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Short Conceptual Overview
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CXCL14 antagonizes the CXCL12-CXCR4

signaling axis

Abstract: CXCL12 and CXCL14 are evolutionarily con-
served members of the CXC-type chemokine family.
CXCL12 binds specifically to the G-protein-coupled recep-
tor CXCR4 to induce the migration of primordial germ
cells, hematopoietic stem cells, and inflammation-associ-
ated immune cells. In addition, CXCL12-CXCR4 signaling
is often enhanced in malignant tumor cells and facilitates
increased proliferation as well as metastasis. Although
macrophage migration inhibitory factor and extracel-
lular ubiquitin interact with CXCR4 as agonistic factors,
CXCL12 was believed to be the sole chemokine ligand
for CXCR4. However, a very recent report revealed that
CXCL14 binds to CXCR4 with high affinity and efficiently
inhibits CXCL12-mediated chemotaxis of hematopoietic
progenitor and leukemia-derived cells. CXCL14 does not
directly cross-compete with CXCL12 for the CXCR4 binding
but instead inactivates CXCR4 via receptor internalization.
Because both CXCL12 and CXCL14 are expressed during
embryogenesis and brain development in mice, these two
chemokines could function in an interactive fashion. We
propose that the CXCL14 gene has been conserved from
fish to man due to its role in fine-tuning the strength of
CXCL12-mediated signal transduction. In addition to its
biological implications, the above finding will be impor-
tant for designing anti-cancer compounds targeting the
CXCL12-CXCR4 signaling axis. In fact, a stabilized dimeric
peptide containing the C-terminal 51-77 amino acid resi-
dues of CXCL14 has been shown to have stronger CXCL12
antagonistic activity than full-length CXCL14.
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Introduction

Chemokines are critical regulators of cell migration in
development, homeostasis, and immune surveillance (1,
2). Two major chemokine classes, CC and CXC, are defined
by the spacing of two N-terminal cysteine residues, which
are either adjacent to each other or separated by one
amino acid residue, respectively. In humans, there are at
least 44 chemokine ligands that bind to 23 G-protein-cou-
pled receptors (GPCRs) (3). Among the 17 known CXC-type
chemokines, CXCL12 [also known as stromal cell-derived
factor 1o. (SDF-1or)] and CXCL14 (originally designated
BRAK) are considered to be primordial chemokines based
on their strong sequence conservation throughout evolu-
tion and their roles in homeostasis (4, 5). CXCL14 is com-
posed of 77 amino acid residues with a molecular weight
of 9.4 kDa, whereas CXCL12 is a 9-kDa protein of 75 amino
acid residues. CXCL14 has been implicated in the mobi-
lization of tissue macrophages/immature dendritic cells
(iDCs)/natural killer (NK) cells, tumor suppression, and
metabolic regulation (6). Although a large number of
studies have investigated the structure and functions of
the CXCL12 receptor (7-9), the nature of the CXCL14 recep-
tor is not fully understood. Recently, we demonstrated that
CXCL14 interacts with CXCR4 and blocks CXCL12-mediated
cell migration (10). In this review, we describe the mecha-
nism by which CXCL14 inhibits the CXCL12-CXCR4 signal-
ing axis and discuss the physiological relevance of this
antagonistic function of CXCL14.

CXCL12 receptors

CXCL12 is known to utilize CXCR4 and CXCR7 as func-
tional receptors (5). CXCR4 plays a central role in



168 —— T.Haraand K. Tanegashima: Role of CXCL14 as a CXCL12 inhibitor

CXCL12-mediated cell migration, whereas CXCR7 mainly
acts as a ligand-scavenging receptor, by which a sink of
CXCL12is locally generated (11-14). Because of this unique
function, CXCR7 was recently designated ACKR3 (atypi-
cal chemokine receptor 3) (15). Interaction of CXCL12 with
CXCR4 modulates the migration of primordial germ cells
and neural progenitors in developing embryos, the bone
marrow homing of hematopoietic stem cells, and the traf-
ficking of a wide variety of immune cells, including T cells,
pre-B cells, iDCs, and endothelial cells (7). Importantly,
the CXCL12-CXCR4 signaling pathway has been shown
to contribute to the malignant growth and metastasis of
more than 20 different tumor cells derived from multiple
tissue types, including lung, breast, prostate, and colon
(2, 16, 17). Elevated levels of CXCL12 and its receptors are
associated with poor prognosis in these cancers. These
facts highlight the importance of gaining an accurate
understanding how the CXCL12-CXCR4 axis is regulated.

