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Abstract

The Golgi membrane protein GOLM1/GP73/GOLPH2 has been found to

impact cytokine production in both infectious disease and cancer. In viral

infections, GOLM1 levels are increased, and this lowers the production of type

I interferons and other inflammatory cytokines. However, elevated GOLM1

expression levels due to mutations are linked to a higher production of

interleukin (IL)-6 during Candida infections, potentially explaining an

increased susceptibility to candidemia in individuals carrying these mutations.

In cancer, the protease Furin produces a soluble form of GOLM1 that has

oncogenic properties by promoting the production of the chemokine CCL2

and suppressing the production of inflammatory cytokines such as IL-12 and

interferon gamma. This review will focus on the role of GOLM1 in cytokine

production, highlighting how it can both promote and inhibit cytokine

production. It is crucial to understand this in order to effectively target

GOLM1 for therapeutic purposes in diseases associated with abnormal cytokine

production, including cancer and infectious disease.

INTRODUCTION

Cytokines and chemokines are small, secreted proteins

that are released by various cell types and mediate

signaling between cells. Inflammatory cytokines, which

include interleukin (IL)-6, IL-12, interferon (IFN)-c and

tumor necrosis factor-alpha (TNF), activate the immune

system in order to combat pathogens and cancer.

Chemokines, such as C-C motif chemokine 2 (CCL2), are

chemotactic compounds that recruit immune cells to

sites of inflammation. Pro-inflammatory cytokines are

counteracted by anti-inflammatory cytokines, such as

IL-10, and thereby an immune response can be inhibited

or blocked. The location, timing and magnitude of the

production and release of cytokines and chemokines need

to be tightly regulated, as these compounds can exert

large effects.1,2 When the production of pro-inflammatory

cytokines is insufficient, this can result in an inability

to clear infections and cancer. However, the production

of excessive amounts of inflammatory cytokines is a

hallmark of autoimmune diseases and sepsis.3,4

In immune cells, the production of most cytokines and

chemokines is regulated at the transcriptional level.1,2,5

Whereas mRNA coding for IL-6, IL-12 and TNF is only

present at low levels in non-activated immune cells, the

activation of immune cells by the recognition of

pathogens or malignant cells results in transcription of

the genes coding for these cytokines. Following their

co-translational insertion into the rough endoplasmic

reticulum (ER), the newly produced cytokines and

chemokines are secreted by the so-called constitutive

secretory pathway. In this pathway, these compounds are

transported by continuous vesicular trafficking from the

ER via the Golgi apparatus to the plasma membrane for

secretion. The trafficking from the Golgi to the plasma

membrane can occur via recycling endosomes, as

shown for TNF and IL-6,6 and via lysosome-related

compartments, as shown for IL-12.7 In the Golgi

apparatus, the newly produced cytokines and chemokines

are post-translationally modified and sorted into their

cognate trafficking vesicles to ensure transport to the

correct cellular destinations.1,2
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Given that newly produced cytokines have to traffic

through the Golgi network, it is no surprise that Golgi

proteins are involved in diseases associated with

cytokines. Indeed, in both cancer and infectious disease,

aberrant cytokine production levels have been associated

with Golgi membrane protein 1 (GOLM1), also called

GP73 or GOLPH2. This review aims to provide an

overview of the role of GOLM1 in cytokine and

chemokine production, with the aim of gaining a

molecular understanding of how this protein regulates

these processes.

PROPERTIES AND FUNCTIONS OF GOLM1

GOLM1 is a 401-residue ubiquitously expressed type II

membrane protein. Expression is higher in epithelial cells

of various human tissues, including the kidneys, lungs,

prostate and gut.8–10 GOLM1 locates at the cis and

medial-Golgi cisternae as was found by immunolabeling

of epitope-tagged overexpressed GOLM1 in HEK-293

cells,8 and later confirmed by immunolabeling of

endogenously expressed GOLM1 in hepatocellular

carcinoma (HCC) cell lines and the normal liver cell line

L2.11 GOLM1 is well conserved, and for example murine

GOLM1 has a sequence identity of 66.5% with human

GOLM1. According to structural predictions, GOLM1 has

a short cytoplasmic N-terminus (residues 1–12) followed

by a transmembrane domain (residues 13–35) and a large

highly acidic C-terminal luminal region (residues

36–401). Mass spectrometry showed that the luminal

domain of human GOLM1 is glycosylated at N109 (not

conserved in mouse), N144 (conserved in mouse), and

N398 (not conserved in mouse).12–14 Removal of

glycosylation at N144 enhances metastasis of human

HCC cells.14 In addition, human GOLM1 is

phosphorylated at S187 (conserved in mouse) and S309

(not conserved),15,16 but the functional significance of

this luminal phosphorylation is unclear.

