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Primary tumor-associated hypoxia stimulates the production of secreted factors that mobilize bone marrow-derived
cells, including immunomodulatory myeloid-derived suppressor cells (MDSCs) to pre-metastatic niches. We recently
found that the hypoxia-induced enzyme carbonic anhydrase IX (CAIX) promotes metastasis by stimulating the G-CSF
dependent mobilization of granulocytic MDSCs to the lung pre-metastatic niche.

Metastasis is the principal cause of can-
cer related death. It is a multi-step process
culminating in the survival and outgrowth
of disseminated cancer cells at a distant site
within the body.1 The original notion that
metastasis is a cell autonomous phenome-
non initiated and achieved solely by the
aggressive cancer cells themselves is now
known to be incomplete, the process in real-
ity being far more complex. Among factors
impinging on metastatic disease, the tumor
microenvironment is now recognized as a
major contributor to the development of
metastasis. Mediators driving the metastatic
program include hypoxia and the extensive
communication networks that exist between
neoplastic and stromal cells.1 Bone marrow-
derived cells (BMDCs) including macro-
phages, endothelial progenitors, mesenchy-
mal stem cells and myeloid-derived
suppressor cells (MDSCs) are all known to
be manipulated by the tumor, both locally
and systemically, allowing for cancer pro-
gression, survival and metastasis.1,2 While
populations of BMDCs play an active role
in the tumor microenvironment, certain
BMDCs are recruited to metastatic sites
prior to the arrival of disseminated cancer
cells aiding in the establishment of pre-met-
astatic niches.1,3

The seminal work of Kaplan et al.
demonstrated that secreted vascular

endothelial growth factor (VEGF) and
placental growth factor (PIGF) from the
tumor mobilized BMDCs to the meta-
static sites prior to the arrival of the cancer
cells aid in the establishment of a niche
critical to the development of metastatic
growth (reviewed in).1,3 Since then,
numerous studies have been published
identifying additional tumor secreted fac-
tors in the establishment of the pre-meta-
static niche among which is the cytokine
colony stimulating factor 3 (CSF3) best
known as granulocyte colony stimulating
factor (G-CSF).3 Tumor hypoxia was first
implicated in pre-metastatic niche devel-
opment through the demonstration of
hypoxia-induced lysyl oxidase (LOX) and
collagen cross-linking as a requirement for
BMDC recruitment to the lungs in mod-
els of breast cancer metastasis.3 Subse-
quently, hypoxia-induced expression of
the chemotactic chemokine (C-C motif)
ligand 2 (CCL2), best known as MCP-1,
was identified as a critical recruitment fac-
tor for a specific BMDC subset, namely
MDSCs, to the pre-metastatic niche.3

MDSCs are an immature population
of BMDCs capable of suppressing the
immune function of T and natural killer
(NK) cells that are found to exist as one of
2 populations: monocytic (Mo-MDSC),
characterized in mice by high expression

of Ly6C and low expression of Ly6G
(CD11bLy6CCLy6G¡), or the granulo-
cytic (G-MDSC), characterized by high
expression of Ly6G and low expression of
Ly6C (CD11bLy6GCLy6Clow/-).2

MDSCs have been observed in the circula-
tion of cancer patients in which these
immune suppressor cells correlate with
increased disease burden and metastatic
spread. Consequently, strategies to target
MDSCs are under intense investigation
including a focus on molecules down-
stream of hypoxia-inducible factor
(HIF-1).2,4

Tumor hypoxia is an important charac-
teristic of many solid tumors. Arising as
the demand for oxygen by the tumor
exceeds the supply, hypoxia is associated
with increased metastasis, resistance to
chemotherapy and radiotherapy.5 There-
fore, effective means to target hypoxic
tumors are needed in the clinic, possibly
via interfering with the function of genes
that are crucial to the survival of cancer
cells within the hypoxic regions of the
tumor, or alternatively, by targeting
downstream biological manifestations of
tumor hypoxia including expression of
immunosuppressive molecules and mobi-
lization of BMDC populations.

