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Abstract: The relevance of the chemokine/chemokine receptor system has broaden to several tissues. Besides their physi-

ologic role as chemotactic cytokines in immune surveillance, it is now clear that chemokines are key players in several 

pathological processes such as inflammation, infection, and cancer. In particular the altered expression of SDF1/CXCL12 

and its receptor CXCR4 strongly affects cancer cell proliferation, recruitment of immunosuppressive cells, 

neovascularization and metastasization. CXCL12 and CXCR4 are widely expressed in central nervous system cells 

including hypotalamus and pituitary gland. Increasing evidence supports now the hypothesis that CXCL12 acts as a 

neuromodulatory activity on the hypothalamus/pituitary axis and is a regulatory molecule of pituitary function. Moreover, 

the differential expression of CXCL12 and CXCR4 in normal and tumor pituitary adenoma cells suggests their 

involvement in pituitary tumor development through autocrine/paracrine mechanisms leading to adenoma cell 

proliferation and hormone hypersecretion. Future studies focusing the pathways sustained by chemokines may help 

identify the tumor-initiating events and accordingly possible strategies may be developed targeting these pathways in 

human pituitary tumors. 
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INTRODUCTION 

 Chemokines are, low molecular weight proteins that, 
released by several different cell types, bind to a large family 
of seven transmembrane G protein-coupled cell surface 
receptors. These peptides were originally believed to 
exclusively belong to the immune system, although, over the 
time, they have emerged as pleiotropic, widely diffused class 
of regulatory peptides [1, 2]. 

 The physiological role of chemokines was firstly 
identified in leukocyte trafficking, but subsequent 
convincing evidence demonstrates that chemokines are 
released in most tissues and chemokine receptors are 
expressed not only on leukocytes, but on a wide range of cell 
types, reflecting the broad spectrum of their local and sys-
temic activities. It is now manifest that chemokine/-
chemokine receptor interaction plays a fundamental role in 
development, infection, wound healing, and tissue homeos-
tasis [1]. Recently, the possibility has been raised that they 
might act as true neurotransmitters or neuromodulators in the 
central nervous system (CNS) [3]. Moreover, the expression 
of chemokines and chemokine receptors are often strongly 
up-regulated during tumorigenesis, affecting angiogenesis 
and angiostatic processes, tumor progression and metasta-
sization [4]. 

 Interestingly, the localizaton of chemokine receptors 
nearby or on the same cells as their ligands could account for  
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the strong local activity of these molecules that might be 
regulated by autocrine/paracrine mechanisms. Among 
chemokines, stromal cell-derived factor-1 (SDF1/CXCL12), 
which binds to CXCR4 and CXCR7 receptors, has been 
frequently involved in development, progression, survival, 
invasion, homing to metastatic sites and angiogenesis of 
various cancer types. 

 Over the past years, studies have increasingly shown the 
potential role of chemokines

 
and, in particular, of 

SDF1/CXCR4 network, in the regulation at different levels 
of physiological or tumoral endocrine functions accounting 
novel biological role to this chemokine [5]. Therefore, this 
review will provide an update on chemokine/chemokine re-
ceptors control on pituitary cells function in normal pituitary 
physiology and adenoma development as autocrine/paracrine 
mediators/regulators of tumor progression/growth, and al-
terations in the tumor microenvironment.  

STRUCTURE AND CLASSIFICATION OF 
CHEMOKINES AND CHEMOKINE RECEPTORS 

 To date, chemokine network includes approximately 20 
receptors and 50 human ligands. Chemokines, a family of 
proinflammatory chemotactic cytokines, are small (8-10 
kDa), secreted peptides, that, accordingly to the number and 
spacing of two cysteine residues in the NH2-terminus, have 
been subdivided into four groups, named CXC (also called  
chemokines, and named CXCL1-17), CC (or  chemokines, 
CCL1-28), XC (  chemokines, XCL1-2) and CX3C (  
chemokines, CX3CL1) [2, 6, 7]. In CXC chemokine family, 
these cysteines are separated by a single amino acid, while in 
CC family the first two cysteines are adjacent [8]. XC group 
is represented by just two chemokines (XCL1/lymphotactin 
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 and XCL2/lymphotactin ) containing only two of the four 
conserved cysteines found in the other subfamilies [8]. 
Finally, CX3C family includes only one member, called 
CX3CL1/fractalkine (and its murine homologue neurotac-
tin), in which the first two cysteines are separated by three 
amino acids. This molecule is peculiar since it exists in both 
soluble and membrane-bound forms [9].  

 According to the presence of the conserved tripeptide 
motif glutamic acid-leucine-arginine (ELR) at the N-
terminus of the protein, before the CXC domain, CXC 
chemokines are further classified in ELR+ or ELR-. 
Chemokine with the ELR sequence have been found to 
chemoattract and activate neutrophils. Chemokine without 
the ELR motif appear to control monocytes, T-cells, NK 
cells, B-lymphocytes, basophils and eosinophils chemotaxis. 
Notably, different members of CXC chemokine family play 
opposite roles in the regulation of angiogenesis; members 
containing the ELR motif such as CXCL1, -2, -3, -5, -6, -7, -
8 are directly chemotactic for endothelial cells and can 
stimulate angiogenesis in vivo, whereas members lacking the 
ELR motif are interferon -inducible (CXCL9, -10 and -11) 
and act as potent inhibitors of angiogenesis [10, 11]. 

 In general, all chemokine subfamilies show some 
common features: pleiotropism, promiscuity and 
redundancy. Chemokines exert their biological activity 
through the interaction with heterotrimeric, seven-
transmembrane G protein–coupled receptors (GPCRs), 
classified on the basis of the chemokine group to which their 
ligand(s) belongs, i.e. CXCR (7 receptors), CCR (from 
CCR1 to CCR11), CX3CR1 (a single receptor for CX3CL1) 
and XCR1 (for XCL1-2). Moreover, there are two 
chemokines, CXCL7 and CXCL14 belonging to the CXC 
subfamily and CCL18, of the CC family, for which a specific 
receptor has not been unanimously identified, yet [7]. Some 
chemokine receptors bind a single chemokine, whereas 
others display promiscuous binding of different ligands [2]. 

