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Abstract. Intercellular communication is critical for tissue
homeostasis, development and immune responses, with its
disruption often implicated in various diseases, particularly
cancer. Secretory pathway kinases and kinase-like proteins
(SPKKPs) constitute a distinctive enzyme class operating within
the luminal secretory pathway or extracellular space, positioning
them as pivotal regulators of cellular communication. This
review consolidates current insights into the role of SPKKPs,
including the FAM?20 family, four-jointed box kinase 1 (FJX1)
and others, in orchestrating intercellular interactions through
the phosphorylation of secreted proteins, extracellular matrix
components and extracellular vesicle (EV) cargo. The molec-
ular mechanisms by which SPKKPs modulate key oncogenic
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signaling pathways, such as PI3K/AKT, ERK/MAPK and
SMAD family member 2, across diverse cancer types are exam-
ined. Additionally, their involvement in EV-mediated signaling,
extracellular matrix remodeling and regulation of fundamental
biological processes, including development, tissue homeostasis
and immune coordination, is explored. The review further
addresses SPKKP dysregulation in a range of pathologies, from
nervous system tumors to gastrointestinal and reproductive
cancers, and discusses emerging therapeutic strategies. These
strategies include specific kinase inhibitors, FIX1-targeted
peptide vaccines and innovative approaches targeting exosomes
carrying SPKKPs substrates. Ultimately, this work highlights
the essential role of SPKKPs in intercellular communication
networks and their promising potential as diagnostic biomarkers
and therapeutic targets, particularly in cancer.

Contents

1. Introduction

2. Relationship between SPKKPs and intercellular communi-
cation

3. Mechanisms of SPKKP-mediated intercellular communi-
cation

4. Dysregulation of SPKKP-mediated intercellular commu-
nication in cancer

5. Molecular pathways mediating SPKKP-regulated intercel-
lular communication

6. Therapeutic targeting of SPKKPs in intercellular commu-
nication across different cancer microenvironments

7. New technologies for detecting and studying SPKKPs

8. Conclusion and perspective

1. Introduction

In multicellular organisms, precise intercellular commu-
nication is essential for maintaining tissue homeostasis,
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coordinating physiological functions and ensuring proper
development (1). This intricate dialogue, facilitated through
direct contact or secreted signaling molecules, underpins
processes from immune surveillance to neural transmis-
sion (1,2). Dysregulation of these networks is a hallmark of
numerous pathologies (3,4), with cancer exemplifying how
disrupted signals between tumor cells and the surrounding
microenvironment drive uncontrolled proliferation, inva-
sion and metastasis (5). Secretory pathways (6), the cellular
machinery responsible for synthesizing, modifying and
transporting proteins destined for the cell surface or extracel-
lular space, play a central role in intercellular signaling (6,7).
Through the coordinated action of the endoplasmic reticulum
(ER) and Golgi apparatus (GA) (8-10), cells release a variety of
bioactive molecules, including growth factors (GFs), cytokines
and extracellular matrix (ECM) components (1,11), which
govern both autocrine and paracrine communication (11,12).
The integrity of this secretory process is crucial, as it directly
influences the composition of the cellular secretome and,
consequently, the nature of signals received by neighboring
and distant cells.

Within this context, protein kinases (PKs) serve as key
regulators, modulating secretory and signaling events through
the reversible process of phosphorylation (13-15). While the
functions of intracellular kinases are well-documented, a
distinct class of enzymes-secretory pathway kinases and
kinase-like proteins (SPKKPs)-operates within the luminal
compartments of the secretory pathway or the extracellular
space itself. These kinases phosphorylate a broad range
of secreted proteins and extracellular domains, directly
influencing the activity, stability and interactions of critical
signaling molecules (1,16,17).

SPKKPs occupy a unique and pivotal role at the nexus of
secretory pathway function and intercellular communication.
By phosphorylating substrates such as GFs, chemokines and
ECM proteins, they serve as master regulators of cellular inter-
actions. Dysregulation of these enzymes disrupts this finely
tuned communication, contributing to disease pathogenesis,
particularly in cancer. This narrative review synthesizes litera-
ture from PubMed (https:/pubmed.ncbi.nlm.nih.gov/), Scopus
(https://www.scopus.com/pages/home) and Web of Science
(https://webofscience.clarivate.cn/wos/woscc/smart-search),
searched up to October 2025, focusing on how SPKKPs
govern intercellular communication, molecular mechanisms,
biological functions in health and disease, and their promising
potential as novel therapeutic targets.

2. Relationship between SPKKPs and
communication

intercellular

Overview of SPKKPs. PKs are enzymes that catalyze the
transfer of the y-phosphate group from adenosine triphos-
phate (ATP) to specific amino acid residues in proteins,
playing a central role in cellular signal transduction. Over 500
human PKs have been identified to date (18). By promoting
protein-protein interactions, protein translocation, and confor-
mational changes, PKs phosphorylate substrate proteins,
influencing key biological processes such as the cell cycle,
proliferation, differentiation, metabolism and apoptosis (19).
In recent years, a subset of PKs localized to the ER, GA lumen

and extracellular space has attracted increasing attention.
These kinases phosphorylate substrates within the secretory
pathway, contributing to the maturation of secretory proteins
and intercellular signal transduction; hence, they are termed
secretory pathway kinases (20). Additionally, certain proteins
with kinase-like structures but distinct catalytic properties or
functions also regulate secretory pathway-related processes.
Collectively, these are referred to as SPKKPs.

The identification of new SPKKP family members
continues, with classification primarily based on sequence
homology and functional characteristics. As of now, 13
SPKKPs have been characterized, grouped into four catego-
ries: i) The Similar Sequence Secretory Kinase family, which
includes family with sequence similarity 20, member A
(FAM20A), FAM20B, FAM20C, Golgi-associated kinase 1A
(GASK1A) (FAM198A) and GASKI1B (FAM198B) (21);
ii) the Remote Secretory Kinase family, comprising diver-
gent protein kinase domain 2A (DIPK2A) (DIA1), DIPK2B
(DIA1R), and protein kinase domain containing, cytoplasmic
(PKDCC) (22); iii) the Secretory Pathway Kinase-like
Protein family, including DIPK1A (FAMG69A), DIPKI1B
and DIPKI1C (FAM69C) (23); iv) the Unclassified Secretory
Kinase family, consisting of four-jointed box kinase 1
(FJX1) (24) and protein O-mannosyltransferase (POMK) (25).
Different SPKKPs phosphorylate distinct protein substrates.
For example, Tagliabracci et al (26) identified >100 secre-
tory phosphoproteins as authentic substrates of FAM20C
using CRISPR/Cas9 gene editing, mass spectrometry and
biochemical methods (Table SI). Furthermore, phosphoryla-
tion levels were found to be elevated at 64 sites on 56 proteins
in cells overexpressing DIPK2A, with 8 serine sites and 56
threonine sites (22) (Table SII). A proteomics study revealed
that PKDCC-dependent phosphorylation sites on >40 proteins
are associated with the secretory pathway (27) (Table SIII).

