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Abstract

Metazoan development relies on intricate cell differentiation, communication, and migration
pathways, which ensure proper formation of specialized cell types, tissues, and organs. These
pathways are crucially controlled by ubiquitylation, a reversible post-translational modification
that regulates the stability, activity, localization, or interaction landscape of substrate proteins.
Specificity of ubiquitylation is ensured by E3 ligases, which bind substrates and co-operate

with E1 and E2 enzymes to mediate ubiquitin transfer. Cullin3-RING ligases (CRL3s) are a
large class of multi-subunit E3s that have emerged as important regulators of cell differentiation
and development. In particular, recent evidence from human disease genetics, animal models,
and mechanistic studies have established their involvement in the control of craniofacial and
brain development. Here, we summarize regulatory principles of CRL3 assembly, substrate
recruitment, and ubiquitylation that allow this class of E3s to fulfill their manifold functions

in development. We further review our current mechanistic understanding of how specific CRL3
complexes orchestrate neuroectodermal differentiation and highlight diseases associated with their
dysregulation. Based on evidence from human disease genetics, we propose that other unknown
CRL3 complexes must help coordinate craniofacial and brain development and discuss how
combining emerging strategies from the field of disease gene discovery with biochemical and
human pluripotent stem cell approaches will likely facilitate their identification.

Keywords

ubiquitin; CRL; CRL3; BTB; craniofacial development; brain development; developmental
diseases

"to whom correspondence should be addressed: achim.werner@nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Asmar et al. Page 2

Introduction: Cullin3-RING ubiquitin ligases regulate many aspects of
human development

Metazoan development depends on highly complex cellular differentiation, communication,
and migration pathways that enable an embryo to develop from a fertilized egg into a
complex multicellular organism. To dynamically control and coordinate these pathways,
embryos frequently employ ubiquitylation, a versatile posttranslational modification
essential in all eukaryotes. Synthesized by an enzymatic cascade of E1, E2, and E3
enzymes and reversed by deubiquitylases, different ubiquitin modifications dynamically
regulate the stability, function, localization, or interaction landscape of protein substrates
that play key roles in intracellular signaling networks [1, 2]. In this sense, ubiquitylation

is often referred to as a cellular code [3, 4] and research over the last four decades has

been geared towards elucidating its underlying signaling principles. While many questions
remain outstanding, it is firmly established that substrates can be modified with either one
or several ubiquitin molecules (mono- and multimono-ubiquitylation) or with polymeric
chains in which successive ubiquitin moieties are linked to specific lysine residues or

the N-terminal methionine through isopeptide bonds (polyubiquitylation). These different
ubiquitin modifications adopt unique topologies and mediate distinct substrate fates within
cells. Well understood examples include mono- or multi-monoubiquitylation, which change
interacting proteins of substrates and have important roles in gene expression, vesicular
trafficking, and ribosome biogenesis [2, 5-7], K48- or K11-linked-polyubiquitylation,
which target substrates for degradation by the 26S proteasome [8, 9], and K63- or M1-
linked polyubiquitylation, which allow for formation of signaling complexes during NF-xB
activation and DNA repair [10, 11]. In addition, K63-linked polyubiquitylation mediates
autophagy-dependent degradation of protein aggregates and dysfunctional organelles [12].

Specificity of ubiquitylation is conferred by ubiquitin E3 ligases, which catalyze transfer

of ubiquitin from E2 enzymes typically to lysine residues of substrates [2, 13]. The human
genome encodes ~600 E3s that are divided into subclasses according to the domain used

for E2 recruitment and mechanism of catalysis [14]. With ~350 members, Cullin-RING
ubiquitin ligases (CRLs) are the most abundant family of E3s. CRL complexes have a
modular architecture comprised of a cullin protein, which connect an E2-binding RING
protein with an interchangeable substrate adaptor module [14-16]. There are seven cullin
proteins that can serve as such scaffolds (CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5 and
CULY), which form CRL complexes (CRL1-7) [17-21]. Additionally, two other proteins
contain cullin homology domains and form active ligase complexes: APC2 (as subunit of the
ubiquitin E3 ligase APC/C [22]) and CUL9/PARC [23, 24].

Many CRLs play critical roles during developmental processes of metazoans [25-33]. In
particular, emerging evidence from human genetic, animal, and mechanistic studies suggest
a prevalent role of CRL3s in craniofacial and brain development [7, 34-36], the focus of
this review. CUL3is highly conserved in all eukaryotes and while its deletion is compatible
with growth in yeast [37, 38], it has been shown to be essential in a variety of different
multicellular model organisms. In C. elegans, loss of CUL 3 functions leads to defects

of cytokinesis in single cell embryos [39] and in mice, CUL3 deletion leads to early
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embryonic lethality [40]. CUL3 uses substrate adaptor proteins that contain BTB/POZ
domains (hereafter referred to as BTB) [37, 41-43] (Fig 1A), which were originally
identified as a conserved motif in the Drosphila melongaster Broad-Complex, tramtrack,
bric & brack, and transcriptional regulators and in many pox virus zinc finger proteins

