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Abstract: The synaptonemal complex (SC) is a highly conserved proteinaceous structure that physically links homologous chromosomes 

during meiosis, thereby orchestrating chromosome pairing, recombination, and segregation . Recent advances in super-resolution 

microscopy, cryo-electron microscopy, and multi-omics approaches have substantially deepened our understanding of the SC’s molecular 

architecture, dynamic assembly–disassembly process, and its pivotal roles in reproductive biology. In this review, we synthesize current 

knowledge on the structural organization of the SC, elucidate how mutations in SC-associated genes perturb meiosis and contribute to 

reproductive disorders, and summarize recent progress in methodological innovations that facilitate SC research. We further highlight 

unresolved questions and propose future research directions, aiming to bridge basic mechanistic insights with potential clinical 

applications in the diagnosis and management of infertility. 
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1. Overview of Meiosis 
 

Meiosis is an essential cell division process in sexually 

reproducing organisms, serving to generate haploid gametes 

(sperm and oocytes). Defects in this process lead to significant 

human infertility pathologies, including non-obstructive 

azoospermia (NOA) in males and premature ovarian 

insufficiency (POI) in females [1, 2]. During meiosis, DNA 

replicates once but undergoes two consecutive divisions: 

Meiosis I, which separates homologous chromosomes, and 

Meiosis II, which separates sister chromatids [3]. 

 

The complex process of meiotic prophase I unfolds through 

five morphologically distinct substages, each marked by 

specific chromosomal events. It begins with leptotene, where 

chromosome condensation initiates, followed by zygotene, 

characterized by homologous pairing and the initiation of 

synaptonemal complex (SC) formation. The process 

culminates in pachytene, where SC assembly completes and 

crossing over occurs. This is followed by diplotene, where the 

SC disassembles and chiasmata become visible, and finally 

diakinesis, where chromosome terminalization occurs [4]. 

 

Several critical events during prophase I ensure accurate 

chromosome segregation. These include the formation of 

double-strand breaks (DSBs), homologous chromosome 

pairing, synapsis (mediated by the synaptonemal complex, 

SC), and homologous recombination culminating in crossover 

formation [5]. The SC—a elaborate proteinaceous structure 

that assembles between paired homologous chromosomes—is 

fully established by the pachytene stage and disassembles 

during diplotene, a process essential for enabling accurate 

chromosomal disjunction. 

 

2. The Composition and Discovery of the 

Synaptonemal Complex 
 

The synaptonemal complex (SC) is a meiotic scaffold 

structure comprising two lateral elements bound to 

homologous chromosomes, interconnected by a central 

element through transverse filaments. Functionally essential 

during prophase I, it tightly couples homologs while 

recruiting critical meiotic proteins, with its assembly/ 

disassembly cycle regulating chromosome dynamics [6]. Cut 

Early studies using electron microscopy, conventional light 

microscopy, and genetic analyses established this 

foundational model but provided limited spatial resolution of 

protein arrangements [5]. Recent super-resolution techniques 

like STORM (Stochastic Optical Reconstruction Microscopy) 

have overcome historical limitations, enabling clear 

differentiation of lateral/central elements [7, 8] and allowing 

3D molecular reconstruction via fluorescent antibody labeling, 

multi-planar imaging, and computational integration of 2D 

datasets [9]. 

 

3. SC Structure and Dynamic Assembly 
 

3.1 Ultrastructure of SC 

 

Discovered in 1956 by Fawcett and Moses [10, 11], the 

synaptonemal complex (SC) is a transient, zipper-like 

structure that assembles between homologous chromosomes 

during meiotic prophase I. Its ultrastructure comprises three 

distinct components: (1) two parallel lateral elements (LEs) 

that anchor the looped chromatin of homologous 

chromosomes; (2) a central region (CR) spanning 

approximately 90–150 nm between the LEs; and (3) 

numerous transverse filaments (TFs) that traverse the CR and 

connect the LEs to a central element (CE) within this region 

[12, 13]. As illustrated in Figure 1, the SC serves as a 

structural bridge that closely juxtaposes homologous 

chromosomes, providing the essential platform for 

homologous recombination and crossover formation. 
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Figure 1: Schematic of the synaptonemal complex (SC). The lateral elements (LEs), associated with chromatin, are primarily 

composed of SYCP2 and SYCP3. Transverse filaments (e.g., SYCP1) extend from the LEs and connect to the central element 

(CE), which contains SYCE1, SYCE2, SYCE3, and TEX12. This structure ensures accurate homologous pairing and 

recombination. 