To provide a structured overview of the SPKKPs, their
subcellular localization, representative substrates and func-
tional roles in intercellular communication are summarized
in Fig. 1 and Table I. Of note, while certain members such as
FAM20A, FAM20B and FAM?20C have been well character-
ized with defined substrates and roles in ECM remodeling and
secretome regulation; other SPKKPs, including members of
the GASK and DIPK families, remain less well understood,
particularly regarding their specific substrates and contribu-
tions to extracellular vesicle (EV)-mediated signaling and
tumor microenvironment (TME) modulation. This highlights
the heterogeneity within the SPKKP family and underscores
the need for further mechanistic studies.

Modes of intercellular communication relevant to SPKKPs.
Intercellular communication is essential for growth, devel-
opment and tissue homeostasis in multicellular organisms,
facilitating the exchange of information through diverse
mechanisms (28). Traditional forms of communication
include direct cell-cell contact and long-range signaling
mediated by soluble signaling molecules (1). Among these,
protein secretion plays a pivotal role in intercellular commu-
nication. This process, driven by the ER and GA apparatus,
involves protein synthesis, post-translational modification and
vesicular transport, ultimately releasing functional proteins
into the extracellular space via exocytosis (29). These secreted
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Figure 1. The landscape of SPKKPs. FAM20C is localized to the Golgi apparatus, targets a wide range of secreted proteins, promotes invasion and metastasis
in various cancers, and influences the TME. FAM20A is a type II transmembrane protein localized to the Golgi apparatus that does not directly phosphorylate
substrates; it regulates the activity and localization of FAM20C by activating it. FAM20B is localized to the Golgi apparatus and targets xylose residues
on proteoglycan core proteins; it influences ECM structure and function by regulating proteoglycan synthesis. PKDCC and POMK are localized to the
endoplasmic reticulum and are associated with neurodevelopment and glycosylation. FAM198A and FAM198B localize to the nucleus and cytoplasm and
may be associated with cancer progression; they promote the polarization of colorectal cancer TAMs and may influence the TME. a-DG, a-dystroglycan;
GAG, glycosaminoglycan chains; FNI, fibronectin 1; BMP4, bone morphogenetic protein 4; IGFBP7, insulin like growth factor binding protein 7; TAM,

tumor-associated macrophage; TME, tumor microenvironment.

proteins mediate critical biological functions, such as hormone
regulation, immune responses and microenvironmental
remodeling (30). Notably, the secretory pathway not only
facilitates the output of signaling molecules but also serves as
a critical site for their post-translational modifications. Recent
studies have highlighted the importance of phosphorylation
modifications in the ER, GA lumen and extracellular space in
regulating the function of secreted proteins.

As key regulatory elements in this process, SPKKPs phos-
phorylate various substrates within the secretory pathway,
thereby influencing protein stability, spatial distribution and
receptor interactions. SPKKPs exert their effects through
multiple pathways integral to intercellular communication.
Studies have shown that SPKKPs can modulate ligand-receptor
signaling by regulating the phosphorylation status of secreted
proteins (20), influence the extracellular microenvironment
by modifying ECM-associated proteins (31) and affect
long-range signaling by regulating the phosphorylation of
protein components in EVs (32). Although these mechanisms
are progressively understood, a comprehensive understanding
of the specific contributions of different SPKKPs to various
communication modes remains lacking.

Roles of SPKKPs in physiological intercellular commu-
nication. Under physiological conditions, SPKKPs are
essential regulators of intercellular communication, control-
ling protein phosphorylation within secretory pathways.
During development and morphogenesis, SPKKPs modulate
cell differentiation and tissue formation by regulating the
function of secreted proteins. FAM20C, a prototypical
GA-associated PK, phosphorylates various secretory proteins
and plays a pivotal role in biomineralization processes, such
as human bone and tooth enamel formation (33,34). In vitro
studies demonstrate that FAM20C promotes the differen-
tiation and mineralization of mouse mesenchymal cells and
odontoblasts (35). FAM20A, acting as a pseudokinase, alloste-
rically activates FAM20C, facilitating mineralization-related
signaling (36). In zebrafish models, knockout of fam20a or
fam20c results in severe enamel defects and skeletal develop-
mental abnormalities (37). Additionally, FAM20B, a recently
identified xylokinase, regulates chondrocyte proliferation and
differentiation by modulating the synthesis of glycosamino-
glycan (GAG) chains in proteoglycans (38). These findings
highlight the indirect role of SPKKPs in cell fate determina-
tion and tissue organization through the regulation of secreted
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protein structure and function, thus supporting coordinated
intercellular communication.

In tissue homeostasis, SPKKPs contribute to intercellular
signaling via multiple mechanisms. The ECM, serving as a
critical physical and signaling platform, relies on post-transla-
tional modifications within the secretory pathway to maintain
its function. SPKKPs influence ECM integrity and tissue
function by phosphorylating ECM proteins (39). FAM20C
regulates calpain activity through the phosphorylation of
calpastatin, maintaining the balance between cell migra-
tion, proliferation and adhesion (40). Additionally, FAM20C
modulates cell-matrix interactions by altering the phosphory-
lation status of ECM proteins, ensuring tissue homeostasis
and intercellular coordination (34). GASK1A promotes the
integrin-focal adhesion kinase (FAK) signaling pathway by
phosphorylating ECM proteins, playing a pivotal role in cyto-
skeletal reorganization and intercellular coordination (41-43).

In immune homeostasis and immune responses, SPKKPs
enhance long-range intercellular communication by regulating
the secretion of components within EVs. FAM20C influences
distant T cells, natural killer (NK) cells or dendritic cells
(DCs) by modulating the phosphorylation status of cytokines,
chemokines and the composition of antigenic fragments and
regulatory signaling molecules within exosomes. This modula-
tion impacts immune cell localization and function, amplifying
the immune response (44). Similarly, GASK1A enhances DC
maturation, antigen presentation and T-cell proliferation and
activation through similar regulatory mechanisms (45).
of SPKKP-mediated

3. Mechanisms intercellular

communication

Extracellular phosphorylation and ligand-receptor signaling
modulation. SPKKPs play a critical role in regulating extra-
cellular phosphorylation and ligand-receptor signaling, though
not all kinases have clearly defined functions. During skeletal
development and mineralization, FAM20C phosphorylates
Serl46 within the RGDSVVYGLR motif of osteopontin
(OPN), inhibiting the interaction between OPN and avf33
integrin (46,47). This phosphorylation by FAM20C is essen-
tial for the formation of calcified tissues, such as enamel, bone
and dentin (48,49). Studies have also demonstrated that the
threonine residue in the N-terminal domain of neuroendocrine
companion protein 7B2 is phosphorylated by FAM20C (50).
FAM20A acts as an activator of FAM20C, enhancing
its phosphorylation activity on ECM substrates (51-53).
Loss-of-function mutations in FAM20A lead to enamel
hypoplasia and renal calcification (54,55), though it is a
type II transmembrane protein localized to the GA and is not
secreted into the extracellular space (54). FAM20B regulates
the initiation and delivery of GAG chains by phosphorylating
tetrasaccharide linkers on xylose residues in proteogly-
cans (52). POMK phosphorylates Ser734 on a-dystroglycan,
which is required for LARGE xylosyl- and glucuronyltrans-
ferase 1-mediated laminin-binding glycosylation, facilitating
receptor-ligand interactions in muscle and brain (51).

