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[H1] Abstract 
Mammalian development demands precision. Millions of molecules must be properly located in temporal 
order, and their function regulated, to orchestrate important steps in cell cycle progression, apoptosis, 
migration and differentiation, to shape developing embryos. Ubiquitin and its associated enzymes act as 
cellular guardians to ensure precise spatio-temporal control of key molecules during each of these important 
cellular processes. Loss of precision results in numerous examples of embryological disorders or even cancer. 
This Review discusses the crucial roles of E3 ubiquitin ligases during key steps of early mammalian 
development, their roles in human disease, and considers how new methods to manipulate and exploit the 
ubiquitin regulatory machinery — for example the development of molecular glues and PROTACs — might 
facilitate clinical therapy. 
 
 
[H1] Introduction 
Life is written in code: from genetic codes to post-translational barcodes, a dynamic, complex network of 
peptides, nucleotides, and other small molecules translates microenvironmental cues to cellular responses. 
Cells then undergo growth, migration, division, differentiation or death. Intracellular communication encoded 
by the highly conserved 76-amino acid ubiquitin molecule1,2 is a crucial regulator of the many intricate steps 
of embryonic development. Classically, the modification of proteins by ubiquitin is mediated by enzymes that 
catalyse ubiquitin activation (E1s), conjugation (E2s) and ligation to protein targets (E3s), as well as 
deubiquitinating enzymes (DUBs), which remove ubiquitin molecules and chains from the targets2-4. E3 
ubiquitin ligases determine the precise substrate specificity of ubiquitination. Accordingly, altered E3 
activity, and resulting changes to the proteolytic ubiquitin-proteasome system (UPS), protein quality control, 
protein trafficking, and other ubiquitin-driven pathways, affects fundamental biological processes, several of 
which are linked to diverse human diseases, elucidating their important physiological roles. 
 
E3 ligases play essential roles in the intricate cell signaling networks that direct embryonic development, 
which involve growth factors5, Hh (Hedgehog)6, Wnt/β-catenin7, CyclinsCdks (cyclin dependent kinases)8, 
retinoic acid9 and many other key molecules. Through these pathways, the ubiquitin code orchestrates cell 
cycle progression, differentiation, apoptosis, and migration to shape the maturing embryo. Defects in E3 
function and ubiquitination can have devastating effects on development. Although recent excellent reviews 
have highlighted the important roles of ubiquitination in cancer and stem cell biology10,11, less attention has 
been paid to the many ways in which ubiquitin ligases govern embryogenesis. 
 

In this review, we describe the key steps of human development that are under the control of E3 ubiquitin 

ligases. After briefly introducing the molecular machinery of ubiquitination (Figure 1), we review the crucial 

roles of E3 ubiquitin ligases in key processes of the different stages in early mammalian embryonic 

development. We begin with gametogenesis, proceed through pre-, peri-, and post-implantation 

embryogenesis, and culminate with organogenesis (Figures 2, 3, 4, Supplementary table 1). A variety of E3 

pathogenic mutations and variants are known to cause human congenital disorders, many of which are 

highlighted in our text with the remainder summarized in Supplementary table 2. Even though there are clear 

associations between E3 ligase mutations and human disease, the underlying molecular mechanisms tying 

genotype to phenotype are often poorly understood, particularly when non-degradative ubiquitination is 
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involved. For therapy, ubiquitin-based research has often focused on understanding and harnessing ubiquitin 

signaling in cancer and for cancer treatments. We thus discuss the current knowledge of E3s in oncogenesis 

and cancer progression with a focus on mechanistic overlaps between cancer and embryologic disorders. This 

increasing knowledge of the ubiquitin code and recent development of drugs to target ubiquitination may 

ultimately translate into innovative therapeutic strategies for human developmental diseases and disorders. 
 

[H1] E3 classes, specificity and catalytic mechanisms 

The multistep process of ubiquitination is governed by E1, E2, and E3 enzymes that sequentially activate, 

conjugate, and ligate ubiquitin to protein substrate targets. With greater than 600 E3 ligases encoded by the 

human genome12, the structural diversity of E3s far surpasses that of E1 and E2 enzymes (recent 

bioinformatics analyses suggest humans express 8 E1s, 41 E2s and 634 E3s12).  

 

E3 ligases are categorized into three classes according to their E2 binding domain structure and ubiquitin 

transfer mechanism. The RING E3s form the largest class and mediate direct transfer of ubiquitin from the 

charged E2 to the target substrate (Figure 1). Of the RING E3s, the Cullin-RING ligases (CRLs) are the 

largest subfamily, representing almost half of human E3s and responsible for nearly 20% of all cellular 

ubiquitination12. In general, CRLs consist of four components: the core Cullin protein that serves as a scaffold 

for the complex, a RING finger protein responsible for binding to the E2 enzyme, a substrate receptor capable 

of recognizing molecular targets, and adaptor proteins that link substrate receptors to the Cullin 13 (Figure 1). 

In contrast, HECT (homologous to the E6-associated protein carboxyl domain) and RBR (RING-between-

RING) E3-promoted ubiquitination is a two-step process that first involves the transfer of ubiquitin from an 

E2 to a reactive cysteine on the C-terminus of HECT E3s or the second RING domain of RBR E3s, creating a 

thioester intermediate, before transfer from the E3 to the substrate (Figure 1)14. In addition to these classical 

ubiquitin transfer mechanisms, a novel E3 mechanism called RING-Cys-relay (RCR) was described for 

MYCBP2, an E3 involved in axon integrity in neurodevelopment15,16. 

 

Mechanisms governing E3 substrate specificity vary and often reflect the main functions of E3s in either 

cellular signaling regulation or protein quality control
17

. E3s involved in protein quality control must target a 

variety of atypical substrates with relatively low intracellular abundance. Accordingly, many of these quality 

control E3s have adapted to localize to defined intracellular locations where they ubiquitinate nearby 

targets17. Key quality control E3s include Listerin, an E3 that localizes to the 60S subunit of stalled ribosomes 

to mediate ubiquitination and degradation of truncated polypeptides17 as well as the E3s CUL2-KLHDC10 

and RCHY1 which target and degrade alanine-tailed products on stalled ribosomes18. In contrast, E3s 

involved in cell signaling cascades target a narrower spectrum of substrates and contain interaction domains 

that can either bind targets directly or indirectly through an additional interacting protein or non-protein 

molecule (e.g., the endoplasmic reticulum associated CRL SCF/Fbs1 binding high-mannose oligosaccharides 

to ubiquitinate N-linked glycoproteins19,20. The requirement for additional interacting proteins is exemplified 

by the RING ligases, which use not only interchangeable substrate-binding proteins (e.g., CRL proteins) to 

recruit distinct substrates, but can also create E3-E3 super-assemblies with RBR E3 ligases to ubiquitinate 

diverse substrate lysines that are sterically incompatible with conventional E2-Cullin-RING assembly20.  