 The assumption that CXCL12 act through the unique 
interaction with CXCR4, was recently challenged, since it 
was shown that this chemokine can also bind to an orphan 
receptor (Receptor Dog cDNA 1, RDC1) [12] that was 
subsequently renamed CXCR7 [13]. Furthermore, CXCR7 is 
also a receptor for CXCL11/I-TAC (Interferon-inducible T-
cell chemoattractant) [14], a chemokine interacting also with 
CXCR3 receptor. Thus, chemokine network represents a 
highly complex, fine-tuned regulatory system. 

 Interestingly, it has been reported that several chemokine 
receptors (CCR2, CCR5, CXCR1, CXCR2, CXCR4 and 
CXCR7) can homo- or hetero-dimerize as consequence of 
the ligand binding [15-18], a process that was proposed to be 
required for the modulation of the signal transduction of 
these receptors. 

 Upon chemokine binding, a conformational change of the 
receptors occurs that activate heterotrimeric G proteins: the 
G  subunit exchanges GDP for GTP and dissociates from 
the  subunit and from the receptor leading to intracellular 
transduction of the signal [19]. Most of the involved G 
proteins belong to the Gi/Go, pertussis toxin (PTX) sensitive 
subfamily, leading to the modulation of classical second 
messenger systems such as adenylyl cyclase (AC)-cAMP, 
phospholipase C (PLC)/inositol tris-phosphate (IP3)-Ca

2+
/ 

diacyl glycerol-PKC. However, the phosphatidyl inositol 3 
kinase-Akt, the MAP kinase ERK1/2 and the focal adhesion 
kinase (FAK, Pyk2, etc) systems also represent key 
messengers in chemokine activity. 

 Within the G protein complex (Gi/Go), the  subunit 
seems to play a major role, rather than the  subunit. For 
instance, the stimulation of cell migration, that can be very 
relevant in several physiological and pathological activities 
of chemokines, appears to require the functional coupling of 
the receptor to G i, as migration is completely inhibited by 
treatment with PTX [20], even though the G i itself may not 
be necessary for cell migration [21]. Indeed, the  subunits 
of the G-protein carries the bulk of the signal of chemokine 
receptors out, and, in particular, it was observed that only the 

 subunits released from Gi-coupled receptors, but not 
those released by the Gs- or Gq-coupled receptors, can 
mediate cell migration. 

THE CXCL12/CXCR4-CXCR7 CHEMOKINERGIC 
SYSTEM  

 Chemokine stromal cell-derived factor 1 (SDF1), hereaf-
ter designated as CXCL12, accordingly to the systematic 
taxonomy of chemokines [7], belongs to the CXC subfamily. 
It was originally cloned from bone marrow cell supernatants 
and characterized as a pre-B-cell stimulatory factor. 
CXCL12 is a highly conserved chemokine (99% homology 
between mouse and man), supporting the relevance of its 
biological role, and includes three alternative splicing vari-
ants of CXCL12 (named ,  and ), mainly divergent in the 
C-terminus of the peptide [22]. The two main splice forms, 
CXCL12-  and CXCL12- ,

 
are identical in the first 89 

amino acid sequences,
 

but CXCL12-  has 4 additional 
amino acids at the C-terminus [23]. The first 17 amino acids, 
crucial for

 
the binding ability of CXCL12 to CXCR4 [24, 

25], are identical in both isoforms, but CXCL12-  is more 
sensitive to proteolysis by serum CD26/dipeptidyl peptidase

 

than CXCL12  [26], implying different functions or regula-
tory roles in vivo.  

 CXCL12 is a chemotactic factor for T cell, monocytes, 
pre-B-cells, dendritic cells and hematopoietic progenitor 
cells and supports B-cell progenitor and CD34

+
 cell prolif-

eration [27, 28]. However, its expression is not restricted to 
immune cells, but CXCL12 mRNA and protein were also 
identified within the CNS in neurons, astrocytes, microglia 
and endothelia [29, 30]. CXCL12-  is the most abundant 
isoform in the brain [22], being localized

 
in specific neuronal 

structures such as cingulated gyrus and
 
CXCL12-  exten-

sively expressed in cerebral endothelial cells [31]. 

 CXCL12 exerts most of its effects via the binding to 
CXCR4 since the transductional role of CXCR7 is still con-
troversial, and the current opinion is that CXCR7 may act as 
decoy receptor to modulate the concentration of the 
chemokine at target tissues [14].  

 The interplay between CXCL12 and CXCR4 is critical 
for the normal development since the deletion of CXCL12 
and CXCR4 genes in mice, causes a similar embryological 
lethal phenotype, leading to deficient bone marrow myeloid 
cell formation and severe defects in cardiovascular and neu-
ronal development [32, 33]. Similarly to CXCL12, also 
CXCR4 is expressed in several tissues outside the immune 
system, including endothelial cells, embryonic germinal neu-



66    The Open Neuroendocrinology Journal, 2011, Volume 4 Barbieri et al. 

roepithelium and mature neurons, astrocytes and microglia 
[34, 35]. Moreover, CXCR4 was reported to represent a co-
receptor for the entry of T-lymphotropic of the immunodefi-
ciency virus (HIV-1) into CD4-positive T cells [36].  

 CXCR4, composed of 352 amino acids, belongs to the 
seven transmembrane helices GPCR family. CXCL12 binds 
to CXCR4 extracellular and transmembrane regions, being 
the latter critical for G-protein signaling. CXCL12 
interaction with CXCR4 first triggers receptor dimerization 
and activates multiple intracellular signalling pathways 
mediated by Gi/Go proteins, including G  (sensitive to 
Bordetella pertussis toxin, PTX) and G -mediated signals. 
G  induces the inhibition of adenylyl cyclase (AC) activity, 
thereby reducing the cytosolic concentration of cyclic AMP 
(cAMP), and inhibiting protein kinase A (PKA) activity. 
G q trasduces CXCR4 signals through the activation of 
phospholipase C  (PLC ) which increases inositol-1,4,5-
trisphosphate (IP3) levels and transient elevation of 
intracellular calcium concentration. Chemokine stimulation 
of G  subunits directly activates phosphoinositide 3-kinase 
(PI-3K), a survival regulator acting on effectors of apotosis 
[37], to induce Akt activation. This pathway is mainly 
involved, although nort exclusively, in the chemotactic 
response to CXCL12.  