CXCL12-interacting proteins and
CXCR4 ligands

Since the discovery that CXCR4 is the main CXCL12 recep-
tor, several other proteins have been found to interact with
CXCR4 or CXCL12. First, CXCR7 binds CXCL12 with high
affinity and acts as a decoy receptor to decrease the avail-
ability of CXCL12 (Figure 1), although the growth of certain
tumor cells is stimulated by CXCL12 via CXCR7 (18, 19).

Previous studies revealed that macrophage migration
inhibitory factor (MIF) and extracellular ubiquitin bind
specifically to CXCR4 and induce cell migration (20-22).
MIF is capable of chemoattracting primary T cells in a
CXCR4-dependent manner; however, a 10-fold higher con-
centration of MIF was required to displace CXCL12 bound
to CXCR4. Interestingly, MIF can also interact with CXCR2
(20). Therefore, MIF appears to act as a backup ligand
for CXCR4 in the migration of immune cells to the site of
inflammation.

In the case of ubiquitin, its binding affinity for CXCR4
is closer to that of CXCL12 (21). The regions at which ubiq-
uitin and CXCL12 interact with CXCR4 appear to partially
overlap and correspond to the extracellular loops 2/3 (22).
In addition, ubiquitin-mediated chemotaxis was sensitive
to treatment with AMD3100, a well-known CXCR antago-
nist (23). Nonetheless, the chemotactic activity of ubiq-
uitin was weaker than that of CXCL12, and ubiquitin was
unable to block CXCL12-mediated cell migration. Thus,
the physiological role of ubiquitin-triggered CXCR4 activa-
tion remains to be determined.
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Figure1 Proposed mechanism of CXCL14-mediated inhibition of
the CXCL12-CXCR4 signaling axis.

The strength of CXCL12-CXCR4-mediated signaling can be modu-
lated by sequestering the receptor CXCR7 or by adding the non-
signaling ligand CXCL14.

Lastly, it was reported that high mobility group box1
(HMGB1)isassociated with CXCL12, butnot with CXCR4 (24).
HMGBI1 is a small nuclear protein released from necrotic or
severely stressed cells. An HMGB1-CXCL12 heterocomplex
is formed in the presence of subnanomolar concentra-
tions of CXCL12 and strongly stimulates the migration of
monocytic cells. Binding of the HMGB1-CXCL12 complex
to CXCR4 triggers a conformational change distinct from
that observed after the binding of CXCL12 alone. Therefore,
HMGBI plays an important role in the rapid recruitment of
inflammatory cells to injured tissues.

CXCL14-CXCR4 interaction

In addition to the above molecules, we recently discov-
ered that CXCL14 binds specifically to CXCR4 with high
affinity (10). Although the chemotactic activity of CXCL14
is weak in human monocytic leukemia-derived THP-1 cells
(25), CXCL14 strongly inhibited CXCL12-mediated chemot-
axis of THP-1 cells and human bone marrow CD34* hemat-
opoietic progenitor cells (10).

This raised the question of how CXCL14 inhibits
CXCL12-mediated signal transduction. Heterodimeriza-
tion between CXCL12 and CXCL14 was disproved experi-
mentally (26). It is also unlikely that they utilize common
binding sites on CXCR4 based on the fact that the N-termi-
nal region of CXCL12 is essential for the interaction with
transmembrane helices of CXCR4 to trigger the confor-
mational change (27), and CXCL14 is devoid of the corre-
sponding N-terminal region (28). In addition, biologically
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active concentrations (~100 nM) of CXCL14 did not cross-
compete the high-affinity binding of *I-CXCL12 to CXCR4
in THP-1 cells (26), nor was high-affinity binding of
[-CXCL14 to CXCR4 inhibited by CXCL12 (10). Finally,
AMD3100 did not interfere with CXCL14-triggered chemot-
axis of THP-1 cells (K.T. and T.H., unpublished data).
CXCR4 and other chemokine receptors are known
to be internalized after chemokine stimulation (29). We
proposed that the internalization of CXCR4 is the molec-
ular mechanism responsible for the inhibitory action of
CXCL14 (26) (Figure 1). CXCL14-bound CXCR4 was inter-
nalized within 15 min, and ERK1/2 kinases were no longer
activated by CXCL12 in these cells (26). The downstream
processes activated by the CXCL14-CXCR4 interaction are
apparently different from those of CXCL12-CXCR4.

