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 Introduction 

 Cancers evolve through a complex multi-step process. 
Decades of research that focused on transformed epithe-
lial cells identified several critical traits which contribute 
to malignancy: sustained growth signaling, evasion of 
growth suppression and apoptosis, acquisition of unlim-
ited replication potential, and promotion of angiogenesis, 
tumor invasion and metastasis  [1] . These hallmarks have 
now been revisited in the light of more recent knowledge 
on the critical contribution of the tumor microenviron-
ment to malignancy  [2] . Tumors are not only made up of 
the transformed epithelial cells, but they also contain a 
stromal component of interstitial extracellular matrix, 
cancer-associated fibroblasts, immune cells, pericytes 
and endothelial cells that constitute the tumor microen-
vironment, a dynamic system that actively contributes to 
the hallmark traits of cancers through cellular, autocrine 
and paracrine communications  [3] . Among the soluble 
mediators involved in this process, recent studies have 
brought into focus the role of damage-associated molecu-
lar pattern (DAMP) molecules in modulating host im-
mune responses and in promoting tumorigenesis and 
progression to malignancy  [4, 5] . Although the term 
DAMP was originally adopted to represent intracellular 
factors passively released from damaged cells that are rec-
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ognized as danger signals by the innate immune system, 
it has now evolved to include those that are actively se-
creted from stimulated cells to mediate innate immune 
responses. This review addresses the contributions of 
DAMP molecules S100A8 and S100A9 to malignancy, 
and seeks to complement excellent recent review articles 
on the subject  [6–9] , as more novel functions of these pro-
teins in tumors continue to be unraveled.

  Structure and Expression of S100A8 and S100A9 

 S100A8 and S100A9 belong to a family of 25 homolo-
gous low-molecular-weight intracellular calcium-binding 
proteins that exhibit tissue and cell-specific expression 
 [10–12] . They are characterized by two distinct EF-hand 
(helix-loop-helix) calcium-binding domains connected by 
a hinge region. The N-terminal Ca 2+  binding domain has 
lower affinity than the canonical C-terminal domain that 
allows for functionally important second messenger roles 
dependent on intracellular Ca 2+  levels. Twenty-one of the 
human S100 genes are clustered at the chromosomal re-
gion 1q21, a region that is frequently deleted, translocated 
or duplicated in tumors, indicating their possible involve-
ment in malignancy  [10, 11] . Although S100A8 and S100A9 
exist as homodimers similar to many other S100 proteins, 
they preferentially form functional anti-parallel heterodi-
mers of S100A8/A9, also known as calprotectin, as well as 
Ca 2+ -induced tetramers  [10, 11, 13] .

  S100A8 and S100A9 are constitutively expressed by 
myeloid cells, including granulocytes, monocytes, os-
teoclasts and early-differentiation cells of the myeloid
lineage, but not by lymphocytes  [12, 14–16] . They com-
prise  � 45% of neutrophil cytosolic proteins. Deletion of 
S100A9 gene leads to the absence of S100A8 at the protein 
level  [17] . Phagocyte-specific expression of S100A8 and 
S100A9 accounts for many of their known functions in 
the innate immune system. Expression in myeloid cells is 
down-regulated during differentiation to macrophages 
and dendritic cells  [14, 18] . In addition, both proteins can 
be simultaneously induced in monocytes, endothelial 
cells, keratinocytes or epithelial cells by several media-
tors, including LPS, TNF � , IL1 � , IL-1 � , IL-10 or IL-22 
[reviewed in  6, 9, 16 ]. Factors secreted by primary tumors, 
such as VEGF-A, TGF �  and TNF �  promote induction of 
S100A8 and S100A9 in macrophages and endothelial cells 
of premetastatic lungs  [19] . Expression is enhanced by 
stress response modulators such as norepinephrine and 
by glucocorticoids  [9, 16] . In addition, IL-10, an anti-in-
flammatory mediator, induces expression of S100A8 and 

S100A9 in dendritic cells and potentiates TLR ligand-in-
duced expression of the proteins in macrophages  [9, 16] . 
This dual induction of expression by both pro- and anti-
inflammatory mediators is cell-type dependent  [16] , and 
suggests that S100A8 and S100A9 can exert opposing 
roles in inflammation. However, an anti-inflammatory 
role for the proteins has not been demonstrated in vivo, 
and therefore molecular mechanisms mediating possible 
dual roles necessitate further studies.