[44]. Through these CUL3-BTB protein interactions, distinct CRL3s have been shown to
ubiquitylate and regulate a wide range of substrates in key cellular processes including
transcription [45, 46], translation [7], vesicular trafficking [47], mitosis [48], and migration
[49] to orchestrate cellular differentiation and facilitate multicellular growth. It is therefore
not surprising that dysregulation of CRL3-mediated ubiquitylation lies at the heart of
many human pathologies such as cancer [17], hypertension [50], myopathies [51], retinal
degradation [52], or skin fragility [53]. In particular, recent reports show that mutations

in CUL3 and BTB adaptors cause and are associated with numerous neurodevelopmental
or craniofacial conditions [7, 34-36], suggesting manifold roles of CRL3 ligases during
neuroectodermal differentiation. We here propose that the ubiquitin E3 ligase CUL3,
through dynamically associating with different BTB substrate adaptors, integrates multiple
steps required for human craniofacial and brain development. We summarize regulatory
mechanisms underlying CRL3 assembly, substrate recruitment, and ubiquitylation and
review our current mechanistic understanding of how particular CRL3 complexes function
in formation and maintenance of neuroectodermal tissues. We also discuss how emerging
strategies from the field of human disease genetics will provide further insights into

CRL3 function in craniofacial and brain development and facilitate identification of novel
associated BTB adaptors.

Structure and assembly of CRL3 E3s

Similar to all CRLs, CRL3 complexes are comprised of 3 modules: the scaffold cullin
protein CUL3, the interchangeable substrate adaptor module given by BTB-domain
containing proteins, and the RING-box protein RBX1 (Figure 1A). A unique aspect of
CRL3 is that the BTB proteins directly bind to CUL3, while other cullins rely on a

linker proteins to recruit their respective substrate adaptors. The catalytic core of CRL3s
is formed through tight association of CUL3’s C-terminal cullin homology domain with
RBX1, which is important for recruitment of E2 enzymes [16, 18]. Substrate adaptors
are recruited to CUL3 via its N-terminal cullin repeats. This occurs through the BTB
domain of the substrate adaptor, which recruits ubiquitylation targets through an adjacent
protein-interaction domain.

The human genome encodes ~180 BTB domain-containing proteins, which are further
subdivided into families that share common domain architecture. This defines the ZBTB
family (BTB-zinc finger proteins), the KLHL/KBTBD family (BTB-BACK KELCH
proteins), the T1/Kv family (T1 K+ channel integral membrane proteins), the KCTD family
(potassium channel tetramerization domain proteins), the MATH-BTB family (BTB proteins
with N-terminal MATH domain), the RhoBTB family (BTB proteins with Ras homology
GTPase domain) and the BTB-only family (BTB domain proteins with no recognizable
other domain) [44]. While it is unclear how many of these BTB proteins are used as
substrate adaptors in cells, elegant biochemical and structural studies have identified several
underlying molecular determinants. CUL3 can either recognize conserved matifs in the
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BTB and the immediately adjacent BACK domain [54-56] or interact with surfaces formed
through adjacent BTB subunits in pentameric assemblies of KCTD family proteins [57, 58]
(Figure 1B). It is thus thought that at least ~90 human BTB proteins can function as CUL3
adaptors with the largest class being the KLHL/KBTBDs, which use KELCH-repeat based
B-propellers as substrate interaction domains [44].

The assembly of active CRL3 complexes competent to mediate ubiquitin transfer from

E2 enzymes to substrates is thought to occur in multiple regulated steps. Research efforts

by numerous groups have identified cullin modification by the posttranslational modifier
NEDDS, the deneddylase activity of the COP9 signalosome (CSN), and the substrate
adaptor exchange factor CANDL as key factors that allow for controlled assembly and
disassembly of CRL complexes /n vitroand in cells [59]. Much of this work has focused

on CRL1s and CRL4s [60-63]. However, given the shared ability of cullins to bind CAND1
and to be reversibly modified by NEDD8 [64], it is reasonable to presume that the core
regulatory principles will be conserved amongst all CRLs. Based on this assumption,

we here outline how reversible CRL3 assembly is thought to occur in cells (Figure 1C).
Substrate-unbound BTB adaptors are in a dynamic binding equilibrium with CUL3/RBX1, a
reaction that is catalyzed by the substrate adaptor exchange factor CAND1 [65, 66] (Figure
1Ci). Though rapid, this exchange reaction can be interrupted by substrate binding to a

BTB adaptor (before or after binding to CUL3), which is followed by modification of
CUL3 with NEDD8 (Figure 1Cii). Neddylation blocks CAND1 from displacing the BTB
adaptor and stimulates substrate ubiquitylation by recruiting an E2 enzyme and coordinating
conformational changes in the cullin protein to mediate formation of active ubiquitin ligation
assemblies [67-69] (Figure 1Ciii). Once the ubiquitylated substrate is released, the CSN can
gain access to the neddylated CRL3 complex and remove NEDD8 [70-74]. This renders

the catalytic core CUL3/RBX1 available for CAND1-mediated recycling and interactions
with further BTB adaptors (Figure 1Civ). One important feature of this adaptive exchange
model is that substrate availability drives the formation of a particular CRL complex, which
has been experimentally demonstrated for CRL1s and CRL4s [60-63]. Thus, substrates,
reversible neddylation cycles, and CAND1-mediated BTB adaptor exchange are thought to
collaborate to maintain the cellular demand for a particular CRL3 repertoire.

Regulatory principles underlying CRL3 substrate recruitment and

ubiquitylation

To ensure proper function of the CRL3 family during human development and homeostasis,
cells have the challenging task to build at least 90 distinct CRL3 complexes that
appropriately recognize and ubiquitylate their cognate substrates. As described in detail

in the previous section, two major strategies cells employ to solve this problem are
reversible NEDD8 conjugation and CAND1-mediated substrate adaptor exchange, which
are thought to allow for rapid and dynamic assembly of specific CRL3 complexes in a
substrate-dependent manner. In addition, cells have evolved further layers of regulation

of complex components that impinge on substrate recognition and ubiquitylation. Some

of these regulatory layers have been shown to be particularly prevalent for CRL3s (e.g.
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transcriptional regulation [7] and dimerization/oligomerization [26]), while others impinge
on all CRLs (e.g. regulated localization and posttranslational modifications [20]).