3.2 Molecular Organization 

 

Eight synaptonemal complex (SC) proteins have been 

identified in mammals: SYCP2 and SYCP3 localizing to 

axial/lateral elements (AE/LE); SYCP1 within transverse 

filaments (TF); and SYCE1-3, TEX12 (testis-expressed 

protein 12), and SIX6OS1 forming the central element (CE) 

(14-20) 

 

3.3 Dynamic Assembly Process 

 

3.3.1 Phosphorylation regulation 

 

Phosphorylation dynamics critically regulate synaptonemal 

complex (SC) assembly, stabilization, and disassembly during 

meiotic prophase across species. In yeast, Zip1 

phosphorylation (by Mec1/ATR) and dephosphorylation (by 

PP4) control its N-terminal dimerization to mediate 

centromere pairing [21], while C. elegans SYP-1 

phosphorylation at polo-box domains promotes timely 

synapsis [22]. Crossovers trigger SC stabilization via 

component phosphorylation [23, 24], with ATM/ 

ATR-mediated SYP-1 C-terminal phosphorylation 

redirecting DNA repair to sister chromatids, preventing 

excessive DSB damage [25]. Phosphorylation extends to 

lateral elements: ERK-mediated HTP-1 phosphorylation at 

Ser325 enhances SC extension/maintenance in C. elegans 

[26], while CDKA-1 phosphorylates ASY1 for chromosomal 

recruitment in Arabidopsis [27, 28]. Crucially, 

phosphorylation governs SC disassembly—Ipl1/Aurora B 

coordinates disassembly with cell-cycle progression in yeast 

[29]; DDK-Polo-CDK1 complexes drive meiotic dissolution 

[28]; PLK1 phosphorylates SYCP1/TEX12 to disrupt the 

central element in mice [30]; and AURKB/C inhibition 

impairs lateral element disassembly in human/mouse 

spermatocytes [31]. MAPK inactivation enables timely 

disassembly in C. elegans [32], whereas PP2A-B56 

overexpression causes delayed assembly/premature 

disassembly in Drosophila [33], collectively underscoring 

phosphorylation’s essential yet incompletely characterized 

role in SC dynamics. 

 

3.3.2 Ubiquitination and the proteasome pathway 

 

Ubiquitin-proteasome regulation of the synaptonemal 

complex (SC) is evolutionarily conserved, as demonstrated 

across diverse species. In yeast, Zip3 (ortholog of mammalian 

RNF212) and Zip1 recruit proteasomal core/regulatory 

particles to chromosomes, with functional proteasomes being 

essential for axial SC assembly [34]; Cdc53 knockout induces 

polycomplex formation [35], while STUbL complexes target 

SUMOylated Ecm11/Zip1 for degradation [36]. Similarly, C. 

elegans CRL4 components prevent polycomplex formation 

though likely not through direct SC ubiquitination [37], with 

ubiquitin also mediating pre-meiotic SC component 

degradation [38]. COP9 signalosome mutations cause SC 

assembly defects and polycomplexes via neddylation- 

dependent pathways [39] — a mechanism paralleled in plants 

where neddylation enables proper SC assembly and crossover 

positioning [39]. Drosophila studies reveal Sina inhibits 

polycomplex aggregation indirectly through unknown 

regulators [40], while SCF ubiquitin ligases maintain SC 

integrity by downregulating PP2A-B56 [33]. In mice, SKP1 

localizes to SC lateral elements and its deletion triggers 

premature desynapsis through HORMAD accumulation [41], 

whereas testis-specific PSMA8 promotes SYCP3 degradation 

during meiosis II without affecting synapsis [42]. Despite this 

conserved regulatory requirement, specific ubiquitination 

substrates in SC dynamics remain largely unidentified. 

