5 and SENP7, whose desu-
moylation activity could account for the increase 
in free SUMO. Consistent with this deconjuga-
tion of SUMO during induction being function-
ally significant, overexpression of SUMO1 or 
SUMO2 impaired differentiation. Likewise, 
SENP7 knockdown impaired differentiation and 
reduced free SUMO levels, specifically of 
SUMO2/3, implicating these paralogs as the 
important regulators. Identification of specific 
SUMO2/3 targets and exploration of their func-
tional roles will be highly informative for eluci-
dating the pathways and molecular mechanisms 
that contribute to differentiation control in neu-
ron cells.

12.5.4	 �Hematopoietic Cells

In the adult, hematopoietic stem cells (HSCs) 
give rise to multiple lineages, including B cells, T 
cells, neutrophils, and monocyte/macrophages 
(Wang and Ema 2016). Diverse studies have now 
shown that sumoylation plays a regulatory role in 
many of these pathways. For example, MafB is a 
transcription factor that promotes macrophage 
differentiation from myeloid precursors, and 
MafB is sumoylated at K32 and K297 (Tillmanns 
et al. 2007). Sumoylation is required for repres-
sion of MafB by v-Myb, so sumoylation-defective 
mutants of MafB exhibit increased differentia-
tion and suggest that the level of sumoylation can 
control the switch between maintenance of the 
precursor and differentiation into macrophages. 
Sumoylation-dependent regulation was also 
observed for another critical factor controlling 
hematopoietic development, GATA-1 (Lee et al. 
2009). Like MafB, GATA-1 is sumoylated, and in 

this case sumoylation is required for binding to 
FOG-1 and transcriptional activation of FOG-1-
dependent genes. While not directly tested, loss 
of GATA-1 sumoylation would like cause signifi-
cant disruption in the differentiation program. 
Similarly, GFI1 is another multipotent regulatory 
factor that plays important roles in mammalian 
neutrophil differentiation (van der Meer et  al. 
2010). GFI1 is sumoylated at K239, and SUMO 
conjugation at this residue is required for GFI1 to 
support granulocytic differentiation (Andrade 
et  al. 2016). Interaction between GFI1 and its 
partner, the LSD1/CoREST lysine demethylase 
complex, is disrupted by mutation of lysine 239 
to arginine, implicating this pathway as the criti-
cal step that is regulated by sumoylation.

Like macrophages and neutrophils, 
sumoylation has also been implicated in develop-
ment of B and T cells (Van Nguyen et al. 2012). 
STAT5 is a key regulator that is critical for both B 
and T cells (Yao et al. 2006), and it is modified by 
SUMO (Van Nguyen et al. 2012). Sumoylation of 
STAT5 on K696 blocks acetylation at this same 
residue; lack of acetylation prevents STAT5 
dimerization and results in transcriptionally inac-
tive STAT5. Unless the SUMO moiety can be 
removed by SENP1, the inactive form of STAT5 
accumulates resulting in impairment of B and T 
cell development. Thus, a cycle of sumoylation-
desumoylation is essential for the normal func-
tion and regulation of B and T cell lineage 
development by STAT5.

In addition to a regulatory role in normal 
hematopoietic cell development, it has been 
noted that sumoylation is disrupted in several 
type of hematopoietic malignancies. Driscoll 
et  al. observed that patients with multiple 
myeloma had enhanced overall levels of 
sumoylation (Driscoll et  al. 2010). Levels of 
Ubc9 and PIAS1 were also elevated in many 
patients, and this elevation of the conjugation and 
ligase could explain the increase in sumoylation. 
High expression levels of these two components 
correlated with lower patient survival suggesting 
that increased sumoylation was advantageous for 
the tumors. Consistent with positive role for 
sumoylation in tumor cells, acute myeloid 
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leukemia (AML) cells have reduced levels of 
SENP5 compared to normal cells (Federzoni 
et  al. 2015). While not addressed in the study, 
reduction in this desumoylating enzyme would 
be expected to elevate overall sumoylation. 
Knocking down SENP5  in an AML neutrophil 
model prevented differentiation, so this pathway 
may be contributing to the occurrence of the 
undifferentiated blast cells that are characteristic 
of this disease. While a great deal more work is 
needed to fully understand how sumoylation 
relates to hematopoietic cancers, there is great 
potential here for possible diagnostic and/or ther-
apeutic approaches.

12.6	 �Conclusions

Numerous publications over the last 10 years 
have shown that the sumoylation system is an 
important regulator of cellular fate and differen-
tiation, and several systems have been described 
in this chapter. Examples of both positive and 
negative effects on differentiation by sumoylation 
have been reported, so the possibility exists of 
opposing pathways that are co-regulated by 
sumoylation to provide fine control of the com-
mitment to differentiate. At the molecular level, 
SUMO conjugation modulates transcriptional 
activity both for specific TFs and more globally 
via changes in chromatin structure. Through its 
covalent attachment to transcription factors and 
other chromatin regulatory proteins, such as the 
histones and chromatin remodeling enzymes, 
SUMO can influence the recruitment and forma-
tion of multi-protein complexes that are critical 
mediators of the cellular transcriptional program. 
Additionally, sumoylation of non-TFs, such as 
kinases or structural proteins, also appears to 
have important contributions to regulation of cell 
fate. Consequently, understanding the precise 
functions of sumoylation in different develop-
mental and differentiation systems may provide 
new targets for specific or global modulation of 
these processes. Being able to exert subtle con-
trol on developmental and differentiation systems 
should have important therapeutic benefits for 
treatment of diseases and repair of injuries.
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