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Abstract
Previously we showed that galanin, a neuropeptide, is secreted by human squamous cell
carcinoma of the head and neck (SCCHN) in which it exhibits an autocrine mitogenic effect. We
also showed that rap1, a ras-like signaling protein, is a critical mediator of SCCHN progression.
Given the emerging importance of the galanin cascade in regulating proliferation and survival, we
investigated the effect of GAL on SCCHN progression via induction of galanin receptor 2
(GALR2)-mediated rap1 activation. Studies were performed in multiple SCCHN cell lines by
inducing endogenous GALR2, by stably overexpressing GALR2 and by downregulating
endogenous GALR2 with siGALR2. Cell proliferation and survival, mediated by the ERK and
AKT signaling cascades, respectively, were evaluated by functional and immunoblot analysis. The
role of rap1 in GALR2-mediated proliferation and survival was evaluated by modulating
expression. Finally, the effect of GALR2 on tumor growth was determined. GALR2 stimulated
proliferation and survival via ERK and AKT activation, respectively. Knockdown or inactivation
of rap1 inhibited GALR2-induced, AKT and ERK-mediated survival and proliferation.
Overexpression of GALR2 promoted tumor growth in vivo. GALR2 promotes proliferation and
survival in vitro, and promotes tumor growth in vivo, consistent with an oncogenic role for
GALR2 in SCCHN.
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1. Introduction
Rap1 is a tightly regulated, critical mediator of cell proliferation in aggressive cancers,
including human squamous cell carcinoma of the head and neck (SCCHN), but the
mechanism of rap1 activation by membrane bound receptors, like GALR2, has not been
elucidated. Rap1 is a ubiquitously expressed, ras-like protein that executes its functions, by
shuttling between an inactive GDP and an active GTP bound form [1–3]. We previously
reported that rap1 has a significant role in growth regulatory pathways in normal
keratinocytes and SCCHN [4–6]. Consistent with a role for active rap1 in tumor progression,
rap1GAP, a protein that inactivates rap1, has a tumor suppressive role in SCCHN via ERK
inhibition [6] Subsequent studies have supported these findings in other cancers such as
melanoma, pancreatic cancer and thyroid tumors [6–9]. However, the mechanism of rap1
activation in SCCHN is relatively unknown.

Given the emerging importance of the galanin (GAL) cascade in regulating proliferation and
survival in keratinocytes, we investigated the effect of GAL on SCCHN progression via
induction of galanin receptor 2 (GALR2)-mediated rap1 activation. In previous studies, we
showed that GAL, secreted by SCCHN, exhibits an autocrine proliferative effect [10] but the
signaling cascade that regulates this effect has not been explored. Human GAL is a 30
amino acid neuropeptide that has mitogenic, neurotrophic and neuroprotective roles [11–12].
Consistent with a mitogenic function, mice overexpressing GAL develop pituitary adenomas
[11–12]. GAL induces its functional effects via three different G-protein coupled receptors,
galanin receptor 1 (GALR1), GALR2 and GALR3 [13]. Since antagonistic roles have been
reported for individual galanin receptors, it is necessary to characterize the signaling cascade
of each GALR. In SCCHN, GALR1 inhibits proliferation and its expression is reduced
relative to normal tissue [10, 14]. While it is logical to infer that GALR2 and/ or GALR3
regulate proliferation in SCCHN, this role in tumor progression has not been investigated.

GALR2 has a significant role in proliferation and apoptosis in the neuronal system but its
signaling mechanisms and functions in non neuronal malignancies are relatively unknown
[15–17]. Furthermore, GALR2 may have opposing effects on growth and survival in
different tumors, highlighting the importance of establishing its function within the context
of SCCHN. In the hippocampus, GALR2 has a neuroprotective effect [18–20] whereas in
PC12 cells derived from a tumor of neural crest origin, GALR2 induction inhibits
proliferation and promotes apoptosis [21]. In small cell lung cancer, GALR2 induces ERK,
which is a central component of mitogenic pathways [15]. Reduced function of ERK
prevents cell proliferation in response to many growth factors whereas constitutive
activation of upstream molecules is sufficient for ERK-mediated tumorigenesis [22].