Transcriptional regulation of BTBs

Experiments in murine and human embryonic stem cells have shown that, while transcript
levels of CUL3 and other substrate adaptors of other CRLs are relatively unchanged
during differentiation, many CUL3-interacting BTB proteins exhibit differential MRNA
expression [7, 75]. For instance, KBTBD8 expression is restricted to stem cells and

is silenced once neural crest specification occurs. Conversely, expression of other BTB
proteins is upregulated at stages of differentiation or in specialized cell types when they
are functionally required. Examples for this include spermatogenesis (KLHL10 [76-78]),
myogenic differentiation and muscle tissues (KBTBD5/KLHL40, KBTBD10/KLHLA41,
KBTBD13 [51, 79-81]), neural differentiation and neuronal function (KLHL16/gigaxonin,
KCTD13, KCTD10 [82-85]), or kidney function (KLHL3 [50, 86]). Increasing and
decreasing mRNA transcription is thus a common means by which cells alter substrate
adaptor concentrations to promote assembly of particular CRL3 complexes in specific
developmental stages or tissues.

Regulation of subcellular localization of BTBs

Targeted localization is a common mode of regulation in eukaryotic cells [87]. By

directing a particular protein pool to a specific site, cells can accomplish rapid changes

in local signaling. Studies in Drosophila melanogaster have shown that local activation of
CRL3-KLHL10 is an important feature of spermatogenesis [77, 78, 88]. During terminal
sperm differentiation, interconnected spermatids undergo a caspase-dependent process called
“individualization”, during which individual spermatids are separated, elongated, and most
of their cytoplasmic proteins and organelles are degraded [89]. Caspase activation during
spermatogenesis is regulated by CRL3-KLHL10, which mediates polyubiquitylation and
proteasomal degradation of the caspase inhibitor dBruce [76]. For this, KLHL10 and CUL3
are recruited to the outer membrane of mitochondria through binding of the p-subunit of
the ATP-specific form of the Succinyl-CoA synthetase (A-SB). Interaction with A-S at this
site also stimulates CRL3-KLHL10-mediated ubiquitylation, thus ensuring local activation
of caspase signaling that does not trigger cell death pathways [88]. Such local CRL3
activation has also been shown to be important for ensuring proper actin dynamics during
cellular motility [90]. Conversely, regulated localization of BTB adaptors can also inhibit
CRL3-dependent ubiquitylation by sequestering CRL3 complexes from substrates. This

has been demonstrated during WNT signaling [91] and during IFN-induced apoptotic and
autophagic cell death [92]. Thus, targeted localization of CRL3 adaptors can either promote
or inhibit substrate recruitment and enables spatial restriction of ubiquitin signaling.

Post-translational modification of substrates and BTBs

Ubiquitin E3 ligases often control intracellular signaling nodes and integrate signals to
drive developmental processes. A prevalent regulatory mechanism that allows CRLs to
achieve this task is modulation of the adaptor - substrate interaction by post-translational
modifications [20]. For CRL3s, there are several well studied examples how substrate
recognition is facilitated or inhibited through stimulus-induced modifications (Figure
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2A). For example, KBTBD8 only recognizes its targets, the ribosome biogenesis

factors NOLC1 and TCOFL1, upon their multi-site phosphorylation by CK2 [93]. This
allows CRL3-KBTBDS to convert a rise in embryonic CK2 into monoubiquitylation-
dependent remodeling of translational networks that are required for neural crest
specification (discussed in more detail below). Similarly, CRL3-KLHLZ20 relies on substrate
phosphorylation to transduce neurotrophin signals into cytoskeletal changes during neuronal
morphogenesis [94]. In other examples, phosphorylation can also be employed to inhibit
CLR3 substrate recruitment. This has been demonstrated for the substrate adaptors KEAP1/
KLHL19 and SPOP, for which phosphorylation in or near the recognition sites of their
substrates have been shown to disrupt interaction [56, 95, 96]. However, physiological
stimuli that elicit such phosphorylation-modulated recognition in cells remain to be
established.

In addition to phosphorylation other posttranslational modification are also employed to
regulate CRL3 substrate recruitment. A well-studied example is given by CRL3-KEAP1,
which constitutively ubiquitylates the transcription factor NRF2 to promote its proteasomal
degradation [97, 98]. This reaction is prevented by cysteine modification of KEAP1 during
oxidative stress likely through a combination of loss of both, KEAP1-NRF2 and CUL3-
KEAP1 interaction [99]. More recently, nutrient-dependent O-GlcNAcylation of serine and
threonine residues in BTB proteins has been shown to regulate interactions of BTB proteins
with substrates [100] and CUL3 [101], respectively.

Taken together, recruitment of substrates to CRL3 complexes is modulated by a variety of
posttranslational modifications of either adaptor or substrate, which allows CRL3s to convert
a particular signaling input into downstream cellular responses.

