
Fertilization Failure After 
ICSI: Molecular Dissection of 
Sperm-Oocyte Activation 
Factors (SOAFs)
An advanced exploration of the molecular mechanisms behind 
fertilization failure following intracytoplasmic sperm injection, with 
special focus on sperm-borne oocyte activation factors and their clinical 
implications in assisted reproductive technologies.

by Fertility Guidance Technologies



Course Overview & Learning Objectives

Course Description
This advanced course explores the molecular 
underpinnings of fertilization failure following 
intracytoplasmic sperm injection (ICSI), focusing on 
sperm-borne oocyte activation factors (SOAFs). Learners 
will critically examine the canonical role of PLCζ, evaluate 
emerging SOAF candidates, and assess their implications 
in assisted reproductive technologies.

Learning Objectives
1. Describe the role of PLCζ as the primary SOAF and its 

signaling mechanism

2. Differentiate between canonical and emerging SOAFs 
and their contributions to fertilization

3. Interpret the molecular and clinical consequences of 
SOAF-related mutations

4. Evaluate diagnostic and therapeutic approaches to 
overcome fertilization failure post-ICSI

5. Integrate current research findings into ART protocols 
to address recurrent activation failure

The course emphasizes molecular diagnostics, functional assays, and the translational potential of novel therapies for 
activation failure, providing a comprehensive understanding of this critical aspect of reproductive medicine.



The Fundamentals of Oocyte Activation
For successful fertilization, oocyte activation is an essential process that involves a 
complex signal transduction cascade leading to the conversion of the oocyte to a diploid 
embryo. This activation process is characterized by several key events:

• Repetitive oscillations in intracellular calcium levels

• Exocytosis of cortical granules

• Release of enzymes into the perivitelline space

• Modifications of the zona pellucida (ZP) to prevent polyspermy

The critical element that initiates this entire activation cascade is the release of 
intracellular calcium (Ca²⁺) stored in the endoplasmic reticulum (ER). While the exact 
mechanism of calcium release has been debated, the "sperm factor hypothesis" has 
gained general acceptance in the scientific community.

Calcium oscillations visualized in an activated oocyte. These repetitive calcium waves are 
essential for triggering the biochemical cascades that transform the oocyte into a 
developing embryo.



The Sperm Factor Hypothesis
The sperm factor hypothesis proposes that a specific molecule from the sperm diffuses into the ooplasm after gamete fusion, initiating a molecular cascade 
primarily involving the phosphoinositide pathway. This hypothesis is supported by experiments where sperm extracts injected into oocyte cytoplasm (via ICSI) 
successfully triggered calcium oscillations and oocyte activation.

Sperm Entry

During fertilization or ICSI, the sperm introduces specific factors into the 
oocyte

Factor Release

Sperm factors (primarily PLCζ or potentially PAWP) are released into the 
ooplasm

Calcium Cascade

These factors trigger calcium release from internal stores, causing 
oscillations

Oocyte Activation

Calcium oscillations drive the biochemical changes needed for embryo 
development

Two primary candidates have emerged as the potential sperm factors: phospholipase C zeta (PLCζ) and post-acrosomal sheath WW domain-binding protein 
(PAWP). The relative importance of these proteins as diagnostic tools and therapeutic targets has led to significant debate in the field.



ICSI: Revolutionary Yet Imperfect
Intracytoplasmic sperm injection (ICSI) revolutionized the treatment of male factor 
infertility by allowing direct injection of a single sperm into an oocyte, bypassing many 
natural fertilization barriers. However, despite its widespread success, ICSI is not foolproof:

• Fertilization failure rates persist at 1-5% even with morphologically normal sperm

• The primary bottleneck often lies not in sperm entry but in oocyte activation

• This activation step is normally triggered by sperm-derived factors

• When these factors are deficient or dysfunctional, fertilization fails despite successful 
ICSI

Understanding the molecular basis of these activation factors is therefore critical for 
addressing persistent fertilization failures in assisted reproductive technology.

ICSI procedure being performed by an embryologist. Despite the technical precision of 
this procedure, fertilization failure can still occur due to molecular deficiencies in sperm 
activation factors.



