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SCF (Skp1-Cullin 1-F-box) ligases, which are E3 ubiquitin multi-protein enzymes, catalyse protein ubiquitination

and thus allow protein degradation mediated by the 26S proteasome. They play a crucial role in the degradation of

cell cycle regulators, regulation of the DNA repair and centrosome cycle and play an important role in several

diseases. SCF ligases seem to be needed during all phases of development, from oocyte formation through

fertilization, activation of the embryonic genome to embryo implantation.

ubiquitin-proteasome system  ubiquitin  SCF ligases  oogenesis  embryogenesis

1. Introduction

Mammalian oogenesis and embryogenesis are extremely important processes. Primordial germ cells are converted

into oogonia and subsequently to oocytes, and the diploid cell is transformed into a haploid oocyte ready for

fertilization. The oocyte grows and accumulates organelles, mRNA and proteins, which are used during the first

embryonic stages . During oogenesis, the oocyte is arrested at the diplotene stage of prophase meiosis I in a

structure called a germinal vesicle (GV). Just before ovulation, after the increase in gonadotropin hormones and

activation of cyclin dependent kinase (CDK1, a catalytic subunit of the M phase-promoting factor MPF), meiosis is

reactivated and the nuclear membrane breaks in a process called germinal vesicle breakdown (GVBD).

Subsequently, cytokinesis occurs and the first polar body is extruded. The oocyte enters the second meiotic

division and arrest in metaphase II (MII), where the oocyte remains until its fertilization . Only matured oocytes

are able to undergo fertilization. Contact with sperm causes intracellular calcium ion oscillation, leading to oocyte

activation and meiosis initiation . During fertilization, the haploid oocyte and haploid sperm fuse together to create

a zygote, and the first mitotic division occurs within several hours . Early preimplantation development is a highly

complicated and strictly regulated process. Preimplantation development starts with several rapid cell cycles with

short or completely lacking G phases . These early stages of development are controlled by maternal mRNAs

and proteins accumulated during oogenesis. Subsequently, the control of development passes from maternal to

embryonic in a process called the maternal-to-zygotic transition (MZT), leading to embryonic genome activation

(EGA) . A minor wave of EGA shortly after fertilization is followed by a more robust major wave later in

development. The first transcripts were found only 7 h after pronuclei formation in mice . The latest studies

suggest that embryonic genome activation is a gradual process that appear with smaller waves of transcription. For

example, splicing factor arginine/serine-rich 3 (SRFS3) was found to be already expressed at the 4-cell stage, thus

during the minor genome activation in cattle . Maternal reserves are gradually replaced by their embryonic forms
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and removed from the embryo. Maternal mRNAs are presumably degraded by miRNAs and probably also by other

classes of small non-coding RNAs in early embryos . One of the potential pathways of maternal protein

degradation is via the ubiquitin-proteasome system (UPS). UPS plays a crucial role in many steps of

gametogenesis and embryogenesis.

UPS mediates the proteolysis of a variety of proteins that are important for many basic cellular processes, which

include the regulation of cell cycle and development, response to stress, DNA repair, modulation of surface

receptors and channels, regulation of transcription and many others. This wide range of processes is due to the

large number of individual enzymes that belong to the UPS, which affect a huge number of target substrates. The

degradation of proteins by the UPS is based on labelling the targeted protein with ubiquitin. This process is called

ubiquitination and involves three enzymatic complexes: E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating

enzyme and E3 ubiquitin ligases (Figure 1). The E3 enzyme mediates the final interaction between ubiquitin and

the substrate, and hence is responsible for substrate specificity. Proteins are polyubiquitinated (labelled with more

than just one molecule of ubiquitin) and subsequently directed to degradation by the 26S proteasome . Based

on the presence of characteristic domains and mechanisms of ubiquitin transfer from E2 enzyme to the specific

substrate proteins, E3 ligases are divided to the three main groups: RING (really interesting new gene) E3s, HECT

(homologous to the E6AP carboxyl terminus) E3s and RBR (RING-betweenRING-RING) E3s . One of the most

abundant and common RING E3 enzymes is SCF (Skp1-Cullin 1-F-box) ligase, composed of three invariant

members: cullin1, SKP1, RBX1 and one of the F-box proteins, which determines the substrate specificity (Figure

2).