SPKKP-mediated ECM remodeling. The ECM not only
provides structural support but also serves as a critical platform
for intercellular communication. By integrating mechanical

and biochemical signals, the ECM plays a central role in cell
adhesion, migration and signal transduction (56). SPKKPs
remodel the ECM by modulating the structural properties
and signaling functions of ECM proteins through phosphory-
lation. FAM20C phosphorylates several ECM-associated
proteins, including OPN, fibronectin and collagen (31).
These modifications alter ECM adhesion and stiffness while
regulating its binding capacity to cell surface receptors,
thereby influencing cell-matrix interactions. In the TME,
this regulation enhances ECM signaling capacity and acti-
vates pathways such as integrin-FAK and mitogen-activated
protein kinase (MAPK)-extracellular signal-regulated kinase
(ERK), promoting tumor cell proliferation, migration and
invasion (57). Furthermore, SPKKPs amplify their effects by
phosphorylating ECM-associated soluble signaling molecules.
Phosphorylation of GFs and chemokines secreted by tumor
cells by FAM20C enhances their stability and binding affinity
to receptors, intensifying signal transduction and promoting
cell survival and proliferation through pathways such as
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
and Janus kinase (JAK)/signal transducer and activator of
transcription (STAT).

GASKIA also plays a critical role in ECM remodeling. As
a GA-localized serine/threonine kinase, GASK1A enhances
interactions between the ECM and integrins by phosphorylating
ECM proteins and secreted signaling molecules. It activates the
FAK/Src and PI3K/AKT signaling pathways, promoting cell
adhesion, migration and survival (58). Additionally, GASK1A
coordinates intercellular communication processes on a larger
spatial scale by regulating the composition of phosphorylated
proteins and non-coding RNAs in exosomes, enabling distant
cells to sense and respond to microenvironmental signals (59).
Overall, SPKKPs play a pivotal role in intercellular communi-
cation by regulating the composition, structure and interactions
of the ECM with cells, providing fine-tuned control of cellular
behavior and the microenvironment. Under pathological condi-
tions, such as cancer, abnormal activation of these regulatory
mechanisms may further amplify imbalances in intercellular
communication, promoting disease progression.

SPKKP-associated EV communication. EVs are membrane-
bound vesicles secreted by cells, including exosomes,
microvesicles and apoptotic bodies. These vesicles carry bioac-
tive molecules such as proteins, nucleic acids and lipids, which
allow them to transmit biological information from donor to
recipient cells, influencing the recipient's function and pheno-
type (60-69). As key carriers of intercellular communication,
EVs are formed through various intracellular pathways and can
be internalized by target cells via mechanisms like membrane
fusion, endocytosis, phagocytosis and pinocytosis (70-72). At
the molecular level, SPKKPs regulate the selective loading of
secreted proteins into EVs by phosphorylating them. During
the progression of endometrial cancer (EC), elevated levels
of the PKDCC substrate lectin galactoside-binding soluble
3-binding protein (LGALS3BP) are found in plasma exosomes.
By activating the PI3K/AKT/VEGFA signaling pathway, it
promotes the proliferation and migration of EC cells and is
closely linked to tumor angiogenesis (73) (Fig. 2). Another
classic PKDCC substrate, secreted phosphoprotein 1, enhances
oxidative phosphorylation and the proliferative capacity of
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Figure 2. Substrate proteins in exosomes are secreted outside tumor cells. Left panel: The substrate LGALS3BP of PKDCC activates the PI3K/AKT/VEGFA
pathway through the autocrine signaling loop of tumor cells, promoting tumor proliferation, migration and angiogenesis in endometrial cancer. Right panel:
FAM20C substrate MICA, present in exosomes, is released into the tumor microenvironment to disrupt cytotoxic T-cell surveillance and inhibit the immune
clearance of Hodgkin lymphoma cells, thereby impairing the patient’s response to immunotherapy. AKT, protein kinase B; ER, endoplasmic reticulum;
ADAMIO0, A disintegrin and metalloproteinase domain-containing protein 10; LGALS3BP, lectin galactoside-binding soluble 3-binding protein; MICA, MHC
class I polypeptide-related sequence A; PI3K, phosphatidylinositol 3-kinase; TCR, T cell receptor; VEGFA, vascular endothelial growth factor A.

ovarian cancer (OC) cells by interacting with integrins and the
CD44 receptor (74) (Table SIV). Similarly, FAM20C substrate
cytoskeleton-associated protein 4 (CKAP4) can be released
from lung cancer cells via exosomes. Its exosomal transport
is regulated by palmitoylation, and its high expression is
associated with tumor proliferation and poor prognosis (75).
Additionally, another FAM20C substrate, a-2-HS glycopro-
tein, is highly expressed in lung cancer-derived EVs, showing
potential as a diagnostic biomarker (76).

EVs not only mediate local intercellular communication
but also facilitate long-distance signaling through the circu-
latory system, influencing physiological and pathological
processes at the systemic level. In the TME, EVs regulate
tumor growth, immune evasion and angiogenesis by transmit-
ting signals between tumor cells, immune cells and stromal
cells. Inositol polyphosphates (INSPs) are critical signaling
molecules involved in functions like calcium homeostasis,
cell survival and apoptosis. Multiple inositol polyphosphate
phosphatase 1 (MINPP1), a substrate of PKDCC, regulates
intracellular INSP levels and their downstream functions.
MINPP1 exists in two subtypes: Type 1, primarily intracel-
lular near the nucleus, is associated with ER stress, while
Type 2 is secreted extracellularly via exosomes, contributing
to the formation of the TME (32). Exosomes derived from
colorectal cancer (CRC) cells can promote immune evasion
by upregulating programmed cell death ligand 1 expression in
tumor-associated macrophages (77). In Hodgkin's lymphoma,
exosomal ADAM metallopeptidase domain 10 (ADAMI10)

and its substrate MHC class I polypeptide-related sequence A,
secreted by tumor and lymphoid stromal cells, interfere with
immune surveillance by cytotoxic T cells, inhibiting the
response to immunotherapy (78) (Fig. 2).

The composition of EV cargo is closely linked to tumor
histological types. In neuroblastoma, the FAM20C substrate
fibronectin 1 (FNI) is significantly elevated in patient-derived
EVs and correlates with tumor cell proliferation, migration and
invasiveness (79). A differential proteomic analysis of exosomes
from lung squamous cell carcinoma and lung adenocarcinoma
revealed that the FAM20C substrate MFGES8 (Lactadherin)
is associated with the progression of lung squamous cell
carcinoma and may regulate cholesterol metabolism pathways
in lung cancer cells (80). This differential expression across
histological subtypes suggests a role in subtype-specific regu-
latory processes. By carrying specific kinase substrates, EVs
contribute to tumor progression. These substrate proteins, modi-
fied by phosphorylation, play a pivotal role in driving tumor cell
proliferation, immune evasion and angiogenesis, and defining
tumor histological subtypes. As such, they offer significant
potential for both basic research and clinical applications.

