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Abstract

Autophagy is a cellular process to recycle nutrients and has been implicated in cancer treatment.
Oral squamous cell carcinoma (OSCC) is the most common oral cancer which ranks 3% of
cancers in men and 2% in women. In this study, immunohistochemical staining of OSCC tumor
specimens from human subjects and an athymic mouse model demonstrated high levels of
autophagy markers LC3-11 and ATG5 expression. Further, we identified high levels LC3-11
expression in OSCC tumor cell lines (SCC-1, SCC-12 & SCC-14a) compared to normal human
epithelial (RWPE-1) cells. OSCC cells express high levels of RANK ligand (RANKL); however a
functional role in autophagy is unknown. Interestingly, RANKL stimulation significantly
increased autophagosome related gene expressions such as LC3, ATG5, BECN1 and PI3KC3
MRNA expression in OSCC cells. Further, western blot analysis of total cell lysates demonstrated
a dose-dependent increase in LC3-11 and ATG5 expression in RANKL stimulated cells. In
addition, RANKL increased expression of LC3-1 and LC3-Il, essential for autophagosome
formation. Confocal microscopy analysis of LC3-11 and localization with lysosome further
confirms autophagosome formation in response to RANKL treatment in OSCC cells. Collectively,
our results indicate a novel function of RANKL to induce autophagosome formation, and could be
a potential therapeutic target to control OSCC tumor progression.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer
worldwide [Machiels et al., 2014]. Oral squamous cell carcinoma (OSCC) contributes up to
80-90% of all malignant neoplasms of the oral cavity [Johnson et al., 2011]. OSCC ranks
3% of cancers in men and 2% in women. Genetic predisposition and exposure to
environmental carcinogens such as tobacco, alcohol, chronic inflammation and viral
infection are the major etiologic factors for OSCC tumor development [Choi and Myers,
2008]. A murine model for OSCC tumor on calvarial region of athymic mice showed tumor
invasion of bone and osteolysis [Pandruvada et al., 2010]. Also, OSCC cells have been
shown to express high levels of receptor activator of nuclear factor-xB ligand (RANKL)
[Yuvaraj et al., 2009]. RANKL is a tumor necrosis factor (TNF) superfamily member,
produced by the stromal/preosteoblast cells and a variety of tumor cells. RANKL is critical
for bone resorbing osteoclast formation and survival [Boyle et al., 2003]. RANKL has also
been shown to play a role in prostate tumor cells migration and expression of tumor
metastasis genes [Armstrong et al., 2008]. Tumor cells activate bone resorbing osteoclasts
and thereby facilitate osteolytic process and bone invasion [Deyama et al., 2008; Tada et al.,
2005]. Matrix metalloproteinases such as MMP-7 produced by osteoclasts at the prostate
tumor-bone interface in a rodent model has been shown to promote osteolysis through
solubilization of RANKL [Lynch et al., 2005]. Inhibition of RANKL in preclinical models
has been shown to reduce breast cancer progression and lung metastases [Azim and Azim,
2013; Yoneda et al., 2013]. In addition, RANKL-RANK pathway mediates migration and
invasion of breast and prostate cancer cells [Casimiro et al., 2013].

Autophagy is a cellular self-consumption process characterized by sequestration of bulk
cytoplasm, long-lived proteins and damaged cellular organelles encapsulated as
autophagosomes and delivered for lysosomal degradation to recycle the nutrients [Xie and
Klionsky, 2007]. The process is regulated by the conversion of the cytoplasmic microtubule-
associated protein 1 light chain 3 (LC3-I) into the membrane form of LC3-11 which
promotes the autophagosomal degradation. Autophagy plays an important role in tumor
progression and maintains the malignant state against anti-cancer therapies [Hippert et al.,
2006]. Therefore, autophagy inhibition has emerged as an anticancer therapy, as tumor cells
depend on autophagy for survival under anti-cancer drug/radiation induced stress. Signaling
pathways such as PI3K, CaMKK, PTEN, TSC1/2, P53, Beclin 1 and DRAM are associated
with activation of autophagy. In contrast, PI3BK/AKT/mTOR signaling axis inhibits
autophagy. However, Ras exhibits dual function as both an inhibitor via PI3K activation and
activator via RAF1/MEK1/2/ERK1/2 pathways [Hippert et al., 2006; Janku et al., 2011].
However, the role of RANKL in autophagosome formation in OSCC tumor cells is
unknown. In this study, we demonstrated that RANKL stimulates autophagy marker gene
expression and autophagosome formation in OSCC tumor cells and could be a potential
therapeutic target to control tumor progression.
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Materials and Methods

