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Secretory pathway kinase or kinase-like proteins (SPKKPs) are effective in the

lumen of the endoplasmic reticulum (ER), Golgi apparatus (GA), and extracellular

space. These proteins are involved in secretory signaling pathways and are

distinctive from typical protein kinases. Various reports have shown that SPKKPs

regulate the tumorigenesis and progression of human cancer via the

phosphorylation of various substrates, which is essential in physiological and

pathological processes. Emerging evidence has revealed that the expression of

SPKKPs in human cancers is regulated by multiple factors. This review summarizes

the current understanding of the contribution of SPKKPs in tumorigenesis and the

progression of immunity. With the epidemic trend of immunotherapy, targeting

SPKKPsmay be a novel approach to anticancer therapy. This study briefly discusses

the recent advances regarding SPKKPs.
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1 Introduction

Kinases are evolutionarily conserved enzymes for the regulation of many cellular

processes by transferring phosphate molecules from ATP to target substrates (1, 2). The

human kinome encompasses more than 500 kinases and acts as molecular activators and

signal transducers. Solid tumors, among other disorders, present defective and abnormal

activation of kinases (3). It has been identified in recent years that a group of proteins, the

“secretory pathway kinase or kinase-like proteins” (SPKKPs), is explicitly observed in the
Abbreviations: SPKKPs, secretory pathway kinase or kinase-like proteins; ER, endoplasmic reticulum; GA,

Golgi apparatus; AXER, ATP/ADP exchanger on the endoplasmic reticulum membrane; PDI, protein disulfide

isomerase; UPR, unfolded protein response; ERAD, ER-related degradation; TGN, trans-Golgi network; GSCs,

glioblastoma stem cells; HCC, hepatocellular carcinoma; GAG, glycosaminoglycan; LEF, lymphoid enhancer

factor; CRC, colorectal cancer; NPC, nasopharyngeal carcinoma; PV1, peptide vaccine; MMP, matrix

metalloproteinases; HNSCC, head and neck squamous cell carcinoma.
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lumen of the endoplasmic reticulum (ER), Golgi apparatus (GA), and

extracellular space (4–6). The mutation of SPKKPs will result in

disease (7), demonstrating the biological importance of

phosphorylation in the secretory pathway.

This group of kinases can phosphorylate several substrates that

are crucial to pathological processes, such as tumor growth and

metastasis, and act on secretory molecules as glycan kinases (3, 8–

11). In addition, some kinase-like proteins are widely present in the

enzyme family, such as FAM20C-related kinases, PKDCC-related

kinases (8), and POMK (9), and all are actively involved in a series of

cell functions (8). The evolution of multiple secreted kinases appears

to occur as independent events rather than diverging from primordial

secreted kinases, as shown by the fact that this group of genes is more

evolutionarily distant from one another than canonical cytoplasmic

kinases (Figure 1) (12). Nonetheless, the functions of these SPKKPs in

cancers remain poorly defined. Bioinformatic analyses unveiled that

most of these proteins are presented in a tumor-promoting phenotype

(Figure 2). This review specifies the kinases involved in the secretory

pathway and emphasizes the importance of the kinases in

human cancer.

2 Secretory pathway

Information transmission between cells is the fundamental

guarantee of cell growth, differentiation, development, proliferation,

apoptosis, and other life activities in organisms. Protein secretion is

an important way of information transmission between cells. More

than 30% of human genes are coding proteins for the extracellular

environment, cell membrane, or secretory pathway components (13).

The intracellular secretory pathway is an essential physiological

process and consists of the ER, GA, and associated vesicles. These

components fold, modify, and transport proteins to the lysosome,

plasma membrane, and extracellular space (14). The Nobel prize in

Physiology or Medicine in 1999 was awarded to Dr. Günter Blobel for

understanding the mechanism of secretory pathway entry. The newly

synthesized proteins enter the secretory pathway through signal
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recognition particles. These particles are folded and modified in the

ER, and the proteins are involved in the transportation and

localization in the secretory pathway, such as transport through

vesicles between the ER and Golgi, localization in the ER,

modification in the GA, and transport through the GA. Then, the

proteins leave the GA and target the post-Golgi locations (including

lysosome, plasma membrane, and extracellular space) (15).

Secretory proteins include extracellular matrix proteins and

autocrine/paracrine proteins (16), which are involved in various

physiological and pathophysiological processes, including immune

defense, cell signal transduction, tumor microenvironment

modification, angiogenesis, invasion, and metastasis. All proteins

targeting the extracellular space pass through the ER, the starting

point of the metabolic pathway, to reach the cell surface. A cancer

secretome is a subproteome of the collection of all proteins secreted or

escaped from cancer cells.

Kinases or kinase-like proteins in the secretory pathway seem to play

critical roles in the tumormicroenvironment. PKDCC (also namedVLK)

and FAM20C are the first two identified secreted kinases discovered and

involved in the phosphorylation of cell surface proteins (12, 17). Other

secretory kinases are subsequently identified, such as FJX1 and FAM20A.

This group of proteins is crucial in promoting tumor processes, including

cell invasion and colony formation (18), as they are part of the immune

environment. The kinase secretomes are valuable sources of cancer

biomarkers or therapeutic targets due to their interaction with several

growth factors, receptors, adhesion molecules, and extracellular

matrix components.
3 Physiological processes and
pathological results of the
secretory pathway

Secretory and transmembrane proteins are produced in the ER

and transported to the Golgi compartment for further maturation.

Various mechanisms are evolved by eukaryotic cells to preserve the
FIGURE 1

Representation of the evolutionary relation analysis of the secretory pathway kinase or kinase-like proteins in human kinome. Left: The black branches
represent the development process of the phylogenetic tree of all kinases (branches of different colors represent different kinase groups). Right: The
orange bar chart represents the number of disease literature related to the corresponding genes.
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efficiency and fidelity of protein production (19). The ER and Golgi

guarantee that only the correctly folded proteins should be released

through the secretory pathway and those improperly folded should be

degraded. However, in some instances, the loss of enzymes or proteins

causes the dysfunction of the ER and GA and affects the secretory

pathway, contributing to various human diseases.
3.1 ER protein folding and ER stress

Approximately one-third of the proteomes in eukaryotes are

transported through the secretory pathway, where nascent proteins

are the first target in the ER. Fundamental modifications necessary for

their maturation are then completed to ensure that the protein is

appropriately structured before being released to the predetermined

cell compartment (20, 21). ER protein folding, an error-prone

process, may result in multiple conformations in the process of

folding (22). Misfolded proteins accumulated in the ER under

environmental stresses will promote tumorigenesis (23). The

protein folding process is coordinated with the quality control

system, and the improperness of protein folding results in ER stress

(24). Mammalian ER stress responds to misfolded protein damage via

multiple mechanisms, including weakening of translation, promotion

of chaperone protein expression, enhancement of protein degradation

components, and induction of apoptosis (25). On the other hand,
Frontiers in Immunology 03
chronic ER stress triggered by tumor microenvironment factors can

interfere with protein folding (26).

The protein disulfide isomerase (PDI) family is a prominent

participant in protein folding (27). Recent studies have found that

FAM20C phosphorylates Ser357 in PDI and induces an open

conformation, changing the state from “foldase” to “holdase.” This

is essential in the prevention of protein misfolding in the ER. Most

FAM20C is retained in the ER and forms a condensate with PDI,

which leads to a higher local concentration of FAM20C and catalyzes

phosphorylation during ER stress (28). In addition, ER stress also

increases ER ATP levels through AXER (an ATP/ADP exchanger on

the endoplasmic reticulum membrane), which may also promote

FAM20C-catalyzed phosphorylation (29). FAM20C phosphorylates

PDI on Ser357 upon ER stress and promotes the activity of PDI to

maintain ER proteostasis in acute liver damage (28). The FAM20C–

PDI axis contributes to the post-translational response for ER protein

homeostasis maintenance and is important in cell protection from cell

death induced by ER stress (28, 30).
3.2 Post-translation modification in the ER

Both N-glycosylation and O-mannosylation are critical for

protein maturation. N-linked glycosylation sites, generally

composed of asparagine, non-proline amino acids, and serine/
FIGURE 2

Heatmap of gene expression in pan-cancer. Heatmap showing the association of 13 genes encoding secretory pathway kinases or kinase-like proteins
with indicated cancer types in the TCGA pan-cancer RNA sequencing dataset downloaded from UCSC Xena (https://xena.ucsc.edu). The color code
represents the expression level of the 13 genes, with the most significant high expression in dark blue.
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threonine sequences, are the attachment sites of high mannose

oligosaccharides (31). O-mannosylation is effective on the Ser and

Thr side chains to improve protein stability and solubility (32).

POMK (protein-O-mannose kinase) encodes protein-O-mannose

kinase, which is essential in extracellular matrix composition and

involved in the proper glycosylation and function of the dystroglycan

complex (33, 34).
3.3 Unfolded protein response

Growing evidence supports the critical role of unfolded protein

response (UPR) in tumor establishment, progression, metastasis, and

chemoresistance, as well as its involvement in acquiring other

hallmarks of cancer (35). The activation of the UPR can support

and promote the survival of tumor cells by improving the folding

ability of ER chaperones and promoting the ER-related degradation

(ERAD) pathway (28). However, the functions of UPR activation also

include tumor growth inhibition, especially when ER stress is intense

and persistent in cancer cells. In this case, the UPR is not able to solve

the protein folding defect but instead induces cancer cell death (28).

Therefore, it is necessary to accurately and timely regulate ER protein

homeostasis and UPR signaling in the physiological state.

The UPR is a dynamic signaling network composed of three

distinct arms in mammals, i.e., the ER transmembrane sensors IRE1a,

PERK, and ATF6 (36, 37). The negative regulation of the IRE1a signal

by the FAM20C–PDI axis is physiologically relevant since the

terminal UPR contributes to various diseases, including diabetes,

cancer, and neurodegeneration (30). Recent evidence has shown that

the IRE1a branch of UPR is sensitized by FAM20C depletion under

ER stress (28). Phosphorylation of FAM20C reduces the XBP1 mRNA

splicing level in thapsigargin-treated HepG2 cells, and XBP1 can

coordinate many changes in cell structure and function, leading to the

characteristic phenotype of secretory cells (38). Caveolin-1, which is

closely related to FAM198A and retained in the ER (39–42), regulates

melanoma by modulating the secretory pathway in a manner

depending on the inhibition of the UPR (43). PKDCC regulates the

transport of ERP29, RP44, BiP, and PDIA3 by phosphorylating

transport receptors. These proteins are components of ER

proteostasis and play an important role in UPR-induced apoptosis

(44). Therefore, FAM20C, FAM198A, and PKDCC are essential in

regulating ER proteostasis and UPR signaling.
3.4 Golgi apparatus stress and
mitochondrial stress

All organelles related to protein quality control, including the GA

and mitochondria, are sensitive to the accumulation of unfolded

proteins and have different strategies to mitigate their accumulation

(45, 46). There are few studies on the molecular pathways concerned

with the stress response of these organelles. The GA is mainly used to

coordinate the post-translational modification of proteins and

transport proteins and lipids to their destination. Kinoshita et al.

reported that ectopically expressed PKDCC co-localized with Golgi

markers (47). Mattia R. Bordoli showed that PKDCC either is

presented and active in the ER or phosphorylates ER-resident
Frontiers in Immunology 04
proteins in the GA during the cycl ing between these

compartments (12).

GA is the main sorting hub of the intracellular protein secretory

pathway. Sorting is done in the trans-Golgi network (TGN) (48–50).

Cab45 can regulate the sorting and secretion of newly synthesized

proteins through a Ca2+-mediated process in the TGN (51). FAM20C

phosphorylates Cab45 clients (52, 53) on five distinct residues (S99,

S142, T131, T193, and S349), thereby decreasing Cab45 retention in

the TGN (51). Another secretory pathway kinase C3orf58 (also

named DIPK2A) enhances autophagosome–lysosome fusion by

binding VAMP7B, contributes to the autophagic degradation of

mitochondria proteins, and alleviates apoptosis (54).
4 The role of the secretory pathway
kinases or kinase-like proteins in
human cancer

The research on SPKKPs has never stopped. With the

development of science and technology, more and more literature is

demonstrating the expression and effect of SPKKPs in different

tumors. We have sorted out some literature and the summary is

shown in Table S1.
4.1 FAM20C-related kinases

4.1.1 Tumor promoter: FAM20C
FAM20C is a critical component of the secretory pathway-related

kinase (8). In 2007, Simpson et al. discovered that FAM20C

mutations in humans can lead to Raine syndrome (55), an

autosomal recessive osteosclerotic bone dysplasia first reported in

1989 (56). Patients generally develop generalized osteosclerosis,

ectopic calcification, and skull and facial features, i .e. ,

craniosynostosis, exophthalmos, microcephaly, proptosis, depressed

nasal bridge, and midface hypoplasia. In 2012, researchers found that

FAM20C regulates FGF23 (57, 58), which is secreted by osteoblasts

and acts on the kidney to regulate phosphate resorption (59).