4. Dysregulation of SPKKP-mediated intercellular
communication in cancer

Tumors of the nervous system. Glioblastoma multiforme
(GBM) is the most common primary malignant tumor of the
central nervous system and the deadliest form of brain cancer.
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Despite extensive treatment involving surgical resection,
chemotherapy and radiation therapy, the median survival of
patients with GBM remains limited to only 15 months. With
the urgent need for new therapeutic targets, researchers have
intensively explored the mechanisms driving glioma develop-
ment. FAM20A plays a pivotal role in GBM progression. An
analysis of the human brain glioma transcriptomic dataset
GSE108474 revealed that FAM20A is highly expressed in
GBM, potentially influencing cell proliferation, adhesion,
signal transduction and immune microenvironment establish-
ment (81). Furthermore, FAM20A can form a complex with
FAM20C, activating it through allosteric regulation, thereby
promoting the phosphorylation of its substrates (82). Assay
for Transposase-Accessible Chromatin with high-throughput
sequencing-sequencing data further identified FAM20C and
neuroplastin (NPTN) as hub genes associated with chromatin
accessibility and differential expression. Studies in mouse
xenograft models demonstrated that FAM20C enhances the
proliferation and migration of glioma cells (83). By contrast,
the recently identified tumor suppressor NPTN counteracts
FAM?20C by inhibiting glioma cell proliferation and migration.
In the glioma cell lines LN229 and U251, NPTN overexpression
significantly attenuates FAM20C-mediated cell proliferation.
Transwell assays further show that FAM20C overexpression
promotes cell invasion, while NPTN overexpression effec-
tively inhibits it. Neutralizing antibodies targeting FAM20C
lead to tumor regression in xenograft models. Additionally,
MYC associated transcriptional regulator X, bromodomain
containing 4 (BRD4), MYC proto-oncogene, bHLH transcrip-
tion factor and REI silencing transcription factor (REST)
were identified as potential transcriptional regulators of
FAM20C (83), with BRD4 and REST also regulating NPTN
expression. A previous study has developed signature models
based on secreted kinases or kinase-like proteins to predict
survival in patients with GBM. Further research indicated that
FAM20C modulates immune responses in human GBM and
facilitates immune cell migration (84) (Fig. 3). Furthermore,
GASKIA is a key regulatory factor in GBM development,
with its expression regulated by cavin-1. Database analyses

from The Cancer Genome Atlas (TCGA), Chinese Glioma
Genome Atlas and Gene Expression Omnibus suggest that
cavin-1 promotes GBM progression by facilitating the matura-
tion and secretion of GASKI1A precursor (85). As a potential
therapeutic target, cavin-1 is also considered a prognostic
biomarker for GBM (85). However, there remains a significant
bias between large-scale transcriptomic data and the inference
of mechanisms in small-sample phosphoproteomics.

Head and neck tumors. FAM20A contributes to lymph node
metastasis in thyroid cancer. Analysis of the TCGA database
revealed that FAM20A expression is upregulated in thyroid
cancer tissues with lymph node metastasis compared to
those without. Protein-protein interaction analysis identified
FAMZ20A as a hub gene among differentially expressed genes.
Immune infiltration analysis further showed that FAM20A
expression positively correlates with M1-type macrophages
and NK cells in the thyroid cancer immune microenvironment,
while negatively correlating with CD4* T cells. This suggests
that FAM20A may play a role in shaping the immune micro-
environment and facilitating lymph node metastasis in thyroid
cancer (86). Additionally, FIX1 plays a significant oncogenic
role in nasopharyngeal carcinoma (NPC). Gene expression
profiling revealed that FJX/ is significantly upregulated in
primary NPC tissues compared to non-malignant tissues.
Validation experiments using primary NPC tissue samples
confirmed elevated F/X1 mRNA levels, with some NPC tissues
showing significantly higher FJX1 protein expression compared
to normal epithelial tissues. Experimental findings indicate that
FIX1 promotes the proliferation, adhesion-dependent growth
and invasiveness of NPC cells. Following FJ/X1 expression,
mRNA levels of Cyclin D1 and Cyclin El increase, suggesting
that FJX1 enhances cell proliferation by regulating key cell
cycle proteins (87). Specific peptides targeting FIX1 have
been shown to induce an immune response in NPC, exhibiting
immunogenicity by binding to the major histocompatibility
complex (MHC), class I, A (HLA-A)2 molecule on T cells and
triggering cytotoxic activity against FIX1-expressing tumor
cells. Furthermore, MHC class II peptides can stimulate T-cell
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proliferation (88). Leveraging these immunological proper-
ties, researchers developed a dual-antigen peptide vaccine
(PV1) targeting both FIX1 and MAGE family member D4B
(MAGED#4B). After PV1 stimulation, T cells from patients with
head and neck squamous cell carcinoma (HNSCC) secreted
cytotoxic cytokines upon exposure to target cells expressing the
corresponding antigens. Patients with high tumor expression of
MAGED4B and FJXI showed a more pronounced response to
PV1 stimulation, indicating the vaccine's specificity (89). In the
context of anti-programmed cell death 1 (PD-1) immune check-
point inhibitor therapy for HNSCC, the overall response rate is
~16%. Tumor-infiltrating T cells are critical to the efficacy of
immune checkpoint inhibitors. A DNA vaccine targeting FIX1
can increase the number of reactive T cells and enhance tumor
cell clearance in synergy with PD-1 inhibitors (90).

Tumors of the digestive system. FAM20A plays a critical
role in the development and progression of hepatocellular
carcinoma (HCC). Gene expression analyses of human HCC
cells have revealed that FAM20A interacts with a-fetoprotein
and is involved in alternative splicing processes in HCC.
FAM20A contributes to several key cellular processes,
including cell migration, growth-cone collapse and the regula-
tion of insulin-like growth factor (IGF) transport and uptake
via IGF-binding proteins (91). OPN, a phosphoglycoprotein
secreted into the ECM during liver injury, acts as a cytokine
to promote fibrous collagen deposition during liver fibrosis. In
mouse livers with ligated bile ducts and in activated hepatic
stellate cells (HSCs) cultured in vitro, OPN was found to
be both upregulated and significantly phosphorylated by
FAM20C. By contrast, FAM20C activity is minimal in the
livers of sham-operated animals and in quiescent HSCs, but it
is markedly enhanced upon binding to a multiprotein complex
of ~500 kDa. Knocking out FAM20C not only confirmed its
role in OPN phosphorylation but also revealed the importance
of phosphorylation in OPN secretion. However, incubating
HSCs with phosphorylated or unphosphorylated recombinant
OPN increased collagen-I expression, suggesting that OPN's
pro-fibrotic function is independent of its phosphorylation
status. These findings highlight OPN's role in promoting
liver fibrosis and highlight FAM20C as a key regulatory
factor that drives this process by enhancing OPN secretion by
HSCs, offering new avenues for research on the mechanisms

underlying liver fibrosis (92) (Fig. 4). Pan-cancer analysis also
revealed that FAM20C is upregulated in stomach adenocar-
cinoma (STAD), and its expression correlates positively with
immune cell infiltration, including CD4* T cells, macrophages,
neutrophils, DCs and other immune cells (93).