CXCL14-CXCR4 interaction
in development and homeostasis

Among all chemokine genes, only four (CXCL8, CXCL12,
CXCL13, and CXCL14) are strongly conserved as far back
as the elephant shark (5). Interestingly, CXCR4 and CXCR7
are also conserved from elephant shark to man. Because
CXCL14 and CXCR? play inhibitory roles in the CXCL12-
CXCR4 signaling axis, they may also play important roles
in fine-tuning its function (Figure 1). Although the in vivo
roles of CXCR7 have been extensively studied (11, 13, 14,
30, 31), it remains unclear at which point CXCL14 modu-
lates the CXCL12-CXCR#4 axis in physiological settings.

Cxcli4 and Cxcll2 mRNAs are co-expressed in early
embryos and the fetal brain in chick and carp (4, 32). In
the adult mouse brain, Cxcli4 is specifically expressed in
GABAergic interneurons in the dentate gyrus (33). CXCL14
was shown to inhibit the tonic and phasic effects of syn-
aptically released GABA in neural progenitor cells (34). In
sharp contrast, CXCL12 enhanced GABAergic transmission
in these same cells. Because GABAergic interneurons play
pivotal roles in postnatal neurogenesis, it will be impor-
tant to elucidate the underlying molecular mechanism of
these opposing effects of CXCL14 and CXCL12.

With regard to the neural function of CXCL14, CXCL14-
knockout (CXCL14-KO) mice display behavioral abnormal-
ities, such as a reduction of food intake without increased
energy expenditure, which are established during the
postnatal stage (35). Fasting-induced upregulation of the
appetite-related genes Npy and Agrp was impaired in the
hypothalami of CXCL14-KO mice. In addition, they took
longer to start eating when placed in a novel environment.
As Cxcl14 is expressed not only in the hypothalamus but
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also in the cortex and hippocampus, CXCL14 could be
required for the establishment of neural circuits that are
closely linked with feeding behavior.

In adult mice, basal epidermal keratinocytes and squa-
mous epithelial cells produce abundant amounts of Cxcl14
mRNA (36, 37). Although many chemokines are involved
in the initiation and amplification of atopic skin inflam-
mation, Cxcll4 expression in keratinocytes is suppressed
in atopic dermatitis and psoriasis (38). Unexpectedly, the
total numbers of macrophages and dendritic cells in the
epidermis were not significantly different between CXCL14-
KO mice and wild-type mice (39). Although steady-state
immunity appeared to be normal in CXCL14-transgenic
mice, they exhibited a higher incidence of collagen-
induced arthritis due to an enhanced Thl response and
autoantibody production (40). Thus, we must be careful in
defining the immune functions of CXCL14.

CXCL14-CXCR4 interaction in cancer

The involvement of CXCL14 in tumorigenesis was first sus-
pected when CXCL14 mRNA expression was shown to be
repressed in various malignant cancer tissue samples and
several tumor cell lines (36, 41, 42). Recent studies also
demonstrated that CXCL14 is epigenetically silenced in
lung adenocarcinoma and prostate cancer-derived cells
(43, 44). Moreover, CXCL14 protein is rapidly degraded
by the ubiquitin-proteasome system in several cancer cell
lines (28). The unique amino acid sequence of CXCL14,
Val“-Ser-Arg-Tyr-Arg®, is a target site for this degradation.
Taken together, these findings show that the expression of
CXCL14 is negatively regulated at transcriptional and post-
translational levels in cancer cells.

When a CXCL14 expression vector was stably intro-
duced into head-and-neck carcinoma-derived HSC-3 and
lung carcinoma cell-derived H23 cell lines of human
origin, the tumor-forming activities of these cells in
immunodeficient mice were dramatically suppressed (43,
45). The growth of mouse melanoma and lung carcinoma-
derived cells was also impaired in CXCL14-transgenic mice
(46). These experimental data suggest a tumor-suppres-
sive function for CXCL14. There are three potential mecha-
nisms by which CXCL14 may act as a tumor suppressor.
First, CXCL14 may strengthen anti-tumor immune surveil-
lance by recruiting activated NK cells (47). Second, CXCL14
is a potent inhibitor of angiogenesis mediated by vascular
endothelial growth factor (48), which is required for neo-
vascularization within solid tumors. Third, CXCL14 can
weaken the CXCL12-mediated growth of malignant tumor
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cells by inducing CXCR4 internalization (26). As CXCL14
mRNA is strongly expressed in inflammatory and stromal
cells adjacent to tongue carcinomas and prostate tumors
(36, 49), all of these possibilities are theoretically valid.
It is of note that CXCL14 mRNA expression is induced by
gefitinib, a powerful anti-cancer drug that targets the EGF
receptor (50).