PLCζ: The Primary Sperm-Oocyte Activation Factor
Molecular Identity and Localization

Phospholipase C zeta (PLCζ) has emerged as the primary sperm-borne oocyte activation factor 
with the following characteristics:

Encoded by the PLCZ1 gene located on chromosome 12
• Testis-specific phospholipase with enhanced Ca²⁺-sensitivity
• Localized in the acrosomal and post-acrosomal regions of the spermatozoon
• Significantly smaller than other PLC isoforms (approximately 70 kDa)
• Contains X and Y catalytic domains but lacks the pleckstrin homology domain found in 

other PLCs

Mounting evidence indicates that PLCζ is the critical factor responsible for triggering calcium 
oscillations during fertilization, as demonstrated by experiments where sperm extracts lacking 
PLCζ failed to induce calcium oscillations when injected into oocytes.



PLCζ Mechanism of Action

Sperm-Oocyte Fusion

After the fusion of the equatorial segment of 
the spermatozoon with the oocyte membrane 

(or after ICSI), PLCζ is released into the 
ooplasm

PIP₂ Hydrolysis
PLCζ hydrolyzes phosphatidylinositol 4,5-
biphosphate (PIP₂) generating diacylglycerol 
(DAG) and inositol triphosphate (IP₃)

IP₃ Receptor Binding
IP₃ binds to its receptors (IP₃R) present in the 
membrane of cytoplasmic calcium stores 
(endoplasmic reticulum)

Calcium Release
The binding triggers release of calcium from 
ooplasmic stores, initiating wave-like calcium 
oscillations that occur in variable periods

Feedback Regulation
Calcium release provides a positive-feedback 

mechanism for further calcium production 
until a critical concentration is reached, at 

which point the receptors lose sensitivity to 
IP₃

The precise frequency and duration of these calcium oscillations are critical for normal oocyte activation. Abnormal patterns (either too high or too low) 
can disturb completion of the second meiosis and lead to fertilization failure or abnormal embryo development.



Physiological Outcomes of Calcium Oscillations
1

Meiotic Resumption

Calcium oscillations trigger the reactivation of CDK1/Cyclin B (Maturation 
Promoting Factor or MPF), which had been arrested at metaphase II. 
This reactivation allows the oocyte to complete the second meiotic 
division and extrude the second polar body.

2

Cortical Granule Exocytosis

The calcium waves stimulate the release of cortical granules, which 
contain enzymes that modify the zona pellucida. This "zona reaction" 
creates a block to polyspermy, preventing additional sperm from 
entering the oocyte.

3

Pronuclear Formation

Calcium signaling initiates the decondensation of sperm chromatin and 
the formation of male and female pronuclei. This marks successful 
fertilization and prepares the genetic material for the first mitotic 
division.

4

Zygotic Genome Activation

The calcium-triggered signaling cascade ultimately leads to the 
activation of the zygotic genome, transitioning control from maternal to 
embryonic factors and preparing the embryo for cleavage and further 
development.

Experimental studies have demonstrated that the precise pattern of calcium oscillations is critical. When 1 mg/ml of sperm cytosolic factor was injected into 
mouse oocytes, it produced low-frequency oscillations that induced normal activation and cleavage. In contrast, 15 mg/ml triggered high-frequency, 
persistent oscillations resulting in abnormal activation with chromatin configuration issues and failed mitotic spindle assembly.



PLCζ Deficiency and Male Infertility
Mounting evidence has revealed a correlation between certain types of male infertility and 
abnormal function or localization of PLCζ in human spermatozoa:

• PLCζ-deficient sperm samples from patients with fertilization failure after ICSI failed to 
produce Ca²⁺ oscillations when injected into mouse oocytes

• Cases of recurrent ICSI failure and oocyte activation deficiency (OAD) have been linked to 
PLCζ abnormalities

• Men with normal semen parameters but failed fertilization have been found to carry 
mutations in the PLCZ1 gene

• The expression profile of PLCζ does not always correlate with oocyte activation capacity, 
suggesting additional factors may be involved

These findings highlight the crucial role of PLCζ in triggering oocyte activation and embryo 
development in mammals, while also indicating that the full picture of activation factors may 
be more complex than initially thought.

Immunofluorescence staining showing normal PLCζ localization (left) versus abnormal 
distribution (right) in human sperm. The mislocalization of this critical protein can lead to 
fertilization failure despite normal sperm morphology.