 Importantly, chemokines in general, and CXCL12 in 
particular, are also poweful activators of the MAP kinase 
cascade and in particular the pathway involving ERK1/2 as 
well as the phosphorylation of focal adhesion kinase (FAK) 
and protein tyrosine kinase 2 (PTK 2) [38, 39].  

 Chemokines may stimulate the Ras-Raf-ERK1/2 MAP 
kinase pathway, without the involvement of G proteins [29, 
35]. An alternative signaling was proposed, although not 
definitely established, identifying a role for PI-3K in 
ERK1/2 activation in light of the reduced activity of these 
MAP kinases after treatment with wortmannin or LY294002 
(specific PI-3K inhibitors). This observation was confirmed 
in mice lacking PI-3K  subunit [40, 41]. Mutational studies 
showed that the third intracellular loop of CXCR4 is 
responsible for the G protein binding and ERK1/2 activation. 
However, the chemotactic activity of the receptor requires 
not only the intracellular signaling via this portion of the 
receptor but also the second intracellular loop and the 
carboxyl-terminus, suggesting that this important biological 
response requires a complex array of signals [42].  

 Recently, several studies proposed that CXCR4-
dependent activation of ERK1/2 was mediated by 
transactivation of tyrosine kinase receptors. Cross-talk 
between growth factor and G protein-coupled receptors is 
now believed to play an important role both in normal and 
tumoral responses. In particular, the transactivation of 
members of the epidermal growth factor receptor (EGFR) 
family and their downstream signaling pathways is critical 
for the mitogenic activity of different GPCR ligands, 
including chemokines. CXCL12-induced CXCR4 activation 
in breast and ovarian cancer cells causes EGFR and/or 
HER2/neu phosphorylation through G protein-dependent 
activation of cytosolic tyrosine kinases of the Src family [43-
45]. Thus a cross-talk between chemokine and growth factor 
signaling pathways was demonstrated. Recently, CXCR4 
and EGFR variant (EGFRvIII) cross-talk was involved in 
breast cancer cell invasion as a result of enhanced CXCR4 

expression through transcriptional and post-translational 
mechanisms [46]. CXCL12-CXCR4 axis was also shown to 
activate JNK/SAPK signaling [47] that seems to contribute 
to CXCL12-mediated cell invasion. CXCR4 signaling 
involves JAK/STAT pathway activation through a 
dimerization-dependent, PTX-independent mechanism [48]. 
CXCL12 binding to CXCR4 causes the rapid tyrosine 
phosphorylation of the receptor in a JAK kinase dependent 
fashion, as demonstrated by the rapid recruitment of several 
members of the JAK family (JAK1, JAK2, JAK3 or TYK2) 
that mediates CXCL12-induced Ca

++
 mobilization [48]. 

However, the activation of this pathway seems to occur only 
in specific cell types as hematopoietic progenitors and T 
cells [49] and it was demonstrated to be dispensable for 
CXCL12-induced chemotaxis [50]. In fact, JAK2 and JAK3 
deficient cells, as well as HEK293 cells engineered to 
overexpress dominant negative forms of JAK2 and JAK3, 
showed no changes in CXCL12-induced Ca

++
 fluxes or 

chemotaxis [50].  

 Compelling evidence has emerged that protein-tyrosine 
phosphatases (PTPs) are also involved in the modulation of 
CXCR4 signaling. In particular, the Src homology-
containing protein-tyrosine phosphatase 1 (SHP1), but also 
the SH2 domain-containing inositol 5-phosphatases (SHIP), 
acts as negative regulators of chemokine signaling, while the 
ubiquitously expressed PTP, SHP2, constitutively associated 
with CXCR4, appears to enhance chemokine signaling [51, 
52]. Different roles for these phosphatases were identified: 
CXCL12 stimulation of T cells enhanced the tyrosine-
phosphorylation and activity of SHP2 [51], while CXCL12-
induced chemotaxis, actin polymerization and ERK1/2 
activation were enhanced in T and B cells and macrophages, 
derived from SHP1 deficient mice, as well as chemotaxis, 
actin polymerization and Ca

++
 influx were enhanced in 

response to CXCL12 in both immature and mature 
hematopoietic cells derived from SHIP-deficient mice [53], 
suggesting a negative role for these phosphatases in CXCR4 
intracellular signaling. 

 CXCL12 also binds to CXCR7, sharing this receptor with 
the chemokine family member CXCL11. Since the 
identification of CXCR7 as a new receptor for CXCXL12, 
the role of CXCL12 in regulating diverse biological 
processes appeared more complex. CXCR7 has been 
described both as a signaling and a non-signaling receptor 
depending on the cell type and tissue expression, which, in 
turn, determines the biological function of this receptor. 
Most chemokine receptors contain the “DRYLAIV” 
sequence, which is crucial for coupling to G i [54] and 
induction of Ca++ fluxes [55]. This motif is slightly 
modified in CXCR7 [56], possibly preventing its interaction 
with G i-proteins (CXCR7 sensitivity to PTX is still 
controversial) and the activation of classical intracellular 
signaling commonly associated to chemokine receptor (for 
example increase in intracellular Ca

++
 concentration) [57]. 

From this evidence it was proposed that CXCR7 was a sort 
of decoy receptor able to modulate CXCL12 concentrations 
in the microenvironment to attenuate its biological effects 
[58]. In lymphocytes CXCL12 (or CXCL11) binding induces 
CXCR7 internalization [13] providing evidence of receptor 
activation, and increasing evidence suggests that signal 
transduction activated by CXCL12/CXCR7 binding may 
occur through phosphorylation of MAPK [57] and Akt [59]. 
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Thus, recent studies proposed CXCR7 also as a signaling 
receptor in several normal and tumor cell types [59]. 

 Still several reports support the role of CXCR7 as a 
decoy receptor or as “molecular sink” for CXCL12 [54] 
playing a role in the regulation of ligand levels and creating 
a gradient for cell migration. 

 Furthermore, the biological response mediated by 
CXCL12 binding to CXCR4 or CXCR7 may be regulated by 
different factors as the pattern of receptor expression 
(CXCR7 seems to be mostly present in cancer and 
embryonic cells, [14]), the possible competitive binding of 
CXCL11 and the influence of CXCL12 tissue concentration.  