Dimerization and Oligomerization of BTBs

Most, if not all, CRL3 complexes dimerize through the BTB domain of their substrate
adaptors, a feature that has emerged as essential for the function of many distinct CRL3s
[26]. Initial structural and biochemical studies have shown that homodimers of both KEAP1
and SPOP are able to engage with two binding sites within a single substrate molecule [56,
102-104]. This mode of interaction is thought to promote CRL3-dependent ubiquitylation
by several mechanisms, including 1) facilitating optimal positioning of substrates for
ubiquitylation [103], 2) increasing the avidity to substrates, thus strengthening binding and
allowing recognition of substrates containing multiple suboptimal binding sites [56], and
3) increasing the local concentration of E2 enzymes [54-56] (Figure 2B). Accordingly,
dimerization defective CRL3-KEAP1 and CRL3-SPOP are catalytically impaired /in vitro
and in cells [99, 105]. Recent studies have extended these observations to other CRL3s.
Mutations in KLHL10 that impair dimerization are found in patients suffering from

male infertility [78], suggesting an important role for dimerization during CRL3-KLHL10-
mediated dBruce ubiquitylation (see above). In addition, the function of CRL3-KBTBD8
and CRL3-KLHL12 during neural crest specification requires homodimerization, which
enables engagement of multiple binding sites in a single substrate [93] and binding of

a substrate with help of a substrate-specific co-adaptor complex [106], respectively (see
below). Heterodimeric CRL3 complexes formed through KBTBD6/KBTBD7 or KLHL9/
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KLHL13 have also been shown to exist and are important for regulating actin-based cell
migration [90] and mitosis [107]; however, the underlying molecular details of how these
heterodimers engage their substrates remain to be established. The important functions
for self-association of CRL3s is highlighted by the existence of a dedicated dimerization
quality control (DQC) pathway, which actively monitors BTB complex composition

and can discriminate between functional and aberrant BTB dimers. This is achieved
through the action of the ubiquitin E3 ligase CRL1-FBXL17, which is able to mediate
polyubiquitylation and degradation of improperly assembled dimers through recognition
of residues in the interface of BTB subunits that are usually buried in native BTB

dimers [108]. As expected, DQC is important for faithful development, as demonstrated
by injection of morpholinos targeted against FBXL17 /n Xenopus tropicalis embryos.
Interestingly, FBXL17-depeletion induced phenotypes manifested mainly during neural crest
differentiation and nervous system development, suggesting a particularly important role
for BTB dimerization and thus CRL3 function during neuroectodermal differentiation, as
further discussed below.

In addition to homo- and heterodimers, CRL3 complexes have also been shown to engage
in higher order oligomers. Several members of the KCTD family of BTB adaptors can
form a range of oligomeric assemblies, most frequently involving 5:5 heterodecamers with
CUL3 [57, 58]. Furthermore, the BTB and BACK domains of SPOP synergistically allow
formation of linear, higher-order CRL3-SPOP oligomers. As with dimerization, formation
of such higher order ubiquitin ligase self-assemblies is thought to increase both, the affinity
to substrates via simultaneous binding of multiple recognition sites by avidity effects and
the rate and processivity of ubiquitylation by increased local E2 concentrations. Indeed,

as demonstrated for CRL3-SPOP, oligomerization enhances ubiquitylation of its substrates
in vitroand in cells [109]. Interestingly, CLR3-SPOP oligomerization can be modulated
through heterodimerization of SPOP with its closely related paralog SPOPL. SPOPL is not
able to self-associate through its BACK domain and thus caps SPOP oligomers, which
decreases ubiquitylation efficiency /n vitro [55]. This offers an elegant mechanism of

how CRL3-SPOP oligomerization and function could be regulated in cells. In addition,
emerging evidence suggests that SPOP oligomers, through multivalent interactions with
substrates containing multiple recognition sites, can undergo liquid-liquid phase separation
above a particular saturation concentration /n vitroand in cells [105]. Liquid-liquid phase
separation is a critical mechanism that allows formation of membrane-less organelles

or so called biomolecular condensates in cells [110, 111]. Indeed, above a particular
saturation concentration CRL3-SPOP co-localizes with its substrate DAXX in nuclear
speckles, where it likely mediates ubiquitylation and subsequent DAXX degradation [105].
As cancer-associated SPOP mutations interfere with phase separation and co-localization in
membrane-less organelles, this seems to be a biologically relevant mechanism allowing to
limit substrate concentrations to a particular threshold [112].

Taken together, self-association is an essential feature of many CRL3 complexes to ensure
proper ubiquitin signaling during development.
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Collaboration with different E2 and E3 enzymes

CRL3 complexes have been shown to modify substrates with a variety of different ubiquitin
signals, including mono-, multi-mono- and different types of polyubiquitylation (recently
summarized in [27]). This different outcome in target modifications is thought to occur
through recruitment of specific E2 enzymes, with the UBCH5 and Cdc34 family of E2
enzymes being shown to work with CRL3 /n vitro[14, 113, 114]. However, similar to other
CRLs, the underlying mechanisms and sets of E2 enzymes that co-operate with specific
CRL3s in cells have remained largely elusive. First insights into how different CRL3
complexes could mediate modification of substrates with different ubiquitin modifications
derive from recent studies describing that the RBR ligase ARIH1 is a component of several
human CRLs, including many CRL3s [115]. Elegant biochemical and cellular studies
demonstrated that ARIH1 binds to neddylated CRL complexes and, together with the E2
enzyme UBCH?7, facilitates monoubiquitylation of CRL substrates. The ubiquitin moiety on
these CRL substrates could then be used for ubiquitin chain elongation; a process mediated
by recruitment of the E2 enzyme CDC34 to the RING domain of the CRL. These findings
offer the exciting possibilities that CRL3-mediated mono-ubiquitylation of substrates could
be a generally achieved through ARIH1 and that ARIH1, through substrate priming, could
also be involved in regulating CRL3-dependent polyubiquitin modifications. Future work
will be required to test which of these mechanisms is at play for particular CRL3 complexes
in cells and how chain elongation would be prevented for substrates whose fate relies on
monoubiquitylation.