  At the gene level, PU.1 and C/EBP- �  and  �  promote 
transcription of S100A9 in myeloid cells and C/EBP- �  
and  �  may contribute to expression of both proteins in 
keratinocytes  [9] . Expression in keratinocytes and in he-
patocellular tumor cells is also promoted by activation of 
NF- � B, while AP-1 appears to negatively regulate expres-
sion in keratinocytes  [9, 20] . In addition, STAT-3 pro-
motes transcriptional activation of S100A9 in myeloid 
progenitors and breast cancer cells  [9, 14] .

  Intracellular and Extracellular S100A8 and S100A9 

 Like most DAMP molecules, S100A8/A9 lead a double 
life  [21] . In vitro studies indicate that S100A8/A9 contrib-
ute to intracellular homeostatic processes that include
calcium sensing, activation of NADPH oxidase and ar-
achidonic acid transport  [10, 12, 22] . They also play an 
important role in tubulin-dependent cytoskeletal rear-
rangements during transendothelial migration of phago-
cytes  [23, 24] . In addition to intracellular and cell-surface 
expression, S100A8/A9 have also been detected in the ex-
tracellular medium, at times in large amounts. It is the 
extracellular S100A8/A9 proteins that function as danger 
signals, promoting immune responses and repair mecha-
nisms during inflammation and, as more recent studies 
show, in tumors. In fact, S100A8/A9 is a well-known 
marker of inflammatory conditions such as rheumatoid 
arthritis, inflammatory bowel disease, multiple sclerosis, 
cystic fibrosis and psoriasis, and elevated levels have been 
associated with diabetes, systemic lupus erythematosus, 
atherosclerosis, vasculitis, hyperzincemia and other in-
flammatory disorders  [6, 12, 21] . It is now well established 
that they not only serve as markers, but also mediate both 
anti- and proinflammatory effects [as reviewed in  16 ]. The 
proteins, especially S100A8, are susceptible to oxidation 
by peroxide, hypochlorite and nitric oxide  [16] . This sus-
ceptibility, combined with their expression in neutrophils 
and activated macrophages, cells that produce abundant 
reactive oxygen species during inflammation, indicates 
that S100A8 and S100A9 may protect tissues against oxi-
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dative damage. However, anti-inflammatory functions of 
S100A8/A9 have not been demonstrated in vivo. On the 
other hand, proinflammatory effects of S100A8/A9 have 
been well established. Leukocyte recruitment is an impor-
tant function of DAMP proteins. Murine S100A8 exhibits 
potent chemotactic activity  [16] , promoting leukocyte re-
cruitment in inflammation, although the chemotactic ef-
fects of human S100A8 and S100A9 are less clear. S100A8/
A9 are also important for leukocyte extravasation during 
inflammation. The availability of S100A9–/– mice, which 
also lack S100A8, has further helped define important 
proinflammatory functions of S100A8/A9 in vivo. S100A8/
A9 mediate MMP-induced cartilage destruction and 
chondrocyte death in experimental arthritis  [25] . They 
have also been shown to play critical roles in amplifying 
endotoxin-induced lethality, and in promoting systemic 
autoimmunity  [26, 27] .

  Secretion of S100A8 and S100A9 

 Since S100A8 and S100A9 lack secretion signals, the 
question arises of how they appear in the extracellular 
milieu. It is now known that they are released from cells 
by a Golgi-independent but energy-dependent pathway 
that requires an intact cytoskeleton and activation of pro-
tein kinase C  [28] . In this regard, they form part of a 
growing family of leaderless proteins including growth 
factors and cytokines that are secreted from cells by un-
conventional but regulated processes  [29] . This growing 
family consists of IL-1 � , IL-1 � , FGF-1, FGF-2 and galec-
tins that have predominant extracellular functions, and 
proteins such as thioredoxin, HMGB1, annexins and 
S100 proteins that have both intracellular and extracel-
lular functions. Secretion of S100A8/A9 from cells can be 
both induced and passive. S100A8 and S100A9 are also 
released during interaction of activated monocytes with 
TNF � -stimulated endothelial cells  [30] . In addition, high 
levels of S100A8/A9 at inflammatory sites may be due to 
passive release following neutrophil necrosis during in-
flammation, since release has been shown to correlate 
with loss of neutrophil viability  [31] . More interestingly, 
it is now known that S100A8/A9 are also released from 
neutrophils as part of NETs (neutrophil extracellular 
traps), which contain chromatin and granule proteins, 
during a novel form of cell death called NETosis, promot-
ing anti-fungal activity of neutrophils  [32] . Extracellular 
S100A8 and S100A9 thus represent danger signals that are 
both actively secreted and passively released from cells by 
different mechanisms. An important functional aspect of 

secreted S100 proteins is their ability to act as extracellu-
lar DAMP ligands for cell surface receptors, activating 
signaling cascades and triggering cellular responses, akin 
to cytokines and chemokines.

