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Abstract

The chemokine CXCL14 is a highly conserved, homeostatic chemokine which is constitutively 

expressed in skin epithelia. Responsible for immune cell recruitment and maturation, as well as 

impacting epithelial cell motility, CXCL14 contributes to the establishment of immune 

surveillance within normal epithelial layers. Furthermore, CXCL14 is critical to upregulating 

major histocompatibility complex class I (MHC-I) expression on tumor cells. Given these 

important roles, CXCL14 is often dysregulated in several types of carcinomas including cervical, 

colorectal, endometrial, and head and neck cancers. Its disruption has been shown to limit critical 

antitumor immune regulation and is correlated to poor patient prognosis. However, other studies 

have found that in certain cancers, namely pancreatic and some breast cancers, overexpression of 

stromal CXCL14 correlates with poor patient survival due to increased invasiveness. Contributing 

to the ambiguity CXCL14 plays in cancer is that the native CXCL14 receptor remains 

uncharacterized, although several candidate receptors have been proposed. Despite the complexity 

of CXCL14 functions, it remains clear that this chemokine is a key regulatory factor in cancer and 

represents a potential target for future cancer immunotherapies.
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1. INTRODUCTION

Epithelial cells make up the highly abundant portion of human tissues. Carcinomas, which 

comprise the majority of human malignancies, are cancers that arise from these epithelial 

cells. However, various other cell types surrounding epithelial tumors, such as fibroblasts 

and immune cells, are necessary to form the tumor microenvironment (TME). The TME 

helps determine specific niches for cancer cell survival, proliferation, invasion, and 

migration. Small secreted extracellular molecules such as chemokines and bioactive lipids 

are essential for the coordination of cells necessary to establish and sustain the TME1,2.

Chemokines (chemotactic cytokines) are small signaling proteins (8–10 kDa) produced by 

all cell types in the body3. Chemokines function by inducing directed chemotaxis of nearby 

responsive cells and regulating homeostasis and inflammation in the local environment. 

CXCL14 is a relatively novel chemokine with characteristics distinct from other 

chemokines. CXCL14 is constitutively expressed by normal skin keratinocytes, recruits 

various immune cells to the local environment, and functions as an antimicrobial and 

antitumoral factor4,5. Thus, it has been suggested that CXCL14 plays an important role in 

homeostasis and routine immune surveillance of the skin and that its dysregulation might 

greatly influence the TME (summarized in Fig. 1).

2. GENE AND PROTEIN STRUCTURE OF CXCL14

CXCL14 was first identified and cloned by Hromas et al. in 1999, showing 30% identity and 

55% similarity with CXCL1, CXCL2, and CXCL8 which bind to the common chemokine 

receptor CXCR26 (Fig. 2A and 2B). Like other CXC chemokines, CXCL14 has four 

conserved cysteine residues that form disulfide bonds7. Also, in common, the first 22 amino 

acids of the N-terminus are strongly hydrophobic and act as a signal peptide, which is 

cleaved prior to secretion. Interestingly, despite the high degree of similarity to CXCL1, 

CXCL2, and CXCL8, CXCL14 is relatively unique among CXC chemokines and does not 

interact with their common receptor, CXCR2. Indeed, CXCL14 remains an orphan 

chemokine with its native receptor not yet fully characterized (Fig. 2B).

CXCL14 is one of the most evolutionarily conserved chemokines, exhibiting remarkable 

similarity across a wide range of taxa including mammals and reptiles (Fig. 2C). In fact, 

mature human CXCL14 differs from murine CXCL14 at only two amino acids6. Among 

mammals, CXCL14 has a unique five amino acid insertion (V/M-S-R-Y-R) which is not 

present in in reptilian CXCL14 nor any other CXC chemokines (Fig. 2B)6,8. This VSRYR 

motif is recognized as a destruction box that is necessary and sufficient for ubiquitination 

and proteasomal degradation of CXCL148. Interestingly, CXCL14 is efficiently degraded by 

ubiquitin-mediated proteolysis in cancer and immortalized cells, but not in normal epithelial 

cells8. However, it is unknown if the deletion of the destruction box affects biological 

activity of CXCL14.

Unlike other chemokines, CXCL14 encodes a very short amino terminus (Ser-Lys) prior to 

the invariant CXC motif6. Another unique facet is that primate CXCL14 has two methionine 

start codons with the longer isoform encoding 12 additional amino acids prior to the 22 
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amino acid signal sequence (Fig. 2C). However, as of now, the molecular characteristics and 

functions of these two CXCL14 variants remain completely unknown.

