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Abstract

Squamous cell carcinoma of the head and neck (SCCHN) is an aggressive disease with poor

patient survival. Galanin Receptor 2 (GALR2) is a G-protein coupled receptor (GPCR) that

induces aggressive tumor growth in SCCHN. The objective of this study was to investigate the

mechanism by which GALR2 promotes angiogenesis, a critical oncogenic phenotype required for

tumor growth. The impact of GALR2 expression on secretion of pro-angiogenic cytokines in

multiple SCCHN cell lines was investigated by ELISA and in-vitro angiogenesis assays. Chemical

inhibitor and genetic knockdown strategies were used to understand the key regulators. The in-

vivo impact of GALR2 on angiogenesis was investigated in mouse xenograft, chick

chorioallantoic membrane (CAM) and the clinically-relevant mouse orthotopic floor-of-mouth

models. GALR2 induced angiogenesis via p38-MAPK-mediated secretion of pro-angiogenic

cytokines, VEGF and IL-6. Moreover, GALR2 activated small-GTP-protein, RAP1B, thereby

inducing p38-mediated inactivation of tristetraprolin (TTP), which functions to destabilize

cytokine transcripts. This resulted in enhanced secretion of pro-angiogenic cytokines and

angiogenesis in-vitro and in-vivo. In SCCHN cells overexpressing GALR2, inactivation of TTP

increased secretion of IL-6 and VEGF, whereas inhibition of p38 activated TTP and decreased

cytokine secretion.

Here we report that GALR2 stimulates tumor angiogenesis in SCCHN via p38-mediated inhibition

of TTP with resultant enhanced cytokine secretion. Given that p38 inhibitors are in clinical use for

inflammatory disorders, GALR2/p38-mediated cytokine secretion may be an excellent target for

new adjuvant therapy in SCCHN.
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INTRODUCTION

Each year nearly 600,000 individuals are diagnosed with SCCHN, which is the sixth most

common cancer globally (1). Despite treatment, almost half of the patients die-of-disease

within five years of diagnosis (1). Elucidating the mechanisms that support tumor

progression will facilitate the development of mechanism-based treatment strategies.

Angiogenesis has a critical role in tumor progression (2–3). For example, the vasculature

provides nutrients and oxygen to the tumor as well as an avenue to eliminate metabolic

waste and CO2 (3). Continuous neovascularization facilitates tumor growth and spread (2).

In SCCHN, angiogenesis is activated by cytokines including interleukin-6 (IL-6) and

vascular endothelial growth factor (VEGF) (4–5). IL-6 is a biomarker for poor disease-

specific-survival (6) and high VEGF correlates with reduced time-to-disease recurrence (7).

Inhibitors to IL-6 and VEGF were developed to target the vasculature of multiple solid

tumors (8). However, though VEGF inhibitors are used as an adjuvant to chemotherapy in

colorectal cancer, the drug does not prevent disease recurrence (9). In breast cancer, VEGF

inhibitors only marginally improved survival, possibly due to redundancy in function

between cytokines. In fact, approval of VEGF inhibitors for treatment of breast cancer was

recently revoked(10).

IL-6 and VEGF are regulated post-transcriptionally to enable rapid modulation of protein

expression (11). mRNA is actively degraded or stabilized by RNA-binding proteins (RNA-

BPs) that bind AU-rich elements in the 3′untranslated region. TTP is an RNA-BP that

promotes decay of transcripts of pro-angiogenic factors including IL-6, VEGF and IL-8 in

cancer and inflammatory cells (6, 12–13). Downregulation of TTP in SCCHN leads to

transcript stability and enhances secretion of IL-6 and VEGF (6) but its role in tumor

angiogenesis has not been investigated.

p38-MAPK is a critical signaling molecule that activates cytokines. In SCCHN and multiple

myeloma, p38 is constitutively active and promotes tumor growth, survival and invasion by

modulating secretion of multiple cytokines and pro-inflammatory mediators (14) but its role

in angiogenesis is unexplored.