In contrast to the tumor-suppressive role of CXCL14,
expression levels of CXCL14 in prostate and pancreatic
cancers were higher than in respective normal tissues (51,
52). In fact, breast cancer cells acquired invasive charac-
teristics associated with ROS-mediated upregulation of
CXCL14 (53), and CXCL14 was shown to promote the growth
and invasiveness of breast and pancreatic cancer cells (52—
54). Moreover, NIH3T3 cells expressing CXCL14 effectively
enhanced the growth and migration of the prostate cancer
cell line LNCap by secreting secondary cytokines and che-
moattractants (49). It remains to be determined whether
CXCR4 is involved in these pro-tumor functions of CXCL14.

Chemical modification of CXCL14

CXCL14 represents a potential strategy for the pharmaco-
logical inhibition of the CXCL12-CXCR4 axis, especially
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for anti-cancer therapy. AMD3100 is one of the most spe-
cific and efficient inhibitors available for disrupting the
interaction between CXCL12 and CXCR4 (55). However,
because CXCL12 is essential for the homing of hematopoi-
etic stem cells to the bone marrow niche, treatment with
AMD3100 results in bone marrow failure. CXCL14 or its
derivatives might have some advantages over preexisting
CXCL12 inhibitors because they are tethered in the extra-
cellular matrix, and thereby not systemically effective.

Using a deletion mutant of CXCL14 and a CXCL14-
CXCL12 chimeric peptide, we found that the C-terminal
51-77 amino acid residues of CXCL14 are required for the
inhibition of CXCL12-mediated chemotaxis and CXCR4
binding (26) (Figure 2). Although the CXCL14-CXCL12 chi-
meric peptide did not compete with '*I-CXCL14 for CXCR4
binding, it inhibited CXCL12-mediated cell migration and
displayed chemotactic activity (K.T. and T.H., unpublished
data). Presumably, the CXCL12-derived C-terminal region
in this artificial peptide interacts with CXCR4 to induce
these effects.

To create a better CXCL12 inhibitor, it is ideal to elim-
inate the chemokine function of CXCL14. We engineered
various peptides of the C-terminal 51-77 region of CXCL14
(CXCL14-C) and used an activating anti-CXCL14 mono-
clonal antibody (MAB730)-assisted chemotaxis assay of
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Figure 2 Structure-function relationship of the CXCL14 derivatives.

We analyzed the inhibitory activities of the indicated CXCL14-derived synthetic peptides on CXCL12-mediated chemotaxis, the binding of
iodinated CXCL14, and MAB730-assisted CXCL14-mediated chemotaxis. In addition, the chemotactic activity of each peptide was examined
in the presence of MAB730. All experiments were carried out using CXCR4-transfected THP-1 cells. 14C20 and 12C20 are C-terminal oxime
dimer peptides of CXCL14 and CXCL12, respectively. CG20 and N2C correspond to oxdmCXCL14-Cc/g and ssdmCXCL14-Cc/g, respectively,
as described in the previous report (26). N.A., not applicable; N.D., not determined.
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THP-1 cells to evaluate their chemokine activity (25). As
summarized in Figure 2, CXCL12-inhibitory activity was
present in N2C (ssdmCXCL14-C), an S-S dimer peptide
of CXCL14-C. In addition, CG20 (oxdmCXCL14-Cc/g), an
oxime-linked dimer peptide of the CXCL14-C, was shown
to be even more potent than full-length CXCL14 based on
IC,, values (4.9 vs. 11.5 nM) determined in an '*I-CXCL14
binding inhibition assay (26). Importantly, neither N2C
nor CG20 exhibit chemotactic activity by themselves.
Although in vivo evaluation of their effectiveness will
be necessary, this CXCL14-based molecular approach is
a feasible method for developing new inhibitors of the
CXCL12-CXCR4 axis. Besides, CXCL14-derived peptides
could exhibit synergistic effects when combined with
preexisting CXCL12 inhibitors because CXCL14 has a dis-
tinct binding site on CXCR4 from CXCL12.

