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Abstract

Specificity of the ubiquitin proteasome system is controlled by ubiquitin E3 ligases, including
their major representatives, the multi-subunit cullin-RING ubiquitin ligases (CRLS). More than
200 different CRLs are divided into seven families according to their cullin scaffolding proteins
(CUL1-7) around which they are assembled. Research over two decades has revealed that different
CRL families are specialized to fulfil specific cellular functions. Whereas many CUL1-based
CRLs (CRL1s) ubiquitylate cell cycle regulators, CRL4 complexes often associate with chromatin
to control DNA metabolism. Based on studies about differentiation programs of mesenchymal
stem cells (MSCs), including myogenesis, neurogenesis, chondrogenesis, osteogenesis and
adipogenesis, we propose that CRL3 complexes evolved to fulfill a pivotal role in mammalian cell
differentiation.
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Cullin-RING ubiquitin ligases: Background

Cullin—RING ubiquitin (Ub) ligases (CRLs) comprise the largest family of ubiquitin E3
ligases in eukaryotic cells [1]. The ~240 different E3 enzyme complexes belonging to the
CRL family control a broad array of critical biological processes [2]. CRLs consist of seven
cullins designated CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5 and CUL7, which serve as
scaffolds. The C-terminal part of cullins tightly associates with the RING-H2-domain
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proteins RBX1 or RBX2, which catalyze the transfer of Ub from the Ub-conjugating E2 to
the substrate. Through N-terminal domains, cullins interact with their specific set of
substrate adaptor/receptor proteins [1]. F-box proteins (FBP) function as SRs for CUL1
complexes (CRL1), VHL-box proteins for CRL2s, Bric-a-brac, Tramtrack and Broad
Complex/Pox virus and Zinc finger (BTB/POZ) proteins for CRL3s [3], DXR proteins for
CRL4s, and SOCS-box proteins for CRL5s [1].

Two decades after their discovery, it now appears that different CRL families evolved to
fulfil specialized cellular functions. For example, CRL1 complexes control cell proliferation
and cell cycle progression by targeting a wide array of cell cycle regulators [4]. CRL4
ligases, on the other hand, are widely associated with chromatin [5] and play crucial roles in
DNA repair, checkpoint control and chromatin remodeling [6]. CRL3 complexes play key
roles in cancer [7]. In addition, in this review, we are summarizing evidence that suggests the
emerging concept that CRL3 complexes are involved in controlling mammalian cell
differentiation. We will focus on multilineage differentiation of mesenchymal stem cells
(MSCs).

