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Abstract. Chemokine ligand 25 (CCL25) and chemokine 
receptor 9 (CCR9) are important regulators of migration, 
proliferation and apoptosis in leukocytes and cancer cells. 
Blocking of the CCR9/CCL25 signal has been demonstrated 
to be a potential novel cancer therapy. Research into CCR9 
and CCL25 has revealed their associated upstream and 
downstream signaling pathways; CCR9 is regulated by several 
immunological factors, including NOTCH, interleukin 2, 
interleukin 4 and retinoic acid. NOTCH in particular, has 

been revealed to be a crucial upstream regulator of CCR9. 
Furthermore, proteins including matrix metalloproteinases, 
P‑glycoprotein, Ezrin/Radixin/Moesin and Livin are regulated 
via phosphatidylinositol‑3 kinase/ protein kinase B, which are 
in turn stimulated by CCR9/CCL25. This is a review of the 
current literature on the functions and signaling pathways of 
CCR9/CCL25.
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1. Introduction

The cDNA of CCR9 was submit ted to Genbank 
(Genbank no. HSU45982) by Lautens in 1996 as 
G‑protein‑coupled‑receptor‑9‑6 (GPR‑9‑6). The expression 
and function of GPR‑9‑6 was investigated by Zaballos et al (1) 
in 1999. GPR‑9‑6 was renamed as CCR9, due to its similarity in 
structure and sequence to chemokine receptor 6 (CCR6), chemo-
kine receptor 7 (CCR7) and STRL33/Bonzo (1). Furthermore, 
in vitro stimulation of CCR9 with thymus‑expressing chemo-
kine (TECK) induced intra‑cytoplasmic calcium mobilization 
and migration of 293 cells (1). TECK, also known as CCL25, 
was discovered in thymic dendritic cells in 1997 (2), and was 
subsequently confirmed to be the sole ligand of CCR9 (3). 
CCR9 expression was revealed to be low in human and murine 
spleen and lymph nodes but high in thymic tissues (1).

Further studies demonstrated that CCR9 is highly expressed 
in the colon, small intestine and several other tissues involved 
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in the development and maturation of T cells, macrophages 
and dendritic cells (DCs) (4‑9). CCR9 signaling may there-
fore have an influence on processes, including inflammatory 
responses and transplantation rejection (10‑12). Furthermore, 
CCR9 has been demonstrated to influence cancer cell migra-
tion, proliferation and drug resistance (13‑15). This is a review 
of the current literature on the function of CCR9 in leukocytes 
and cancer cells.

2. Chemokine receptor 9 in leukocytes

The function of CCR9 in different leukocyte subtypes is rela-
tively comparable (Fig. 1).

CCR9+ DCs migrate to the small intestine and colon to 
interact with other leukocytes, particularly T cells, to induce 
local inflammation (4‑6). Thymic epithelial cells are the prin-
ciple source of CCL25 (7); however, thymic DCs also secrete 
CCL25, which may contribute toward DC‑T cell interac-
tions (2).

CCR9 serves an important role in the regulation of 
T cells. CCR9  (16) and CCR7  (17,18) have been demon-
strated to contribute toward the recruitment of T cells to the 
thymus. T cell development is also regulated by CCR9 (19). 
CCR9‑knockdown skewed T cell subgroup ratios; thymic 
αβ‑T cell development was not affected in CCR9‑/‑ mice, 
whereas the number of γδ‑T cells located in the intestine was 
increased (19). In addition, CCR9 suppressed differentiation of 
forkhead box protein 3+ regulatory T cells (20). Several T cell 
functions were revealed to be CCR9‑dependent; CD4+ CCR9+ 
T helper cells expressed interleukin 21 (IL‑21), inducible T cell 
co‑stimulator, transcription factor B‑cell CLL/lymphoma 6 
and muscular aponeurotic fibrosarcoma (Maf), and supported 
B cell antibody production (21). In splenic T cells, blocking 
CCR9/CCL25 signaling reduced secretion of interferon‑γ 
(IFN‑γ) (12). This may serve a role in certain immunological 
processes, including transplant rejection and the inflammatory 
response. Anti‑CCL25 antibodies decreased the infiltration of 
cells around skin allografts, which prolonged the survival of 
the graft (12). Recruitment of T cells to the intestine and colon 
was demonstrated to be CCR9‑dependent (22,23). CCR9+ T 
cells were recruited to inflammatory bowel disease lesions, 
and were revealed to be associated with disease activity (10). 
Similarly, during Aggregatibacter actinomycetemcomitans 
serotype b infection, CCR9 expression was increased in T 
cells (11).