Remaining questions

CXCL14 binds to CXCR4 with high affinity and inhib-
its the CXCL12-triggered activation of CXCR4. However,

References

1. Moser B, Wolf M, Walz A, Loetscher P. Chemokines: multiple
levels of leukocyte migration control. Trends Immunol 2004;
25:75-84.

2. Zlotnik A, Burkhardt AM, Homey B. Homeostatic chemokine
receptors and organ-specific metastasis. Nat Rev Immunol
2011; 11: 597-606.

3. Zlotnik A, Yoshie O. The chemokine superfamily revisited.
Immunity 2012; 36: 705-16.

4. Huising MO, van der Meulen T, Flik G, Verburg-van Kemenade
BM. Three novel carp CXC chemokines are expressed early in
ontogeny and at nonimmune sites. Eur ) Biochem 2004; 271:
4094-106.

5. Nomiyama H, Osada N, Yoshie O. Systematic classification of ver-
tebrate chemokines based on conserved synteny and evolution-
ary history. Genes Cells 2013; 18: 1-16.

6. Hara T, Tanegashima K. Pleiotropic functions of the CXC-type
chemokine CXCL14 in mammals. ] Biochem 2012; 151: 469-76.

7. Busillo JM, Benovic JL. Regulation of CXCR4 signaling. Biochim
Biophys Acta 2007; 1768: 952-63.

8. Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V, Abagyan
R, Brooun A, Wells P, Bi FC, Hamel DJ, Kuhn P, Handel TM,
Cherezov V, Stevens RC. Structures of the CXCR4 chemokine
GPCR with small-molecule and cyclic peptide antagonists.
Science 2010; 330: 1066-71.

9. Mysinger MM, Weiss DR, Ziarek JJ, Gravel S, Doak AK, Karpiak J,
Heveker N, Shoichet BK,Volkman BF. Structure-based ligand
discovery for the protein-protein interface of chemokine receptor
CXCR4. Proc Natl Acad Sci USA 2012; 109: 5517-22.

T. Hara and K. Tanegashima: Role of CXCL14 as a CXCL12 inhibitor == 171

CXCR4 alone is not sufficient to drive CXCL14-mediated
signaling because normal T cells and T cell leukemia-
derived Jurkat cells, both of which express CXCR4 on
cell surface, did not respond to CXCL14 in the MAB730-
assisted chemotaxis assay (K.T. and T.H., unpublished
data). Thus, the question remains as to how CXCL14
exerts biological activities, such as chemoattraction of
iDCs/NK cells and metabolic regulation. Further studies
will be necessary to identify additional receptor(s) or
signal transducer(s) that work together with CXCR4 to
uncover hidden regulators of the evolutionally con-
served chemokine system.

Acknowledgments: This work was supported by JSPS
KAKENHI grant number 23390256 (T.H.), 23659481 (T.H.),
22791043 (K.T.), MEXT KAKENHI grant number 23126528
(K.T.), and a research grant from the Mitsubishi Founda-
tion. We are grateful to Dr. Akira Otaka for his valuable
suggestions.

Received February 27, 2014; accepted April 4, 2014

10. Tanegashima K, Suzuki K, Nakayama Y, Tsuji K, Shigenaga A,
Otaka A, Hara T. CXCL14 is a natural inhibitor of the CXCL12-
CXCR4 signaling axis. FEBS Lett 2013; 587: 1731-5.

11. Boldajipour B, Mahabaleshwar H, Kardash E, Reichman-Fried M,
Blaser H, Minina S, Wilson D, Xu Q, Raz E. Control of chemokine-
guided cell migration by ligand sequestration. Cell 2008; 132:
463-73.

12. Maksym RB, Tarnowski M, Grymula K, Tarnowska ), Wysoczyn-
ski M, Liu R, Czerny B, Ratajczak J, Kucia M, Ratajczak MZ. The
role of stromal-derived factor-1-CXCR7 axis in development and
cancer. Eur ) Pharmacol 2009; 625: 31-40.