  S100A8 and S100A9 in Tumors 

 The association between inflammation and carcino-
genesis has been long recognized  [33] . Growing evidence 
show that chronic inflammation increases the risk of tu-
morigenesis (inflammation-induced cancer). Even in the 
absence of underlying inflammation as a causative factor, 
tumors originating from genetic alterations support the 
development of a microenvironment composed of im-
mune cells that promote inflammatory responses (can-
cer-induced inflammation). Increased levels of S100A8/
A9 found in many pathological conditions associated 
with inflammation therefore predict a possible role in tu-
morigenesis. In fact, strong up-regulation of these pro-
teins has also observed in many tumors, including gas-
tric, esophageal, colon, pancreatic, bladder, ovarian, thy-
roid, breast and skin cancers  [6, 34] , contributed both by 
tumor cells and by infiltrating immune cells in the tumor 
stroma. Levels of serum S100A8/A9 in tumor-bearing 
mice was shown to roughly correlate with the quantity
of S100A8/A9 secreting myeloid cells in the blood  [15] . 
Tumor cells also produce S100A8/A9 in response to stim-
uli  [15, 20, 35] . For example, phorbol esters stimulate
secretion of S100A8/A9 by prostate cancer cells  [35]  and 
S100A9 expression is induced in hepatocellular carcino-
ma through activation of NF- � B signaling  [20] . In addi-
tion, S100A8/A9 could also be released by tumor cell ne-
crosis following hypoxia within growing tumors. Re-
gardless of source, it now appears that they play important 
roles in both inflammation-induced cancer and cancer-
induced inflammation, and mediate concentration-de-
pendent anti or pro-tumor responses.

  Anti-Tumor Responses 
 Evasion of apoptosis is critical for the development 

and uncontrolled growth of tumors and contributes to 
overall pathogenesis of malignancy. Tumors acquire re-
sistance to apoptosis through several mechanisms  [36] . 
Several in vitro studies have demonstrated that extra-
cellular S100A8/A9 complex exhibits growth-inhibitory 
properties and promotes cytotoxicity and apoptosis in 
many different human and mouse tumor cells [reviewed 
in  7 ]. Apoptosis is mediated through a dual mechanism. 
One is related to zinc exclusion from target cells; suppres-
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sion of intracellular zinc by S100A8/A9 induces cleavage 
of pro-caspase-3. The other is mediated by Bcl2 family 
members of the mitochondrial death pathway. S100A8/
A9 decrease the expression of anti-apoptotic proteins 
Bcl2 and Bcl-X L , and promote mitochondrial release of 
OMI/HtrA2 and Smac/DIABLO, via a process that is in-
dependent of RAGE and FADD-dependent death recep-
tors  [7] . These studies strongly indicate that S100A8/A9 
elicit powerful anti-tumor responses, and that the cell 
death pathway mediated by these proteins therefore 
might provide targets for developing novel therapeutic 
tools against cancers. However, anti-tumor effects of 
S100A8/A9 have not yet been established in vivo. In con-
trast, more recent in vitro and in vivo studies indicate 
that S100A8/A9 mediate several pro-tumor responses. 
This discrepancy mandates that further studies be re-
quired to fully understand any opposing roles in tumori-
genesis. With more recent investigations, it is also becom-
ing apparent that the dichotomic effects of S100A8/A9 on 
tumor cells may in fact be dictated by extracellular con-
centrations of S100A8/A9, and activation of different sig-
naling pathways.

  Anti- or Pro-Tumor Responses May Be Concentration 
Dependent 
 Effective concentrations for promoting apoptosis of 

tumor cells shown by different studies are in the range of 
20–250  � g/ml (approximately 1–10  �  M ), while at lower 
levels ( ! 20  � g/ml) S100A8/A9 seem to promote prolif-
eration of tumor cells  [7, 37, 38] . In addition, while the 
proapoptotic effect of S100A8/A9 appears to be indepen-
dent of RAGE, effects on tumor proliferation are medi-
ated by RAGE, and involve induction of MAPK signaling 
and NF- � B activation  [37, 38] . Serum levels of S100A8/A9 
in systemic inflammation have been reported to be in the 
order of 1–6 mg/ml  [8] . However, in tumor-bearing mice 
or cancer patients, serum levels are in low nanogram to 
microgram/ml levels, although they are higher than seen 
in sera of healthy controls (reference levels in the low 
nanogram/ml range)  [15, 39, 40] , and unlikely to be high 
enough to bring about anti-tumor responses seen in vitro. 
Moreover, based on recent in vivo studies the proteins ap-
pear to predominantly mediate pro-tumor responses 
through autocrine and paracrine mechanisms as dis-
cussed below.