CXCL12/CXCR4 AS AUTOCRINE/PARACRINE 
NETWORK IN CANCER  

 Chemokines and their receptors play critical roles in sev-
eral steps of tumor development, growth, progression and 
dissemination [60]. Cancer cells express a variety of 
chemokine receptors and release multiple chemokines [61]. 
The concomitant expression of growth factor receptor-ligand 
pair in the same cells was previously described as an 
autocrine/paracrine mechanism of cancer cell stimulation, 
resulting in clinical aggressive behavior and faster growth of 
several tumor histotypes [62, 63]. The expression of functio-
nal CXCR4 has been widely reported in several solid human 
cancers as breast cancer cells [64], prostate [65], melanoma 
[66], small cell lung cancer [67] and glioblastoma [37, 68]. 
Moreover, several leukemic and lymphoma cells [69] 
express CXCR4 on cell surface. 

 Cancer cells take advantage of the expression of 
chemokines and their receptors to modulate the immune re-
sponse to the tumor, induce tumor angiogenesis and growth, 
alter the microenvironment, and facilitate metastasis spread-
ing to specific target organs [70]. Several studies showed 
that CXCR4 is the most widely expressed chemokine 
receptor in human malignancies and its activation by 
CXCL12 causes proliferation, migration, invasion and 
metastasization and promotes neo-angiogenesis [71, 72]. 

 In vitro studies showed that CXCL12 is a growth factor 
for glioblastoma cells increasing their proliferation and mi-
gration likely through an autocrine/paracrine mechanism and 
that CXCL12-dependent

 
proliferation is correlated to the 

phosphorylation of both ERK1/2 and Akt and
 
that these 

kinases are independently involved in glioblastoma
 

cell 
proliferation [37]. 

 In addition, it has been reported that CXCL12 stimulates 
chemotaxis, survival and proliferation in glioblastoma and 
medulloblastoma primary cell cultures and xenografted 
tumors [72, 73]. 

 The simultaneous expression of CXCR4 and its ligand 
and their mitogenic activity suggesting a pivotal autocrine/-
paracrine activity of this receptor-ligand pair, have been also 
demonstrated in other human brain tumor types, such as 
meningiomas. The signaling mechanisms activated by 
CXCL12 via CXCR4 in primary cultures from meningioma 
cells showed that CXCR4 significantly increased of DNA 
synthesis through a marked phosphorylation/activation of 
ERK1/2 [74]. 

 In addition, the magnitude of CXCL12-induced cell 
proliferation was significantly correlated with the MIB1 
proliferation index in the corresponding surgical specimen 
[74]. This observation further support the hypothesis of the 
occurrence of an autocrine/paracrine proliferative loop, in 
which tumor derived CXCL12 may provide a proliferative 
advantage for the cells sensitive to CXCL12 stimulation. 

 Similar mechanisms to promote tumor development have 
been also observed in other cancer histotypes such as breast 
carcinoma. CXCR4 overexpression was recognized as a re-
quirement for breast cancer cell proliferation [75]. Silencing 
of CXCR4 causes a significant reduction of breast cancer 
cell proliferation in vivo and in vitro [76, 77], suggesting a 
possible autocrine/paracrine growth factor role of CXCL12 
[78]. 

 It is noteworthy that 17 -estradiol (E2)-induced prolif-
eration of T47D and MCF-7 breast cancer cells is mediated 
by increased synthesis and release of CXCL12, identified as 
a novel estrogens-responsive gene that, in anautocrine/-
paracrine fashion, controls ERK1/2 activity [44, 79]. We 
investigated the role of CXCL12/CXCR4 axis as a conver-
gence point between E2 and EGFR intracellular pathways in 
breast cancer cells and demonstrated that E2-induced prolif-
eration requires the synthesis and secretion of CXCL12 and 
the autocrine activation of CXCR4 that, in turn, causes a c-
Src-dependent transactivation of EGFR [44].  

 CXCR4 signaling is mainly dependent on ligand binding, 
but there is recent evidence that ligand-independent mecha-
nisms can be activated in different tumor types. In glioblas-
tomas, EGFR stimulation can induce CXCR4 phosphoryla-
tion to induce its transactivation [80]. The effects of the se-
lective CXCR4 antagonist, AMD3100 observed in our pre-
vious study in SKBR3 breast cancer cells may support these 
findings. In fact, also in the absence of CXCL12, the 
CXCR4 antagonist significantly reduced cell proliferation, 
EGFR phosphorylation, and ERK1/2 activation. Thus, we 
can hypothesize that, in this cell line, a constitutive prolifera-
tive loop may occur in which HER2/neu ligand-independent 
activity may sustain a constitutive CXCR4 activation (as 
demonstrated by the effects of the selective inhibitor 
AMD3100 in untreated cells and, indirectly, by the low re-
sponsivity to exogenous CXCL12) that may control both 
EGFR and HER2/neu activation [44]. 

 Interestingly, tumor promoting activity of CXCL12 can 
be exerted not only via a direct induction of cell prolifera-
tion. Accumulating data show that some chemokines, includ-
ing CXCL12, may serve as tissue-specific attractant mole-
cules, promoting tumor-cell migration. Among the 
chemokine receptors commonly expressed in cancer cells, 
CXCR4 and CCR7 represent the key receptors involved in 
metastasis of different cancers [64, 81]. Due to the wide-
spread expression of CXCL12, the CXCL12/CXCR4 axis 
can direct metastatic CXCR4-expressing cells to bone mar-
row, liver, lung and other organs [82] while the 
CCL21/CCR7 axis has been shown to be involved in lymph 
node metastasization [83, 84].  

 Metastasization is a multistep process that include cell 
detachment from the primary tumor mass, migration into 
blood or lymphatic vessels, where tumor cells may receive a 
chemoattracting signal that make them to extravasate and 
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enter the target tissue. Here, tumor clls are homed into the 
site of future metastatic growth [85]. In several human ma-
lignancies, CXCL12 chemoattracted CXCR4 positive tumor 
cells and regulated several aspects of their metastatic behav-
ior. Small-cell lung cancer (SCLC), a tumor characterized by 
rapid progression and metastasization preferentially to bone 
marrow, highly express CXCR4 [86] and its activation en-
hances the migratory and invasive response, and adhesion to 
marrow stromal cells. CXCL12 pivotal role in the directional 
migration of cancer cells during the metastatic process was 
reported by several studies [87, 88]. In fact, primary breast 
carcinomas are characterized by a distinctive pattern of me-
tastases, which does not correlate with patterns of blood-
flow, but suggests preferential homing, adhesion, survival, 
and proliferation in specific organs and tissues [78]. 
CXCL12 exhibits peak levels of expression in a variety of 
tissues representing the first destinations of cancer metasta-
sis. In fact, in several other aggressive solid neoplasms 
CXCR4 directs the migration of cancer cells following 
CXCL12 concentration gradient: neuroblastoma [89, 90], 
colorectal cancer [91], brain cancers [68, 73] ovarian [92], 
prostate [87], renal cell [93] and oral squamous cell [94] 
carcinomas. 