Figure 1. The ubiquitin-proteasome system. Activation and binding of ubiquitin to the target substrate is mediated

by three enzymatic complexes (E1, E2 and E3 enzyme). The substrate is selected by E3 ubiquitin ligase and after

tagging by ubiquitin, substrate undergoes degradation mediated by 26S proteasome.
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Figure 2. The structure of SCF ligases. One of the most common ligase is composed by RBX1, CUL1, SKP1

protein and a member from the F-box protein family.

2. SCF Ligases Composition

2.1. Cullins

In mammals, seven different cullins are found: Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5 and Cul7 . The activation of

cullins is mediated by neddylation (modification with the protein Nedd8) . After deneddylation, Cul binds to

CAND1 (Cullin-associated and neddylation dissociated 1) and inactivates the SCF ligase .

In cattle, Cullin1 is expressed from two different genes. The first type is expressed from the MII oocyte until the

early 8-cell stage and is called cullin1-like or maternal Cul1. The second one is expressed from the 8-cell stage to

the blastocyst stage and is called Cul1 or embryonic Cul1. Both share 83% homology and in somatic cells, the

embryonic form of Cul1 is expressed . The expression of Cul1-like mRNA is relatively high from the MII to the 4-

cell stage, but at the early 8-cell stage, the mRNA level rapidly decreases and stays low until the blastocyst stage.

In contrast, Cul1 mRNA level is low from the MII to the 4-cell stage and gradually increases from the early 8-cell

stage, with the highest level at the blastocyst stage .

It was recently found that CUL1 is upregulated in lamb oocytes after IVM. This suggests earlier maternal protein

degradation, which could contribute to the lower developmental competence of oocytes .
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2.2. RBX1 (Ring-Box 1)

Rbx1 mediates cullin neddylation and contains a RING finger domain recruiting the E2 enzyme . Rbx1, attached

to Cul, forms a catalytic core of SCF ligases and, based on the type of connected cullin, activates several types of

SCF ligases . The expression of Rbx1 starts at the time of a major wave of EGA in cattle, at the late 8-cell stage

. The silencing of Rbx1 caused embryonic lethality at E7.5 in mouse embryos. This developmental arrest was

caused by an accumulation of p27, leading to hypoproliferation . Moreover, the silencing of Rbx1 by RNAi

causes defects in the first meiotic division of oocytes and in mitotic chromosomal condensation and segregation,

abnormal cortical protrusion, multinucleate cells and defects in germ cell proliferation of Caenorhabditis elegans

embryos . The necessity of Rbx1 was also verified by Jia et al. , who confirmed that the silencing of Rbx1

induced embryonic lethality of C. elegans. Jia et al.  presumed that this could be caused by an accumulation of

a number of substrates of SCF ligases, because SCF ligases control the turnover of many short-lived regulatory

proteins in a cell content-dependent and spatially dependent manner. Rbx1, namely its homolog called Roc1a, is

also required for the cell proliferation and embryonic development of Drosophila melanogaster .

2.3. SKP1 (S-Phase Kinase-Associated Protein 1)

Skp1 mediates the binding of the F-box protein to Cul1 . The dimerization of Skp1 causes overlaps of the F-box

protein binding site, leading to the prevention of Skp1 and F-box protein interaction . The mRNA transcription of

bovine Skp1 starts at the early 8-cell stage, indicating an important role during the EGA that occurs at the late 8-

cell stage in cattle . Skp1 also plays an essential role in the prophase I to metaphase I transition during sperm

development. SKP1-deficient spermatocytes exhibit precocious pachytene exit, premature desynapsis, loss of

PLK1 and BUB1 at centromeres with a persistence of HORMAD, γH2AX, RPA2 and MLH1 in diplonema and

reduced MPF activity . Changes in Skp1 expression play a role in several diseases, for example in the

development of Parkinson’s disease  and lymphomas .

