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Abstract

Background—A close connection between inflammation and cancer has now been firmly
established. While tumor initiation is typically independent of inflammatory events, immune cells
infiltrating the tumor microenvironment secrete inflammatory cytokines that enhance the aberrant
growth of tumor cells and thus facilitate tumor progression. Therefore, inflammation and tumor
growth are usually interpreted as closely related on a systemic level but as distinct, independently
regulated processes at a molecular level.

Highlight—Recently, we reported that a sub-class of small GTPases, namely kB-Ras1 and «B-
Ras2, regulate both inflammation and tumor growth, thereby providing a unique molecular bridge
between the two biological processes.

Conclusion—Here, we briefly summarize the known contact points between inflammation and
cancer, including oral cancers, and put into context the identification of «B-Ras proteins as
molecular link between two independent pathways important for tumor growth.
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1) Introduction

In the middle of the 19t century, German pathologist Rudolf Virchow noticed that
neoplasms often develop at sites of inflammation [1]. Based on this observation, he
hypothesized that chronic inflammation enhances tumor growth [2], but his idea was largely
ignored for over a century. During the past two decades, however, the notion that
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inflammatory events can promote cancer growth has experienced a vigorous renaissance,
fuelled by the development of new animal models of cancer, and rapid advances in the fields
of immunology and inflammation [3-5]. These discoveries have led to a model which posits
that inflammation acts as a facilitator of cancer growth (Figure 1). According to this model,
oncogenic mutations in tumor precursor cells arise independently of any inflammatory
processes. However, chronic inflammation may already be present at the site of tumor
initiation from unrelated causes, e.g. Crohn’s disease preceding colon cancer or ulcers
preceding gastric tumors. Alternatively, inflammation may be actively induced by the
incipient tumor itself. Recruitment of immune cells infiltrating the tumor microenvironment
then secrete cytokines that stimulate pro-proliferative and anti-apoptotic responses in the
tumor cells, providing a growth advantage that facilitates tumor progression in the absence
of additional oncogenic mutations (although these continue to accrue in the tumor cells)
[5,6]. This enhancement of tumor growth by cytokines produced by non-tumor cells is
referred to as the extrinsic pathway of cancer development, in contrast to the intrinsic
pathway of oncogenic mutations. While there are a large number of signaling molecules that
have been linked to various cancers, two classes of cellular regulators have emerged as
particularly dominant players: the Ras family of small guanosine triphosphatases (GTPases),
members of which are mutated in human solid cancers more frequently than any other type
of gene; and the NF-xB family of transcription factors, which are central regulators of
inflammation and growth.

2) Ras proteins light the fire

The rat sarcoma (Ras) proteins K-Ras, H-Ras and N-Ras are among the most-studied human
oncogenes. They are the eponymous members of the Ras superfamily of small GTPases,
which includes over 150 human proteins [7]. Proteins of the Ras superfamily cycle between
two conformations: a biologically inactive, GDP-bound conformation (“off”) and a GTP-
bound effector conformation (“on”). Transition between these two conformations is tightly
regulated by guanine-nucleotide-exchange factors (GEFs), which catalyze replacement of
GDP with GTP (“off” -> “on”); and by GTPase-activating proteins (GAPs), which stimulate
the intrinsic catalytic activity of the Ras superfamily protein to hydrolyze GTP to GDP
(“on” -> “off™) (cf. Figure 2). For simplicity, we will hereafter refer to the closely related,
classical Ras proteins K-Ras, H-Ras and N-Ras collectively as RAS, unless noted otherwise.
RAS functions as a molecular switch that can be activated by growth factors, e.g. the
epidermal growth factor (EGF). GTP-bound RAS (“on”) activates a series of down-stream
effectors, most notably rapidly accelerated fibrosarcoma (RAF), phosphoinositide 3-kinase
(PI3K) and Ras-like (Ral), which in turn regulate a broad range of cellular processes,
including cell survival, proliferation and cytoskeletal reorganization [8,9]. Given their
central role in the regulation of cellular growth, it is not surprising that gain-of-function
mutations in the RAS gene are highly oncogenic. Indeed, over 30% of human cancers carry
mutations that lock RAS in a GTP-bound (“on”) conformation. This number is markedly
higher in certain particular types of cancer: RAS gain-of-function mutations are estimated to
be present in 50% of colorectal cancers and in 90% of pancreatic ductal adenocarcinomata
[9], making oncogenic RAS proteins a key contributor to human carcinogenesis.
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Mutations of RASare also frequently observed in oral squamous cell carcinoma (OSCC), the
sixth-most-common cancer worldwide [10,11]. A report synthesizing the results of 40
separate studies found a wide range in the prevalence of RAS mutations in OSCC tissue,
varying from 0% to over 30%. Interestingly, HRAS was more commonly mutated than KRAS
or NRASIn these tumors [11]. In 2004, Caulin et al. developed a mouse model that inducibly
expressed mutant K-Ras only in stratified epithelia. Mice expressing the mutant K-Ras
spontaneously developed prominent squamous papillomata in the oral cavity within sixteen
weeks of induction, thus establishing the first genetically inducible mouse model of oral
cancer [12].