 

3.3.3 Regulation of non-structural components 

 

The conserved AAA+ ATPase TRIP13/PCH2 remodels 

HORMAD proteins bound to meiotic axes, with its 

recruitment to the synaptonemal complex (SC) regulating 

chromosome association—studies in yeast, mammals, and 

plants demonstrate that TRIP13/PCH2 remodels HORMAD 

domains (comprising a core region and C-terminal “safety 

belt” adopting variable conformations) to control SC 

assembly [43-45]. Supporting this, *pch-2* deletion 
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accelerates synapsis in C. elegans, *pch2/cdc53* double 

mutants suppress SC defects in budding yeast, Brassica rapa 

pch2 mutants exhibit partial synapsis [8], and Trip13 

mutations cause synaptic defects in mice. Complementarily, 

non-remodeling proteins regulate murine synapsis: 

SC-interacting protein SCRE stabilizes the central element for 

homologous synapsis [8] (though functional homologs 

outside mammals remain unconfirmed), while testis-enriched 

HSPA2 localizes to SCs and is essential for proper 

disassembly and meiotic completion, potentially acting as a 

CDC2A (CDK1)-activating chaperone though 

CDC2A-independent SC regulation requires further 

validation [46, 47]. 

 

4. Consequences of SC malfunction 
 

4.1 Pathogenic Mutation 

 

Pathogenic mutation analysis reveals that SYCE1 deficiency 

manifests as large chromosomal deletions—exemplified by 

heterozygous loss at chr10:g.135111754_135427143del (with 

concomitant loss-of-function in the other allele) and 

homozygous deletion at chr10:g.135340247_135379115del 

in GRCh37, both causing meiotic arrest via complete 

loss-of-function [48] —while all reported SYCP3 mutations 

occur heterozygously (carrying one mutant and one wild-type 

allele) and associate with diverse infertility phenotypes: 

c.643delA in non-obstructive azoospermia [49], 

c.524_527delTTAA in severe oligospermia [50], and 

c.553-16_19del in recurrent miscarriage [51]. 

 

SYCE1 copy number variations (CNVs), including 

heterozygous deletions, lack functional validation but are 

predicted to cause meiotic arrest phenotypically equivalent to 

SYCE1-knockout mice [48]; critically, homozygous null 

mutations manifest clinically as non-obstructive azoospermia 

with confirmed meiotic arrest [48]. 

 

4.2 Pathogenic Mechanism and Characteristics 

 

While both SYCP3 and SYCE1 disrupt synaptonemal 

complex (SC) function to cause meiotic arrest, their 

pathogenic mechanisms diverge fundamentally: SYCP3 

exerts dominant-negative effects that impair lateral element 

assembly, manifesting as sex-specific infertility phenotypes, 

whereas SYCE1 loss-of-function mutations dismantle central 

element connectivity, invariably leading to absolute 

azoospermia—reflecting distinct genetic architectures, 

mutational spectra, and validation paradigms. 

 

5. Diagnostic Markers for the Proteins of the 

Association Complex 
 

5.1 Core Diagnostic Marker 

 

For SYCP3 (axial element protein), diagnostic prioritization 

focuses on self-assembly domain point mutations (e.g., 

c.643delA/c.657T>C in exons 6-8) in males with 

non-obstructive azoospermia/severe oligospermia or 

ovarian-competent females with recurrent miscarriage, where 

heterozygous dominant-negative mutations confer >80% 

sensitivity for synapsis defects though negatives don’t 

exclude other SC deficiencies; conversely, SYCE1 (central 

element protein) testing targets males with biopsy-confirmed 

meiotic arrest and absolute azoospermia through prioritized 

detection of 10q26.3 deletions (e.g., chr10: 

g.135340247_135379115del) or biallelic splice-site 

mutations (e.g., c.197-2A>G/c.271+2T>C), with confirmed 

biallelic pathogenic variants providing ≈95% specificity for 

central element disruption. 

 

5.2 Auxiliary Diagnostic Markers 

 

As auxiliary diagnostic biomarkers, SIX6OS1 

(SYCE1-interacting protein) targets interaction-domain 

truncations (e.g., N-terminal deletions validated in murine 

models) to elucidate pathogenesis in SYCE1 

mutation-negative cases with highly suggestive phenotypes, 

while CNV screening via MLPA or genome-wide 

CNV-seq—focusing on SYCE1/SYCP2 loci while excluding 

adjacent gene confounding—detects cryptic deletions (e.g., 

SYCE1 whole-gene deletions) in point mutation-negative 

patients. 