 

The multifunctionality of E3 ligases stems from their ability to add a variety of different ubiquitin-based 

structures to target substrates, thereby generating a ubiquitin code that can in turn be recognized by different 

effector proteins. Substrates can be modified with ubiquitin monomers at one (monoubiquitination) or 

multiple loci (multi-monoubiquitination)21. Alternatively, ubiquitin can be conjugated to substrates as 

structurally distinct polyubiquitin chains formed from isopeptide bonds between the carboxy terminus of one 

ubiquitin monomer and the α-amino group of the N-terminal methionine (M1) or the ε-amino group of one of 

the seven internal lysine residues (K6, K11, K27, K29, K33, K48, or K63) of an adjacent ubiquitin 

monomer22. Compared to monoubiquitination, polyubiquitin chains exert more varied downstream signaling 

effects dependent on linkage type
22,23

. The functional roles of homotypic linkages (links formed from the 

same ubiquitin acceptor site (e.g., K63 chains)) are better characterized than their heterotypic counterparts 

(links formed from different ubiquitin acceptor sites (e.g., K48/K63 chains)). Homotypic linkages are known 
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to regulate DNA damage repair (K6, K27, K33, and K63), endocytosis (K63), protein trafficking (K33), 

proteasomal protein degradation (K48), Wnt/beta-catenin signaling (K29), NF-kB signaling (M1 and K63), 

and the innate immune response (M1, K33, and K63), among others24. Emerging functions of heterotypic 

chains include branched K48/K63, K29/48, and K11/48 linkages serving as degradation signals25,26 as well as 

branched K48/63 and M1/K63 chains activating NF-kB signaling23. Most research on E3 ligase function in 

development has focused on the functions of ubiquitin linkages to serve as degradation signals. However, the 

critical roles of polyubiquitin chains and non-degradative ubiquitination in development are beginning to be 

recognized.  

 

Recent advances in genome and mRNA sequencing have identified several mammalian-specific gene 
families. These lineage-specific genes are revealing evolutionary adaptation and innovation among specific 
species. At present, few ubiquitin-signaling related proteins are known to be mammalian specific. One such 
example is DCAF16, a protein that interacts with CUL427. As highlighted throughout this review, several 
CUL4DCAF complexes regulate critical events in embryogenesis (e.g., CUL4-DCAF13 regulating 
oogenesis and zygotic gene expression, CUL4-DCAF2 regulating zygotic divisions, and others). Although 
DCAF16‘s biological functions are poorly characterized, it can be targeted specifically by a small-molecule 
binder (see section below on PROTACs) to modulate the degradation of nuclear proteins28. Such small 
molecule binders can be used to further probe DCAF16‘s biological functions. As more inter-species 
comparisons are reported, some ubiquitin-related protein specificity may emerge as selective targets or 
evolutionary drivers. 

 

[H1] Regulation of E3 activity  

Because E3 ligases regulate nearly every cellular process, their activity must be modulated or checked. 

Numerous mechanisms, including post-translational modifications, binding of protein partners, alteration in 

subcellular localizations, and interactions with small molecules, have emerged as means to inhibit, activate, 

and/or enhance E3 activity29.  

 

[H2] Post-translational modifications of E3s. 

Our understanding of how the ubiquitin code is written has been expanded by the discovery that E3 ligase 

function is regulated by a variety of post-translational modifications (PTMs) including phosphorylation, 

neddylation, acetylation, deamidation, and sumoylation30. Such modifications are crucial during 

embryogenesis, as they allow cells to respond rapidly to endogenous and environmental cues by modifying 

E3 ligase activity, localization, substrate interaction and half-life. Consequently, human developmental 

diseases can result from mutations not only in E3 ligases, but also in components of their regulatory 

machinery. 

 

Prominent examples of this regulation in embryonic development involve the E3 ligase MDM2 and its 

substrate p53. As discussed below, the MDM2p53 axis coordinates several events throughout post-

implantation embryogenesis including neurulation and organogenesis, and human mutations in MDM2 are 

linked to developmental disorders. Mirroring its widespread involvement in embryogenesis, a host of post-

translational modifications control MDM2 stability (phosphorylation31), substrate affinity (acetylation32), 

activity (sumoylation33), and abundance (autoubiquitination and ubiquitination by several E3s including 

MARCH7, XIAP, and others34-37. Equally important are the phosphatases, deacetylases, and deubiquitinases 

that reverse these modifications to stabilize MDM2, thus lowering cellular p53 levels38,32,39. Indeed, recent 

studies link human genetic mutations in deubiquitinases to congenital/developmental disorders40. As another 

example of such modifications regulating E3 activity in development, the RING E3 ligase c-CBL is a critical 

regulator of RAS signaling in development. Phosphorylation activates and stabilizes c-CBL, creating an 

enzyme with near 1000-fold higher catalytic efficiency than its non-phosphorylated counterpart41. 

Phosphorylation-induced c-CBL activity is critical for human development, as exemplified by loss-of-

function mutations in c-CBL causing a Noonan-syndrome like disorder with clinical features including facial 

dysmorphism, cardiac disease, cognitive deficiency, and various musculoskeletal defects (OMIM 613563). 
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[H2] Adaptor proteins, co-factors and small molecules. 

Beyond post-translational modifications, the binding of specific adapter proteins, co-factors, and small 

molecules adds another layer of regulation to E3 ligase activity. There are both common and unique 

regulatory proteins associated with the three major E3 ligase classes. All classes require the binding of an E2-

Ub conjugate to successfully ubiquitinate substrates. Examples of additional regulatory interactions include: 

modulation of HECT E3 catalytic activity by HECT domain oligomerization plus substrate proteins and 

calcium ions42 and regulation of RING and RBR catalytic activities by dimerization, substrate interactions, 

and protein complex formation43. It is evident that numerous checks and balances are in place to fine-tune the 

regulation of E3 ligase expression and activity levels44. The ability of E3 ligases to be auto-ubiquitinated 

and/or ubiquitinated by other E3s for degradation by the proteasome is a well-known and characterized 

method of regulating E3 expression44. However, how upstream transcription factors are regulated to control 

E3 expression in development is poorly understood and requires further investigation. Recent reports show 

E3 expression can be induced by various stressors (e.g., nutrient starvation45). With E3 ligase expression 

altered in several pathologies10, a more comprehensive understanding of the players involved in maintaining 

intracellular E3 levels will be a crucial step forward in understanding and eventually treating human disease.  

 

The large number of E3 ligases that can be regulated by many intramolecular covalent modifications and 

intermolecular interactions, as well as their many target proteins, can explain why E3s play such crucial roles 

in each of the key stages of embryonic development. Of note, their importance and indispensable roles in 

development makes many E3s difficult to characterize, with homozygous knockout models commonly 

resulting in embryonic lethality (e.g., CUL1, CUL3, CUL4B, LTN1, and several others46,47,48,49,17), as 

discussed below. 

 
[H1] Gametogenesis 

Gametes – eggs and sperm – play critical roles in genetic transmission, diversity and evolution. Errors in 

gamete formation (gametogenesis) can lead to failed fertilization, miscarriage, or a variety of developmental 

defects50-52. Understandably, a number of quality control mechanisms, many of which involve ubiquitin 

signaling, regulate the two successive meiotic divisions and series of morphologic events fundamental to 

gamete maturation (Figure 2)53-56. 

 

[H2] Targeting Histones and DNA-binding proteins. 

E3 ligases can be the crucial factors in mammalian fertility by altering germ cell chromatin condensation, 

alignment, and/or crossover. In humans, histone ubiquitination has both direct physical effects on higher-

order chromatin structure, such as promoting chromatin opening and activation, and indirect effects, such as 

recruiting additional proteins and signaling successive histone modifications57. For example, the E3 ligase 

RYBP ubiquitinates histone H2A to signal subsequent trimethylation of histone H3 to regulate transcriptional 

activity57. Reductions in this RYBP-mediated H2A ubiquitination diminishes global histone H3K9me3 levels 

in spermatocytes, resulting in increased apoptosis and failed meiosis, potentially through transcriptional 

repression. Similar changes in spermatocyte meiosis are observed when another E3 ligase, Ring Finger 2 

(RNF2), ubiquitinates histone H2A during spermatogenesis58. Recently, the initially narrow focus on 

ubiquitination of histone H2A and H2B has expanded to include analyses of histones H1, H3, and H4 and 

their roles in DNA double-strand break repair and other critical biological processes (Supplementary table 

1). Developing female gametes are similarly rigorously regulated by the E3 ligases. For example, CUL4-

DCAF13 plays several critical roles during oocyte maturation. Not only does CUL4-DCAF13 bind the core 

box C/D ribonucleoprotein, fibrillarin, to ensure proper chromatin configuration and follicle development59, 

but the E3 ligase also ubiquitinates PTEN phosphatases for degradation, thus controlling the activation of 

CDK1/Cyclin B1 during oocyte meiosis. Loss of CUL4-DCAF13 prevents oocyte meiosis, arrests follicle 

development, and results in female infertility60. 