3. REGULATION OF CXCL14 EXPRESSION

Unlike many other chemokines, CXCL14 is constitutively expressed in several normal 

tissues including adipose, brain, breast, cervix, lung, kidney, and skin (Fig. 3A). Squamous 

epithelia in particular expresses high levels of CXCL144 (Fig. 3B), supporting the idea that 

CXCL14 plays a homeostatic role in the skin layer. By analyzing human patient tissue 

samples and cell culture models, we have previously shown that CXCL14 expression is 

dramatically decreased during human papillomavirus (HPV)-driven progression of cervical 

(CxCa) and head and neck (HNC) cancers9,10 (Fig. 3B). Indeed, downregulation of CXCL14 

expression is frequently observed in many cancers including cervical, prostate, lung, 

pancreatic, gastric, and oral cancers (Table 1)4,6,11–15. In contrast, several studies have 

shown that CXCL14 expression is upregulated in other cancers. While some of the studies 

found increased CXCL14 expression in epithelial cells, others identified cell types such as 

tumor-associated fibroblasts and infiltrating lymphocytes as common sources of CXCL14 

overexpression4,16–20.

Mechanistically, promoter hypermethylation has been identified as a common mechanism 

for downregulating CXCL14 expression in a variety of cancers10,21,22. For example, in a 

mouse model of acute myeloid leukemia, CXCL14 promoter hypermethylation occurs in the 

early stages of cancer progression, appearing in the preleukemic or early leukemic stage23. 

Hypermethylation of CXCL14 is also common in lung adenocarcinoma where decitabine 

treatment, a DNA methyltransferase inhibitor, restores CXCL14 expression24. In agreement 

to these findings, our study shows that CXCL14 promoter methylation is induced by the 

HPV oncoprotein E7 in virus-infected normal keratinocytes. This virus-mediated DNA 

hypermethylation is accumulated through low- and high-grade cervical lesions to invasive 

cancer10. In addition, CXCL14 expression and methylation status are highly correlated in 

HNC patients, while CXCL14 levels are restored in cervical cancer cells treated with the 

demethylating agent decitabine10. These findings suggest that CXCL14 promoter 

hypermethylation is the key mechanism in downregulation of CXCL14 expression in CxCa 

and HNC. Finally, promoter hypermethylation has been implicated in the downregulation of 

CXCL14 in multiple other cancers, including prostate, colorectal, gastrointestinal, liver, and 

oral cancers21,22,25–28.

An additional mechanism of CXCL14 loss was demonstrated via an atypical Rho family 

small GTPase, RhoBTB2. RhoBTB2 is frequently mutated, deleted or silenced in breast and 

lung cancers and leads to the downregulation of CXCL14 expression in primary epithelial 

cells29. Nevertheless, RhoBTB2 expression can also be downregulated in breast, liver, and 

bladder cancers by promoter hypermethylation30–33, thus DNA hypermethylation may be 

involved in the downregulation of CXCL14 by reducing RhoBTB2 expression.

CXCL14 expression can also be regulated by a microRNA in cancer-associated fibroblasts 

(CAFs). Downregulation of miR-29b, an important tumor suppressor34, in CAFs activates 

p38-STAT1 signaling and upregulates CXCL14 expression in the stroma of breast cancer35. 
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CXCL14 expression in interneurons also fully depends on the zinc finger transcription factor 

Sp8 showing that Sp8-deficient mice completely abrogate CXCL14 expression in caudal 

ganglionic eminence-derived cells36.

Activation of epidermal growth factor receptor (EGFR) signaling also downregulates 

CXCL14 expression. Treatment with the EGFR inhibitors, cetuximab and gefitinib, 

increases CXCL14 expression up to 50-fold in oral squamous carcinoma cells37. Inhibition 

of the extracellular signal-regulated kinase (ERK) signaling by EGFR activation increased 

CXCL14 expression in human tongue squamous carcinoma cells, but not in cervical 

adenocarcinoma cells37. Consistently, an earlier study showed that reactive oxygen species 

(ROS) reduce the expression of CXCL14 by activating EGFR-ERK signaling38.