FJX1 is also implicated in gastric cancer (GC) onset and
progression. Detailed analysis of tumor and non-tumor tissues
from patients with GC revealed significantly elevated mRNA
and protein levels of FIX1 in GC tissues compared to normal
gastric mucosal tissue. Furthermore, high FIX1 expression
at both the mRNA and protein levels is associated with poor
prognosis in patients with GBM, making it an independent risk
factor for adverse outcomes. FIX1 is predominantly localized
in the cytoplasm of GC cells and its expression level positively
correlates with Ki67 expression. Additionally, FJX ] expression
is closely associated with CA19-9 levels, tumor invasion depth
and lymph node metastasis. FJX1 promotes the expression of
Ki67 and proliferating cell nuclear antigen, which are linked
to cell proliferation, and regulates GC-cell proliferation. The
PI3K/AKT signaling pathway may underlie FJX1's function,
as FJXI enhances the expression of phosphorylated proteins
in the PI3K and AKT pathways, thereby promoting GC cell
proliferation (94).

FJX1I hasbeen identified as an oncogene in colorectal tumors
and is regulated by multiple upstream microRNAs (miRNAs).
In a competitive endogenous RNA network associated with
colorectal adenocarcinoma, FJXI was found to be regulated
by miRNA-17 and miRNA-106a, influencing the expression of
downstream genes such as solute carrier family 16 member 9,
cytochrome b reductase 1 and RNA binding motif protein 20.
Survival analyses confirmed that FIX1 is associated with poor
prognosis in patients with CRC (95). Compared to traditional
CRC biomarkers such as CEA and CA19-9, FIX1 shows
considerable potential in predicting patient prognosis. Serum
FJX1 displays high sensitivity and specificity in distinguishing
patients with CRC from controls, and its concentration is
correlated with distant metastasis. Furthermore, serum FJX1
levels decrease significantly following surgery in patients
with CRC (96). FJX1 enhances the expression of angiogen-
esis-related genes, including hypoxia-inducible factor 1, VEGF,
Fms related receptor tyrosine kinase and kinase insert domain
receptor, promoting the formation of epithelial luminal struc-
tures in CRC. This suggests that FIX1 acts as a novel regulator
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Figure 5. FAM20C-mediated mechanisms promoting bone metastasis in TNBC. Mutations in BMP4 phosphorylation sites enhance BMP4 degradation and
reduce its secretion, while BMP4 signaling inhibitors accelerate these effects. FAM20C also phosphorylates IGFBP7, further enhancing cell migration and
metastatic spread to bone. TNBC, triple-negative breast cancer; BMP4, bone morphogenetic protein 4; IGFBP7, insulin-like growth factor binding protein 7.

of tumor progression, particularly in the process of tumor
angiogenesis (97). Long non-coding RNA plasmacytoma
variant translocation 1 (PVT1) has also been implicated in CRC
progression. MiRNA-106b-5p, a target of PVT]I, is suppressed
by PVTI in CRC tissues, and this suppression leads to increased
expression of FIX1. Upregulation of PVT1, achieved by down-
regulating miRNA-106b-5p and restoring FJXI expression,
promotes the proliferation, migration, invasion and tumor
growth of CRC cells (98). Additionally, miRNA-532-3p (99)
and miRNA-1249 (100) have been identified as important
regulators of FJX1, further influencing CRC progression.
Further study has demonstrated that FIX1 is closely associ-
ated with liver metastasis in CRC through its modulation of
the Notch signaling pathway. FIX1 is also thought to impact
chromatin-modifying enzymes, the Notch signaling system,
cellular senescence and other signaling pathways (101).

In addition, FAM198A and FAMG69A are involved in the
progression of colorectal adenocarcinoma. An RNA analysis
of a patient with CRC with peritoneal metastasis revealed a
FAMI98A-RAFI fusion event (102). Furthermore, FAM69A
has been shown to regulate lipid metabolism in colorectal
adenocarcinoma. FAM69A expression is downregulated in
CRC and serves as a prognostic marker, forming part of a
risk scoring model alongside seven other genes. Gene enrich-
ment analysis revealed that FAM69A is closely linked to lipid
metabolism and the endothelial-mesenchymal transition (103).

Tumors of the reproductive system. Current research indi-
cates that FAM20C can phosphorylate IGFBP7, thereby
promoting the proliferation and migration of human
triple-negative breast cancer (TNBC) cells. Both FAM20C
and IGFBP7 are highly expressed in breast cancer cells (33).

The FAM20C inhibitor FL-1607 effectively suppresses the
migratory capacity of TNBC cells and acts as a novel targeted
agent that promotes TNBC cell apoptosis (104) (Fig. 5). In
myeloid cells, FAM20C inhibits osteoclastogenesis and bone
resorption. OPN, the most abundant phosphorylated protein
secreted in a FAM20C-dependent manner, is essential in this
process. FAM20C-mediated OPN phosphorylation reduces its
secretion, and neutralizing OPN diminishes osteoclast differ-
entiation and bone metastasis induced by FAM20C deficiency.
In breast cancer cells, FAM20C enhances osteoclastogenesis
by promoting the phosphorylation and secretion of bone
morphogenetic protein 4 (BMP4), thereby facilitating bone
metastasis. Mutations in BMP4 phosphorylation sites increase
degradation of its fragments and reduce BMP4 secretion.
BMP4 deficiency or treatment with BMP4 signaling inhibitors
in cancer cells reduces osteoclast differentiation and bone
metastasis, eliminating FAM20C's regulatory role in these
processes (105) (Fig. 5). Furthermore, studies indicate that
elevated FAM20C expression correlates with reduced sensi-
tivity to cisplatin in testicular cancer (106).

By contrast, FAM198B appears to have a protective
effect in uterine corpus endometrial carcinoma (UCEC).
Transcriptomic data analysis, including univariate Cox and
Least Absolute Shrinkage and Selection Operator (LASSO)
regression, revealed that in UCEC, the hazard ratio for
FAMI198B was <1, with the LASSO regression coefficient
also below zero. Immunohistochemical analysis showed that
FAMI198B expression in tumor tissue was significantly lower
than in adjacent tissues. Furthermore, FAM198B, along with
six other kinases, co-regulates the immune microenvironment
of UCEC, promoting the infiltration of immunosuppressive
cells (107).
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Malignant neoplasm of mesenchymal tissue. DIPK2A has
been implicated in melanoma development, with abnormal
DNA methylation being a significant epigenetic alteration.
Unsupervised hierarchical clustering and multidimensional
parametric analysis revealed distinct methylation profiles
between primary acral lentiginous melanoma (PALM) and
primary non-lentiginous acral melanoma, with DIPK2A exhib-
iting low methylation in PALM. High methylation of DIPK2A
was found to be associated with poorer disease-specific
survival (108,109). The effects of DIPK2A on melanoma
cell proliferation and invasion are regulated by the microph-
thalmia-associated transcription factor (Mitf). Reduced Mitf
levels downregulate the expression of DIPK2A, actin and Rho
associated coiled-coil containing protein kinase, enhancing
cellular invasiveness and affecting cell cycle progression (110).
In melanoma, FJXI overexpression promotes tumor progres-
sion, but this effect can be inhibited by miRNA-127-3p,
which binds to FIX1 and negatively regulates its expression.
Additionally, FOXD3-AS1 further influences melanoma devel-
opment by regulating the miRNA-127-3p/FIX1 axis (111).