 

Several RNF E3 ligases stand out as key regulators of gametogenesis. They target not only histones, but also 

TGF-signaling repressors and several other key proteins. Mutations in the human E3s RNF216 and RNF12 

result in Gordon Holmes Syndrome (GDHS) and X-linked intellectual disability (XLID), respectively, two 
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diseases with abnormally small male testes and lowered sex hormone levels (hypogonadism and 

hypogonadotropic hypogonadism)61-65 (Supplementary table 2). Although RNF ligase mutations are linked 

to these clinical observations, the molecular mechanisms connecting the mutations to GDHS remain elusive. 

Nevertheless, combining a recent report implicating non-degradative K63-linked ubiquitination66 with reports 

of Rnf216 mutation locations in the DNA-binding zinc finger domains of RNF21664 suggest altered RNF216-

histone/DNA interactions may link the RNF216 mutations to the observed pathogenicity. Several other E3 

ligases play critical roles in ensuring genome stability of developing sperm and eggs as listed in 

Supplementary table 1.  

 
[H2] Targeting cyclin E in spermatogenesis. 

Interestingly, even though E-type cyclins are reportedly non-essential for most of mammalian embryogenesis, 

they are critical for the development of sperm and the placenta67,68. Cyclin E2 serves a unique role in 

spermatogenesis, with cyclin E2 knockout male mice suffering a 4-fold reduction in sperm count and a 50% 

infertility rate68. Spermatogonial stem cell self-renewal is diminished when cyclin E levels (a critical driver of 

cell-cycle re-entry from the G0 state67) are too low54,69. Through targeting cyclin E and other proteins for 

ubiquitination and degradation, the E3 ligase complex CUL1-FBXW7 is a critical regulator of 

spermatogonial stem cell self-renewal54,70-72. 

 

[H2] Regulating function through structure. 

Further highlighting the unique roles of ubiquitin ligases in male gametogenesis, certain E3 ligases maintain 

structural integrity of developing spermatozoa, including MARCH7, MARCH10, and CUL473-76 (Figure 2) 

(Supplementary table 1). The roles of CUL4B, the E3-ubiquitin ligase implicated in human Brooks-type X-

linked intellectual disability syndromes (XLIDS)77-80, in spermatogenesis have gained particular interest. 

CUL4B has been reported to have both cell autonomous and non-autonomous roles. Global knockout of 

CUL4B results in male mouse infertility due to failed maintenance of the spermatogonial stem cell niche74. In 

contrast, conditional knockout of CUL4B in male germ cells results in male infertility secondary to failed 

ubiquitination and degradation of the CUL4B substrate insulin-like peptide INSL6, leading to defective 

insulin-dependent flagellar architecture and deficient mitochondrial ATP production
74,75

.  

 

 

[H1] From fertilization to implantation. 

During fertilization, the male and female sperm and egg unite in the fallopian tube to form a single diploid 

cell, the zygote. As the zygote migrates towards the uterus, cells divide and differentiate to form a 

multicellular two-layered structure called the blastocyst. The blastocyst contains an inner cell mass that will 

develop into the embryo and an outer layer of cells called trophoblasts that will differentiate, embed into the 

lining of the uterus, and form the placenta81 (Figures 2 and 3). 

 

[H2] Activating the embryonic genome. 

The zygote relies on maternally provided molecules until the embryonic genome is activated in a series of 

events known as the ―maternal-to-zygotic-transition‖ (MZT). The MZT starts at fertilization and continues 

until all maternal mRNAs are degraded and replaced by newly synthesized embryonic molecules82-84. Should 

maternal factors fail to be degraded, zygotic genome activation fails, and embryonic development ceases85. 

After ensuring formation and union of functionally competent male and female sex cells, E3 ligases ensure 

that maternal proteins are degraded and the embryonic genome takes over the reins. For example, E3 ligase 

CUL4 with its adaptor DCAF13 polyubiquitinates the methylase SUV39H1 for degradation, thus preventing 

trimethylation and facilitating removal of histone H3, thereby enabling zygotic gene expression86. 

Conditional knockout of maternal DCAF13 results in transcriptionally inactive embryos87. Although research 

to date has focused heavily on the proteolytic activities of E3 ligases in the MZT (Supplementary table 1), it 

will be intriguing to explore the roles of non-degradative ubiquitination during this transition.  

 

[H2] Establishing the fetus-mother connection. 
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Upon exiting the fallopian tube, trophoblast cells of the embryo must differentiate into migratory and 

invasive extravillous cytotrophoblasts capable of degrading the extracellular matrix, invading the lining of the 

uterus, and breaching uterine arteries to establish the fetal-maternal circulation88 (Figures 2 and 3). Defects 

in trophoblast migration and invasion result in pre-eclampsia [G], intrauterine growth restriction (IUGR) [G], 

recurrent spontaneous abortion, gestational trophoblastic disease, and even maternal mortality88-90. The timing 

and depth of this trophoblast invasion is determined by the balance of matrix metalloproteinases (MMPs) and 

their tissue inhibitors (TIMPs) at the fetus-uterus interface88. CUL1, CUL4, and SMURF2 tightly control this 

balance through regulating MMP inhibitor protein abundance88,91-93. If any of these E3s fail, embryonic 

development fails. For example, depletion of trophoblast cell CUL1 or CUL4A elevates levels of TIMP1/2, 

thereby disrupting trophoblast cell migration and invasion88,91. Interestingly, CUL1 can target multiple 

substrates to exert the same effects on trophoblast MMP expression. Besides regulating TIMP1/2 levels, the 

MMP pathway inhibitor cryptochrome 2 has recently been added to the list of CUL1 targets for ubiquitin-

mediated degradation92,94.  

 

After degrading the surrounding matrix, trophoblast cells must break their existing cell-matrix adhesions and 

migrate through the uterine lining to the underlying arteries. By ubiquitinating the focal adhesion [G] protein 

LL5β for degradation, the membrane-associated E3 ubiquitin ligase complex CUL7-OBSL1-CCDC8 (also 

known as the 3M complex) is critical for this cell migration90. Mutations in cul7, obsl1, or ccdc8, many of 

which disrupt CUL7-OBSL1-CCDC8 formation and/or localization to the cell membrane, result in the 

intrauterine growth restriction developmental disorders of 3M syndrome and Yakuts short stature 

syndrome90,95-97. Cul7 mutations account for roughly 65% of 3M syndrome cases (obsl1 and ccdc8 mutations 

account for the other 30% and 5%, respectively98), and inhibited trophoblast migration secondary to such 

mutations likely plays a role in the impaired placental development observed in these syndromes90,98,99.  