GOLM1 can be cleaved at R55, located within the

luminal coiled-coil domain (approximately residues

40–200), generating a soluble form of GOLM1, called

sGOLM1, which is present in the sera of patients with

liver and prostate cancer.9,10 Recently, it was shown that

GOLM1 also plays a role in type 2 diabetes mellitus

(T2DM).17 Circulating levels of sGOLM1 were increased

in patients with type 2 diabetes mellitus, and this was

found to stimulate liver glucose production and systemic

glucose homeostasis.17 Cleavage of GOLM1 is mediated

by the endoprotease Furin, as it can be blocked by a

Furin inhibitor.18

The luminal coiled-coil domain of GOLM1 is essential

for binding and interacting with the extracellular

chaperone Clusterin, as found by a yeast two-hybrid

screen and confirmed by co-immunoprecipitation.19

Co-immunoprecipitation also revealed other interacting

partners of GOLM1: Using truncation mutants of

GOLM1 lacking (part of) its cytosolic domain,

transmembrane helix or luminal domain, it was shown

that the cytosolic domain of GOLM1 interacts with the

epithelial growth factor receptor (EGFR)20 and the

metalloproteases MMP2 and MMP7,21,22 and these

interactions play a role in HCC metastasis. The cytosolic

region of GOLM1 also interacts with both full-length

NOTCH2 and its intracellular N2ICD region, and this

can regulate cell division.23 Furthermore, it was found

that GOLM1 mediates the selective autophagy of receptor

tyrosine kinases (RTKs) by interacting with the

autophagy adaptor LC3.24 By mutagenesis it was shown

that this interaction is mediated by a LC3-interacting

region (LIR) located at residues 130–135,24 which seems

surprising since this is located at the luminal region of

GOLM1, whereas LC3 is a cytosolic protein. Moreover,

GOLM1 directly interacts with alpha-fetoprotein (AFP)

and thereby facilitates its secretion, which promotes

proliferation, metastasis and drug resistance of cancer

cells.25 By immunoprecipitation, it was shown that

interactions of the immune checkpoint protein B7-H3

with GOLM1 mediate its trafficking to the surface of

ovarian cancer cells, and thereby GOLM1 promotes the

secretion of a soluble form of B7-H3 that drives cancer

progression and metastasis.26 Immunoprecipitation

followed by Western blot indicated that GOLM1

also interacts with the Golgi component Golgin subfamily

A member 2 (GOLGA2; also called GM130)27 and

BCL-2-like protein 1 (BCL2L1).28 Moreover, a mass

spectrometry screen identified many putative binding

partners of GOLM1, including the SNARE protein

GosR2, small-GTPases Rab19, Rab3d, Rab3d, Rab11 and

Rab26, and trafficking protein particle complex subunit

3-like protein (Trappc3l), but these interactions still need

to be confirmed with other methods.23 Finally, molecular

docking studies suggested that GOLM1 might interact

with PTBP1 and E2F4, both involved in vascular

epithelial growth factor (VEGF) signaling, but these

interactions also need experimental confirmation.29

The function of GOLM1 has not been clearly defined.

Transgenic mice expressing a truncated form of GOLM1

lacking 146 residues of the C-terminus display a

shortened lifespan.30 Moreover, the liver and kidney of

these mice showed pathological changes, such as focal

segmental glomerulosclerosis and hepatocyte nuclear

membrane irregularities, which suggest that GOLM1

plays a role in the function of these organs.30 At the

cellular level, transient siRNA silencing of GOLM1 in

Huh-7 cells (a HCC derived cell line) resulted in a

scattered Golgi ultrastructure, a lower mitochondrial
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oxygen consumption rate, an increased presence of

ceramides and other sphingolipids, reduced cell

proliferation, and increased apoptosis.31 In line with this,

overexpression of GOLM1 in PC9 cells promoted cell

proliferation, migration and invasion.32 Moreover,

depletion of GOLM1 in intestinal epithelial cells led to

aberrant NOTCH signaling that interfered with cell

differentiation and maturation.23 Transcriptomics in the

HCC cell line MHCC97H with knockdown and

overexpression of GOLM1 revealed that GOLM1

influences genes associated with oxidative stress,

angiogenesis and the VEGF signaling pathway.29

Likely as a consequence of these GOLM1-associated

cellular phenotypes, GOLM1 knockout mice had a higher

susceptibility to mucosal inflammation, colitis induced

epithelial damage and colon cancer.23 Accordingly, the

mRNA levels of the inflammatory cytokines IL-1b, IL-6,
CCL2 and TNF were increased upon DSS (dextran sulfate

sodium)-induced colitis.23 Moreover, even untreated

epithelial-specific GOLM1 knockout mice showed

increased intestinal permeability, which is a hallmark of

inflammation and colitis.23 However, in another study no

apparent developmental abnormalities nor decreased

survival were found in complete GOLM1 knockout

mice.33 Nevertheless, these mice might be more

suspectable to disease, since both liver-specific and

whole-animal ablation of GOLM1 alleviated abnormal

glucose metabolism in diet-induced obese mice.17 In

addition, another study found that the complete GOLM1

knockout mice are more susceptible to septic death

induced by the bacterial immune stimulus

lipopolysaccharide (LPS),33 suggesting that GOLM1 plays

a role in infectious disease.