Human GAL, a 30 amino acid neuropeptide, promotes pain, nociception, and cell survival in

the central and peripheral nervous systems (15). GAL is secreted by non-neuronal cells, such

as keratinocytes, including malignant keratinocytes (16–17). GAL induces its biological

effects via three GPCRs, GALR1, GALR2 and GALR3 (18). Only GALR1 and GALR2

have been linked to tumorigenesis in non-neuronal cells (19). GALR1 is frequently silenced

in SCCHN and has a tumor suppressive effect (17, 20) whereas GALR2 promotes tumor

proliferation and survival (16). GALR2 is unchanged or overexpressed in SCCHN compared

to normal human keratinocytes (16, 21). Even without a change in expression, GAL-induced

GALR2 signaling may be amplified by concurrent downregulation of GALR1 (21).
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A previous study showed that GALR2 induces angiogenesis during wound healing (22) but

its role in tumor angiogenesis was unknown. Using small cell lung cancer cell lines,

Yamamoto et al (23) recently showed that GAL stimulates angiogenesis but the signaling

cascade was uncharacterized. In the present study, we show that GAL induces angiogenesis

via GALR2-induced, RAP1B-p38-mediated IL-6 and VEGF secretion. RAP1B, a ras-like

protein, shuttles between inactive GDP- and active GTP-bound forms. Given the importance

of pro-angiogenic cytokines such as IL-6 and VEGF in tumor progression, inhibition of

secretion of these factors by targeting a common upstream regulator may be a promising

strategy to suppress angiogenesis and tumor progression.

MATERIALS AND METHODS

Cell culture

SCCHN cell lines (T. Carey, University of Michigan) were cultured as described and

validated by genotyping at the Sequencing Core (University of Michigan) before and at the

end of the study (24–25). An immortalized human microvascular endothelial cell line

HMEC-1 (Center for Disease Control) was used for sprouting assays. HMEC-1 cells were

maintained in MCDB-131 media (Gibco) supplemented with 10% FBS, 1% glutamine, 1%

penicillin/streptomycin and 1 ng/ml epidermal growth factor.

Conditioned medium (CM)

CM was collected as described (6). Briefly, SCCHN cells at ~60–70% confluence were

cultured in DMEM without supplements. After 24h the medium was centrifuged and the

supernatant (CM) was collected and concentrated using 3kDa centrifugal filters (Millipore).

Transfection and knockdown

For transient knockdown of p38, ON-target-SMART-pool siRNA (Dharmacon) was used.

To downregulate TTP and IL-6, four siRNAs were screened for each target; siRNAs

yielding optimal, sustained knockdown were used (26). Transfections were performed as

described (6). UM-SCC-1 and UM-SCC-81B cells were stably transfected with pcDNA3.1-

GALR2 or pcDNA3.1 as described (16).

For stable knockdown of TTP, UM-SCC-1 and -81B cells were transduced with short

hairpin RNA shTTP and shControl (scramble) in lentiviral particles (Open Biosystems) (26).

For stable knockdown of VEGF in UM-SCC-1-GALR2 cells, cells were transduced with

shVEGF (Open Biosystems). Stable cell lines were selected in 10μg/ml puromycin (Sigma).

Western blot analysis

Cell lysates were electrophoresed (6) and incubated with primary antibodies (concentration

1:1000 unless otherwise indicated): phospho-p38 (p-p38), total p38 (p38), actin, RAP1B

(Cell Signaling), TTP (SantaCruz), p-Serine (Abcam), IL-6 (R&D Systems), GALR2 (Alpha

Diagnostics) and GAPDH (Millipore/Upstate). HRP-conjugated secondary antibodies

(Jackson Immuno-Research) were visualized by SuperSignal Substrate (Pierce).
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Immunoprecipitation

TTP was immunoprecipitated with TTP antibody (SantaCruz) crosslinked to Amino-Link

Plus Coupling Resin (Pierce) supplemented with protease (Roche) and phosphatase (Sigma)

inhibitors.

Enzyme linked immunosorbent assay (ELISA)

IL-6 and VEGF-A were quantified by non-competitive ELISA (R&D Systems).

Endothelial tube formation (sprouting) assay

Growth factor-depleted Matrigel (BD Biosciences) was coated on a chamber slide (BD

Biosciences) as described (27). CM was normalized to cell number and volume, and

resuspended in MCDB-131 media containing 3% FBS. HMEC-1 cells (4×104) were seeded

in triplicate in 150μl of CM from cells transfected with non-target (NT), sip38, siTTP or

siIL-6. VEGF (1ng/ml) was used as a positive control in initial experiments (not shown).

DMEM served as a negative control. Digital images of endothelial tubes were taken after

24h (5 random fields/well). Endothelial tubes were counted in each field to determine tube

number. Tube length was determined with ImageJ software using arbitrary units.

GALR2 studies

For activation studies, UM-SCC-1-GALR2 and -pcDNA cells were serum-starved for 4h

and treated with 10 nM GAL (Sigma) as described (16). For inhibition studies, UM-SCC-1-

GALR2 cells were incubated with GALR2-specific antagonist M871 (Tocris Bioscience,

100nM) with DMSO as control.

Inhibition of p38-MAPK

Cells were serum-starved for 4h and incubated with 10μM of SB203580 (Promega) for 1h.