 

[H1] Gastrulation and neurulation 

Gastrulation and neurulation are two remarkably complex choreographed, four-dimensional processes with 

extensive hierarchies of regulatory mechanisms. During gastrulation, an originally relatively simple and 

unorganized sphere of cells reorganizes into a polarized embryo with discrete ectodermal, mesodermal, and 

endodermal germ layers100 (Figure 2). During neurulation, a flat sheet of ectoderm morphs into the rudiment 

of the mature adult nervous system, the neural tube (Figures 2, 3, 4, 5)101. This complex reorganization 

requires major cell/tissue movements alongside the coordinated differentiation of germ layer and neural 

precursors - processes tightly regulated by E3 ligases. Should such tight regulation fail, the result can be 

embryonic lethality or birth defects associated with gastrulation (e.g., caudal dysgenesis and sirenomelia102) 

or defective neurulation (e.g., spina bifida, anencephaly, and other neural tube defects103).  

 

[H2] Extraembryonic tissues driving embryogenesis. 

Throughout gastrulation, neurulation, and at later developmental stages, the extraembryonic maternal 

placenta provides critical structural and biochemical support to the developing embryo. CUL4B, HECTD1, 

CUL3, and HUWE1 (MULE) are only a few of the key E3 ligase components essential for embryogenesis 

due to their roles in extraembryonic tissues (Supplementary tables 1 and 2). For example, CUL4B targets 

p21 and cyclin E for ubiquitin-mediated degradation. Extraembryonic silencing of CUL4B elevates levels of 

p21 and cyclin E, resulting in cell-cycle arrest, growth arrest, apoptosis of extraembryonic tissues, and 

embryonic lethality48,104. A similar outcome of intrauterine growth restriction and embryonic lethality occurs 

from dysregulated placental-HECTD1-mediated Hsp90 localization, CUL3-mediated cyclin E degradation, 

and MULE-mediated Mcl-1 and p53 degradation47,105-107. In fact, altered MULE expression is characteristic 

of human pre-eclampsia and intrauterine growth restriction placentae105. Additional E3 ligases critical in 

maintaining placental health throughout embryogenesis are listed in Supplementary table 1. 

 

[H2] Establishing the embryonic midline. 

Establishing the midline [G] during gastrulation is fundamental for creating bilateral symmetry in the 

developing embryo and is crucial for neurulation and organogenesis. The TRIM E3 ligase family helps to 

define this midline. Loss-of-function mutations in the B-box of TRIM18 (also known as MID1) are linked to 
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the midline birth defects of X-linked Opitz G Syndrome (XLOS) (Supplementary table 2). In non-

pathologic conditions, TRIM18 ubiquitinates both PP2A (protein phosphatase 2A) and alpha 4. Ubiquitinated 

alpha4 protects PP2A from TRIM18-mediated ubiquitination and degradation. Mutant P151L TRIM18 

cannot ubiquitinate alpha4 and instead ubiquitinates non-protected PP2A molecules for degradation, resulting 

in the pathogenic features of this syndrome such as cleft lip/palate, hypertelorism, and other midline 

defects
108-110

 (Supplementary tables 1 and 2). The structural and molecular mechanisms of TRIM18-mutant 

associated XLOS are relatively well characterized and highlight the importance of non-proteolytic E3 ligase 

activity. Since PP2A regulates nearly every major cell cycle pathway, multiple human developmental 

disease-linked mutations impair E3-mediated control of PP2A activity, though their mechanisms need 

elucidation (e.g., HECT E3 ligase UBE3A mutations in Angelman‘s syndrome and UBE3B mutations in 

Kaufman oculocerebrofacial syndrome111-113)(Supplementary table 2). Supplementary table 1 provides 

additional details about the various E3 ligases that help define the embryonic midline. 

 

[H2] Closing the neural tube. 

In most vertebrates, the anterior and posterior regions of the neural tube form by distinct mechanisms termed 

primary and secondary neurulation, respectively. In the anterior region, a flat plane of cells folds to create 

two elevated sheets that converge into a hollow tube as the opposing folds fuse at the midline (Figure 3). In 

contrast, the posterior neural tube forms from a cranio-caudally oriented rod of condensed cells that cavitates 

under the ectodermal sheet to form a hollow tube95. Tightly controlled gradients of retinoic acid (RA) and its 

receptor (RAR) ensure spatiotemporal coordination of these intricate cellular events. Subtypes of the RA 

receptor have distinct expression profiles in open versus closed neural tubes, with RARγ heavily expressed in 

the former and RARβ in the latter114,115. If these processes go awry, anterior or posterior regions of the neural 

tube fail to close (causing anencephaly and spina bifida, respectively), which are two of the most common 

congenital defects95.  

 

Several E3 ligases help to establish and maintain these gradients by controlling RAR stability through 

selective ubiquitination. MDM2 and HECTD1 ubiquitinate RARα116,117 and FBXO30 ubiquitinates RARγ118 

to promote their proteasomal degradation (Supplementary table 1). All three of these proteins are critical 

during neural tube closure, and insufficient E3 ligase activity results in serious downstream regulatory 

effects118-120. When FBXO30 fails to ubiquitinate RARγ for degradation (as observed in human neural tube 

defect (NTD) embryos and NTD mouse models) abnormally elevated RA/RAR-activity represses BMP-

regulated neural progenitor cell differentiation and proliferation118. Retinoic acid signaling gradients control 

transcription of cytoskeletal, kinetochore, and other proteins involved in several signaling pathways (e.g., 

BMP, Wnt, FGF) to spatiotemporally regulate neural tube closure (Figure 3).  

 

Apart from RARAR signaling, several E3 ligases (e.g., TRIM36, MID1, and MID2) maintain the intricate 

balance between cell differentiation, proliferation, and migration throughout neurogenesis and beyond 

(Supplementary table 1)(Figure 3). As an example of the detrimental effects of altered E3 ligase function 

during neurulation, homozygous missense mutations in microtubule-associated E3 ligase TRIM36 cause 

anencephaly (an embryonic-lethal condition caused by failed closure of the anterior neuropore of the neural 

tube resulting in failed cerebrum and cerebellum formation), highlighting the importance of this E3 ligase in 

regulating spindle assembly, chromosome alignment, and cytokinesis during neural cell cycle progression 

and proliferation121-123 (Supplementary table 2). In fact, many additional E3s cooperate to coordinate 

retinoic acid signaling, microtubule stability, cytoskeletal dynamics, and other critical cellular events 

throughout neurulation and organogenesis (Supplementary table 1).  

 

[H1] Organogenesis. 
Beyond these roles in early embryonic development, ubiquitin signaling is important during morphogenesis 
of the various tissues derived from the initial three germ layers. Below, we describe some of the best-studied 
roles of E3 ligases during organogenesis. These roles include signal transduction, maintenance of genome 
stability and gene expression regulation, which all contribute to maintaining the structural integrity of cells 
and tissues. We highlight new, interesting results that begin to explain the molecular basis of E3-promoted 
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human developmental diseases and underscore their central roles as guardians of development. As will be 
evident, even though E3 mutations are clearly implicated in a variety of developmental disorders, very little is 
known about the molecular basis of these E3 ligase-associated diseases. The advent of high-throughput 
expression profiling coupled with gene editing tools has produced useful databases correlating E3 ligase 
expression with the development of various embryonic tissues in mice124. Due to various barriers (for 
example ethical concerns and accessibility of human tissue samples), we are far from being able to profile 
human embryonic tissues. Nevertheless, lessons learned from human developmental disease states coupled 
with insights provided by animal models have allowed us to identify tissue-specific E3 ligases (e.g., RNF183 
in the kidneys and testis, RNF186 in the lower GI tract and kidneys, and RNF182 in the nervous system125), 
which continue to shed light on the molecular mechanisms surrounding E3s in human development.  

 

[H2] Genome stability, signal transduction and gene expression. 