Beyond cancer, regulation of CXCL14 expression by promoter methylation is also 

associated with immune regulation in viral and bacterial infections39,40, autoimmune 

diseases such as inflammatory bowel disease41, and even fetal development42,43. Although 

these studies, are outside the scope of this review, it exemplifies the importance of CXCL14 

expression in both normal and diseased tissues.

4. CXCL14 EXPRESSION AND CANCER PATIENT SURVIVAL

To assess the relationship between CXCL14 expression and patient survival, we analyzed 

TCGA data obtained through cBioPortal and the Human Protein Atlas for a variety of 

cancers. Our TCGA analysis showed that the overall survival rates of CxCa and HNC 

patients are significantly higher with high CXCL14 expression levels (Fig. 4). Further, the 

positive correlations between CXCL14 expression levels and overall patient survival are also 

found in colorectal, breast, and endometrial cancers (Fig. 4). In contrast, melanoma is only 

cancer showing that high CXCL14 expression level correlates to poor patient survival (Fig. 

4), while there are no significant associations in glioma, thyroid, lung, gastric, liver, 

pancreatic, renal, urothelial, testis, and ovarian cancers (data not shown). Previous studies 

have shown similar results (Table 1). Additionally, CXCL14 along with other chemokines 

(CCL13 and CCL27) is highly upregulated in the tissue samples of patients without tumor 

recurrence/perineural invasion compared to those with tumor recurrence44. It has also been 

reported that high CXCL14 expression levels are associated with the overall survival of 

breast cancer patients and progression-free survival of ovarian cancer patients45,46. 

Furthermore, a negative correlation exists between CXCL14 expression and lymph node 

metastasis. In contrast, other studies have shown that high stromal, but not epithelial, 

CXCL14 expression is significantly linked to poor survival in breast cancer and non-small-

cell lung carcinoma47,48. In addition, CXCL14 expression levels are positively correlated 

with aggressive prostate cancer49. These findings suggest that the role of CXCL14 is 

dependent on the context and interconnection with other factors in the various TME.

5. CXCL14 FUNCTIONS IN CANCER PROGRESSION

5.1. CXCL14 as a Tumor Suppressor

We and other groups have revealed tumor suppressor functions of CXCL14 involved in 

immune responses, cell motility, and angiogenesis. Several studies have consistently shown 
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that restoration of CXCL14 expression in cancer cells suppresses tumor growth in mouse 

models of HNC, melanoma, colon, liver, and lung cancers10,26,50–53. CXCL14 is expressed 

at a high level in normal oral epithelial cells, but frequently absent in oral carcinoma 

cells8,54. However, human oral squamous carcinoma cells, in which CXCL14 expression is 

restored by transfection of a CXCL14 expression vector, showed significantly slower tumor 

growth in athymic nude or severe combined immunodeficiency (SCID) mice compared to 

vector-transfected cells50,51. Similarly, our previous study showed that HPV-positive mouse 

HNC cells engineered to express physiological levels of CXCL14 considerably suppressed 

tumor growth in immunocompetent syngeneic mice10. Restoration of CXCL14 expression 

by an EGFR inhibitor also demonstrates the antitumor effect on HNC53.

In addition to HNC cancers, the development of melanoma and chronic colitis-associated 

colon cancer is suppressed in CXCL14 transgenic mice through NK cell activity52. The 

metastasis of melanoma cells is synergistically inhibited in CXCL14 transgenic mice treated 

with α-galactosyl ceramide, a strong immunostimulatory agent, showing a significant 

increase in mouse survival rate after injection of melanoma cells52. However, this is 

contradictory to the poor patient survival correlated to CXCL14 expression levels (Fig. 4). 

CXCL14 overexpression in colorectal carcinoma cells inhibits cell proliferation, while low 

CXCL14 expression correlates to increased lymph node metastasis and poor patient 

survival55.

CXCL14 has also been shown to play a crucial role as a tumor suppressor in hepatocellular 

cell carcinoma (HCC). CXCL14 expression is significantly downregulated in hepatitis B 

virus (HBV)-positive HCC patient tissues and CXCL14 polymorphisms are associated with 

disease progression of HBV infection56. Thus, it has been suggested to use re-expression or 

upregulation of CXCL14 as a novel strategy to treat HCC patients26. Stable expression of 

CXCL14 in lung adenocarcinoma cells induces tumor cell necrosis in vitro and dramatically 

suppresses tumor growth in athymic nude mice in vivo24. In addition, apoptosis of clear cell 

renal cell carcinoma cells is decreased by knockdown of CXCL14, subsequently enhancing 

tumorigenesis57. These findings suggest that CXCL14 is a potent tumor suppressing 

chemokine constitutively expressed in epithelial cells.