13. Cruz-Orengo L, Holman DW, Dorsey D, Zhou L, Zhang P,

Wright M, McCandless EE, Patel JR, Luker GD, Littman DR,
Russell JH, Klein RS. CXCR7 influences leukocyte entry into the
CNS parenchyma by controlling abluminal CXCL12 abundance
during autoimmunity. ) Exp Med 2011; 208: 327-39.

14. Dona E, Barry JD, Valentin G, Quirin C, Khmelinskii A, Kunze A,
Durdu S, Newton LR, Fernandez-Minan A, Huber W, Knop M,
Gilmour D. Directional tissue migration through a self-generated
chemokine gradient. Nature 2013; 503: 285-9.

15. Bachelerie F, Ben-Baruch A, Burkhardt AM, Combadiere C,
Farber JM, Graham GJ, Horuk R, Sparre-Ulrich AH, Locati M,
Luster AD, Mantovani A, Matsushima K, Murphy PM, Nibbs R,
Nomiyama H, Power CA, Proudfoot AE, Rosenkilde MM, Rot A,
Sozzani S, Thelen M, Yoshie O, Zlotnik A. International Union
of Pharmacology. LXXXIX. Update on the extended family of
chemokine receptors and introducing a new nomenclature
for atypical chemokine receptors. Pharmacol Rev 2014; 66: 1-79.



172 — T.Haraand K. Tanegashima: Role of CXCL14 as a CXCL12 inhibitor

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Balkwill F. Cancer and the chemokine network. Nat Rev Cancer
2004; 4: 540-50.

Dell’Agnola C, Biragyn A. Clinical utilization of chemokines to
combat cancer: the double-edged sword. Expert Rev Vaccines
2007; 6: 267-83.

Miao Z, Luker KE, Summers BC, Berahovich R, Bhojani MS,
Rehemtulla A, Kleer CG, Essner ], Nasevicius A, Luker GD, How-
ard MC, Schall T). CXCR7 (RDC1) promotes breast and lung tumor
growth in vivo and is expressed on tumor-associated vascula-
ture. Proc Natl Acad Sci USA 2007; 104: 15735-40.

Hattermann K, Held-Feindt ), Lucius R, Muerkoster SS, Penfold
ME, Schall TJ, Mentlein R. The chemokine receptor CXCR7 is
highly expressed in human glioma cells and mediates antiapop-
totic effects. Cancer Res 2010; 70: 3299-308.

Bernhagen J, Krohn R, Lue H, Gregory JL, Zernecke A, Koenen RR,
Dewor M, Georgiev I, Schober A, Leng L, Kooistra T, Fingerle-
Rowson G, Ghezzi P, Kleemann R, McColl SR, Bucala R, Hickey
M), Weber C. MIF is a noncognate ligand of CXC chemokine
receptors in inflammatory and atherogenic cell recruitment. Nat
Med 2007; 13: 587-96.

Saini V, Marchese A, Majetschak M. CXC chemokine receptor 4
is a cell surface receptor for extracellular ubiquitin. ) Biol Chem
2010; 285: 15566-76.

Saini V, Staren DM, Ziarek JJ, Nashaat ZN, Campbell EM, Volk-
man BF, Marchese A, Majetschak M. The CXC chemokine recep-
tor 4 ligands ubiquitin and stromal cell-derived factor-1alpha
function through distinct receptor interactions. ) Biol Chem
2011; 286: 33466-77.

Gerlach LO, Skerlj RT, Bridger GJ, Schwartz TW. Molecular
interactions of cyclam and bicyclam non-peptide antagonists
with the CXCR4 chemokine receptor. | Biol Chem 2001; 276:
14153-60.

Schiraldi M, Raucci A, Munoz LM, Livoti E, Celona B, Venereau
E, Apuzzo T, De Marchis F, Pedotti M, Bachi A, Thelen M, Varani
L, Mellado M, Proudfoot A, Bianchi ME, Uguccioni M. HMGB1
promotes recruitment of inflammatory cells to damaged tissues
by forming a complex with CXCL12 and signaling via CXCR4. |
Exp Med 2012; 209: 551-63.

Tanegashima K, Suzuki K, Nakayama Y, Hara T. Antibody-
assisted enhancement of biological activities of CXCL14 in
human monocytic leukemia-derived THP-1 cells and high fat
diet-induced obese mice. Exp Cell Res 2010; 316: 1263-70.
Tanegashima K, Tsuji K, Suzuki K, Shigenaga A, Otaka A, Hara T.
Dimeric peptides of the C-terminal region of CXCL14 function as
CXCL12 inhibitors. FEBS Lett 2013; 587: 3770-5.