  Pro-Tumor Responses: Tumor Migration and Invasion 
 Cancer lethality arises from the intrinsic ability of tu-

mor cells to invade into the surrounding tissue, and to en-
ter blood or lymphatic vessels from where they metastasize 

into distal organs. Tumor cell invasion and migration are 
mediated by many coordinated events. S100A8/A9 induce 
phosphorylation of MAPK in tumor cells and promote ac-
tivation of NF- � B  [35, 37, 41] . Since MAPK activation pro-
motes cell migration, and S100A8 is chemotactic, several 
studies have examined a possible role of S100A8/A9 in tu-
mor cell migration. S100A8/A9 at 10  � g/ml increase the 
migration of benign prostate PNT1A cells in a scratch 
wound healing assay  [35] , and promote migration of Lew-
is lung carcinoma cells and B16 melanoma cells in Boyden 
chambers at very low concentrations (100 pg/ml S100A8 
and 1 ng/ml S100A9)  [19] . Treatment of B6F10 melanoma 
cells with S100A8 and S100A9 (0.2–1  � g/ml) stimulates the 
expression of matrix metalloproteinases associated with 
tumor metastasis, and promotes chemotactic migration of 
the cells in a RAGE-dependent manner  [42] . At low con-
centrations ( ! 2  � g/ml) S100A8 and S100A9 also signifi-
cantly increase migration of SW837 rectal cancer cells, 
SW480 colon cancer cells and Panc-1 pancreatic cancer 
cells  [43] . In these cells, S100A8 and S100A9 activate sig-
naling through tumor suppressor protein Smad4; tran-
sient depletion of Smad4 using siRNA knockdown reduces 
S100A8-induced tumor cell migration. These studies indi-
cate that extracellular S100A8 and S100A9 promote tumor 
cell proliferation and invasion even at low concentrations 
via activation of intracellular signaling pathways in tumor 
cells. In addition, intracellular expression of S100A8 and 
S100A9 by tumors themselves could contribute to tumor 
invasion. Invasion and migration of SNU484 gastric can-
cer cells are significantly inhibited when expression of 
S100A8/A9 by the cells are suppressed by siRNA targeting 
 [44] . S100A8/A9 are highly upregulated in human breast 
cancer MCF10A cells in a H-Ras specific manner. Induc-
tion of S100A8/A9 converts the tumor cells into a migra-
tory phenotype, accompanied by increased expression of 
matrix metalloproteinases that promote tumor invasion, 
while siRNA-targeted knockdown of S100A8/A9 expres-
sion reduces H-Ras-induced invasion  [45] . Tumor cells 
thus appear to co-opt S100A8/A9-dependent migratory 
traits of phagocytes for invasion and metastasis.

  Pro-Tumor Responses: Activation of Pro-Tumorigenic 
Genes 
 In mouse models of inflammation-associated skin, co-