In-vivo studies and immunohistochemistry

All in-vivo studies were done according to University of Michigan University Committee on

Use and Care of Animals (UCUCA) approved protocols. UM-SCC-1-GALR2 and -pcDNA

(1×106) were injected subcutaneously (n=10, 5 in each group) in athymic mice (Ncr nu/nu

strain, NCI) for tumor growth as reported (16). Angiogenesis of the tumor was quantified by

measuring vascular density (redness) normalized to surface area with Image-J software. For

the clinically relevant floor-of-mouth xenograft model of SCCHN, UM-SCC-81B-shTTP

and control cells (1×106) were implanted submucosally in the floor-of-mouth of athymic

mice (28). Immunohistochemistry was performed on tissue sections for pancytokeratin

(Millipore) (29) and Factor-VIII (DAKO).

Chicken CAM

Cells were seeded on the CAM, an in-vivo model of angiogenesis in SCCHN (30).

AngioTool (https://ccrod.cancer.gov/confluence/display/ROB2/Home) was used to quantify

the vasculature.
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Data analysis

Statistical analysis was performed using a Student’s t-test. A p-value of < 0.05 was

considered to be statistically significant. Densitometry was performed using ImageJ

software.

RESULTS

GALR2 induces angiogenesis

Previously we showed that overexpression of GALR2 in multiple SCCHN cell lines induces

proliferation and survival in-vitro and aggressive tumors in the mouse (16). In the present

study, we show that tumors generated from UM-SCC-1-GALR2 cells are more vascular than

control tumors in the mouse. As shown in Fig. 1A, the UM-SCC-1-GALR2 tumors are more

reddish-brown than control tumors, compatible with more vascularity (left panel and graph).

Increased vascularity was verified by immunostaining with Factor-VIII on tissue sections.

Blood vessels, which stained positively for Factor-VIII increased by two-fold in UM-

SCC-1-GALR2 compared to control tumors (Fig. 1A, middle-right and right panels,

respectively). The microscopic appearance and cytokeratin immunoreactivity of the tumors

was consistent with SCCHN. IgG controls were appropriately negative (not shown).

To independently verify the angiogenic potential of GALR2 in SCCHN, we used the CAM

model (30). UM-SCC-1-GALR2 cells seeded on the CAM induced larger, more angiogenic

tumors than control UM-SCC-1-pcDNA cells (Fig. 1B, left panel), consistent with mouse

studies (Fig. 1A) (16). Around the tumor, the vascularity (Fig. 1B, middle-left panel), as

quantified by branching points (white arrowheads) and length of blood vessels (white

arrows) was higher in UM-SCC-1-GALR2 compared to control tumors (Fig. 1B, middle-

right graphs). Corresponding tissue sections of the CAM showed more vasculature in UM-

SCC-1-GALR2 tumors than controls (Fig. 1B, right panel). Similar results were observed

with UM-SCC-81B-GALR2 an independent SCCHN cell stably overexpressing GALR2

(Supplemental Fig. S1A and B). Consistent with a role for GALR2 in angiogenesis, the

GALR2 specific inhibitor M871 reduced vascularity in-vivo (Supplemental Fig. S2). To

verify whether the enhanced vascularity is mediated by cytokines secreted from tumor cells,

in-vitro sprouting assays were performed. Endothelial cells (HMEC-1) were incubated with

conditioned media (CM) from UM-SCC-1-GALR2 or control cells. The number and length

of tubes (arrows) were increased in HMEC-1 cells that were incubated with CM from UM-

SCC-1-GALR2 cells (Fig. 1C, left-middle panel and graphs). GALR2 overexpression was

confirmed by immunoblot analysis (Fig. 1C, left panel, also for UM-SCC-81B-GALR2 in

Fig. S1B, bottom panel). The in-vitro and in-vivo studies support that GALR2 induces

angiogenesis, a hallmark of tumor progression.

GALR2 stimulates cytokine secretion and angiogenesis via RAP1B, p38

Given the emerging importance of p38 in angiogenesis (3), the role of GALR2 in p38

stimulation was investigated. To do so, endogenous GALR2 was downregulated in UM-

SCC-1 cells (Supplemental Fig. S3). Loss of GALR2 expression by two siRNAs

(siGALR2–7 & siGALR2–10) resulted in downregulation of phospho-p38 (Supplemental

Fig. S3), which verifies that p38 is induced by GALR2. In complementary gain-of-function
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experiments, endogenous p38 activation was observed in UM-SCC-1-GALR2 cells

compared to controls (Fig. 2A&2B left panels also in UM-SCC-81B-GALR2 cells in

Supplemental Fig. S1B, top panels). Moreover phosphorylation of p38 increased more

rapidly in UM-SCC-1-GALR2 cells stimulated with 10nM GAL compared to control

pcDNA cells (Fig. 2A left panel).