Reagents

Anti-LC3-1&I1 antibody was purchased from MBL International corporation (Woburn,
MA). Anti-LC3-1l and anti-ATG5 antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Peroxidase-conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa 488-conjugated anti-rabbit 1gG
secondary antibody, LysoTracker® Red DND-99 and DRAQ5 were purchased form Life
Technologies (Grand Island, NY). BCA protein assay reagent was purchased from Pierce
(Rockford, IL). Super signal enhanced chemiluminescence (ECL) reagent was obtained
from Amersham Bioscience (Piscataway, NJ) and PVDF membranes were purchased from
Millipore (Bedford, MA). HRP-labeled secondary antibody and DAB for
immunohistochemical staining were purchased from Vector Laboratories (Burlingame, CA).

Immunohistochemistry (IHC)

OSCC tumor specimens from the human subjects were obtained from the Hollings Cancer
Center Tissue Biorepository in accordance with an Institutional Review Board (IRB)
approved protocol. Human OSCC tumor derived cells lines (SCC-1, SCC-12 and SCC-14a)
were injected over calvaria in athymic mice and tumors developed after 4 weeks period were
collected as described earlier [Sambandam et al., 2013]. OSCC tumor specimens were
formalin-fixed and processed for paraffin sectioning. Serial 5-um sections were cut on a
modified Leica RM 2155 rotary microtome (Leic Microsystems, Ontario, Canada). Antigen
retrieval was performed with Target Retrieval Solution (DAKO, Carpinteria, CA) coupled
with steaming. The slides were incubated with primary anti-LC3-I1 and anti-ATG5
antibodies for 60 min at room temperature. Immunohistochemical staining was performed
with HRP labeled secondary antibody and DAB. The slides were briefly counterstained with
hematoxylin and dehydrated through graded alcohols to xylene and were cover slipped with
a permanent mounting media. LC3-1l1 and ATG5 IHC semi-quantitation was determined
using the modified H-score which consists of the sum of the percent of tumor cells staining
multiplied by an ordinal value corresponding to the staining intensity level (0=none,
1=weak, 2=moderate, and 3=strong). IHC scores were determined by taking the product of
the estimated staining intensity and area of tissue (tumor or normal) stained (<1/3 =1; 1/3—
2/3 = 2; >2/3 = 3), giving a range of possible scores between 0 and 9. IHC scores were
averaged to determine a composite score for each case as described [Kraus et al., 2012].