Squamous cell carcinoma is a common cancer of the uterine cervix, skin, lung, esophagus
and head and neck. SCCHN is one of the ten most common cancers globally with more than
850,000 cases diagnosed worldwide [23]. At ~50%, the 5-year survival rate is poorer than
breast cancer or melanoma [24]. Unfortunately, there have been no effective novel
therapeutic agents for SCCHN in over 40 years. Identification of the signaling cascade and
functional effects of GALR2 will elucidate how GAL promotes SCCHN progression, and is
of importance in investigating GALR2’s role as a potential therapeutic target. In the current
study, we investigated the role of GALR2 in rap1-mediated proliferation and apoptosis in
SCCHN.
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2. Materials and Methods
2.1 Cell Culture

Human SCCHN cells and primary human oral keratinocytes (HOK) were cultured as
described previously [5, 10]. UM-SCC-1 and UM-SCC-22B cells were obtained from T.
Carey (University of Michigan) and were validated by genotyping in his laboratory. OSCC3
cells were obtained from P. Polverini (University of Michigan) and were genotyped in the
Sequencing Core at the University of Michigan during this study.

2.2 Immunoblot Analysis
Whole cell lysates, were prepared, quantified, electrophoresed and immunoblotted, as
described [5]. For immunoblot with GALR2 antibody lysates were treated with PNGase F
(New England Biolabs) according to the manufacturer’s instructions. Primary antibodies for
this study were: rabbit anti- GALR2 polyclonal antibody (1:1000, Alpha Diagnostics),
mouse anti-rap1 (1:250; BD Transduction Laboratories), mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 1:5000; Chemicon International), anti-phospho MAPK
(ERK1/2) (1:500), anti-ERK (1:1000), anti-phospho AKT (1:500), anti-AKT (1:1000) (all
from Cell Signaling).

2.3 Induction of GALR2
Endogenous GALR2 was stimulated by two GALR2-specific agonists, [D-Trp2]galanin-(1–
29) [25] and Galanin-Like Peptide (GALP) 1–60 (Sigma-Aldrich). Cells were serum starved
for 6h prior to treatment with 300 nM [D-Trp2]galanin-(1–29) or 500nM GALP [26]. GAL
(5nM to 300nM) (Sigma-Aldrich) was used to induce GALR2 in SCCHN control cells and
cells stably overexpressing GALR2 protein.

2.4 Inhibition of ERK and AKT pathway
For ERK and AKT inhibition experiments, cells were pretreated with inhibitors prior to
stimulation with GALR2 agonist or GAL. For ERK inhibition experiments, cells were pre-
incubated with 10 μM U0126 (Promega). For PI3-kinase inhibition studies, cells were pre-
incubated with 25 μM LY294002 (Sigma).

2.5 Proliferation Assay
Cells (1.5–3.0 × 104, in triplicate) were seeded in a 24-well plate. Total cell number was
determined by the trypan blue enumeration assay [5].

2.6 Measurement of Apoptosis
Apoptosis was determined using FITC AnnexinV Apoptosis Detection Kit I (BD
Biosciences). UM-SCC-1 cells were serum starved for 6h and pre-treated with 25μM
Ly294002 for 1h followed by stimulation with 300 nM of [D-Trp2]galanin-(1–29) for 24h.
UM-SCC-1 and OSCC3 cells, stably overexpressing GALR2 or control cells, were serum
starved for 6h and treated with either 10μM U0126 or 25μM Ly294002 for 24h. Samples
were analyzed at the University of Michigan Flow Cytometry Core.

2.7 Rap1 Activation
Active rap1 was assayed with ral-GDS protein (generous gift from Dr. J Bos, University
Medical Centre Utrecht), as described [5–6, 27].
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2.8 Transfections
UM-SCC-1 and OSCC3 cells were transfected with pcDNA-GALR2 (Missouri S & T
cDNA resource center) and pcDNA (Invitrogen) using the Nucleofector-II system (Amaxa).
A mixed clonal population was selected in the presence of Geneticin (G418). For rap1GAP
stable cell lines, UM-SCC-1 cells were transfected with Flag-tagged rap1GAP in pcDNA
vector (generous gift from Dr. P. Stork, Oregon Health Sciences University), as described
[28].