FAM20C causes hereditary hypophosphatemic rickets by activating

the missense mutation of FGF23 (60). In 2016, Vincent S.

Tagliabracci et al. found that the phosphorylation of soluble

FAM20C-dependent secreted proteins promotes breast cancer cell

migration (8). Our study published in 2020 showed that several types

of solid tumors, i.e., breast, cervical, colorectal, esophageal, and

pancreatic cancers, and especially glioma, had an elevated FAM20C

(18). This result has been recognized by peers (61, 62). It was also

found that increased FAM20C expression is related to decreased

cisplatin sensitivity in testicular cancer (63).

FAM20C phosphorylates secretory proteins on s-x-e/PS motifs

(64, 65). The first 22 resides of FAM20C encode a predicted signal

sequence with FAM20C as the target to the secretory pathway where

its substrates are encountered (66). Vincent S. Tagliabracci et al.

reported that more than 100 secreted phosphoproteins were identified

as genuine FAM20C substrates using CRISPR/Cas9 genome editing,

mass spectrometry, and biochemistry (8). FAM20C substrates are

implicated in tumor progression and immunotherapy. The deletion of
frontiersin.org
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the PCSK9 gene, one of the FAM20C substrates, substantially

attenuates cancer cell growth in mice. This attenuation depends on

cytotoxic T cells and boosts the response of tumors to immune

checkpoint therapy targeted at the checkpoint protein PD1 through

a mechanism independent of PCSK9’s cholesterol-regulating

functions (67). Inhibition of IGFBP3, another FAM20C substrate

and a downstream effector of the YTHDF2-MYC axis in glioblastoma

stem cells (GSCs), decreases GSC viability without affecting NSCs and

impairs glioblastoma growth in vivo (68). The proprotein convertase

7 (PCSK7) binds to the liver-derived apolipoprotein A-V (apoA-V),

non-enzymatically enhancing its degradation. This process starts in

the ER and implicates acidic lysosomes in hepatocyte-derived human

HuH7 cells (69). A low-frequency coding variant of the PCSK7

(R504H; SNP rs142953140) mutant enhances PCSK7 Ser505

phosphorylation at the exposed Ser-X-Glu507 motif recognized by

the secretory pathway kinase FAM20C in a structural manner (8). Ser

phosphorylation inhibits PCSK7-induced degradation of apoA-V

(69). FN1 is a key substrate interacting with FAM20C (18) and was

also reported to promote migration and invasion of glioma cells (70,

71). OPN phosphorylation by FAM20C decreases OPN secretion and

reduces osteoclast differentiation and bone metastasis. In contrast,

FAM20C in breast cancer cells promotes bone metastasis by

facilitating the phosphorylation and secretion of BMP4, which in

turn enhances osteoclastogenesis (62). Surprisingly, there are few

overlapping substrates among the different cell lines. This indicates

that individual cell populations have different microenvironments of

secreted proteins. Therefore, the loss of multiple FAM20C substrate

phosphorylation contributes to cell motility defects, and the

inhibition of FAM20C may be a viable therapeutic approach to

prevent tumor growth and metastasis (Figure 3).

Our research team recently discovered the role of FAM20C in

glioma progression to promote the migration of THP1 cells at low

concentrations (18). Xinpeng Liu et al. reported a marked relationship

between FAM20C and CD4+ T cells, macrophages, neutrophils, and

DC infiltration in bladder urothelial carcinoma, brain lower-grade

glioma, and stomach adenocarcinoma through pan-cancer analysis.

The authors found that FAM20C potentially regulates tumor-

associated macrophage polarization by inducing Treg cell activation

and T-cell exhaustion. Furthermore, a strong correlation was

discovered between the FAM20C expression and T helper cell

markers (Th1, Th2, Th9, Tfh, and Th17). The results suggested that

FAM20C may influence both the extent of immune infiltration and

the activation of diverse immune cells by regulating T-cell activation

(72). In conclusion, secreted FAM20C plays an important role in the

immune microenvironment.

4.1.2 FAM20A
FAM20A is a pseudokinase due to its lack of key active site

residues of kinase activity (17, 73). It is reported in some literature

that FAM20A participates in the regulation of FAM20C activity by

crystal structure analysis (9, 74), and mutations in FAM20A also

cause amelogenesis imperfecta, enamel–renal syndrome, and gingival

fibromatosis syndrome (75–77).

Ya Hu et al. found that FAM20A is one of the potential cancer-

driver gene mutations, which is identified in more than one

parathyroid carcinoma frozen sample by full-length genome

sequencing (78). Li et al. identified the role of FAM20A in the
Frontiers in Immunology 05
regulation of the balance between epithelial proliferation and

differentiation (79). The latest research showed that FAM20A can

predict the early lymphatic metastasis of thyroid cancer (80). Wu et al.

identified the role of FAM20A in IFNa treatment and its potential as a

prognostic marker in hepatocellular carcinoma (HCC) (81). Genome-

wide analysis revealed the differential expression of FAM20A in HCC

based on serum alpha-fetoprotein levels and verified that FAM20A

proteins directly interact with alpha-fetoprotein. FAM20A is

associated with poor survival of HCC. Further experimental

investigation on FAM20A should be performed to evaluate its

potential as a diagnostic biomarker for the early diagnosis of HCC

in a high-risk population (82). Interestingly, FN1 was co-screened

with FAM20A in the above two articles, and FN1 was also found to

act as a substrate of FAM20C and is essential in the development of

glioma (18). FAM20A can form a complex and activates FAM20C

allosterically to promote the phosphorylation of FAM20C targets (9).

Therefore, the tumor promotion effect of FAM20A may be

accomplished through the activation of FAM20C. A recent study

showed that FAM20A can be used as a prospective biomarker for the

diagnosis and biomaterial drug therapy of cartilage lesions (83).

FAM20A is involved in cartilage regeneration and mainly related to

immune response and cell chemotaxis, thus can be used as the final

nanomedicine immunotherapy in regenerative medicine (83).

4.1.3 FAM20B
The kinase family with the sequence similarity member of 20-B

(FAM20B) is a xylose kinase essential for phosphorylating the xylose

in the common linkage region of glycosaminoglycans (GAGs)

(11). The latest research showed that FAM20B-catalyzed GAGs

modulate the commitment of dental epithelial stem/progenitor cells

to control the tooth number in mice via a mechanism including the

restriction of FGFR2b signaling at the initial stage of tooth

development (84). It is also important in the development of

annulus fibrosus via the regulation of multiple signaling pathways,

such as the TGF-b and MAPK pathways (85). Moreover, FAM20B is

one of the chondroitin sulfate chains modifying enzymes and has

weak positive staining in osteoarthritis and Kashin–Beck disease (86).

Inactivated FAM20B in epiphyseal cartilage leads to chondrosarcoma

in the knee joint and remarkable defects of postnatal ossification in

the long bones; also, GAG deletion and chondrocyte overproliferation

are observed in this process (11, 87). Mechanistic analyses revealed

that FAM20B-deficient chondrocytes upregulate the expressions of

b-catenin and LEF-1. b-Catenin, the key protein in the canonical

WNT pathway, activates downstream gene expression through

binding with lymphoid enhancer factors (LEFs); thus, FAM20B-

deficient chondrocytes exhibit functional gain in WNT signaling

pathways. In addition, FAM20B gene-knockout mice treated with

the WNT inhibitor C59 showed improved epiphyseal bone formation

and better-shaped metaphysis, partially compensating for

postnatal ossification.

4.1.4 FAM198A
The kinase family with the sequence similarity number 198A

(FAM198A) is a member of the atypical protein kinases group,

secreted through the caveolae biogenesis pathway (42) and localized

in the GA and ER (65). Existing studies have shown that the

expression of FAM198A in tissues strongly correlates with caveolin-
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1 and cavin-1 (39–41). It is reported that the FAM198A precursor

cannot mature and is secreted out of the cell without cavin-1 because

the lack of cavin-1 blocks the FAM198A post-translational process

(42). However, cavin-1 is a prognostic biomarker as a target for novel

therapeutic strategy development against GBM (88). Therefore,

FAM198A may play an essential role in GBM tumorigenesis

through the function of cavin-1. It has also been reported that

FAM198A mutation is somehow related to drug resistance in non-

small-cell lung cancer patients (89). However, the direct effects of

FAM198A on different cancer cells require further studies.

4.1.5 Double-edged sword: FAM198B
The kinase family with the sequence similarity number of 198B

(FAM198B) is a novel gene in humans with unidentified functions.

FAM198B is detected in the nerve cells and epithelium during

development, based on various databases. Overexpression of

FAM198B increases the risk of drug resistance against cisplatin,

topotecan, and paclitaxel and suppresses the proliferation and

migration of ovarian cancer cell lines, suggesting a potential role in
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the treatment of ovarian cancer (90–92). Hsu et al. have reported that

the overexpression of FAM198B inhibits the invasion, proliferation,

and tumorigenesis of lung adenocarcinoma cells, while the

downregulation of FAM198B promotes the occurrence of malignant

tumors (93). FAM198B was identified as a protective signature gene to

predict the prognosis of uterine corpus endometrial carcinoma (94).

FAM198B inhibits tumor invasion by downregulating the pERK/

MMP1 signaling pathway, while N-glycosylation enhances the

FAM198B protein stability. Nearly half of the identified eukaryotic

proteins are subjected to N-glycosylation, a ubiquitous post-

translational modification (95). The causality has been reported

between the alteration of glycosylation and tumor proliferation,

invasion, metastasis, angiogenesis, receptor activation, and

intracellular or cell–matrix interactions (96–98).

However, recent reports showed that FAM198B can also promote

colorectal cancer (CRC) progression (99). The upregulation of

FAM198B was found in macrophages and was considered

associated with the poor prognosis of CRC. FAM198B promotes

M2 macrophage polarization by targeting the SMAD2 pathway,
FIGURE 3

The schematic diagram depicts the role of FAM20C in promoting GBM progression. GBM with high FAM20C expression is associated with poor
prognosis, and FAM20C promotes the migration and clone formation of tumor cells by binding with FN1 and activating the TNF signaling pathway. Also,
FAM20C secreted by tumor cells promotes the migration of tumor-associated macrophages, which plays an important role in the development of
tumors, modulation of neoangiogenesis, immune suppression, and metastasis. This may lead to tumor recurrence and treatment resistance.
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affecting colorectal cancer cell biology in various aspects by regulating

the secretion of cytokines, which leads to proliferation, invasion, and

migration. This also indicated that targeting FAM198B in

macrophages may be an effective strategy to inhibit CRC metastasis.

4.1.6 Tumor promoter: FJX1
Four-jointed box 1 (FJX1), the human homolog of four-jointed

box kinase 1, was first identified in 1943 in Drosophila genetic studies

(100). Subsequent genetic studies of FJX1 have shown that it

modulates FAT-Ds binding (101) and interacts genetically with the

family of FAT. As FAT3 heterozygotes carry a homozygous mutation

in FJX1 and promote FAT signaling (102), FJX1 reduces dendrite

extension and branching in hippocampal neurons (103). The

abnormal phosphorylation of FJX1 contributes to the duplex kidney

phenotype based on its synergistic interaction between FAT4 and

FJX1 (104). However, silencing FJX1 does not catalyze the

ectodomain phosphorylation of FAT1 (105). FJX1 is vital in the

pathogenesis of endometriosis (106). FAT4 inhibits miR-720

expression by repressing the FJX1 plasma levels and endothelial

progenitor cells in coronary artery disease patients (107).

Explorations on the function of FJX1 in human cancers have been

widely performed. FJX1 is considered a candidate for the regulation of

angiogenesis and tumorigenesis-related pathways such as Notch,

JAK/STAT, and Hippo-YAP in several human cancers (108–113).

Amplification of FJX1 deregulates notch signaling and contributes to

the development of oral squamous cell carcinoma (109). FJX1 is one

of the aberrant expression genes involved in the pathogenesis of CRC

and functions by regulating proteoglycan expression and cAMP

signaling (114). The high expression of FJX1 has negative effects on

the overall survival of colon adenocarcinoma (115) and ovarian

tumor patients (116). The overexpression of FJX1 is observed at

both the mRNA and protein levels in primary nasopharyngeal

carcinoma (NPC). It promotes anchorage-independent growth,

proliferation, and invasion in NPC cells (108, 117) and could elicit

antitumor immune responses in the human peripheral blood

monocytes collected from nasopharyngeal carcinoma patients (117).

