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Abstract: The ubiquitin and SUMO (small ubiquitin-like modifier) pathways modify proteins that
in turn regulate diverse cellular processes, embryonic development, and adult tissue physiology.
These pathways were originally discovered biochemically in vitro, leading to a long-standing
challenge of elucidating both the molecular cross-talk between these pathways and their biological
importance. Recent discoveries in Drosophila established that ubiquitin and SUMO pathways
are interconnected via evolutionally conserved SUMO-targeted ubiquitin ligase (STUbL) proteins.
STUbL are RING ubiquitin ligases that recognize SUMOylated substrates and catalyze their
ubiquitination, and include Degringolade (Dgrn) in Drosophila and RNF4 and RNF111 in humans.
STUbL are essential for early development of both the fly and mouse embryos. In the fly embryo,
Dgrn regulates early cell cycle progression, sex determination, zygotic gene transcription, segmentation,
and neurogenesis, among other processes. In the fly adult, Dgrn is required for systemic immune
response to pathogens and intestinal stem cell regeneration upon infection. These functions of Dgrn
are highly conserved in humans, where RNF4-dependent ubiquitination potentiates key oncoproteins,
thereby accelerating tumorigenesis. Here, we review the lessons learned to date in Drosophila and
highlight their relevance to cancer biology.

Keywords: ubiquitin; SUMO; Dgrn; SUMO-targeted ubiquitin ligases RNF4; transcription;
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1. Ubiquitination, SUMOylation, and Their Enzymatic Connectors

Post-translational modifications (PTMs) are the regulatory, reversible covalent linkage of small
chemical groups or proteins to existing proteins during or after translation.

The discovery 30 years ago of ubiquitination, i.e., tagging a protein with ubiquitin, opened the door
to a new area of post-transcriptional modification [1]. Ubiquitination involves the enzymatic covalent
attachment of a ubiquitin molecule (Ub) to a substrate protein as a monomer (mono-ubiquitination),
or to an existing Ub moiety already attached to the substrate, thus generating a multi-Ub
chain (poly-ubiquitination). This process is highly regulated and is mediated by three enzymes:
E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme, Ubc), and E3 (ubiquitin-protein
ligase). The latter interacts directly with the substrate and harbors a substrate recognition
region/motif [2]. Ubiquitination can take place on Lys residues, the free N-termini of proteins,
and was recently shown to occur also on Ser residues [3]. Each ubiquitin molecule contains seven
internal lysine residues, each of which can serve as a target for conjugation of additional ubiquitin
molecules. These ubiquitin chains can be either homotypic (i.e., contain a single type of internal link)
or heterotypic (contain diverse internal links). This internal Ub linkage determines the structure of the
ubiquitin chain, and linkage-specific processes are currently emerging [4]. For example, homotypic
K48-polyUb chains target proteins for degradation by 26S proteasomes, a nano-machine complex
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that is proficient in the proteolytic degradation of ubiquitinated proteins [5]. Ubiquitination may be
reversed by deubiquitinating enzymes (DUBs) that catalyze the hydrolysis of the iso-peptide bond,
thus removing the ubiquitin moiety from the protein [4]. As such, the ubiquitin system regulates
diverse cellular and developmental processes from receptors endocytosis at the cytoplasmic membrane
to the regulation of gene expression in the nucleus. Therefore, perturbations in the ubiquitin pathway
are tightly associated with pathological conditions such as congenital and developmental syndromes,
cancer, and neurodegeneration [6].

Several ubiquitin-like molecules and pathways (UbLs) have been discovered in recent decades [7].
The conjugation of each of these UbLs to a targeted protein requires ATP-dependent activation of the
UbL and the attachment activity of a UbL-specific enzymatic machinery. To date, the best-characterized
UbL is the small ubiquitin-like modifier (SUMO). SUMOylation is highly analogous to ubiquitination
in terms of the enzyme cascade (E1, E2, and E3-SUMO ligase enzymes) that covalently adds a single
SUMO protein or poly-SUMO-chain to the substrate protein. Similar to ubiquitination, SUMOylation is
also reversible and mediated by SUMO-specific peptidases (Ulps/SENPs) [8–10]. SUMOylation plays
a critical role in Drosophila development. Genetic and biochemical characterization of SUMOylation
in the Drosophila melanogaster revealed many of its conserved biological functions, which include
regulation of key signaling pathways, developmentally regulated transcription factors, as well as the
response to DNA damage and DNA replication [11].

Both ubiquitin and SUMO regulate protein-protein interactions as well as protein stability,
function, and localization. Moreover, substrates can be modified by both PTMs in a step-wise manner
that includes the potential generation of heterotypic ubiquitin-SUMO chains [12]. As outlined in
this short review, SUMO-targeted ubiquitin ligase (STUbL) is a family of RING ubiquitin ligases
that connect the ubiquitin and SUMO pathways. Here, we discuss their function in the context of
Drosophila development and physiology, and the relevance of lessons gained in the fly system to cancer
biology [13,14].

STUbLs are E3 ubiquitin ligases that bind non-covalently to the SUMO moiety of SUMOylated
proteins via their SUMO-interacting motifs (SIMs) (Figure 1A). Once bound, STUbLs mediate the
ubiquitination of the SUMOylated protein, in many cases targeting it for proteasomal degradation [14].
The vertebrate genome codes for two STUbL genes, RNF4 and Arkedia (RNF111) [14,15]. The Drosophila
genome encodes for a single STUbL protein, which is highly similar to both mammalian proteins
termed Degringolade (Dgrn, CG10981) [16]. Analysis of Dgrn in flies showed that it plays key roles in
early embryonic development [17], DNA repair [18], and regulation of the immune response [19].
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Figure 1. Structure of STUbL protein and a putative role for Dgrn in the regulation of co-factors selection.
(A) Schematic diagram of human and Drosophila STUbL proteins (not to scale). SIM, SUMO-interacting
motif; NTR, nucleosome-targeting region; ARM, arginine-rich region, and PRR are highly conserved
amino acids within the ARM; RING, Really Interesting New Gene catalytic domain. “?” denotes
putative domains. (B) A model for the Dgrn-dependent inactivation of Hairy-Gro interaction, see text
for details.
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2. Dgrn, Early Drosophila Embryogenesis, and DNA Repair

The early Drosophila embryo develops as a closed system orchestrated mainly by maternally
contributed mRNAs and proteins. Fertilization triggers rapid nuclear divisions without accompanying
cytokinesis. At nuclear cycles 8–10, the majority of nuclei migrate to right under the plasma membrane
at the surface of the embryo, forming the syncytial blastoderm. At this stage of embryogenesis,
these cells will undergo additional rapid nuclear divisions with neighboring mitotic spindles
originating from distinctive centromere pairs. Finally, at cycle 14, the embryo undergoes cellularization.
Post-translational modifications have been shown to regulate these early cycles, in agreement with the
lack of active transcription [20].

Dgrn, which is maternally contributed and ubiquitously distributed throughout the embryo,
plays an important role in these stages of early embryogenesis. Indeed, while homozygote dgrn
null mutant flies develop to adulthood, homozygous females are sterile, laying embryos that do not
hatch. The majority of these embryos arrest during early nuclear cycles 2–3 [16]. A small portion
of them arrest several cycles later, yet are unable to anchor their nuclei to the centromeres at the
embryo periphery. Phenotypically, this results in nuclei that “fall” from the periphery to the center
of the embryo, leaving behind cells with empty centromeres that resemble halos and atypical mitotic
chromatin structures [16].

Analysis of dgrn mutants unveiled that these nuclei as well as the entire embryo are enriched
for SUMOylated proteins, further exemplifying the role of Dgrn in regulating SUMOylation [17].
These findings fit well with the observation that SUMOylated proteins are required for maintaining
DNA integrity during early development. For example, Smt3 (SUMO)-mutant embryos have been
shown to display early nuclear cycle defects including irregular size and distribution of nuclei [21].
Moreover, DNA repair and heterochromatin proteins that are conserved from flies to humans,
such as Blm, WRN, Rad52, RPA, RAP80, PCNA, RecQ, are regulated by SUMOylation [22–25].
Indeed, STUbLs are key players in resolving double-strand breaks (DSBs) in heterochromatin in yeast,
flies, and humans [18,24–28]. Yeast deficient in Dgrn ortholog Slx5-Slx8 genes accumulate DNA lesions
during replication [29]. Of specific interest are repetitive sequences (repeats) within heterochromatin
that challenge genome stability maintenance, given the potential ability of repeats to recombine with
similar sequences within the genome. Specific mechanisms therefore evolved to prevent aberrant
recombination. Ryu et al. [18] showed that SUMOylation of repair proteins prevents recruitment
of the DSB repair protein Rad51 when the DSB is localized in the heterochromatin. Such DSBs are,
however, repaired at the nuclear periphery adjunct to nuclear pores. Dgrn likely removes the Rad51
block by ubiquitination and subsequent degradation of the SUMOylated proteins, preventing DSB
repair at the heterochromatin and enabling DSB repair to progress. In mouse and human cells, RNF4 is
similarly required for DSB repair and for the response to DNA damage. RNF4 substrates include
essential mediators of the DNA damage response such as RAP80 [25], Fanconi anemia ID protein
complex [30,31], and MDC1 [28,32]. Thus, supporting the notion that a STUbL-dependent mechanism
connects SUMOylation and ubiquitination at DNA damage sites. Indeed, RNF4-hypomorphic mouse
mutants exhibit hypersensitivity to genotoxic stress and ionizing radiation in vivo [27].