GOLM1 AFFECTS CYTOKINES IN
INFECTIOUS DISEASE

Other studies also show that GOLM1 is involved in

infectious disease. First, it is firmly established that the

expression of GOLM1 is upregulated in response to viral

infections, as first shown in adenovirus-infected HepG2

cells and cultured amniotic cells infected with Newcastle

disease virus.8 This seems to be a general phenomenon,

as increased GOLM1 expression has also been observed

for other viral infections, including SARS-CoV-2,34

Hepatitis B35 and Hepatitis C virus (HCV).36,37 By

overexpression and shRNA silencing of GOLM1, it was

shown that GOLM1 promotes the production of

infectious HCV particles in infected Huh.7.5.1 cells,37 at

least partly by inhibiting the production of antiviral type

I interferons.36 GOLM1 overexpression also affects the

production of other cytokines, since knockdown of

GOLM1 in HCV infected Huh7 cells and Sendai virus

infected Thp1 cells resulted in increased levels of mRNA

coding for inflammatory cytokines, including IL-6, TNF

and IFN-b.36 These effects are likely due to

transcriptional regulation, as shRNA knockdown of

GOLM1 in HEK293 cells expressing luciferase reporter

constructs for the NF-jB promoter, IFN-b promoter and

interferon-stimulated response element (ISRE) showed

that GOLM1 reduces transcription of these promoters

upon infection with Sendai virus.36

In line with this, IFN-c and LPS stimulated bone

marrow-derived macrophages from GOLM1 knockout

mice showed higher levels of expression of Ifnb, the gene

coding for IFN-b.33 ELISA and qPCR showed that IL-12

secretion and Il12a and Il12b gene expression (code for

the p35 and p40 subunits of IL-12, respectively) were also

increased in GOLM1 knockout mice, although IL-10 and

TNF production were not affected.33 Recombinant

sGOLM1 could also inhibit LPS and IFN-c induced

transcription of Il12a and Il12b in murine bone marrow-

derived macrophages, whereas the production of IL-10

and TNF was not affected.33 Transfecting the murine

macrophage-like cell line RAW264.7 with a GOLM1

construct and a reporter construct consisting of the Il12a

or Il12b promoter before the firefly luciferase reporter

gene, also revealed that overexpression of GOLM1

inhibits the transcription of the IL-12 subunits.38 By

promoter truncation mutants and ChIP assays, it was

shown that GOLM1 activates nuclear zinc finger protein

GC-BP, which binds to the so-called apoptotic cell

response element in the promoter region of Il12a in

RAW264.7 cells.33 However, GOLM1 not only inhibits

cytokine production but also promotes the production of

other factors, because expression of Cxcl10, coding for

C-X-C motif chemokine 10 (CXCL-10), was reduced in

the GOLM1 knockout mice.33

GOLM1 might promote the production of IL-6 as well.

Genome-wide association studies (GWAS) identified

GOLM1 as a key protein responsible for the large

interindividual heterogeneity in cytokine production

upon infection with the fungal pathogen Candida

albicans.39 In this study, which was performed with two

independent cohorts from Belgium and the Netherlands,

cytokine production of in vitro stimulated peripheral

blood monocytic cells (PBMCs) was correlated with

single nucleotide polymorphisms (SNPs), so-called

expression quantitative trade loci (eQTL). A SNP

increasing expression levels of GOLM1 was found to

correlate with increased IL-6 production in cells

stimulated with Candida and other pathogenic stimuli,

whereas other cytokines were not significantly affected.39

Moreover, SNPs that correlated with increased GOLM1

expression also correlated with increased IL-6 production

from in vitro cultured immune cells.39 This finding might
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well have clinical relevance, as a SNP linked to higher