 Generally, studies on the role played by chemokines in 
metastasis have been skewed more towards chemokine re-
ceptor expression than chemokine ligand production: the 
first report showed that CXCR4 positive breast cancer cells 
are responsive to CXCL12 [64] and was followed by the 
observation that CXCR4 is upregulated by VEGF in breast 
carcinoma making these cells responsive to CXCL12 [95]. 
CXCL12 enhances motility and adhesion of lung cancer cells 
[67] and breast cancer cells [91], and tumor metastasization 
of lymph nodes may reflect CXCL12 production by lymph 
node cells through the concentration gradient derived [96].  

 These observations were confirmed in studies in which 
antibodies-induced CXCL12 neutralization reduces NSLCC 
metastasis formation [97] and were in keeping with reports 
showing that low host plasma CXCL12 predicts distant me-
tastases [98]. 

 Reports of the role of CXCL12 as chemoattractant for 

CXCR4-expressing cancer cells toward metastasis sites, al-

lowed the re-evaluation of the biological and clinical signifi-

cance of the chemokine produced by tumor cells. In fact, the 

analysis of CXCR4 expression in a large series of human 

breast cancers demonstrated that CXCL12 expression but not 

CXCR4 is significantly associated with relapse-free and 

overall survival [99]. It was proposed that locally produced 

CXCL12 may saturate the receptor through an autocrine 

mechanism preventing chemotactic stimuli towards 

CXCL12-producing target organs. In addition, since 

CXCL12 is also expressed by tumor stromal fibroblast and 

endothelial cells it might also affect, via paracrine mecha-

nisms, the sensitivity of breast cancer cells to chemotactic 

signals [99]. Similarly, DNA hypermethylation of CXCL12 

promoter and the resultant down-regulation of CXCL12 

expression in breast carcinomas were identified as mecha-

nism of regulation of cancer metastasis [100]: cancer cells 

lacking CXCL12, but maintaining over-expression of 

CXCR4, can more frequently spread to target organs in 
which the ligand is highly secreted. 

 Similar results were obtained in several colonic cancer 
cell lines and primary carcinoma tissues lacking CXCL12 
expression: the re-establishment of CXCL12 expression in 
these cells profoundly reduced metastatic tumor formation in 
vivo [101].  

 Thus, it was proposed that the silencing of the ligand arm 
of CXCL12/CXCR4 axis changes the homeostatic autocrine 
and paracrine signaling to a strictly endocrine communica-
tion arc that facilitates metastasis of colonic and breast carci-
nomas [101, 102].  

 In this view, a dual role for CXCL12 in tumor progres-
sion can be identified: the direct autocrine activation of 
CXCR4 by its ligand may provide, on one hand, a prolifera-
tion gain of function to tumor cells but, on the other, may 
prevent the metastatic diffusion. The latter point may result 
in a significant better prognosis especially for patients with 
high malignant tumors in which metastatic spread is one of 
the major clinical problems. Conversely, in less malignant, 
non-metastatic neoplasms (i.e. meningiomas) the expression 
of this chemokine within the tumor may provide a faster 
growth. 

AUTOCRINE/PARACRINE FUNCTIONS OF 
CHEMOKINE IN NORMAL PITUITARY  

 The endocrine and neural systems share complex connec-
tions

 
through molecules such as neuropeptides, neurotrans-

mitters,
 
and cytokines and chemokines. Cytokines, such as 

IL-1, IL-2, TNF  and TGF , act in an autocrine/paracrine 
manner in the pituitary, affecting hormone secretion and 
pituitary growth [103]. 

 IL-1  whose receptor was detected within mouse adeno-
hypophysis [104], inhibits prolactin (PRL) secretion from 
dispersed rat pituitary cells through the regulation of both 
cAMP production and agonist-induced Ca

++
 fluxes [105-

107]. IL-1  mRNA was identified in rat anterior pituitary 
cells supporting an autocrine/paracrine regulation of pituitary 
function in situations in which stimulation of IL-1 secretion 
is induced, such as during infectious processes [108].  

 IL-6 receptors were also identified in human normal 
pituitary [109] as well as IL-6 secretion by normal rat 
pituitary cells [110]. The pituitary source of IL-6 was 
identified in the folliculostellate (FS) cells and IL-6 was 
proposed to promote an autocrine/paracrine loop for 
regulation of different pituitary hormones secretion [111], 
including adrenocorticotropic hormone (ACTH) [112] and 
PRL, luteinizing hormone (LH) and growth hormone (GH) 
in normal rat pituitary cell cultures [113, 114] interfering 
with several intracellular mechanisms [115]. Interestingly 
IL-6 displays opposite effects in normal and tumoral pitui-
tary cells by inhibiting the growth of normal anterior pitui-
tary cells [116] and stimulating the proliferation in a 
paracrine manner of pituitary adenoma cells [111]. More 
recently, also IL-18 was proposed to exert paracrine effects 
in pig anterior pituitary being the ligand and its receptor ex-
pressed by different subsets of GH secreting pituitary cells 
[117]. However, altogether these studies did not provide 
solid bases for a physiological role of these cytokines in the 
regulation of pituitary function. 

 Pleiotropic chemokines were also identified as regulators 
of the hypothalamic-hypophyseal axis. In fact, the cytokine-
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induced neutrophil chemoattractant, CINC (the rat counter-
part of the human growth-related oncogene, CXCL1/GRO) 
was reported to be expressed in the posterior pituitary, in the 
paraventricular nucleus (PVN) of the hypothalamus and the 
median eminence. In response to stressful stimuli, CINC 
expression is highly increased in the PVN and this 
chemokine is released in the median eminence [118] to reach 
its receptor (CXCR2) expressed in pituitary cells and induce 
the release of PRL and (slightly) GH, and to inhibit LH and 
FSH secretion [119].  