Structure and assembly of CUL3-based CRLs

CUL3 interacts with BTB proteins, encoded by ~180 genes in the human genome [8], which
act as both substrate adaptors and receptors in a single protein [3]. The BTB domain
mediates CUL3 binding and an adjacent protein-interaction domain recruits substrates for
ubiquitylation [8, 9]. However, it is not entirely clear how many BTB proteins actually
engage CUL3 and form an ubiquitin ligase /n vivo. The BTB protein family can be
subdivided into five classes that include proteins with the BTB domain alone, the BTB
domain with one or more zinc-fingers (BTB-ZF), the BTB domain with one or more Kelch
repeats (BTB-Kelch), the BTB domain with the Pipsqueak domain (BTB-PSQ) and the BTB
with another functional domain [10]. BTB proteins are involved in diverse functions
including transcriptional regulation, chromatin remodeling as well as proteolysis. Specificity
of function is determined by additional domains present in BTB proteins [10]. Whereas
BTB-ZF proteins possessing DNA-binding zink-finger are mostly involved in transcriptional
regulation and chromatin remodeling, the Kelch domain is suitable for substrate binding by
forming a B-propeller structure in CRL3BTB-Kelch complexes. With few exceptions the BTB-
Kelch proteins and the MATH-BTB subclass encoded by two human genes, are involved in
CUL3-dependent ubiquitylation [7, 8, 10, 11]. This includes the BTB-Kelch-like proteins
KEAP1 (KLHL19), an important regulator of oxidative stress defense [12], and KLHL3, a
regulator of hypertension [13]. Most interestingly, there are BTB-ZF transcription factors,
PLZF and BCL6, which interact with CUL3 to recruit it to the nucleus to alter the
ubiquitylation pattern of chromatin for the differentiation of several B and T cell effector
programs [14]. Moreover, the BTB-ZF protein BAZF acts as SR in CUL3 complex to
polyubiquitylate C-promotor binding factor 1 (CBF1) for subsequent 26S proteasomal
degradation, which downregulates Notch signaling [15]. RHOBTB proteins belong to yet
another subclass of BTB proteins that interact with CUL3 to ubiquitylate substrates involved
in vesicle trafficking or to autoubiquitylate [16]. MUF1 is a prominent substrate of
RHOBTB-dependent CRL3 ubiquitylation [17], which seems to be controlled by an
autoregulatory mechanism [18]. The BTB adaptors/receptors are unique among CRLs: By
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dimerizing, BTB proteins are able to recruit two CUL3 subunits into CRL3 complexes [9,
19, 20]. Most interestingly, CRL3s promote mono- and poly-ubiquitylation as well as
ubiquitylation of non-lysine residues (see below). The different outcomes in target
modification can be explained by the recruitment of specific E2s [1, 21, 22]. In addition,
there is a cooperation between CRL3 and another RBR-type E3, ARIH1, which acts as a
mono-ubiquitylating enzyme for the neddylated CUL3XLHL12 gybstrate SEC13-SEC31A
[23]. Like other CRLs, CRL3s are activated by the covalent modification of cullins at a
conserved lysine with the Ub-like protein NEDDS8 (or Rubl in S. cerevisiae) [24]. NEDD8
conjugation greatly stimulates CRL activity by multiple mechanisms. First, it facilitates the
recruitment of ubiquitin E2s to cullins, thereby promoting their E3 activity. Second, it
induces a conformational change that causes CRLs to switch from an inactive to an active
conformation, a step that appears to reduce the distance between the E2 active site and the
substrate target lysine [25, 26]. Neddylation is reversed by the COP9 signalosome (CSN)
[27], a key regulator of CRLs, which consists of six distinct PCI (proteasome lid-CSN-
initiation factor 3) proteins (CSN1-CSN4, CSN7 and CSN8) and two MPN (MPR1/PAD1
amino-terminal) domain-containing proteins (CSN5 and CSNG6) of which one subunit,
CSNS5, is catalytic [27]. Recently, architectural and regulatory principles probably common
to all CRL family members have been revealed for CRL1-CSN [28] and CRL4A-CSN
complexes [29]. According to this model, the CSN is subject to autoinhibition, which is only
relieved upon recruitment of a neddylated CRL [30]. Conformational changes of CSN2,
CSN4 and CSN7 provide an induced fit mechanism that propagates the binding of
neddylated CRL to the CSN5-CSNG6 dimer and activates CSN5 [29]. The presence of CRL
substrates prevents CSN-mediated cullin deneddylation, most likely due to steric hindrance
[29].

The estimated total amount of all cullins in human cells is approximately 2.2 pM [28] and
about 1 uM is represented by CUL3 [31]. The total amount of neddylated cullins in human
cells comprises approximately 1 uM. Since the amount of CSN is about 0.5 uM [32], near
saturation of the cellular CSN with neddylated cullin can be predicted. Thus, based on the
estimated CRL and CSN dynamics, a highly adaptable CRL network results, that can be re-
organized in response to substrate availability on a time scale of minutes [28]. CSN-
mediated deneddylation of CRLs has two important regulatory consequences. First, it
prevents autoubiquitylation of CRLs [33] and secondly, it is a prerequisite for the binding of
Cullin-Associated and Neddylation-Dissociated 1 (CAND1) [34]. CAND1 has a pivotal role
in the rapid adaptation of the CRL network to fluctuations in substrate availability [35-37].
It augments the dissociation of SRs from CRL1 by one million-fold. CAND1 is a SR
exchange factor that accelerates the rate at which CUL1-RBX1 equilibrates with SKP1-FBX
modules [36]. Depletion of CANDL1 altered the cellular landscape of CRL1 complexes [35,
36, 38, 39]. CANDL is also responsible for the integration of the BTB protein KEAP1 into
CRL3 complexes [40]. Thus, since CANDL1 binds to all cullins [32], CAND1’s SR exchange
activity is presumably universally applicable to other CRLs as well. The assembly of CRL3
complexes is most likely driven by substrate binding as recently demonstrated for SCF
(SKP1-Cullin-F-box) complexes [37]. In conclusion, CRL network is organized by the
coordinated interplay of closely intertwined cycles of CAND1-mediated SR exchange and
CSN-controlled neddylation/deneddylation [33] (Figure 1).
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CRL3s in differentiation