lon and liver carcinogenesis, S100A8 and S100A9 are 
strongly upregulated in keratinocytes, myeloid cells and 
tumor cells, respectively, in response to activation of 
RAGE and/or NF- � B signaling  [20, 38, 46] . In colitis-as-
sociated colon carcinogenesis, S100A8- and S100A9-pos-
itive cells are present as early responders in inflamed 
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mouse colon tissues during initial acute colitis (2 weeks 
after initiation), but are absent in the low-level chronic 
inflammation phase observed 6 weeks after induction 
 [38] . However, they reappear in all regions of dysplasia 
and adenoma 12–20 weeks after disease induction, sug-
gesting that they may have independent roles in the tu-
morigenic phase  [38] . More recently, in an effort to un-
derstand molecular mechanisms involved in S100A8/A8-
mediated tumor-stromal interactions, in vitro and in 
vivo effects of extracellular S100A8/A9 secreted by my-
eloid cells in the tumor microenvironment have been fur-
ther explored. Examination of possible interactions of 
S100A8/A9 with tumor cells show that they bind to RAGE 
expressed on tumor cells and promote activation of 
MAPK signaling pathways and NF- � B activation  [37, 38, 
41] . Binding of S100A8/A9 to colon tumor cells is medi-
ated by carboxylated glycans expressed on RAGE  [38, 41] . 
Since activation of NF- � B-dependent genetic programs 
in tumor cells and macrophages is critical for develop-
ment of tumors  [47] , gene expression studies of tumor 
cells might provide valuable insight into the consequenc-
es of S100A8/A9 activation. In fact, S100A8/A9 activation 
of colon tumor cells enhances expression of a small co-
hort of genes, including  Cxcl1, Ccl5 and Ccl7, Slc39a10, 
Lcn2, Zc3h12a, Enpp2  and other genes, whose products 
are known to promote leukocyte recruitment, angiogen-
esis, tumor migration, wound healing, and formation of 
premetastatic niches in distal metastatic organs  [41] . 
These genes thus represent a distinctive molecular signa-
ture of S100A8/A9-activated tumor cells contributing to 
tumor progression. CXCL1, an S100A8/A9 activated pro-
tein, is up-regulated in tumors, and elevated in sera of 
tumor-bearing wild-type mice, even when tumors are 
well-contained and before any evidence of metastasis 
 [41] . This suggests that even at low concentrations in
the tumor microenvironment or extracellular medium, 
S100A8/A9 could significantly amplify pro-tumor re-
sponses that eventually lead to malignancy. In support of 
this, mice lacking S100A9 showed a significantly reduced 
incidence of colon tumors, tumor growth and metastasis, 
reduced chemokine levels, and reduced infiltration of 
myeloid cells in different mouse models of colon cancer. 
Studies using bone marrow chimeric mice show that 
S100A8/A9 expression on myeloid cells is essential for de-
velopment of colon tumors  [41] . These findings reveal a 
novel role for myeloid-derived S100A8/A9 in activating 
specific downstream genes associated with tumorigene-
sis and in promoting tumor growth and metastasis, and 
identify them as important players in the molecular com-
munication between tumor and stroma.

  Pro-Tumor Responses: Promotion of Premetastatic 
Niches in Distal Organs 
 Primary tumors have a tendency to migrate preferen-

tially to specific distal sites. The earliest stages in the met-
astatic cascade appear to be initiated by permissive niches 
of hematopoietic cells that form in specific distal organs, 
which help recruit and support the growth of tumor cells 
 [48] . An important role for S100A8 and S100A9 in the es-
tablishment of premetastatic niches in distal organs was 
first highlighted by the work of Hiratsuka et al.  [19] . They 
demonstrated that soluble factors such as VEGF-A, TGF �  
and TNF �  released by primary tumors induce expression 
of S100A8 and S100A9 in premetastatic lung endothelium 
and macrophages. S100A8 and S100A9 secreted by lung 
stromal cells promote the recruitment of CD11b+ myeloid 
cells and establishment of premetastatic niches in lungs, 
to which tumor cells migrate. Treatment of tumor-bear-
ing mice with anti-S100A8 and anti-S100A9 block the 
migration of myeloid cells and tumor cells to the lung. 
S100A8 and S100A9 recruit CD11b+ myeloid cells in the 
lung through the activation of p38 MAPK, known to 
promote migration. Subsequently, Hiratsuka et al.  [49]  
show ed that S100A8 induced the expression of SAA3 in 
premetastatic lungs, which stimulated NF- � B signaling 
by interaction with TLR4, resulting in accumulation of 
CD11b+ myeloid cells. Blocking SAA3 and TLR4 in vivo 
reduced tumor metastasis, suggesting a paracrine positive 
feedback in promoting tumor metastasis. Thus, a gradient 
of S100A8/A9 likely provides a pathway for homing of dis-
tal tumor cells to the lungs. In fact, Saha et al.  [42]  dem-
onstrated the presence of a circulating S100A8/S100A9 
gradient from the tail veins to the lungs in uteroglobin-
deficient mice. Lungs in these mice express high levels of 
S100A8 and S100A9, to which melanoma cells preferen-
tially migrated. More recently, Connolly et al.  [50]  showed 
that formation of premetastatic sites in livers in response 
to intra-abdominal tumors is also contingent upon the 
expression of CXCL1, a protein that is now shown to be 
activated in tumor cells by S100A8/A9  [41] . Again, these 
studies indicate that tumor cells co-opt chemical cues and 
migratory gradients used by myeloid cells to metastasize 
to distal organs, and that S100A8 and S100A9 play an im-
portant role in early stages of tumor metastasis.