CRL3s integrate multiple steps to drive neuroectodermal development

During embryogenesis, ectoderm gives rise to neural progenitors, which ultimately develop
into neurons and glia of the central nervous system, as well as neural crest cells that
generate various cell types and tissues, including the peripheral nervous system and the
facial cartilage and bone [116]. Thus, the formation of the nervous system and the
craniofacial complex are highly interrelated, as further evidenced by the observation that
neurodevelopmental disorders are often associated with craniofacial dysmorphisms [117].
There is mounting evidence that CRL3s are major players in regulating differentiation and
maintenance of neuroectodermal tissues: Genetic analyses have identified high risk variants
in CUL3 for autism [34, 118] and schizophrenia [36], and loss-of-function mutations in
CUL3 can cause intellectual disability [35] (Figure 3A). This is further supported by studies
demonstrating that brain region-specific deficiency of CUL3 in mice leads to behavioral
problems and impaired neuronal function [119, 120]. A number of recent reports have

also described functions and underlying mechanisms of particular CRL3 complexes during
neural crest and neuronal differentiation and survival (Table 1). In addition, mutations

in several BTB proteins have been shown to cause neurodevelopmental and craniofacial
diseases (Table 1). A common theme that emerges from these studies is that mutations

in BTB proteins frequently result in loss of protein function. This can occur through
nonsense variants that create truncated proteins or through missense variants in functional
domains that reduce BTB dimerization, CUL3 binding, or substrate recruitment (exemplified
for KLHL16/gigaxonin in Figure 3B). We here summarize our current view of how
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distinct CRL3 complexes work together to ensure faithful craniofacial and nervous system
development.

CRL3 complexes in controlling neural crest specification and craniofacial development

During early embryogenesis, neural crest cells derived from the neural plate border migrate
into the embryonic territory of the future craniofacial skeleton. These cranial neural crest
cells differentiate into chondrocytes and osteoblasts, which secrete collagen networks
required for bone formation [121]. Recent reports have shown that regulation by CUL3

is required at multiple steps of this developmental process (Figure 4A).

CRL3-KBTBDS in neural crest development: In co-operation with the vertebrate-
specific BTB adaptor KBTBD8, CUL3 promotes neural crest specification and chondrocyte
differentiation [7]. This occurs, in part, through mono-ubiquitylation of the ribosome
biogenesis regulators NOLC1 and TCOF1, which induces the formation of a ribosome
biogenesis platform that connects RNA Pol | with ribosome modification and ribosomal
processing enzymes (Figure 3B). These ubiquitin-dependent assemblies are important

to induce changes in translation of specific mMRNAs, which facilitates neural crest
specification. This likely occurs through production of newly synthesized, modified
ribosomes [7, 122]. The importance of this translation regulation is highlighted by the

fact that mutations in both, TCOF1 and RNA polymerase | cause Treacher Collins
Syndrome, a neurocristopathy characterized by aberrant craniofacial development [123—
125]. Further biochemical and proteomic studies are required to identify how ribosomes
produced by CRL3-KBTBD8-dependent biogenesis platforms differ in their protein content
and modifications compared to the bulk pool of ribosomes, how they recognize their

select mRNAs during differentiation, and how this pathway is dysregulated in Treacher
Collins Syndrome. CRL3-KBTBD8-dependent neural crest specification is embedded into
the developmental program of the embryo through activation by CK2 [93], a kinase

which gradually increases during formation of the nervous system [126]. Biochemical
reconstitution experiments demonstrated that TCOF1 and NOLC1 contain 10 or more CK2
maotifs, each of which could only be recognized by CRL3-KBTBD8 upon phosphorylation
by CK2 (Figure 4B). However, efficient interaction and monoubiquitylation in cells as
well as neural crest formation during human embryonic stem cell differentiation required
multisite phosphorylation of at least 7 CK2 motifs in CRL3-KBTBD8 substrates. This
dependency on multisite phosphorylation allows CRL3-KBTBDS to react to increases in
CK2 activity only upon reaching a certain threshold, thus allowing for switch-like cell-fate
transitions [93].

CRL3-LZTR1 in neural crest development: Upon cell-fate commitment, neural
crest cells undergo epithelial-to-mesenchymal transition to become migratory and undergo
differentiation. These steps are crucially controlled by RAS-ERK signaling, an important
developmental signaling pathway, whose dysregulation leads to neoplasms and congenital
syndromes often associated with aberrant neural crest formation [127, 128]. Together
with the BTB adaptor LZTR1, CUL3 has been shown to participate in the regulation

of RAS-ERK signaling by ubiquitylating several family members of the RAS-GTPase
family, including MRAS, HRAS, NRAS, KRAS, and RIT1 [129-132]. CRL3-LZTR1
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inactivates RAS proteins by ubiquitylation with different types of polyubiquitin chains.
This was proposed to occur through both, proteasomal degradation of RAS proteins