RAP1B, ras-like protein, is a critical mediator of signaling in SCCHN (16). To investigate

the role of RAP1B in GAL-induced p38 activation (Fig. 2A right panel), RAP1B was

downregulated with siRAP1B in UM-SCC-1-GALR2 cells, which were seeded at equal

density and stimulated with 10nM GAL. GAL-induced p38 activation (Fig. 2A-right panel,

lane 2 compared to 1) was inhibited by siRAP1B (Fig. 2A-right panel, lanes 3 and 4).

To investigate if GALR2 induces angiogenesis via p38, initial studies focused on whether

pro-angiogenic cytokine secretion is induced by GALR2 via p38. UM-SCC-1-GALR2 cells

secrete almost two-fold more VEGF and IL-6 than control cells (Fig. 2B middle and right

panels respectively), correlating with increased phospho-p38. Importantly, downregulation

of p38 in UM-SCC-1-GALR2 cells reduced secretion of VEGF and IL-6 (Fig. 2C) thereby

establishing that GALR2 induces cytokine secretion via p38. Similar results were obtained

with UM-SCC-81B-GALR2 cells, another SCCHN cell line (Supplemental Fig. S4). In

corresponding endothelial tube-formation assays, downregulation of p38 significantly

reduced tube number and length (Fig. 2D). Taken together, GALR2 induces cytokine

secretion and endothelial tube formation via RAP1B-mediated p38 activation.

GALR2 promotes angiogenesis via p38-TTP mediated cytokine secretion

We previously showed that p38 phosphorylates TTP, which destabilizes transcripts

including matrix metalloproteinases and IL-6 (26). Since GALR2 induces p38 (Fig. 2B), we

investigated the extent to which GALR2 induces VEGF and IL-6 via p38-mediated

phosphorylation of TTP, using biochemical and RNAi approaches outlined in Fig. 3A (left

panel). To determine whether GALR2 induces p-TTP via p38, UM-SCC-1-GALR2 cells

were stimulated with 10nM GAL in the presence or absence of p38 inhibitor SB203580

(Fig. 3 right panel). TTP was immunoprecipitated and immunoblotted with phospho-serine

and TTP antibodies. GAL induced phosphorylation of TTP by more than 50% (Fig. 3A-right

panel, lane 4 compared to 3), which was abrogated in the presence of SB203580 (Fig. 3A-

right panel, lanes 5 and 6), a potent inhibitor of p38-α- and -β catalytic subunits (31).

Phosphorylation of TTP inhibits its ability to target transcripts for degradation thereby

enhancing cytokine secretion (26). Therefore, we investigated if GALR2 induces pro-

angiogenic cytokines via TTP (Fig. 3B). UM-SCC-1-GALR2 cells transfected with NT-

siRNA or siTTP were incubated with SB203580 or vehicle. Compared to baseline, the p38

inhibitor, which increases functional TTP, reduced expression and secretion of VEGF in cell

lysate (Fig. 3B left panel, lanes 1 and 2) and CM (middle graph, bars 1 and 2), respectively.

In contrast, siTTP enhanced VEGF expression (Fig. 3B left panel, lanes 1 and 3) and

secretion (middle graph, bars 1 and 3). As expected, siTTP inhibited the effect of SB203580;

there is no significant difference between VEGF expression (left panel, lanes 1 and 4) and

secretion (middle graph, bars 1 and 4) compared to baseline. Similar results were observed

for IL-6 but the impact of siTTP was more profound on IL-6 secretion (Fig. 3B, right graph)
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than cellular expression (Fig. 3B-left panel, immunoblot for IL-6), possibly due to rapid

secretion of IL-6 (32). Knockdown of TTP was verified (Fig. 3B left panel).

Given that GALR2 promotes angiogenesis (Fig. 1) and induces secretion of multiple

cytokines, (Fig. 2), we verified that GALR2 induces angiogenesis via VEGF and IL-6.

VEGF was stably downregulated by shRNA to VEGF and control in UM-SCC-1-GALR2

cells (Fig. 3C, left panel). Endothelial sprouting was quantified after incubation with CM

collected from shVEGF and shControl cells (Fig. 3C, middle-left panel). Tube length and

number were significantly reduced by 50% in the UM-SCC-1-GALR2-shVEGF compared

to UM-SCC-1-GALR2-shControl (Fig. 3C, graphs). Loss-of-function experiments with

siIL-6 in UM-SCC-1-GALR2 had a similar effect and also decreased endothelial sprouting

(Fig. 3D).