2.9 cDNA synthesis and Quantitative Real Time PCR
Cells at 70% confluence were lysed with QIAzol and total RNA was extracted with the
RNeasy Assay system (Qiagen). Eluted RNA was treated with RNase-free amplification
grade DNaseI. cDNA was synthesized with Cloned AMV First-Strand cDNA Synthesis Kit
(Invitrogen). Primers used for this study are: GALR2 Forward 5′-
CTCTTCTGCCTCTGCTGGAT-3′, Reverse 5′-GTAGGAGACCAGGTGCGAGA-3′;
GAPDH Forward 5′-GAAGGTGAAGGTCGGAGTC-3′, Reverse 5′-
GAAGATGGTGATGGGATTTC-3′. Semi quantitative PCR was performed in a multiplex
PCR reaction with GAPDH as an internal control. Quantitative Real Time PCR was
performed in a ABI-7500 Real Time PCR machine with FastStart SYBR Green Master mix
(Roche). The final products were verified by dissociation curves and data were analyzed by
the relative quantification method normalized to GAPDH.

2.10 siRNA-mediated knockdown of GALR2 and rap1
Endogeneous GALR2 were knocked down by two GALR2 specific siRNAs (si7 and si10)
(Dharmacon) using Oligofectamine (Invitrogen) for transfection. UM-SCC-1 cells
overexpressing GALR2 and their corresponding control cells were transfected with on-
target-plus rap1 smartpool siRNA (Dharmacon) at a concentration of 2 μM to downregulate
rap1.

2.11 In Vivo Studies
Tumor growth was assessed in athymic mice (Ncr nu/nu strain NCI, Frederick), age 4–6
weeks (18–25g). After anesthesia, five mice were injected subcutaneously with 1×105

OSCC3 cells stably transfected with pcDNA-GALR2 or vector control in a suspension of
100μl of DMEM-fetal bovine serum/Matrigel (Becton Dickinson) in an equal ratio. Animals
were euthanized after 14 days and tumor weight and volume were quantified.

2.12 Statistical Analysis
All statistical comparisons were performed using Student’s t-Test and all experiments were
done in triplicate. A p-value of ≤0.05 was considered significant. For in vivo studies, mice
served as their own controls as the same mice were injected with pcDNA and GALR2 cells.

3. Results
3.1 GALR2 is expressed in SCCHN

To evaluate GALR2 expression, cDNA was synthesized from normal human oral
keratinocyte (HOK) and SCCHN cell lines. An upregulation of GALR2 transcript was
observed in SCCHN cells compared to normal keratinocytes (HOK), as determined by
qPCR (Fig 1A, left panel). Similarly, GALR2 expression was upregulated in all SCCHN cell
lines, UM-SCC-(1, 22B and 11A) and OSCC3 (Fig. 1A, right panel).
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3.2 Stimulation of endogenous GALR2 promotes proliferation and cell survival in SCCHN
Our previous studies showed that GAL, secreted by SCCHN exhibits an autocrine mitogenic
effect [10]. To investigate the role of GALR2 in proliferation in SCCHN, we stimulated
endogenous GALR2 in UM-SCC-1 with [D-Trp2]galanin-(1–29), a GALR2-specific agonist
[25]. Twenty-four hours after treatment with 300 nM [D-Trp2]galanin-(1–29), a significant
increase in cell number (p<0.05) was observed in UM-SCC-1 cells (Fig. 1B left), which was
abrogated when cells were pre-treated with 10 μM U0126 (p≤0.05 Fig. 1B). U0126 is a
MEK inhibitor [29].

To determine whether GALR2-induces ERK activation, UM-SCC-1 cells were stimulated
with [D-Trp2]galanin-(1–29) in the presence or absence of U0126 and whole cell lysates
were immunoblotted with phospho-ERK antibodies [30]. In UM-SCC-1 cells treated with
300nM [D-Trp2]galanin-(1–29), a prominent increase in phospho-ERK was observed when
compared to the corresponding control cells (Fig. 1C). [D-Trp2]galanin-(1–29)-induced
ERK activation was inhibited in the presence of U0126 (Fig. 1C). Thus, GALR2 upregulates
proliferation via ERK activation in SCCHN.

Since cell survival has a significant role in tumor progression, we investigated whether
GALR2 regulates apoptosis in SCCHN. UM-SCC-1 cells treated with [D-Trp2]galanin-(1–
29) were protected against apoptosis when compared to corresponding control cells (Fig.
1D; p≤0.05). The GALR2-mediated protective effect was blocked when cells were pre-
treated with 25μM LY294002 prior to stimulation with [D-Trp2]galanin-(1–29) (Fig. 1D).
LY294002 is a chemical inhibitor of the PI3K/ AKT pathway [31].