Interestingly, it is feasible that a dual-antigenic peptide vaccine (PV1)

comprises both MAGED4B and FJX1 peptides against head and neck

squamous cell carcinoma, which is now under investigation in human

safety (118).

In addition, various miRNAs interact with FJX1, such as miR-

106b-5p; target FJX1 directly, mediating cell proliferation, migration,

and invasion in CRC; and decrease with the downregulation of FJX1

(119). The latest research showed that FOXD3-AS1 targets the miR-

127-3p/FJX1 axis in melanoma progression (120) and FJX1 facilitates

cell proliferation and motility in colon adenocarcinoma by inhibiting

miR‐1249 (121, 122).
4.2 PKDCC-related kinases

4.2.1 PKDCC
PKDCC (protein kinase domain containing, cytoplasmic, also

known as Vlk or sgk493) encodes a protein kinase in a novel family of

serine/tyrosine/threonine kinase catalytic domain proteins. It

localizes in the Golgi complex, phosphorylates proteins and

proteoglycans in the secretory pathway, and regulates the formation
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of stroma and differentiation of chondrocytes (6, 12, 47, 123–125).

The regulation of PKDCC expression and secretion is not yet

understood, as well as its physiological function in human cancers,

but its function in a variety of diseases has been explored. PKDCC is

one of the risk-allele SNP signature genes associated with osteoporosis

susceptibility. It may assist in identifying at-risk individuals for the

prevention of vertebral fractures (126). Sajan et al. identified the

disruption of variants in PKDCC by a biallelic gene in humans. This

led to dysmorphic features and rhizomelic shortening of the limbs

(127). Furthermore, PKDCC genetically interacts with Gli3 and

affects bone development via the hedgehog pathway (128). Studies

suggested that PKDCC-mediated genetic variation and target protein

phosphorylation modulate the axonal pathfinding of retinal ganglion

cells (129), lung function measurements (130), atopy (131), and

asthma development (132). Maddala et al. suggested that PKDCC

maintains the trabecular meshwork cell shape, adhesive properties,

and actin stress fiber formation. PKDCC may also play a role in the

homeostasis of aqueous humor outflow and intraocular pressure

(133). PKDCC regulates Wnt/PCP signaling, a factor impacting the

actin cytoskeletal organization and cell adhesion (133, 134). Wnt

signaling is involved in the regulation of proliferation and migration

of various tumor cells (135, 136), while PKDCC is essential at

organogenesis stages for patterning (123, 124, 128). Moreover,

PKDCC phosphorylates a broad range of ECM proteins, including

collagens, and matrix metalloproteinases (MMPs), i.e., MMP1 and

MMP14. Phosphorylation of these proteins potentially controls the

protein activities and impacts cell adhesion and migration (12),

suggesting a possible functional interaction between PKDCC

and cancer.

4.2.2 Kinase-like protein: C3orf58
C3orf58, also named DIPK2A, DIA1, HASF, GoPro49, and

PIP49, is an uncharacterized predicted secretory kinase that resides

in the GA (137). The human gene C3orf58 is identified with orthologs

in the genome of 10 animal species (137, 138). Several analyses have

demonstrated that C3orf58 is widely expressed in the brain tissue,

including the hippocampus, olfactory bulb, and cortex (139, 140). As

shown in the mass spectrometry proteomic databases, a relatively

widespread expression of C3orf58 in the pancreas, adrenal gland,

ovary and testis, lung, retina, placenta, and platelets is presented (141,

142). Even so, little is known about its function.

C3orf58 is one of the four genes most differentially methylated

between primary acral lentiginous melanoma and primary non-

lentiginous AM or metastatic ALM (143). C3orf58 is a novel

paracrine protein that participates in cardiac regeneration and

proliferation by stimulating cardiomyocyte division and activating

the PI3K–AKT–CDK7 signaling cascade (140). Furthermore, C3orf58

is expressed in cartilaginous mesenchymal tissues and is involved in

developmental regulation. The expression is observed the highest in

proliferating chondrocytes (137). Moreover, co-localization with

beta-coatomer protein is observed, indicating its role in secretory

processes (144). The characteristic expression of C3orf58 is presented

in dental follicles, confirming its role in secretion and trafficking

(144). Moreover, C3orf58 has been characterized as a secreted

paracrine factor and ligand for insulin-like growth factor 1 receptor

(IGF1R) (145). Evidence has shown that C3orf58 promotes

cardiomyocyte regeneration by stimulating proliferation via PI3K
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kinase and by blocking apoptosis via PKC-ϵ (140, 146, 147). C3orf58
likely positively regulates CK2 signaling via a proline-directed kinase

(148). However, the kinase activity of C3orf58 still requires

investigation. To fully elucidate the activities of C3orf58 and its

signaling network, different cellular systems should be studied.

4.2.3 CXorf36
CXorf36, also named DIA1R or DIPK2B, is regarded as a

pseudokinase due to the absence of the predicted conserved active

site aspartate (149). The human CXorf36 gene is X-linked, with its

location on the short arm of the X chromosome at site Xp11.3. It has

orthologs in at least four vertebrate species (138) and is a highly

atypical kinase interfering with another FAM69 protein (149). The

CXorf36 gene is involved in fragile X syndrome, autism, kabuki

syndrome, and intellectual disability (150–152).

CXorf36 is an interchromosomal interaction gene located at the

chromosome 8q24 locus that modulates the genetic risk of prostate

cancer (153). Therefore, further research on CXorf36 will pose new

ideas on the etiology and regulation of progression in

multiple cancers.

4.2.4 Function of undetermined kinase-like
proteins: FAM69A, FAM69B, and FAM69C

All three FAM69 proteins (FAM69A, FAM69B, FAM69C) are

presented in the ER and act as a putative membrane anchoring

molecule (154). The functions of FAM69s are similar to PKDCC and

FAM20 novel kinases (10, 11, 47, 64, 65). A genome-wide study has

revealed FAM69A mutations related to the increased risk of multiple

sclerosis (155), while intronic SNPs of FAM69A are associated with

schizophrenia and bipolar disorder (156). Whole exome sequencing

identified FAM69A in patient-specific myocytes with altered gene

expression in the ophthalmoplegic subphenotype of myasthenia

gravis (157). FAM69B was described as pancreatitis-induced

protein 49 (PIP49) due to its upregulation function during the

acute phase of experimental pancreatic inflammation induced in

mice by intraperitoneal injection of caerulein (158). A higher

expression of FAM69C is highly sensitive to the second

mitochondria-derived activator of caspase mimetics treatment in

patients who are suffering from pediatric precursor B-cell acute

lymphoblastic leukemia (159).
4.3 Tumor promoter: POMK

POMK, also named SGK196, is a type II transmembrane protein

that was previously regarded as a “pseudokinase” (3). It has recently

been identified to function as a glycosylation-specific kinase (160,

161). It localizes within the ER membrane and functions by adding

phosphate to the O-mannose sugar moieties (162, 163).

Mutations of POMK lead to a spectrum of congenital disorders of

glycosylation and limb-girdle muscular dystrophies by influencing the

biosynthesis of functional alpha-dystroglycan (33, 164–167). POMK

mutations cause not only Walker–Warburg syndrome (34) but also a

more severe subtype, type C12 (MDDGC12) limb-girdle muscular

dystrophy-dystroglycanopathy and type A12 (MDDGA12) congenital

muscular dystrophy-dystroglycanopathy with brain and eye
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anomalies (164, 165, 168, 169). POMK interaction proteins are

strongly enriched in membrane proteins and metabolic pathways,

demonstrating an important role in developmental and metabolic

disorders (167). In 2020, Ci Xu et al. found that N-glycosylated

POMK inhibits basal-like breast cancer cell migration, invasion, and

metastasis both in vitro and in vivo via the PI3K/AKT/GSK3b
signaling pathway (170).
5 Therapeutic strategies
targeting SPKKPs

Further understanding the ER stress response and its role in

physiology and pathology may reveal a new type of targeted therapy.

The UPR is triggered following ER stress response failure. Notably,

cancer cells usually show higher basal ER stress than non-tumor cells,

and they regulate the UPR to promote tumor growth and survival

(23). UPR-dependent extracellular signals can regulate host immune

cells by reprogramming cells and regulating secretory pathways. The

host’s immune system can be used to fight cancer by mediating the

UPR. A variety of pharmacological UPR inhibitors are being

developed, and UPR targeting is expected to become a new strategy

for disease immunomodulation and immunotherapy (171).

Since most of the molecules involved in intercellular

communication are secreted into the extracellular environment

through the secretory pathway, SPKKPs play an important role in

this process. FAM20C promotes the phosphorylation of secretory

proteins under diverse physiological and pathological conditions.

These proteins participate in the interaction between the ER and

the GA. FAM20C is involved in the supramolecular mechanism

directing protein sorting and promoting the appropriate molecule

conformation outside the cell (172). It is suggested that the

pathological inhibition of FAM20C can inhibit abnormal protein

sorting. Existing studies have found two kinds of FAM20C inhibitors

for cancer. The potent antiproliferative effects of FL-1607 on triple-

negative breast cancer cells were discovered in 2016 including

apoptosis induction and cell migration inhibition in MDA-MB-468

cells (173). In addition, 3r featured favorable antiproliferative activity

against MDA-MB-231 cells, binding to FAM20C and inducing

apoptosis via the mitochondrial pathway (174). Moreover, the

inhibiting upstream factor S1P reduces the expression of Fam20C.

S1P is a Golgi-resident protease and is responsible for the cleavage of

the FAM20C propeptide. The S1P inhibitor PF-429242 has been

reported to reduce the content of FAM20C in Hela cells (175).

FAM20A potentiates FAM20C kinase activity. FAM20A, a

pseudokinase involved in the formation of functional complexes

with FAM20C, enhances the phosphorylation of extracellular

proteins in the secretory pathway. Therefore, the inhibition of

FAM20A may have the same effect on the inhibition of FAM20C.

Considering the important role of SPKKPs in tumor progression,

further exploration of SPKKP inhibitors is an important direction of

antitumor therapy.

The overexpression of FJX1 proteins is observed in both primary

and recurrent head and neck squamous cell carcinoma (HNSCC)

patients. Recent research showed that a dual-antigenic peptide

vaccine (PV1) derived from FJX1 and MAGED4B proteins induces
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antitumor immune responses in vitro (118). Increased infiltration of

antigen-specific T cells into the tumor is induced by PV1, which is an

important criterion for the success of immunotherapy and is

associated with better patient prognosis (176). The cytotoxic

cytokines, such as IFN-g, granzyme B, and Th1, are secreted upon

exposure to target cells which express the respective antigen post-PV1

stimulation and further inactivate a variety of oncogenic signaling

pathways and induce the apoptosis of tumor cells (118, 176). PV1

inhibits tumor growth and significantly improves the prognosis when

used alone or in combination with anti-PD1 (176). HNSCC patients

are more responsive to PV1 stimulation, as it not only induces tumor-

specific immune responses but also promotes the establishment of

immunological memory. This demonstrated that PV1 may be an

effective vaccine for the treatment of HNSCC and other cancer

patients with FJX1 overexpression (Figure 4).
6 Conclusions and perspectives

Various evidence showed that carcinogenesis is related to the

overproduction or delayed clearance of protein complexes. This is a

new focus for new drug development. The summary of the function
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and molecular mechanism of kinase or kinase-like protein in the

secretory pathway provides scientists with a direction for the latest

drug target research. It is also important to understand the effects of

SPKKPs in various organelles within the secretory pathway, ER stress,

and UPR. The purpose is to increase the accumulation of immature

proteins, clear abnormal unfolded proteins, and enhance cell viability.

In this perspective, a variety of drugs should be studied to identify

potential targets for abnormal ER stress or abnormal UPR to promote

protein homeostasis and antitumor effects. In this review, we described

13 kinases or kinase-like proteins in the secretory pathway, all of which

are specifically presented in the GA and ER. Some of these are secreted

into the extracellular space to take effect functionally. Some play key

roles in cell biology and the cell mutations may lead to human diseases.

Understanding the mechanisms of kinase regulation and the

recognition of their substrates facilitates a better understanding of the

occurrence and development of human diseases.