Deregulated ubiquitination can lead to aberrant, or even failed, organ development by influencing DNA 

damage repair processes (e.g., HUWE1 mutations in neurodevelopmental and craniofacial defects as 

described below126,127, gene expression, and signal transduction (Supplementary table 1)). Several studies 

highlight the theme of E3s directing organ growth by creating spatiotemporally regulated gradients of growth 

factors and other signaling molecules. For example, in the developing murine lung, cycles of high and low 

FGF10 levels determine if lung branches continue growth (high FGF10 levels) or stop and redirect their 

growth (transiently lower FGF10 levels)128. These FGF10 gradients are created through the transcription 

factors ETV4 and 5 (E26 transformation-specific Translocation Variant 4 and 5) promoting Shh-mediated 

local inhibition of FGF10 expression. Through ubiquitinating and degrading ETV4 and ETV5, the E3 ligase 

RFWD2 is critical for normal lung branching, and conditional knockout of this E3 results in failed branching 

morphogenesis129. Supplementary table 1 lists additional E3s that direct organ growth by creating other 

molecular gradients in various tissues (e.g., NEDD4, CUL1, CUL3, TRIM67, TRIM9). However, in most of 

these cases, the molecular mechanisms that tie mutant E3 activity to the observed phenotypes remains to be 

discovered. 

 

Recent informative examples of pathogenic E3 mutations causing human developmental disorders involve 

mutations in the E3 ligase HUWE1 (MULE) (Supplementary tables 1 and 2). These mutations result in X-

linked intellectual disabilities (XLIDs) and craniofacial disorders127,130-132. Several de novo human mutations 

in HUWE1 lead to altered genome stability and associated neurodevelopmental and craniofacial defects. 

Children with HUWE1 mutations can have a variety of dysmorphic facial features, short stature with small 

hands and feet, and severe difficulties learning or even speaking127,131. Using XLID patient-derived cells, 

Bosshard et al., determined that an overactive HUWE1 mutant decreases DNA repair in response to oxidative 

stress through lowering DNA polymerase λ activity126. Because the developing brain is particularly 

susceptible to oxygenation status, these results may provide initial insights into the molecular basis of 

HUWE1-associated developmental disorders. 

 

[H2] Cellular functions affecting tissue structure. 

The final structure of developing organs is determined by cell-to-extracellular matrix and cell-to-cell 

interactions alongside a series of changes in cellular abundance, shape, and position133. E3 ligases can drive 

these changes by regulating cell-cell fusion (e.g., CUL3-KCTD10 in muscle cell fusion134), extracellular 

matrix degradation (e.g., RNF31-SHARPIN in mammary glands135), cell migration (e.g., CUL3-BACURD1/2 

and cortical neuron migration136-138), epithelial-mesenchymal transition (e.g., SMURF2 in mammary 

glands139), cytoskeletal/structural molecule stability (e.g., CUL3 regulating neuronal cytoskeletal dynamics 

and Rho signaling140 and CUL3-Kelch proteins in skeletal muscle141), and cell number (e.g., NEDD4 in the 

craniofacial complex142, CUL4 in the heart143, APC/C and MDM2 in the brain and lungs144,145)(Figure 2, 4, 

5). 

 

Mutations in the CUL3 substrate adaptors KBTBD13, KLHL40, and KLHL41 

cause various congenital neuromuscular-development disorders (myopathies) with clinical features 

including muscle weakness, difficulties feeding and swallowing, breathing problems, and joint deformities146-

149(Supplementary table 2)(Figure 2, 5). Although clear associations of these mutations with 
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myopathies were identified nearly a decade ago150, the molecular basis for the CUL3-Kelch-promoted 

disorder has only recently emerged with most studies focusing on essential proteolytic roles affected by the 

E3 mutations 141. Mechanistic studies reveal CUL3-KLHL40 and CUL3-KLHL41 play both proteolytic and 

non-proteolytic roles in myogenesis. CUL3-KLHL41 ubiquitinates the muscle thin-filament chaperone 

NRAP for degradation141. In contrast, both CUL3-KLHL40 and CUL3-KLHL41 stabilize the scaffold protein 

NEB (nebulin) and thin filament protein LMOD3 (leiomodin 3) by either blocking ubiquitination and 

promoting proper protein folding (CUL3-KLHL40 with NEB and LMOD3) or preventing their aggregation 

and subsequent degradation (CUL3-KLHL41 with NEB)151,152 to ensure establishment and maintenance 

of proper muscle structure and function (Supplementary table 1)(Figure 5). While it is satisfying 

to learn molecular targets through which CUL3-KLHL40 and CUL3-KLHL41 ensure muscle function, the 

specific molecular details (e.g., E3-substrates, binding domains/degrons, ubiquitin linkage types, etc.) remain 

ambiguous and need to be determined in these myopathy patients. Adding to the challenge, each pathogenic 

mutation in the three proteins may act through distinct molecular mechanisms. For example, elevated levels 

of non-muscle alpha-actinins ACTN1 and ACTN4 are uniquely observed in the fine thread/rod-like structures 

(nemaline bodies) causing muscle dysfunction in myopathies associated with mutant CUL3-

KBTBD13153. Mechanistic studies using mouse models have highlighted the overall importance of CUL3 

mediated degradation of ACTN1 for muscle development, but the specific pathogenic mechanisms resulting 

from KBTBD13 mutation in myopathy remain to be determined153. Conceptually, as exemplified by CUL3-

KLHL40 and CUL3-KLHL41 stabilizing NEB and LMOD3, it will be critical to take into consideration non-

proteolytic E3 functions besides degradative roles as we continue to identify the intermediary steps between 

the initial genetic mutations and the ultimate human phenotypic observations.  

 

A similar lack of mechanistic details underlying pathogenic E3 mutations is exemplified by recent 

descriptions of a microcephalic boy carrying a heterozygous de novo mutation in the Cdh1/Fzr gene encoding 

the APC/C E3 ligase adapter protein Cdh1144 (Supplementary table 2). Though details remain elusive, 

preliminary functional characterizations using patient-derived cell cultures suggest that mutant APC/C-Cdh1 

E3s may alter human brain size by regulating neural progenitor cell populations144. This hypothesis is 

supported by a prior report in which mutated Cdh1 abrogates the ability of APC/C to promote neural 

progenitor cell-cycle exit and neuronal differentiation through an APC/C-Cdh1-Skp2-p27 signaling axis154.  

 

E3 ligases contribute to determining the size of mature organs through regulating cell abundance. For 

example, the E3 ligase MDM2 regulates levels of its primary substrate p53 to maintain progenitor cell 

populations in the developing murine lung145, inner ear155, pancreas156 and kidneys157 (Supplementary table 

1). Most genomic studies of the MDM2-p53 pathway have focused on cancer, with only recent identification 

of pathogenic germline mutations in MDM2 resulting in developmental disorders (e.g., autosomal recessive 

progeroid syndrome resulting in short stature, small kidneys, pinched facial features, and premature aging158 

(Supplementary table 2). Although we are still far from a comprehensive understanding of the pathogenicity 

of mutant MDM2, such insights will not only improve our understanding of human development, but also 

cancer progression because more than half of human cancers exhibit polymorphisms and mutations in the 

MDM2-p53 pathway159,160. 
 

[H1] E3s in cancer progression and suppression 

As post-translational modification by ubiquitination is second only to phosphorylation in terms of 

prevalence161, E3s have the potential to modify the localization, activity, interactions, and/or abundance of 

nearly every cellular protein. With such influence on the proteome, it is no surprise that dysregulated E3 

activities have far-reaching effects in cancer in addition to roles in congenital disease. Mutant E3 ligases can 

hijack similar molecular pathways in both cancer and developmental disease to drive altered tissue growth 

and maturation. We highlight overlapping roles of ubiquitin E3 ligase function in cancer and embryogenesis, 

focusing on where they play a part in cell fate decisions: influencing whether cells proliferate, differentiate, 

migrate/invade or undergo programmed cell death. Comprehensive reviews on the broader topic of E3s in 

cancer can be found in other recent reviews10,162. Since most E3-based targeted drug discovery centers on 
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cancer treatment123, highlighting this overlap with development will set the stage for our final section on 

exploiting E3s for targeted therapeutic protein degradation. 