To determine whether GALR2-mediated survival is regulated via AKT activation, AKT
phosphorylation was investigated in whole cell lysates by immunoblot analysis with
phospho-AKT (Ser473). [D-Trp2]galanin-(1–29) induced an increase in phospho-AKT
compared to control cells, which was abrogated in the presence of LY294002 (Fig. 1E).
Total AKT was used as a loading control.

3.3 Knockdown of endogenous GALR2 inhibits proliferation in SCCHN
In complementary studies, GALR2 was downregulated by two different siRNAs in UM-
SCC-1 (Fig. 2A) and in OSCC3 (Fig. 2B) cells. Downregulation of GALR2 was
accompanied by a decrease in ERK and AKT activation when normalized to corresponding
total ERK and AKT. Both siRNAs to GALR2 significantly inhibited proliferation in UM-
SCC-1 and OSCC3 (Fig 2A & B right panels, respectively) compared to the corresponding
cells transfected with non target siRNA.

3.4 Overexpression of GALR2 promotes proliferation and cell survival in SCCHN
Although [D-Trp2]galanin-(1–29) is highly selective for GALR2 over GALR1 [25], we also
verified whether GALR2 induces ERK and AKT activation in cells stably overexpressing
GALR2. UM-SCC-1 and OSCC3 (Fig 3A & B) cells, which have different levels of
endogenous GALR2 expression, were stably transfected with pcDNA-GALR2 and pcDNA
vector alone. Overexpression of GALR2 was verified by Semiquantitative PCR and
Quantitative Real Time PCR (Supplementary Fig S1) as well as immunoblot analysis (Fig.
3A & B left panels). Consistent with our observations with [D-Trp2]galanin-(1–29),
overexpression of GALR2 induced prominent ERK and AKT activation in UM-SCC-1 and
OSCC3 cells (Fig. 3A & B left panels) as compared to the corresponding control cells.
Taken together these results show that GALR2 induces the AKT and ERK pathways.

UM-SCC-1 and OSCC3 cells stably overexpressing GALR2 were used for subsequent
functional assays. In UM-SCC-1 and OSCC3 (Fig. 3A & 3B, middle panels) GALR2
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induced a significant increase in cell number as early as 48h after seeding compared to
control cells (p<0.05).

Given that [D-Trp2]galanin-(1–29) protects cells against apoptosis (Fig. 1D), we
investigated whether overexpressed GALR2 also protects against apoptosis in UM-SCC-1
and OSCC3. In both cell lines, GALR2 promoted proliferation and was significantly
protective against apoptosis compared to pcDNA (p < 0.05) (Fig. 3A & 3B, right panels). In
UM-SCC-1 and OSCC3 cells, inhibition of the AKT pathway increased apoptosis in cells
stably expressing GALR2 and control vector. When compared to the corresponding pcDNA
control cells, the protective effect of GALR2 on apoptosis was abrogated only in the
presence of both inhibitors in UM-SCC-1 (Fig. 3A, right panel), suggesting that both the
ERK and AKT pathways play a role in survival. In OSCC3, the protective effect of GALR2
on cell survival was abrogated in the presence of LY294002, but not in the presence of
U0126 (Fig. 3B, right panel), consistent with a role for the AKT pathway in GALR2-
mediated cell survival. These findings support that GALR2-mediated cell survival may be
mediated by the AKT or both the AKT and ERK signaling pathways [30]. Thus, in SCCHN,
GALR2 regulates cell proliferation and survival.

3.5 GALR2 induces ERK and AKT activation via rap1
Active, GTP-bound rap1, has a significant role in growth regulatory pathways in normal and
malignant keratinocytes and regulates ERK and AKT activation [6]. Therefore, we
investigated whether GALR2-induced ERK and AKT activation occurs via rap1. In UM-
SCC-1 cells, endogeneous GALR2 was stimulated with 300 nM of [D-Trp2]galanin-(1–29)
for 24h. A prominent increase in active, GTP-bound rap1 was observed (Fig. 4A, left panel)
whereas total rap1 was unchanged. In a complementary experiment, rap1 activation was
significantly decreased when endogeneous GALR2 was downregulated with siGALR2-7, in
the presence or absence of [D-Trp2]galanin-(1–29) (Fig. 4A, middle panel). GALR2-
mediated rap1 activation was also verified in GALR2 overexpressing cells. UM-SCC-1-
GALR2 cells showed an increase in rap1 activation compared to cells transfected with
empty vector (Fig. 4A, right panel). Taken together, these findings with endogenous and
exogenously expressed GALR2 show that GALR2 mediates rap1 activation.