[129, 132] and sequestration of ubiquitylated RAS proteins from membranes [130, 131].
The importance of CRL3-LZTR1-dependent inactivation of RAS proteins for neural crest
development is highlighted by the fact that mutations in LZTR1 cause Noonan syndrome,
which is a RASopathy characterized by multiple congenital anomalies, including distinctive
facial features and bone malformations, as well as cardiac disease [133-136]. These
mutations decrease CUL3 binding, homodimerization, or substrate binding of LZTR1,
resulting in enhanced RAS protein levels and plasma membrane association, increased
ERK phosphorylation, and dysregulation of downstream transcriptional responses that are
thought to lead to the developmental phenotypes observed in Noonan syndrome. Mutations
in several other RAS-ERK pathway components that hyperactivate signaling have been
shown to cause Noonan syndrome [128]. This includes mutations in RIT1, which have
been shown to prevent its binding to and degradation by CRL3-LZTR1 [132]. Thus, CRL3-
LZTR1-dependent regulation of RAS-ERK signaling is essential for proper neural crest and
craniofacial development.

CRL3-KLHL12 in craniofacial development: At later stages of the formation

the craniofacial complex, CUL3-KLHL12 mono-ubiquitylates the COPII protein SEC31

to promote generation of large COPII carriers for collagen secretion [75]. SEC31
monoubiquitylation in cells requires homodimerization of CRL3-KLHL12 and two
additional interacting proteins, PEF1 and ALG2, which form a complex that bridges
interactions between KLHL12 and SEC31 [106] (Figure 4C). The ALG2 and PEF1 co-
adaptor interaction with SEC31 is dependent on calcium, which allows CRL3-KLHL12 to
convert transient changes in intracellular calcium concentrations into more persistent mono-
ubiquitylation signals that promote formation of large COPII coats and collagen secretion.
Thus, CRL3-KLHL12 is an important integrator of calcium signals during craniofacial
development [19, 106]. Consistent with this notion, mutations in this SEC23A, a COPII
component and SEC31 interactor, prevent collagen secretion during chondrogenesis and lead
to the craniofacial genetic disease cranio-lenticulo-sutural dysplasia [137-139].

CRL3 complexes in controlling neuronal differentiation, specification, and function

The differentiation of neurons from neuroectodermal cells relies on coordinated changes
in transcriptional networks, signaling cascades, and cytoskeletal dynamics. Multiple CRL3
complexes have been implicated in the regulation of these processes to ensure faithful
formation and function of different types of neurons (Figure 4A).

CRL3-KLHL12 in neuroectodermal differentiation: CRL3-KLHL12, in addition to
its role during collagen secretion in chondrocytes, has been shown to have independent
functions in WNT-induced proteasomal degradation of Disheveled or Dsh, the cytoplasmic
adaptor of the WNT receptor Frizzeled [91, 140]. Knockdown of KLHL12 in zebrafish
embryos resulted in dysregulated WNT-B-catenin signaling and various developmental
defects, the most common being the loss of anterior neural tissues. Together with the key
roles of WNT signaling during neural induction [141], this strongly suggests that negative
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regulation of this pathway by CRL3-KLHL12 is important for establishing neuroectodermal
cells (Figure 4A).

CRL3s in differentiation from neural progenitor cells to neurons: CULS3, in
complex with the BTB adaptor KCTD11/REN, was reported to participate in termination
of Sonic hedgehog (SHH) signaling in cerebellar granule cell progenitors (GCPs) [142].
During active SHH signaling, HDAC1 deacetylates and thereby promotes gene expression
changes by the transcription factors GLI11/2. This is counteracted by CRL3-KCTD11-
mediated proteasomal degradation of HDAC1. The negative regulatory impact of CRL3-
KCTD11 on the SHH pathway ensures proper cell cycle exit and differentiation of GPCs
and, if dysregulated by loss-of-function mutations in KCTD11, leads to medulloblastoma,
the most common brain malignancy in childhood [143, 144]. Interestingly, mutations
concentrated in the KELCH domain of KBTBD4 also frequently causes medulloblastomas
[145], implying ubiquitin-dependent functions of CRL3-KBTBDA4 in ensuring faithful
neural stem cell-fate transitions. Other reports suggest further roles of CUL3 in controlling
the SHH pathway (in cooperation with KLHL16/gigaxonin [146]) as well as in mediating
proteasomal degradation of the transcriptional repressor PLZF/ZBTB16 (in cooperation with
BTBD6 [147, 148]) to promote neurogenesis. Thus, multiple CRL3s co-operate to regulate
transcriptional networks and signaling pathways to orchestrate differentiation of neurons
from neural progenitor cells (Figure 4A).

CRL3s in regulating neuronal functions: The formation of the nervous system
requires coordinated proliferation, migration, and differentiation of neurons, which undergo
major developmental changes as they migrate, form axons and dendrites, and establish
synaptic connections [149]. These functional and morphological changes are coordinated

by dynamic changes in the structural organization of the neuronal cytoskeleton, consisting
of microtubules, actin filaments, and intermediate filaments. Initiated by discoveries from
human disease genetics [82, 150, 151], research over the last decades has firmly established
CUL3, in complex with KLHL16/gigaxonin and KCTD13/BACURD1, as a key regulator of
the neuronal cytoskeleton. Mutations in KLHL16/gigaxonin cause giant axonal neuropathy
[82], a severe neurodegenerative disorder primarily characterized by deterioration of the
nervous system and extensive aggregation of intermediate filaments throughout the body
[152]. Initially, this disease was attributed to loss of CRL3-Gigaxonin-mediated proteasomal
degradation of microtubule components leading to microtubule instability [153, 154].
However, these findings could not be verified in patient cells or gigaxonin knock out mice
[155, 156] and studies in these models rather suggested a direct role of CRL3-gigaxonin