Mutations in PLCZ1 Gene

Null Mutations

Complete absence of functional PLCζ 
protein, resulting in total fertilization 
failure. These mutations typically 
involve large deletions, nonsense 
mutations creating premature stop 
codons, or mutations affecting critical 
splice sites.

Clinical presentation: Consistent 
fertilization failure despite multiple ICSI 
attempts with morphologically normal 
sperm.

Missense Mutations

Single amino acid substitutions that can 
affect protein folding, catalytic activity, 
or binding properties. Examples include 
H233L and H398P mutations that 
disrupt the catalytic domains.

Clinical presentation: Variable 
fertilization rates, often with reduced 
efficiency and increased embryo 
developmental arrest.

Frameshift Mutations

Insertions or deletions that alter the 
reading frame, typically resulting in 
truncated proteins with impaired 
function. These mutations often affect 
the C-terminal C2 domains essential for 
targeting.

Clinical presentation: Severe reduction 
in fertilization capacity, often with 
abnormal calcium oscillation patterns 
when tested in model systems.

The functional impact of these mutations includes mislocalization (non-perinuclear localization), production of truncated proteins, and loss 
of enzymatic activity. The identification of these mutations has provided valuable insights into the structure-function relationship of PLCζ and 
its critical role in fertilization.



Clinical Relevance of PLCζ Deficiency
Diagnostic Approaches

Immunofluorescence analysis: Assesses the presence and 
localization of PLCζ in sperm samples

Western blotting: Quantifies PLCζ protein levels in sperm 
extracts

Genetic screening: Identifies mutations in the PLCZ1 gene

Calcium imaging: Measures calcium oscillation patterns 
after ICSI (primarily in research settings)

Mouse oocyte activation test: Evaluates the ability of 
human sperm to activate mouse oocytes

Therapeutic Approaches

Artificial Oocyte Activation (AOA): Uses calcium 
ionophores (e.g., ionomycin, A23187) to chemically induce 
calcium influx

Electrical stimulation: Applies electrical pulses to trigger 
calcium release

SOAF supplementation: Experimental approach involving 
microinjection of recombinant PLCζ

Donor sperm: Alternative option when other approaches 
fail

Caution: AOA may bypass natural pathways without 
correcting underlying defects, potentially raising concerns 
about long-term embryo development and health.



Emerging SOAFs: Beyond PLCζ
While PLCζ has been established as the primary sperm-oocyte activation factor, research has identified several other proteins that may play complementary 
or redundant roles in the activation process. These emerging SOAFs suggest a more complex network of factors involved in successful fertilization.

PLCζ
Primary SOAF that hydrolyzes PIP₂ to generate IP₃, 

triggering calcium release from ER stores

PAWP
Post-Acrosomal WW Domain-Binding Protein 
found in the perinuclear theca that may induce 
calcium oscillations independently2

ACTL9/ACTL7A
Actin-like proteins maintaining cytoskeletal 
organization necessary for proper PLCζ 
packaging

PIWIL1
Regulates piRNA pathways ensuring proper 
epigenetic reprogramming post-fertilization

4
BSX

Transcription factor with potential roles in zygotic 
genome activation

NLRP5
Maternal effect gene that stabilizes oocyte 

activation signals after sperm entry

6

The discovery of these additional factors suggests that fertilization may involve redundant or synergistic mechanisms, potentially explaining why some cases 
of PLCζ deficiency still result in successful fertilization.



PAWP: A Controversial Alternative SOAF
Characteristics and Localization

Post-Acrosomal WW Domain-Binding Protein (PAWP) has been proposed as an alternative sperm factor candidate 
with the following features:

Located in the perinuclear theca, near the base of the sperm head
• Contains a WW domain-binding motif that interacts with specific proteins in the oocyte
• Released into the ooplasm during fertilization or ICSI

Can induce calcium oscillations independently of PLCζ in some experimental models

The proposed mechanism suggests PAWP may activate oocyte-specific yes-associated protein (YAP), which then 
interacts with the SH3 domain of PLCγ, ultimately leading to IP₃ production and calcium release through a pathway 
distinct from PLCζ.