Furthermore we investigated whether GAL mediates GALR2-induced ERK and AKT
activation via rap1. UM-SCC-1 stably transfected cells with pcDNA-GALR2 and pcDNA
were serum starved for 6h and were stimulated with increasing concentrations (5nM to
300nM) of GAL for 1h. SCCHN cells stably transfected with GALR2 showed an increase in
rap1 activity in control cells and also upon stimulation with GAL (Fig 4B right panel). Rap1
activation was correlated with ERK and AKT activation. The increase in rap1 activity was
maximal with 5 and 10 nM GAL. Active rap1, phospho-ERK and phospho-AKT were
normalized to total rap1, ERK, and AKT, respectively. However UM-SCC-1 cells
transfected with pcDNA showed lower induction of these pathways with GAL than GALR2
overexpressing cells (Fig 4B left panel).

3.6 GALR2-induced rap1 mediates cell survival by both ERK and AKT-dependent
mechanisms

In a complementary approach, UM-SCC-1 cells stably transfected with rap1GAP were
stimulated with a GALR2-specific agonist [26]. Rap1GAP is a regulatory protein that
specifically inactivates GTP-bound rap1 [6]. As expected, a stronger signal for GTP-bound
rap1 was observed in UM-SCC-1 cells transfected with empty vector than in cells
expressing rap1GAP (Fig. 5A, left panel). Total rap1 was similar between the two groups.
Rap1GAP expression was confirmed using an anti-FLAG antibody. In order to investigate
whether GALR2-induced, ERK and AKT activation are mediated by rap1, UM-SCC-1 cells
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overexpressing rap1GAP and control cells were stimulated with 500 nM of GALP, a
GALR2 specific agonist [26]. GALR2-induced ERK and AKT activation were abrogated in
the presence of rap1GAP (Fig. 5B, lanes 3 and 4 compared to lanes 1 and 2). These findings
are consistent with a role for rap1 in GALR2-mediated ERK and AKT activation.

Similar findings were observed with siRNA-mediated downregulation of rap1 expression in
UM-SCC-1-GALR2 cell (Fig. 5C). In these GALR2 overexpressing cells, knockdown of
rap1 was verified by immunoblot analysis (Fig. 5C, lanes 2, and 4). A decrease in both ERK
and AKT activation was observed with knockdown of rap1 (Fig 5C, lane 2 compared to lane
1). Knockdown of rap1 also inhibited GAL-mediated activation of ERK and AKT (Fig 5C,
lane 4 compared to lane 3). Taken together the rap1GAP and siRap1 data show that
GALR2-induced AKT and ERK activation are mediated by rap1.

To determine whether rap1 mediates GALR2-induced proliferation in SCCHN, rap1 was
selectively knocked down. In UM-SCC-1 cells stably overexpressing GALR2, siRap1
inhibited proliferation significantly compared to cells transfected with non target siRNA
(Fig. 5D), consistent with a role for rap1 in proliferation in SCCHN.

To investigate the role of rap1 in GALR2-mediated cell survival, rap1 was downregulated in
UM-SCC-1 cells stably overexpressing GALR2. Compared to cells transfected with non
target siRNA, knockdown of rap1 abrogated the protective effects of GALR2 on cell
survival, regardless of the presence of GAL (Fig 5E, upper panel). 10 nM was selected for
GAL stimulation in survival assays because of sustained activation of the ERK and AKT
pathways at 24h whereas 5 nM did not induce sustained activation of either pathway at 24h.

Furthermore, in UM-SCC-1-GALR2 cells, downregulation of rap1 promoted apoptosis
compared to cells transfected with non target siRNA (Fig. 5E, lower panel). Importantly,
inhibition of either the ERK or AKT pathway in these cells did not abrogate the rap1-
mediated protective effects on cell survival. However, when both ERK and AKT pathways
were inhibited, apoptosis was similar in non target and siRap1-transfected cells. Taken
together, these studies support a role for rap1 in GALR2-mediated proliferation and cell
survival and emphasize that rap1-mediated ERK and AKT activation promote cell survival.