 

[H2] Genome stability: Proliferation, differentiation, or death  

Signals controlling proliferation, differentiation, and coordinated cell death are commonly dysregulated in 

cancer. E3s serve as tumor suppressors through coordinating the activity of key molecules involved in cell-

cycle progression. Examples of important roles of E3s balancing cell proliferation and apoptosis in cancer 

include regulation of cyclin E and/or c-Myc in breast, neural, gastric, and hematologic cancers by FBXW7163-

167, transcriptional activation of c-Myc in colon cancer by HUWE1168,169, stress response-related NRF2 

abundance in lung and other cancers by CUL3-KEAP1170-172, and regulation of NRF1-mediated coordinated 

cell death in breast cancer by SIAH2173. Exemplifying the overlap of E3 function in development and cancer, 

disruptions in cyclin E/c-Myc-dependent cell-cycle progression, proliferation, and apoptosis resulting from 

altered FBXW7 function is observed in both primary cancers166 and spermatogenesis54.  

 

This same overlap between development and tumorigenesis is observed with the MDM2-p53 axis regulating 

cell proliferation and apoptosis to promote both tumor growth and, as reviewed earlier, normal neural tube 

closure and growth of organs including lung, pancreas, and kidneys119,174,175 (Supplementary table 1). 

Recent results focusing on p53-promoted oncogenesis reveal yet another mechanism through which MDM2 

may contribute to cancer progression; p53 can target master regulators of the epithelial-to-mesenchymal 

transition (EMT) through miRNA-dependent mechanisms176-178, suggesting a link to this major 

developmental and cancer-associated process.  

 

[H2] Regulation of EMT: cell migration and invasion. 

Epithelialmesenchymal transition [G] (EMT) is renowned for its roles in cancer cell migration, invasion and 

metastasis179, yet it is also a well-known process driving embryonic development. For example, the same or 

similar changes in transcription factors (e.g., SNAIL1/2, TWIST1, ZEB1180,181), enzymes (e.g., MMPs182), 

cell surface receptors (e.g., various growth factor receptors183), and cell-cell/cell-ECM junction/structural 

protein levels (e.g., E-cadherin, N-cadherin, actin, collagen184) that drive tumor cell migration and invasion 

are also critical in vertebrate embryonic development (e.g., for implantation of the embryo in the uterus91,92 

and migration by neural crest, neural, and other progenitor cells136,185,186). In fact, some argue the reactivation 

of these and similar developmental processes comprise the core of cancer progression, with neoplastic cells 

introducing only minor changes to normal EMT programs187. Through mutating and exploiting upstream E3 

ligases instead of downstream substrates/signaling molecules, neoplastic cells take advantage of the far-

reaching influence of E3s to maximize changes in cell migration and invasion with relatively minimal effort.  

 

The ability to commandeer E3s to promote invasion and metastasis is exemplified by cancer cell exploitation 

of CUL7 to invade and metastasize in esophageal188, breast189, glial190, liver191
 and several other types of 

cancer192. As discussed in ―Fertilization to implantation,‖ CUL7‘s role in promoting the EMT, invasion, and 

migration of trophoblast cells during implantation is critical to establishing fetal-maternal circulation to 

support embryo development90. Indeed, several reports hypothesize mutant-CUL7-OBSL1-CCDC8-promoted 

changes in trophoblast cell migration and invasion are at the core of the severe pre- and post-natal 

developmental growth disorders 3M syndrome and Yakut short stature syndrome, as described earlier in this 

review90,96,193,194. Epitomizing this overlap between congenital disease and cancer, both patients with 3M 

syndrome and cell samples obtained from Ewing Sarcoma patients exhibit CUL7 frameshift mutations at 

Valine 1484195-197. 

 

Thus, it is clear that E3s can influence critical steps of embryogenesis and cancer through similar molecular 

mechanisms. Research seeking to redirect protein degradation by modifying E3 ligase activity, affinity and/or 

substrate specificity has historically centered on cancer therapeutics123. Indeed, the top selling oncology 

product of 2017 was the ‗molecular glue‘ compound lenalidomide, which acts as an anti-proliferative, anti-

angiogenic and immunomodulatory drug through promoting novel CRBN E3 ligase-substrate interactions198. 

Moreover, several phase I clinical trials are underway that involve a modified E3 ligase targeting the 
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androgen receptor in prostate cancer and estrogen receptor in breast cancer199. Nevertheless, these same 

techniques could potentially be applied to modify developmental processes for possible future clinical 

application to alleviate congenital and developmental disorders.  

 

[H1] Exploiting E3s for targeted protein degradation 

The realization that ubiquitin-dependent pathways impact virtually every aspect of cell biology has motivated 

the development of molecules capable of inhibiting, activating, and/or modulating the ubiquitin pathway 

machinery as both research and therapeutic tools. Successful examples include the combined use of the 

proteasome inhibitor bortezomib and the E3-targeted immunomodulatory drugs thalidomide [G] and 

lenalidomide, which revolutionized multiple myeloma treatment200. Since then, ubiquitin-pathway-modifying 

small molecules have expanded to include, among several others: peptides that neutralize E1 enzymatic 

activity201; drug-like molecules that stabilize, enhance, inhibit, and/or provide new E3protein substrate 

interactions (such as ‗molecular glues‘, proteolysis targeting chimeras (PROTACs), specific and non-genetic 

inhibitors of apoptosis (IAP)-dependent protein erasers (SNIPERs), and immunomodulatory drugs202-205); and 

ubiquitin variants that modulate activities of a variety of ubiquitin-pathway protein interactions206. We 

summarize common methods to exploit E3 ligases as therapeutic and biological discovery tools, highlight the 

most promising E3 ligases used successfully in the clinic, and discuss the significance of these tools in 

developmental biology. 

 

[H2] Strategies exploiting E3 ligases. 

Modulation of the ubiquitin-proteasome system (UPS) presents a new opportunity to control the stability of 

disease-linked proteins for therapeutic effect. Ongoing projects in clinical and pre-clinical development 

suggest tractability for E3 drug development, as well as for a variety of intervention strategies.  

 

The inhibition of E3 ligases presents a potential strategy to address congenital conditions involving 

haploinsufficiency or defective upstream/downstream signaling pathways by stabilizing target proteins from 

degradation. E3 inhibitors in current use have three modes of action (Figure 6A). The most common 

mechanism is represented by the small molecule inhibitors TAME and Apcin, which disrupt substrate 

recruitment by the APC/C-CDC20 ligase through competitive binding207. Combination treatments using both 

compounds in cancer models has proven more potent than using either alone for blocking mitotic exit to 

induce cell death207. Inhibitors have also been developed to target the catalytic sites of E3 ligases. A covalent 

molecule binding to the N-lobe ubiquitin-binding site of the HECT E3 NEDD4-1 can inhibit its processive 

polyubiquitination activity208. Similarly, an engineered ubiquitin variant with specificity for the ubiquitin-

binding site of APC2, a subunit of the APC/C complex, inhibits K48-linked ubiquitin chain elongation by the 

APC/C complex209. The use of such molecules has often enabled the dissection of novel E3 enzyme 

mechanisms208-210, highlighting their value as research tools in addition to any therapeutic potential. 