  Pro-Tumor Responses: Accumulation of
Myeloid-Derived Suppressor Cells 
 Tumors induce host-driven T cell tolerance that sup-

ports immune evasion, promotes tumor progression, and 
limits the efficacy of immune-based therapies. Contribut-
ing to this immune evasion are myeloid-derived suppres-
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sor cells (MDSC) that have been identified in tumor-bear-
ing mice and in cancer patients  [51, 52] . MDSC consist of 
a heterogenous population of bone-marrow-derived my-
eloid progenitor cells and immature myeloid cells with
potent immunosuppressive effects that promote tumor 
growth by inhibiting T-cell-driven anti-tumor immune re-
sponses through multiple mechanisms  [53] . Recent studies 
show that S100A8 and S100A9 play important roles in the 
generation and recruitment of MDSC in tumors  [14] . 
S100A8 and S100A9 are downregulated during normal 
differentiation of myeloid precursors to dendritic cells 
(DC) and macrophages  [14, 18] . However, as dem onstrated 
by Cheng et al.  [14] , tumor-derived factors  promote sus-
tained STAT3-dependent upregulation of S100A9 in my-
eloid precursors, which results in inhibition of differentia-
tion to DC and accumulation of MDSC. In support of this, 
S100A9–/– mice show less accumulation of MDSC, higher 
rate of tumor rejection, and reduced growth of lymphomas 
and sarcomas than wild-type controls. On the other hand, 
overexpression of S100A9 in progenitor cells results in the 
accumulation of MDSC in tumor-free mice. In a parallel 
study, Sinha et al.  [15]  showed that S100A8/A9 are not only 
expressed by MDSC, but they also have binding sites for 
S100A8/A9. Part of the binding is mediated by carboxyl-
ated glycans and by RAGE, leading to intracellular NF- � B 
signaling. In addition, tumor cells and MDSC secrete 
S100A8/A9, and extracellular S100A8/A9 proteins promote 
MDSC migration. Treatment of tumor-bearing mice with 
an antibody against carboxylated glycans reduced MDSC 
recruitment and accumulation in serum and secondary 
lymphoid organs  [15] . These findings strongly indicate 
that S100A8/A9 support an autocrine feedback loop that 
sustains accumulation of MDSC in tumors.

  Increased numbers of CD11b+Gr1+ cells bearing the 
classical markers of murine MDSC have been identified 
in premetastatic lungs and liver in tumor-bearing mice 
 [41, 50, 54] . S100A9-deficient mice show reduced accu-
mulation of CD11b+Gr1+ cells in premetastatic liver and 
lungs in response to distal colon tumors  [41] , further sub-
stantiating a role for S100A8/A9 in formation of premeta-
static niches and accumulation of MDSC.

  Receptors That Recognize Extracellular S100A8/A9 

 It is now increasingly recognized that extracellular 
DAMPs mediate autocrine and paracrine signaling 
through interaction with cell surface pattern recognition 
receptors such as TLRs and RAGE  [5] . By recognizing
either pathogen-derived or host-derived danger signals, 

pattern recognition receptors seem to represent a com-
mon pathway to alert the host to danger and to mount 
intracellular responses.

  Toll-Like Receptors 
 Toll-like receptors (TLRs) are a family of transmem-

brane receptors that recognize conserved microbial mo-
lecular patterns, and they enable cells of the innate im-
mune system to mount inflammatory responses against 
pathogens  [55] . Using surface plasmon resonance, Vogl et 
al.  [26]  provided the first evidence that purified S100A8 
specifically bound TLR4-MD2 complex. They also 
showed that S100A8/A9 amplified endotoxin-mediated 
inflammatory responses through TLR4. In support of 
this, bone marrow cells from S100A9–/– mice showed de-
creased inflammatory response to LPS stimulation, and 
addition of extracellular S100A8/A9 compensated for this 
impaired response. In addition, S100A9–/– mice were re-
sistant to endotoxin-induced lethal shock and abdominal 
sepsis. Subsequently, using a mouse autoimmune model, 
Loser et al.  [27]  showed that S100A8/A9 locally present in 
extracellular medium in tissues of a mouse autoimmune 
model interacted with TLR4. This interaction increased 
expression of IL-17, which promoted induction of autore-
active CD8+ T cells, and the development of systemic au-
toimmunity. Also, in an antigen-induced arthritis model, 
Grevers et al.  [56]  demonstrated that bone erosions were 
significantly reduced in S100A9–/– mice. S100A8 appears 
to promote osteoclast formation and bone resorption in 
a TLR4-dependent manner, since S100A8-induced effects 
are blocked in TLR4–/– osteoclast precursors. These stud-
ies provide compelling evidence for a causal role for 
S100A8/A9 in inflammatory diseases, through interac-
tions with TLR4.