3.7. GALR2 Promotes tumor growth
To determine the effects of GALR2 on tumor growth in vivo, SCCHN cells stably
expressing GALR2 and control cells were injected subcutaneously into athymic nude mice.
OSCC3 cells were used due to ease of generating tumors in mice. Consistent with the in
vitro studies, OSCC3-GALR2 cells induced significantly larger tumors than the
corresponding control (empty vector) cells (Fig. 6A volume, Fig. 6B weight, p<0.05). We
propose a tumor progression model by oncogenic effect of GALR2 mediated through
signaling cascade of rap1, ERK and AKT.

4. Discussion
In this study, we show that GALR2 is oncogenic in SCCHN. Stimulation of endogenous
GALR2 with specific pharmacologic agonists, and overexpression of GALR2 in SCCHN,
activated the ERK signaling cascade to induce tumor cell proliferation and the PI3K/AKT
pathway to promote cell survival. The effects of GALR2 on cell proliferation and survival
are mediated via rap1-induced ERK and AKT activation. In vivo, GALR2 promoted
progression of SCCHN, supporting an oncogenic role for this G-protein coupled receptor.

GAL is a neuropeptide that has a central role in neuropathic pain and memory [32]. GAL
knockout mice lose one-third of the cholinergic neurons in the basal forebrain by seven days
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of age and have impaired memory [11]. In neurons, induction of GALR2 stimulates trophic
growth and neuroprotection [32–34]. In small cell lung cancer, GALR2 promotes ERK
activation [15]. Little is known about GALR2-mediated survival in non-neuronal cells or in
malignancies. Our study showing that GALR2 stimulates the ERK and AKT pathways
supports that GALR2 promotes SCCHN tumor growth by enhancing both proliferation and
survival. We further investigated whether GALR2 induces cell proliferation and survival via
induction of rap1. Rap1 is an effector signaling molecule of G-protein coupled receptors
such as the serotonin receptor and the cannabinoid receptor [35–36], that shuttles between
an inactive GDP and an active GTP-bound form. In our study, we observed that in SCCHN,
rap1 is activated by a GALR2 agonist as well as by overexpressed GALR2. Furthermore,
GALR2-mediated ERK and AKT activation is mediated by rap1. Rap1 activates the ERK
pathway in several epithelial and mesenchymal cells [3, 30]. Rap1 also activates the PI3K/
AKT pathway to promote cell survival in hepatocytes [37].

Rap1 activity is regulated by GTP-GDP exchange factors and GTPase activating proteins or
rapGAP [38]. Rap1GAP induces endogenous GTPase activity thereby inactivating rap1. In
the present study, rap1GAP inhibited GALR2-mediated ERK and AKT phosphorylation.
We previously reported that in serum-treated SCCHN cells, rap1 mediates ERK activation
and proliferation but not AKT activation [4]. Since serum contains multiple growth factors,
these findings suggest that rap1-mediated ERK and AKT activation in SCCHN are
differentially regulated by different growth factors. Consistent with these observations,
differential ERK-activation via rap1 may be mediated by different rap1 guanine nucleotide
exchange factors, such as C3G and Epac, by specific second messengers [39]. C3G, which
activates ERK is stimulated by protein kinase A whereas Epac, which does not activate
ERK, is stimulated via a PKA-independent mechanism [40–41].

Several studies by our group and others have shown that GALR2 is expressed in SCCHN
[10, 14, 42]. However, a study based on one SCCHN cell line showed that GALR2 is
downregulated in SCCHN [43]. Furthermore, these anti-proliferative and pro-apoptotic
effects were observed at concentrations of 1uM or higher [43]. In the present study, analyses
performed in multiple SCCHN cell lines, using multiple approaches, showed that GALR2
promotes proliferation and survival in SCCHN. Endogenous GALR2 was induced by a
GALR2-specific agonist. In complementary studies, overexpressed GALR2 was stimulated
by GAL. This induction was at nanomolar concentrations, close to the physiologic range
[44], because at very high concentrations, even mitogenic and pro-survival drugs may have
toxic effects on cells.