Myogenesis

Cul3 null mice exhibit lethality by embryonic day 7.5 indicating broad and essential
functions during development [41]. As shown through the use of the NEDDS8 E1 inhibitor
MLN4924, cullin activity is indispensable for terminal muscle cell differentiation [42]. In
association with Kelch proteins, CUL3 complexes are involved in muscle cell differentiation
(Figure 2, Key Figure). In particular, mutation in BTB-BACK-Kelch-like protein KLHL9
results in distal myopathy [43]. KLHL9 interacts with CUL3 and targets Aurora B kinase for
ubiquitylation and subsequent degradation [44]. Since Aurora B kinase is a critical regulator
of the assembly and disassembly of type 111 intermediate filaments, including vimentin and
desmin, KLHL9 deficiency impairs skeletal muscle function [11]. Moreover, the BTB-Kelch
protein KBTBD13 forms a complex with CUL3. Mutations in KBTBD13 are associated
with a new type of nemaline myopathy [45]. Similarly, mutations in KLHL40 as well as
KLHLA41 result in an autosomal recessive form of nemaline myopathy [11]. Knockdown of
KLHL41 in C2C12 myoblasts inhibited myotube formation [46]. Although CRL3KLHL40
and CRL3KEHLAL complexes were identified in muscle cells as regulators of differentiation,
their exact substrates remain unknown. It was suggested that KLHL41, KLHL40,
KBTBD13, and KLHL9 might regulate the stability of nebulin, actin, and other important
skeletal muscle proteins that are required for normal differentiation and functioning of
skeletal muscle cells [11]. Recently, Gong et al. demonstrated that KBTBD5 (KLHL40)
promotes the ubiquitylation and degradation of DP1 [47]. The transcription factor E2F1
forms heterodimers with DP1 and the E2F1-DP1 complex regulates the expression of
essential cell division genes involved in G1-S transition [48]. By targeting DP1 for
degradation, CRL3KBTBDS jnhibits the transcription driven by E2F1-DP1, a prerequisite for
skeletal muscle myogenesis [47].

Neurogenesis

During development, neurons undergo directional cell migration to specific positions in the
embryonic cerebral cortex and subsequently establish dendritic spine connections. Members
of the family of RHO GTPases, including RND2 and RND3, play critical roles in the
generation of neurons [49, 50]. In addition, it is now recognized that BTB-BACURD
proteins such as BACURD1/KCTD13 are involved in neurogenesis [51] (see Figure 2).
BTB-containing adaptor for CUL3-mediated RHOA degradation (BACURD) and
CRL3BACURD complexes were originally discovered in Drosophila [52] where they mediate
the degradation of RHOA, which controls actin cytoskeleton structure and cell movement
[52, 53]. Actin cytoskeleton dynamics depending on RHO GTPases determine cell
morphology, establish cell polarity, and provide driving forces for cell migration [54].
RHOA activation leads to assembly of the contractile actin and myosin filaments structure
called stress fibers. Cells lacking CUL3 show impaired ubiquitylation and degradation of
RHOA and hence exhibit accumulation of actin stress fibers. Interestingly, BACURDs have
a clear preference for RHOA-GDP over RHOA-GTP [52].

All three human BACURDs bind members of the RHO family and CUL3. BACURD and
BACURD?2 recruit RND proteins, RND2 and RND3, to CRL3 complexes, which is essential
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for the development of cortical neurons [55]. BACURD2 was identified as an interaction
partner of RND2, which promotes actin dynamics, neurite outgrowth and radial migration
within the developing cerebral cortex [56]. Thus, CRL3BACURDS coordinate early steps of
cortical neurogenesis by reorganizing the actin cytoskeleton via RND2 and RND3 [56, 57].
Two important BTB proteins in neurogenesis are the BTB-Kelch proteins gigaxonin and
KLHL20, which are also related to cytoskeleton remodeling. Mutations of gigaxonin cause
the human neurodegenerative disorder giant axonal neuropathy, which is associated with
massive disorganization of the intermediate filaments [58]. Interestingly, CRL3KLHL20
ubiquitylates the PDZ-RHO guanine nucleotide exchange factor (RHOGEF) targeting it for
degradation and thereby facilitating neurite outgrowth [59].