GOLM1 expression was also found to be associated with

increased susceptibility to candidemia, the bloodstream

infection C. albicans.39

GOLM1 AFFECTS CYTOKINES IN CANCER

As HCV infections increase GOLM1 expression36,37 and

can cause HCC, it is no surprise that GOLM1 expression

levels are increased in HCC.29,37 However, GOLM1

protein and mRNA levels are also increased in other,

non-virally induced cancer types, for example lung

cancer, prostate cancer, gastric cancer, melanoma, breast

cancer and testicular cancer.9,10,20,38,40,41 Elevated GOLM1

levels have also been reported in other liver pathologies,

specifically non-alcoholic steatohepatitis and alcoholic

liver disease.42 The higher expression of GOLM1 is

associated with decreased survival in lung cancer,

melanoma, colorectal cancer, uveal melanoma and

HCC.29,40,43,44 As recently reviewed elsewhere,9 GOLM1

expression can be increased by multiple extracellular

factors in the tumor microenvironment, including

hypoxia,22 various miRNAs,45–47 and the cytokines

IL-1b,48 IL-6 and Oncostatin M.49 However, the

upregulation of GOLM1 is not a universal phenomenon

in cancer, because lower levels of GOLM1 have been

reported in colon cancer.23

Likely as a consequence of aberrantly high expression

of GOLM1, cancer cells can secrete high levels of

sGOLM1, as reported for HCC18,50 and prostate cancer.51

For example, healthy individuals have an average of

about 20 ng mL�1 sGOLM1 detectable in their serum,

compared with 166 ng mL�1 in patients with primary

HCC.52 Therefore, circulating levels of sGOLM1 are

increasingly well established as a biomarker for hepatic

cancers18,50,53 and potentially also for prostate cancer.51

Multiple mechanisms of how GOLM1 promotes cancer

progression have been shown.9 For example, the elevated

expression of GOLM1 inhibits tetramer formation, and

thereby DNA binding, of the tumor antigen P53, and this

increases non-small cell lung cancer aggressiveness.32

However, most described mechanisms relate to a role of

GOLM1 in organelle trafficking. First, elevated levels of

GOLM1 increase cell surface recycling of the EGFR,20

which in turn increases EGFR signaling and thereby

promotes immune escape by elevating the expression of

the immune checkpoint ligand PD-L1.42 Similarly,

GOLM1 mediates cell surface recycling of RTKs and

thereby affects the expression of cancer-related proteins

downstream of RTK signaling, including E-cadherin and

the metalloprotease MMP9.20 GOLM1 also directly

regulates the trafficking of the other metalloproteases

MMP2 and MMP7 through the Golgi network, as

knockdown of GOLM1 induces their intracellular

accumulation.21,22

Recently, it was found that GOLM1 levels correlate

with the expression of B7-H3 in human ovarian cancer

samples, and that this correlated with patient survival.26

In line with this, overexpression of GOLM1 increased B7-

H3 levels in the ovarian cancer cell line SKOV3, while

knockdown reduced this. Although GOLM1 affects

mRNA transcript levels of CD276 (coding for B7-H3),

this effect was small and could not fully explain its effects

on B7-H3 expression. Instead, it was found that GOLM1

traffics B7-H3 to the membrane by direct interaction.

This promotes the secretion of a soluble form of B7-H3,

and it was confirmed in a murine breast cancer model

that GOLM1 knockdown resulted in lower soluble B7-H3

levels and reduced metastasis. In line with this, in vitro

cancer cell migration assays showed that both GOLM1

and B7-H3 knockdown reduced cancer cell migration,

and this could be restored for both knockdowns by the

addition of soluble B7-H3. These findings indicate that

GOLM1 can increase ovarian cancer cell invasion and

migration by upregulating soluble B7-H3 production.26

Another mechanism of how GOLM1 promotes cancer

progression involves the cytokine IL-12. In gastric cancer

tissues, it was found by PCR that IL12A was

downregulated and GOLM1 was upregulated compared

with adjacent non-cancerous tissue.38 Overexpression of

GOLM1 in human gastric cancer SGC7901 cells showed

that GOLM1 suppresses transcription of IL12A by co-

cultured human peripheral blood lymphocytes. Transwell

assays showed that sGOLM1 also reduces the production

of IFN-c, TNF and IL-12p35 by the co-cultured

lymphocytes.38 These findings are in line with a later

study in B cell leukemia. Using a transwell culturing

system, it was found that peripheral B cells from chronic

lymphocytic leukemia patients produce sGOLM1 and this

inhibits the production of IL-12 by human monocyte-

derived dendritic cells, whereas the production of IL-10

was not affected.33 Thus, sGOLM1 inhibits the expression

of IL-12 and thereby cancer cells can suppress anti-cancer

immune responses.

However, GOLM1 seems to exert the opposite effect

on the expression of CCL2, because overexpression of

GOLM1 can promote the transcription of CCL2, and this

contributes to tumor metastasis and progression by

recruiting myeloid-derived suppressor cells (MDSCs).43

MDSCs are premature myeloid cells that can induce

immunosuppression and are pro-tumorigenic. Migration

and invasion of MDSCs are promoted by overexpression

of GOLM1, as shown in vitro by Transwell assays with

colorectal cancer cell lines and in vivo in a orthotopic

mouse model of colorectal cancer.43 In SW480 human

adenocarcinoma cells, PCR showed that the
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overexpression of GOLM1 upregulated CCL2