3) NF-xB adds the fuel

Members of the NF-xB family of transcription factors are intricately involved in the
regulation of a diverse range of biological processes, including cellular proliferation,
differentiation and survival, as well as innate and adaptive immunity. In the absence of
activating stimuli, NF-xB dimers are retained in the cytoplasm by an interaction with
inhibitor of xB (IxB) proteins, which bind to the N-terminal rel homology domain (RHD) of
NF-xB subunits through a series of ankyrin repeat motifs and thus mask the nuclear
localization signal (NLS) of bound NF-xB dimers. Upon binding of an activating ligand to
its cognate receptor, a signaling cascade is initiated which culminates in the
phosphorylation-dependent activation of the 1xB kinase (IKK) complex. The IKK complex
then phosphorylates 1B proteins, triggering their degradation by the proteasome. This frees
the NF-xB dimers to translocate into the nucleus and induce transcription of target genes
(Figure 3) [13,14]. The NF-xB pathway is of particular importance for cells of the innate
and adaptive immune response, but it also regulates expression of pro-proliferative and anti-
apoptotic genes in epithelial cells and other tissues. An early indication that NF-xB may be
involved in cancer development came from the observation that v-Rel, a retroviral homolog
of the NF-«xB subunit c-Rel, exhibits oncogenic properties [15]. However, mutations in the
NF-xB pathway are found only rarely in human solid tumors (but are common in
lymphomas, consistent with the dominant role of NF-xB signaling in lymphocytes [16]).
Nonetheless, levels of NF-xB are frequently elevated in carcinoma cells as a direct result of
stimulation by immune cells in the tumor’s microenvironment [5,6]. Thus, activation of the
NF-xB pathway is crucial to the development of solid tumors in two separate ways: (i)
activation of tumor-infiltrating immune cells and the ensuing secretion of cytokines is
dependent on NF-xB; (ii) and these cytokines induce NF-xB-dependent signaling in the
tumor cells. This two-fold importance of NF-xB signaling was demonstrated elegantly in a
landmark publication by Greten et al. in 2004 [17]. The group used a conditional knock-out
system to first delete IKK-f, which is required for effective NF-xB activation, only in
intestinal epithelial cells. When they chemically induced colitis-associated colorectal cancer
with a combination of azoxymethane and dextran sulfate sodium salt in these mice, they
observed that the number of tumors was significantly smaller than in control mice, even
though production of pro-inflammatory cytokines by myeloid cells was increased. They
subsequently deleted IKK-B only in myeloid cells, thus effectively reducing levels of pro-
inflammatory cytokines secreted into the tumor microenvironment, which also reduced
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tumor burden in mice compared to controls. This study therefore clearly demonstrated the
dual role of NF-xB in cancer development.

Not surprisingly, NF-xB signaling has been implicated in oral carcinogenesis as well. The
NF-kB-dependent cytokine interleukin (IL-) 6 has been associated with a range of oral
diseases, including OSCC [18]. IL-1B, which is regulated by NF-xB-dependent transcription
and in turn induces NF-xB activation in target cells, was recently demonstrated to be
elevated in a mouse model of chemically induced OSCC [19]. The same study found that
IL-1p is markedly up-regulated in human tongue cancer tissue and in OSCC tissue,
compared to healthy control tissue [19]. Direct evidence for the involvement of NF-xB
signaling in oral cancer was provided by a study that used a transgenic mouse model in
which IKK-p was overexpressed only in stratified epithelia, causing increased and consistent
activation of NF-xB in these tissues [20]. The mice consistently developed inflammation
and spontaneous tumors in the oral cavity. When Ras-driven oral tumorigenesis was
chemically induced in the same mouse model, tumors exhibited a higher degree of
malignancy in the presence of IKK-f overexpression.