Immunofluorescence imaging showing PAWP localization in the post-acrosomal region of human sperm. This distinct 
localization pattern differs from that of PLCζ, suggesting potentially complementary roles.



Structural SOAFs: ACTL9 and ACTL7A

Cytoskeletal Organization
ACTL9 and ACTL7A are actin-like proteins found in the 
perinuclear theca of sperm. They play crucial roles in 
maintaining the cytoskeletal architecture and 
ultrastructural organization of the sperm head.

Structural Integrity
These proteins are essential for proper PLCζ packaging 
and acrosome anchoring. Mutations in the genes 
encoding these proteins can lead to malformed sperm 
heads, PLCζ delocalization, and significantly reduced 
fertilization capacity.

Molecular Interactions
ACTL proteins interact with PLCζ and potentially other 
SOAFs to ensure their proper compartmentalization and 
release during fertilization. This structural role highlights 
the importance of sperm architecture in successful 
oocyte activation.

The identification of these structural SOAFs emphasizes that successful fertilization depends not only on the presence of activation factors but also on their proper localization and 
controlled release during the fertilization process.



Epigenetic and Transcriptional SOAFs

PIWIL1 (Piwi-Like Protein 1)

A specialized protein involved in regulating 
piRNA pathways, which are critical for 
ensuring proper epigenetic reprogramming 
during early embryonic development. 
PIWIL1 deficiency can alter chromatin 
remodeling post-fertilization, affecting the 
accessibility of genes required for early 
embryonic development.

• Maintains genomic integrity during 
spermatogenesis

• Protects against transposon activation
• Influences paternal DNA methylation 

patterns

BSX (Brain-Specific Homeobox)

A transcription factor with speculative roles 
in zygotic genome activation. While 
primarily studied in neural development, 
recent evidence suggests BSX may be 
present in sperm and play a role in early 
embryonic transcriptional programming.

• May influence first wave of zygotic gene 
expression

• Potentially regulates developmental 
competence

• Could affect embryonic genome 
activation timing

NLRP5 (Maternal Effect Gene)

A maternal factor that stabilizes oocyte 
activation signals after sperm entry. While 
primarily of maternal origin, its interaction 
with sperm-derived factors appears critical 
for maintaining calcium signaling and 
supporting early zygote development.

• Stabilizes subcortical maternal complex

• Supports maintenance of Ca²⁺ signaling

• Essential for maternal-to-zygotic 
transition

These epigenetic and transcriptional regulators highlight the complex interplay between sperm-derived factors and oocyte components in establishing 
the developmental program of the early embryo. Their roles extend beyond the initial calcium release, affecting longer-term developmental processes.



Trafficking and Localization SOAFs
PICK1 (Protein Interacting with C Kinase 1)

PICK1 plays a critical role in membrane trafficking and the correct localization of PLCζ and PAWP within the sperm. Its functions 
include:

• Facilitating protein transport during spermatogenesis

• Ensuring proper compartmentalization of activation factors

• Potentially controlling the regulated release of SOAFs during fertilization

• Mediating interactions between SOAFs and oocyte components

Deficiencies in PICK1 can lead to mislocalization of activation factors, resulting in reduced fertilization capacity despite normal sperm 
count and morphology.

SPATA16 (Spermatogenesis Associated 16)

SPATA16 is involved in sperm acrosome and head shaping, with essential roles in:

• SOAF compartmentalization during spermiogenesis

• Acrosome biogenesis and structural integrity

• Maintaining the spatial organization of activation factors

• Ensuring proper release of SOAFs during the fertilization process

Mutations in SPATA16 have been associated with globozoospermia (round-headed sperm), a condition often characterized by absent 
or defective acrosomes and fertilization failure.



Functional Interdependence of SOAFs
Emerging evidence suggests that successful fertilization may depend not on a single activation factor but on a network of interdependent SOAFs 
working in concert. This functional interdependence has important implications for understanding and treating fertilization failure.

Synergistic Activation

PLCζ and PAWP may work together to optimize calcium dynamics, 
with each potentially compensating for deficiencies in the other. This 
synergy could explain why some cases with partial PLCζ deficiency still 
achieve fertilization.