in the regulation of intermediate filament networks. Indeed, several groups showed

that gigaxonin co-immunoprecipitates with intermediate filaments and mediates their
proteasomal degradation in neuronal and non-neuronal cells [155, 157, 158]. Thus, while
biochemical reconstitution studies are required to confirm that CRL3-gigaxonin directly
ubiquitylates intermediate filaments, these reports clearly establish this ubiquitin E3 ligase
as an essential factor for the degradation of neuronal intermediate filaments (Figure 4A).
Similar to gigaxonin, human genetic studies instigated mechanistic investigation into CRL3-
KCTD13 and its role during neurodevelopment. KCTD13 is located in the 16p11.2 locus,
which was shown to contribute to risk of epilepsy, autism and autism spectrum disorder
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when deleted [151] or to autism and schizophrenia when duplicated [150]. Importantly,
zebrafish and mouse studies showed that out of the 29 genes comprised within the 16p11.2
locus that is subject to copy number variants in patients, KC7D13is a major driver for the
associated neurodevelopmental phenotypes [83, 159]. CRL3-KCTD13 has been reported to
ubiquitylate and mediate proteasomal degradation of RhoA [49], a small GTPase protein
that regulates actin- or tubulin-based cytoskeletal dynamics important for various aspects
of neuronal differentiation, including neurite outgrowth and synapse formation [160].
Consistent with these observations in tissue culture cells, deletion of KC7TD13in mice
resulted in increased RhoA levels, loss of dendritic spines, and reduced synaptic activity

in the CA1 region of the hippocampus [83]. Importantly, reduced synaptic transmission
could be restored through RhoA inhibition. Together with results from spatiotemporal
16p11.2 protein network analyses of brain subregions [85], these findings identify an
essential function of CRL3-KCTD13 in regulating RhoA signaling required for neuronal
network formation during brain development (Figure 4A). Interestingly, CRL3-KLHL20
also controls RhoA signaling in neurons, but by degrading its activator PDZ-RhoGEF [94],
suggesting different CRL3s can regulate the same signaling pathway at distinct steps to
promote a developmental process.

Conclusions and perspective

Since the initial discovery of BTB proteins as substrate adaptors of CUL3-based ubiquitin
E3 ligases almost 20 years ago [37, 41-43], numerous studies have revealed intricate
regulatory principles underlying the assembly and substrate recruitment of CRL3s that allow
these enzymes to orchestrate various aspects of human development. In particular, we here
highlight how distinct CRL3s dynamically regulate diverse cellular processes, including
transcription, translation, secretion, signaling, and cytoskeletal dynamics, to integrate
multiple steps required for faithful differentiation and maintenance of neuroectodermal
tissues. Despite these advances and this emerging concept, many open questions remain.
First, since most experiments for the adaptive exchange model for CRL assembly originates
from CRL1 and CRLA4s, further investigations are required to determine how the CRL3
network is remodeled in cells and changed during differentiation. Insights from these studies
will be particularly important to understand how autism-associated mutations that reduce
overall CUL3 concentrations [118, 161] affect the cellular CRL3 repertoire. Second, what
are the endogenous E2s that cooperate with CRL3s to synthesize the known mono- and
polyubiquitin modifications on their cognate substrates? Third, there are likely more BTB
adaptors that contribute to neuroectodermal differentiation, e.g. as suggested by recent
studies that either reported functions of CUL3 on neuronal translation without identification
of the associated BTB adaptor(s) [119] or mutations in CUL3 that affect BTB binding and
lead to developmental delays, intellectual disability, and infantile spasms [35]. Identification
of these substrate adaptors and the spectrum and dynamics of CRL3 complexes will provide
additional insights into this multi-layer regulatory process.

As described in this review for CRL3-gigaxonin and CRL-KCTD13, initial findings from
human disease genetics have often driven investigations into targets and mechanisms of
action of E3 ligases [21]. Recent bioinformatics efforts have leveraged the availability of
large datasets from sequencing studies to determine the mutational constraint spectrum
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of human genes [162-164].By sequencing and comparing a large number of healthy
individuals, genomic constraint quantifies the depletion of variation in every gene within
control populations. These metrics allow for identification of genes intolerant to variation
that, when mutated, have a high likelihood of causing embryonic lethality or disease. We
propose that targeted searches for missense mutations of highly constrained BTB proteins

in whole exome sequencing data of patients with undiagnosed neurodevelopmental and
craniofacial diseases will be a powerful means to identify novel CUL3 adaptors controlling
neuroectodermal differentiation. Combining such genotype first approaches with state-of-the
art techniques of ubiquitin research [165] will allow identification of targets and underlying
mechanisms of these CRL3s. Given the rising interest in ubiquitin E3 ligases as drug targets
and the growing ability to modulate CRL activity with small molecules [166-168], such
insights might be useful to develop novel therapeutic approaches to ameliorate the symptoms
of diseases associated with dysregulation of ubiquitylation.[185]
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Highlights:

CRL3s are a family of multi-subunit E3 ligases that utilize ~90
interchangeable BTB proteins as substrate adaptors

Distinct CRL3-BTBs ubiquitylate and control the fate of specific sets of
substrates to control diverse aspects of development

Intricate regulatory mechanisms impinge on CRL3 assembly, substrate
recruitment, and ubiquitylation