3. The Role of Dgrn in Transcriptional Repression

STUbLs recognize SUMOylated proteins and catalyze their ubiquitination, which in many
cases results in proteasomal degradation. For example, the mammalian STUbL RNF4 ubiquitinates
the SUMOylated Promyelocytic leukemia protein (PML) and its oncogenic fusion PML-RAR.
This SUMO-mediated and RNF4-dependent ubiquitination subsequently leads to proteasomal
degradation of the PML or PML-RAR proteins. In this context, RNF4 inhibits tumorigenesis and
its expression in PML leukemic cells results in their differentiation [33]. Numerous proteins bound by
the SUMO interacting motifs (SIMs) of RNF4 were likewise identified [34]. However, STUbLs also have
an SUMO-independent mode of substrate recognition and were shown not only to target proteins for
degradation, but also to regulate protein-protein interactions and protein stability (Figure 1B) [13,17,35].
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A well-studied case in this context is the role of Dgrn in transcriptional repression during
Drosophila development [17]. Dgrn was initially identified in a two-hybrid screen of the basic
helix-loop-helix (bHLH) repressor Hairy [36], in which the interaction between Dgrn and Hairy
was found to be independent of SUMOylation and was mediated by the RING domain of Dgrn and
the basic region of Hairy. Given the conservation of the basic domain among all Hairy/Enhancer
of Split/Deadpan (HES) family repressors, Dgrn interacted physically with the entire HES family of
proteins, assembling heterotypic poly-ubiquitin chains on these repressors, with the exception of Her,
which differs in its basic region and is not bound and ubiquitinated by Dgrn. Moreover, observations
in yeast and vertebrates suggest that other STUbL proteins also bind and ubiquitinate substrates in
a SUMO-independent manner. For example, the yeast STUbL SLx5-Slx8 was shown to recognize the
MATα repressor independent of SUMOylation [37].

Dgrn-mediated ubiquitination of HES proteins did not lead to their degradation but rather
selectively affected their ability to recruit co-repressors and regulate their function. For example, the Hairy
repressor functions by recruiting co-repressors such as Groucho (Gro)/TLE, dSir2, or dCtBP [38,39].
Together with its co-repressors, Hairy regulates segmentation and neurogenesis. However, the selection
mechanism that determines the association of Hairy with an individual co-repressor is not well
understood. In this regard, Dgrn-mediated ubiquitination selectively reduces the affinity of Hairy
to its co-repressor (Gro) but does not impact its ability to interact with its other co-factors such
as dCtBP. These co-factors bind to different sites within Hairy, and Dgrn-mediated catalysis of
heterotypic poly-ubiquitin chains on Hairy may mask specific co-factor binding sites (such as the
WPRW Gro-binding site), but not others sites required for binding of the other cofactors (Figure 1B).

The action of Dgrn is also aimed at the co-repressor Gro/TLE. SUMOylation of the Gro/TLE
co-repressor complex modulates its co-repressor activity [40]. At the same time, however, SUMOylation
of Gro contains a self-limiting mechanism. Biochemical and immuno-histological analyses suggest
that Dgrn targets SUMOylated-Gro for sequestration (rather than degradation), leading to inactivation
of the co-repressor (Figure 1B), a mechanism that is likely reversible. DUBs and SENPs that reverse
the ubiquitination of Hairy as well as Gro SUMOylation by removing the ubiquitin and SUMO
chains, respectively, are potentially capable of restoring Hairy~Gro repressive activity. This model
of Dgrn-dependent sequestration and recycling is attractive, as Gro is a stable protein, which is
used numerous times during development and in adult tissues. Indeed, Dgrn was able to alleviate
Gro-dependent repression in biological contexts other than Hairy-regulated processes [16,17].

It should, however, be noted that, unlike the established interaction between Hairy and Dgrn,
there is no evidence of direct binding between endogenous SUMOylated-Gro and Dgrn. Thus, it is
reasonable also to consider an indirect effect of Dgrn on the SUMOylation machinery with similar
outcomes. This possibility is supported by a recent observation that RNF4 targets multiple enzymes
within the SUMO conjugation machinery for degradation, such as the SUMO E2 enzyme Ubc9,
several SUMO E3 ligases PIAS1, PIAS2, PIAS3, ZNF451, and NSMCE2 [41].

Biologically, the finding that Dgrn reduces binding between Hairy and Gro is manifested when
Hairy-dependent repression is observed during embryogenesis. Hairy functions in the developing
Drosophila embryo as a primary pair-rule gene that establishes reiterative patterning by repressing
the expression of fushi-tarazu (ftz) [42]. Hairy-hypomorphic embryos therefore display aberrant
segmentation and expansion of ftz expression, including at protein level. This phenotype is suppressed
when dgrn levels are co-reduced (mutants of hairy that are also heterozygous for dgrn). Moreover,
Ftz protein level is reduced in dgrn-null embryos [16], which might result from an increase in Hairy-Gro
mediated repression of Ftz mRNA transcription in the absence of Dgrn. It may also, however, reflect the
direct impact of Dgrn on Ftz protein stability as speculated below (Figure 2).

While extensive research focused on the transcriptional control of segmentation, less is known
regarding the contribution of protein stability and degradation to Drosophila segmentation. For example,
expression of Ftz under regulation of hb promotor resulted in Ftz protein expression that initially
recapitulated the hb pattern of expression at protein level. Over time, however, this hb pattern dissolved
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and was replaced with the classical striped pattern of the endogenous Ftz protein [43]. In addition,
a short, 12 amino acid long stability motif within Ftz protein controls Ftz protein stability, and ftz-ultra
abdominal (ftzUAl) mutants carrying mutations in a critical Pro residues within this motif exhibit
expanded Ftz protein expression (Figure 2) [44].
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Figure 2. Post-transcriptional regulation of Ftz during segmentation. Cartoon depicting the pattern of
Ftz protein during segmentation. (A) Endogenous Ftz protein expression is limited to seven stripes.
(B) Ftz protein expression is extended in hairy mutants. (C) Ftz expression in hairy mutant embryos that
are also heterozygous for dgrnDK (hairy; dgrnDK/+) is greatly restored [17]. (D) Ftz protein expression is
reduced in Dgrn-null embryos [16]. (E) Ftz protein expression is expanded in ftzUal embryos harboring
mutations in a short “stability” motif that is required for Ftz degradation [44].

Moreover, the Ftz stability motif is highly similar to the stability motif present in c-Myc,
which regulates c-Myc degradation and stabilization by RNF4 (see Section 6) [35,45]. Interestingly,
the stability motif includes a conserved stabilizing Ser residue (Ser62 in c-Myc) that is critical for
recognition by RNF4 and is present in Ftz, Hb, Prd, and Eve. Thus, it seems that ubiquitin-mediated
degradation, together with RNF4-dependent protein stabilization, may be an additional level of
regulation that shapes segmentation at the post-transcriptional level.

A second phenotype associated with Hairy is the appearance of ectopic bristles that are observed
on the wing margin of hairy1 hypomorphic mutant adults [46]. These phenotypes are also suppressed
by Dgrn heterozygosity. Moreover, in gain-of-function experiments, Dgrn suppressed the small eye
phenotype associated with adults ectopically expressing Gro in the eye, a function that requires Dgrn’s
catalytic activity and ability to bind SUMOylated proteins. Together, these findings established a role
for Dgrn in antagonizing Hairy- and Gro-mediated repression in vivo [13].