Structural Dependencies

Proper localization machinery (PICK1, ACTL proteins) is essential for 
the correct positioning and release of primary activation factors. 
Structural defects can impair activation even when the primary SOAFs 
are present.

Maternal-Paternal Interactions

Supportive maternal factors (NLRP5) interact with sperm-derived 
SOAFs post-entry to maintain activation signaling. This interaction 
highlights the importance of compatibility between paternal and 
maternal components.

Temporal Coordination

Different SOAFs may act at different time points during the 
fertilization process, from initial calcium release to later events in 
zygotic genome activation. This temporal sequence requires precise 
coordination.

Understanding these SOAF networks, rather than focusing on single proteins, is key to developing more effective diagnostic tools and therapeutic 
interventions for fertilization failure. This network perspective may explain why some treatments work for certain patients but not others.



Clinical Applications: Diagnostics
Current Diagnostic Approaches

Genetic Testing

PLCZ1 sequencing to identify mutations 
associated with activation failure

Protein Analysis

Immunocytochemistry to assess SOAF 
presence and distribution in sperm samples

Functional Testing

Mouse oocyte activation test (MOAT) to 
evaluate sperm activation capacity

Calcium Imaging

Specialized research techniques to visualize 
calcium oscillation patterns

Emerging Diagnostic Technologies

Multi-SOAF Panels

Comprehensive testing for multiple activation 
factors simultaneously

Single-Cell RNA-seq

Analysis of oocyte transcriptional response 
post-ICSI to assess activation

Proteomics

Mass spectrometry-based identification of 
SOAF protein variants

Digital Sperm Analysis

AI-assisted imaging to detect subtle SOAF 
localization abnormalities

These diagnostic approaches aim to identify the specific molecular defects underlying fertilization failure, 
allowing for more targeted therapeutic interventions rather than empirical treatments.



Clinical Applications: Therapeutic Interventions
1Artificial Oocyte Activation (AOA)

The most established intervention for SOAF deficiencies, involving 
chemical induction of calcium influx using:

• Calcium ionophores (e.g., ionomycin, A23187)
• Strontium chloride (primarily in research settings)
• Electrical stimulation

While effective in many cases, AOA bypasses natural activation pathways 
and may have unknown long-term effects on embryo development.

2 SOAF Supplementation

Experimental approaches under investigation include:

• Recombinant PLCζ microinjection
• Purified PAWP supplementation
• Combined SOAF cocktails

These approaches aim to restore the natural activation mechanism rather 
than bypassing it, potentially offering more physiological activation.3Gene Therapy Approaches

Future directions being explored in preclinical research:

• CRISPR-based correction of SOAF mutations
• mRNA delivery of functional SOAFs
• Targeted epigenetic modifications

These approaches remain experimental but offer the potential for 
addressing the underlying genetic causes of activation failure.

The choice of intervention should be guided by specific diagnostic findings, with consideration of both efficacy and potential long-term implications for embryo 
development and offspring health. Ethical considerations and careful follow-up studies are essential as these technologies advance.



Future Research Directions and Conclusion
Key Research Questions

1. Could a functional but mislocalized PLCζ still support fertilization?

2. What are the risks of bypassing endogenous activation pathways 
via AOA?

3. How might dual SOAF supplementation (e.g., PLCζ + PAWP) 
influence embryo quality?

4. What is the full network of SOAFs and their interactions during 
fertilization?

5. How do maternal factors interact with sperm-derived SOAFs?

Addressing these questions will require interdisciplinary approaches 
combining molecular biology, reproductive medicine, and advanced 
imaging techniques.

Conclusion

The molecular dissection of sperm-oocyte activation factors has 
revealed a complex network of proteins involved in triggering and 
sustaining the fertilization process. While PLCζ remains the primary 
SOAF, emerging evidence points to a more intricate system involving 
multiple factors with complementary and potentially redundant 
functions.

Understanding this network has significant implications for 
diagnosing and treating fertilization failure after ICSI. Moving beyond 
empirical approaches to targeted interventions based on specific 
molecular defects offers the potential for improved success rates and 
better outcomes in assisted reproduction.

As research continues to uncover the full complexity of the activation 
process, new diagnostic tools and therapeutic strategies will emerge, 
offering hope to patients experiencing recurrent fertilization failure 
despite technically successful ICSI procedures.
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