Carbonic anhydrase IX (CA9, best
known as CAIX) is a hypoxia–induced,
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integral membrane enzyme that catalyzes
the reversible hydration of CO2 producing
bicarbonate and hydrogen ions. This cata-
lytic activity allows for intracellular pH to
be maintained in a range that is conducive
to cancer cell survival.6 We have demon-
strated previously that CAIX is critical for
breast cancer metastasis.6 Our recent work
identified a role for CAIX in the G-CSF-
dependent mobilization of G-MDSC to
the pre-metastatic niche (Fig. 1).7 Using a
well-established murine model of breast
metastasis, we found that the shRNA-

mediated depletion of CAIX resulted in a
substantial decrease in the amount of
G-CSF secreted by hypoxic breast cancer
cells, which could be restored by enforced
expression of a shRNA-resistant form of
CAIX. Utilizing an orthtotopic breast can-
cer model we showed that mice bearing
tumors expressing CAIX mobilized signif-
icantly more G-MDSCs to the lungs than
mice bearing CAIX-depleted tumors. The
decreased mobilization of G-MDSCs in
mice with reduced CAIX expression was a
direct consequence of the loss of G-CSF

in the circulation. Furthermore, we dem-
onstrated directly that the biological con-
sequence of the mobilization of G-
MDSCs was an enhancement of the meta-
static capacity of an otherwise poorly met-
astatic shCAIX cell line, thus, establishing
a pre-metastatic niche and reinforcing the
prometastatic role of G-MDSCs. Our
findings suggest that targeting CAIX can
be used to block the earliest stages of
metastasis and that G-CSF may be used as
a biomarker to identify tumors expressing
CAIX.

Figure 1. A model for CAIX-driven pre-metastatic niche development. Secreted factors originating from the hypoxic cancer cells within the primary
tumor stimulate bone marrow-derived cell (BMDC) egress from the bone marrow. Granulocyte colony stimulating factor (G-CSF) is a key factor involved
in the mobilization of immunosuppressive granulocytic myeloid-derived suppressor cells (MDSCs) to the pre-metastatic lung, thereby initiating an envi-
ronment conducive to the establishment of metastatic growth. Hypoxic cancer cells (inset, right) found within poorly oxygenated regions of the tumor
upregulate carbonic anhydrase IX (CAIX) expression, stimulating nuclear factor kB (NF-kB) activity and the subsequent production of G-CSF.
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G-CSF production has been shown
to be regulated by the nuclear factor kB
(NF-kB) pathway, a pathway known to
be stimulated by hypoxia.8,9 We
explored NF-kB pathway regulation in
cells in which CAIX expression was
modulated by shRNA and identified
that the inability to upregulate CAIX in
response to hypoxia blocked the hyp-
oxic induction of NF-kB activity. In
addition, small molecule inhibition of
NF-kB activity decreased G-CSF secre-
tion in CAIX expressing cells and resto-
ration of NF-kB activity in CAIX-
depleted cells restored G-CSF secretion

indicating that the NF-kB pathway is
downstream of CAIX activity, thus
identifying a novel CAIX/NF-kB/G-
CSF axis (Fig. 1). The direct link
between CAIX activity and the NF-kB
pathway remains to be elucidated.
However, the biological consequence of
increased CAIX activity by cancer cells
is decreased extracellular pH which has
been suggested to enhance NF-kB activ-
ity.6,10 Hypoxic tumors are known to
have increased glycolytic rates, which
consequently decrease extracellular pH
due to the accumulation of protons and
lactate in the extracellular space.6 It

remains to be seen whether changes in
pH are responsible for the metering of
NF-kB activity downstream of CAIX
expression. With the established con-
nection of NF-kB with inflammation, it
will be interesting to explore whether
CAIX also has an effect on tumor-pro-
moting inflammation and/or the anti-
cancer immune response.8
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