Quantitative real-time RT-PCR

Genes encoding autophagosome components such as LC3-11, ATG5 and VPS34 (PI3K class
[11) and BECN1 mRNA expression levels were measured by real-time RT-PCR as described
earlier [Yuvaraj et al., 2009]. Briefly, total RNA was isolated from OSCC cells treated with
different concentrations of RANKL (0-100 ng/ml) for 48 h using RNAzol reagent (Biotecx
Labs, Houston, TX). To eliminate the residual genomic DNA contamination, total RNA was
treated with DNAse | (Sigma) at room temperature for 15 min followed by 10 min at 65 °C
with the addition of 25 mM EDTA. The RNA integrity of samples was evaluated based on
the intensity of 28S and 18S rRNA bands on agarose gels and Asgo/Azgp ratio between 1.8
and 2.0. The reverse transcription reaction was performed using poly-dT primer and
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moloney murine leukemia virus reverse transcriptase in a 25 pl reaction volume containing
total RNA (2 ug), 1x PCR buffer and 2 mM MgCly, at 42 °C for 15 min followed by 95 °C
for 5 min. The quantitative real-time RT-PCR was performed using IQ™ SYBR Green
Supermix in an iCycler (iCycler iQ Single-color real-time-PCR detection system; Bio-Rad,
Hercules,CA). The primer sequences used to amplify human glyceraldehyde-3-phosphate
dehydrogenase (hGAPDH) mRNA were 5’-CCT ACC CCC AAT GTATCC GTT GTG-3’
(sense) and 5’-GGA GGA ATG GGA GTT GCT GTT GAA-3’ (anti-sense); hATG5 mRNA
5-TTT GAA TAT GAA GGC ACA CCA-3’ (sense) and 5°-GCA TCC TTA GAT GGA
CAG TGC-3’ (anti-sense); hBECN 5°- TTC CTT ACG GAA ACC ATT CA-3’ (sense) and
5-GGT CAA ACT TGT TGT CCC AGA-3’ (anti-sense); hLC3-A 5’-CAT GTG GAA
AAG CAG CTG TG-3’ (sense) and 5’-CCT TGT AGC GCT CGA TGA T-3’ (anti-sense);
PIBKC3 (VPS34) mRNA 5’-AAG CAG TGC CTG TAG GAG GA -3 (sense) and 5’-TGT
CGA TGA GCT TTG GTG AG-3’ (anti-sense). Thermal cycling parameters were 94 °C for
3 min, followed by 35 cycles of amplifications at 94 °C for 30 s, 60 °C for 1 min, 72 °C for
2 min, and 72 °C for 10 min as the final elongation step. The melt curve analysis was
performed from 59-95 °C with 0.5 °C increments. The specificities of PCR amplifications
were assessed from the melt curves to confirm the presence of gene specific peaks. Relative
levels of MRNA expression were normalized in all the samples analyzed with respect to the
levels of GAPDH amplification.

Western blot

OSCC cells were seeded (5x10°/well) in 6-well plates and supplemented with DMEM
containing 10% FBS. Cells were stimulated with or without RANKL (0-125 ng/ml) and
total cell lysates were prepared in a buffer containing 20 mM Tris-HCI at pH 7.4, 1% Triton
X-100, 1 mM EDTA, 1.5 mM MgCls, 10% glycerol, 150 mM NaCl, 0.1 mM NazVO, and
1x protease inhibitor cocktail. The protein content of the samples was measured using the
BCA protein assay reagent (Pierce, Rockford, IL). Protein (100 pg) samples were then
subjected to SDS-PAGE using 4-15% Tris-HCI gels and blot transferred on to a PVDF
membrane and immunoblotted with anti-LC3-1&I1 or LC3-I1 and ATG5 antibodies. The
bands were detected using the enhanced chemiluminescence detection system. The band
intensity was quantified by densitometric analysis using the NIH ImageJ Program and full
length western blots were provided as supplemental material.

Confocal microscopy

SCC14a cells (1x10* cells/well) were cultured onto 22 mm coverslips in 6-well plates and
treated with or without RANKL (100 ng/ml) for 24 h. After treatment, culture medium was
replaced with freshly prepared pre-warmed medium containing 500 nM Lysotracker Red,
and incubated at 37 °C for 45 min. Following labeling, cells were placed on ice and washed
for 10 min in ice-cold phosphate buffered saline (PBS), and fixed with 4% formaldehyde in
PBS for 20 min [Fossale et al., 2004]. Cells were then permeabilized with 0.1% Triton
X-100 for 10 min at room temperature, which were then blocked for 1 h with PBS
containing 2% horse serum. Immunostaining of cells was performed by incubation with
primary antibodies against LC3-11 in PBS containing 2% horse serum for 3 h. After
extensive washing with PBS, cells were incubated with Alexa 488-conjugated anti-rabbit
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IgG for 1 h at room temperature. Nuclear staining was performed with DRAQ5 and
autophagosomes were visualized by 1X81 confocal microscope (Olympus, 1X81; 40-60 x).