In addition, BTBDG6A, another CRL3s substrate receptor, binds the transcriptional repressor
promyelocytic leukemia zinc finger (PLZF, also known as ZBTB16, ZNF145). BTBD6A
promotes the relocation of PLZF from the nucleus to the cytoplasm and targets PLZF for
ubiquitylation and degradation [60]. PLZF is a negative regulator of differentiation, and
degradation via CRL3BTBD6A jnitiates neurogenesis in zebrafish [60]. Interestingly, the
highly conserved PLZF protein, which is itself a BTB domain protein, is a multifunctional
transcription factor involved in a number of differentiation processes [61].

Chondrogenesis and Osteogenesis

The MATH-BTB protein SPOP is necessary for chondroblast hypertrophy and osteoblast
differentiation [62] (Figure 2). CRL3SPOP is an ubiquitin ligase that targets GLI family
proteins for ubiquitylation and degradation [63]. The GLI2 and GLI3 transcriptional
regulators are controlled by Indian Hedgehog (IHH) signaling, which is essential for
osteoblast differentiation and bone development. SPOP has a positive function in IHH
signaling by downregulating the transcriptional repressor GLI3R [62]. This data provides
evidence for essential roles of SPOP-mediated ubiquitylation in chondrocyte and osteoblast
differentiation during skeletal development [62]. Moreover, nuclear factor-E2-related factor
2 (NRF2) is an inhibitor of osteoblast differentiation [64]. It binds to the Kelch-like BTB
protein KLHL19, also known as KEAP1 (Kelch-like ECH-associated protein 1), forming
complexes with CUL3. Under oxidative or electrophilic stress, specific cysteinyl residues of
KEAP1 are modified and KEAP1 loses its ability to ubiquitylate NRF2, a transcription
factor with oxidative stress protective activity [12]. Interestingly, CRL3XEAPL mediated
destruction of NRF2 is a prerequisite of proper osteoblast and osteoclast differentiation [64].

In complex with the SR KLHL12, CUL3 also mono-ubiquitylates the COPII coat protein
SEC31, which accelerates the traffic of collagen from the endoplasmic reticulum thus
enhancing chondrogenesis [65]. The latter process is Ca2*-dependent and mediated by
target-specific CUL3 co-substrate receptors, PEF1 and ALG2 [66] (see Figure 4B).
Moreover, when CUL3 is associated with the SR KBTBDS, it mono-ubiquitylates the
nucleolar proteins TCOF1 and NOLC1, which then dimerize to generate a platform for
ribosome remodeling [67]. This results in the reprogramming of ribosome translational
output such as to promote the differentiation of hESC-derived neural crest cells into
chondrocytes.
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Adipogenesis

White adipocytes are derived from mesenchymal stem cells (MSCs) (see Figure 2) in a two-
step differentiation program resulting in the formation of mature adipocytes. Adipogenesis
coincides with considerable transcriptional reprogramming and morphological cytoskeleton
remodeling. It is induced by hormones such as insulin and maintained by the interplay of
critical transcription factors, including peroxisome proliferator-activated receptor y (PPAR-
), CCAAT/enhancer binding protein a (C/EBPa) and f (C/EBPp) as well as their
antagonist CCAAT-enhancer binding homologous protein (CHOP) [68]. CUL3 ligases are
essential for initiating and completing the differentiation program. During adipogenesis of
human LiSa-2 preadipocytes, the CRL regulators CAND1 and CSN increase ~2-fold,
allowing a rapid remodeling of CRL1 and CRL3 complexes [39, 40]. While the F-box
protein SKP2 is released from CRL1 complexes and p27 accumulates [39], CUL3 becomes
almost completely neddylated. An initial adipogenesis-dependent remodeling of CRL3s
includes the CAND1-mediated incorporation of KEAP1 into CRL3 [40]. CRL3KEAP1
targets CHOP, a negative regulator of adipogenesis, for degradation [69], thereby initiating
the process of adipogenesis (Figure 2). CRL3s escape from CSN-mediated deneddylation by
binding to membranes of lipid droplets together with RHOA.. These data suggest a role for
CRL3 in the degradation of RHOA, possibly by recruiting the BTB protein BACURD3 [70].
Again, CRL3-dependent ubiquitylation seems to be involved in the reorganization of the
actin cytoskeleton during differentiation.