expression.43

DISCUSSION

Although it is increasingly clear that GOLM1 regulates the

production of cytokines and chemokines, the reported

effects are contradictory as GOLM1 can both increase and

decrease their production (Table 1). For example, in

LPS-stimulated human and mouse dendritic cells and

macrophages, GOLM1 inhibits the production of IL-12,

whereas it promotes the production of CXCL-10 and does

not affect TNF and IL-10 production.33 However, GOLM1

not only inhibits IL-12 production but also TNF

production by human lymphocytes.38 Moreover, GOLM1

inhibits the production IFN-b, TNF and IL-6 in virally

infected Huh7 and Thp1 cells,36 but in SW480 human

adenocarcinoma cells it promotes the production of

CCL2.43 Finally, in PBMCs stimulated with Candida and

other microbial stimuli, there is a positive correlation

between GOLM1 expression levels and IL-6 production,

but not of other cytokines.39

Likely, these differential effects of GOLM1 on cytokine

production depend on the precise stimulus, the presence

of co-stimuli and the cell type. As described above,

GOLM1 can directly mediate NOTCH signaling,23 and

indirectly affects RTK and EGFR signaling by altering

receptor surface levels.20 As these (and other) signaling

pathways have different contributions in different cell

types, these pathways likely contribute to the observed

differences among cell types and stimuli. Moreover, as

GOLM1 affects the production of cytokines and

chemokines, their autocrine signaling will likely also be

affected, which in turn will affect downstream

transcriptional processes. Indeed, overexpression of

GOLM1 leads to increased signaling of JAK and STAT3

in the lung adenocarcinoma cell line A549,46 possibly due

to alterations in autocrine cytokine signaling. All these

mechanisms likely contribute to the effects of GOLM1 on

gene expression,29 including downregulation of IFNB,33,36

IL12A,33,38 and upregulation of CXCL1033 and CCL2.43

However, at least part of the different effects of

GOLM1 on cytokine and chemokine production might

be caused by differences between full-length GOLM1 and

the secreted form sGOLM1. Overexpression of GOLM1

promotes the release of sGOLM1, and only low levels of

sGOLM1 are detected in the circulation in healthy

individuals (i.e. with non-increased GOLM1

expression).52 Moreover, coculturing experiments with

transwells and experiments with conditioned medium

and recombinant sGOLM1 showed that sGOLM1 inhibits

the production of IL-12 by both mouse and human

dendritic cells, macrophages and lymphocytes.33,38 All

together this suggests that the differential effects on

cytokine expression by GOLM1 might be explained by

the production of sGOLM. In this model (Figure 1), full-

length membrane-incorporated GOLM1 acts as a

chaperone and traffics receptors and other cargo

molecules, including potentially cytokines, through the

Golgi network, thereby promoting their release at the cell

surface. This chaperone role of GOLM1 would be similar

to its trafficking role in EGFR, RTK, MMP2, MMP7 and

B3-H7 trafficking.20–22,26 However, the overexpression of

GOLM1 in cancer and (virus) infected cells promotes the

release of sGOLM1, which might inhibit cytokine and

chemokine production by other cells, possibly by

competing with full-length GOLM1 for binding to the

cargo molecules. This model might explain how

intraindividual variations in GOLM1 expression levels

among healthy individuals can correlate with IL-6

production,39 whereas the overexpression in virus-

infected and cancer cells inhibits the production of other

cytokines.33,36,38 However, this mechanism is an untested

hypothesis that needs to be tested experimentally.

In any case, current data support the concept that both

full-length GOLM1 and the secreted sGOLM1 are targets

for cancer, infectious diseases and other diseases

associated with aberrant cytokine and chemokine

production. Thus, GOLM1 is not only a biomarker for

hepatic cancers,18,50,53 but also has important functional

roles as it affects the production of cytokines involved in

tumor progression and infectious disease. These effects

seem to relate to GOLM1-mediated trafficking of

signaling receptors through the Golgi, because GOLM1

Table 1. Overview of GOLM1 affected cytokines.

Cyto/chemokine Gene Protein Regulation Reference

TNF X – 33

X ↓ 36,38

IL-6 X ↓ 36

X ↑ 39

IL-10 X – 33

IFN-b X ↓ 33,36

X ↓ 36

IFN-c X ↓ 38

IL-12p70 X ↓ 33

IL-12p35 X ↓ 33,38

X ↓ 38

IL-12p40 X ↓ 33,38

CXCL10 X ↑ 33

CCL2 X ↑ 43

CCL2, C-C motif chemokine 2; CXCL-10, C-X-C motif chemokine

10; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor; –,

no effects upon GOLM1 ablation and/or overexpression; ↓,
downregulation by GOLM1; ↑, upregulation by GOLM1.
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affects cytokine production both at the transcriptional

and protein level. Indeed, GOLM1 has been shown to

(either directly or indirectly) bind to various receptors

including EGFR,20 NOTCH2,23 RTKs24 and B7-H3,26 and

more receptors will likely be identified in the future.

Moreover, it cannot be excluded that GOLM1 regulates

the trafficking of the cytokines themselves through the

Golgi network. Although no interactions of GOLM1 with

cytokines have been reported, it seems possible that

GOLM1 affects their trafficking indirectly for two

reasons. First, the ablation of GOLM1 has been shown to

result in a scattered Golgi ultrastructure,31 which is

highly likely to impact Golgi trafficking.54 Second,

GOLM1 was found by mass spectrometry to interact with

SNAREs, small-GTPases of the Rab family, and other

trafficking proteins with well-known roles in Golgi

transport,23 and this can also be expected to broadly

impact Golgi trafficking.

The effects of GOLM1 on cytokine and chemokine

production warrant testing its therapeutic targeting. In

mouse models of type 2 diabetes mellitus, it was shown

that the glucose metabolism could be improved by

neutralizing sGOLM1 with antibodies.17 As explained in

this review, neutralization of sGOLM1 and/or full-length

GOLM1 by the same approach could also be a promising

therapeutic strategy in cancer and infectious disease.
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Figure 1. Hypothetical model for the contrasting roles of GOLM1 in cytokine production. Membrane-bound full-length GOLM1 chaperones

receptors and/or newly synthesized inflammatory cytokines through the Golgi network (left panel). This chaperoning is rate-limiting for cytokine

production. Therefore, cells with elevated expression levels of full-length GOLM1 can produce more cytokines, for example upon pathogenic

stimulation (middle panel). However, upon very high expression of GOLM1 in cancer and viral infections, a soluble form (sGOLM1) is produced,

which inhibits cytokine transport through the Golgi network by competing for cargo binding with full-length GOLM1 (right panel). ER,

endoplasmic reticulum. The figure was created with BioRender.com.