Dgrn activity is not limited to Hairy and it also regulates other HES/E(spl) family proteins that
play important roles in embryogenesis. Enhancer of split [E(spl)] proteins play pivotal roles in the
specification and development of the central and peripheral nervous systems [47,48]. Overexpression
of E(spl) genes results in a “bald phenotype”, in which E(spl)-expressing adults lack thoracic bristles.
In agreement with Dgrn’s ability to bind E(spl) proteins via their basic domain, Dgrn co-expression
suppresses the E(spl)-induced lack of bristle phenotype and restores bristle formation. Another process
regulated by Dgrn is sex determination. In this case, Deadpan (Dpn), a HES-related family protein,
acts as an autosomal counting protein that represses transcription of the master sex regulator
gene, Sex lethal (Sxl) [49,50]. Sxl is expressed in females and is required for female development.
In contrast, males neither require nor express Sxl, and its misexpression in males results in lethality [51].
Dgrn physically binds to Dpn, and Dgrn-null mutant embryos accordingly fail to express Sxl. Moreover,
overexpression of Dgrn results in an ectopic expression of Sxl in males, which in turn leads to male
lethality, suggesting that Dgrn limits Dpn activity during sex determination [16].

4. Dgrn Regulates Transcriptional Activation during Early Development and Adult Immune Response

Dgrn, and the activation of zygotic genes: The transcriptional activities of Dgrn and STUbL
proteins are highly relevant also for transcriptional activation in both flies and vertebrates.
The vertebrate ortholog of Dgrn, RNF4, was initially shown to function as a transcriptional co-activator
that enhances androgen receptor-dependent gene activation [52]. In the fly and during early embryonic
development, Dgrn is required for transcriptional activation of target genes of developmental pathways
such as Wnt, Torso, Dpp, and Toll (e.g., engrailed, tll, hkb, zen, and twist) [16] [Orian and Kulton, personal
communication]. Indeed, Dgrn plays a critical role in the transition from the expression of maternal
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genes to that of zygotic genes such as in the case of zen and twist. Twist is required for dorso-ventral
patterning and twist mRNA transcription depends on the activity of the Toll pathway. Toll receptor
activation initiates a signaling cascade leading to the nuclear translocation and activation of Dorsal,
the NF-κB-related (REL) transcription factor, and of Dif, the Dorsal-related immunity factor [53–57].

The Toll pathway is required also later during larvae development and in the adult form for proper
response to pathogens. Together with the immune deficiency pathway (Imd), these pathways make up
the fly’s NF-κB-related network, which is essential for coping with bacteria, fungi, and viruses [57–59].
Not surprisingly, SUMOylation in the fly regulates innate immune response, the Toll pathway,
and REL-transcription factors [60–62]. For example, Dorsal is SUMOylated on Lys 382, a SUMOylation
that enhances the factor’s transcriptional activity. This SUMOylation site is highly conserved in
the second Drosophila REL transcription factor Dif, as well as in the mammalian NF-κB factor p105,
and glucocorticoid and androgen receptors [60]. It was therefore shown, using gain-of-function
experiments in Drosophila S2 cells, that Dgrn expression, but not its catalytic inactive mutants,
enhance NF-κB-dependent gene transcription. Moreover, Dgrn expression alleviates the inhibitory
effects of the cytoplasmic NF-κB inhibitor Cactus (fly ortholog of IkBα), which is similar to that
observed upon expression of SUMO E2, Ubc9 [19,63], and the repressive activity of Gro on NF-κB
in reporter gene assays. This Dgrn potentiating activity in S2 cells was independent of Dif, the key
REL/NF-kB transcription immune-related factor [19,56].

Dgrn also regulates innate responses in larvae and adult flies in vivo, and is required for Toll
and IMD-dependent transcriptional activation upon infection: In the developing 3rd instar larvae,
expression of Dgrn in immune cells resulted in the formation of Melanotic tumors [Orian and Kulton,
personal communication]. These clusters of hyper-proliferative circulating hemocytes are involved
in phagocytosis and immune signaling [59]. Melanotic tumors are observed in hyper-active Toll
mutants and upon over-expression of Dorsal or Dif. They are also observed upon expression of
activated mitogenic pathways such as RASV12 and in loss-of-function mutant enzymes within the
SUMO pathway [64]. The SUMOylation requirement for Dgrn-potentiating transcriptional activity,
as well as the exact mechanisms involving Dgrn in the development of Melanotic tumors, are still,
however, unknown.

In the adult fly, Dgrn is essential for the systemic immune response to pathogenes; dgrn-null
adult mutants are viable, yet females are sterile. Upon pathogenic challenges, however, these mutants
rapidly succumb to infection, due probably to the inability of Dgrn mutants to express anti-microbial
peptides (AMPs). AMPs are short peptides that are secreted from fat body cells in response to
infection, and are mandatory for pathogen elimination [59]. Dgrn-mutant flies fail to express AMP
genes downstream of both the IMD and Toll pathways, suggesting a general failure in the activation
of immune-related genes [19]. While dgrn mutants failed to activate transcription of endogenous
AMP genes, the expression of reporter transgenes of these AMPs, in the same animals, was strikingly
indistinguishable from that of wild-type animals [Kulton and Orian, unpublished] [19]. This suggests
that the in vivo substrate (or substrates) of Dgrn is not a protein within the signaling cascade or
the basal transcriptional machinery, but rather is related to a chromatin function of Dgrn in the
vicinity of the endogenous AMP genes. Indeed, and as discussed below, the association of RNF4 with
nucleosomes is critical for RNF4 ability potentiate oncogenic transcription in human cancer cells [35].

5. Dgrn, the Local Regenerative Response, and Notch-Dependent Gene Expression

Further to its essential role in the systemic innate response to pathogens, Dgrn is also mandatory
for the local response to infection in entry sites of pathogens like the gut epithelia [65]. The Drosophila
adult midgut, which is highly similar to the vertebrate intestine, is a tissue characterized with rapid
cell turnover that is able to regenerate upon tissue damage [66]. It is composed of four major types
of epithelial cells: somatic intestinal stem cells (ISC) that either self-renew or mature into progenitor
cells termed enteroblasts (EBs). EBs do not self-renew and differentiate either to mature polyploid
enterocytes (ECs) or enteroendocrine hormone-producing cells (EE) [67]. In the gut epithelia and upon
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infection, a series of pathological events lead to the death of enterocytes. This results in a robust and
rapid regenerative response of intestinal stem cells (ISCs), which is mediated, in part, by activation of
the Notch pathway followed by the transcription of Notch-target genes in EBs [68,69].

In brief, Notch activation is initiated by its ligand Delta, which is expressed on the surface
of ISCs, while the Notch receptor is expressed on the surface of the adjacent progenitors, EBs.
The Delta~Notch interaction induces a sequence of proteolytic events leading to the cleavage and
release of a Notch cytoplasmic tail, termed the Notch intracellular domain (N-ICD). Upon cleavage,
N-ICD translocates to the nucleus, where it associates with the DNA binding factor CSL/RJkB to
assemble a transcriptional activation complex that induces the expression of Notch target genes [66,70].
In wild-type flies and upon exposure of the gut epithelia to pathogenic microbes, a dramatic increase
in Delta expression on the surface of ISC is noted. This is followed by activation of Notch pathway
target genes in the neighboring EBs. In dgrn mutants, ISCs are unable to upregulate Delta expression
in response to infection, and subsequently only minimal Notch-dependent transcriptional activation
is observed in the adjacent EBs. This reduced activation is likely due not only to the lack of Delta,
but is also related to a positive effect of the ligase on N-ICD stability and activity (see Section 6
below). Interestingly, Dgrn activity in the context of the local regenerative response in the gut is
opposed by the ubiquitin-specific peptidase CG8334, whose vertebrate orthologs are USP11 and
USP32. USP11 was recently found to be associated with RNF4 and to de-ubiquitinate heterotypic
SUMO-ubiquitin chains [12], suggesting that the entire STUbL regulatory network is highly conserved
from flies to humans.

Thus, from the early stages of embryogenesis to adult life, Dgrn is intimately involved in
transcriptional activation. The lessons gained from studies performed on the fly regarding the role of
Dgrn in transcriptional activation are highly relevant to the function of mammalian STUbL proteins like
RNF4 in transcriptional activation in the context of cancer, as outlined below (summarized in Figure 3).