5.2. CXCL14 as a Tumor Promoter

Although our analysis shows better overall survival of breast cancer patients with high 

CXCL14 expression (Fig. 4), a separate study found a contrasting result that poor 

recurrence-free survival rates are correlated with high CXCL14 expression47. CXCL14 

increases cell proliferation, migration, and resistance to paclitaxel in in vitro assays using 

breast cancer cells35. Interestingly, CXCL14 expression is highly upregulated in breast 

cancer containing a deletion of the gene hypermethylated in cancer 1 (HIC1), which is a 

tumor suppressor frequently hypermethylated in human tumors58–60. HIC1 downregulation 

activates CXCL14 promoter activity and increases CXCL14 expression. Increased CXCL14 

expression in the absence of HIC1 induces hyperplasia of the mammary gland and breast 

cancer cell migration through the activation of stromal fibroblasts in vivo. Since all invasive 

ductal carcinomas and breast cancer cells expressing CXCL14 were obtained from young, 

premenopausal patients, Allinen et al. suggests a potential connection of CXCL14 
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expression with female hormone effects61. Interestingly, the negative impact CXCL14 

exhibits differs in different cancers. As is observed in breast cancer, CXCL14 augments 

pancreatic cancer cell invasion but dissimilarly does not have an impact on cell viability and 

drug resistance13. Furthermore, CXCL14 secreted by surrounding fibroblasts increases the 

expression of mesenchymal markers and induces epithelial-mesenchymal transition (EMT) 

and lung metastasis16. These results suggest that CXCL14 functions as a tumor promoter in 

certain contexts.

5.3. Discrepancy of CXCL14 functions in tumor growth

To a large extent the contexts and factors that determine if CXCL14 acts as a tumor 

suppressor or promoter remain unknown. In addition to the technical limitations and 

variations (further discussed in the Conclusion section), the source of CXCL14 may be 

important. In breast cancer, CXCL14 expression in stromal fibroblasts is a poor prognostic 

marker47. Likewise, while it is broadly understood that estrogen receptor (ER) signaling is 

required for cervical cancer progression and maintenance62–64, our study has shown that 

expression of estrogen receptor α (ERα), an essential component of ER, is frequently absent 

in cancer epithelial tissues of cervical cancer patients9. Instead, ERα expression in stromal 

fibroblasts of cancer tissues is highly increased and essential for chemokine dysregulation 

and reprogramming the TME during cervical cancer progression9,65. Furthermore, in breast 

cancer epithelial CXCL14 expression was significantly associated with ERα-positive tumors 

and lower proliferation status47. These findings suggest that communications between 

cancer cells and CAFs may be important for the roles of CXCL14 in tumor suppression and 

promotion.

6. MOLECULAR FUNCTIONS OF CXCL14

6.1. Angiogenesis

CXCL14 was discovered as a potent inhibitor of angiogenesis, which is stimulated by 

CXCL8, fibroblast growth factor 2 (FGF2), and vascular endothelial growth factor 

(VEGF)54. Mechanistically, CXCL14 inhibits chemotaxis of endothelial cells by directly 

binding to IL-8 and FGF2, thus hindering their interaction with high-affinity receptors on 

human vascular endothelial cells54. Rivera et al. also showed that treatment of the 

antiangiogenic agent, sorafenib, induces a high level of CXCL14 expression in Gr1+ 

myeloid cells in a pancreatic neuroendocrine tumor, and neutralization of CXCL14 by 

antibody abrogates angiogenesis inhibition by sorafenib66, indicating a dominant angiostatic 

effect of CXCL14.

CXC chemokines containing an ELR (glutamic acid-leucine-arginine) motif at the amino-

terminus such as CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8 show a 

potent angiogenic activity that induces endothelial chemotaxis and neovascularization67,68. 

In contrast, CXCL14 does not contain the ELR motif6 (Fig. 2B). However, a previous study 

has shown that CXCL14 can enhance angiogenesis. Fibroblasts overexpressing CXCL14 

increase tumor angiogenesis and macrophage infiltration in prostate cancer xenografts17. 