Mechanisms of CRL3 action in differentiation

From studies over the past years, the common theme has emerged that CRL3s promote cell
differentiation through transcriptional/translational reprogramming and cytoskeleton
remodeling. While the participation of BTB domain proteins in differentiation processes has
been well established [10, 61], there is now sufficient support that many of these BTB
proteins function as SRs of CRL3 complexes.

Transcriptional and translational reprogramming

Accumulating evidence confirms that CRL3s impinge on multiple signaling pathways such
as VEGF/VEGFR, WNT/B-catenin and RA/RAR, which transcriptionally reprogram MSCs
to promote differentiation into myogenic, neurogenic, osteoblastic, chondrogenic,
adipogenic, and smooth muscle cell lineages [15, 71, 72] (see Figure 2). Lineage-dependent
transcriptional reprogramming of MSCs is induced by specific hormones or cytokines and
controlled by master regulators such as peroxisome proliferator-activated receptor -y
(PPARY) and Runt-related transcription factor 2 (Runx2) [71]. In an initial phase, cell
lineage differentiation is put into motion by specific CRL3BTE complexes that target
negative transcriptional regulators of differentiation for degradation (see Figure 3A). In
addition, CUL3-based E3 ligases participate in signaling pathways promoting cell
differentiation.

Indian Hedgehog (IHH) signaling is essential for chondrogenesis and osteogenesis. IHH
regulates gene expression in chondrocytes and osteoblasts through the GLI family of
transcription factors, which also act as transcription repressors (Figure 3B). The repressor
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GLI3R is degraded by CRL3SPOP which promotes IHH signaling required for chondrocyte
and osteoblast differentiation [62].

Notch signaling is a conserved cell-fate-determination pathway involved in stem cell
differentiation and neurogenesis. The pathway comprises five Notch ligands (Delta-like
ligand 1 (DLL1) DLL3 and DLL4, and Jaggedl and Jagged2) and four receptors (Notch1-4)
[73]. The BTB protein KCDT10 interacts with CUL3 and with Notch1, which leads to
ubiquitylation and subsequent degradation of the Notch1 receptor [74]. There is a crosstalk
between Notch and VEGF signaling. Both KCDT10 as well as BAZF [15] downregulate
Notch signaling and thereby promoting endothelial cell differentiation and angiogenesis.

The WNT/B-catenin signaling pathway determines cell fate, deciding whether cells
proliferate or differentiate. When WNT binds to the extracellular frizzled receptor, the
intracellular disheveled (DSH) protein is activated, which blocks the B-catenin destruction
complex. Interestingly, the canonical WNT pathway stimulates osteogenesis, but blocks
adipogenesis [71]. It has been reported that CRL3KLHL12 inhibits WNT/B-catenin signaling
by targeting DSH for degradation by the UPS [75] (Figure 3B).

The dopamine D4 receptor (D4R), which belongs to the superfamily of G protein-coupled
receptors, is a positive regulator of osteogenesis [76] and another ubiquitylation target of
CRL3KLHLIZ [77]. However, this ubiquitylation does not destine D4R for degradation. In
addition, CRL3KLHL12 ypjquitylates D4R on non-lysine residues, although the function of
this modification remains unknown [77].

Retinoic acid (RA) controls differentiation through modulation of target gene expression, a
highly coordinated process, which requires RA nuclear receptors (RARs) and transcriptional
coactivators such as the p160 family member, SRC-3. SRC-3 is essential for RAR target
gene expression. It is recruited to target promoters together with RAR but then becomes
phosphorylated, evicted from chromatin, and degraded in a CUL3-dependent fashion [78].
Phosphorylated SRC-3 is ubiquitylated by CRL3SPOP and targeted for proteolysis [79].
SRC-3 degradation thus controls the transcriptional output of RAR and other nuclear
receptors [78] (Figure 3B). The interplay between nuclear receptor signaling and CUL3-
based ligases is further underscored by the finding that the estrogen-related nuclear receptor
a promotes the degradation of RHOA by inducing the expression of the SR, BACURD?2
[80].