Statistical analysis

Results

Results are presented as mean * SD for three independent experiments and were compared
by Student’s t-test. Values were considered significantly different for p < 0.05.

LC3-Il and ATG5 expression in OSCC tumor cells

Tumor cells have been shown to express high levels of several autophagy-related genes
(Atg), Beclin 1 and LC3 which are associated with longevity [Ahn et al., 2007; Yoshioka et
al., 2008]. Previously, OSCC tumor invasion of bone/osteolysis has been demonstrated in an
athymic mouse model [Pandruvada et al., 2010]. Since, autophagosome formation was
detected in invasive and metastatic melanoma cells [Lazova et al., 2010], we examined the
autophagosome marker proteins, LC3-11 and ATG5 expression in OSCC tumor specimens.
Immunohistochemical analysis of OSCC tumor specimens from human subjects showed
high levels of LC3-11 and ATG5 expression with an average of H score 7 and 8 respectively.
In contrast, immunohistochemistry of normal adjacent tissues demonstrated very low levels
of LC3-1l and ATG5 (average H score <2) expression (Fig. 1A). Also, OSCC tumor
specimens derived from athymic mice injected with the human OSCC cell lines (SCC-1 and
SCC-14a) over calvaria stained strong positive for LC3-Il and ATG5 expression compared
to SCC-12 cells (Fig. 1B). We further examined the expression of LC3-1l in OSCC and
normal epithelial (RWPE-1) cells by western blot analysis. As shown in Fig. 1C, total cell
lysates obtained from SCC-1, SCC-12 and SCC-14a cells demonstrated 6.0, 3.0 and 8.0-fold
increase in LC3-11 expression respectively, when compared to normal epithelial RWPE-1
cells. These results suggest that autophagosome formation occurs in OSCC tumor cells.

RANKL stimulation of autophagosome associated gene expression

OSCC tumor cells express high levels of RANKL [Yuvaraj et al., 2009]. RANKL has been
shown to modulate proliferation and migration of prostate tumor cells [Armstrong et al.,
2008; Chen et al., 2006]. RANKL-RANK signaling is involved in mammary cancer
development [Yoneda et al., 2013]. Therefore, we further examined the RANKL regulation
of autophagosome related gene expression in OSCC cells. Interestingly, real-time RT-PCR
analysis of total RNA isolated from SCC14a cells showed a significant increase in ATG5,
BECN-1 and VPS34 (PI3KC3) mRNA expression in response to RANKL treatment (Fig. 2).
In addition, RANKL dose dependently increased the expression of LC3 mRNA in these
OSCC cells. In addition, western blot analysis of total cell lysates obtained from SCC-1,
SCC-12 & SCC-14a cells treated with different concentration of RANKL (0-75 ng/ml)
showed a significant increase in the autophagosome marker, LC3-11 expression in a dose-
dependent manner (Fig 3A). It has been shown that recruitment of LC3-11 to isolation
membranes depends on ATG5 expression [Mizushima et al., 2001]. We therefore examined
the status of ATG5 expression in RANKL stimulated OSCC cells. As shown in Fig. 3B,
western blot analysis of total cell lysates obtained from SCC-14a cells stimulated with
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RANKL showed a dose-dependent increase in ATG5 expression. These results implicate a
novel function of RANKL in autophagosome formation in OSCC tumor cells.