Elucidation of the critical signaling cascades that regulate growth and survival in SCCHN,
will facilitate the development of novel treatments. Previously we showed that GAL, which
stimulates all three GAL receptors, is pro-proliferative in SCCHN [10]. GALR1 inhibits
adenylyl cyclase via a pertusis toxin sensitive G-protein of the Gi/Go family [45–46]. In
keratinocytes, GALR1 has an inhibitory effect on proliferation [10]. Consistent with this
tumor suppressor role, in ~40% of SCCHN patients, the GALR1 gene, which is located on
the D18S70 region of chromosome 18q, exhibits loss of heterozygosity (LOH) [47–48].
Furthermore, SCCHN patients having tumors with 18q LOH have lower survival rates than
patients without 18q LOH [48]. A subsequent study showed that GALR1 is reduced in
clinical samples of SCCHN relative to normal tissues, GALR2 is unchanged and GALR3
varies [14]. Together these studies suggest that disruption of the balance between expression
of the galanin receptors or increased expression of GALR2, may promote tumor growth in
SCCHN. In a recent study, an effective positive allosteric modulator of GALR2 was
identified for epileptic seizure control [49]. The availability of GALR2 antagonists
emphasizes the feasibility of targeting this receptor with currently available agents.
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However, the role of GALR3 in proliferation of SCCHN remains to be characterized.
Subsequent studies will focus on these areas of investigation.