  Recent studies indicate that TLRs also have important 
roles in tissue repair and carcinogenesis  [57] . All TLRs 
except TLR3 associate with myeloid differentiation factor 
88 (MyD88), and this stimulates a kinase cascade result-
ing in the activation of MAPKs, JNKs, p38 and ERKs, and 
NF- � B  [55] . MyD88 is essential for the promotion of di-
ethylnitrosamine-induced hepatocellular tumors, spon-
taneous and azoxymethane-induced intestinal tumori-
genesis, and chemically induced skin tumors  [57] . TLR4 
signaling also promotes colitis-induced colon carcinogen-
esis  [58] . However, it is still unclear if S100A8/A9 promote 
TLR-mediated tissue regeneration and carcinogenesis by 
direct interaction. In premetastatic lungs of tumor-bear-
ing mice, Hiratsuka et al.  [49]  identified SAA3 as an im-
portant downstream effector of S100A8 and S100A9. 
SAA3 was shown to be an endogenous ligand for TLR4; 
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SAA3 stimulates TLR4 activity and promotes NF- � B ac-
tivation in hematopoietic cell lines and macrophages and 
migration of tumor cells, and blocking SAA3 and TLR4 
in vivo inhibited tumor metastasis  [49] . Therefore, al-
though signaling mediated by a direct interaction of 
S100A8/A9 with TLR4 is not implicated in early pulmo-
nary metastasis, a paracrine cascade consisting of S100A8/
A9, SAA3 and TLR4 appears to be of critical importance.

  Receptor for Advanced Glycation End Products 
 RAGE is a type I transmembrane protein, and a signal-

ing receptor of the immunoglobulin superfamily. Al-
though originally identified as a receptor for advanced 
glycation end products, it is known to bind many struc-
turally unrelated ligands. Numerous studies have impli-
cated RAGE in multiple pathologies, including diabetes, 
inflammation, neuronal degeneration and cancers, pri-
marily as a receptor and effector of intracellular respons-
es mediated by DAMPs  [59, 60] .

  RAGE and S100A8/A9 are co-expressed in tumors and 
linked to downstream signaling in tumor cells  [35, 37, 39] . 
Recent studies provide more direct evidence for inter-
action of S100A8/A9 to RAGE on tumor cells  [37, 38] . At 
low concentrations, extracellular S100A8/A9 promote the 
growth of tumor cells, an effect blocked by RAGE gene 
silencing or by treatment with anti-RAGE  [37] . S100A8/
A9 binds to a small subpopulation of purified RAGE 
modified by carboxylated glycans  [38] . RAGE is also co-
immunoprecipitated with S100A8/A9 from colon tumor 
cells, and S100A8/A9 promote RAGE and carboxylated-
glycan-dependent activation of MAPK and NF- � B sig-
naling pathways in colon tumor cells  [41] . These findings 
strongly indicate that the glycosylation status of RAGE 
dictates responses mediated by some of its ligands. Car-
boxylated glycans show restricted expression on mouse 
and human cells of myeloid lineage including monocytes, 
macrophages and dendritic cells and on endothelial cells. 
They are absent or undetectable on normal epithelial cells 
 [5] . However, they are expressed on several tumor cells. 
Inhibiting carboxylated-glycan-dependent interactions 
using mAbGB3.1, an anti-glycan antibody, colitis-associ-
ated colon cancer  [38]  and accumulation of MDSC in a 
4T1 model of metastatic mammary tumor  [15] .

  RAGE ligands are highly elevated during inflamma-
tion, and persistent activation of NF- � B could lead to a 
positive feedback loop and sustained cellular activation 
promoting tumor development. In support of this, recent 
studies indicate a role for RAGE in inflammation-in-
duced carcinogenesis. RAGE–/– mice are resistant to the 
onset of DMBA/TPA-induced skin carcinogenesis and 

azoxymethane/dextran-sulfate-sodium-induced colon 
carcinogenesis  [38, 46] . In these models, S100A8/A9 were 
found to be strongly upregulated in keratinocytes and 
stromal cells within the tumors. In addition, RAGE–/– 
mice show reduced levels of MDSC in the DMBA/TPA-
induced skin carcinogenesis implicating RAGE in 
S100A8/A9-induced MDSC recruitment  [46] .