2.4. F-Box Proteins

A large number of mammalian F-box proteins have been identified so far. F-box proteins are divided into three

subgroups based on their structural conformation: FBLs, FBXs and FBWx. FBW proteins contain WD40-repeat

domains, FBL proteins contain leucine-rich repeats and FBX contain other structures . Based on the existence

of these motifs, F-box proteins are able to connect a wide range of substrates to the SCF complex. F-box proteins

are short-lived proteins regulated by auto-ubiquitination. The result of their auto-ubiquitination is a rapid switching

among multiple SCF complexes leading to cells adaptation to changing physiological conditions and progression

through individual steps of the cell cycle .

3. SCF Ligases in Oocyte Maturation

Recently, more and more studies have been dealing with the role of SCF ligases during oogenesis (Table 1 and

Figure 3), and the roles of several SCF ligases have been proven, predominantly in lower organisms  or mice
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. During oogenesis, oocytes are initially arrested in the prophase of the first meiotic division with a low

MPF level. GVBD and progression into metaphase I is mediated by an increasing level of MPF, leading to the first

polar body extrusion. Immediately after GVBD, early mitotic inhibitor 1 (Emi1), an inhibitor of anaphase-promoting

complex/cyclosome (APC/C), undergoes SCF -dependent degradation . The degradation of Emi1 is

stimulated by phosphorylation and βTrCP binding mediated by Plk1 . APC/C is responsible for cyclin B

destruction and thereby inactivation of MPF. Thus, the degradation of Emi1 leads to APC/C activation, subsequent

degradation of cyclin B and MPF activation . From the MI stage, oocytes continue immediately to the second

meiosis. The meiotic arrest of oocytes at the MII stage is driven by the stabilization of the high activity of MPF by

cytostatic factor (CSF). CSF inhibits APC/C and thereby prevents the degradation of cyclin B. Another of the CSF

components is Emi2, a direct inhibitor of APC/C .

Figure 3. Roles of selected SCF ligases in oogenesis. Progression through oogenesis is mediated by MAPK and

MPF (composed by CDK1 and CCNB1) activity which is graphically represented by red and black curves.

Activation of CDK1 is regulated by a cyclic activity of CCNB1, whose degradation is mediated via ubiquitination by

APC/C. The level of MAPK is stable to the metaphase II. SCF , SCF  and SCFFBXO30-mediated

degradation of their targets is essential for progression through meiosis I and meiosis II stages of mouse, C.
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elegans and Xenopus oocytes. AI—anaphase I, APC/C—anaphase promoting complex/cyclosome, CCNB1—cyclin

B1, CDK1—cyclin-dependent kinases I, CPEB—cytoplasmic polyadenylation element-binding protein, Emi1, Emi2

—early mitotic inhibitor 1 or 2, GV—germinal vesicle, GVBD—germinal vesicle breakdown, MI, MII—metaphase I,

metaphase II, MAPK—mitogen-activated protein kinase, MPF—M phase-promoting factor, SCF—Skp1-Cul1-F-box

complex, SLBP—stem-loop-binding protein, Ub—ubiquitin.

Table 1. Known SCF ligases and their substrates in oogenesis of mouse, Xenopus and C. elegans oocytes.

SCF Ligase Substrates Animal Reference

SCF

Emi2/Erp1

Xenopus laevisEmi1

CPEB

BTG4 Mouse

SCF

GLD-1,CPB-3

Caenorhabditis elegansCDC6

LIN-41

SCF SLBP Mouse

SCF Not identified Mouse

SCF Not identified Mouse

4. SCF Ligases in Embryogenesis

Recently, the role of SCF ligases in maternal protein degradation has been frequently discussed .