Drosophila Mammalian
Dgrn RNF4

Development Adult physiology
DNA replication 
and DNA damage 
DSB
Rad51

NFƙB
Imd
Toll

Notch Myc
Wnt
N-ICD
c-Jun

PML
PML-RAR

Rad 51
RAP 80
Kap1

Dpn

Sex 
determination

Hairy
Segmentation

Toll/Dpp

Zygotic Gene
Expression
D/V axis

HES, e(Spl)
Neurogenesis

Innate 
Immunity

Oncogene 
Activation/
Stabilization

SUMO- 
Dependent
Degradation

DNA replication 
and DNA damage 
DSB

Gut 
regeneration

Transcriptional repression Transcriptional activation

Notch Delta

Figure 3. Processes and key proteins regulated by Dgrn and RNF4 in Drosophila and humans. In the
developing embryo, Dgrn is required to resolve DSBs, and a similar function was attributed to RNF4
upon DNA damage in mouse and humans. In transcription, Dgrn determines co-factor choice during
transcriptional repression limiting Hairy, Deadpan (Dpn), and HES E(spl) activity during segmentation,
sex determination, and neurogenesis. Dgrn and RNF4 also enhance transcriptional activation. Dgrn is
required for the expression of early zygotic genes such as twist, and zen downstream targets of the
Toll and Dpp pathways. In the adult fly, Dgrn is required for the transcription of AMP genes, and for
Notch-dependent transcription and gut regeneration. Likewise, RNF4 stabilizes and potentiates
the transcriptional activity of c-Myc, c-Jun, and β-catenin promoting tumorigenesis of cancer cells.
In contrast, in the context of promyelocytic leukemia, RNF4 ubiquitinates and targets the SUMOylated
oncogenic PML-RAR for degradation, which suppresses tumorigenesis.
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6. RNF4 and Transcriptional Activation in Cancer

One prominent pathway co-discovered in Drosophila and mammary tumorigenesis is the Wnt
pathway, which is essential for embryonic development and tumorigenesis [71]. In the absence of
Wnt, β-catenin is either anchored to the cell membrane or degraded in the cytoplasm. Wnt/β-catenin
target genes are repressed by the Gro/TLE co-repressor that associates with the DNA binding protein
TCF/LEF and prevents activation of the Wnt pathway target genes. Upon Wnt pathway activation,
β-catenin translocates to the nucleus, displacing Gro/TLE, and, together with TCF (Drosophila
Pangolin), activates Wnt pathway target genes [72,73].

In the early embryo, Wnt/β-catenin (fly Armadillo) is required for the expression of engrailed
and dgrn-hypomorphic embryos, which develop to this stage fail to properly express engrailed [16].
In human breast and colon cancer cells, the conditional loss of RNF4 likewise results in the
inability to express axin2, a bona fide target of the Wnt pathway. Similar to Dgrn, RNF4 alleviates
Gro/TLE-mediated repression of Wnt/β-catenin transcriptional activity, and RNF4 also potentiates the
transcriptional activity of β-catenin, regardless of Gro/TLE. Moreover, and in line with that observed
in the fly gut where Dgrn is required for Notch-dependent transcriptional activation, RNF4 potentiates
Notch-dependent transcriptional activation in cancer cells. One common denominator of both Wnt and
Notch pathways is the Myc oncogene, which is crucial to the tumorigenesis of these pathways [74–76].
Indeed, c-Myc binds to the genomic loci of RNF4 and RNF4 mRNA expression is elevated in Myc-driven
cancers [77,78]. As described below, RNF4 stabilizes and potentiates c-Myc, Notch-Intercellular domain
protein (N-ICD), and β-catenin, thus establishing a positive feed-forward loop and enhancing the
activity of Wnt and Notch pathways. This potentiating activity is conserved in Drosophila. Expression
of Dgrn in the ovaries restores the fertility of otherwise sterile hypomorphic Myc mutants that express
low levels of dMyc (dmycdm1) [79]. Dgrn expression was not, however, sufficient to rescue the lethality
of dmyc-null mutants (dmycdm4) [Orian, unpublished] [80], suggesting that RNF4 activity is aimed at,
or requires, the c-Myc protein.

Indeed, RNF4 is directly linked to transcriptional activation and tumorigenesis of selected
oncoproteins including Myc [35]. While ubiquitination leads in many cases to proteasomal degradation,
in the case of RNF4, ubiquitination of a subset of nuclear oncoproteins results in their stabilization and
transcriptional hyper-activation rather than in their degradation. Among these phospho-oncoproteins
are c-Myc, β-catenin, N-ICD, and c-Jun, all of which are required for G1/S transition and are rapidly
degraded by SCF ubiquitin ligase complexes [45]. RNF4 specifically binds, ubiquitinates, and stabilizes
these proteins, but only upon their phosphorylation by mitogenic kinases. As mentioned in Section 3,
the conserved phosphorylation site (Ser62 within c-Myc) is part of a short stability box (“degron”) that is
highly conserved also in several Drosophila transcription factors (Hb, Ftz, Prd, Eve). RNF4 recognition
of these p-oncoproteins is mediated by a short arginine-rich region (ARM) that is also present in
a modified version in Dgrn but not in RNF111, the second human STUbL. RNF4-dependent oncoprotein
stabilization requires the catalysis of unique heterotypic poly-ubiquitin chains with internal linkages
via K11 and K33 of ubiquitin, generating stabilized proteins that are hyper-active in transcription.

It is possible that the transcriptional potentiating activities of Dgrn and RNF4 stem from
distinct and different activities towards a variety of protein substrates. The general failure of rapid
transcriptional activation in these diverse biological settings may, however, hint at a specific and shared
role for Dgrn/RNF4. Indeed, all these RNF4-potentiating activities require association with chromatin.
Interestingly, the requirement for Dgrn and RNF4 in activating transcription is similar to the activity of
the transcription factor Zelda. Zelda is a Zinc-finger transcription factor that is required for genome
activation that primes multiple loci for the activity of sequence transcription factors during maternal
to zygotic transition [81,82]. It also shares similarity with the action of pioneer factors in mammalian
cells [83].

One potentially shared molecular function in transcription that is attributed to RNF4 is a positive
role in DNA demethylation, which is required for gene activation. Specifically, RNF4 was identified
in a functional screen as a gene capable of activating otherwise methylated transcriptional reporter
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elements. Indeed, embryos lacking RNF4 are not viable and are characterized by increased genomic
cytosine methylation [84]. It was suggested that the protein substrates of RNF4 in this context
may be enzymes involved in DNA methylation, such as thymine-DNA glycosylase (TDG) [85] and
MeCP2, a methyl-CpG-binding domain that is mutated in the female retardation Rett syndrome [86].
While RNF4 has been shown to be required for such de-methylation in human cells in vitro,
the mechanisms involved in vivo are less clear, and RNF4/Dgrn-dependent chromatin-related
mechanisms await further research. However, and regardless of the exact mechanisms involved,
the transcriptional potentiating activity of RNF4 is crucial in the context of cancer. Expression of RNF4
in less aggressive colon and breast cancer cells (SW480 and MCF10, respectively) promotes tumor cell
properties such as colony formation in soft agar. RNF4 is vital for the survival of aggressive colon
and breast cancer cells, and high RNF4 protein levels are observed in biopsies derived from colon
cancer patients during the transition from colon adenoma to carcinoma, and are correlated with poorer
prognosis of luminal type-A breast cancer patients [35].

7. Concluding Remarks and Future Challenges

Studies from yeast, Drosophila, mice, and humans established critical roles for STUbL in diverse
molecular and biological processes in development and cancer. As outlined above, both Dgrn and
RNF4 have SUMO-dependent and independent modes of interaction with their substrates. A future
challenge will be to identify the full spectrum of Dgrn/RNF4 substrates and to delineate the molecular
rules that govern these different modes of recognition based on this large-scale analysis.

A second unexplored area involves potential cytoplasmic functions of Dgrn and RNF4.
Both proteins exhibit highly dynamic intracellular localization. In the fly embryo, the entire population
of Dgrn protein alternates between the cytoplasm and nucleus during early embryonic cell cycles [16].
In human cells and in the cytoplasm, RNF4 was shown to be required for degradation of the cystic
fibrosis transmembrane conductance regulator (CFTR) mutant F508del [87]. In patient-derived colon
cancer biopsies, RNF4 was also localizes in the vicinity of the secretory pathway [35]. While we have
so far addressed nuclear functions of Dgrn and RNF4, a future challenge will be to unveil cytoplasmic
functions of STUbL, as well as the regulatory mechanism(s) that controls their intracellular localization.
Studies in Drosophila will clearly be instrumental in addressing this question.

Importantly, all of the transcriptional and tumor-potentiating activities of RNF4 require both
its ARM domain and binding to nucleosomes via a specific region at its C-terminus (NTR, Figure 1).
Moreover, genetic ablation of RNF4 in aggressive breast cancer cells leads to their rapid death.
Thus, while RNF4 itself is not an oncogene and is incapable of transforming primary cells, it fits
well to an emerging group of proteins termed non-oncogene addiction genes (NOA) [88]. These genes
are essential for the tumorous phenotype of cancer cells, but are less important to non-transformed
cells. They are therefore likely to be important in early detection and may potentially serve as excellent
molecular targets for the cure of cancer.