This result suggests that CXCL14 secreted from fibroblasts may function in a completely 

different manner. Thus, depending on its source cell type, epithelial cells or fibroblasts, 
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CXCL14 may exhibit opposite effects resulting in either tumor suppression or promotion, 

respectively.

6.2. Immune responses

Like other chemokines, CXCL14 broadly modulates chemotaxis, differentiation, and 

activation of various types of immune cells. Re-expression of CXCL14 in HNC cells induces 

chemotaxis of dendritic cells (DCs) and increases DC infiltration into the TME. Further 

enhancing the efficacy of DCs, treatment with recombinant human CXCL14 facilitates DC 

maturation through NF-κB signaling activation12. Circulating CD14+ DC precursors and 

monocytes are recruited by CXCL14 secreted from the epidermis and differentiated to 

tissue-resident macrophages and Langerhans cells for antigen presentation69,70. The number 

of Langerhans cells and their activation is impaired in HPV16 E7 expressing epidermis71. 

This may be explained by our previous finding of low CXCL14 expression in HPV-positive 

cancer cells caused by HPV16 E7-mediated hypermethylation of the CXCL14 promoter10. 

As tissue-resident macrophages and Langerhans cells are critical for immune defense in the 

skin layer, these findings support the homeostatic functions of CXCL14 in immune 

surveillance of skin epithelia.

CXCL14 was previously found to provoke the migration of activated human natural killer 

(NK) cells72 and CXCL14-deficient mice show significantly lower NK cell numbers in the 

uterus of pregnant mice73. Suppression of tumor growth and metastasis by CXCL14 is 

abolished when NK cells are depleted in mice with melanoma52, suggesting that the NK cell 

activity enhanced by CXCL14 is key for tumor suppression in melanoma. Our studies have 

also shown that NK cells are recruited by re-expression of CXCL14 in HPV-positive HNC 

cells, and NK cell depletion reverted CXCL14-mediated tumor suppression10,74. In addition, 

our immunocompetent syngeneic HNC model has revealed that CXCL14 re-expression also 

induces chemotaxis of CD4+ and CD8+ T cells. While depletion of CD4+ T cells shows 

minimal effects, all mice with a compromised CD8+ T cell repertoire grow tumors, 

indicating that CXCL14-mediated tumor suppression is reliant on CD8+ T cells74. Further 

contributing to the tumor suppression, we have discovered that CXCL14 increases MHC-I 

expression on the tumor cell surface and activates antigen-specific CD8+ T cells to kill HPV-

positive HNC cells74. These results suggest a potent tumor suppressor function of CXCL14, 

which could be used as an immunotherapeutic agent to treat cancers.

6.3. Epithelial cell proliferation and migration

In addition to immune cells, CXCL14 also modulates epithelial cell function and mobility. 

Our study has shown that restoration of CXCL14 expression in human CxCa cells and 

mouse HNC cells consistently inhibits cell migration and wound healing in vitro. Inhibition 

of the CXCL12-CXCR4 signaling axis by CXCL14 has been suggested as one of the 

mechanisms by which CXCL14 inhibits cell migration75. This inhibitory effect of CXCL14 

on cell migration may explain the correlation between CXCL14 expression and decreased 

metastasis in melanoma, colorectal cancer (CRC), and breast cancers45,52. In contrast, other 

studies have reported that CXCL14 enhances cancer cell migration and invasion. Treatment 

with recombinant human CXCL14 accelerates cell migration and invasion of CRC and 

breast cancer cells61,76.
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While we found no change in cell proliferation rates by CXCL14 expression in human CxCa 

and mouse HNC cells, a study has shown that CXCL14 expression inhibits the proliferation 

of oral cancer cells and CRC cells by arresting the cell cycle in the G1 phase55,77. CXCL14 

also functions as a negative regulator of skeletal muscle regeneration through cell cycle 

arrest and differentiation of myoblasts78. These findings suggest a potential role of CXCL14 

in cell cycle arrest of cancer epithelial cells.

6.4. Antimicrobial activity

Like several chemokines expressed by mucosal skin such as CXCL9, CXCL10, CXCL17, 

CCL20, CCL25, and CCL2879–84, CXCL14 also shows antimicrobial activity7,85. CXCL14 

effectively clears infection of Streptococcus pneumoniae, but not Pseudomonas aeruginosa, 

in respiratory tracts7. Interestingly, the N-terminal 13 amino acids of CXCL14 

(SKCKCSRKGPKIR) are sufficient to enact the full antimicrobial activity, comparable to 

the activity of full-length CXCL147. These results demonstrate that CXCL14 plays an 

important multifunctional role in immune surveillance in normal epithelial tissues86.