5. Molecular pathways mediating SPKKP-regulated
intercellular communication

SPKKPs are integral to cell-cell interactions, regulating cellular
communication through various mechanisms, including direct
cell contact, secretion of signaling molecules and the exchange
of substances via EVs and the ECM. Phosphorylation,
a pivotal event in signal transduction, is central to these
processes. When extracellular signaling molecules bind to
their receptors, they trigger intracellular PK cascades, such as
the MAPK and PI3K-AKT pathways. These pathways amplify
and organize signals within the cell, allowing a small number
of ligands to influence the activity of numerous intracellular
molecules (52,53,112). Consequently, intercellular communi-
cation extends beyond mere signal reception and transmission
to a complex, multilevel network regulated by protein modifi-
cations and processing mechanisms. In this context, SPKKPs
are increasingly recognized as key regulatory factors that
influence intercellular communication, owing to their distinct
roles in the secretory pathway and the assembly of signaling
complexes (34,51,113-115).

PI3K-AKT-mTOR signaling pathway. The PI3K/AKT pathway is
a critical cellular signaling cascade that responds to extracellular
signals, promoting processes such as metabolism, cell prolifera-
tion, survival, growth and angiogenesis. This pathway involves
serine/threonine phosphorylation of downstream substrates, with
key components including PI3K and AKT, which give the pathway
its name. The PI3K/AKT signaling pathway can be divided into
three primary components: Upstream, core and downstream. Its
involvement in tumor progression has been extensively validated
by numerous studies (116). Activation of this pathway results
in the phosphorylation of downstream substrates, initiating
cascades that trigger various cellular responses. Kinases within
the secretory pathway also regulate the PI3K/AKT signaling
axis, influencing multiple biological processes in different tumor
types. This complex signaling network is essential for under-
standing the molecular mechanisms underlying tumorigenesis
and has become a central focus in cancer research.

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 174, 2026 11

The PI3K/AKT pathway plays a pivotal role in the devel-
opment of TNBC (117). Additionally, POMK, associated with
muscular dystrophy and congenital glycosylation disorders, has
been implicated in breast cancer metastasis. Gene Ontology
and Kyoto Encyclopedia of Genes and Genomes enrichment
analyses have revealed that POMK's interacting proteins are
significantly enriched among membrane proteins and meta-
bolic pathway-related proteins (118). In a basal-like breast
cancer cell model, N-glycosylated POMK was identified as a
suppressor of metastasis, primarily through the AKT-glycogen
synthase kinase (GSK)3p pathway. High POMK mRNA
expression in patients with breast cancer was found to be
associated with prolonged survival. Critical glycosylation sites
(Asn67, Asnl65, Asn220 and Asn235) are essential for POMK's
role in inhibiting breast cancer cell migration and metastasis.
The inhibitory effect is mediated via the PI3K/AKT/glycogen
synthase kinase-3[3 (GSK-3[3)/Snail pathway. POMK deficiency
leads to AKT and GSK-3f activation, upregulating Snail levels
and promoting cancer progression (119).

The PI3K/AKT pathway also has a significant role in GC
progression (120). In STAD, FAM198B is highly expressed and
associated with poor prognosis. FAM198B contributes to GC
progression by upregulating the PI3K/AKT/BCL2 apoptosis
regulator (BCL-2) signaling pathway. This includes phosphor-
ylation of PI3K, AKT and cyclin-dependent kinase 1, as well
as increased BCL-2 expression and reduced BCL2-associated
agonist of cell death and BCL2-associated X protein levels.
Knockdown of FAMI198B using small inhibitory RNA
reverses these effects, inhibiting GC progression. High expres-
sion of FAM198B is linked to processes such as myogenesis,
angiogenesis, epithelial-mesenchymal transition and cytokine
binding. Notably, silencing FAM198B significantly inhibits
the proliferation and migration of GC cells (121) (Fig. 6).

ERK/MAPK signaling pathway. The MAPK pathway is a crit-
ical intracellular signaling cascade comprising a three-tiered
structure and four major branches, one of which is the ERK.
ERK regulates various essential physiological and patho-
logical processes, including cell growth, differentiation, stress
responses, and inflammatory reactions. Extensive research has
highlighted the role of the MAPK/ERK signaling pathway in
tumorigenesis. Upon the binding of an extracellular stimulus,
such as a GF, to a receptor tyrosine kinase on the cell surface,
GF receptor-bound protein 2 (GRB2) is activated. GRB2,
in turn, activates Ras, which further activates Raf kinase.
Raf then phosphorylates and activates MAPK kinase, which
ultimately phosphorylates and activates ERK (122). Despite
these insights, further research is needed to fully elucidate the
detailed mechanisms underlying this pathway.

FAM198B has been implicated in survival outcomes
in patients with lung adenocarcinoma. Elevated FAM198B
expression in lung adenocarcinoma tissues enhances cancer
cell invasiveness, migration, motility and proliferation.
Furthermore, matrix metalloproteinase 1 (MMP1) has been
identified as a key downstream target of FAM198B. Differential
gene and pathway analyses revealed that FAM198B inhibits
both the mRNA and protein expression of MMP1 by reducing
ERK phosphorylation levels and suppressing the ERK/MAPK
signaling pathway (123). FAM20B, like FAM198B, can
also reduce ERK phosphorylation and subsequently inhibit
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Figure 6. FAM198B regulates tumor progression through various signaling pathways. Left panel: FAM198B activates the PI3K/AKT pathway, upregulating
CDKI1 and BCL-2, while inhibiting BAD and BAX to promote malignant phenotypes such as cell proliferation, migration and angiogenesis in gastric cancer.
Right panel: In colorectal cancer, FAM198B targets the SMAD signaling pathway in tumor-associated macrophages, driving M2 polarization and promoting
metastasis. AKT, protein kinase B; BCL2, B-cell lymphoma 2; BAD, BCL2-associated agonist of cell death; BAX, BCL2-associated X protein; CDKI1,
cyclin-dependent kinase 1; PI3K, phosphatidylinositol 3-kinase; SMAD, SMAD family member.

MMP1 expression. However, N-glycosylated FAM20B fails
to suppress ERK phosphorylation, resulting in increased
MMP1 expression. FAM198B also exerts a protective role
in OC. CUGBP Elav-like family member 2 (CELF2), an
RNA-binding protein, is downregulated in OC and inhibits
tumor cell proliferation, migration and invasion. FAM198B
has been identified as a downstream target of CELF2, and
CELF2 enhances FAM198B stability by binding to AU/U-rich
elements in its 3' untranslated region. The CELF2/FAM198B
axis regulates tumorigenesis and response to cisplatin therapy
through the ERK/MAPK signaling pathway (124).