Kofuku Y, Yoshiura C, Ueda T, Terasawa H, Hirai T, Tominaga

S, Hirose M, Maeda Y, Takahashi H, Terashima Y, Matsushima

K, Shimada I. Structural basis of the interaction between
chemokine stromal cell-derived factor-1/CXCL12 and its G-pro-
tein-coupled receptor CXCR4. ] Biol Chem 2009; 284: 35240-50.
Peterson FC, Thorpe JA, Harder AG, Volkman BF, Schwarze SR.
Structural determinants involved in the regulation of CXCL14/BRAK
expression by the 26 S proteasome. ] Mol Biol 2006; 363: 813-22.
Neel NF, Schutyser E, Sai J, Fan GH, Richmond A. Chemokine
receptor internalization and intracellular trafficking. Cytokine
Growth Factor Rev 2005; 16: 637-58.

Wang, Li G, Stanco A, Long JE, Crawford D, Potter GB, Pleasure
SJ, Behrens T, Rubenstein JL. CXCR4 and CXCR7 have distinct
functions in regulating interneuron migration. Neuron 2011; 69:
61-76.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

DE GRUYTER

Sanchez-Alcaniz JA, Haege S, Mueller W, Pla R, Mackay F, Schulz
S, Lopez-Bendito G, Stumm R, Marin O. Cxcr7 controls neuronal
migration by regulating chemokine responsiveness. Neuron
2011; 69: 77-90.

Garcia-Andres C, Torres M. Comparative expression pattern
analysis of the highly conserved chemokines SDF1 and CXCL14
during amniote embryonic development. Dev Dyn 2010; 239:
2769-77.

Schmid CD, Melchior B, Masek K, Puntambekar SS, Danielson
PE, Lo DD, Sutcliffe )G, Carson M. Differential gene expression
in LPS/IFNgamma activated microglia and macrophages: in vitro
versus in vivo. ) Neurochem 2009; 109: 117-25.

Banisadr G, Bhattacharyya BJ, Belmadani A, Izen SC, Ren D, Tran
PB, Miller R). The chemokine BRAK/CXCL14 regulates synaptic
transmission in the adult mouse dentate gyrus stem cell niche. |
Neurochem 2011; 119: 1173-82.

Tanegashima K, Okamoto S, Nakayama Y, Taya C, Shitara H,
Ishii R, Yonekawa H, Minokoshi Y, Hara T. CXCL14 deficiency in
mice attenuates obesity and inhibits feeding behavior in a novel
environment. PLoS One 2010; 5: e10321.

Frederick M), Henderson Y, Xu X, Deavers MT, Sahin AA, Wu H,
Lewis DE, El-Naggar AK, Clayman GL. In vivo expression of the
novel CXC chemokine BRAK in normal and cancerous human
tissue. Am ) Pathol 2000; 156: 1937-50.

Schaerli P, Willimann K, Ebert LM, Walz A, Moser B. Cutaneous
CXCL14 targets blood precursors to epidermal niches

for langerhans cell differentiation. Immunity 2005; 23:

331-42.

Kurth I, Willimann K, Schaerli P, Hunziker T, Clark-Lewis I,
Moser B. Monocyte selectivity and tissue localization sug-
gests a role for breast and kidney-expressed chemokine
(BRAK) in macrophage development. ) Exp Med 2001; 194:
855-61.

Meuter S, Schaerli P, Roos RS, Brandau O, Bosl MR, von Andrian
UH, Moser B. Murine CXCL14 is dispensable for dendritic cell
function and localization within peripheral tissues. Mol Cell Biol
2007; 27: 983-92.

Chen L, Guo L, Tian J, He H, Marinova E, Zhang P, Zheng B, Han
S. Overexpression of CXC chemokine ligand 14 exacerbates
collagen-induced arthritis. ) Immunol 2010; 184: 4455-9.
Hromas R, Broxmeyer HE, Kim C, Nakshatri H, Christopherson K
2nd, Azam M, Hou YH. Cloning of BRAK, a novel divergent CXC
chemokine preferentially expressed in normal versus malignant
cells. Biochem Biophys Res Commun 1999; 255: 703-6.
Sleeman MA, Fraser JK, Murison )G, Kelly SL, Prestidge RL,
Palmer DJ, Watson JD, Kumble KD. B cell- and monocyte-activat-
ing chemokine (BMAC), a novel non-ELR alpha-chemokine. Int
Immunol 2000; 12: 677-89.