Retinoic acid (RA) has been demonstrated to serve a 
role in DC‑T cell interactions. Several studies revealed that 
CCR9 expression fluctuated at different stages of DC develop-
ment (9,24). Furthermore, several other studies demonstrated 
that DCs produced RA, which mediated CCR9 expression 
in T cells (25) and induced interleukin 10 (IL‑10) expression 
in α4β7+ CCR9+ T cells (26). T cells were also mediated by 
RA directly via the RA receptor, which upregulated CCR9 
expression (27,28). Therefore, decreased expression of the RA 
receptor was associated with a reduction in CCR9 expression 
and an attenuation of graft‑versus‑host disease (29).

Naïve B cell migration has been demonstrated to be regu-
lated by CCR9 (30). A high CCR9 expression has also been 
revealed in memory B cells (31). Epstein‑Barr virus‑infected B 
cells demonstrated increased CCR9 expression (32). However, 

CCR9/CCL25 signaling does not appear to be vital for B 
development, as maturation of B cells was not impaired in 
CCR9‑/‑ mice (19).

Macrophages migrate to infected peritoneal (33) and acute 
colitis lesions (6). Macrophages recruited by CCR9, which 
produced tumor necrosis factor‑α (TNF‑α), were crucial for 
liver fibrosis (34). CCR9 expression in these recruited macro-
phages was regulated by their interaction with hepatic stellate 
cells (35).

In summary, CCR9 serves a role in the migration, matura-
tion and function of leukocytes.

3. Chemokine receptor 9 in cancer cells

Following the discovery of CCR9/CCL25 signaling pathways 
in leukocytes, oncology researchers revealed that CCR9 
promotes invasion, migration, anti‑apoptosis and drug‑resis-
tance in several types of tumors (Fig. 1).

CCR9/CCL25 signaling has been rigorously studied in 
hematological malignancies. In T cell lineage acute lympho-
cytic leukemia (T‑ALL) CD4+ cells, CCR9 was highly 
expressed, while T cell chronic lymphocytic leukemia (T‑CLL) 
CD4+ cells moderately expressed CCR9, and a low CCR9 
expression was demonstrated in normal CD4+ T cells (36). 
The CCR9+ T‑ALL Jurkat, MOLT‑4, CEM, SupT1, TALL‑1 
and DND41 cell lines were revealed to be chemotactic to 
CCL25 (37). CCL25 stimulation resulted in pseudopodium 
formation  (38), invasion and migration  (39). It has been 
observed that T cells from adult patients with leukemia, 
that had infiltrated the gastrointestinal tract, were frequently 
positive for CCR9 (40), which was in line with conclusions 
from a study that reported that CCR9 expression was associ-
ated with gut relapse in pediatric T‑ALL (41). Furthermore, 
CCR9/CCL25 signaling induced P‑gp co‑localization within 
the actin cytoskeleton  (15). This mechanism led to drug 
resistance to doxorubicin in the MOLT‑4 cell line (15). TNF‑α 
mediated apoptosis was inhibited in CD4+ T‑ALL, T‑CLL and 
MOLT‑4 cells by CCR9/CCL25 signaling (42). Transformation 
of gastric mucosa‑associated lymphoid tissue to gastric 
extra‑nodal diffuse large B‑cell lymphoma was mediated by 
several chemokines, including CCR9 (43). However, CCR9+ 
multiple myeloma cells only migrated toward CXC chemokine 
ligand 12 (CXCL12), indicating a limited function of CCR9 in 
multiple myeloma (44).