Suppression of TTP promotes angiogenesis

Since GALR2-mediated phosphorylation of TTP induces pro-angiogenic cytokines (Fig. 3B,

3C), TTP’s role in angiogenesis was investigated. CM collected from UM-SCC-1 cells

transfected with siTTP or NT-siRNA were used in sprouting assays. Downregulation of TTP

was verified (Fig. 4A, left panel). Endothelial tube-formation and length were increased 2-

fold by siTTP compared to NT-siRNA (Fig. 4A, middle-left panel and right graphs). To

further investigate the effect of TTP knockdown on IL-6, IL-6 was downregulated in UM-

SCC-1-shTTP cells. Within 36h, downregulation of IL-6 (Fig. 4B, left panel) inhibited

endothelial tube-formation (Fig. 4B middle-left panel and right graphs). The impact of TTP

suppression on tumor angiogenesis in-vivo was investigated on the CAM. A significant

increase in vascularity (white arrows) and branching points (white arrowheads) was

observed with UM-SCC-1-shTTP compared to control cells, (Fig. 4C left panels).

Corresponding CAM tissue sections showed greater vascularity in UM-SCC-1-shTTP than

control tumors (Fig. 4C middle-right and right panels respectively).

Downregulation of TTP induces angiogenesis in-vivo

From our previous study (28), human UM-SCC-81B cells induce tumor growth in the floor-

of-mouth murine model and recapitulate human SCCHN progression. Therefore, this cell

line was used for mouse studies. Initially we verified that siTTP in UM-SCC-81B induced

angiogenesis in-vitro. As observed with UM-SCC-1, siTTP in UM-SCC-81B increased

endothelial tube number and length by more than 2-fold and 1.5-fold, respectively,

compared to control cells (Fig. 5A middle-left panel and graphs). TTP knockdown was

verified (Fig. 5A left panel). Knockdown of IL-6 in stable UM-SCC-81B-shTTP cells

significantly reduced endothelial tube number and length (Fig. 5B).

Using the murine floor-of-mouth xenograft model (17, 33), we investigated the impact of

TTP-mediated angiogenesis on tumor growth in a location commonly involved by human

SCCHN. UM-SCC-81B-shTTP and control cells were implanted submucosally in the floor-

of- mouth of nude mice (n=6, 3 control and 3 test group). As shown in-vitro (Fig. 5A),

downregulation of TTP in UM-SCC-81B induced angiogenesis and tumor growth in-vivo

(Fig. 5C, left, representative mice with tumor, compared to control). Mice injected with

control cells did not have clinically detectable tumors in the same time frame (Fig. 5C, left
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panel). Histologically, the tumors exhibited SCCHN morphology (Fig. 5C, middle panel).

The epithelial origin of the tumors was verified by immunostaining for pancytokeratin. One

of the control mice grew a tumor that was observed on tissue sections although it was not

clinically detectable. Immunostaining facilitated visualization and quantification of blood

vessels. The average number of blood vessels/10 high-power-fields was significantly higher

in the tumors generated from UM-SCC-81B-shTTP than control tumors (Fig. 5C, right

panel). Together the in-vitro and in-vivo data support that downregulation of TTP promotes

angiogenesis via release of pro-angiogenic cytokines.

DISCUSSION

In the present study, we demonstrated that GALR2, a pro-survival GPCR, induces

angiogenesis via p38-mediated phosphorylation of TTP and enhanced secretion of VEGF

and IL-6. Importantly, the pro-angiogenic phenotype of GALR2 was observed in-vivo in

murine tumor xenografts and in the CAM model. This is the first study establishing the role

of GALR2 in tumor-associated angiogenesis, a critical phenotype and treatment target in

cancer progression.

Angiogenesis, one of the six hallmarks of cancer (3), facilitates tumor progression by

supplying oxygen and nutrients. Although GAL expression is correlated with increased

microvessel density in inflammatory tissue in the dermis and stimulates angiogenesis in

small cell lung cancer cell lines, the role of GALR2 in tumor angiogenesis is unknown (22–

23). In this study, we show that in SCCHN, GALR2 enhances secretion of pro-angiogenic

cytokines, IL-6 and VEGF, and induces angiogenesis via RAP1B-p38-mediated inactivation

of TTP. SCCHN secretes IL-6 and VEGF, which has been linked with poor patient survival

(6, 34) (7). Tumor-derived IL-6 and VEGF promote angiogenesis via paracrine signaling to

endothelial cells (35). Knockout of a single VEGF allele in mice is embryonic lethal

suggesting that VEGF is critical for maintenance and development of the vasculature (36).