5. Conclusion
This study demonstrates that GALR2 induces the ERK and PI3K/AKT signaling pathways
via rap1 to promote growth and survival in SCCHN cells and tumor progression in vivo.
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Figure 1. Endogenous GALR2 promotes proliferation and survival in SCCHN
(A) qPCR (left panel) shows the mRNA level of GALR2 in HOK, UM-SCC-1, OSCC3,
UM-SCC-(22B and 11A) cells. Data were analyzed by relative quantification and expressed
as fold change relative to HOK. Whole cell lysates from these cells were blotted with
GALR2 and GAPDH antibodies (right panel). (B and C) GALR2 promotes proliferation via
ERK activation. UM-SCC-1 cells were pre-treated with 10μM of U0126 or vehicle control
for 1h followed by 300nM of [D-Trp2]galanin-(1–29) for 24h. Total cell number was
determined (B; p≤0.05). ERK activation was evaluated by immunoblot analysis of whole
cell lysates with phospho-ERK and total ERK (C). (D and E) GALR2 enhances cell survival
via PI3K/AKT pathway. UM-SCC-1 cells were pre-incubated for 1h with 25μM of
LY294002 followed by 300nM of [D-Trp2]galanin-(1–29) stimulation for 2h prior to
etoposide treatment. The percentage of apoptotic cells was determined by staining with
AnnexinV-FITC and propidium iodide followed by flow cytometry (D). Data are expressed
as percent of the corresponding DMSO-treated control. AKT activation was evaluated by
immunoblot analysis of whole cell lysates with phospho-AKT and total AKT (E).
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Figure 2. Downregulation of endogeneous GALR2 by siGALR2 downregulates ERK1/2 and Akt
signaling pathway and inhibits proliferation
(A & B) GALR2 was downregulated in UM-SCC-1 (A) and OSCC3 (B) cells by two
siRNAs, siGALR2-7, and siGALR2-10 or with non target siRNA(NT). GALR2 knockdown
was verified by immunoblot analysis. ERK and AKT downregulation was also verified by
phospho-ERK and phospho-AKT antibodies (Fig 2A left). Total ERK and total AKT was
used as loading controls. GALR2 was downregulated in UM-SCC-1 (Fig. 2A right) and
OSCC3 (Fig. 2B right) cells with two GALR2 specific siRNA, siGALR2-7 and
siGALR2-10. Viable cells were counted on days 1, 3 and 5th post-seeding. Data are
representative of three independent experiments, each with three replicates (*p<0.001).
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Figure 3. GALR2 induces proliferation and survival
(A & B) UM-SCC-1 (A, left panel) and OSCC3 (B, left panel) cells were stably transfected
with pcDNA or pcDNA-GALR2. GALR2 expression was verified by immunoblot analysis.
ERK and AKT activation were detected with phospho-ERK and phospho-AKT antibodies,
respectively. Total ERK and total AKT were used to verify total protein. GAPDH was used
as a loading control. GALR2 promotes proliferation. UM-SCC-1 (A, middle panel) and
OSCC3 (B, middle panel) cells stably transfected with control vector and GALR2 were
seeded in triplicate at 20,000 cells/well. Cell number was determined at days 1 through 4
after seeding. Values represent mean of cell number (*p<0.004). GALR2 promotes survival.
UM-SCC-1 (A, right panel) and OSCC3 (B, right panel) cells stably transfected with control
vector or GALR2 were treated with U0126 or LY294002 or combined were stained with
AnnexinV-FITC and propidium iodide. Apoptosis was measured by flow cytometry. Data
represent total apoptotic cells and are expressed as percentage of the corresponding vehicle-
treated control cells. Data represent mean and SEM of three independent experiments
(p≤0.05).
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Figure 4. GALR2 induces rap1, ERK and AKT activation
(A) UM-SCC-1 cells were stimulated with 300nM of [D-Trp2]galanin-(1–29) for 24h and
rap1 activation was evaluated (left panel). UM-SCC-1 cells were transfected with non target
siRNA or siGALR2-7 followed by stimulation with 300nM of [D-Trp2]galanin-(1–29) for
24h and rap1 activation was evaluated (middle panel). Rap1 activation was also determined
in UM-SCC-1cells overexpressing GALR2 compared to control cells (right panel). Total
rap1 was used as loading controls. Active, GTP-bound rap1 was quantified by densitometry
and normalized to total rap1. Data are representative of two independent experiments with
similar results. (B) Dose response of GAL-mediated activation of rap1, ERK and AKT. UM-
SCC-1 control cells (left panel) and GALR2 overexpressing cells (right panel) were
stimulated with varying concentrations of GAL, for 1h. Whole cell lysates were blotted with
phospho-ERK and phospho-AKT antibodies followed by total ERK and total AKT
antibodies respectively. Rap1 activation was evaluated by the rap1 pull down assay and total
rap1 was used as loading control. Active rap1, Phospho-ERK and phospho-AKT signals
were normalized to corresponding total rap1, ERK and AKT, respectively and then to
pcDNA.
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Figure 5. Rap1 mediates GALR2-induced cell proliferation and survival by ERK and AKT
signalling pathways
(A) Rap1GAP inactivates rap1. UM-SCC-1 cells were stably transfected with empty vector
(pcDNA) or FLAG-tagged rap1GAP and whole cell lysates were blotted with FLAG, rap1,
and GAPDH antibodies. Rap1 inactivation in rap1GAP transfected cells was confirmed by
pull down assay. (B) Rap1 mediates ERK and AKT activation. UM-SCC-1 cells stably
transfected with pcDNA and FLAG-tagged-rap1GAP were stimulated with 500 nM GALP
for 24h. Active ERK and AKT were evaluated with respect to total ERK and AKT. (C) UM-
SCC-1 cells overexpressing GALR2 were transfected with rap1 siRNA and were stimulated
with 5 nM GAL for 10 minutes. Active and total ERK, AKT, rap1 and GAPDH were
determined. (D) GALR2 promotes proliferation via rap1. UM-SCC-1-GALR2 cells
transfected with rap1 siRNA or non target siRNA were seeded in triplicate. Viable cells
were counted on days 1, 3 and 5 (*p<.001). (E) GALR2 mediates cell survival via rap1.
Upper panel: UM-SCC-1-GALR2 cells transfected with siRap1 or non target siRNA were
stimulated with 10 nM GAL for 24h and were stained with AnnexinV-FITC and propidium
iodide. The percentage of apoptotic cells was determined by flow cytometry and compared
to UM-SCC-1-pcDNA with UM-SCC-1-GALR2 as 100% (*p<0.038). Lower panel: UM-
SCC-1-GALR2 cells transfected with siRap1 or non target siRNA were incubated with
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U0126, LY294002 or both inhibitors and the percentage apoptotic cells was determined by
flow cytometry and compared to their corresponding controls (*p< 0.04).
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Figure 6. GALR2 promotes tumor growth
(A & B) OSCC3 cells stably transfected with pcDNA or pcDNA-GALR2 were injected
subcutaneously in mice. After 2 weeks, the tumors were harvested and tumor volume (A)
(*p<0.02) and weight (B) (**p<0.01) were determined. (C) Proposed model: GALR2
mediates tumor growth via rap1-induced, ERK- and AKT-mediated proliferation and cell
survival. ERK also regulates cell survival.
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