CRL3s integrate multiple steps required for the differentiation and formation
of neuroectodermal tissues and their dysregulation underlies various
congenital craniofacial diseases and neurodevelopmental disorders

Emerging tools from the fields of human disease genetics will be a
powerful means to identify novel BTB adaptors required for neuroectodermal
differentiation and enable dissection of their underlying mechanisms
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A active, substrate-engaged B BTB-BACK- BTB oligomerization-
~90 BTB CRL3 complex dependent dependent (KCTDs)
adaptors

catalytic
core
C-terminal
domain domain
CAND1 mediated BTB adaptor exchange NEDDB8 conjugation cycle

Figure 1: Structure and assembly of CRL3s
A) Schematic of the structure of a multi-subunit CRL3 complex. Left panel depicts a CRL3

that consists of CUL3 and the RING domain containing protein RBX1 (catalytic core) and
one of ~90 interchangeable BTB proteins, which use their BTB domain to bind to the
N-terminal domain of CUL3 and variable protein interaction domains to recruit specific

sets of substrates. Right panel illustrates a model of an active, substrate-engaged CRL3
complex. Modification of CUL3 with NEDD8 at Lys-712 induces conformational changes
and formation of ubiquitylation assemblies, in which RBX1 recruits an ubiquitin-charged E2
enzyme and the BTB protein position substrates for ubiquitin transfer. B) Schematic model
of the two different modes how BTB proteins can interact with CUL3. C) Model of how
CAND1-mediated BTB adaptor exchange and reversible NEDD8 modification are thought
to regulate the cellular CRL3 repertoire (see text for details).
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Figure 2: Regulatory principles underlying CRL3 function and substrate recruitment
A) Scheme depicting how signal-induced posttranslational modification (PTMs, e.g.

phosphorylation, glycosylation, cysteine modifications) of BTB adaptors or substrates can
promote or inhibit interaction and thus CRL3 function. B) Model of a homo-dimeric CRL3
complex highlighting the different mechanisms how dimerization is thought to regulate

CRL3 function.
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Figure 3: Mutations in CUL3 and BTB proteins lead to human diseases that affect the
differentiation and maintenance of neuroectodermal tissues

A) Schematic overview of mutations in CUL3 (NM_003590.5) that cause / are associated
with autism, schizophrenia, and neurodevelopmental disease. Adopted from [35], and only
displaying probable pathogenic mutations and not deletions and non-coding variants. These
mutations are generally considered to be loss-of-function, and frequently result in truncated
protein versions, but can also inactivate CUL3 function through decreasing BTB binding
(e.g. as experimentally demonstrated for V285A [35]) B) Schematic overview of mutations
in KLHL16/GAN (NM_022041.4) that have been shown to cause giant axonal neuropathy
(adopted from [82] and additional disease-causing variants added as described in [169-
171]). These mutations result in loss of protein function through generating truncated protein
versions or variants that are deficient in homodimerization, CUL3 binding, and substrate
recruitment. Mutations in other BTBs such as LZTR1 and KCTD7 have been shown to
cause craniofacial and neurodevelopmental diseases in a similar manner.

Exp Cell Res. Author manuscript; available in PMC 2023 November 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Asmar et al.

A

‘,:CRLJGANIZ) @Ruxcm\j}

\;:?;BEBKLHLi?/;
WNT Signaling
neural  Neural Stem Cell
Patterning
Neural Crest == —
Spacification (crLateTRY)

RAS Signaling

Ectodermal Cell \
t/CRLBKWB . Chondrogenesis
‘Ribosvme i .
Biogenesis

Neural Crest Cell

mut-site CK2
Pphosphorylation altered
translational

landscape

RNA

Hiaca| 53U |
Pol | b

A “PCMI

— NP ™ Py, iy,
® P@_, TCOF1
NOLC:-"‘!-

Ribosome biogenesis
platform

Shh Signaling

(cri3BTE0S)

Transciption
—_—

Neurogenesis

(CNS)

Neurogenesis
(PNS)

(crua®W)

Neurofilament _
integrity /

Page 31

(RN,

RhoA signaling

Synaptic A"
Integrity

Chondrocyte

C

Neural Crest
Specification

Figure 4: CRL3s controlling neuroectodermal development
A) Schematic overview of various CRL3 complexes implicated in regulating aspects

of neuroectodermal differentiation. B) Model of CRL3-KBTBD8-dependent neural
crest specification. During embryonic development, multisite CK2-phopshorylation of

the ribosome biogenesis factors TCOF1 and NOLC1 allows their recognition and

calcium-dependent
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monoubiquitylation by homo-dimeric CRL3-KBTBDS. This is thought to open the compact
conformation of these ampholytic, intrinsically disordered proteins to promote recognition
of ribosome biogenesis factors, including the RNA polymerase I, the pseudouridylation
machinery (¥'), and the SSU processome. These ubiquitin-dependent changes in ribosome
biogenesis then trigger remodeling of translational networks required for neural crest
specification, which likely occurs through newly synthesized, modified ribosomes C) Model
of calcium-induced CRL3-KLHL12-dependent collagen secretion. During bone formation,
homo-dimeric CRL3-KLHL12 complexes are thought to engage their substrate SEC31 using
a co-adaptor complex consisting of PEF1 and ALG2. The ALG2 subunit is only able

to engage SEC31 after calcium has been released from the endoplasmic reticulum, thus
allowing CRL3-KLHL12 to mono-ubiquitylate and promote formation of large, collagen-
loaded COPII vesicles in a calcium-dependent manner.
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