 CXCR2 expression was also identified in normal human 
pituitary, thus supporting the general relevance of this regu-
latory mechanism [120]. Importantly, a sustained CINC se-
cretion was observed in a subpopulation of cultured pituitary 
[121] and FS cells [122]. Thus, an autocrine/paracrine in-
trapituitary regulation may occur via the secretion of 
CINC/GRO by pituitary cells that, in turn, may modulate the 
activity of CXCR2-expressing cells. However, also other 
chemokines may participate to the regulation of the hypo-
thalamus-pituitary system in physiological and pathological 
conditions. For instance, another CXCR2 ligand, CXCL8 
(IL-8), was identified in brain areas (PVN of the hypothala-
mus and hippocampus) involved in the hypothalamus-
pituitary-adrenal axis. Importantly, CXCL8 secretion is un-
der the control of corticosteroids through a feed-back mecha-
nism, thus supporting a physiological role for this molecule 
in the pituitary regulation of ACTH secretion [123]. 

 However, among all chemokines, CXCL12 is now con-
sidered one of the major regulatory molecules of intercon-
nection between immune and nervous systems, and the 
CXCL12/CXCR4 system was reported to play an important 
regulatory role in anterior pituitary function.  

 Initial studies identified binding sites for CXCL12 in rat 
pituitary, by means of autoradiographic experiments [124], 
and in hypothalamus, using immunohistochemistry [125]. In 
the latter study, co-expression of CXCL12 and CXCR4 was 
observed [125]. Thus, the concomitant expression of 
CXCL12 in hypothalamic neurons and CXCR4 at pituitary 
level, suggested that this chemokine could represent a novel 
hypothalamic factor possibly contributing to the regulation 
of anterior pituitary function.  

 Furthermore, co-expression of CXCL12 and CXCR4 was 
also recognized in rat pituitary explants by RT-PCR [126]. 

 CXCL12 activation of CXCR4 leads to the proliferation 

of GH4C1 and GH3 rat pituitary adenoma cell, and GH se-

cretion in GH4C1 [126, 127], GH3 [128], and primary cul-

tures of normal rat pituitary cells [128]. In normal rat pitui-

tary, CXCR4 is completely localized within GH secreting 

cells and CXCL12 treatment stimulated GH gene transcrip-

tion [128], reinforcing the role of the CXCL12/CXCR4 sys-

tem as relevant player in the regulation of normal physio-
logical function of somatotrophs.  

 In addition, immunohistochemical studies showed that rat 
anterior pituitary cells do not express CXCL12, which was 
confined to the posterior lobe, but only CXCR4 [128]. As a 
consequence the chemokinergic regulation of anterior pitui-
tary cells should be controlled by external CXCL12 originat-
ing from hypothalamic neurons or systemic circulation via 
blood vessels [5].  

 Several transduction systems were reported to be acti-
vated by CXCR4 in rat pituitary cells.  

 In GH4C1 cells, two intracellular pathways activated by 
CXCL12 that independently contribute to cell proliferation 
and GH secretion were described. Interestingly, it was shown 
that CXCL12-induced GH release was a solely dependent on 
an increase in intracellular Ca

++
 concentration, while the 

regulation of GH4C1 cell proliferation was dependent on 
both the Ca

++
-independent stimulation of the MAP kinase 

ERK1/2 activity (as also demonstrated in GH3 cells [128]) 
and the Ca

++
-dependent activation of the cytosolic tyrosine 

kinase Pyk2 and the large conductance, Ca
++

-dependent K
+
 

channels, BKCa [126, 127]. Importantly, the pharmacological 
inhibition of each of all these pathways completely reverted 
the proliferation induced by CXCL12, indicating that all 
these intracellular transducers (Ca

++
, Pyk2, BKCa and 

ERK1/2) are necessary for such an effect [126]. 

 In addition, CXCL12 and CXCR4 are co-expressed in rat 
posterior pituitary cells and were reported to regulate vaso-
pressin secretion [129].  

 Partially different results were obtained in normal human 
pituitary derived from autopsies. In a recent paper we 
showed by immunohistochemical analysis, a scattered ex-
pression of both CXCR4 and CXCL12 within the pituitary 
anterior lobe (Fig. 1A) [130]. In that study we reported a 
higher CXCR4 expression as compared with its ligand, since 
the receptor was detected in about 1/3 of the anterior pitui-
tary cells, while the expression of CXCL12 was confined to 
only 12% of the cells. The distribution of both CXCL12 and 
CXCR4 was not homogenous throughout the tissue, with 
large portions of the anterior pituitary completely negative 
for both the proteins, some areas where only few positive 
cells and rare zones with higher expression. Using double 
immunofluorescence and confocal microscopy analysis to 
identify the hormonal profile of the CXCR4 immunopositive 
cells, we showed that the expression of this chemokine 
receptor is not confined to a specific cell population (GH-, 
PRL- or ACTH-secreting cells) but it was observed in 
subsets of all the different pituitary subpopulations. Staining 
pituitary sections with all the hormones together, few cells 
expressing CXCR4 were also identified that express neither 
GH and PRL nor ACTH [130]. Although further studies are 
required, this evidence suggests that CXCL12/CXCR4 
system may also be expressed in undifferentiated/progenitor 
cells. 

 Conversely, the less frequent CXCL12-positive cells 
were mainly confined in ACTH-expressing pituitary cells, 
showing a lower percentage of co-localization with other 
hormone-secreting cells [130]. Interestingly, all the 
CXCL12-labeled cells were also CXCR4 positive, whereas 
several CXCR4-positive/CXCL12-negative cells were 
detected [130]. 

 Importantly, no co-localization of either CXCR4 or 
CXCL12 was observed in endothelial cells (CD34 staining) 
in normal hypophysis and pituitary adenomas, and no 
expression of CXCR4 in FS cells (S100 staining) was 
detected in human normal pituitaries [130]. 

 Thus, in normal pituitary subset of cells releasing 
CXCL12 are likely involved in the paracrine regulation of 
hormone secreting cells, that, accordingly to data obtained in 
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rat, may contribute to the modulation of the secretory 
activity, altogether with hypothalamic hormones. However, 
conditions leading to the disruption of the regulatory 
pathways activated by CXCL12/CXCR4 interaction might 
play a role in the development and/or progression of 
pituitary adenomas.  