Acknowledgments: We thank Dori Oryan for the graphical illustrations and Susan Spira for linguistic editing.
AO is supported by ISF 739/2015 and ICRF 800005 grants.

Author Contributions: M.A., E.B.L. and A.O. wrote the review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ciehanover, A.; Hod, Y.; Hershko, A. A heat-stable polypeptide component of an ATP-dependent proteolytic
system from reticulocytes. Biochem. Biophys. Res. Commun. 1978, 81, 1100–1105. [CrossRef]

2. Hershko, A.; Heller, H.; Elias, S.; Ciechanover, A. Components of ubiquitin-protein ligase system. Resolution,
affinity purification, and role in protein breakdown. J. Biol. Chem. 1983, 258, 8206–8214. [PubMed]

http://dx.doi.org/10.1016/0006-291X(78)91249-4
http://www.ncbi.nlm.nih.gov/pubmed/6305978


J. Dev. Biol. 2018, 6, 2 10 of 13

3. Bhogaraju, S.; Kalayil, S.; Liu, Y.; Bonn, F.; Colby, T.; Matic, I.; Dikic, I. Phosphoribosylation of Ubiquitin
Promotes Serine Ubiquitination and Impairs Conventional Ubiquitination. Cell 2016, 167, 1636–1649.e13.
[CrossRef] [PubMed]

4. Komander, D.; Clague, M.J.; Urbé, S. Breaking the chains: Structure and function of the deubiquitinases.
Nat. Rev. Mol. Cell Biol. 2009, 10, 550–563. [CrossRef] [PubMed]

5. Chau, V.; Tobias, J.W.; Bachmair, A.; Marriott, D.; Ecker, D.J.; Gonda, D.K.; Varshavsky, A. A multiubiquitin
chain is confined to specific lysine in a targeted short-lived protein. Science 1989, 243, 1576–1583. [CrossRef]
[PubMed]

6. Rape, M. Ubiquitylation at the crossroads of development and disease. Nat. Rev. Mol. Cell Biol. 2018, 19,
59–70. [CrossRef] [PubMed]

7. Cappadocia, L.; Lima, C.D. Ubiquitin-like Protein Conjugation: Structures, Chemistry, and Mechanism.
Chem. Rev. 2017. [CrossRef] [PubMed]

8. Kerscher, O.; Felberbaum, R.; Hochstrasser, M. Modification of Proteins by Ubiquitin and Ubiquitin-Like
Proteins. Annu. Rev. Cell Dev. Biol. 2006. [CrossRef] [PubMed]

9. Seeler, J.S.; Dejean, A. SUMO and the robustness of cancer. Nat. Rev. Cancer 2017, 17, 184–197. [CrossRef]
[PubMed]

10. Flotho, A.; Melchior, F. Sumoylation: A Regulatory Protein Modification in Health and Disease.
Annu. Rev. Biochem. 2013, 82, 357–385. [CrossRef] [PubMed]

11. Cao, J.; Courey, A.J. SUMO in Drosophila development. Adv. Exp. Med. Biol. 2017. [CrossRef]
12. Hendriks, I.A.; Schimmel, J.; Eifler, K.; Olsen, J.V.; Vertegaal, A.C.O. Ubiquitin-specific protease 11 (USP11)

deubiquitinates hybrid small ubiquitin-like modifier (SUMO)-ubiquitin chains to counteract RING finger
protein 4 (RNF4). J. Biol. Chem. 2015, 290, 15526–15537. [CrossRef] [PubMed]

13. Abed, M.; Bitman-Lotan, E.; Orian, A. A fly view of a SUMO-targeted ubiquitin ligase. Fly (Austin) 2011, 5,
340–344. [CrossRef] [PubMed]

14. Sriramachandran, A.M.; Dohmen, R.J. SUMO-targeted ubiquitin ligases. Biochim. Biophys. Acta. 2014, 1843,
75–85. [CrossRef] [PubMed]

15. Perry, J.J.P.; Tainer, J.A.; Boddy, M.N. A SIM-ultaneous role for SUMO and ubiquitin. Trends Biochem. Sci.
2008, 33, 201–208. [CrossRef] [PubMed]

16. Barry, K.C.; Abed, M.; Kenyagin, D.; Werwie, T.R.; Boico, O.; Orian, A.; Parkhurst, S.M. The Drosophila STUbL
protein Degringolade limits HES functions during embryogenesis. Development 2011. [CrossRef] [PubMed]

17. Abed, M.; Barry, K.C.; Kenyagin, D.; Koltun, B.; Phippen, T.M.; Delrow, J.J.; Parkhurst, S.M.; Orian, A.
Degringolade, a SUMO-targeted ubiquitin ligase, inhibits Hairy/Groucho-mediated repression. EMBO J.
2011. [CrossRef] [PubMed]

18. Ryu, T.; Spatola, B.; Delabaere, L.; Bowlin, K.; Hopp, H.; Kunitake, R.; Karpen, G.H.; Chiolo, I.
Heterochromatic breaks move to the nuclear periphery to continue recombinational repair. Nat. Cell Biol.
2015. [CrossRef] [PubMed]

19. Koltun, B.; Shackelford, E.; Bonnay, F.; Matt, N.; Reichhart, J.M.; Orian, A. The SUMO-targeted ubiquitin
ligase, Dgrn, is essential for Drosophila innate immunity. Int. J. Dev. Biol. 2017. [CrossRef] [PubMed]

20. Sullivan, W.; Fogarty, P.; Theurkauf, W. Mutations affecting the cytoskeletal organization of syncytial
Drosophila embryos. Development 1993, 118, 1245–1254. [PubMed]

21. Nie, M.; Xie, Y.; Loo, J.A.; Courey, A.J. Genetic and proteomic evidence for roles of Drosophila SUMO in cell
cycle control, Ras signaling, and early pattern formation. PLoS ONE 2009, 4, e5905. [CrossRef] [PubMed]

22. Ouyang, K.J.; Woo, L.L.; Zhu, J.; Huo, D.; Matunis, M.J.; Ellis, N.A. SUMO modification regulates BLM and
RAD51 interaction at damaged replication forks. PLoS Biol. 2009, 7, e1000252. [CrossRef] [PubMed]

23. Streich, F.C.; Lima, C.D. Capturing a substrate in an activated RING E3/E2-SUMO complex. Nature 2016,
536, 304–308. [CrossRef] [PubMed]

24. Cipolla, L.; Maffia, A.; Bertoletti, F.; Sabbioneda, S. The regulation of DNA damage tolerance by ubiquitin
and ubiquitin-like modifiers. Front. Genet. 2016, 7. [CrossRef] [PubMed]

25. Guzzo, C.M.; Berndsen, C.E.; Zhu, J.; Gupta, V.; Datta, A.; Greenberg, R.A.; Wolberger, C.; Matunis, M.J.
RNF4-Dependent Hybrid SUMO-Ubiquitin Chains Are Signals for RAP80 and Thereby Mediate the
Recruitment of BRCA1 to Sites of DNA Damage. Sci. Signal. 2012, 5, ra88. [CrossRef] [PubMed]

26. Amaral, N.; Ryu, T.; Li, X.; Chiolo, I. Nuclear Dynamics of Heterochromatin Repair. Trends Genet. 2017, 33,
86–100. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27912065
http://dx.doi.org/10.1038/nrm2731
http://www.ncbi.nlm.nih.gov/pubmed/19626045
http://dx.doi.org/10.1126/science.2538923
http://www.ncbi.nlm.nih.gov/pubmed/2538923
http://dx.doi.org/10.1038/nrm.2017.83
http://www.ncbi.nlm.nih.gov/pubmed/28928488
http://dx.doi.org/10.1021/acs.chemrev.6b00737
http://www.ncbi.nlm.nih.gov/pubmed/28234446
http://dx.doi.org/10.1146/annurev.cellbio.22.010605.093503
http://www.ncbi.nlm.nih.gov/pubmed/16753028
http://dx.doi.org/10.1038/nrc.2016.143
http://www.ncbi.nlm.nih.gov/pubmed/28134258
http://dx.doi.org/10.1146/annurev-biochem-061909-093311
http://www.ncbi.nlm.nih.gov/pubmed/23746258
http://dx.doi.org/10.1007/978-3-319-50044-7_15
http://dx.doi.org/10.1074/jbc.M114.618132
http://www.ncbi.nlm.nih.gov/pubmed/25969536
http://dx.doi.org/10.4161/fly.5.4.17608
http://www.ncbi.nlm.nih.gov/pubmed/21857164
http://dx.doi.org/10.1016/j.bbamcr.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24018209
http://dx.doi.org/10.1016/j.tibs.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18403209
http://dx.doi.org/10.1242/dev.058420
http://www.ncbi.nlm.nih.gov/pubmed/21486924
http://dx.doi.org/10.1038/emboj.2011.42
http://www.ncbi.nlm.nih.gov/pubmed/21343912
http://dx.doi.org/10.1038/ncb3258
http://www.ncbi.nlm.nih.gov/pubmed/26502056
http://dx.doi.org/10.1387/ijdb.160250ao
http://www.ncbi.nlm.nih.gov/pubmed/28621429
http://www.ncbi.nlm.nih.gov/pubmed/8269851
http://dx.doi.org/10.1371/journal.pone.0005905
http://www.ncbi.nlm.nih.gov/pubmed/19529778
http://dx.doi.org/10.1371/journal.pbio.1000252
http://www.ncbi.nlm.nih.gov/pubmed/19956565
http://dx.doi.org/10.1038/nature19071
http://www.ncbi.nlm.nih.gov/pubmed/27509863
http://dx.doi.org/10.3389/fgene.2016.00105
http://www.ncbi.nlm.nih.gov/pubmed/27379156
http://dx.doi.org/10.1126/scisignal.2003485
http://www.ncbi.nlm.nih.gov/pubmed/23211528
http://dx.doi.org/10.1016/j.tig.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28104289