Cytoskeleton remodeling and vesicle transport

Actin filaments and microtubules determine cell shape, are the basis for intracellular
transport, and mediate all forms of cell migration. During differentiation, cells switch from
motility to a more sessile phenotype, and re-organize intracellular trafficking. Remodeling of
the actin cytoskeleton is controlled by members of the RHO family of GTPases [81].
Activated RHO family members, including RHOA, drive the formation of actin filaments
known as stress fibers through a signaling cascade involving activation of the RHO-
associated coiled-coiled kinases (ROCK), followed by inhibition of the actin depolarization
factor cofilin [82] (see Figure 4A). These pathways control differentiation in myofibroblasts
via actin and microtubule cytoskeletons [83]. RHOA/ROCK signaling plays a key role in
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signal transduction and cell differentiation [84]. It has a negative effect on adipogenesis [85].
In neuronal and most likely in adipogenic differentiation, the stability of RHOA is
determined by the CUL3-based E3 ligases associated with the SRs, BACURD1-3 [52, 55,
70]. RHOA, RND2 and RND3 are degraded during differentiation in a CRL3-dependent
manner, which is an essential event for the reorganization of the cytoskeleton, leading to a
more sessile phenotype of cells (Figure 4A). In human LiSa-2 pre-adipocytes, the CUL3-
mediated degradation of RHOA parallels increases in the small GTPase, RAB18 [70], a
positive regulator of autophagy [86] and of CAV1, a protein involved in endocytosis [87].
The interdependence of RHOA, RAB18 and CAV1 and their role in adipogenesis is
currently unknown.

Cell migration and intracellular transport require the coordinated action of the actin as well
as the microtubule cytoskeletons. As with the actin cytoskeleton, CUL3-based E3 ligases
play critical roles in the remodeling of the microtubule cytoskeleton. Microtubule dynamics
are controlled by specific proteins including the end binding 1 (EB1) protein, which binds to
the microtubule plus ends [88]. EBL1 is degraded by the UPS and associated with the CSN,
the latter interaction determining its stability [89]. Recently, CRL3XLHL21 \was found to
mediate EB1 mono-ubiquitylation [90]. Data obtained by Peter and co-workers support the
hypothesis that EB1 mono-ubiquitylation promotes microtubule disassembly, and cells
expressing mutant EB1 that cannot be ubiquitylated at Lys 100 are defective in cell
migration [90].

The cytoskeleton facilitates vesicle transport connected with endocytosis as well as
exocytosis [91, 92]. During differentiation, specific intracellular trafficking takes place,
which includes, for example, CUL3-dependent collagen secretion in osteogenesis [66, 67]
(see Figure 4B) and endocytosis of lipids and their transport to lipid droplets in adipogenesis
[93, 94]. CUL3-based CRLs regulate trafficking of proteins via the endosomal pathway [95].
CUL3 in association with the substrate receptor SPOPL targets endosome-bound EPS15 for
degradation and thereby regulates the fate of EPS15-dependent cargos: recycling versus
lysosomal degradation [96]. In addition, CUL3-based ubiquitylation promotes post-Golgi
trafficking. CUL3KLHL20 targets coronin 7 (CRN7) for Lys 33-linked poly-ubiquitylation, a
modification that facilitates CRN7 targeting to the trans-Golgi network via Ub-dependent
interaction with EPS15 [97].

Interestingly, an early endosomal BTB protein called ANKFY1 associates with CUL3 and
CRL3ANKFYL requlates endosomal trafficking of integrin B1 in endothelial cells [98]. In
addition, Drosophilainsomniac (INC), orthologous to mammalian KCTD2, KCTD5 and
KCTD17, acts as SR and CRL3!NC traffics to synapsis linking synaptic function and sleep
[99]. RHOBTB proteins are also related to vesicle trafficking. They are involved in the
regulation of transport from endosomes to the Golgi apparatus [16].

It is important to note that many aspects of CRL3-based cell fate specification and
differentiation described here for mammalian cells are conserved in other species. This is
particularly true for CRL3-mediated organization of the cytoskeleton in C. elegans [3] as
well as in Drosophila[52, 100].

Trends Biochem Sci. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dubiel et al. Page 9

Concluding Remarks

A large variety of CRL3 complexes is necessary to accomplish multilineage differentiation
of MSCs. The repertory of CRL3BTB complexes required for differentiation toward a
particular cell lineage can be provided within minutes by CAND1- and CSN-dependent
remodeling. CRL3 ligases ubiquitylate their targets for subsequent 26S proteasome-
dependent proteolysis. On the other hand, they also support mono-ubiquitylation, Lys33-
linked ubiquitylation and ubiquitylation at non-Lys residues. CUL3-based ligases are
engaged in two major tasks crucial for differentiation: the reprogramming of transcription/
translation and the remodeling of the cytoskeleton. The differentiation-dependent
transcriptional reprogramming requires the CRL3-controlled degradation of negative
transcriptional regulators of differentiation. CRL3-dependent and differentiation-specific
cytoskeleton remodeling establishes a more sessile phenotype of cells and supports
intracellular trafficking typical of differentiated cells.