7. CXCL14 CANDIDATE RECEPTORS

7.1. CXCR4

CXCR4, the receptor of CXCL12, was the first receptor identified having direct interaction 

with CXCL1475,87. Previous studies have shown that CXCL14 may function as a decoy 

ligand of CXCR4 and inhibit activation of CXCR4 signaling by CXCL12. Mechanistically, 

CXCL14 binds to CXCR4 competitively with CXCL12 and internalizes CXCR4, interfering 

with receptor signaling. Further, a dimerized CXCL14 peptide (amino acids 51–77) is 

sufficient to bind to CXCR4 and inhibit CXCL12-CXCR4 signaling activation by triggering 

CXCR4 internalization88. The CXCL12-CXCR4 signaling regulates organogenesis, 

hematopoiesis, and angiogenesis during gestational development and lymphocyte 

development89–92 as well as the typical chemokine functions for the recruitment of immune 

cells such as dendritic cells and lymphocytes93,94. The CXCL12-CXCR4 axis is well known 

to promote cancer development and metastasis by enhancing angiogenesis, cell migration, 

and epithelial-mesenchymal transition95–97. Thus, CXCL14 inhibition of CXCL12 binding 

to CXCR4 may be a pertinent mechanism of CXCL14-mediated tumor suppression.

Interestingly, however, another group has shown a contrary result that CXCL14 

synergistically activates CXCR4 in the presence of CXCL12. While CXCL14 alone does not 

activate CXCR4 signaling despite the high-affinity interaction, CXCL14 synergizes the sub-

optimal concentration of CXCL12 to activate CXCR4 signal transduction98. CXCL14 

binding to CXCR4 changes the receptor conformation in the cell surface membrane. 

Another study has shown that CXCL14 is highly expressed and colocalized with CXCR4 in 

idiopathic pulmonary fibrosis99, and supports the role of CXCL14 in CXCR4 signaling 

activation.

Finally, another group refutes any associations between CXCL14 and CXCR4, showing that 

CXCL14 does not affect CXCL12-induced CXCR4 phosphorylation, G protein coupling, 

internalization, or downstream mitogen-activated protein kinase (MAPK) signaling 
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activation100. The conflicting results of all three possibilities (inhibition, activation, and no 

effect on CXCR4) suggest that the mechanisms by which CXCL14 functions are complex 

and may depend on effector vs. target cell types, the context of the tissue microenvironment, 

and combinations of other cytokines5. These discrepant functions of CXCL14 even on the 

identical receptor may well represent both tumor suppressor and promoter activities in 

different cancers described above.

7.2. GPR85

CXCL14 secreted by HIC1-deleted breast cancer cells binds to a member of the G protein-

coupled receptor (GPCR) family, GPR85 (also known as Super Conserved Receptor 

Expressed In Brain 2, or SREB2), expressed on fibroblasts58. The CXCL14 and GPR85 

interaction activates ERK1/2, AKT, neddylation signaling and induces CCL17 production. 

CCL17 secreted by the activated fibroblasts returns and binds to CCR4 on breast cancer 

cells and induces breast cancer cell migration58. GPR85 is also known to be expressed on 

macrophages101,102 and can be targeted by miR-29, which also targets CXCL14 mRNA102. 

However, GPR85 expression has not been previously observed on fibroblasts or epithelial 

cells nor shown to be associated with any cancer. Thus, it would be interesting to investigate 

the regulations of chemokine expression in the TME by GPR85 signaling.

7.3. ACKR2

A recent study has shown that CXCL14 also binds another GPCR named Atypical 

Chemokine Receptor 2 (ACKR2). ACKR2 is known as a chemokine decoy receptor that 

interacts with the majority of inflammatory CC chemokines, degrades them, and thus 

inhibits inflammation103–105 ACKR2 is expressed in lymphatic tissues at high levels, 

particularly on lymphatic endothelial cells within non-inflamed tissues106,107. ACKR2 

expression is induced by VEGF-D, transforming growth factor-β (TGFβ), IL-6, interferon 

(IFN)-α/β, and IFN-γ108. It has been well known that ACKR2 plays a central role in the 

regulation of chemokine levels near afferent lymphatic vessels and the elimination of 

proinflammatory chemokines from inflamed tissues109,110.