J. Dev. Biol. 2018, 6, 2 11 of 13

27. Vyas, R.; Kumar, R.; Clermont, F.; Helfricht, A.; Kalev, P.; Sotiropoulou, P.; Hendriks, I.A.; Radaelli, E.;
Hochepied, T.; Blanpain, C.; et al. RNF4 is required for DNA double-strand break repair in vivo.
Cell Death Differ. 2013, 20, 490–502. [CrossRef] [PubMed]

28. Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Jackson, S.P. RNF4, a SUMO-targeted ubiquitin E3 ligase,
promotes DNA double-strand break repair. Genes Dev. 2012, 26, 1179–1195. [CrossRef] [PubMed]

29. Prudden, J.; Pebernard, S.; Raffa, G.; Slavin, D.A.; Perry, J.J.P.; Tainer, J.A.; McGowan, C.H.; Boddy, M.N.
SUMO-targeted ubiquitin ligases in genome stability. EMBO J. 2007, 26, 4089–4101. [CrossRef] [PubMed]

30. Gibbs-Seymour, I.; Oka, Y.; Rajendra, E.; Weinert, B.T.; Passmore, L.A.; Patel, K.J.; Olsen, J.V.; Choudhary, C.;
Bekker-Jensen, S.; Mailand, N. Ubiquitin-SUMO circuitry controls activated fanconi anemia ID complex
dosage in response to DNA damage. Mol. Cell 2015, 57, 150–164. [CrossRef] [PubMed]

31. Xie, J.; Kim, H.; Moreau, L.A.; Puhalla, S.; Garber, J.; Al Abo, M.; Takeda, S.; D’Andrea, A.D. RNF4-mediated
polyubiquitination regulates the Fanconi anemia/BRCA pathway. J. Clin. Investig. 2015, 125, 1523–1532.
[CrossRef] [PubMed]

32. Yin, Y.; Seifert, A.; Chua, J.S.; Maure, J.-F.; Golebiowski, F.; Hay, R.T. SUMO-targeted ubiquitin E3 ligase
RNF4 is required for the response of human cells to DNA damage. Genes Dev. 2012, 26, 1196–1208. [CrossRef]
[PubMed]

33. Lallemand-Breitenbach, V.; Jeanne, M.; Benhenda, S.; Nasr, R.; Lei, M.; Peres, L.; Zhou, J.; Zhu, J.; Raught, B.;
de Thé, H. Arsenic degrades PML or PML-RARalpha through a SUMO-triggered RNF4/ubiquitin-mediated
pathway. Nat. Cell Biol. 2008, 10, 547–555. [CrossRef] [PubMed]

34. Bruderer, R.; Tatham, M.H.; Plechanovova, A.; Matic, I.; Garg, A.K.; Hay, R.T. Purification and identification
of endogenous polySUMO conjugates. EMBO Rep. 2011, 12, 142–148. [CrossRef] [PubMed]

35. Thomas, J.J.; Abed, M.; Heuberger, J.; Novak, R.; Zohar, Y.; Beltran Lopez, A.P.; Trausch-Azar, J.S.;
Ilagan, M.X.G.; Benhamou, D.; Dittmar, G.; et al. RNF4-Dependent Oncogene Activation by Protein
Stabilization. Cell Rep. 2016. [CrossRef] [PubMed]

36. Poortinga, G.; Watanabe, M.; Susan, S.M. Drosophila CtBP: A Hairy-interacting protein required for embryonic
segmentation and Hairy-mediated transcriptional repression. EMBO J. 1998, 17, 2067–2078. [CrossRef]
[PubMed]

37. Xie, Y.; Rubenstein, E.M.; Matt, T.; Hochstrasser, M. SUMO-independent in vivo activity of a SUMO-targeted
ubiquitin ligase toward a short-lived transcription factor. Genes Dev. 2010, 24, 893–903. [CrossRef] [PubMed]

38. Bianchi-Frias, D.; Orian, A.; Delrow, J.J.; Vazquez, J.; Rosales-Nieves, A.E.; Parkhurst, S.M. Hairy
transcriptional repression targets and cofactor recruitment in Drosophila. PLoS Biol. 2004, 2, e178. [CrossRef]
[PubMed]

39. Rosenberg, M.I.; Parkhurst, S.M. Drosophila Sir2 is required for heterochromatic silencing and by euchromatic
Hairy/E(spl) bHLH repressors in segmentation and sex determination. Cell 2002, 109, 447–458. [CrossRef]

40. Ahn, J.W.; Lee, Y.A.; Ahn, J.H.; Choi, C.Y. Covalent conjugation of Groucho with SUMO-1 modulates its
corepressor activity. Biochem. Biophys. Res. Commun. 2009, 379, 160–165. [CrossRef] [PubMed]

41. Kumar, R.; González-Prieto, R.; Xiao, Z.; Verlaan-De Vries, M.; Vertegaal, A.C.O. The STUbL RNF4 regulates
protein group SUMOylation by targeting the SUMO conjugation machinery. Nat. Commun. 2017, 8. [CrossRef]
[PubMed]

42. Carroll, S.B.; Scott, M.P. Zygotically active genes that affect the spatial expression of the fushi tarazu
segmentation gene during early Drosophila embryogenesis. Cell 1986, 45, 113–126. [CrossRef]

43. Parkhurst, S.M.; Ish-Horowicz, D. Mis-regulating segmentation gene expression in Drosophila. Development
1991, 111, 1121–1135. [PubMed]

44. Kellerman, K.A.; Mattson, D.M.; Duncan, I. Mutations affecting the stability of the fushi tarazu protein of
Drosophila. Genes Dev. 1990, 4, 1936–1950. [CrossRef] [PubMed]

45. Davis, R.J.; Welcker, M.; Clurman, B.E. Tumor suppression by the Fbw7 ubiquitin ligase: Mechanisms and
opportunities. Cancer Cell 2014, 26, 455–464. [CrossRef] [PubMed]

46. Ingham, P.W.; Pinchin, S.M.; Howard, K.R.; Ish-Horowicz, D. Genetic analysis of the hairy locus in
Drosophila melanogaster. Genetics 1985, 111, 463–486. [PubMed]