Relevant bioinformatic analyses reported that some of these

proteins, including FAM20C, FJX1, or POMK, represent a tumor-

promoting phenotype. However, the mechanism of the impact on

tumorigenesis remains obscure. Functional analysis data showed that

SPKKP-related genes are mainly enriched in disease- and immune-

related terms (Figure 5). In-depth structural and functional studies
FIGURE 4

The schematic diagram depicts the immunogenic mechanism of SPKKP-related antigen-specific peptide vaccine in cancers. Dendritic cells participate in
the first process of antigen presentation after vaccination, making FJX1-specific HLA-DR and HLA-A2 peptides recognize the specific surface antigen of
CD4+ T cells and CD8+ T cells, respectively. Furthermore, B cells and macrophages activate T cells to produce a long-lasting killing effect and promote
the secretion of cytotoxic cytokines. The interaction between Fas-L expressed by CD8+ T cells and Fas expressed by target cells promotes the direct
apoptosis of tumor cells. The secreted cytotoxic cytokines further inactivate a variety of oncogenic signaling pathways and induce the apoptosis of
tumor cells.
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are necessary to better feature the characteristics of related

phenotypes. Canonical treatments (protease and/or RNA

polymerase inhibitors) accompanied by drugs targeting secretory

pathway components can achieve synergistic effects since cancer

cell propagation is dependent on the efficiency of secretory

organelles. Given the strong interconnections of tumorigenesis and

innate immunity, increasing attention should be paid to the secretory

pathway kinases. The reduction of ER stress and enhancement of

protein folding promote chaperone production and secretion,

establishing an immunosuppressive microenvironment for tumor

growth. ER-associated degradation is a critical pathway in the

limitation of protein condensation and aggregation in the early

secretory compartment (177). Therefore, studies on the

interconnections of SPKKPs, cancer cells, and immune cells are

required. The identification of new secretory pathway-related

targets facilitates the development of antitumor therapy in a more

specific manner and also sketches an outline for future studies

on tumorigenesis.
Author contributions

SD and SG conceived and designed the study. XCh, XR and XC

performed the bioinformatic analysis and drew the plots. SD, CZ and

SG drafted the manuscript. SD and CZ obtained funding for the

study. All authors made a significant contribution to the work

reported, either in the conception, study design, execution,

acquisition of data, analysis, and interpretation, or in all the above

mentioned areas; took part in drafting, revising, and critically

reviewing the article; gave final approval of the version to be

published; have agreed on the journal to which the article has been

submitted; and agreed to be accountable for all aspects of the work.
Frontiers in Immunology 10
Funding

This work was supported by the National Natural Science

Foundation of China (no. 82103450 to CZ) and China Medical

University Qihang Plan Projects (no. 36025 to SD).

Acknowledgments

We thank all the members of Dr. A. H. Wu’s lab for the helpful

discussion about our study.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.942849/

full#supplementary-material

SUPPLEMENTARY TABLE 1

Targets and cancer references of SPKKPs.
FIGURE 5

GO and KEGG analysis based on co-regulated genes with the SPKKP signature score in pan-cancer. Each node represents a gene ontology term, while
the edges are quantitative representations of shared gene membership. The different colors of the nodes represent the different groups generated. The
pie chart represents the ClueGo pathway groups by the percentage of gene ontology (GO) terms contained.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.942849/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.942849/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.942849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Du et al. 10.3389/fimmu.2023.942849
References
1. Cohen P. The origins of protein phosphorylation. Nat Cell Biol (2002) 4:E127–30.
doi: 10.1038/ncb0502-e127

2. Fischer EH. Cellular regulation by protein phosphorylation. Biochem Biophys Res
Commun (2013) 430:865–7. doi: 10.1016/j.bbrc.2012.10.024

3. Manning G. The protein kinase complement of the human genome. Science (2002)
298:1912–34. doi: 10.1126/science.1075762

4. Tagliabracci VS, Pinna LA, Dixon JE. Secreted protein kinases. Trends Biochem Sci
(2013) 38:121–30. doi: 10.1016/j.tibs.2012.11.008

5. Tagliabracci VS, Xiao J, Dixon JE. Phosphorylation of substrates destined for
secretion by the Fam20 kinases. Biochem Soc Trans (2013) 41:1061–5. doi: 10.1042/
BST20130059

6. Sreelatha A, Kinch LN, Tagliabracci VS. The secretory pathway kinases. Biochim
Biophys Acta (BBA) - Proteins Proteomics (2015) 1854:1687–93. doi: 10.1016/
j.bbapap.2015.03.015

7. Rafaelsen SH, Raeder H, Fagerheim AK, Knappskog P, Carpenter TO, Johansson S,
et al. Exome sequencing reveals FAM20c mutations associated with fibroblast growth
factor 23-related hypophosphatemia, dental anomalies, and ectopic calcification. J Bone
Mineral Res (2013) 28:1378–85. doi: 10.1002/jbmr.1850

8. Tagliabracci VS, Wiley SE, Guo X, Kinch LN, Durrant E, Wen J , et al. A single
kinase generates the majority of the secreted phosphoproteome. Cell (2015) 161:1619–32.
doi: 10.1016/j.cell.2015.05.028

9. Zhang H, Zhu Q, Cui J, Wang Y, Chen MJ, Guo X, et al. Structure and evolution of
the Fam20 kinases. Nat Commun (2018) 9:1218. doi: 10.1038/s41467-018-03615-z

10. Ishikawa HO, Takeuchi H, Haltiwanger RS, Irvine KD. Four-jointed is a golgi
kinase that phosphorylates a subset of cadherin domains. Science (2008) 321:401–4.
doi: 10.1126/science.1158159

11. Koike T, Izumikawa T, Tamura J-I, Kitagawa H. FAM20B is a kinase that
phosphorylates xylose in the glycosaminoglycan–protein linkage region. Biochem J
(2009) 421:157–62. doi: 10.1042/BJ20090474

12. Bordoli MR, Yum J, Breitkopf SB, Thon JN, Italiano JE Jr., Xiao J, et al. A secreted
tyrosine kinase acts in the extracellular environment. Cell (2014) 158:1033–44.
doi: 10.1016/j.cell.2014.06.048

13. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A, et al.
Proteomics. tissue-based map of the human proteome. Science (2015) 347:1260419.
doi: 10.1126/science.1260419

14. Shikano S, Colley KJ. “Secretory pathway,”. In: Encyclopedia of biological chemistry
Ed JEZ J Elsevier, USA (2013). p. 203–9. doi: 10.1016/b978-0-12-378630-2.00507-7

15. Matlin KS, van Meer G. [Nobel prize in physiology or medicine for the discovery
that proteins have intrinsic signals regulating their transport and localization within the
cell]. Ned Tijdschr Geneeskd (1999) 143:2604–7.

16. Xue M, Jackson CJ. Autocrine actions of matrix metalloproteinase (MMP)-2
counter the effects of MMP-9 to promote survival and prevent terminal differentiation
of cultured human keratinocytes. J Invest Dermatol (2008) 128:2676–85. doi: 10.1038/
jid.2008.136

17. Cui J, Xiao J, Tagliabracci VS, Wen J, Rahdar M, Dixon JE. A secretory kinase
complex regulates extracellular protein phosphorylation. eLife (2015) 4:e06120.
doi: 10.7554/eLife.06120

18. Du S, Guan S, Zhu C, Guo Q, Cao J, Guan G, et al. Secretory pathway kinase
FAM20C, a marker for glioma invasion and malignancy, predicts poor prognosis of
glioma. Onco Targets Ther (2020) 13:11755–68. doi: 10.2147/ott.S275452

19. Anelli T, Sitia R. Protein quality control in the early secretory pathway. EMBO J
(2008) 27:315–27. doi: 10.1038/sj.emboj.7601974

20. Braakman I, Bulleid NJ. Protein folding and modification in the mammalian
endoplasmic reticulum. Annu Rev Biochem (2011) 80:71–99. doi: 10.1146/annurev-
biochem-062209-093836

21. Dancourt J, Barlowe C. Protein sorting receptors in the early secretory pathway.
Annu Rev Biochem (2010) 79:777–802. doi: 10.1146/annurev-biochem-061608-091319

22. Sicari D, Igbaria A, Chevet E. Control of protein homeostasis in the early secretory
pathway: Current status and challenges. Cells (2019) 8(11):1347. doi: 10.3390/
cells8111347

23. Dejeans N, Barroso K, Fernandez-Zapico ME, Samali A, Chevet E. Novel roles of
the unfolded protein response in the control of tumor development and aggressiveness.
Semin Cancer Biol (2015) 33:67–73. doi: 10.1016/j.semcancer.2015.04.007

24. Wu J, Kaufman RJ. From acute ER stress to physiological roles of the unfolded
protein response. Cell Death Differ (2006) 13:374–84. doi: 10.1038/sj.cdd.4401840

25. Schmidt O, Weyer Y, Baumann V, Widerin MA, Eising S, Angelova M, et al.
Endosome and golgi-associated degradation (EGAD) of membrane proteins regulates
sphingolipid metabolism. EMBO J (2019) 38:e101433. doi: 10.15252/embj.2018101433

26. Wang M, Law ME, Castellano RK, Law BK. The unfolded protein response as a
target for anticancer therapeutics. Crit Rev Oncol Hematol (2018) 127:66–79. doi: 10.1016/
j.critrevonc.2018.05.003

27. Hatahet F, Ruddock LW. Protein disulfide isomerase: A critical evaluation of its
function in disulfide bond formation. Antioxid Redox Signal (2009) 11:2807–50.
doi: 10.1089/ars.2009.2466
Frontiers in Immunology 11
28. Yu J, Li T, Liu Y, Wang X, Zhang J, Wang X, et al. Phosphorylation switches
protein disulfide isomerase activity to maintain proteostasis and attenuate ER stress.
EMBO J (2020) 39:e103841. doi: 10.15252/embj.2019103841

29. Klein MC, Zimmermann K, Schorr S, Landini M, Klemens PAW, Altensell J, et al.
AXER is an ATP/ADP exchanger in the membrane of the endoplasmic reticulum. Nat
Commun (2018) 9:3489. doi: 10.1038/s41467-018-06003-9

30. Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human pathology.
Annu Rev Pathol (2015) 10:173–94. doi: 10.1146/annurev-pathol-012513-104649

31. Ng DT, Spear ED, Walter P. The unfolded protein response regulates multiple
aspects of secretory and membrane protein biogenesis and endoplasmic reticulum quality
control. J Cell Biol (2000) 150:77–88. doi: 10.1083/jcb.150.1.77

32. Zhang X, Wang Y. Glycosylation quality control by the golgi structure. J Mol Biol
(2016) 428:3183–93. doi: 10.1016/j.jmb.2016.02.030

33. Ardicli D, Gocmen R, Talim B, Sprute R, Haliloglu G, Cirak S, et al. Congenital
mirror movements in a patient with alpha-dystroglycanopathy due to a novel POMK
mutation. Neuromus Disord (2017) 27:239–42. doi: 10.1016/j.nmd.2016.12.008

34. Paul L, Rupprich K, Della Marina A, Stein A, Elgizouli M, Kaiser FJ, et al. Further
evidence for POMK as candidate gene for WWS with meningoencephalocele. Orphan J
Rare Dis (2020) 15:242. doi: 10.1186/s13023-020-01454-0

35. Wang M, Kaufman RJ. Protein misfolding in the endoplasmic reticulum as a
conduit to human disease. Nature (2016) 529:326–35. doi: 10.1038/nature17041

36. Walter P, Ron D. The unfolded protein response: From stress pathway to
homeostatic regulation. Science (2011) 334:1081–6. doi: 10.1126/science.1209038

37. Szegezdi E, Logue SE, Gorman AM, Samali A. Mediators of endoplasmic reticulum
stress-induced apoptosis. EMBO Rep (2006) 7:880–5. doi: 10.1038/sj.embor.7400779

38. Shaffer AL, Shapiro-Shelef M, Iwakoshi NN, Lee AH, Qian SB, Zhao H, et al. XBP1,
downstream of blimp-1, expands the secretory apparatus and other organelles, and
increases protein synthesis in plasma cell differentiation. Immunity (2004) 21:81–93.
doi: 10.1016/j.immuni.2004.06.010

39. Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, et al.
Tissue-based map of the human proteome. Science (2015) 347:1260419–1260419.
doi: 10.1126/science.1260419

40. Pontén F, Jirström K, Uhlen M. The human protein atlas–a tool for pathology. J
Pathol (2008) 216:387–93. doi: 10.1002/path.2440

41. Uhlén M, Bjorling E, Agaton C, Szigyarto CA, Amini B, Andersen E, et al. A
human protein atlas for normal and cancer tissues based on antibody proteomics. Mol
Cell Proteomics (2005) 4:1920–32. doi: 10.1074/mcp.M500279-MCP200