The regulation of melanoma cell metastasis by 
CCR9/CCL25 signaling remains controversial. Certain 
studies have demonstrated that CCR9 expression is associated 
with organ‑specific metastasis of melanoma cells  (45,46). 
Melanoma cells that had metastasized to the intestine 
expressed CCR9, whereas cells that had metastasized to other 
organs did not (47). Besides the intestine, lymph nodes and 
skin were the sites where melanoma metastasis often occurred; 
however, CCR9+ melanoma cells were not observed in these 
locations (47‑49). CCR9+ T cells in the melanoma microen-
vironment have been demonstrated to inhibit metastasis (50). 
However, certain studies have demonstrated that the function 
of CCR9 in melanoma was only moderate; the proportion of 
patients with intestine metastases was low (51), indicating 
limited organ‑specific metastasis  (49), which corresponds 
with the low proportion of CCR9+ cells reported in circulating 
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tumor cells (52). Clinical studies demonstrated that CCR7 and 
chemokine receptor 10 (CCR10), but not CCR9, were associ-
ated with a poorer prognosis (53).

Several types of ovarian carcinoma, including serous 
adenocarcinoma, serous papillary cystadenoma and endo-
metrioid adenocarcinoma, revealed an increased CCR9 
expression compared with normal ovarian tissues  (54), 
and demonstrated migration and invasion potential toward 
chemotactic gradients of CCL25 (55). Intestinal cells, a source 
of CCL25, were also a frequent metastatic site for ovarian 
carcinoma (55).

CCR9 expression of two breast cancer cell lines, 
MDA‑MB‑231 and MCF7, and benign tissue, were high, 
medium and low, respectively, which corresponded with 
their respective aggressiveness  (56). Lymph nodes, bone 
marrow, lung, liver and brain were frequent sites of breast 
cancer metastasis, and this process might be regulated by 
CCR9/CCL25  (56‑58). CCR9/CCL25 signaling was also 
revealed to provide a survival advantage to breast cancer cells 
and inhibited cisplatin‑induced apoptosis (59).

In prostate cancer, CCR9 was highly, moderately and lowly 
expressed in highly invasive LNCaP, moderately invasive PC3 
and non‑invasive prostatic epithelial cells, respectively (60). 
CCR9/CCL25 also regulated metastasis (60) and drug‑resis-
tance against etoposide (61) in prostate cancer.

In pancreatic cancer, pancreatic intraepithelial neoplasia 
and pancreatic cancer cells were demonstrated to be 
CCR9+  (62). The pancreatic cancer PANC‑1 cell line was 
CCR9+, and enhanced invasion was observed following 
CCL25 treatment (63). Drug‑resistance of gemcitabine was 
stimulated by CCL25 signaling in pancreatic cancer PANC‑1, 
MIAPaCa‑2 and AsPC‑1 cell lines (14).

In colon cancer, injection of CCR9+ cancer‑initiating cells 
led to formation of gastrointestinal xenograft tumors in mice, 

whereas blocking CCR9 signaling increased extra‑intestinal 
tumors (13,64).

In the hepatocellular carcinoma cell lines HepG2 and 
HUH7, CCR9 promoted invasion and migration  (65), and 
might be a marker to predict the prognosis of patients (66).

Similarly, CCR9 could be beneficial in predicting lymph 
node metastasis and prognosis in lung adenocarcinoma (67). 
Adenocarcinoma cells revealed a higher migratory and 
invasive potential in response to CCL25, compared with 
squamous cell carcinoma cells, which had lower expression of 
CCR9 and CCL25 (68). Esophageal cancer cells also highly 
expressed CCR9 and potentially achieved metastasis via 
CCR9 signaling (69). 

Based on these findings, researchers attempted to design 
CCR9‑specific therapies, including CCR9 antagonists, 
monoclonal antibodies against CCR9, and RNAi of CCR9. 
Computational modeling of CCR9 antagonists revealed 
several compounds, one of which inhibited proliferation and 
invasion of pancreatic cancer cell lines and interacted syner-
gistically with gemcitabine (14). In vivo models revealed that 
a CCR9 monoclonal antibody increased apoptosis, necrosis 
of tumor tissue, complement‑dependent cytotoxicity and 
antibody‑dependent cytotoxicity by natural killer cells. The 
antibody was also demonstrated to decrease proliferation and 
tumor vascularization in MOLT‑4 cell lines (70). CCR9 inhibi-
tion by RNAi facilitated T cell‑associated immunotherapy of 
breast and pancreatic cancer cell lines (71). Another trial used 
CCL25 fused with Pseudomonas exotoxin 38 (PE38) toxin, 
a truncated derivative of Pseudomonas exotoxin A, which 
induced apoptosis in MOLT‑4 cell lines (72).