Antagonists of cIAP illustrate a third inhibitory mechanism – ‗self-destruction.‘ These molecules stabilize 

cIAP conformations that promote RING domain dimerization and auto-ubiquitination, resulting in the 

degradation of cIAP and stabilization of cIAP substrates211. 

  

The ubiquitin-proteasome system can also be harnessed to destabilize targeted proteins (Figure 6B). 

PROTACs (proteolysis targeting chimeras) are bifunctional small molecules with an E3-binding moiety, a 

targeted protein-binding moiety and a connecting linker. Molecular glues work in a similar manner 

to PROTACs, but lack obvious bifunctionality by the absence of a chemical linker. PROTACs and molecular 

glues are a novel modality to target previously undruggable proteins, including the transcription 

factors that play important roles in development. For example, thalidomide and its derivatives recruit zinc 

finger protein Ikaros (IKZF1) to CUL4-CRBN for ubiquitination-mediated degradation to treat myeloma212. 

However, these therapeutics carry safety risks in causing severe birth defects by recruiting the teratogenicity 

target Sal-like protein 4 (SALL4) to CUL4-CRBN in a similar manner (Figure 6B), suggesting a need 

for structure-based design of safer thalidomide derivatives to improve target selectivity
202

. The progress on 

small molecule degraders has been extensively reviewed recently213. Accordingly, we will limit our 

discussion of these molecules to the overall theme of mammalian development.     
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Several studies utilizing a CRISPR-based phenotypic screen coupled to chemoproteomics successfully 

deconvoluted E3 targets for PROTACs/molecular glues214-216. This approach not only expands degrader 

molecule discovery to the whole ubiquitome, but also profiles the degraders in specific cell contexts most 

relevant to their activity and raises the possibility of achieving tissue specificity by harnessing specific 

cell/biological contexts. Through the choice of E3s, PROTACs/molecular glues can enable tissue-specific or 

stage-specific chemical knock-down during development. Moreover, the targeting of different E3s also offers 

the potential for inducing different types of ubiquitination to modulate not only the stability, but also the 

localization, activity or trafficking of target proteins, further expanding the application of these chemical 

tools in developmental biology research.  
 

[H2] Bench to bedside: clinical application. 

The proteasome has been the most successful therapeutic target for clinical exploitation amongst ubiquitin-

proteasome pathway components. Several FDA-approved proteasome inhibitors are used to treat cancers 

including leukemias, non-small-cell lung cancer, pancreatic cancer, hepatocellular carcinoma, multiple 

myeloma, mantle cell lymphoma, and others217. Due to various adverse off-target effects and increasing 

resistance to proteasome inhibitor drugs by neoplastic cells, molecules targeting upstream components of the 

ubiquitin-proteasome system are being explored. In recent years, the activity of each enzyme in the E1-E2-E3 

cascade has been targeted for therapeutic intervention. Concerning E3 ligases, FDA-approved thalidomide 

derivatives successfully redirect CUL4-CRBN-mediated degradation to the neosubstrates IKZF1, IKZF3, and 

ARID2 in multiple myeloma218,219. The FDA has also approved the use of dimethyl fumarate (Tecfidera; an 

activator of the CUL3-KEAP1-NRF2 antioxidant response pathway) for the treatment of relapsing multiple 

sclerosis220-222. 

 

A surge in clinical trials has occurred recently involving PROTACs recruiting von Hippel-Lindau E3 ligases 

to target the androgen and estrogen receptors (ARV-110 and 471)223,224, novel CUL4-DCAF15 and KEAP1 

modulators targeting RBM39 and NRF2225-229 and novel CUL4-CRBN modulators targeting IKZ1 and IKZ3 

in various cancers beyond multiple myeloma (CC-122/avadomide and CC-220/iberdomide)230-233. Also under 

clinical investigation are molecules targeting the E3 ligase MDM2 (APG-115, CGM097, RG7112 and 

RG7388), the E1 enzyme UBA1 (MLN7243), the deubiquitinase USP1 (Pimozide) and NEDD8 activating 

enzyme (MLN4924)234-239. Though not yet in the clinic, inhibitors/modulators of E3 ligase complexes 

including FBXW7, SKP2, and APC240-243, immunomodulatory drugs repurposing CRL4-CRBN to 

ubiquitinate and degrade a host of zinc-finger neo-substrates212, specific and non-genetic inhibitors of 

apoptosis (IAP)-dependent protein erasers (SNIPERs) exploiting IAP ubiquitin ligases203,244, and PROTACs 

targeting nearly 50 substrates including protein kinases, nuclear receptors, transcription regulators, regulatory 

proteins, and others245 show promise in preclinical studies.  

 

Although E3s in embryos and their substrates are promising candidates for ubiquitin-based 

therapeutics (e.g., CUL3-KLHL12 and its substrates LNPK and DVL246,247 besides others highlighted in this 

review), we are far from therapeutically modifying human E3 activity in utero due to obstacles 

that include organ and tissue accessibility, targeted drug delivery, and ethical concerns248. Nevertheless, the 

critical role of E3s in stem cell biology has become clear, so we are much closer to exploiting E3s to modify 

stem cell dynamics for tissue regeneration11. Armed with this knowledge and new drug modalities to 

commandeer E3s for targeted protein degradation, we are on the cusp of exploiting E3 ligases for stem-cell 

based regenerative medicine. For example, the small molecule UM171 acts in a CUL3-KBTBD4 dependent 

manner to degrade the demethylase KDM1A, resulting in epigenetic changes to produce the expansion of 

hematopoietic stem cells249. The ex vivo use of UM171 is currently under clinical investigation to amplify 

cord blood cells for stem cell transplantation250.  

 

[H1] Conclusions and perspectives 

The field of ubiquitin biology has expanded explosively since the seminal experiments in the 1980s linking 

ubiquitin to protein turnover251-253. With the increasing understanding of the many important roles of E3 
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ligases in embryonic development has come improved proficiency in exploiting E3 function to ‗drug the 

undruggable‘254 as well as to develop novel biochemical techniques to further elucidate biological 

mechanisms. We have made great strides in ascribing multiple developmental processes and disorders to 

specific E3 ligases, but remaining questions abound: What are the direct E3 substrates? Which ubiquitin 

linkages are involved? How are the E3s regulated at different developmental stages and in each tissue? Is the 

developmental process regulated by degradative ubiquitination, non-degradative ubiquitination, or a 

combination of both? Which functions are dispensable and what mechanisms compensate? We have explored 

the commonly reported proteolytic E3 functions and have highlighted similarly critical, yet understudied, 

non-proteolytic functions of E3s in development. PROTACs and molecular glues offer the potential to induce 

different types of ubiquitin modifications and promote degradative and non-degradative ubiquitination in a 

spatiotemporally controlled manner. Developmental and molecular biology must continue to merge as we 

tackle the major challenge of using our knowledge of developmental biology and the new tools for altering 