Tessema M, Klinge DM, Yingling CM, Do K, Van Neste L, Belinsky
SA. Re-expression of CXCL14, a common target for epigenetic
silencing in lung cancer, induces tumor necrosis. Oncogene
2010; 29: 5159-70.

Song EY, Shurin MR, Tourkova IL, Gutkin DW, Shurin GV.
Epigenetic mechanisms of promigratory chemokine CXCL14
regulation in human prostate cancer cells. Cancer Res 2010; 70:
4394-401.

Ozawa S, Kato Y, Komori R, Maehata Y, Kubota E, Hata R. BRAK/
CXCL14 expression suppresses tumor growth in vivo in human
oral carcinoma cells. Biochem Biophys Res Commun 2006; 348:
406-12.



DE GRUYTER

46.

47.

48.

49.

50.

Izukuri K, Suzuki K, Yajima N, Ozawa S, Ito S, Kubota E, Hata R.
Chemokine CXCL14/BRAK transgenic mice suppress growth of
carcinoma cell transplants. Transgenic Res 2010; 19: 1109-17.
Starnes T, Rasila KK, Robertson M), Brahmi Z, Dahl R, Christo-
pherson K, Hromas R. The chemokine CXCL14 (BRAK) stimulates
activated NK cell migration: implications for the downregulation
of CXCL14 in malignancy. Exp Hematol 2006; 34: 1101-5.
Shellenberger TD, Wang M, Gujrati M, Jayakumar A, Strieter RM,
Burdick MD, loannides CG, Efferson CL, EI-Naggar AK, Roberts
D, Clayman GL, Frederick MJ. BRAK/CXCL14 is a potent inhibitor
of angiogenesis and a chemotactic factor for immature dendritic
cells. Cancer Res 2004; 64: 8262-70.

Augsten M, Hagglof C, Olsson E, Stolz C, Tsagozis P, Levchenko
T, Frederick M), Borg A, Micke P, Egevad L, Ostman A. CXCL14 is
an autocrine growth factor for fibroblasts and acts as a multi-
modal stimulator of prostate tumor growth. Proc Natl Acad Sci
USA 2009; 106: 3414-9.

Ozawa S, Kato Y, Ito S, Komori R, Shiiki N, Tsukinoki K, Ozono S,
Maehata Y, Taguchi T, Imagawa-Ishiguro Y, Tsukuda M, Kubota E,
Hata R. Restoration of BRAK/CXCL14 gene expression by gefitinib
is associated with antitumor efficacy of the drug in head and
neck squamous cell carcinoma. Cancer Sci 2009; 100: 2202-9.

51

52.

53.

54.

55.

T. Hara and K. Tanegashima: Role of CXCL14 as a CXCL12 inhibitor == 173

Schwarze SR, Luo J, Isaacs WB, Jarrard DF. Modulation of
CXCL14 (BRAK) expression in prostate cancer. Prostate 2005;
64: 67-74.

Wente MN, Mayer C, Gaida MM, Michalski CW, Giese T, Berg-
mann F, Giese NA, Biichler MW, Friess H. CXCL14 expression and
potential function in pancreatic cancer. Cancer Lett 2008; 259:
209-17.

Pelicano H, Lu W, Zhou Y, Zhang W, Chen Z, Hu Y, Huang P. Mito-
chondrial dysfunction and reactive oxygen species imbalance
promote breast cancer cell motility through a CXCL14-mediated
mechanism. Cancer Res 2009; 69: 2375-83.

Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-Domenici

J, Huang H, Porter D, Hu M, Chin L, Richardson A, Schnitt S,
Sellers WR, Polyak K. Molecular characterization of the tumor
microenvironment in breast cancer. Cancer Cell 2004; 6:
17-32.

Broxmeyer HE, Orschell CM, Clapp DW, Hangoc G, Cooper

S, Plett PA, Liles WC, Li X, Graham-Evans B, Campbell TB,
Calandra G, Bridger G, Dale DC, Srour EF. Rapid mobilization
of murine and human hematopoietic stem and progenitor cells
with AMD3100, a CXCR4 antagonist. | Exp Med 2005; 201:
1307-18.