RANKL increases autophagosome formation in OSCC cells

It has been well characterized that conversion of LC3-I to LC3-11 serves as an indicator of
autophagosome formation [Klionsky et al., 2008]. Therefore, we next examined the effect of
RANKL on LC3-1 conversion to LC3-11 in OSCC tumor cells. Total cell lysate obtained
from SCC14a and SCC-12 cells treated with different concentration of RANKL (0-125
ng/ml) for 24 h were subjected to western blot analysis for LC3-1 and LC3-11 protein
expression. As shown in Fig. 4A, RANKL increased the levels of LC3-I and LC3-11
expression in OSCC cells. To confirm RANKL stimulation of autophagosome formation in
OSCC cells, SCC14a cells were immunostained with LC3-I1 specific antibody and detected
with Alexa 488—conjugated anti-rabbit antibody by confocal microscopy. As shown in Fig.
4B, RANKL markedly increased autophagosome formation in SCC14a cells when compared
with unstimulated control cells. To further confirm the autophagosome formation, we have
analyzed the co-localization of LC3-I1 in lysosomes. As shown in Fig. 4C, RANKL
treatment elevated co-localization of LC3-11 with LysoTracker, a red-fluorescent dye for
labeling lysosomes in OSCC tumor cells. These results suggest that RANKL plays an
important role in the modulation of autophagosome formation/autophagy in OSCC cells.

Discussion

Autophagy plays an important role in tumor progression and maintains the malignant state
against anti-cancer therapies [Hippert et al., 2006]. Autophagy is shown to be up regulated
in colorectal cancer and associated with poor prognosis, drug resistance [Lai et al., 2014].
This study demonstrated that OSCC tumors from human subjects and an athymic mouse
model express high levels of LC3-11 and ATG5 expression which indicates the autophagy in
OSCC tumor cells. RANKL has been shown to directly affect proliferation, migration in
prostate tumor cells [Armstrong et al., 2008; Chen et al., 2006]. Also, RANKL has been
implicated in mammary cancer development [Schramek et al., 2011; Yoneda et al., 2013].
RANKL-RANK signaling has been shown to play an important role in OSCC tumor
invasion of bone [Shin et al., 2011]. Herein, we demonstrated that RANKL treatment of
OSCC tumors cells enhances the levels of several autophagy-related genes (ATG), BECN 1
and LC3 which are associated with longevity of the cancer cells [Ahn et al., 2007; Yoshioka
et al., 2008]. LC3 conversion from LC3-I to LC3-11 correlated with the autophagosome
formation [Klionsky et al., 2008]. Our results that RANKL treatment significantly increased
LC3-11 in OSCC cells suggest that RANKL modulates autophagy in OSCC cells. RANKL
has been reported to be involved in post-translational modifications of signaling molecules
[Kim et al., 2011]. Therefore, RANKL could be involved in the conversion of LC3-1 to
LC3-11. Confocal microscopy analysis used in this study further confirmed RANKL
induction of autophagosome formation essential for autophagy in OSCC tumor cells. This is
consistent with the previous report that constitutive formation of autophagosomes has been
detected in invasive and metastatic melanoma cells [Lazova et al., 2010]. Thus, the present
study identified that RANKL expression in OSCC cells plays a novel role in modulation of
autophagy, and may have implications in malignant progression of tumors. Recently, it has
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also been shown that OSCC tumor cells production of chemokines such as CXCL13 induce
RANKL expression in bone marrow stromal/preosteoblast cells [Sambandam et al., 2013].
Therefore, tumor derived cytokines/chemokines may contributes to elevated levels of
RANKL expression in the OSCC and autophagosome formation in the tumor
microenvironment. RANKL has been shown to be expressed in metastatic bone cancer cells
and play a key role in cell migration and metastatic behavior [Lee et al., 2011]. Recently, it
has been shown that impaired autophagy suppressed pulmonary metastasis of hepatocellular
carcinoma [Peng et al., 2013], development of hepatoblastoma [Chang et al., 2011] and
augment apoptosis in human OSCC under nutrient depletion [Jiang et al., 2014]. Also,
increased RANKL expression is implicated in renal carcinoma tumor migration and
metastasis [Mikami et al., 2009]. Therefore, RANKL induced autophagy may play a role in
tumor cell migration/metastasis. The p62 (sequestosome 1) is a multifunctional ubiquitin-
binding protein which binds to LC3-11 on the autophagosome membrane for degradation
[Pankiv et al., 2007; Wooten et al., 2008]. Autophagic modulation of p62 has been shown to
play a role in tumorogenesis [Mathew et al., 2009]. A correlation between LC3 or p62/
SQSTML1 and the infiltration of T-cells suggests a role for autophagy in malignancy through
immune cells mobilization to the cancer microenvironment [Sakakura et al., 2014]. In this
scenario, it is possible that RANKL may regulate autophagic process through p62 in OSCC
tumor cells.