  Although both TLR4 and RAGE are implicated in 
S100A8/A9-mediated pathological effects, which recep-
tor and signaling pathways are preferentially employed 
may depend on the pathological settings, cell types in-
volved and local ligand concentrations. Differential ef-
fects of S100A8/A9 could also be mediated by carboxyl-
ated glycans, which are expressed on RAGE and not on 
TLR4. Based on existing studies, it appears that TLR4 
plays a more prominent role as a receptor for these ligands 
on immune cells, contributing to the pathology of sepsis, 
systemic autoimmunity, rheumatoid arthritis and possi-
bly other inflammatory disorders, while RAGE appears 
to be a primary mediator of effects of S100A8/A9 on tu-
mor cells. In experimental animal models, blocking car-
boxylated-glycan-dependent interactions has been more 
effective than blocking RAGE, suggesting that other car-
boxylated-glycan-expressing cell surface glycoprotein re-
ceptors may also be involved in mediating S100A8/A9
interactions. Specific signaling pathways activated by 
S100A8/A9 in tumors could also depend on the tumor cell 
involved. S100A8/A9 induces RAGE- and carboxylated-
glycan-dependent phosphorylation of ERK1/ERK2 and 
SAPK/JNK MAPK in colon tumor cells, but not of p38 
 [41] . In contrast, in human prostate and breast cancer 
cells, S100A8/A9 activate p38, but not SAPK/JNK  [35, 37] . 
p38 and SAPK/JNK MAPK proteins are known to func-
tion in cell context and cell type-specific manner to co-
ordinate signaling pathways mediating tumor cell pro-
liferation, survival and migration, and may even exert 
antagonistic effects, depending on signal duration and 
cross-talk with other signaling pathways.

  Conclusions 

 An increasing body of evidence implicates S100A8/A9, 
present in the tumor microenvironment and external mi-
lieu, as danger signals that play important roles in tumor 
progression through autocrine and paracrine signaling 
( fig. 1 ). S100A8 and S100A9 are not only targets of pro-
tumorigenic signaling pathways, but they also activate 
many downstream effector genes in tumor cells that pro-
mote tumor progression, all of which serve to amplify a 
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positive feed-forward signaling during malignancy. 
S100A8/A9 also exhibit anti-tumorigenic pro-apoptotic 
effects on tumor cells at high concentrations, even though 
these effects have yet to be established in vivo. In addition, 
their expression is downregulated in some tumors, in-
cluding squamous cell carcinomas of head and neck and 
of the esophagus. These challenges stipulate that further 
insights are needed to fully comprehend their role in tu-
morigenesis. Unraveling molecular pathways mediated by 
S100A8/A9 would provide exciting opportunities for the 
study and design of novel cancer therapeutics that selec-
tively target pro- or anti-tumor properties of the proteins, 
and for the identification of novel biomarkers of cancer.
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  Fig. 1.  S100A8/A9 in tumor progression. (1) Tumor-derived factors 
promote sustained up-regulation of S100A9 in myeloid precursors 
in the bone marrow, which in turn inhibits normal differentiation 
of the precursors to dendritic cells and macrophages, and pro-
motes generation of MDSC. (2) MDSC synthesize and secrete 
S100A8/A9. They also express carboxylated glycans, which provide 
binding sites for S100A8/A9, promoting activation of intracellular 
signaling pathways and supporting an autocrine feedback that 
causes further accumulation of MDSC. (3) MDSC migrate to tu-
mors. At low concentrations, S100A8/A9 secreted by myeloid cells 

within the tumor microenvironment and by tumor cells them-
selves bind to RAGE on tumor cells in a carboxylated-glycan-de-
pendent manner, promoting activation of MAPK signaling path-
ways and NF- � B. (4) Intracellular activation of signaling pathways 
enhances expression of pro-tumorigenic genes and (5) promotes 
tumor proliferation and migration. (6) Tumor-derived factors in-
duce expression of S100A8/A9 in distal metastatic organs. (7) They 
promote formation of premetastatic niches comprising immature 
myeloid cells, MDSC and endothelial cells, a process dependent on 
S100A8/A9, SAA3 and TLR4. HSC = Hematopoietic stem cells.    
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