SMAD? signaling pathway. In CRC, FAM198B promotes
tumor progression by regulating the SMAD2 signaling
pathway, which influences tumor-associated macrophage polar-
ization. Elevated FAM198B expression in tumor-associated
macrophages correlates with poor prognosis in patients with
CRC. By targeting SMAD2, FAM198B regulates macrophage
polarization toward the M2 phenotype, thereby promoting
metastasis (27) (Fig. 6).

6. Therapeutic targeting of SPKKPs in intercellular
communication across different cancer microenvironments

Given the pivotal role of SPKKPs in cancer progression and
intercellular communication, targeting their activity offers
significant therapeutic potential. Inhibiting key SPKKPs can
disrupt pro-tumor signaling pathways within the TME, poten-
tially halting disease progression.

FAM?20C inhibitors (FL-1607). Targeting SPKKPs is antici-
pated to modulate the TME by altering the tumor cell secretome,
ECM remodeling and paracrine signaling networks. Through
systems biology network integration, molecular docking and
moleculardynamics simulations,researchersidentified FL-1607,
a FAM20C inhibitor, from a panel of candidate compounds.
FL-1607 demonstrates potent antiproliferative effects in
TNBC cells. By inhibiting FAM20C-mediated phosphoryla-
tion of secreted protein substrates, FL-1607 induces apoptosis
and suppresses cell migration in MDA-MB-468 cells. This
compound impedes metastasis-promoting exosome signaling
and ECM-receptor interaction pathways, thereby inhibiting
tumor cell survival and motility (33). FAM20C catalyzes the
serine phosphorylation of various secreted proteins, and in
numerous tumors, upstream oncogenic signaling pathways
typically enhance tumor growth, angiogenesis and immune
evasion by boosting secretome activity and ECM remodeling.
FL-1607, by inhibiting FAM20C, significantly reduces the
phosphorylation levels of substrates rich in S-x-E/pS motifs,
thereby decreasing the pathogenic modifications and stability
of pro-tumor cytokines, chemokines and ECM-associated
proteins. Consistent with findings in TNBC models, FL-1607
inhibited proliferation, promoted apoptosis and suppressed
migration. Although current research on FL-1607 relies
primarily on in vitro tumor cell experiments and lacks
systematic pharmacokinetic studies and in vivo validation, it
represents the first reported FAM20C inhibitor. This provides a
promising development path for future molecular optimization
and expansion to other tumor types.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

FJX1-targeting peptide vaccines. FIX1, a non-Epstein-Barr
virus-derived tumor-associated antigen, is highly expressed in
NPCand HNSCC, where it plays arole in tumor immune evasion
and microenvironmental remodeling. Due to its enrichment at
secretory sites and antigen-presenting potential, researchers
have developed a short-peptide vaccine targeting FJX1. This
vaccine aims to disrupt pro-tumor communication between
tumor cells and immune cells by inducing FJX1-specific
T-cell responses. The FJX1 peptides typically consist of 9-20
amino acids. After processing by DCs, they are presented
primarily to CD8" T cells via the HLA-A2-restricted MHC-I
pathway, while some HLA-DR-restricted peptides promote the
expansion of CD4* T helper cells. This process enhances the
expression of cytotoxic effector molecules, such as IFN-y and
granzyme B, in the TME, leading to the recognition and lysis
of tumor cells with upregulated FIX1 expression (88).

In a patient population study, researchers conducted
in vitro validation of the FJX1 peptide vaccine in patients with
HNSCC. They combined FJX1 with another tumor antigen,
MAGED4B, to develop the dual-antigen peptide vaccine PV1
and evaluated its immunogenicity and association with immune
responses in patients with HNSCC. Immunohistochemistry
and transcriptomic analyses revealed that 94.8% of patients
with HNSCC co-express MAGED4B and FJX1, indicating
high applicability for PV1. In HLA-A2 dimer and ELISPOT
assays, pre-existing antigen-specific T cells, which could be
further expanded by PV1, were found in patients' peripheral
blood mononuclear cells. After vaccination, these T cells
released higher levels of IFN-y and granzyme B when exposed
to target cells expressing the corresponding antigens. Notably,
patients with high FIX1/MAGED4B expression in tumor tissue
exhibited stronger cytotoxic responses. Additionally, FIX1
and MAGED4B expression was observed in cancer cell lines
from breast, lung, colon, prostate and rectal cancers, as well as
in TCGA data, providing preliminary evidence for expanding
the FIX1 peptide vaccine's application beyond HNSCC (88).
However, the paper conflates the mere qualitative detection of a
protein with its functional relevance as an immunogenic target
amenable to vaccine-mediated targeting, thereby overlooking
critical biological variables, including antigen processing and
presentation, tumor-driven immune evasion mechanisms, and
intra- and inter-tumoral heterogeneity.

The potential of targeting exosomes carrying SPKKP
substrates. Targeting exosomes carrying SPKKP substrate
proteins presents a novel and promising therapeutic strategy in
oncology. As previously discussed, exosomes are not merely
passive vehicles but active participants in tumor progression,
mediating essential processes like immune evasion, angiogen-
esis and metastasis. Therapeutic approaches focused on these
exosomes are founded on two key principles. First, the specific
phosphorylated proteins they carry, such as FN1, ADAMIO0,
LGALS3BP and CKAP4, serve as distinct ‘molecular signa-
tures’ of the tumor cells from which they originate. This
specificity allows for highly targeted interventions, potentially
minimizing off-target effects.

Researchers have isolated exosomes from the serum of
patients with pancreatic cancer, identifying 611 proteins,
with 141 differentially expressed. Notably, apolipoprotein E
(APOE) expression was elevated in these exosomes and

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 174, 2026 13

closely interacted with other proteins (125). Additionally,
APOA2, present in exosomes from pancreatic cancer, shows
promise as a biomarker, while APOB is downregulated (126).
CKAP4, secreted via exosomes from pancreatic ductal adeno-
carcinoma (PDAC), may serve as a PDAC biomarker, and
anti-CK AP4 monoclonal antibodies are showing promise for
PDAC treatment (127). GA membrane protein 1, a serum marker
for HCC, is carried in exosomes that activate the GSK-3/MMP
signaling axis in recipient cells, promoting proliferation
and migration (128). By contrast, exosomes from hepatitis B
virus (HBV)-associated HCC exhibit reduced FN1 expression
compared to normal stem cells, influencing HBV-associated
pathways, viral activity, invasion, exosome formation, adhe-
sion and protein binding (129). Additionally, GC individuals
with exosome phenotype B show poorer prognoses and greater
resistance to immunotherapy. Matrilin 3 has been identified
as a signature protein for phenotype B, offering potential as
a prognosis predictor (130). In CRC, exosomes derived from
cancer-associated fibroblasts (CAFs) exhibit elevated quiescin
sulfhydryl oxidase 1 (QSOX1) levels compared to CAFs from
healthy individuals, indicating that QSOX1 may serve as a
biomarker for CRC (131).