732

Regulation of cytokine production by GOLM1 MT Frans et al.

 14401711, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

cb.12664 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://biorender.com


REFERENCES

1. Duitman EH, Orinska Z, Bulfone-Paus S. Mechanisms of
cytokine secretion: a portfolio of distinct pathways allows
flexibility in cytokine activity. Eur J Cell Biol 2011; 90:
476–483.

2. Murray RZ, Stow JL. Cytokine secretion in macrophages:
SNAREs, Rabs, and membrane trafficking. Front Immunol
2014; 5: 538.

3. Schulte W, Bernhagen J, Bucala R. Cytokines in sepsis:
potent immunoregulators and potential therapeutic
targets-an updated view. Mediators Inflamm 2013; 2013:
165974.

4. Moudgil KD, Choubey D. Cytokines in autoimmunity:
role in induction, regulation, and treatment. J Interf
Cytokine Res 2011; 31: 695–703.

5. Tanaka T, Narazaki M, Masuda K, Kishimoto T.
Regulation of Cytokine Gene Expression in Immunity and
Diseases. Dordrecht: Springer; 2016.

6. Manderson AP, Kay JG, Hammond LA, Brown DL, Stow
JL. Subcompartments of the macrophage recycling
endosome direct the differential secretion of IL-6 and
TNFalpha. J Cell Biol 2007; 178: 57–69.

7. Chiaruttini G, Piperno GM, Jouve M, et al. The SNARE
VAMP7 regulates exocytic trafficking of interleukin-12 in
dendritic cells. Cell Rep 2016; 14: 2624–2636.

8. Kladney RD, Bulla GA, Guo L, et al. GP73, a novel Golgi-
localized protein upregulated by viral infection. Gene 2000;
249: 53–65.

9. Liu Y, Hu X, Liu S, Zhou S, Chen Z, Jin H. Golgi
phosphoprotein 73: the driver of epithelial-mesenchymal
transition in cancer. Front Oncol 2021; 11: 783860.

10. Yan J, Zhou B, Li H, Guo L, Ye Q. Recent advances of
GOLM1 in hepatocellular carcinoma. Hepat Oncol 2020; 7:
HEP22.

11. Ye J-Z, Yan S-M, Yuan C-L, et al. GP73 level determines
chemotherapeutic resistance in human hepatocellular
carcinoma cells. J Cancer 2018; 9: 415–423.

12. Liu T, Qian W-J, Gritsenko MA, et al. Human plasma N-
glycoproteome analysis by immunoaffinity subtraction,
hydrazide chemistry, and mass spectrometry. J Proteome
Res 2005; 4: 2070–2080.

13. Wollscheid B, Bausch-Fluck D, Henderson C, et al. Mass-
spectrometric identification and relative quantification of
N-linked cell surface glycoproteins. Nat Biotechnol 2009;
27: 378–386.

14. Jiang K, Li W, Zhang Q, et al. GP73 N-glycosylation at
Asn144 reduces hepatocellular carcinoma cell motility and
invasiveness. Oncotarget 2016; 7: 23530–23541.

15. Bian Y, Song C, Cheng K, et al. An enzyme assisted RP-
RPLC approach for in-depth analysis of human liver
phosphoproteome. J Proteom 2014; 96: 253–262.

16. Tagliabracci VS, Wiley SE, Guo X, et al. A single kinase
generates the majority of the secreted phosphoproteome.
Cell 2015; 161: 1619–1632.

17. Yang X, Fan X, Feng J, et al. GP73 blockade alleviates
abnormal glucose homeostasis in diabetic mice. J Mol
Endocrinol 2022; 70: e220103.

18. Bachert C, Fimmel C, Linstedt AD. Endosomal trafficking
and proprotein convertase cleavage of cis Golgi protein
GP73 produces marker for hepatocellular carcinoma.
Traffic 2007; 8: 1415–1423.

19. Zhou Y, Li L, Hu L, Peng T. Golgi phosphoprotein 2
(GOLPH2/GP73/GOLM1) interacts with secretory
clusterin. Mol Biol Rep 2011; 38: 1457–1462.

20. Ye Q-H, Zhu W-W, Zhang J-B, et al. GOLM1 modulates
EGFR/RTK cell-surface recycling to drive hepatocellular
carcinoma metastasis. Cancer Cell 2016; 30: 444–458.

21. Liu Y, Zhang X, Zhou S, et al. Knockdown of Golgi
phosphoprotein 73 blocks the trafficking of matrix
metalloproteinase-2 in hepatocellular carcinoma cells and
inhibits cell invasion. J Cell Mol Med 2019; 23: 2399–2409.

22. Liu Y, Zhou S, Shi J, et al. c-Myc transactivates GP73 and
promotes metastasis of hepatocellular carcinoma cells
through GP73-mediated MMP-7 trafficking in a mildly
hypoxic microenvironment. Oncogenesis 2019; 8: 58.