In the future, it will be interesting to see whether specific BTB proteins can drive a particular
differentiation process, which would have consequences for programming of stem cells and
for diagnosis and treatment of diseases associated with impaired cell differentiation.
Understanding the function of CRL3s in MSC differentiation has implications in diverse
areas of human health including obesity, neurodegenerative diseases, osteoporosis and
regenerative medicine.
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Trends Box

Whereas CRL1 complexes often target for degradation cell cycle regulators such as
cyclins and the cell cycle inhibitors p21 and p27, most members of the CRL4 family are
essential for chromatin stability and DNA repair. These findings support the emerging
concept that different CRL families evolved to fulfil specialized cellular functions.

In contrast to CUL1 and CUL4, which are predominantly in the nucleus, CUL3 is mostly
localized to and functional in the cytoplasm.

There are approximately 180 BTB proteins encoded in the human genome. However, so
far only about 50 BTB proteins have been confirmed as substrate receptors (SR) in CRL3
complexes.

Inhibition of RHOA signaling by targeting RHOA for degradation via CRL3-dependent
ubiquitylation transfers mesenchymal stem cells (MSCs) to a more sessile phenotype and
accelerates cell differentiation.

There is increasing interest in MSCs in regenerative medicine with the potential of
finding novel cures for a large variety of diseases. Understanding the exact roles of
CRL3s in MSC differentiation may catalyze leaps in mesenchymal stem cell research and
regenerative medicine.
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Outstanding Questions

What is the mechanism of the functional and spatial specialization of cullin-RING
ubiquitin ligases (CRLs)?

Besides confirmed data, are there additional CRL3BTB complexes required for the
specific differentiation programs of mesenchymal stem cells (MSCs)? Does the
expression of BTB proteins of unknown function during cell differentiation reflect the
existence of additional CRL3BTB complexes involved in the process?

Which signaling pathways are responsible for the timely expression of appropriate BTB
proteins during specific differentiation phases? How are the signaling pathways
coordinated?

What are the mechanisms of the activation of CRL3BTB complexes during cell
differentiation? Are master regulators of differentiation such as peroxisome proliferator-
activated receptor -y (PPAR<y) and Runt-related transcription factor 2 (Runx2) involved in
CRL3BTE gctivation through transcriptionally controlling CRL3 complex components
and/or regulators? Is the neddylation of CRL3BTB complexes specifically controlled
during differentiation? Do CRL3BTB complexes escape from deneddylation by the COP9
signalosome in certain phases of differentiation?

Are there common mechanisms of CRL3 mediated ubiquitylation in different cell-lineage
differentiation programs? For example, is the CRL3 mediated degradation of RHO family
proteins and the connected remodeling of the cytoskeleton common to many cell-lineage
differentiation processes? Do lineage-specific CRL3BTB complexes, that target negative
transcriptional regulators of differentiation for degradation, initiate the differentiation
process?

Do differentiation programs of endodermal, ectodermal and mesodermal stem cells have
CRL3BTB driven processes in common?

Will the application of our understanding of CRL3 mediated mechanisms in stem cell
differentiation lead to the discovery of specific drugs against diseases associated with
impaired differentiation? Will we be able to program adult stem cells based on our
knowledge of the specific role of CRL3BTB complexes in stem cell differentiation in the
future?
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CAND1 cycle CSN cycle

Figure 1. Remodeling of CRL3BTB complexes mediated by CAND1 and CSN
Upon substrate-induced neddylation, CRL3s are activated to ubiquitylate a specific substrate

(CSN cycle). Once substrate is consumed, CSN-mediated cullin deneddylation allows
binding of CAND1 (CANDL1 cycle). The protein exchange factor activity of CAND1 causes
displacement of the BTB protein. The released CRL3 core complex can then reassemble
with another BTB protein presumably driven by cognate substrate.
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Figure 2. Multilineage differentiation programs of mesenchymal stem cells (MSCs) require
specific CUL3-based CRLs

