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Cell signals integral to the tumor microenvironment influence cancer progression. Tumor-associated myeloid cells
secrete pro-tumorigenic agents including, but not limited to, the potent cytokine transforming growth factor B (TGFp).
We have discovered a network of extrinsic signals including delta-like 4 (DIl4), Notch and TGF, linking malignant cells
and tumor-infiltrating myeloid cells, a nexus portending a clinically-relevant anticancer treatment.

Transforming growth factor 8 (TGFR),
a key signaling molecule produced by
tumor-infiltrating myeloid cells, plays
dichotomous roles in oncogenesis. TGF
is well-documented to accelerate the pro-
gression of established tumors, particularly
in advanced disease, whereas it exhibits
pro-apoptotic and cytostatic effects on
normal cells and pre-malignant lesions.'
This functional spectrum is explained in
selected cases by the emergence of inac-
tivating mutations in the tumor cells
affecting the receptor TGFp receptor 11
(TGFBR2, best known as TGFBR2) and/
or the signaling SMAD family member
3 (SMAD3) molecule. Such alterations
could, conceptually, abrogate TGFf anti-
tumor biological activities by preventing
TGFB-mediated signaling cascades. In
most cancers, however, TGFB receptors
and downstream signaling molecules are
typically intact, and so it remains obscure
how TGF acts as a tumor enhancer.

The Notch family of transmem-
brane receptors comprises four members,
NOTCH 1-4.* Notch signaling is induced
by ligand binding through direct cell-
to-cell contact. Notch ligands comprise
5 members, including 3 delta-like (DLL1,
DLL3 and DLL4), Jagged 1 (JAGI) and
Jagged 2 (JAG2), each of which displays

selectivity for particular Notch receptors.

For instance, DLL4 activates exclusively
NOTCHI and NOTCH4. Upon ligand
binding, the y-secretase protein complex
becomes active and cleaves the Notch
intracellular domain, which translocates
to the nucleus where it transcriptionally
activates multiple target genes, includ-
ing v-Myc avian myelocytomatosis viral
oncogene homolog (MYC, best known as
¢-Myc). In addition to its critical roles in
regulation of cell fate and growth during
development, aberrant Notch signaling
is increasingly recognized as a contribu-
tor to cancer progression.’ Constitutive
NOTCH activity from oncogenic break-
points within the NOTCHI locus have
been found to contribute to the pathogen-
esis of human T cell acute lymphoblastic
leukemia. Reduced levels of lunatic fringe
(Lfng) N-acetylglucosamine transferase,
an enzyme that reduces Notch activation
in response to Jagged ligands, leads to sus-
tained Notch signaling in mammary epi-
thelium and mammary tumorigenesis.’ In
many cases, however, the molecular archi-
tecture underlying aberrant Notch activity
in cancer are poorly defined.

In our prior investigation of mouse
Lewis lung carcinoma (LLC1) model, we
identified mechanisms accounting for the
pro-tumorigenic activities of TGFB and

Notch.® We found that TGFB activates
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Smad2/3 signaling in LLCIl and in a
dose-dependent fashion, stimulates LLC1
cell proliferation. These effects of Tgf3
are cell-density dependent, as they are
observed only when the cells are at higher
densities, suggesting a requirement for
cell-to-cell contact. Although a myriad of
cell surface molecules could mediate this
requirement, we focused on Notch/Notch
ligands because there is evidence for cross-
talk between Notch and TGE signal-
ing in embryonic cells in which physical
interaction between the Notch intracel-
lular domain and Smad3 was identified
as the basis for this convergence.”® Given
that Notch activation is induced through
cell-to-cell contact, we examined whether
Notch signaling contributes to TGF@ pro-
tumorigenic function.

We found that LLC1 cells express
Notchl and Notch4 receptors as well as
their activating ligands DII1 and DIl4,
and that Notch signaling is active in dense
LLCI1 cultures presumably via cell-cell
interaction. Remarkably, inhibition of
Notch signaling by y-secretase inhibitors
substantially attenuated both TGFf sig-
naling and TGF-associated growth in
LLC1 cells. This demonstrated that coop-
erativity between Notch and TGFp sig-
naling supports TGF@B-mediated growth
stimulation, raising the possibility that
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fied by convergent Notch signaling.

Figure 1. Proposed model of interaction between carcinoma cells and tumor-infiltrating mono-
cytes. Lewis lung carcinoma (LLC1) tumor cells express the delta-like (DIl) Notch ligands DII1 and
Dll4 and all variants of Notch receptors (Notch1-4). Tumor-infiltrating monocytes express the
Notch ligand DlI4 and secrete transforming growth factor g (TGFR). In situations in which the can-
cer cell density is high, Notch signaling is predominantly induced in the tumor cells through tumor-
intrinsic cell-to-cell interactions. At the infiltrating edge of the tumor where tumor density is low,
Dll4-expressing monocytes present in the tumor microenvironment activate Notch signaling in the
cancer cells. TGF signaling in the cancerous cells and TGFf tumor growth stimulation are magni-

similar crosstalk could facilitate LLCI1
tumor progression in mice.

In contrast to LLCI cells in culture,
LLClI-derived tumors in vivo are promi-
nently infiltrated by pro-tumorigenic
CD11b*Ly6C*Ly6G monocytes, recruited
and activated by the tumor-derived cyto-
kines, chemokine (C-C motif) ligand 2
(Ccl2) and colony stimulating factor 1
(Csf1, best known as M-CSF). We found
that these tumor-infiltrating monocytes
secrete abundant TGEFB that, in turn,
induces Smad signaling within the LLC1
tumor. Furthermore, these myeloid cells
express DII4 at high levels, even higher
than those expressed by LLC1 cells. This
monocyte-associated DII4 is anticipated to
activate Notch signaling within the tumor
microenvironment in which monocytes
and tumor cells engage. Indeed, treat-
ment of LLCl tumor-bearing mice with
the +y-secretase inhibitor DAPT reduced
Notch and TGFp signaling within the
tumor and reduced tumor growth. Since
this antitumor effect was lacking in func-
tionally monocyte-deficient mutant mice,
collectively, these results show that tumor-
infiltrating monocytes are critical inducers
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of Notch signaling within the tumor, and
that TGEB accelerates LLCI progression
by cooperating with Notch signaling. In
this scenario, tumor-promoting mono-
cytes play a dual role as both a source of
TGEF as well as inducers of Notch signal-
ing among tumor cells (Fig. 1). This role
would be most detrimental at the infil-
trating edge of the tumor, a locale where
monocyte cluster and tumor cell density
is low, as monocytes would be essential
inducers of Notch signaling in cells com-
prising the tumor mass.

By querying the Cancer Genome Atlas,
we found that patient head and neck squa-
mous cell carcinomas with significant
monocyte infiltration, potentially signify-
ing tumor aggressiveness,” display a gene
expression signature characterized by
greater expression of DLL4, NOTCH4,
the Notch signaling mediator hairy/
enhancer-of-split related with YRDPW
motif 1 (HEY1), TGFB and the TGFpB
receptor 1 (TGFBR1) relative to normal
tissue. This expression profile is similar to
the profile of experimental LLCI tumors,
suggesting that TGFB/Notch signaling

cooperation may contribute to progression
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of head and neck squamous cell carci-
noma. Thus, these findings raise the pos-
sibility that dual targeting of TGFf and
Notch may represent a rational approach
to the treatment of particular cancers.
Fortuitously, many promising drugs tar-
geting Notch® and TGFB" are currently
under development for clinical use.
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