47. Davis, R.L.; Turner, D.L. Vertebrate hairy and Enhancer of split related proteins: Transcriptional repressors
regulating cellular differentiation and embryonic patterning. Oncogene 2001, 20, 8342–8357. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/cdd.2012.145
http://www.ncbi.nlm.nih.gov/pubmed/23197296
http://dx.doi.org/10.1101/gad.188284.112
http://www.ncbi.nlm.nih.gov/pubmed/22661229
http://dx.doi.org/10.1038/sj.emboj.7601838
http://www.ncbi.nlm.nih.gov/pubmed/17762865
http://dx.doi.org/10.1016/j.molcel.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25557546
http://dx.doi.org/10.1172/JCI79325
http://www.ncbi.nlm.nih.gov/pubmed/25751062
http://dx.doi.org/10.1101/gad.189274.112
http://www.ncbi.nlm.nih.gov/pubmed/22661230
http://dx.doi.org/10.1038/ncb1717
http://www.ncbi.nlm.nih.gov/pubmed/18408733
http://dx.doi.org/10.1038/embor.2010.206
http://www.ncbi.nlm.nih.gov/pubmed/21252943
http://dx.doi.org/10.1016/j.celrep.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27653698
http://dx.doi.org/10.1093/emboj/17.7.2067
http://www.ncbi.nlm.nih.gov/pubmed/9524128
http://dx.doi.org/10.1101/gad.1906510
http://www.ncbi.nlm.nih.gov/pubmed/20388728
http://dx.doi.org/10.1371/journal.pbio.0020178
http://www.ncbi.nlm.nih.gov/pubmed/15252443
http://dx.doi.org/10.1016/S0092-8674(02)00732-8
http://dx.doi.org/10.1016/j.bbrc.2008.12.043
http://www.ncbi.nlm.nih.gov/pubmed/19101520
http://dx.doi.org/10.1038/s41467-017-01900-x
http://www.ncbi.nlm.nih.gov/pubmed/29180619
http://dx.doi.org/10.1016/0092-8674(86)90543-X
http://www.ncbi.nlm.nih.gov/pubmed/1879354
http://dx.doi.org/10.1101/gad.4.11.1936
http://www.ncbi.nlm.nih.gov/pubmed/2276626
http://dx.doi.org/10.1016/j.ccell.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25314076
http://www.ncbi.nlm.nih.gov/pubmed/17246301
http://dx.doi.org/10.1038/sj.onc.1205094
http://www.ncbi.nlm.nih.gov/pubmed/11840327


J. Dev. Biol. 2018, 6, 2 12 of 13

48. Delidakis, C.; Monastirioti, M.; Magadi, S.S. E(spl): Genetic, developmental, and evolutionary aspects of
a group of invertebrate hes proteins with close ties to notch signaling. Curr. Top. Dev. Biol. 2014, 110, 217–262.
[CrossRef] [PubMed]

49. Younger-Shepherd, S.; Vaessin, H.; Bier, E.; Jan, L.Y.; Jan, Y.N. Deadpan, an essential pan-neural gene
encoding an HLH protein, acts as a denominator in Drosophila sex determination. Cell 1992, 70, 911–922.
[CrossRef]

50. Estes, P.A.; Keyes, L.N.; Schedl, P. Multiple response elements in the sex-lethal early promoter ensure its
female-specific expression pattern. Mol. Cell. Biol. 1995, 15, 904–917. [CrossRef] [PubMed]

51. Cline, T.W. Two closely linked mutations in Drosophila melanogaster that are lethal to opposite sexes and
interact with daughterless. Genetics 1978, 90, 683–697. [PubMed]

52. Poukka, H.; Aarnisalo, P.; Santti, H.; Jänne, O.A.; Palvimo, J.J. Coregulator small nuclear RING finger protein
(SNURF) enhances Sp1- and steroid receptor-mediated transcription by different mechanisms. J. Biol. Chem.
2000, 275, 571–579. [CrossRef] [PubMed]

53. Anderson, K.V.; Jürgens, G.; Nüsslein-Volhard, C. Establishment of dorsal-ventral polarity in the Drosophila
embryo: Genetic studies on the role of the Toll gene product. Cell 1985, 42, 779–789. [CrossRef]

54. Smith, M.; Turki-Judeh, W.; Courey, A.J. SUMOylation in Drosophila development. Biomolecules 2012, 2,
331–349. [CrossRef] [PubMed]

55. Steward, R. Dorsal, an embryonic polarity gene in Drosophila, is homologous to the vertebrate proto-oncogene,
c-rel. Science 1987, 238, 692–694. [CrossRef] [PubMed]

56. Ip, Y.T.; Reach, M.; Engstrom, Y.; Kadalayil, L.; Cai, H.; González-Crespo, S.; Tatei, K.; Levine, M.
Dif, a dorsal-related gene that mediates an immune response in Drosophila. Cell 1993, 75, 753–763. [CrossRef]

57. Steward, R.; Zusman, S.B.; Huang, L.H.; Schedl, P. The dorsal protein is distributed in a gradient in early
Drosophila embryos. Cell 1988, 55, 487–495. [CrossRef]

58. Minakhina, S.; Steward, R. Nuclear factor-kappa B pathways in Drosophila. Oncogene 2006, 25, 6749–6757.
[CrossRef] [PubMed]

59. Lemaitre, B.; Hoffmann, J. The Host Defense of Drosophila melanogaster. Annu. Rev. Immunol. 2007, 25,
697–743. [CrossRef] [PubMed]

60. Bhaskar, V.; Smith, M.; Courey, A.J. Conjugation of Smt3 to dorsal may potentiate the Drosophila immune
response. Mol. Cell. Biol. 2002, 22, 492–504. [CrossRef] [PubMed]

61. Paddibhatla, I.; Lee, M.J.; Kalamarz, M.E.; Ferrarese, R.; Govind, S. Role for Sumoylation in Systemic
Inflammation and Immune Homeostasis in Drosophila Larvae. PLoS Pathog. 2010, 6, e1001234. [CrossRef]
[PubMed]

62. Anjum, S.G.; Xu, W.; Nikkholgh, N.; Basu, S.; Nie, Y.; Thomas, M.; Satyamurti, M.; Budnik, B.A.; Ip, Y.T.;
Veraksa, A. Regulation of toll signaling and inflammation by β-Arrestin and the SUMO protease Ulp1.
Genetics 2013, 195, 1307–1317. [CrossRef] [PubMed]

63. Bhaskar, V.; Valentine, S.A.; Courey, A.J. A functional interaction between dorsal and components of the
Smt3 conjugation machinery. J. Biol. Chem. 2000, 275, 4033–4040. [CrossRef] [PubMed]

64. Minakhina, S.; Steward, R. Melanotic mutants in Drosophila: Pathways and phenotypes. Genetics 2006, 174,
253–263. [CrossRef] [PubMed]

65. Buchon, N.; Broderick, N.A.; Lemaitre, B. Gut homeostasis in a microbial world: Insights from Drosophila melanogaster.
Nat. Rev. Microbiol. 2013, 11, 615–626. [CrossRef] [PubMed]

66. Jiang, H.; Edgar, B.A. Intestinal stem cell function in Drosophila and mice. Curr. Opin. Genet. Dev. 2012, 22,
354–360. [CrossRef] [PubMed]

67. Guo, Z.; Lucchetta, E.; Rafel, N.; Ohlstein, B. Maintenance of the adult Drosophila intestine: All roads lead to
homeostasis. Curr. Opin. Genet. Dev. 2016, 40, 81–86. [CrossRef] [PubMed]

68. Kux, K.; Pitsouli, C. Tissue communication in regenerative inflammatory signaling: Lessons from the fly gut.
Front. Cell. Infect. Microbiol. 2014, 4. [CrossRef] [PubMed]

69. Zhai, Z.; Boquete, J.P.; Lemaitre, B. A genetic framework controlling the differentiation of intestinal stem
cells during regeneration in Drosophila. PLoS Genet. 2017, 13, e1006854. [CrossRef] [PubMed]

70. Vooijs, M.; Liu, Z.; Kopan, R. Notch: Architect, landscaper, and guardian of the intestine. Gastroenterology
2011, 141, 448–459. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/B978-0-12-405943-6.00006-3
http://www.ncbi.nlm.nih.gov/pubmed/25248478
http://dx.doi.org/10.1016/0092-8674(92)90242-5
http://dx.doi.org/10.1128/MCB.15.2.904
http://www.ncbi.nlm.nih.gov/pubmed/7823955
http://www.ncbi.nlm.nih.gov/pubmed/105964
http://dx.doi.org/10.1074/jbc.275.1.571
http://www.ncbi.nlm.nih.gov/pubmed/10617653
http://dx.doi.org/10.1016/0092-8674(85)90274-0
http://dx.doi.org/10.3390/biom2030331
http://www.ncbi.nlm.nih.gov/pubmed/24970141
http://dx.doi.org/10.1126/science.3118464
http://www.ncbi.nlm.nih.gov/pubmed/3118464
http://dx.doi.org/10.1016/0092-8674(93)90495-C
http://dx.doi.org/10.1016/0092-8674(88)90035-9
http://dx.doi.org/10.1038/sj.onc.1209940
http://www.ncbi.nlm.nih.gov/pubmed/17072326
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141615
http://www.ncbi.nlm.nih.gov/pubmed/17201680
http://dx.doi.org/10.1128/MCB.22.2.492-504.2002
http://www.ncbi.nlm.nih.gov/pubmed/11756545
http://dx.doi.org/10.1371/journal.ppat.1001234
http://www.ncbi.nlm.nih.gov/pubmed/21203476
http://dx.doi.org/10.1534/genetics.113.157859
http://www.ncbi.nlm.nih.gov/pubmed/24077307
http://dx.doi.org/10.1074/jbc.275.6.4033
http://www.ncbi.nlm.nih.gov/pubmed/10660560
http://dx.doi.org/10.1534/genetics.106.061978
http://www.ncbi.nlm.nih.gov/pubmed/16816412
http://dx.doi.org/10.1038/nrmicro3074
http://www.ncbi.nlm.nih.gov/pubmed/23893105
http://dx.doi.org/10.1016/j.gde.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22608824
http://dx.doi.org/10.1016/j.gde.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27392294
http://dx.doi.org/10.3389/fcimb.2014.00049
http://www.ncbi.nlm.nih.gov/pubmed/24795868
http://dx.doi.org/10.1371/journal.pgen.1006854
http://www.ncbi.nlm.nih.gov/pubmed/28662029
http://dx.doi.org/10.1053/j.gastro.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21689653