4) xB-Ras proteins form molecular connectors between cancer and

inflammation

While there is evidence that activation of RAS can lead to activation of NF-xB [21,22], the
intrinsic pathway (e.g. through RAS signaling) and the extrinsic pathway (through NF-xB
signaling) are generally considered to be independent of each other. Recently, however, we
reported that the NF-xB inhibitor-interacting Ras-like (xB-Ras) proteins actively regulate
both NF-xB signaling and RAS signaling [23]. The kB-Ras proteins, kB-Ras 1 and xB-Ras
2, are small GTPases in the Ras family that appear to be locked constitutively in a GTP-
bound state [24,25]. They were originally identified, as the full name indicates, as
interaction partners of 1xB-p (but not IxB-a), and it was demonstrated that their
overexpression stabilizes 1xB-f and thus inhibits NF-«xB activation (Figure 3) [24,26,27]. Of
note, it has also been suggested that kB-Ras proteins may interfere with phosphorylation of
the NF-kB subunit RelA and inhibit transcriptional activation by this route [25]. We created
a kB-Ras knock-out mouse to further investigate the role of xB-Ras in inflammation and
found that in response to NF-«xB activation by lipopolysaccharide (LPS), macrophages
lacking xB-Ras expressed higher levels of the pro-inflammatory cytokine tumor necrosis
factor a (TNF-a) than wild-type macrophages. Consistent with this observation, xB-Ras-
deficient mice were hypersensitive to LPS-induced shock and perished significantly faster
than wild-type controls [23]. Surprisingly, we found in the same study that xB-Ras proteins
have another, completely unrelated cellular interaction partner: Ral-GAP, the complex
negatively regulating the Ral GTPase. Ral is a downstream effector of RAS and regulates
several different biological functions, including organization of the cytoskeleton, cell
proliferation and vesicular transport [28]. Importantly, Ral has also been reported to be
centrally involved in promoting anchorage-independent proliferation (AIP) of cancer cells, a
crucial requirement for tumor growth and spread [29-31]. We found that cells lacking both
isoforms of kB-Ras had increased levels of GTP-bound Ral (“on”), indicating that kB-Ras
enhances Ral-GAP activity and serves as a negative regulator of Ral signaling (Figure 2).
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Consistent with this observation, immortalized fibroblasts deficient for kB-Ras exhibited a
strong increase in AIP as well as enhanced tumor growth when implanted into
immunodeficient mice [23]. Taken together, these data demonstrate that xB-Ras is an active
regulator of NF-xB signaling and Ras/Ral signaling, making it the only known molecular
bridge between these two cancer-relevant pathways (Figure 4). The biological relevance of
this central position is underscored by the observation that expression levels of «B-Ras are
reduced in a wide variety of human cancers, including oral cancer [23,32]. Intriguingly,
human cancer cell lines carrying an oncogenic RAS mutation had consistently lower protein
levels of kB-Ras than similar cell lines encoding wild-type RAS. Restoring xB-Ras protein
levels in two of these cell lines by transfection reduced their ability for anchorage-
independent growth [23].

5) Conclusions

After more than a century, Virchow’s hypothesis of a functional relationship between cancer
and inflammation appears to have been vindicated. What used to be seen as unrelated events
are now generally considered to be deeply intertwined processes that feed on both the
intrinsic and the extrinsic pathway of cancer development. The recent discovery that
inflammation and tumor growth are not only parallel processes enhancing each other, but
that kB-Ras proteins form a physical, molecular connector between them, further
emphasizes the importance of investigating the interface of both pathways. Ras and NF-xB
signaling are involved in such a breadth of biological processes that any broad-acting
inhibition of either pathway — or both — is likely to have severe systemic side effects and
thus be unsuitable as chronic treatment for long-term illnesses, such as cancer or chronic
inflammation. Therefore, targeted intervention at the level of more specific modulators of
signaling offers a more appealing strategy than shutting down the entire pathway. For
instance, overexpression of kB-Ras proteins does not abrogate NF-xB signaling completely
but modifies expression of a subset of IxB-f-dependent target genes [23,33,34]. Similarly,
overexpression of kB-Ras does not eliminate Ras signaling but acts specifically on the Ral
pathway, which is essential for anchorage-independent proliferation, while leaving PI13K-
dependent signaling intact [23,29-31]. Nonetheless, expression of kB-Ras proteins is
sufficient to significantly reduce the growth of tumor cells [23]. Thus, therapeutic
intervention focusing on specific modulators of signaling may open up effective but safe
new approaches to chemotherapy.
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Figure 1. Current model of the interplay between inflammation and cancer
A healthy cell sustains DNA damage resulting in an oncogenic mutation (intrinsic pathway).

Growth of the incipient tumor is stimulated by the secretion of cytokines and growth factors
from nearby immune cells (extrinsic pathway). These immune cells may have been activated
due to unrelated chronic inflammation or due to chemokines secreted by the neoplastic cells.
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Figure 2. Regulation of the Ral GTPase
GTP-bound Ras activates Ral-GEF, which catalyzes binding of Ral to GTP (“on”). GTP-

bound Ral regulates a series of cellular processes, including anchorage-independent
proliferation. Ral-GAP catalyzes the hydrolysis of GTP to GDP by Ral (“off”). xB-Ras
enhances this Ral-GAP activity.
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Figure 3. Basic schematic of NF-xB signaling through toll-like receptor 4 (TLR4)
LPS binds to TLR4 and induces a signaling cascade leading to activation of the IKK

complex consisting of IKK-a, IKK-f and NEMO. Active IKK can phosphorylate 1B,
which is subsequently degraded and releases NF-xB dimers to translocate into the nucleus,
where they regulate transcription. kB-Ras inhibits stimulus-dependent degradation of 1xB-p
and thus reduces NF-kB activation.
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Figure 4. xB-Ras forms a molecular connector between inflammation and cancer
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kB-Ras inhibits NF-xB signaling, which contributes to the extrinsic pathway of cancer

development, and separately inhibits Ral signaling, which contributes to the intrinsic

pathway of cancer development.
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