42. Wei Z, Liu T, Lei J, Wu Y, Wang S, Liao K. Fam198a, a member of secreted kinase,
secrets through caveolae biogenesis pathway. Acta Biochim Biophys Sin (2018) 50:968–75.
doi: 10.1093/abbs/gmy105

43. Dıáz MI, Diaz P, Bennett JC, Urra H, Ortiz R, Orellana PC, et al. Caveolin-1
suppresses tumor formation through the inhibition of the unfolded protein response. Cell
Death Dis (2020) 11(8):648. doi: 10.1038/s41419-020-02792-4

44. Farhan H. Tyrosine kinase signaling in and on the endoplasmic reticulum.
Biochem Soc Trans (2020) 48:199–205. doi: 10.1042/BST20190543

45. Sasaki K, Yoshida H. Golgi stress response and organelle zones. FEBS Lett (2019)
593:2330–40. doi: 10.1002/1873-3468.13554

46. Kaufman RJ, Malhotra JD. Calcium trafficking integrates endoplasmic reticulum
function with mitochondrial bioenergetics. Biochim Biophys Acta (2014) 1843:2233–9.
doi: 10.1016/j.bbamcr.2014.03.022

47. Kinoshita M, Era T, Jakt LM, Nishikawa S-I. The novel protein kinase vlk is
essential for stromal function of mesenchymal cells. Development (2009) 136:2069–79.
doi: 10.1242/dev.026435

48. Klumperman J. Architecture of the mammalian golgi. Cold Spring Harb Perspect
Biol (2011) 3 (7):a005181. doi: 10.1101/cshperspect.a005181

49. De Matteis MA, Luini A. Exiting the golgi complex. Nat Rev Mol Cell Biol (2008)
9:273–84. doi: 10.1038/nrm2378

50. Munro S. The golgi apparatus: Defining the identity of golgi membranes. Curr
Opin Cell Biol (2005) 17:395–401. doi: 10.1016/j.ceb.2005.06.013

51. Hecht TK, Blank B, Steger M, Lopez V, Beck G, Ramazanov B, et al. Fam20C
regulates protein secretion by Cab45 phosphorylation. J Cell Biol (2020) 219(6):
e201910089. doi: 10.1083/jcb.201910089

52. Crevenna AH, Blank B, Maiser A, Emin D, Prescher J, Beck G, et al. Secretory
cargo sorting by Ca2+-dependent Cab45 oligomerization at the trans-golgi network. J Cell
Biol (2016) 213:305–14. doi: 10.1083/jcb.201601089

53. Deng Y, Pakdel M, Blank B, Sundberg EL, Burd CG, von Blume J. Activity of the
SPCA1 calcium pump couples sphingomyelin synthesis to sorting of secretory proteins in
the trans-golgi network. Dev Cell (2018) 47:464–478.e8. doi: 10.1016/j.devcel.2018.10.012

54. Tian X, Zheng P, Zhou C, Wang X, Ma H, MaW, et al. DIPK2A promotes STX17-
and VAMP7-mediated autophagosome-lysosome fusion by binding to VAMP7B.
Autophagy (2020) 16:797–810. doi: 10.1080/15548627.2019.1637199

55. Simpson MA, Hsu R, Keir LS, Hao J, Sivapalan G, Ernst LM, et al. Mutations in
FAM20C are associated with lethal osteosclerotic bone dysplasia (Raine syndrome),
frontiersin.org

https://doi.org/10.1038/ncb0502-e127
https://doi.org/10.1016/j.bbrc.2012.10.024
https://doi.org/10.1126/science.1075762
https://doi.org/10.1016/j.tibs.2012.11.008
https://doi.org/10.1042/BST20130059
https://doi.org/10.1042/BST20130059
https://doi.org/10.1016/j.bbapap.2015.03.015
https://doi.org/10.1016/j.bbapap.2015.03.015
https://doi.org/10.1002/jbmr.1850
https://doi.org/10.1016/j.cell.2015.05.028
https://doi.org/10.1038/s41467-018-03615-z
https://doi.org/10.1126/science.1158159
https://doi.org/10.1042/BJ20090474
https://doi.org/10.1016/j.cell.2014.06.048
https://doi.org/10.1126/science.1260419
https://doi.org/10.1016/b978-0-12-378630-2.00507-7
https://doi.org/10.1038/jid.2008.136
https://doi.org/10.1038/jid.2008.136
https://doi.org/10.7554/eLife.06120
https://doi.org/10.2147/ott.S275452
https://doi.org/10.1038/sj.emboj.7601974
https://doi.org/10.1146/annurev-biochem-062209-093836
https://doi.org/10.1146/annurev-biochem-062209-093836
https://doi.org/10.1146/annurev-biochem-061608-091319
https://doi.org/10.3390/cells8111347
https://doi.org/10.3390/cells8111347
https://doi.org/10.1016/j.semcancer.2015.04.007
https://doi.org/10.1038/sj.cdd.4401840
https://doi.org/10.15252/embj.2018101433
https://doi.org/10.1016/j.critrevonc.2018.05.003
https://doi.org/10.1016/j.critrevonc.2018.05.003
https://doi.org/10.1089/ars.2009.2466
https://doi.org/10.15252/embj.2019103841
https://doi.org/10.1038/s41467-018-06003-9
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.1083/jcb.150.1.77
https://doi.org/10.1016/j.jmb.2016.02.030
https://doi.org/10.1016/j.nmd.2016.12.008
https://doi.org/10.1186/s13023-020-01454-0
https://doi.org/10.1038/nature17041
https://doi.org/10.1126/science.1209038
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1016/j.immuni.2004.06.010
https://doi.org/10.1126/science.1260419
https://doi.org/10.1002/path.2440
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.1093/abbs/gmy105
https://doi.org/10.1038/s41419-020-02792-4
https://doi.org/10.1042/BST20190543
https://doi.org/10.1002/1873-3468.13554
https://doi.org/10.1016/j.bbamcr.2014.03.022
https://doi.org/10.1242/dev.026435
https://doi.org/10.1101/cshperspect.a005181
https://doi.org/10.1038/nrm2378
https://doi.org/10.1016/j.ceb.2005.06.013
https://doi.org/10.1083/jcb.201910089
https://doi.org/10.1083/jcb.201601089
https://doi.org/10.1016/j.devcel.2018.10.012
https://doi.org/10.1080/15548627.2019.1637199
https://doi.org/10.3389/fimmu.2023.942849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Du et al. 10.3389/fimmu.2023.942849
highlighting a crucial molecule in bone development. Am J Hum Genet (2007) 81:906–12.
doi: 10.1086/522240

56. Raine J, Winter RM, Davey A, Tucker SM. Unknown syndrome: Microcephaly,
hypoplastic nose, exophthalmos, gum hyperplasia, cleft palate, low set ears, and
osteosclerosis. J Med Genet (1989) 26:786–8. doi: 10.1136/jmg.26.12.786

57. Wang X, Wang S, Li C, Gao T, Liu Y, Rangiani A, et al. Inactivation of a novel
FGF23 regulator, FAM20C, leads to hypophosphatemic rickets in mice. PloS Genet (2012)
8:e1002708. doi: 10.1371/journal.pgen.1002708

58. Vogel P, Hansen GM, Read RW, Vance RB, Thiel M, Liu J, et al. Amelogenesis
imperfecta and other biomineralization defects in Fam20a and Fam20c null mice.
Veterinary Pathol (2012) 49:998–1017. doi: 10.1177/0300985812453177

59. White KE, Hum JM, Econs MJ. Hypophosphatemic rickets: Revealing novel
control points for phosphate homeostasis. Curr Osteoporosis Rep (2014) 12:252–62.
doi: 10.1007/s11914-014-0223-2

60. Consortium A. Autosomal dominant hypophosphataemic rickets is associated
with mutations in FGF23. Nat Genet (2000) 26(3):345–8. doi: 10.1038/81664

61. Feng J, Zhou J, Zhao L, Wang X, Ma D, Xu B, et al. Fam20C overexpression
predicts poor outcomes and is a diagnostic biomarker in lower-grade glioma. Front Genet
(2021) 12(1664-8021 (Print)):757014. doi:10.3389/fgene.2021.757014

62. Zuo H, Yang D, Wan Y. Fam20C regulates bone resorption and breast cancer bone
metastasis through osteopontin and BMP4. Cancer Res (2021) 81 (20):5242–54. doi:
10.1158/0008-5472.CAN-20-3328

63. Trendowski MR, Wheeler HE, El-Charif O, Feldman DR, Hamilton RJ, Vaughn
DJ, et al. Clinical and genome-wide analysis of multiple severe cisplatin-induced
neurotoxicities in adult-onset cancer survivors. Clin Cancer Res (2020) 26 (24):6550–8.
doi: 10.1158/1078-0432.CCR-20-2682

64. Ishikawa HO, Xu A, Ogura E, Manning G, Irvine KD. The raine syndrome protein
FAM20C is a golgi kinase that phosphorylates bio-mineralization proteins. PloS One
(2012) 7:e42988. doi: 10.1371/journal.pone.0042988

65. Tagliabracci VS, Engel JL, Wen J, Wiley SE, Worby CA, Kinch LN, et al. Secreted
kinase phosphorylates extracellular proteins that regulate biomineralization. Science
(2012) 336:1150–3. doi: 10.1126/science.1217817

66. Dyrløv Bendtsen J, Nielsen H, von Heijne G, Brunak S. Improved prediction of
signal peptides: SignalP 3.0. J Mol Biol (2004) 340:783–95. doi: 10.1016/j.jmb.2004.05.028

67. Liu X, Bao X, Hu M, Chang H, Jiao M, Cheng J, et al. Inhibition of PCSK9
potentiates immune checkpoint therapy for cancer. Nature (2020) 588(7839):693–8.
doi: 10.1038/s41586-020-2911-7

68. Dixit D, Prager BC, Gimple RC, Poh HX, Wang Y, Wu Q, et al. The RNA m6A
reader YTHDF2 maintains oncogene expression and is a targetable dependency in
glioblastoma stem cells. Cancer Discovery (2020) 11(2):480–99. doi: 10.1158/2159-
8290.Cd-20-0331

69. Ashraf Y, Duval S, Sachan V, Essalmani R, Susan-Resiga D, Roubtsova A, et al.
Proprotein convertase 7 (PCSK7) reduces apoA-V levels. FEBS J (2020) 287:3565–78.
doi: 10.1111/febs.15212

70. Liao YX, Zhang ZP, Zhao J, Liu JP. Effects of fibronectin 1 on cell proliferation,
senescence and apoptosis of human glioma cells through the PI3K/AKT signaling
pathway. Cell Physiol Biochem (2018) 48:1382–96. doi: 10.1159/000492096

71. Gong J, Wang ZX, Liu ZY. miRNA−1271 inhibits cell proliferation in neuroglioma
by targeting fibronectin 1. Mol Med Rep (2017) 16:143–50. doi: 10.3892/mmr.2017.6610

72. Liu X, Zhan Y, Xu W, Liu X, Geng Y, Liu L, et al. Prognostic and immunological
role of Fam20C in pan-cancer. Biosci Rep (2021) 41(1):BSR20201920. doi: 10.1042/
BSR20201920

73. Cui J, Zhu Q, Zhang H, Cianfrocco MA, Leschziner AE, Dixon JE, et al. Structure
of Fam20A reveals a pseudokinase featuring a unique disulfide pattern and inverted ATP-
binding. eLife (2017) 6:e23990. doi: 10.7554/eLife.23990

74. Worby CA, Mayfield JE, Pollak AJ, Dixon JE, Banerjee S. The ABCs of the atypical
Fam20 secretory pathway kinases. J Biol Chem (2021) 296(1083-351X
(Electronic)):100267. doi: 10.1016/j.jbc.2021.100267

75. Wang S-K, Aref P, Hu Y, Milkovich RN, Simmer JP, El-Khateeb M, et al. FAM20A
mutations can cause enamel-renal syndrome (ERS). PloS Genet (2013) 9:e1003302.
doi: 10.1371/journal.pgen.1003302

76. Escorcia VS, Diarra A, Naveau A, Dessombz A, Felizardo R, Cannaya V, et al. Lack of
FAM20A, ectopic gingival mineralization and Chondro/Osteogenic modifications in enamel
renal syndrome. Front Cell Dev Biol (2020) 8:605084. doi: 10.3389/fcell.2020.605084

77. Wang YP, Lin HY, Zhong WL, Simmer JP, Wang SK. Transcriptome analysis of
gingival tissues of enamel-renal syndrome. J Periodon Res (2019) 54:653–61. doi: 10.1111/
jre.12666