Interestingly, ACKR2 expression in tumor cells is protective against cancer progression by 

inhibiting proinflammatory chemokines and infiltration of immune cells such as M2 

macrophages111–114. High ACKR2 expression in human breast cancer is associated with low 

levels of axillary lymph node metastasis, and a single nucleotide polymorphism of ACKR2 

is associated with lymph node metastasis and decreased patient recurrence-free 

survival115–117. These results suggest that increased ACKR2 expression hinders cancer 

progression by blocking inflammatory chemokines, inhibiting angiogenesis, and limiting the 

infiltration of immunosuppressive immune cells. Surprisingly, however, expression of 

CXCL14 and ACKR2 in fibroblasts induces EMT, tumor cell invasion, and metastasis in 

breast cancer16. These results imply that CXCL14 and ACKR2 function completely different 

ways depending on their expression in different cell types.
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8. CONCLUSIONS

As described, previous studies on CXCL14 have shown contradictory functions of CXCL14: 

tumor suppression vs. promotion, increased vs. decreased cell migration, correlations with 

better vs. worse patient survival rates, angiogenesis vs. angiostasis, and CXCR4 inhibition 

vs. activation vs. no effect. The mechanisms that regulate these multi-faced functions of 

CXCL14 are mysterious and potentially defined by the cell and tissue types that produce and 

respond to CXCL14 as well as by other chemokines and cytokines that interacts with 

CXCL145. Generally, while CXCL14 secreted by epithelial cells has largely been shown to 

suppress tumor growth, CXCL14 produced from CAFs promotes tumor growth and 

metastasis. While CXCL14-mediated tumor suppression and expression correlates with 

better patient survival in HNC, CRC, and HCC, CXCL14-mediated tumor promotion 

frequently occurs in breast and pancreatic cancers. CXCL14 induces chemotaxis of DCs, 

NK cells, and T cells, but inhibits epithelial and endothelial cell migration.

In addition to the complexity and variations in biological mechanisms, experimental 

conditions may also contribute to these contradictory results. CXCL14 proteins used in the 

previous experiments were mostly synthesized or purified from bacterial expression. Our 

unpublished data show that glycosylation of CXCL14 protein, which is lacked from 

chemical synthesis and bacterial expression, may be important for its function in the 

inhibition of cell migration. In addition, human CXCL14, but not mouse CXCL14, has two 

potential start codons, but their effects and regulation have not been considered or 

determined in any studies to date. A further confounding factor is that the CXCL14 protein 

is extremely unstable, resulting in difficult purification and consistent treatments during ex 

vivo experiments. This instability is principally structurally driven, as CXCL14 contains a 

C-terminal degron (two glutamates) which mediate efficient protein interaction with E3 

ubiquitin ligases to facilitate rapid protein degradation118. Another caveat is that a vast 

majority of the gene expression data from patient samples (e.g., TCGA) analyzed whole 

tumor tissues including both epithelial and stromal components. Our previous study has 

shown that the proportions of cancer epithelial cells in patient tissue samples are extremely 

variable, mixed with normal stromal cells119. As the source of the CXCL14 is highly 

associated with its impact on tumor growth, the variability of these samples may result in 

unclear findings. Thus, precise microdissection should be required for accurate gene 

expression analysis using tumor tissue samples.

Despite the complex functions of CXCL14 in cancer progression, there is a consensus on its 

tumor suppressor functions in HNC, particularly with HPV infection. Current 

immunotherapies using immune checkpoint inhibitors (ICI) have been effective in some 

cases, but over 70% of treated patients fail to respond120–122. These ICI-refractory cancers 

have markedly reduced expression of MHC-I antigen presentation, with little T cell 

infiltration123–126. Low MHC-I expression significantly correlates with poor survival rates in 

HNC patients127 and upregulation of MHC-I antigen presentation stimulates antitumor 

immunity responding to ICI in ICI-refractory cancer128. It has been suggested that 

modulating chemokines to recruit T cells may overcome this hurdle129,130. We have 

previously shown that restoring CXCL14 expression in HPV-positive HNC cells suffices to 

recruit NK and T cells in vitro and in vivo, and importantly that it also upregulates MHC-I in 
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epithelial tumor cells, resulting in suppressed tumor growth10,74. Thus, further studies on 