In summary, CCR9/CCL25 signaling is an important 
mediator of malignant behaviors in a number of cancer cells. 
Blocking of CCR9/CCL25 signaling appears to be a potential 
novel strategy for cancer therapy.

Figure 1. Function of CCR9/CCL25 signaling in immune cells and cancer cells. Blocks in orange indicate positive regulation, while blue indicates negative 
regulation by CCR9/CCL25 signaling. CCR9, chemokine receptor 9; CCL25, chemokine ligand 25; FoxP3+, Forkhead box P3; IL‑21, interleukin 21; ICOS, 
inducible T cell co‑stimulator; INF‑γ, interferon‑γ; DCs, dendritic cells; T‑ALL, T‑cell acute lymphoblastic leukaemia.
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4. Regulation of chemokine receptor 9

Several immunological factors have been demonstrated to 
upregulate CCR9, including human T‑lymphotropic virus 
type 1 (HTLV‑1)‑encoded transcriptional activator Tax (40), 
RA  (25) and Epstein‑Barr virus  (32). Others, including 
DAPT (37) and co‑stimulation of IL‑2 with IL‑4 (36), have 
been revealed to downregulate CCR9. The NOTCH pathway 
has been revealed to mediate CCR9 expression; however, its 
function differs in T‑ALL and colon cancer (Fig. 2).

NOTCH1 mutations were frequently identified in T‑ALL; 
certain mutations resulted in δ1 ligand‑independent NOTCH 
signaling or lengthened the half‑life period of NOTCH1 
signaling. Suppression of NOTCH1 by DAPT or RNAi, 
downregulated CCR9 in the T‑ALL cell lines Jurkat, MOLT‑4, 
CEM, SupT1, TALL‑1 and DND41 (37).

However, in CCR9+ colon cancer cells, NOTCH signaling 
was revealed to be reduced compared with that in CCR9‑ colon 
cancer cells. Since no significant difference in CCR9 mRNA 
levels was revealed between CCR9+ and CCR9‑ cells, it was 
confirmed that NOTCH lowered CCR9 expression levels by 
increasing proteasomal degradation (13).

5. Downstream signaling of chemokine receptor  9/ 
chemokine ligand 25

CCL25 binding led to interactions between CCR9 Gβγ and 
PI3K, which resulted in activation of Akt (73). In this study, 
glycogen synthase kinase 3 β (GSK‑3β) and forkhead in 
human rhabdomyosarcoma (FKHR) were demonstrated to be 
downstream targets of Akt (73), which further influenced the 
migration, invasion and drug resistance of cancer cells. An 
alternative stimulation of PI3/Akt by wingless‑type protein 5a 
(Wnt5a) following CCR9/CCL25 interaction was revealed in 
another study (74), indicating a complex cross‑talk between 
these signaling pathways (Fig. 2).

Mediat ion of cel l invasion and migration by 
CCR9/CCL25 signaling may involve matrix metalloprotein-
ases (MMPs) (55,56,60), Ras homologue (RhoA)Rho kinase 
(ROCK)‑myosin light chain (MLC) signal (39), Wnt5a (74) and 
ERM protein family (38). In the ovarian cancer OVCAR‑3 and 

CAOV‑3 cell lines, CCR9/CCL25 selectively regulated certain 
MMPs, which degraded the cell matrix to promote invasion (55). 
Different patterns of MMP regulation were observed in each 
cell line; for example, in the OVCAR‑3 cell line, expression of 
MMP‑2, 3, 8, 9, 10, 11 and 13 was increased, while MMP‑1, 
2, 3, 8 and 10 expression levels were elevated in the CAOV‑3 
cell line (55). A similar mechanism was observed in prostate 
cancer cell lines (60). CCL25 treatment increased MMP‑1 and 2 
expression in LNCaP, and MMP‑2, 11 and 13 in PC3 cells (60). 
RhoA‑ROCK‑MLC signaling, which is associated with cell 
motility and morphology was stimulated by CCL25 in the 
MOLT‑4 cell line (39). Another pathway has been demonstrated 
to promote the invasion and migration of MOLT‑4 cells; CCL25 
induced Wnt5a activation by promoting protein kinase C expres-
sion and activation in MOLT‑4 cells (74). Activated Wnt5a further 
induced PI3K/Akt signaling and enhanced cell migration and 
invasion (74). Invasion‑related ERM protein was revealed to be 
translocated from the cytoplasm to the cell membrane following 
CCL25 treatment, which contributed to metastasis (38).