78. Hu Y, Zhang X, Wang O, Bi Y, Xing X, Cui M, et al. The genomic profile of
parathyroid carcinoma based on whole-genome sequencing. Int J Cancer (2020) 147
(9):2446–57. doi: 10.1002/ijc.33166

79. Li LL, Liu PH, Xie XH, Ma S, Liu C, Chen L, et al. Loss of epithelial FAM20A in
mice causes amelogenesis imperfecta, tooth eruption delay and gingival overgrowth. Int J
Oral Sci (2016) 8:98–109. doi: 10.1038/ijos.2016.14

80. Wu L, Zhou Y, Guan Y, Xiao R, Cai J, Chen W, et al. Seven genes associated with
lymphatic metastasis in thyroid cancer that is linked to tumor immune cell infiltration.
Front Oncol (2021) 11(2234-943X (Print)):756246. doi: 10.3389/fonc.2021.756246

81. Wu Y, Wang L, Wang X, Zhao Y, Mao A, Zhang N, et al. RNA Sequencing analysis
reveals the competing endogenous RNAs interplay in resected hepatocellular carcinoma
Frontiers in Immunology 12
patients who received interferon-alpha therapy. Cancer Cell Int (2021) 21(1):464. doi:
10.1186/s12935-021-02170-w

82. Jin YJ, Aycheh HM, Han S, Chamberlin J, Shin J, Byun S, et al. Differential
alternative splicing between hepatocellular carcinoma with normal and elevated serum
alpha-fetoprotein. BMC Med Genomics (2020) 13Suppl 11:194. doi: 10.1186/s12920-020-
00836-4

83. Ye J, Xu B, Fan B, Zhang J, Yuan F, Chen Y, et al. Discovery of selenocysteine as a
potential nanomedicine promotes cartilage regeneration with enhanced immune response
by text mining and biomedical databases. Front Pharmacol (2020) 11:1138. doi: 10.3389/
fphar.2020.01138

84. Wu J, Tian Y, Han L, Liu C, Sun T, Li L, et al. FAM20B-catalyzed
glycosaminoglycans control murine tooth number by restricting FGFR2b signaling.
BMC Biol (2020) 18:87. doi: 10.1186/s12915-020-00813-4

85. Saiyin W, Li L, Zhang H, Lu Y, Qin C. Inactivation of FAM20B causes cell fate
changes in annulus fibrosus of mouse intervertebral disc and disc defects via the
alterations of TGF-b and MAPK signaling pathways. Biochim Biophys Acta Mol Basis
Dis (2019) 1865:165555. doi: 10.1016/j.bbadis.2019.165555

86. Lei J, Deng H, Ran Y, Lv Y, Amhare AF, Wang L, et al. Altered expression of
aggrecan, FAM20B, B3GALT6, and EXTL2 in patients with osteoarthritis and kashin-
beck disease. Cartilage (2021) 13(1_suppl):818S–28S. doi: 10.1177/1947603520932199

87. Ma P, Yan W, Tian Y, Wang J, Feng JQ, Qin C, et al. Inactivation of Fam20B in
joint cartilage leads to chondrosarcoma and postnatal ossification defects. Sci Rep (2016)
6:29814. doi: 10.1038/srep29814

88. Guo Q, Guan GF, Cheng W, Zou CY, Zhu C, Cheng P, et al. Integrated profiling
identifies caveolae-associated protein 1 as a prognostic biomarker of malignancy in
glioblastoma patients. CNS Neurosci Ther (2019) 25:343–54. doi: 10.1111/cns.13072

89. van der Wekken AJ, Kuiper JL, Saber A, Terpstra MM, Wei J, Hiltermann TJN,
et al. Overall survival in EGFR mutated non-small-cell lung cancer patients treated with
afatinib after EGFR TKI and resistant mechanisms upon disease progression. PloS One
(2017) 12:e0182885. doi: 10.1371/journal.pone.0182885

90. Swierczewska M, Klejewski A, Wojtowicz K, Brazert M, Izycki D, Nowicki M, et al.
New and old genes associated with primary and established responses to cisplatin and
topotecan treatment in ovarian cancer cell lines. Molecules (2017) 22(10):1717.
doi: 10.3390/molecules22101717

91. Swierczewska M, Klejewski A, Brazert M, Kazmierczak D, Izycki D, Nowicki M,
et al. New and old genes associated with primary and established responses to paclitaxel
treatment in ovarian cancer cell lines. Molecules (2018) 23(4):891. doi: 10.3390/
molecules23040891

92. Guo Q , Wu Y, Guo X, Cao L, Xu F, Zhao H, et al. The RNA-binding protein
CELF2 inhibits ovarian cancer progression by stabilizing FAM198B. Mol Ther - Nucleic
Acids (2021) 23:169–84. doi: 10.1016/j.omtn.2020.10.011

93. Hsu C-Y, Chang GC, Chen YJ, Hsu YC, Hsiao YJ, Su KY, et al. FAM198B is
associated with prolonged survival and inhibits metastasis in lung adenocarcinoma via
blockage of ERK-mediated MMP-1 expression. Clin Cancer Res (2018) 24:916–26.
doi: 10.1158/1078-0432.CCR-17-1347

94. Wei S, Zhang J, Shi R, Yu Z, Chen X, Wang H. Identification of an integrated
kinase-related prognostic gene signature associated with tumor immune
microenvironment in human uterine corpus endometrial carcinoma. Front Oncol
(2022) 12(2234-943X (Print)):944000. doi: 10.3389/fonc.2022.944000

95. Helenius A, Aebi M. Roles of n-linked glycans in the endoplasmic reticulum. Annu
Rev Biochem (2004) 73:1019–49. doi: 10.1146/annurev.biochem.73.011303.073752

96. Hakomori S. Glycosylation defining cancer malignancy: New wine in an old bottle.
Proc Natl Acad Sci (2002) 99:10231–3. doi: 10.1073/pnas.172380699

97. Häuselmann I, Borsig L. Altered tumor-cell glycosylation promotes metastasis.
Front Oncol (2014) 4:28. doi: 10.3389/fonc.2014.00028

98. Simizu S, Takagi S, Tamura Y, Osada H. RECK-mediated suppression of tumor cell
invasion is regulated by glycosylation in human tumor cell lines. Cancer Res (2005)
65:7455–61. doi: 10.1158/0008-5472.CAN-04-4446

99. Zheng X, Chen J, Nan T, Zheng L, Lan J, Jin X, et al. FAM198B promotes colorectal
cancer progression by regulating the polarization of tumor-associated macrophages via
the SMAD2 signaling pathway. Bioengineered (2022) 13(5):12435–45. doi: 10.1080/
21655979.2022.2075300

100. Simon MA, Xu A, Ishikawa HO, Irvine KD. Modulation of fat: Dachsous binding
by the cadherin domain kinase four-jointed. Curr Biol (2010) 20:811–7. doi: 10.1016/
j.cub.2010.04.016

101. Sharma P, McNeill H. Fat and dachsous cadherins. Prog Mol Biol Transl Sci
(2013) 116:215–35. doi: 10.1016/b978-0-12-394311-8.00010-8

102. Deans MR, Krol A, Abraira VE, Copley CO, Tucker AF, Goodrich LV. Control of
neuronal morphology by the atypical cadherin Fat3. Neuron (2011) 71:820–32.
doi: 10.1016/j.neuron.2011.06.026

103. Probst B, Rock R, Gessler M, Vortkamp A, Püschel AW. The rodent four-jointed
ortholog Fjx1 regulates dendrite extension. Dev Biol (2007) 312:461–70. doi: 10.1016/
j.ydbio.2007.09.054

104. Zhang H, Bagherie-Lachidan M, Badouel C, Enderle L, Peidis P, Bremner R, et al.
FAT4 fine-tunes kidney development by regulating RET signaling. Dev Cell (2019)
48:780–792.e4. doi: 10.1016/j.devcel.2019.02.004

105. Sadeqzadeh E, de Bock CE, O’Donnell MR, Timofeeva A, Burns GF, Thorne RF.
FAT1 cadherin is multiply phosphorylated on its ectodomain but phosphorylation is not
frontiersin.org

https://doi.org/10.1086/522240
https://doi.org/10.1136/jmg.26.12.786
https://doi.org/10.1371/journal.pgen.1002708
https://doi.org/10.1177/0300985812453177
https://doi.org/10.1007/s11914-014-0223-2
https://doi.org/10.1038/81664
https://doi.org/10.3389/fgene.2021.757014
https://doi.org/10.1158/0008-5472.CAN-20-3328
https://doi.org/10.1158/1078-0432.CCR-20-2682
https://doi.org/10.1371/journal.pone.0042988
https://doi.org/10.1126/science.1217817
https://doi.org/10.1016/j.jmb.2004.05.028
https://doi.org/10.1038/s41586-020-2911-7
https://doi.org/10.1158/2159-8290.Cd-20-0331
https://doi.org/10.1158/2159-8290.Cd-20-0331
https://doi.org/10.1111/febs.15212
https://doi.org/10.1159/000492096
https://doi.org/10.3892/mmr.2017.6610
https://doi.org/10.1042/BSR20201920
https://doi.org/10.1042/BSR20201920
https://doi.org/10.7554/eLife.23990
https://doi.org/10.1016/j.jbc.2021.100267
https://doi.org/10.1371/journal.pgen.1003302
https://doi.org/10.3389/fcell.2020.605084
https://doi.org/10.1111/jre.12666
https://doi.org/10.1111/jre.12666
https://doi.org/10.1002/ijc.33166
https://doi.org/10.1038/ijos.2016.14
https://doi.org/10.3389/fonc.2021.756246
https://doi.org/10.1186/s12935-021-02170-w
https://doi.org/10.1186/s12920-020-00836-4
https://doi.org/10.1186/s12920-020-00836-4
https://doi.org/10.3389/fphar.2020.01138
https://doi.org/10.3389/fphar.2020.01138
https://doi.org/10.1186/s12915-020-00813-4
https://doi.org/10.1016/j.bbadis.2019.165555
https://doi.org/10.1177/1947603520932199
https://doi.org/10.1038/srep29814
https://doi.org/10.1111/cns.13072
https://doi.org/10.1371/journal.pone.0182885
https://doi.org/10.3390/molecules22101717
https://doi.org/10.3390/molecules23040891
https://doi.org/10.3390/molecules23040891
https://doi.org/10.1016/j.omtn.2020.10.011
https://doi.org/10.1158/1078-0432.CCR-17-1347
https://doi.org/10.3389/fonc.2022.944000
https://doi.org/10.1146/annurev.biochem.73.011303.073752
https://doi.org/10.1073/pnas.172380699
https://doi.org/10.3389/fonc.2014.00028
https://doi.org/10.1158/0008-5472.CAN-04-4446
https://doi.org/10.1080/21655979.2022.2075300
https://doi.org/10.1080/21655979.2022.2075300
https://doi.org/10.1016/j.cub.2010.04.016
https://doi.org/10.1016/j.cub.2010.04.016
https://doi.org/10.1016/b978-0-12-394311-8.00010-8
https://doi.org/10.1016/j.neuron.2011.06.026
https://doi.org/10.1016/j.ydbio.2007.09.054
https://doi.org/10.1016/j.ydbio.2007.09.054
https://doi.org/10.1016/j.devcel.2019.02.004
https://doi.org/10.3389/fimmu.2023.942849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Du et al. 10.3389/fimmu.2023.942849
catalysed by the four-jointed homologue. FEBS Lett (2014) 588:3511–7. doi: 10.1016/
j.febslet.2014.08.014

106. Chang HJ, Yoo JY, Kim TH, Fazleabas AT, Young SL, Lessey BA, et al.
Overexpression of four joint box-1 protein (FJX1) in eutopic endometrium from
women with endometriosis. Reprod Sci (2018) 25:207–13. doi: 10.1177/
1933719117716780

107. Wang HW, Huang TS, Lo HH, Huang PH, Lin CC, Chang SJ, et al. Deficiency of
the microRNA-31-microRNA-720 pathway in the plasma and endothelial progenitor cells
from patients with coronary artery disease. Arterioscler Thromb Vasc Biol (2014) 34:857–
69. doi: 10.1161/atvbaha.113.303001

108. Chai SJ, Ahmad Zabidi MM, Gan SP, Rajadurai P, Lim PVH, Ng CC, et al. An
oncogenic role for four-jointed box 1 (FJX1) in nasopharyngeal carcinoma. Dis Markers
(2019) 2019:3857853. doi: 10.1155/2019/3857853

109. Snijders AM, Schmidt BL, Fridlyand J, Dekker N, Pinkel D, Jordan RC, et al. Rare
amplicons implicate frequent deregulation of cell fate specification pathways in oral
squamous cell carcinoma. Oncogene (2005) 24:4232–42. doi: 10.1038/sj.onc.1208601