E3 ligase functions to achieve practical therapeutic applications. 
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Figure 1 | E3 ligase classes and ubiquitin transfer mechanisms. a | Scheme for Cullin RING E3 ligase 
(CRL) multi-subunit complex assembled with substrate and ubiquitin-charged E2. The table lists the 
interchangeable substrate receptors for each Cullin scaffold. b | The molecular mechanism of ubiquitin 
transfer is illustrated for each E3 class by their domain architecture and available structural models. RING 
E3s promote a one-step ubiquitin transfer directly from E2 to substrate. In contrast, HECT and RBR E3s 
sequentially transfer Ub first from the E2 to a catalytic cysteine on the E3 then from the E3 to the substrate, 
as shown in steps (1) and (2). E2s and E3s are colored orange and blue, respectively. Catalytic cysteines 
forming a thioester bond with ubiquitin are marked by a red star. The arrows indicate the direction of 
ubiquitin transfer. Structural models show ubiquitin in ribbon and E2 and E3 in surface representation. PDB 
codes: RING E3- 6TTU; HECT E3- 3JW0, 4BBN; RBR E3- 5EDV, 4LJO. N8, NEDD8. 
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Figure 2 | E3 ligases at key stages of human development. Ubiquitin ligases target histones, transcription 
factors, cyclins, structural proteins, and a variety of enzymes to orchestrate the many complex events of 
human development. Shown adjacent to specific developmental processes are non-comprehensive lists of the 
well-characterized E3 ligase proteins regulating these critical events. a | During gametogenesis, E3s including 
CUL4-DCAF1, RYBP, and RNF2 regulate the sequential meiotic divisions of germ cell precursors as they 
mature into functionally competent sperm or eggs. CUL1-FBXW7 and CUL4B maintain germ cell precursor 
populations and CUL4B regulates flagellar architecture and mitochondrial ATP production as sperm cells 
traverse the fallopian tube to fertilize the egg. b | From fertilization through implantation, CUL4-DDB1-
DCAF2 and other E3s regulate the zygotic divisions required to produce the bilayered blastocyst, which then 
implants into the lining of the uterus. Throughout this process, RNF114, CUL4-DDB1-DCAF13, and several 
other E3s ensure maternal mRNAs are degraded and the embryonic genome is activated in what is known as 
the maternal-to-zygotic transition (MZT). Figure 3a provides a more detailed schematic of implantation. c | 
Following implantation, the developing embryo relies on nutrients and other molecules provided by the 
placenta as it proceeds through gastrulation, germ layer specification, and neurulation. CUL3, HECTD1, 
HUWE1, and CUL4B target cyclin E, p21, p53, HSP90, and other molecules to ensure placental, and thus 
embryo, health. As depicted in Supplementary tables 1 and 2, various intrauterine growth restriction defects 
can result should placental health decline. Figure 3b outlines neural tube closure in greater detail. d | 
Numerous E3s direct organ formation by creating spaciotemporally precise molecular gradients of 
transcription factors, growth factors, and other morphogens, assisting in DNA repair, promoting ECM 
degradation, and driving cell-cell fusion, cell migration, proliferation, and shape changes. Supplementary 
table 1 outlines the roles of the E3s listered here in the development of specific tissues including the heart, 
lungs, pancreas, kidneys, adrenal glands, mammary glands, craniofacial complex, musculoskeletal system 
and nervous system. Roles of E3s in musculoskeletal and cortical/neural development have received 
considerable attention and are outlined in greater detail in Figure 4. MZT, maternal-to-zygotic transition; NT, 
neural tube; HSP; heat shock protein, ECM; extracellular matrix. 
 

Figure 3 | E3 ligases throughout human development: trophoblast cell invasion and neural tube closure. 

a | Trophoblast progenitor cells proliferate and differentiate into cytotrophoblasts and synctiotrophoblasts that 

degrade their surrounding matrix, migrate, and breach the maternal spinal arteries to establish maternal-

fetal circulation. The E3 ligase proteins listed here regulate levels of the transcription factors, growth factors, 

and cytokines that control trophoblast cell activity. b | After establishing the midline, antero-posterior and 

dorso-ventral gradients of various morphogens induce the cell shape changes and movements required for 

neural tube closure. E3 ligases employ non-degradative ubiquitination of microtubule proteins and 

morphogen transcription factors, as well as degradative ubiquitination of morphogen receptors, to establish 

morphogen gradients and induce the cell shape changes and movements required for proper neural tube 

closure. GF, growth factor; MMP, matrix metalloproteinase; CDK, cyclin-dependent kinase; RA, retinoic 

acid; RD, retinoid degrader; FGF, fibroblast growth factor; RAR, retinoic acid receptor; BMP, bone 

morphogenic protein; Shh, sonic hedgehog.  

 

Figure 4 | E3 ligases throughout human development: nervous system development. a| Progenitor cell 

populations in the SVZ differentiate into various cell types, including multipolar neurons, as the embryonic 

cortex develops. The E3 ligases listed here maintain neural progenitor pools by modifying cyclin, DNA 

polymerase, and other protein activities. Equally importantly, E3s control Rho-related GTP-binding and other 

protein activities to ensure that neurons transition from multipolar to bipolar states, migrate along radial glial 

cells, and reach their final destination as differentiated neurons. b| Neural crest cells (purple) and myoblasts 

(red) migrate from their initial positions adjacent to the neural tube (blue) to form the various tissues of 

neural crest origin and skeletal muscles as depicted in this 5-week fetus.  PP, preplate; SP, subplate; VZ, 

ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; CP, cortical plate; MZ, marginal zone; 

RND2/3, Rho-related GTP-binding protein RhoN 2/3; PTPA, serine/threonine-protein phosphatase 2A 

activator; BCKDK, branched-chain alpha-ketoacid dehydrogenase kinase.  

 

Figure 5 | E3 ligases throughout human development: muscle development and innervation  
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a| In this 6-week fetus, throughout the developing embryonic myotomes, myoblasts migrate, align, fuse, and 

differentiate into multinucleated skeletal muscle. b| E3 ligases such as CUL3-KCTD10 control actin bundling 

at cell-cell interfaces during myoblast fusion. Since sarcomeres serve as the fundamental units of skeletal 

muscle, sarcomere stability is critical to ensure proper muscle function. Several E3 ligases control the 

stability of nebulin, actin, alpha-actinin, and other proteins to ensure proper muscle function. PP, preplate; 

SP, subplate; VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; CP, cortical plate; MZ, 

marginal zone; RND2/3, Rho-related GTP-binding protein RhoN 2/3; PTPA, serine/threonine-protein 

phosphatase 2A activator; BCKDK, branched-chain alpha-ketoacid dehydrogenase kinase.  

  

Figure 6 | Chemical approaches to exploit E3 ligases. a | Alternative strategies to inhibit E3 

function. b | Schematics illustrating the molecular mechanisms of PROTACs and molecular glues used for 

targeted protein degradation. Schematic and structural models in the blue shading illustrate recruitment of 

myeloma therapeutic target IKZF1 or teratogenicity-causing target SALL4 to the E3 ligase cereblon (CRBN) 

by the molecular glue Pomalidomide. PDB codes: IKZF1 - 6H0F, SALL4 – 6UML.  

  
 

 

Glossary 
Pre-eclampsia: a toxic medical condition during late pregnancy characterized by high blood pressure, edema 
and protein in the urine. 
 
Intrauterine growth restriction: abnormally slow growth of the fetus defined as less than 10 percent of 
predicted body weight for gestational age. 
 
Focal adhesion: a subcellular structure containing protein complexes mediating the adhesion of cells to the 
extracellular matrix. 
 
Midline: a topographical line formed during gastrulation defined by the formation of the notochord that 
extends from the anterior to the posterior of the embryo that helps define the future embryonic axes. 
 
Epithelial-to-mesenchymal transition: conversion of epithelial cells to migratory fibroblast-like mesenchymal 
cells by an intracellular regulatory process. 
 
Thalidomide: a small molecule drug originally intended for use as a sedative and to relieve pregnancy-
induced nausea but was found to cause birth defects, particularly limb malformations. 
 

 

ToC 

 

E3 ubiquitin ligases, ensure the precise spatio-temporal control of key molecules during important cellular 

processes .This Review discusses the crucial roles of E3 ligases during early mammalian development, their roles in 

human disease, and considers how new methods to manipulate the ubiquitin regulatory machinery — for example the 

development of molecular glues and PROTACs — might facilitate clinical therapy. 

 