Multipotent MSCs derive from numerous vascularized tissue sources, including bone
marrow, adipose and skeletal muscle. MSCs function as precursors to a variety of mature
mesenchymal cell types like muscle, neuron, osteoblast and adipocyte. The differentiation of
MSCs occurs in different phases. For example, adipogenesis, the differentiation of
adipocytes, is characterized by two phases: the determination phase and the terminal
differentiation phase. In the determination phase MSCs commit to the adipocyte lineage.
Preadipocytes are morphologically not yet distinguishable from their MSC precursors.
During terminal differentiation, adipocytes differentiate from preadipocytes producing lipid
droplets and adipocyte-specific proteins. Whereas CRL3BACURDs are needed for neuron as
well as adipocyte differentiation and CRL3XEAPL js necessary for adipocyte and osteoblast
differentiation, most so far identified CRL3s involved in multileanage differentiation
programs are specific.
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Figure 3. CRL3BTB complexes promote differentiation by targeting negative regulators of
differentiation for degradation and by impinging on signaling pathways that trigger
differentiation

(A) Various differentiation programs are initiated by the ubiquitylation and degradation of
transcriptions factors that are targeted by the indicated CUL3-based ubiquitin ligases.
Myogenic differentiation is initiated by CRL3X-HL40 mediated degradation of DP1,
neurogenic differentiation by the CRL3BTBD6A dependent ubiquitylation of PLZF,
osteoblast differentiation by CRL3KEAPL mediated degradation of NRF2 and of adipogenic
differentiation by the CRL3XEAPL ybiquitylation of CHOP and its subsequent degradation
by the 26S proteasome.

(B) The commitment and differentiation of MSCs towards a myogenic, neurogenic,
osteogenic or adipogenic cell fate depend on a variety of signaling and transcription factor
pathways controlled by CUL3-based ubiquitin ligases. Indian Hedgehog (IHH) pathway is
essential for bone development. It regulates gene expression necessary for chondrogenesis
and osteogenesis via the GLI family of transcription factors. GLI3R is a repressor of IHH
signaling, which is ubiquitylated by CRL3SPOP and subsequently degraded by the 26S
proteasome. WNT signaling plays an essential role in cell fate determination, proliferation,
and differentiation. CRL3XLHL12 mediated degradation of DSH blocks the WNT pathway
inhibiting osteogenesis. Retinoic acid (RA) influences cell differentiation, proliferation and
apoptosis via expression of specific target genes. The transcription of target genes is a
complex process requiring RA, nuclear receptors (RARs) as well as several coregulators
such as SRC-3. In response to RA, SRC-3 is degraded in a CRL3SPOP dependent manner.
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Figure 4. CRLSBTB-dependent remodeling of the cytoskeleton and vesicle transport adaptation
during differentiation

(A) RHO GTPases change between an active GTP bound state and an inactive GDP bound
state, a process influenced by several signaling pathways as indicated by red arrows.
Guanine-nucleotide exchange factor (GEF) triggers the release of GDP and the formation of
active GTP-RHOA. GTPase activating protein (GAP) activates hydrolysis of GTP producing
inactive GDP-RHOA, which is a substrate of CRL3BACURD ypjquitylation and subsequent
degradation by the 26S proteasome. RHO-associated coiled-coil kinase (ROCK) is activated
by GTP-RHOA leading to an increase of myosin light chain (MLC) phosphorylation (MLC-
P). This induces actomyosin-based contractility. Furthermore, ROCK directly activates LIM
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kinase (LIMK), which leads to filament stabilization via cofilin phosphorylation (Cofilin-P).
Degradation of RHOA via CRL3BACURD regylts in actin depolymerization and
destabilization (red).

(B) Differentiation dependent secretion of collagen by chondrocytes is mediated by
CRL3KLHL1Z and jts Ca2*-binding coregulators, PEF1 and ALG2. During differentiation,
chondrocytes secrete extracellular matrix type 11 and type X collagen. This requires
CRL3KLHLIZ dependent mono-ubiquitylation of SEC31. In this process, CRL3KLHL12
utilizes two Ca2*-binding co-substrate receptors, PEF1 and ALG2. SEC1 mono-
ubiquitylation triggers the formation of large COPII coats and collagen secretion. By this
mechanism, Ca2* from the endoplasmatic reticulum stimulates chondrocyte differentiation
via CRL3KLHL1Z and jts coregulators, PEF1 and ALG2.
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