To maintain proper vasculature in healthy tissue, there is a delicate balance between

angiogenic and anti-angiogenic factors; an imbalance in favor of pro-angiogenic factors

promotes tumor growth and spread (37). Therefore, angiogenesis is a promising treatment

target to inhibit tumor growth.

Since angiogenesis is critical for tumor progression, drugs targeting either IL-6 or VEGF

were developed, but treatment with an individual inhibitor showed marginal improvement in

patient survival (38). In phase II clinical trials in breast cancer patients, concurrent

monoclonal VEGF antibody and chemotherapy compared to chemotherapy alone showed

little increase in disease-free survival (39). Surprisingly, in mouse studies, short-term

treatment with VEGF antibody lead to more aggressive tumors (40). The possibility of

redundancy in function of pro-angiogenic cytokines suggests that it would be beneficial to

identify proteins that target multiple cytokines concurrently. In the present study, we show

that GALR2 promotes secretion of IL-6 and VEGF and inhibition of GALR2 using a small

molecule, lead to inhibition of angiogenesis.

Previously we showed that GALR2 induces other oncogenic phenotypes including growth

and cell survival via the ERK and Akt pathways, respectively (16). In this study, we show
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that GALR2 promotes cytokine secretion and angiogenesis via GALR2-RAP1-p38MAPK-

mediated inactivation of TTP. Induction of multiple oncogenic phenotypes by GALR2

maybe via induction of multiple signaling pathways. For example, in lung cancer cells,

GALR2 induces diverse signaling via three different G-proteins, Gi, Gq and G12 (41). Since

GALR2 also induces tumor growth and cell survival in SCCHN (16), targeting GALR2 may

inhibit angiogenesis and other oncogenic phenotypes.

p38 is critical for induction of inflammatory pathways (42) and is constitutively active in

SCCHN (42). p38-MAPK is stimulated by interleukin-1β (IL-1β), in different cell types

(26, 43). Previously we showed that IL1β-induced p38 promotes transcript stability and

secretion of IL-6, PGE2 and VEGF (5). While macrophages, tumor cells and cells in the

tumor microenvironment secrete IL-1β to stimulate p38, tumor-derived GAL may also

induce p38. Additionally, exposure to sodium pyruvate phorbol-12-mysritate-13-acetate, a

potent tumor promoter, induces pro-inflammatory secretion via p38 activation (42). p38

inhibitors were used with some success in the treatment of inflammatory diseases to limit

adverse sequelae and may be a potential adjuvant therapy in SCCHN. p38 inhibitors reduced

tumor-size in multiple myeloma (44), which may be attributed to reduced IL-6 secretion

(45). In our study we successfully used the p38 inhibitor SB203580 to reduce cytokine

secretion.

In SCCHN, we showed recently that p38-MAPK phosphorylates (inactivates) TTP thereby

stabilizing cytokine transcripts, secretion and invasion (26). TTP binds to the 3′UTR of

VEGF, IL-6 and PGE2 transcripts to promote degradation (26). Given the conservation of

this region in multiple cytokines, it is likely that other VEGF isoforms are upregulated by

the GALR2-induced cascade. VEGF-C promotes lymphangiogenesis thereby contributing to

metastasis to lymph nodes (46–47) which is an important issue for oral cancer spread. VEGF

and IL-6 are also transcriptionally regulated by NF-kB, AP-1 and NF-IL6 (48). There is also

convincing evidence that VEGF is regulated by mTOR and HIF (49). The present study

establishes an additional key upstream regulatory pathway, GALR2-RAP1-p38, in cytokine

secretion.

RAP1 is a small GTP-binding protein that is emerging as a significant signaling molecule in

SCCHN. In previous studies we showed that RAP1 mediates ERK and Akt activation (16).

In the present study, we showed that RAP1 induces p38. While RAP1 may induce multiple

signaling cascades, the diversity may also be due to variation in RAP1 isoforms (24). We are

currently investigating this possibility.

We and others have shown that GALR2 is expressed in multiple SCC cell lines, including

UM-SCC-(1, -22B, and -11A) (17, 21, 50). Our current and previous studies established

GALR2 expression via both RT-PCR and immunoblot (16, 28). A study performed solely in

UM-SCC-1 detected GALR2 transcript (50) but subsequent reports from the same group

stated that GALR2 is not expressed in SCCHN (51–52). The anti-proliferative and anti-

apoptotic roles for GALR2 shown in these studies may be due to the high concentrations of

GAL (1μM), which do not replicate in-vivo conditions where GAL is present at nanomolar

or lower concentrations (53). For this and previous studies (16), we used physiologic doses

of GAL and consistently show that GALR2 promotes proliferation, cell survival and
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angiogenesis. Moreover our in-vitro and in-vivo studies were performed in multiple

validated SCCHN cell lines, using complementary overexpression and knockdown

approaches. Recently, Misawa et al, (54) showed that GALR2 is silenced in almost one-third

of SCC. Taken together with our findings, these studies support that GALR2 has a

significant role in tumor progression in ~70% of SCCHN.