CXCL14 may lead to novel immunotherapeutic strategies to treat HNC and other cancer 

patients, particularly non-responders to current immunotherapies that do not reverse the lack 

of MHC-I expression and T cell infiltration in the TME.
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Figure 1. 
An overview of the CXCL14 functions in normal squamous epithelia (left) and the tumor 

microenvironment of head and neck cancer (right). In normal tissue, CXCL14 expression 

(green cell membrane) and secretion (green circle) (1) promotes immune cell recruitment to 

skin epithelia, (2) induces immune cell maturation and activation in skin layers, and (3) 

inhibits vascularization and epithelial cell motility, resulting in effective immune 

surveillance. In cancer tissue, the loss of CXCL14 expression (4) prevents immune cell 

recruitment and (5) enhances cancer cell invasion and angiogenesis, resulting in the 

immunosuppressive tumor microenvironment.
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Figure 2. 
Multiple sequence alignment of human CXCL14 protein with CXCL1, CXCL2, and CXCL8 

proteins (A), phylogram of human CXC ligands along with their receptors (B), and CXCL14 

proteins of other animal species (C). In panels (A) and (C), start methionines (green), the 

signal peptides (grey), four conserved cysteine residues (red), and the unique five amino acid 

insertion (V/M-S-R-Y-R) (blue) are indicated. CXC ligand alignments (B) were performed 

using Clustal W2140 and the phylogram was generated in Jalview 2 using the BLOSUM62 

matrix and UPGMA algorithm141.
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Figure 3. 
CXCL14 expression in normal human tissues in different organs (A) and RNA ISH of an 

HPV-positive tonsil tumor. The graph in (A) was generated in the Genotype-Tissue 

Expression (GTEx) Portal (gtexportal.org). The data used for the analyses were obtained 

from the GTEx Portal on 01/22/2020. The images of whole HNC tissue (B) and the 

magnified areas (C-E) show epithelial cells by cytokeratin immunostaining (red), CXCL14 

RNA transcripts by in-situ hybridization (green), and nuclei by DAPI staining (blue). The 

basal layer of adjacent normal epithelium (C) and the tumor stroma (D and E) exhibit robust 

CXCL14 expression, while the tumor tissue (D and E) show a lack of CXCL14 expression.
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Figure 4. 
Correlations of CXCL14 expression with overall survival in patients with colorectal cancer 

(CRC), cervical cancer (CxCa), head and neck cancer (HNC), endometrial intraepithelial 

carcinoma (EIC), breast, and melanoma. The Cancer Genome Atlas (TCGA) RNA 

sequencing and patient survival data were obtained through the Human Protein Atlas 

(proteinatlas.org). Patient survival rates were analyzed using a Kaplan–Meier estimator and 

log-rank p-values were calculated as we previously described74. Patients of each cancer type 

were classified into high- and low-expression groups based on the best expression cut-off, 

which refers to the FPKM value that yields the lowest log-rank p-value.
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Table 1.

Dysregulation of CXCL14 expression and its correlations to patient survival.

Cancer CXCL14 Gene Expression Prognostic Correlation Re-expression Effect in vivo References

Breast Up/Downregulated* Positive** Tumor Suppression** 4,6,16,131,132, Fig.4

Cervical Downregulated Positive NA 4,9, Fig.4

Colorectal Up/Downregulated Positive NA 4,25,133, Fig.4

Endometrial Downregulated Positive NA 134, Fig.4

Gastric Downregulated No Correlation NA 14,22,27

Glioblastoma Upregulated Negative NA 135

Head & Neck Downregulated Positive Tumor Suppression 4,10,12,14,28, Fig.4

Kidney Downregulated No correlation NA 4

Liver Downregulated No correlation Tumor Suppression 15,26

Lung Downregulated No correlation Tumor Suppression 24,52

Melanoma NA Negative Tumor Suppression 52,136, Fig. 4

Osteosarcoma Upregulated Negative NA 137

Ovarian Not changed No correlation NA 4

Pancreatic Upregulated No correlation NA 13

Prostate Up/Downregulated Positive NA 21,49,138

Testis NA No correlation NA Data not shown

Thyroid Upregulated No correlation NA 139

Urothelial NA No correlation  NA Data not shown

NA: no published data available

*
Upregulated in stromal cells and downregulated in epithelial cells

**
Not in agreement
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