110. Al-Greene NT, Means AL, Lu P, Jiang A, Schmidt CR, Chakravarthy AB, et al.
Four jointed box 1 promotes angiogenesis and is associated with poor patient survival in
colorectal carcinoma. PloS One (2013) 8:e69660. doi: 10.1371/journal.pone.0069660

111. Rock R, Heinrich AC, Schumacher N, Gessler M. Fjx1: A notch-inducible
secreted ligand with specific binding sites in developing mouse embryos and adult
brain. Dev Dynam (2005) 234:602–12. doi: 10.1002/dvdy.20553

112. Gutierrez-Aviño FJ, Ferres-Marco D, Dominguez M. The position and function
of the notch-mediated eye growth organizer: The roles of JAK/STAT and four-jointed.
EMBO Rep (2009) 10:1051–8. doi: 10.1038/embor.2009.140

113. Bao Y, Hata Y, Ikeda M, Withanage K. Mammalian hippo pathway: Fom
development to cancer and beyond. J Biochem (2011) 149:361–79. doi: 10.1093/jb/mvr021

114. Cui MF, Wu YY, Chen MY, Zhao Y, Han SY, Wang RJ, et al. Identification of a
MiRNA-mRNA regulatory network in colorectal cancer. Comb Chem High Throughput
Screen (2021) 24(10):1736–45. doi: 10.2174/1386207323666201110154142

115. Wang WJ, Li HT, Yu JP, Han XP, Xu ZP, Li YM, et al. A competing endogenous
RNA network reveals novel potential lncRNA, miRNA, and mRNA biomarkers in the
prognosis of human colon adenocarcinoma. J Surg Res (2019) 235:22–33. doi: 10.1016/
j.jss.2018.09.053

116. Buckanovich RJ, Sasaroli D, O'Brien-Jenkins A, Botbyl J, Hammond R, Katsaros
D, et al. Tumor vascular proteins as biomarkers in ovarian cancer. J Clin Oncol (2007)
25:852–61. doi: 10.1200/jco.2006.08.8583

117. Chai SJ, Yap YY, Foo YC, Yap LF, Ponniah S, Teo SH, et al. Identification of four-
jointed box 1 (FJX1)-specific peptides for immunotherapy of nasopharyngeal carcinoma.
PloS One (2015) 10:e0130464. doi: 10.1371/journal.pone.0130464

118. Chai SJ, Fong SCY, Gan CP, Pua KC, Lim PVH, Lau SH, et al. In vitro evaluation
of dual-antigenic PV1 peptide vaccine in head and neck cancer patients. Hum Vaccin
Immunother (2019) 15:167–78. doi: 10.1080/21645515.2018.1520584

119. Liu F, Wu R, Guan L, Tang X. Knockdown of PVT1 suppresses colorectal cancer
progression by regulating MiR-106b-5p/FJX1 axis. Cancer Manag Res (2020) 12:8773–85.
doi: 10.2147/cmar.S260537

120. Wan N, Yang W, Cheng H, Wang J. FOXD3-AS1 contributes to the progression
of melanoma via miR-127-3p/FJX1 axis. Cancer Biother Radiopharm (2020) 35:596–604.
doi: 10.1089/cbr.2019.3093

121. Dang W, Zhu Z. MicroRNA-1249 targets four-jointed box kinase 1 and reduces
cell proliferation, migration and invasion of colon adenocarcinoma. J Gene Med (2020)
22:e3183. doi: 10.1002/jgm.3183

122. Cheng T, Zhu X, Lu J, Teng X. MiR-532-3p suppresses cell proliferation,
migration and invasion of colon adenocarcinoma via targeting FJX1. Pathol Res Pract
(2022) 232(1618-0631 (Electronic)):153835. doi: 10.1016/j.prp.2022.153835

123. Goncalves L, Filipe M, Marques S, Salgueiro A-M, Becker JD, Belo JA.
Identification and functional analysis of novel genes expressed in the anterior visceral
endoderm. Int J Dev Biol (2011) 55:281–95. doi: 10.1387/ijdb.103273lg

124. Imuta Y, Nishioka N, Kiyonari H, Sasaki H. Short limbs, cleft palate, and delayed
formation of flat proliferative chondrocytes in mice with targeted disruption of a putative
protein kinase gene, pkdcc (AW548124). Dev Dynam (2009) 238:210–22. doi: 10.1002/
dvdy.21822

125. Kim JM, Han H, Bahn M, Hur Y, Yeo CY, Kim DW. Secreted tyrosine kinase vlk
negatively regulates hedgehog signaling by inducing lysosomal degradation of
smoothened. Biochem J (2020) 477:121–36. doi: 10.1042/BCJ20190784

126. Zhou H, Mori S, Ishizaki T, Takahashi A, Matsuda K, Koretsune Y, et al. Genetic
risk score based on the prevalence of vertebral fracture in Japanese women with
osteoporosis. Bone Rep (2016) 5:168–72. doi: 10.1016/j.bonr.2016.07.001

127. Sajan SA, Ganesh J, Shinde DN, Powis Z, Scarano MI, Stone J, et al. Biallelic
disruption of PKDCC is associated with a skeletal disorder characterised by rhizomelic
shortening of extremities and dysmorphic features. J Med Genet (2019) 56:850–4.
doi: 10.1136/jmedgenet-2018-105639

128. Probst S, Zeller R, Zuniga A. The hedgehog target vlk genetically interacts with
Gli3 to regulate chondrocyte differentiation during mouse long bone development.
Differentiation (2013) 85:121–30. doi: 10.1016/j.diff.2013.03.002

129. Harada H, Farhani N, Wang XF, Sugita S, Charish J, Attisano L, et al.
Extracellular phosphorylation drives the formation of neuronal circuitry. Nat Chem
Biol (2019) 15:1035–42. doi: 10.1038/s41589-019-0345-z
Frontiers in Immunology 13
130. Kichaev G, Bhatia G, Loh PR, Gazal S, Burch K, Freund MK, et al. Leveraging
polygenic functional enrichment to improve GWAS power. Am J Hum Genet (2019)
104:65–75. doi: 10.1016/j.ajhg.2018.11.008

131. Castro-Giner F, Bustamante M, Ramon Gonzalez J, Kogevinas M, Jarvis D,
Heinrich J, et al. A pooling-based genome-wide analysis identifies new potential candidate
genes for atopy in the European community respiratory health survey (ECRHS). BMC
Med Genet (2009) 10:128. doi: 10.1186/1471-2350-10-128

132. Perin P, Potocnik U. Polymorphisms in recent GWA identified asthma genes
CA10, SGK493, and CTNNA3 are associated with disease severity and treatment response
in childhood asthma. Immunogenetics (2014) 66:143–51. doi: 10.1007/s00251-013-0755-0

133. Maddala R, Skiba NP, Rao PV. Vertebrate lonesome kinase regulated extracellular
matrix protein phosphorylation, cell shape, and adhesion in trabecular meshwork cells. J
Cell Physiol (2017) 232:2447–60. doi: 10.1002/jcp.25582

134. Hsu YH, Kiel DP. Clinical review: Genome-wide association studies of skeletal
phenotypes: what we have learned and where we are headed. J Clin Endocrinol Metab
(2012) 97:E1958–77. doi: 10.1210/jc.2012-1890

135. Nusse R, Clevers H. Wnt/b-catenin signaling, disease, and emerging therapeutic
modalities. Cell (2017) 169:985–99. doi: 10.1016/j.cell.2017.05.016

136. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene (2017)
36:1461–73. doi: 10.1038/onc.2016.304

137. Takatalo M, Järvinen E, Laitinen S, Thesleff I, Rönnholm R. Expression of the
novel golgi protein GoPro49 is developmentally regulated during mesenchymal
differentiation. Dev Dynam (2008) 237:2243–55. doi: 10.1002/dvdy.21646

138. Aziz A, Harrop SP, Bishop NE. DIA1R is an X-linked gene related to deleted in
autism-1. PloS One (2011) 6:e14534. doi: 10.1371/journal.pone.0014534

139. Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, et al.
An anatomically comprehensive atlas of the adult human brain transcriptome. Nature
(2012) 489:391–9. doi: 10.1038/nature11405

140. Beigi F, Schmeckpeper J, Pow-Anpongkul P, Payne JA, Zhang L, Zhang Z, et al.
C3orf58, a novel paracrine protein, stimulates cardiomyocyte cell-cycle progression
through the PI3K–AKT–CDK7 pathway. Circ Res (2013) 113:372–80. doi: 10.1161/
CIRCRESAHA.113.301075

141. KimM-S, Pinto SM, Getnet D, Nirujogi RS, Manda SS, Chaerkady R, et al. A draft
map of the human proteome. Nature (2014) 509:575–81. doi: 10.1038/nature13302

142. Wilhelm M, Schlegl J, Hahne H, Gholami AM, Lieberenz M, Savitski MM, et al.
Mass-spectrometry-based draft of the human proteome. Nature (2014) 509:582–7.
doi: 10.1038/nature13319

143. Pradhan D, Jour G, Milton D, Vasudevaraja V, Tetzlaff MT, Nagarajan P, et al.
Aberrant DNA methylation predicts melanoma-specific survival in patients with acral
melanoma. Cancers (2019) 11(12):2031. doi: 10.3390/cancers11122031

144. Takatalo MS, Tummers M, Thesleff I, Rönnholm R. Novel golgi protein,
GoPro49, is a specific dental follicle marker. J Dental Res (2009) 88:534–8.
doi: 10.1177/0022034509338452

145. Bareja A, Hodgkinson CP, Payne AJ, Pratt RE, Dzau VJ. HASF (C3orf58) is a
novel ligand of the insulin-like growth factor 1 receptor. Biochem J (2017) 474:771–80.
doi: 10.1042/BCJ20160976

146. Huang J, Guo J, Beigi F, Hodgkinson CP, Facundo HT, Zhang Z, et al. HASF is a
stem cell paracrine factor that activates PKC epsilon mediated cytoprotection. J Mol Cell
Cardiol (2014) 66:157–64. doi: 10.1016/j.yjmcc.2013.11.010

147. Miura T. HASF, a PKC-ϵ activator with novel features for cardiomyocyte
protection. J Mol Cell Cardiol (2014) 69:1–3. doi: 10.1016/j.yjmcc.2014.01.011

148. Hareza A, Bakun M, Swiderska B, Dudkiewicz M, Koscielny A, Bajur A, et al.
Phosphoproteomic insights into processes influenced by the kinase-like protein DIA1/
C3orf58. PeerJ (2018) 6:e4599. doi: 10.7717/peerj.4599

149. Dudkiewicz M, Lenart A, Pawłowski K. A novel predicted calcium-regulated
kinase family implicated in neurological disorders. PloS One (2013) 8:e66427.
doi: 10.1371/journal.pone.0066427

150. Thiselton DL, McDowall J, Brandau O, Ramser J, d'Esposito F, Bhattacharya SS,
et al. An integrated, functionally annotated gene map of the DXS8026–ELK1 interval on
human Xp11.3–Xp11.23: Potential hotspot for neurogenetic disorders. Genomics (2002)
79:560–72. doi: 10.1006/geno.2002.6733

151. Lederer D, Grisart B, Digilio MC, Benoit V, Crespin M, Ghariani SC, et al.
Deletion of KDM6A, a histone demethylase interacting with MLL2, in three patients with
kabuki syndrome. Am J Hum Genet (2012) 90:119–24. doi: 10.1016/j.ajhg.2011.11.021

152. Aziz A, Harrop SP, Bishop NE. Characterization of the deleted in autism 1 protein
family: Implications for studying cognitive disorders. PloS One (2011) 6:e14547.
doi: 10.1371/journal.pone.0014547

153. Du M, Yuan T, Schilter KF, Dittmar RL, Mackinnon A, Huang X, et al. Prostate
cancer risk locus at 8q24 as a regulatory hub by physical interactions with multiple
genomic loci across the genome. Hum Mol Genet (2015) 24:154–66. doi: 10.1093/hmg/
ddu426

154. Tennant-Eyles AJ, Moffitt H, Whitehouse CA, Roberts RG. Characterisation of
the FAM69 family of cysteine-rich endoplasmic reticulum proteins. Biochem Biophys Res
Commun (2011) 406:471–7. doi: 10.1016/j.bbrc.2011.02.076