In summary, our work establishes the importance of GAL/GALR2 in tumor progression via

RAP1B-p38-mediated angiogenesis. Since GAL, the ligand for GALR2, is a neuropeptide,

our work elucidates an important regulatory mechanism for angiogenesis potentially under

the influence of the neuronal system. Given the role of GALR2 in multiple additional

oncogenic phenotypes including growth, survival and angiogenesis, the GALR2-induced

signaling cascade may be an important treatment target in SCCHN.
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Figure 1. GALR2 induces angiogenesis
(A) Stable mixed clonal population of UM-SCC-1-GALR2 and pcDNA control cells (1

million) were injected subcutaneously in mouse (n=10, 5 in each group) and xenograft

tumors were excised. A representative tumor and control is shown (bar=1cm). The

neovasculature was quantified and graphed (middle-left panel, *p<0.007). Both control and

UM-SCC-1-GALR2 tumor sections were stained with H&E, Factor-VIII and cytokeratin

(middle-right panel). Number of vessel from endothelial cells was quantified from each

group from five representative fields and graphed (right panel, *p<0.01). (B) UM-SCC-1-

GALR2 and control cells were placed on the top of the upper CAM (n=10, 5 in each group).

After three days, upper CAM was excised and photographed along with the tumor (white

border line). Angiogenic structure defined by AngioTool program (white arrowheads,

middle-left panel) was calculated for each tumor and total length of tubule normalized to

surface area and number of junctions were calculated for each group (middle-right panel,

*p<0.012). Histology of the corresponding tumors show vasculature in UM-SCC-1-GALR2

(arrowheads) and control tumors (right panel *p< 0.008). (C) UM-SCC-1-GALR2 and
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pcDNA cells were immunoblotted with GALR2 and GAPDH antibodies. Band Intensities

were quantified by ImageJ software and expressed as arbitrary densitometric unit (DU)

normalized to control (left panel). Conditioned media (CM) from UM-SCC-1-GALR2 and

pcDNA cells were normalized to equal cell number and incubated overnight on Matrigel

seeded with HMEC-1 cells and photographed at 24h (middle-left panel). Both average

number of tubes and length of tubes were calculated from 10 representative fields (*p<0.01).

All experiments were performed three times in triplicate and data shown from one

representative experiment.
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Figure 2. GALR2 stimulates cytokine secretion and angiogenesis via RAP1B-p38-MAPK
(A) Stable mixed clonal population of UM-SCC-1-GALR2 or control pcDNA cells were

serum starved for 4h and treated with 10nM Galanin for 0, 2, 5, or 10 minutes. Whole cell

lysates were immunoblotted for phospho-p38 and p38 antibodies, quantified (DU) and

expressed as percent of control (left panel). UM-SCC-1-GALR2 stable cells were treated

with NT-siRNA or si-RAP1B. After 68h of transfection cells were serum starved for 4h and

were either stimulated with 10nM galanin or vehicle control for 10 minutes. Both stimulated

and unstimulated controls were immunoblotted with actin, RAP1B, p-p38 and p38

antibodies and were quantified (right panel). (B) UM-SCC-1-GALR2 or control cells were

immunoblotted with p-p38 and total p38 antibodies (left panel). CM were collected and

VEGF and IL-6 were quantified with ELISA as pg/ml/million cells and was finally

expressed with normalization to control (right panels, *p<0.014). (C) UM-SCC-1-GALR2

cells were treated with si-p38 or NT-siRNA and were immunoblotted with p38 and actin
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antibodies (left panel). CM collected from cells were quantified for VEGF and IL-6 and

expressed as normalized to control (right panel, *p<0.01). (D) UM-SCC-1-GALR2 cells

were treated with si-p38 or NT-siRNA and immunoblotted (left panel). CM was collected,

concentrated, normalized for equal cell count and HMEC-1 cells were seeded with

corresponding CM and photographed (middle-left panel). Average number of tubes and tube

length were quantified from 10 representative fields (right panel). Data is representative of

three identical experiments each in triplicate (*p<0.008).
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Figure 3. GALR2 induces p38-mediated inhibition of TTP to enhance angiogenesis
(A) Schematic representation of signaling pathway showing GALR2 mediated