Based on the expression of SCF complex members (Cul1, Skp1, Rbx1) during all stages of preimplantation

development, it is presumed that the SCF complex plays an important role during the early embryogenesis of cattle

. The inhibition of SCF ligases by cultivation in MLN4924 (a specific inhibitor of cullin neddylation) in cattle

leads to a statistically significant delay in development and also to a significant increase in the total protein level,

although no accumulation of a specific protein has been found yet. Reduced levels of mRNA of EGA markers

(PAPOLA, and U2AF1A) were found after MLN4924 treatment . The importance of SCF ligases for oogenesis

and embryogenesis is also assumed in mice, since a large number of F-box proteins have been found in oocytes

and zygotes. Wang et al.  have identified 19 different F-box proteins overexpressed in the mouse oocytes, and

presume that these F-box proteins play an important role in protein degradation after fertilization . F-box proteins

are also highly abundant in two-cell embryos . The list of SCF ligases and their known substrates important for

embryogenesis can be found in Table 2.
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Table 2. Known SCF ligases and their substrates in embryogenesis of human, Xenopus, C. elegans, Drosophila

and zebrafish embryos.

SCF Ligases and Their Substrates in Embryogenesis
SCF Ligase Substrates Animal Reference

SCF

DRF1
Xenopus laevis

CDC25A

PLK4
Drosophila melanogaster

Medea

ZYG-1 Caenorhabditis elegans

SCF ZYG-1 Caenorhabditis elegans

SCF RARγ, BMP Human

SCF Smurf1, BMP Zebrafish

SCF Not identified Drosophila melanogaster

SCF  was found to be necessary for the mid-blastula transition (MBT) in Xenopus as it is responsible for the

degradation of DRF1 (a homolog of mammalian DBF4B) (Figure 4).

 

β-TrCP/Slimb/LIN-23
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Figure 4. Roles of selected

SCF ligases in embryogenesis. Figure shows selected SCF ligases and their roles in degradation of proteins during

embryogenesis of Xenopus laevis, Drosophila melanogaster and C. elegans. The main impact of these selected

ligases was observed from the first division until the minor MBT. The SCF  and SCF - mediated

degradation is important for early embryonic development of Xenopus and C. elegans, respectively. The specific

substrate of SCF  in Drosophila development has not been described yet but its degradation via CG5003 is

necessary for progression through the first and second embryonic division. MBT—mid-blastula transition, SCF—

Skp1-Cul1-F-box complex, ZYG-1—zygote defective protein, CDC25A—M-phase inducer phosphatase 1.

5. Conclusions/Perspectives

Herein summarized current knowledge about the functions of SCF ligases in oogenesis and early embryogenesis.

SCF  is one of the best examined ligases in oogenesis and embryogenesis with the most described substrates

βTrCP ZYG-1

CG5003
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and functions. It has been demonstrated that SCF  is involved in the regulation of oocyte maturation by the

degradation of CPEB, Emi1 and Emi2 . Their degradation is necessary to overcome meiosis progression

and meiosis arrest. During embryogenesis, SCF  plays a pivotal role in the degradation of some maternal

proteins, such as DRF1 and CDC25A in Xenopus embryos . On the other hand, the protection of BTG4 from

β-TrCP-mediated degradation is essential for proper maternal mRNA clearance during mouse development .

Another well-known ligase is SCF , which regulates the degradation of several RNA-binding proteins

during C. elegans oogenesis. These RNA-binding proteins are GLD-1, CPB-3 and LIN-41, which participate in the

regulation of gene expression and thus control the progression of meiosis . SCF  also mediates the

degradation of CDC6 protein, which is important for DNA replication, spindle formation and M-phase progression in

Xenopus oocytes . Other members of the F-box family have been identified as having functions in oogenesis

and embryogenesis but their substrates have not been discovered yet.

The described roles of SCF ligases in meiosis control, chromosome segregation and developmental progression

can potentially lead to a better understanding of problems in human assisted reproduction. In the coming years,

scientists can expect more and more studies to describe new functions of SCF ligases. The balance of protein

formation and degradation is obviously key for the proper regulation of cell cycle progression, meiosis and also for

the early embryonic development of vertebrates.
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