BIOLOGICAL EFFECTS OF CXCL12 IN PITUITARY 
ADENOMA CELLS  

 Pituitary adenomas are typically benign, slow-growing 
tumors that arise from cells in anterior pituitary gland, and 
account for approximately 15% of primary brain tumors. 
Local mass-related effects and/or hormone hypersecretion 
represent the main clinical signs associated with these tu-
mors. Pituitary adenomas are classified according to their 
secretory pattern as prolactinomas (30% of pituitary tumors), 
GH secreting (15%) and ACTH-secreting (10%) tumors. 
Pituitary adenomas producing biologically inactive hor-
mones (  subunit of TSH, LH and FSH, or the entire go-
nadotropins) or derived from “null cells” are defined as 
clinically non-functioning pituitary adenomas (NFPAs) and 
represent about 30% of the total pituitary tumors [131]. 

 The understanding of intracellular mechanisms involved 
in the pathogenesis and progression of pituitary tumors is 
still incomplete. In the recent past years, important new in-
formation on the role of intrinsic pituitary genetic alterations, 
disordered growth factors, and signaling proteins involved in 
pituitary tumorigenesis has been reported.  

 However, very few studies addressed the potential role of 
any component of the chemokine family in regulating human 
pituitary tumorigenesis.  

 In particular, CXCR2, one of the CXCL8 receptors, was 
detected in high concentration in human pituitary adenomas 
[120], suggesting a possible participation of this chemokine 
in the development of pituitary tumors. CXCL8 mRNA was 
identified in pituitary by RT-PCR in all pituitary adenomas 
[132], but these homogeneous pattern of expression was not 
confirmed using in situ hybridisation in both normal anterior 
pituitary specimens and pituitary adenomas [133].  

 More recently, a number of studies addressed the expres-
sion of CXCL12 and/or CXCR4 in pituitary tumors suggest-
ing the possibility that this chemokine may act as a promot-
ing factor for adenoma development [130, 134, 135]. 

 In this view, we analyzed the pattern of expression of 
CXCR4 and CXCL12 in a large series of surgical samples 
derived from pituitary adenomas (GHomas and NFPAs) by 
reverse transcription-PCR (RT-PCR), immunohistochemis-
try, and confocal immunofluorescence [130]. Almost all the 
GHomas analyzed (25/27, 92%) expressed CXCR4 mRNA 
and also CXCL12 was detected in the majority of the cases 
(17/27, 60%). Similar results were obtained in NFPAs in 
which CXCR4 mRNA was detected in 81% of the tumors 
(30/37) and CXCL12 in 78% (29/37) (Fig. 2) [130]. Interest-
ingly, the co-expression of ligand and receptor was largely 
the most common condition, strongly supporting an 
autocrine/paracrine regulation of tumor growth by this 
chemokine [130]. Immunohistochemical analysis on paraf-
fin-embedded sections of both GHomas and NFPA showed 
that in the adenomas that express CXCL12 and CXCR4 both 
proteins are present in all tumor cells, in contrast to the scat-
tered expression in human normal pituitary (Fig. 1B) [130]. 
Subsequent studies confirmed this results showing that high 

 

Fig. (1). Expression of CXCL12 and CXCR4 in normal and tumor pituitary gland. 

A) Representative immunohistochemical experiments in normal anterior lobe from autoptic pituitary sections showed CXCL12 

immunoreactivity in scattered cells throughout the tissue, with large negative areas, while CXCR4 is stronger expressed than the ligand 

although confined to subsets of cells in the pituitary acini; a discrete number of CXCR4-negative cells are also clearly observable. 

B) The pattern of expression of CXCL12 and CXC4 in human GH-secreting pituitary adenoma histological sections, characterized by cellu-

lar monomorphism and lack of acinar organization, showed that all tumor cells are intensely and uniformly positive for both CXCL12 and its 

receptor, homogeneously distributed in the tissue. 

(Brown, stained immunopositive cells; blue, haematoxylin-counterstained nuclei; scale bar 20μM; original magnification 40X). 

Normal pituitary Pituitary adenoma

CXCR4
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percentage of GHomas and NFPA have a diffuse expression 
of both CXCL12 and CXCR4 [134, 135]. One study also 
identified CXCL12 expression in PRL, ACTH and TSH se-
creting adenomas [135], confirming the general role of this 
chemokine in the regulation of pituitary adenoma develop-
ment and/or progression. Interestingly, CXCL12 expression 
level was directly correlated with microvasculature densities 
within the adenomas, suggesting a regulatory role by hy-
poxia [135]. The concomitant up-regulation of CXCL12 and 
CXCR4 by hypoxia in GH3 pituitary adenoma cell line was 
reported to interact with classical endocrine pathways to up-
regulate GH production [138].  

 Finally, all the pituitary adenoma histotypes, as well as 
the AtT20 mouse corticotroph pituitary adenoma cell line, 
express also the second CXCL12 receptor, CXCR7 [136]. 

 Such generalized CXCR4 and CXCL12 over-expression 
in human pituitary adenomas as compared to normal pitui-
tary, strongly suggests that, in conditions of deregulation, 
this receptor system represents a relevant factor for pituitary 
adenoma development and/or progression. To address this 
issue, the effects of CXCL12 on cell proliferation were 
evaluated in vitro on a small number of fibroblast-free pri-
mary cultures [137] derived from GHomas, NFPA and 
ACTH-secreting adenomas. In this study [130], CXCL12 
induced a statistically significant increase in DNA synthesis 
in the majority (65%) of the adenoma tested. Interestingly, in 
few adenomas, the blockade of CXCR4 with AMD3100 
caused, beside the abolishment of CXCL12 effects, a pro-
nounced inhibition of basal DNA synthesis. Thus, it was 
hypothesized that a basal secretion of CXCL12 was main-
tained in vitro causing an autocrine constitutive stimulation 

 

Fig. (2). CXCL12 and CXCR4 mRNA expression evaluated by RT-PCR in human pituitary adenoma specimens 

RT-PCR evaluation in pituitary tumor samples demonstrates the presence of CXCL12 and CXCR4 mRNA in a high percentage of human 

GH-secreting adenomas (GHomas, A) and clinically non-functioning pituitary adenomas (NFPAs, B).  