phosphorylation and activation of p38 that inhibits TTP via phosphorylation. Inactivation or

genetic loss (by siRNA) of TTP prevents cytokine degradation giving rise to overall steady

state increase in cytokines and acts as angiogenic switch to tumor growth. Chemical

inhibitor (SB203580) to p38 kinase activity can dephosphorylate TTP to its active form and

degrade cytokines. Alternatively targeting individual cytokines by siRNA could be used to

control this angiogenic signal. Upstream inhibitors to angiogenesis might be a better

treatment option (left panel). UM-SCC-1-GALR2 cells were serum starved for 4h and then

treated with 10μM of SB203580 for 2h and were then stimulated with 10nM galanin for 10

minutes or vehicle control. Clarified cell lysates were immunoprecipitated with TTP

antibody, and blotted with anti-TTP and anti-phosphoserine antibodies (right panel). (B)
UM-SCC-1-GALR2 cells were transfected with siTTP or NT-siRNA and were treated with

10μM of SB203580 or vehicle control. Cell lysates were immunoblotted with VEGF, IL-6,
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TTP and actin antibodies (left panel). CM was collected from each of the treatment groups

and ELISA was performed for VEGF and IL-6 (right panels) and was quantified as pg/ml/

million cells and was finally normalized to control. (C) UM-SCC-1-GALR2 cells were

transduced with shVEGF and control shRNA lentiviral particles and immunoblotted with

VEGF antibody and GAPDH. In-vitro tubule formation assay was performed with HMEC-1

cells incubated with corresponding CM collected from cells. Both average and relative

number of tubes were quantified from 10 representative fields (*p<0.02). (D) IL-6 was

transiently down regulated in UM-SCC-1-GALR2 cells with si-IL-6 and immunoblotted

(left panel) and similarly in-vitro tubule formation assay was performed with CM collected

from cells (middle-left panel) and quantified (right panel, *p<0.02). Data is representative of

three identical experiments in triplicate.
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Figure 4. Down regulation of TTP promotes angiogenesis
(A) TTP was transiently downregulated in UM-SCC-1 cells with siTTP or NT and

immunoblotted with TTP and actin antibodies (left panel). CM, concentrated and normalized

to cell number, was seeded with HMEC-1 cells for in-vitro tubule formation assay. Data

were quantified from 10 representative fields (middle and right panels

respectively,*p<0.003) (B) IL-6 was transiently downregulated in UM-SCC-1-shTTP stable

cells. Cell lysates were immunoblotted for IL-6 and actin (left panel). CM were collected

and in-vitro tubule formation assay was performed. Data were quantified from 10

representative fields (middle and right panel respectively (*p<0.05). (C) UM-SCC-1-shTTP

and control cells (1 million) were dropped on the top of the upper CAM (n=10, 5 for each

group). After 36h the CAM was excised and photographed along with the tumor (white

border line). Angiogenic structure was determined (white arrowheads, middle-left panel)

and calculated as described (middle-right panel, *p<.012 and *p<0.008). Histology of the

corresponding tumors show vascularity in UM-SCC-1-shTTP and control tumors (right

panel).
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Figure 5. Loss of TTP induce angiogenesis and tumor growth in murine floor-of-mouth
(A) TTP was transiently downregulated in UM-SCC-81B cells, immunoblotted for TTP and

actin (left panel). In-vitro tubule formation assay was performed with CM collected from

these cells (middle-left panel). Average number and length of tubes were quantified from 10

representative fields (right panel *p<0.001). (B) IL-6 was transiently downregulated in UM-

SCC-81B-shTTP cells. Cell lysates were immunoblotted for IL-6 and actin (left panel). In-

vitro tubule formation assay was performed and quantified for 10 fields (middle-left and

right panel respectively) (*p<0.02). (C) UM-SCC-81B-shTTP and shControl (scramble)

cells were implanted in the floor-of-mouth of nude mice (n=6). Mice were euthanized when

moribund and control mice were euthanized concurrently. A representative image of control

and test mice bearing tumor (black circle) is shown (left panel). Sections from the shControl

and shTTP tumors were stained with H&E and immunostained with Factor-VIII and

cytokeratin antibodies and blood vessels in 10 representative fields were quantified (middle

and left panels *p<0.008). (D) Summary Figure: Extracellular GAL stimulates GALR2/

Banerjee et al. Page 21

Mol Cancer Ther. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



RAP1B to induce p38-MAPK to inactivate TTP. Inactivation of TTP inhibits degradation of

IL-6 and VEGF mRNA transcripts, thereby causing increased pro-angiogenic cytokine

secretion, angiogenesis and tumor growth.
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