155. Alcina A, Fernandez O, Gonzalez JR, Catala-Rabasa A, Fedetz M, Ndagire D, et al.
Tag-SNP analysis of the GFI1-EVI5-RPL5-FAM69 risk locus for multiple sclerosis. Eur J
Hum Genet (2010) 18:827–31. doi: 10.1038/ejhg.2009.240
frontiersin.org

https://doi.org/10.1016/j.febslet.2014.08.014
https://doi.org/10.1016/j.febslet.2014.08.014
https://doi.org/10.1177/1933719117716780
https://doi.org/10.1177/1933719117716780
https://doi.org/10.1161/atvbaha.113.303001
https://doi.org/10.1155/2019/3857853
https://doi.org/10.1038/sj.onc.1208601
https://doi.org/10.1371/journal.pone.0069660
https://doi.org/10.1002/dvdy.20553
https://doi.org/10.1038/embor.2009.140
https://doi.org/10.1093/jb/mvr021
https://doi.org/10.2174/1386207323666201110154142
https://doi.org/10.1016/j.jss.2018.09.053
https://doi.org/10.1016/j.jss.2018.09.053
https://doi.org/10.1200/jco.2006.08.8583
https://doi.org/10.1371/journal.pone.0130464
https://doi.org/10.1080/21645515.2018.1520584
https://doi.org/10.2147/cmar.S260537
https://doi.org/10.1089/cbr.2019.3093
https://doi.org/10.1002/jgm.3183
https://doi.org/10.1016/j.prp.2022.153835
https://doi.org/10.1387/ijdb.103273lg
https://doi.org/10.1002/dvdy.21822
https://doi.org/10.1002/dvdy.21822
https://doi.org/10.1042/BCJ20190784
https://doi.org/10.1016/j.bonr.2016.07.001
https://doi.org/10.1136/jmedgenet-2018-105639
https://doi.org/10.1016/j.diff.2013.03.002
https://doi.org/10.1038/s41589-019-0345-z
https://doi.org/10.1016/j.ajhg.2018.11.008
https://doi.org/10.1186/1471-2350-10-128
https://doi.org/10.1007/s00251-013-0755-0
https://doi.org/10.1002/jcp.25582
https://doi.org/10.1210/jc.2012-1890
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1038/onc.2016.304
https://doi.org/10.1002/dvdy.21646
https://doi.org/10.1371/journal.pone.0014534
https://doi.org/10.1038/nature11405
https://doi.org/10.1161/CIRCRESAHA.113.301075
https://doi.org/10.1161/CIRCRESAHA.113.301075
https://doi.org/10.1038/nature13302
https://doi.org/10.1038/nature13319
https://doi.org/10.3390/cancers11122031
https://doi.org/10.1177/0022034509338452
https://doi.org/10.1042/BCJ20160976
https://doi.org/10.1016/j.yjmcc.2013.11.010
https://doi.org/10.1016/j.yjmcc.2014.01.011
https://doi.org/10.7717/peerj.4599
https://doi.org/10.1371/journal.pone.0066427
https://doi.org/10.1006/geno.2002.6733
https://doi.org/10.1016/j.ajhg.2011.11.021
https://doi.org/10.1371/journal.pone.0014547
https://doi.org/10.1093/hmg/ddu426
https://doi.org/10.1093/hmg/ddu426
https://doi.org/10.1016/j.bbrc.2011.02.076
https://doi.org/10.1038/ejhg.2009.240
https://doi.org/10.3389/fimmu.2023.942849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Du et al. 10.3389/fimmu.2023.942849
156. Wang K-S, Liu X-F, Aragam N. A genome-wide meta-analysis identifies novel
loci associated with schizophrenia and bipolar disorder. Schizophr Res (2010) 124:192–9.
doi: 10.1016/j.schres.2010.09.002

157. Nel M, Prince S, Heckmann JM. Profiling of patient-specific myocytes identifies
altered gene expression in the ophthalmoplegic subphenotype of myasthenia gravis.
Orphan J Rare Dis (2019) 14:24. doi: 10.1186/s13023-019-1003-y

158. Samir AA, Ropolo A, Grasso D, Tomasini R, Dagorn JC, Dusetti N, et al. Cloning
and expression of the mouse PIP49 (Pancreatitis induced protein 49) mRNA which
encodes a new putative transmembrane protein activated in the pancreas with acute
pancreatitis. Mol Cell Biol Res Commun (2000) 4:188–93. doi: 10.1006/mcbr.2000.0277

159. Zinngrebe J, Schlichtig F, Kraus JM, Meyer M, Boldrin E, Kestler HA, et al. Biomarker
profile for prediction of response to SMAC mimetic monotherapy in pediatric precursor b-cell
acute lymphoblastic leukemia. Int J Cancer (2020) 146:3219–31. doi: 10.1002/ijc.32799

160. Zhu Q, Venzke D,Walimbe AS, Anderson ME, Fu Q, Kinch LN, et al. Structure of
protein O-mannose kinase reveals a unique active site architecture. Elife (2016) 5:e22238.
doi: 10.7554/eLife.22238

161. Nagae M, Mishra SK, Neyazaki M, Oi R, Ikeda A, Matsugaki N, et al. 3D
structural analysis of protein O-mannosyl kinase, POMK, a causative gene product of
dystroglycanopathy. Genes Cells (2017) 22:348–59. doi: 10.1111/gtc.12480

162. Yoshida-Moriguchi T, Willer T, Anderson ME, Venzke D, Whyte T, Muntoni F,
et al. SGK196 is a glycosylation-specific O-mannose kinase required for dystroglycan
function. Science (2013) 341:896–9. doi: 10.1126/science.1239951

163. Ogawa M, Sawaguchi S, Furukawa K, Okajima T. N-acetylglucosamine
modification in the lumen of the endoplasmic reticulum. Biochim Biophys Acta (2015)
1850:1319–24. doi: 10.1016/j.bbagen.2015.03.003

164. Strang-Karlsson S, Johnson K, Topf A, Xu L, Lek M, MacArthur DG, et al. A
novel compound heterozygous mutation in the POMK gene causing limb-girdle muscular
dystrophy-dystroglycanopathy in a sib pair. Neuromus Disord (2018) 28:614–8.
doi: 10.1016/j.nmd.2018.04.012

165. von Renesse A, Petkova MV, Lutzkendorf S, Heinemeyer J, Gill E, Hubner C, et al.
POMKmutation in a family with congenital muscular dystrophy with merosin deficiency,
hypomyelination, mild hearing deficit and intellectual disability. J Med Genet (2014)
51:275–82. doi: 10.1136/jmedgenet-2013-102236

166. Johnson K, Bertoli M, Phillips L, Topf A, Van den Bergh P, Vissing J, et al.
Detection of variants in dystroglycanopathy-associated genes through the application of
targeted whole-exome sequencing analysis to a large cohort of patients with unexplained
limb-girdle muscle weakness. Skelet Muscle (2018) 8:23. doi: 10.1186/s13395-018-0170-1
Frontiers in Immunology 14
167. Buljan M, Ciuffa R, van Drogen A, Vichalkovski A, Mehnert M, Rosenberger G,
et al. Kinase interaction network expands functional and disease roles of human kinases.
Mol Cell (2020) 79:504–520.e9. doi: 10.1016/j.molcel.2020.07.001

168. Di Costanzo S, Balasubramanian A, Pond HL, Rozkalne A, Pantaleoni C, Saredi S,
et al. POMK mutations disrupt muscle development leading to a spectrum of
neuromuscular presentations. Hum Mol Genet (2014) 23:5781–92. doi: 10.1093/hmg/
ddu296

169. Jae LT, Raaben M, Riemersma M, van Beusekom E, Blomen VA, Velds A, et al.
Deciphering the glycosylome of dystroglycanopathies using haploid screens for lassa virus
entry. Science (2013) 340:479–83. doi: 10.1126/science.1233675

170. Xu C, Zhang M, Bian L, Li Y, Yao Y, Li D. N-glycosylated SGK196 suppresses the
metastasis of basal-like breast cancer cells. Oncogenesis (2020) 9:4. doi: 10.1038/s41389-
019-0188-1

171. Li A, Song NJ, Riesenberg BP, Li Z. The emerging roles of endoplasmic
reticulum stress in balancing immunity and tolerance in health and diseases:
Mechanisms and opportunities. Front Immunol (2019) 10:3154. doi: 10.3389/
fimmu.2019.03154

172. Tibaldi E, Brocca A, Sticca A, Gola E, Pizzi M, Bordin L, et al. Fam20C-mediated
phosphorylation of osteopontin is critical for its secretion but dispensable for its action as
a cytokine in the activation of hepatic stellate cells in liver fibrogenesis. FASEB J (2020)
34:1122–35. doi: 10.1096/fj.201900880R

173. Qin Z, Wang P, Li X, Zhang S, Tian M, Dai Y, et al. Systematic network-based
discovery of a Fam20C inhibitor (FL-1607) with apoptosis modulation in triple-negative
breast cancer. Mol Biosyst (2016) 12:2108–18. doi: 10.1039/c6mb00111d

174. Zhao R, Fu L, Yuan Z, Liu Y, Zhang K, Chen Y, et al. Discovery of a novel small-
molecule inhibitor of Fam20C that induces apoptosis and inhibits migration in triple
negative breast cancer. Eur J Med Chem (2021) 210:113088. doi: 10.1016/
j.ejmech.2020.113088

175. Chen X, Zhang J, Liu P, Wei Y, Wang X, Xiao J, et al. Proteolytic processing of
secretory pathway kinase Fam20C by site-1 protease promotes biomineralization. Proc
Natl Acad Sci U S A (2021) 118(32):e2100133118. doi: 10.1073/pnas.2100133118

176. Wang C, Zainal NS, Chai SJ, Dickie J, Gan CP, Zulaziz N, et al. DNA Vaccines
targeting novel cancer-associated antigens frequently expressed in head and neck cancer
enhance the efficacy of checkpoint inhibitor. Front Immunol (2021) 12(1664-3224
(Electronic)):763086. doi: 10.3389/fimmu.2021.763086

177. Sun Z, Brodsky JL. Protein quality control in the secretory pathway. J Cell Biol
(2019) 218:3171–87. doi: 10.1083/jcb.201906047
frontiersin.org

https://doi.org/10.1016/j.schres.2010.09.002
https://doi.org/10.1186/s13023-019-1003-y
https://doi.org/10.1006/mcbr.2000.0277
https://doi.org/10.1002/ijc.32799
https://doi.org/10.7554/eLife.22238
https://doi.org/10.1111/gtc.12480
https://doi.org/10.1126/science.1239951
https://doi.org/10.1016/j.bbagen.2015.03.003
https://doi.org/10.1016/j.nmd.2018.04.012
https://doi.org/10.1136/jmedgenet-2013-102236
https://doi.org/10.1186/s13395-018-0170-1
https://doi.org/10.1016/j.molcel.2020.07.001
https://doi.org/10.1093/hmg/ddu296
https://doi.org/10.1093/hmg/ddu296
https://doi.org/10.1126/science.1233675
https://doi.org/10.1038/s41389-019-0188-1
https://doi.org/10.1038/s41389-019-0188-1
https://doi.org/10.3389/fimmu.2019.03154
https://doi.org/10.3389/fimmu.2019.03154
https://doi.org/10.1096/fj.201900880R
https://doi.org/10.1039/c6mb00111d
https://doi.org/10.1016/j.ejmech.2020.113088
https://doi.org/10.1016/j.ejmech.2020.113088
https://doi.org/10.1073/pnas.2100133118
https://doi.org/10.3389/fimmu.2021.763086
https://doi.org/10.1083/jcb.201906047
https://doi.org/10.3389/fimmu.2023.942849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Regulation of secretory pathway kinase or kinase-like proteins in human cancers
	1 Introduction
	2 Secretory pathway
	3 Physiological processes and pathological results of the secretory pathway
	3.1 ER protein folding and ER stress
	3.2 Post-translation modification in the ER
	3.3 Unfolded protein response
	3.4 Golgi apparatus stress and mitochondrial stress

	4 The role of the secretory pathway kinases or kinase-like proteins in human cancer
	4.1 FAM20C-related kinases
	4.1.1 Tumor promoter: FAM20C
	4.1.2 FAM20A
	4.1.3 FAM20B
	4.1.4 FAM198A
	4.1.5 Double-edged sword: FAM198B
	4.1.6 Tumor promoter: FJX1

	4.2 PKDCC-related kinases
	4.2.1 PKDCC
	4.2.2 Kinase-like protein: C3orf58
	4.2.3 CXorf36
	4.2.4 Function of undetermined kinase-like proteins: FAM69A, FAM69B, and FAM69C

	4.3 Tumor promoter: POMK

	5 Therapeutic strategies targeting SPKKPs
	6 Conclusions and perspectives
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