Inhibiting the secretion or uptake of these bioactive
exosomes presents an additional therapeutic strategy.
Small-molecule inhibitors targeting key steps in exosome
biogenesis or endocytosis in recipient cells can effectively
disrupt this critical intercellular communication network,
blocking the transport of oncoprotein SPKKP substrates. Even
more promising is the potential to engineer exosomes to carry
inhibitors or antagonists targeting these SPKKP substrates,
effectively ‘hijacking’ the pro-tumor system. This strategy
could serve as a highly efficient and specific ‘Trojan horse’
therapy. For aggressive tumors such as glioblastoma, where
the TME poses a significant treatment barrier, disrupting the
exosomal communication sustaining this adverse environment
could substantially enhance the efficacy of existing treatments,
including immunotherapy and anti-angiogenic therapies.

7. New technologies for detecting and studying SPKKPs

Developing a novel, unified and high-throughput approach for
the in situ measurement of SPKKPs in living cells remains
a major challenge. Current studies have largely focused on
individual kinases and relied heavily on in vitro biochemical
assays or the detection of specific substrates. For instance,
FAM20C activity has been measured in situ in living cells using
fluorescence correlation spectroscopy (FCS). By analyzing
fluorescence fluctuations generated by the movement of fluo-
rescently labeled molecules within a defined detection volume,
FCS provides information on molecular concentration, diffu-
sion coefficients and molecular interactions (132). Although
this method shows promise for studying low-abundance
secreted proteins under physiological conditions, its throughput
and its capacity to simultaneously detect multiple kinases
remain limited (132). In the case of FAM20A and POMK,
their activities have been directly measured using in vitro
reconstituted secretory pathway membrane vesicles combined
with radioactive ATP pulse-tracking assays (52,54). While
these approaches provide relatively precise enzymatic activity
data, achieving high-throughput and real-time monitoring in
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live-cell settings remains challenging. Consequently, current
research is still largely confined to a ‘single kinase-single
substrate’ framework, making it difficult to systematically
dissect the global regulatory roles of SPKKPs in extracellular
signaling networks.

Against this background, recent advances in phosphopro-
teomics have provided a critical breakthrough for SPKKP
research. A landmark study has shown that FAM20C gener-
ates the majority of the extracellular phosphoproteome and
phosphorylates >100 secreted substrates, underscoring its
central role in extracellular signal regulation (26). More
recent work has further expanded the substrate spectrum of
FAM?20C through systematic phosphoproteomic analyses,
identifying ~256 proteins and 443 phosphorylation sites, of
which nearly 77% were previously unrecognized, thereby
providing additional support for its role as a dominant kinase
of the secretory pathway (133). Together, these studies indicate
that phosphoproteomics has advanced SPKKP research from
single-substrate validation to the systematic interrogation of
extracellular signaling networks. In addition, the substrates of
FAM20C and related SPKKPs are broadly distributed along
the continuous secretory axis spanning the ER, GA and extra-
cellular space, and include ECM proteins, secreted factors
and cell-surface proteins, highlighting a strong spatial depen-
dency (134). This feature suggests that conventional proteomic
approaches alone are insufficient to fully resolve their spatial
regulatory mechanisms within tissues.

Nevertheless, most existing studies are still based on
bulk-level analyses, which makes it difficult to distinguish
SPKKPs and their substrates derived from different cellular
sources. Given that, within the TME, SPKKPs and their
substrates may originate from tumor cells, fibroblasts, immune
cells and other cellular populations, single-cell proteomics
may, in the future, enable cell type-specific characterization
of SPKKP expression and substrate phosphorylation, thereby
providing a more precise understanding of their division of
labor in intercellular communication (135). At the same
time, available evidence indicates that FAM20C substrates,
including ECM proteins such as osteopontin and fibronectin,
exhibit marked spatial heterogeneity within tissues, with
especially pronounced differences between the invasive front
and the tumor core (133). Accordingly, spatially resolved
technologies are expected to further illuminate the tissue
distribution patterns of ECM phosphorylation and clarify how
SPKKP-mediated intercellular signaling is directionally trans-
mitted within the microenvironment. Overall, the development
of SPKKP-specific chemical probes and Golgi-targeted kinase
activity reporter systems, together with the integration of
phosphoproteomics, single-cell approaches and spatially
resolved technologies, is expected to overcome the limitations
of current methods and enable high-throughput, dynamic
and in situ monitoring of SPKKP activity. Such advances
will provide a more systematic understanding of the roles of
SPKKPs in intercellular communication and in the initiation
and progression of disease.

8. Conclusion and perspective

This review synthesizes emerging evidence positioning
SPKKPs as master regulators of intercellular communication,

with profound implications in cancer and other diseases. It
outlines how SPKKPs, through their unique localization and
ability to phosphorylate a diverse secretome, orchestrate key
signaling pathways, modulate the ECM and govern the bioac-
tive cargo of EVs. Their dysregulation directly fuels tumor
progression by promoting cancer hallmarks, such as prolifera-
tion, metastasis, immune evasion and angiogenesis, across a
wide range of malignancies, including glioblastoma, as well as
gastrointestinal and reproductive cancers. The development of
targeted agents, such as the FAM20C inhibitor FL-1607 and
FIX1-directed vaccines, highlights the translational potential
of targeting this kinase family.

Despite these advances, substantial gaps remain in the
current understanding. A primary challenge is the incom-
plete mapping of the SPKKP ‘phosphoproteome’ and its
context-dependent variations across different tumor types and
cellular states. Key points remaining to be clarified include
the precise kinase-specific substrate profiles for less-charac-
terized SPKKPs like the DIPK and GASK families and how
the TME influences the substrate preference and activity of
these kinases. Addressing these questions is essential for
comprehending the full scope of their biological functions and
for minimizing off-target effects in therapy.

Furthermore, the complex regulatory networks controlling
SPKKP activity remain poorly defined. Current research lacks
a deep mechanistic understanding of how SPKKPs are tran-
scriptionally and post-translationally regulated, and how they
interact with other major signaling pathways. Future studies
should explore the upstream oncogenic signals driving SPKKP
overexpression in specific cancers and how SPKKPs integrate
with canonical intracellular signaling to create feedback loops
that sustain tumor growth. Unraveling these mechanisms will
reveal novel regulatory nodes that could be therapeutically
targeted.

From a translational perspective, the journey from mecha-
nistic insight to clinical application faces several hurdles. The
development of isoform-specific inhibitors remains a challenge
due to structural similarities within kinase families. Critical
research directions include the design of allosteric inhibitors
or proteolysis-targeting chimeras with enhanced specificity
and how to effectively deliver therapeutics to block extracel-
lular kinase activity or intercept pathogenic exosomes in vivo.
Additionally, validating SPKKP substrates in circulating
exosomes as reliable, non-invasive biomarkers will require
large-scale, multi-center clinical studies.

Looking forward, the future of SPKKP research lies
in embracing complexity and innovation. Single-cell
multi-omics and spatial transcriptomics are poised to uncover
the cell-type-specific roles of SPKKPs within the TME.
Combining SPKKP-targeted agents with existing therapies,
such as immunotherapy, chemotherapy or radiation, presents a
promising strategy to overcome resistance and improve patient
outcomes. By systematically addressing these research gaps,
it may be possible to fully harness the potential of SPKKPs,
paving the way for a new class of targeted therapies and
advancing the frontier of precision oncology.
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