Stimulation of drug‑resistance by CCL25 might be 
achieved via P‑gp (15), inhibition of GSK‑3β and FKHR (59), 
Livin protein  (42), anti‑apoptosis protein (PI3K, AKT, 
extracellular‑regulated kinase 1/2 (ERK1/2) and GSK‑3β) and 
caspase‑3 (61). P‑gp was revealed to promote the extrusion of 
the antitumor agent, doxorubicin, from the cytoplasm to the 
extracellular space, resulting in multidrug resistance. This resis-
tance was dependent on interactions between ERM and the actin 
cytoskeleton following CCL25 stimulation (15). In breast cancer, 
inhibition of CCR9/CCL25 downstream signaling via GSK‑3β or 
FKHR, significantly improved the chemotherapeutic efficacy of 
cisplatin (59). Alongside upregulation of anti‑apoptosis proteins, 
including PI3K, Akt, ERK1/2 and GSK‑3β, CCL25 also induced 
drug resistance via downregulation of caspase‑3 activity (61). 
CCL25 suppressed TNF‑α‑mediated apoptosis by increasing 
expression of Livin, a member of the inhibitor of apoptosis protein 
family, via c‑jun‑NH2‑kinase 1 kinase activity (42).

6. Hypothesis and conclusion

NOTCH and several other signaling proteins regulate CCR9, 
and CCR9/CCL25 signaling mediates certain downstream 

Figure 2. Associated immunological factors of CCR9/CCL25 signaling in immune cells and cancer cells. Blocks in orange indicate positive regulation, 
while blue indicates negative regulation. The arrow points indicate the direction of each regulation. CCR9, chemokine receptor 9; CCL25, chemokine ligand 
25; DAPT, dual antiplatelet therapy; EBV, Epstein‑Barr virus; RA, rheumatoid arthritis; PKC, protein kinase C; PI3K, phosphatidylinositol‑3 kinase; Akt, 
protein kinase B; GSK‑3β, glycogen synthase kinase 3; FKHR, forkhead transcription factor; MMPs, matrix metalloproteinases; P‑gp, P‑glycoprotein; ERM, 
Ezrin‑Radixin‑Moesin protein; ERK1/2, extracellular signal‑regulated protein kinases 1/2; RhoA, Ras homolog gene family member A; ROCK, Rho‑associated 
protein kinase; MLC, myosin light chain; IL, interleukin.
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proteins to promote metastasis and drug‑resistance in cancer 
cells. Based on the findings that healthy intestine and colon 
cells physiologically produce CCL25 (2,6,7,75), we hypoth-
esized that CCL25 induces chemotaxis and cell survival 
signaling in leukocytes and cancer cells. For extra‑intestinal 
cancer, the CCL25 concentration in healthy intestinal 
micro‑environment is higher than that in the primary tumor 
micro‑environment; thus, CCR9+ cancer cells tend to metas-
tasize to the intestine. However, the micro‑environment of 
colon cancer is rich in CCL25 and therefore, CCR9 may 
be downregulated by NOTCH to reduce chemotaxis and 
promote metastasis. Investigation of CCL25 levels in the 
micro‑environment of primary and metastatic lesions would 
further test this hypothesis. Another possible mechanism is 
based on the seed‑earth hypothesis, which states that CCL25 
promotes the survival of circulating tumor cells that have 
metastasized to the intestine.

NOTCH signaling has an opposite function in T‑ALL and 
colon cancer. This contradiction might be explained by the 
diversity in ligands and downstream signaling. In T‑ALL, δ1 is 
a ligand of NOTCH1 (37), while delta‑like 4 (DLL4), Jagged 1 
(JAG1) and delta‑like proteins 1 (DLK1) are the most probable 
ligands of NOTCH in colon cancer (13).

In summary, CCR9/CCL25 signaling mediated the migra-
tion, invasion and drug resistance of cancer cells. Further 
studies should focus on elucidating the mechanisms of associ-
ated upstream and downstream signaling of CCR9.
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