23. Pu Y, Song Y, Zhang M, et al. GOLM1 restricts colitis and
colon tumorigenesis by ensuring Notch signaling
equilibrium in intestinal homeostasis. Signal Transduct
Target Ther 2021; 6: 148.

24. Shao W-Q, Zhu W-W, Luo M-J, et al. Cholesterol
suppresses GOLM1-dependent selective autophagy of
RTKs in hepatocellular carcinoma. Cell Rep 2022; 39:
110712.

25. Liu Y, Wang J, Yang R, et al. GP73-mediated secretion of
AFP and GP73 promotes proliferation and metastasis of
hepatocellular carcinoma cells. Oncogenesis 2021; 10: 69.

26. Guan J, Qin Y, Deng G, Zhao H. GOLM1 as a potential
therapeutic target modulates B7-H3 secretion to drive
ovarian cancer metastasis. Evid Based Complement Alternat
Med 2022; 2022: 5151065.

27. Chen X, Wang Y, Tao J, et al. mTORC1 up-regulates
GP73 to promote proliferation and migration of
hepatocellular carcinoma cells and growth of xenograft
tumors in mice. Gastroenterology 2015; 149: 741.e14–
752.e14.

28. Zi Z, Du S, Zhang L, et al. Aberrant expression of
GOLM1 protects ALK+ anaplastic large cell lymphoma
from apoptosis by enhancing BCL-XL stability. Blood Adv
2023. https://doi.org/10.1182/bloodadvances.2022008384.
Online ahead of print.

29. Lin Y, He Z, Gao X, et al. Integrative analysis reveals the
potential role and prognostic value of GOLM1 in
hepatocellular carcinoma. Oxid Med Cell Longev 2022;
2022: 8284500.

30. Wright LM, Yong S, Picken MM, Rockey D, Fimmel CJ.
Decreased survival and hepato-renal pathology in mice
with C-terminally truncated GP73 (GOLPH2). Int J Clin
Exp Pathol 2009; 2: 34–47.

31. Nagaraj M, H€oring M, Ahonen MA, et al. GOLM1
depletion modifies cellular sphingolipid metabolism and
adversely affects cell growth. J Lipid Res 2022; 63: 100259.

32. Song Q, He X, Xiong Y, et al. The functional landscape of
Golgi membrane protein 1 (GOLM1) phosphoproteome
reveal GOLM1 regulating P53 that promotes malignancy.
Cell Death Discov 2021; 7: 42.

733

MT Frans et al. Regulation of cytokine production by GOLM1

 14401711, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

cb.12664 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1182/bloodadvances.2022008384


33. Zhang W, Kim H, Lv J, Zhao N, Ma X. Golgi
phosphoprotein 2 is a novel regulator of IL-12 production
and macrophage polarization. J Immunol 2018; 200: 1480–
1488.

34. Wan L, Gao Q, Deng Y, et al. GP73 is a glucogenic
hormone contributing to SARS-CoV-2-induced
hyperglycemia. Nat Metab 2022; 4: 29–43.

35. Yang S-L, Zeng C, Fang X, et al. Hepatitis B virus
upregulates GP73 expression by activating the HIF-2a
signaling pathway. Oncol Lett 2018; 15: 5264–5270.

36. Zhang X, Zhu C, Wang T, et al. GP73 represses host
innate immune response to promote virus replication by
facilitating MAVS and TRAF6 degradation. PLoS Pathog
2017; 13: e1006321.

37. Hu L, Yao W, Wang F, Rong X, Peng T. GP73 is
upregulated by hepatitis C virus (HCV) infection and
enhances HCV secretion. PLoS One 2014; 9: e90553.

38. Tang Q-F, Ji Q, Tang Y, et al. Golgi phosphoprotein 2
down-regulates the Th1 response in human gastric cancer
cells by suppressing IL-12A. Asian Pac J Cancer Prev 2013;
14: 5747–5751.

39. Li Y, Oosting M, Deelen P, et al. Inter-individual
variability and genetic influences on cytokine responses to
bacteria and fungi. Nat Med 2016; 22: 952–960.

40. Wang Y, Wan Y-JY. Golgi protein 73, hepatocellular
carcinoma and other types of cancers. Liver Res 2020; 4:
161–167.

41. Liu X, Chen L, Zhang T. Increased GOLM1 expression
independently predicts unfavorable overall survival and
recurrence-free survival in lung adenocarcinoma. Cancer
Control 2018; 25: 1073274818778001.

42. Ke M-Y, Xu T, Fang Y, et al. Liver fibrosis promotes
immune escape in hepatocellular carcinoma via GOLM1-
mediated PD-L1 upregulation. Cancer Lett 2021; 513: 14–25.

43. Dang Y, Yu J, Zhao S, Jin L, Cao X, Wang Q. GOLM1
drives colorectal cancer metastasis by regulating myeloid-
derived suppressor cells. J Cancer 2021; 12: 7158–7166.

44. Liang X, Yin Y, Li N. GOLM1 is related to the
inflammatory/immune nature of uveal melanoma and acts
as a promising indicator for prognosis and immunotherapy
response. Front Genet 2022; 13: 1051168.