 

Fig. (3). Correlation between in vitro CXCL12 secretion and the proliferative response to CXCL12 in human pituitary adenoma 

primary cultures 

CXCL12-induced DNA synthesis, analyzed by [
3
H]-thymidine uptake, is significantly inversely correlated to the levels of CXCL12 secretion 

showed by each primary culture analyzed (two NFPAs and one GH-secreting adenoma) suggesting the presence of an autocrine proliferative 

loop that abolish the effects of the exogenously added chemokine. (Data are derived from [130]). 
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of DNA synthesis. In fact, CXCL12 was secreted in vitro 
with a statistically significant inverse relationship with the 
proliferative response induced by exogenous CXCL12 (Fig. 
3) [130]. Moreover, the existence of an autocrine regulation 
of CXCR4 activity was indirectly supported by the demon-
stration of the absence of CXCR4 activating mutations in 34 
GHomas and 17 NFPAs [134]. 

 Thus, all together these data suggest that pituitary ade-
noma cells over-express CXCL12 and CXCR4, as compared 
to normal tissue.  

 These evidences support the hypothesis that this 
chemokine may represent a novel growth factor for pituitary 
cells, acting either via endocrine (through the blood stream 
or released from hypothalamus) and/or autocrine/paracrine 
pathways. Importantly, the autocrine mechanisms seem to be 
maximally effective in pituitary adenomas rather than in 
normal hypophysis (Fig. 4). In fact, most of the CXCR4-
expressing normal pituitary cells do not express CXCL12 
and the autocrine stimulation of CXCR4 seems to represent a 
key characteristic of pituitary adenomas [130]. 

 Further studies will be needed to verify whether CXCL12 
over-expression is causative for pituitary adenoma formation 
or only provides a selective proliferation advantage favour-
ing clonal expansion of cells in which tumor-promoting 
mechanisms are already activated. Importantly, beside a role 
in tumor progression the autocrine activation of CXCR4 may 
also play a relevant role in maintenance of the tumors, due to 
its positive effects on cell survival. 

 The lack of progression from adenoma to carcinoma and 
metastasization in pituitary tumors is intriguing and still un-
clear.  

 Locally produced CXCL12 may act in a complex system 
in which it can cause alteration of the normal control of mi-
totic division, increasing growth and blocking differentia-
tion, and apoptosis in a way similar to that observed in ma-
lignant tissues. However, as observed in several different 
tumor histotypes, this gain of function as far as proliferation 
is associated to high intratumor concentration of the 
chemokine that by the abrogation of CXCL12 gradient from 
distant sites might block metastatic dissemination.  

CONCLUSIONS 

 In this review, we analyzed the potential role of 
chemokines, and in particular of CXCL12, as a novel pitui-
tary growth factor. Although it is well recognized the role of 
several growth factors in pituitary adenoma development and 
of chemokines in the control of the proliferation of many 
different tumor histotypes, a possible chemokine regulation 
of pituitary function was addressed in a systematic way only 
in the very last years. 

 Several mechanisms by which CXCL12 can control pi-
tuitary function and stimulate pituitary adenoma cell prolif-
eration can be hypothesized (schematically depicted in Fig. 
4): (1) CXCL12, released by hypothalamic neurons, may act 
as a novel hypophysiotrophic factor. This regulation may 
occur either by influencing PVN neuronal cells to produce 
hypothalamic releasing hormones, that control anterior pitui-
tary cells functions (hypothalamic neurons also express the 
CXCL12 receptor CXCR4), or by direct CXCL12 release by 
hypothalamic neurons that may reach, via the pituitary portal 
system, CXCR4-expressing pituitary cells; (2) CXCL12, 
coming from the systemic circulation can reach pituitary, 
enters into the capillary net of the anterior lobe of the pitui-
tary gland and interacts with pituitary cells that express 

 

Fig. (4).Schematic overview of the CXCL12/CXCR4 axis in normal an adenomatous (rat) pituitary 

In normal anterior lobe (AL) CXCL12, secreted by hypothalamic neurons and/or coming from the systemic circulation, may act as a novel 

hypophysiotrophic factor for CXCR4-expressing pituitary cells. Moreover, the presence of scattered CXCL12-CXCR4 co-expressing posi-

tive and CXCR4-positive cells an autocrine/paracrine stimulation of pituitary cell functions may occur (left part). 

In the pituitary adenoma development process, CXCL12 is markedly produced by transformed anterior pituitary cells almost totally co-

expressing the receptor and, in an autocrine/paracrine manner, may stimulate tumor cells to proliferate and to hyper-secrete specific hor-

mones. This possibly also contributes to the maintenance of tumor cells in a microenvironment in which the high level of CXCL12 prefera-

bly promote cell homing than migration. These pathways may represent a promoting factor for pituitary local adenoma growth (right part).  

Modulation of 
hormone secretion

Tumor growth

Hormone hypersecretion

Tumor cell homing

Endocrine

CXCR4+ 

CXCL12+/CXCR4+

Autocrine

Paracrine

Normal Tumor

AL

CXCL12

Systemic circulation and/or
hypothalamic

neurons

PL

AL



Autocrine Effect of CXCL12 in Pituitary Adenomas The Open Neuroendocrinology Journal, 2011, Volume 4    73 

CXCR4; in our view these first two mechanisms are mainly 
effective in normal pituitary, where they act to modulate 
hormone secretion; (3) during pituitary adenoma develop-
ment, CXCL12 production may be induced in anterior pitui-
tary cells by still unidentified mechanisms and, through an 
autocrine/paracrine process stimulates adenohypophyseal 
tumor-initiated cells to proliferate and hypersecrete specific 
hormones.  

 In this view CXCL12 may represent a promoting factor 
for pituitary adenoma development. Alternatively, already 
transformed pituitary adenoma cells may start to secrete 
CXCL12 that confers increased proliferative activity and 
prolonged life-span to these cells contributing to the expan-
sion of the adenomas.  

 These data are opening a very important new research 
area in the field of pituitary regulation that may lead to the 
identification of important new pharmacological targets (i.e. 
CXCR4) for innovative compounds (antagonists of CXCR4, 
such as AMD3100 or newer derivatives), able to improve the 
outcome of the pharmacological therapy of pituitary adeno-
mas.  
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