 

5.3 Diagnosis Path Design 

 

The flowchart summarizes the diagnostic approach for 

patients with infertility. Initial evaluation by semen analysis 

distinguishes oligospermia and azoospermia. In cases of 

oligospermia, SYCP3 point mutation analysis is indicated. 

Patients with azoospermia undergo testicular biopsy; if 

meiotic arrest is observed, SC protein gene testing is 

recommended. This testing can further identify SYCE1 

deletions/biallelic mutations or pathogenic copy number 

variations (CNVs). Female patients with recurrent 

miscarriage are also directed toward SC protein gene testing, 

with subsequent analysis for SYCP3 mutations, SYCE1 

variants, and CNV screening. 

 
Figure 2: Diagnostic workflow for genetic evaluation in infertility. 
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5.4 Limitations of Markers 

 

Notable gender disparity exists as SYCE1 mutations are 

exclusively reported in males, limiting diagnostic 

applicability; concurrently, technical bottlenecks necessitate 

long-read sequencing or optical mapping for SYCE1 large 

deletions due to routine whole-exome sequencing (WES) 

detection gaps, while false-negative risks persist—including 

SYCP3’s ~30% incomplete penetrance (fertility in unaffected 

carriers) and unvalidated in silico predictions for SYCE1 

splice variants’ pathogenicity. 

 

6. Conclusion 
 

Mutations in synaptonemal complex proteins can serve as 

primary diagnostic biomarkers for meiotic origin-derived 

infertility. Specifically, the heterozygous point mutation in 

SYCP3 and the homozygous deletion in SYCE1 have clear 

clinical significance, necessitating the selection of detection 

strategies based on genetic patterns and phenotypic 

manifestations 

 

7. Summary and Outlook 
 

The synaptonemal complex (SC), serving as the core structure 

for homologous chromosome synapsis during meiosis, 

directly regulates chromosome pairing, recombination, and 

precise segregation through its dynamic assembly and 

disassembly, acting as a critical hub for germ cell quality 

control. However, genetic defects in SC components can 

trigger severe reproductive disorders. Specifically, 

heterozygous mutations in SYCP3 disrupt the assembly of 

lateral element fibers via a dominant-negative effect, leading 

to male non-obstructive azoospermia or severe 

oligozoospermia, as well as recurrent miscarriages in females. 

In contrast, homozygous/compound heterozygous mutations 

in SYCE1 result in complete loss of function, collapsing 

central element connections and causing absolute 

azoospermia, all accompanied by meiotic arrest. 

 

Based on these findings, mutations in SC proteins have 

emerged as important clinical diagnostic biomarkers. SYCP3 

point mutations (e.g., c.643delA in exons 6–8) 

demonstrate >80% sensitivity in detecting synapsis defects 

associated with male oligozoospermia and female 

miscarriages. Large-scale deletions in SYCE1 (e.g., chr10: 

g.135340247_135379115del) exhibit ~95% specificity in 

males diagnosed with meiotic arrest via testicular biopsy, 

while mutations in the SIX6OS1 interaction domain and copy 

number variation (CNV) screening can further elucidate 

cryptic etiologies. Notably, SC function is tightly regulated by 

phosphorylation (e.g., PLK1-mediated disassembly), the 

ubiquitin-proteasome system, and non-structural factors such 

as TRIP13/PCH2, which remodel HORMA protein 

conformations to influence assembly timing. These 

discoveries collectively underscore the complexity and 

conservation of the regulatory network. 

 

Looking ahead, breakthroughs are concentrated in three areas: 

(1) applying cryo-electron microscopy combined with 

live-cell STORM imaging to resolve the three-dimensional 

dynamics of SC and pinpoint real-time disruption sites caused 

by pathogenic mutations; (2) establishing an oocyte SC 

analysis platform to unravel the rarity of female SYCE1 

mutations and explore associations between meiotic errors 

and germ cell tumors; and (3) developing integrated 

multi-omics diagnostic pathways (whole-exome sequencing 

→ long-read sequencing → interaction proteome validation) 

and targeted intervention strategies (e.g., SYCP3 

small-molecule stabilizers or CRISPR-mediated regulation of 

phosphatase expression), thereby advancing translational 

research from cross-species findings to precision treatments 

for clinical infertility 
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