45. Gai X, Tang B, Liu F, et al. mTOR/miR-145-regulated
exosomal GOLM1 promotes hepatocellular carcinoma

through augmented GSK-3b/MMPs. J Genet Genomics
2019; 46: 235–245.

46. Ding D, Zhang Y, Zhang X, et al. MiR-30a-3p suppresses
the growth and development of lung adenocarcinoma cells
through modulating GOLM1/JAK-STAT signaling. Mol
Biotechnol 2022; 64: 1143–1151.

47. Bongolo CC, Thokerunga E, Yan Q, Yacouba MBM,
Wang C. Exosomes derived from microRNA-27a-3p
overexpressing mesenchymal stem cells inhibit the
progression of liver cancer through suppression of Golgi
membrane protein 1. Stem Cells Int 2022; 2022: 9748714.

48. Wang F, Long Q, Gong Y, et al. Epithelium-specific ETS
(ESE)-1 upregulated GP73 expression in hepatocellular
carcinoma cells. Cell Biosci 2014; 4: 76.

49. Liang H, Block TM, Wang M, et al. Interleukin-6 and
oncostatin M are elevated in liver disease in conjunction
with candidate hepatocellular carcinoma biomarker GP73.
Cancer Biomark 2012; 11: 161–171.

50. Mao Y, Yang H, Xu H, et al. Golgi protein 73 (GOLPH2)
is a valuable serum marker for hepatocellular carcinoma.
Gut 2010; 59: 1687–1693.

51. Varambally S, Laxman B, Mehra R, et al. Golgi protein
GOLM1 is a tissue and urine biomarker of prostate
cancer. Neoplasia 2008; 10: 1285–1294.

52. Shi Y, Chen J, Li L, et al. A study of diagnostic value of
golgi protein GP73 and its genetic assay in primary
hepatic carcinoma. Technol Cancer Res Treat 2011; 10:
287–294.

53. Marrero JA, Romano PR, Nikolaeva O, et al. GP73, a
resident Golgi glycoprotein, is a novel serum marker
for hepatocellular carcinoma. J Hepatol 2005; 43: 1007–
1012.

54. Linders PTA, Gerretsen ECF, Ashikov A, et al. Congenital
disorder of glycosylation caused by starting site-specific
variant in syntaxin-5. Nat Commun 2021; 12: 6227.

ª 2023 The Authors. Immunology & Cell Biology published by John Wiley &

Sons Australia, Ltd on behalf of the Australian and New Zealand Society for

Immunology, Inc.

This is an open access article under the terms of the Creative Commons

Attribution-NonCommercial License, which permits use, distribution and

reproduction in any medium, provided the original work is properly cited and is

not used for commercial purposes.

734

Regulation of cytokine production by GOLM1 MT Frans et al.

 14401711, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

cb.12664 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

	 Abstract
	 INTRODUCTION
	 PROPERTIES AND FUNCTIONS OF GOLM1
	 GOLM1 AFFECTS CYTOKINES IN INFECTIOUS DISEASE
	 GOLM1 AFFECTS CYTOKINES IN CANCER
	 DISCUSSION
	 ACKNOWLEDGMENTS
	 AUTHOR CONTRIBUTIONS
	 CONFLICT OF INTEREST
	imcb12664-fig-0001

	 REFERENCES
	imcb12664-bib-0001
	imcb12664-bib-0002
	imcb12664-bib-0003
	imcb12664-bib-0004
	imcb12664-bib-0005
	imcb12664-bib-0006
	imcb12664-bib-0007
	imcb12664-bib-0008
	imcb12664-bib-0009
	imcb12664-bib-0010
	imcb12664-bib-0011
	imcb12664-bib-0012
	imcb12664-bib-0013
	imcb12664-bib-0014
	imcb12664-bib-0015
	imcb12664-bib-0016
	imcb12664-bib-0017
	imcb12664-bib-0018
	imcb12664-bib-0019
	imcb12664-bib-0020
	imcb12664-bib-0021
	imcb12664-bib-0022
	imcb12664-bib-0023
	imcb12664-bib-0024
	imcb12664-bib-0025
	imcb12664-bib-0026
	imcb12664-bib-0027
	imcb12664-bib-0028
	imcb12664-bib-0029
	imcb12664-bib-0030
	imcb12664-bib-0031
	imcb12664-bib-0032
	imcb12664-bib-0033
	imcb12664-bib-0034
	imcb12664-bib-0035
	imcb12664-bib-0036
	imcb12664-bib-0037
	imcb12664-bib-0038
	imcb12664-bib-0039
	imcb12664-bib-0040
	imcb12664-bib-0041
	imcb12664-bib-0042
	imcb12664-bib-0043
	imcb12664-bib-0044
	imcb12664-bib-0045
	imcb12664-bib-0046
	imcb12664-bib-0047
	imcb12664-bib-0048
	imcb12664-bib-0049
	imcb12664-bib-0050
	imcb12664-bib-0051
	imcb12664-bib-0052
	imcb12664-bib-0053
	imcb12664-bib-0054