J. Dev. Biol. 2018, 6, 2 13 of 13

71. Rijsewijk, F.; Schuermann, M.; Wagenaar, E.; Parren, P.; Weigel, D.; Nusse, R. The Drosophila homology of the
mouse mammary oncogene int-1 is identical to the segment polarity gene wingless. Cell 1987, 50, 649–657.
[CrossRef]

72. Klaus, A.; Birchmeier, W. Wnt signalling and its impact on development and cancer. Nat. Rev. Cancer 2008, 8,
387–398. [CrossRef] [PubMed]

73. Jenny, F.H.; Basler, K. Powerful Drosophila screens that paved the wingless pathway. Fly (Austin) 2014, 8,
218–225. [CrossRef] [PubMed]

74. Sansom, O.J.; Meniel, V.S.; Muncan, V.; Phesse, T.J.; Wilkins, J.A.; Reed, K.R.; Vass, J.K.; Athineos, D.;
Clevers, H.; Clarke, A.R. Myc deletion rescues Apc deficiency in the small intestine. Nature 2007, 446,
676–679. [CrossRef] [PubMed]

75. Weng, A.P.; Millholland, J.M.; Yashiro-Ohtani, Y.; Arcangeli, M.L.; Lau, A.; Wai, C.; Del Bianco, C.;
Rodriguez, C.G.; Sai, H.; Tobias, J.; et al. c-Myc is an important direct target of Notch1 in T-cell acute
lymphoblastic leukemia/lymphoma. Genes Dev. 2006, 20, 2096–2109. [CrossRef] [PubMed]

76. Herranz, D.; Ambesi-Impiombato, A.; Palomero, T.; Schnell, S.A.; Belver, L.; Wendorff, A.A.; Xu, L.;
Castillo-Martin, M.; Llobet-Navás, D.; Cordon-Cardo, C.; et al. A NOTCH1-driven MYC enhancer promotes
T cell development, transformation and acute lymphoblastic leukemia. Nat. Med. 2014, 20, 1130–1137.
[CrossRef] [PubMed]

77. Reymann, S.; Borlak, J. Transcription profiling of lung adenocarcinomas of c-myc-transgenic mice:
Identification of the c-myc regulatory gene network. BMC Syst. Biol. 2008, 2. [CrossRef] [PubMed]

78. Zeller, K.I.; Jegga, A.G.; Aronow, B.J.; O’Donnell, K.A.; Dang, C.V. An integrated database of genes responsive
to the Myc oncogenic transcription factor: Identification of direct genomic targets. Genome Biol. 2003, 4, R69.
[CrossRef] [PubMed]

79. Gallant, P.; Shiio, Y.; Cheng, P.F.; Parkhurst, S.M.; Eisenman, R.N. Myc and Max homologs in Drosophila.
Science. 1996, 274, 1523–1527. [CrossRef] [PubMed]

80. Pierce, S.B. dMyc is required for larval growth and endoreplication in Drosophila. Development 2004, 131,
2317–2327. [CrossRef] [PubMed]

81. Liang, H.L.; Nien, C.Y.; Liu, H.Y.; Metzstein, M.M.; Kirov, N.; Rushlow, C. The zinc-finger protein Zelda is
a key activator of the early zygotic genome in Drosophila. Nature 2008, 456, 400–403. [CrossRef] [PubMed]

82. Hug, C.B.; Grimaldi, A.G.; Kruse, K.; Vaquerizas, J.M. Chromatin Architecture Emerges during Zygotic
Genome Activation Independent of Transcription. Cell 2017, 169, 216–228.e19. [CrossRef] [PubMed]

83. Morris, S.A. Direct lineage reprogramming via pioneer factors; a detour through developmental gene
regulatory networks. Development 2016, 143, 2696–2705. [CrossRef] [PubMed]

84. Hu, X.V.; Rodrigues, T.M.A.; Tao, H.; Baker, R.K.; Miraglia, L.; Orth, A.P.; Lyons, G.E.; Schultz, P.G.; Wu, X.
Identification of RING finger protein 4 (RNF4) as a modulator of DNA demethylation through a functional
genomics screen. Proc. Natl. Acad. Sci. USA 2010, 107, 15087–15092. [CrossRef] [PubMed]

85. Moriyama, T.; Fujimitsu, Y.; Yoshikai, Y.; Sasano, T.; Yamada, K.; Murakami, M.; Urano, T.; Sugasawa, K.;
Saitoh, H. SUMO-modification and elimination of the active DNA demethylation enzyme TDG in cultured
human cells. Biochem. Biophys. Res. Commun. 2014, 447, 419–424. [CrossRef] [PubMed]

86. Wang, Y. RING finger protein 4 (RNF4) derepresses gene expression from DNA methylation. J. Biol. Chem.
2014, 289, 33808–33813. [CrossRef] [PubMed]

87. Ahner, A.; Gong, X.; Schmidt, B.Z.; Peters, K.W.; Rabeh, W.M.; Thibodeau, P.H.; Lukacs, G.L.; Frizzell, R.A.
Small heat shock proteins target mutant cystic fibrosis transmembrane conductance regulator for degradation
via a small ubiquitin-like modifier-dependent pathway. Mol. Biol. Cell 2013, 24, 74–84. [CrossRef] [PubMed]

88. Luo, J.; Solimini, N.L.; Elledge, S.J. Principles of Cancer Therapy: Oncogene and Non-oncogene Addiction.
Cell 2009, 136, 823–837. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0092-8674(87)90038-9
http://dx.doi.org/10.1038/nrc2389
http://www.ncbi.nlm.nih.gov/pubmed/18432252
http://dx.doi.org/10.4161/19336934.2014.985988
http://www.ncbi.nlm.nih.gov/pubmed/25565425
http://dx.doi.org/10.1038/nature05674
http://www.ncbi.nlm.nih.gov/pubmed/17377531
http://dx.doi.org/10.1101/gad.1450406
http://www.ncbi.nlm.nih.gov/pubmed/16847353
http://dx.doi.org/10.1038/nm.3665
http://www.ncbi.nlm.nih.gov/pubmed/25194570
http://dx.doi.org/10.1186/1752-0509-2-46
http://www.ncbi.nlm.nih.gov/pubmed/18498649
http://dx.doi.org/10.1186/gb-2003-4-10-r69
http://www.ncbi.nlm.nih.gov/pubmed/14519204
http://dx.doi.org/10.1126/science.274.5292.1523
http://www.ncbi.nlm.nih.gov/pubmed/8929412
http://dx.doi.org/10.1242/dev.01108
http://www.ncbi.nlm.nih.gov/pubmed/15128666
http://dx.doi.org/10.1038/nature07388
http://www.ncbi.nlm.nih.gov/pubmed/18931655
http://dx.doi.org/10.1016/j.cell.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28388407
http://dx.doi.org/10.1242/dev.138263
http://www.ncbi.nlm.nih.gov/pubmed/27486230
http://dx.doi.org/10.1073/pnas.1009025107
http://www.ncbi.nlm.nih.gov/pubmed/20696907
http://dx.doi.org/10.1016/j.bbrc.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24727457
http://dx.doi.org/10.1074/jbc.C114.611558
http://www.ncbi.nlm.nih.gov/pubmed/25355316
http://dx.doi.org/10.1091/mbc.E12-09-0678
http://www.ncbi.nlm.nih.gov/pubmed/23155000
http://dx.doi.org/10.1016/j.cell.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19269363
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Ubiquitination, SUMOylation, and Their Enzymatic Connectors 
	Dgrn, Early Drosophila Embryogenesis, and DNA Repair 
	The Role of Dgrn in Transcriptional Repression 
	Dgrn Regulates Transcriptional Activation during Early Development and Adult Immune Response 
	Dgrn, the Local Regenerative Response, and Notch-Dependent Gene Expression 
	RNF4 and Transcriptional Activation in Cancer 
	Concluding Remarks and Future Challenges 
	References