Autophagy inhibition has emerged as an anti-cancer treatment, as tumor cells depend on
autophagy for survival under anti-cancer drug/radiation induced stress. lonizing radiation
has been shown to induce autophagy in human OSCC [Wau et al., 2014]. Therefore, impaired
autophagy could promote the anti-cancer effects of radiotherapy in patients with OSCC
tumor. Impaired autophagy has been shown to suppress the development of hepatoblastoma
[Chang et al., 2011]. Malignant OSCC tumors are known to have a potent activity of local
bone invasion. OSCC tumor progression involves invasion of bone/osteolysis [Pandruvada
etal., 2010]. Thus, it is necessary to develop therapeutic measures to control OSCC tumor
progression. Tamoxifen has been shown to inhibit OSCC cell growth in vitro [Nelson et al.,
2007]. Also, Cisplatin chemotherapy displayed antitumor activity against OSCC tumors
[Hiraishi et al., 2008]. However, recurrence of OSCC tumor after chemotherapy is observed.
Therefore, inhibition of RANKL expression in OSCC cells in conjunction with anti-cancer
drugs could be a potential therapy to control OSCC tumor progression.
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Fig. 1. LC3-11 and Atg5 expression in OSCC
Immunohistochemical staining for LC3-11 and Atg5 expression in (A) human primary OSCC

tumors specimens compared to normal adjacent tissue, and (B) tumors developed using
SCC-1, SCC-12 and SCC-14a cells in an athymic mouse model. The mean H score of OSCC
and adjacent normal tissue from 3 specimens respectively is illustrated as a graph. The data
are shown as mean + SD (*p < 0.05). (C) Total cell lysates obtained from SCC-1, SCC-12,
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SCC-14a and normal epithelial (RWPE-1) cells were analyzed for LC3-I1 expression by
western blot. B-actin expression served as control. Data shown are representative of three
replicate studies. The band intensities were quantified by ImageJ program as shown in the
right panel. The values are expressed as mean band intensity (LC3-11/B-actin) + SD of
triplicates (*p<0.05).
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Fig. 2. Real-time RT-PCR analysis of RANKL stimulated autophagosome associated gene
expression in OSCC cells

The SCC14a cells were stimulated with different concentration of RANKL (0-100 ng/ml)
for 48 h. Total RNA isolated from these cells was subjected to real-time RT-PCR analysis
for LC3, Atg5, BECN-1 and PI3K-CIII mRNA expression using gene specific primers. The
relative levels of mMRNA expression were normalized with GAPDH amplification. Data
shown are representative of three replicate studies. The values are expressed as mean = SD
(*p<0.05).
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Fig. 3. Western blot analysis of RANKL induction of L C3-11 and Atg5 expression in OSCC cells
(A) SCC-1, SCC-12 and SCC-14a cells were treated with different concentration of RANKL

(0-75 ng/ml) for 48 h and total cell lysate obtained from these cells were analyzed by
western blot using specific antibodies against LC3-11. (B) Western blot analysis of Atg5
expression in RANKL stimulated SCC14a cells using specific antibodies against Atg5. -
actin expression served as control. The band intensities were quantified by ImageJ program
as shown in the right panel. The values are expressed as mean relative band intensity + SD
(*p<0.05).
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Fig. 4. RANKL increasesLC3-1, L C3-Il and autophagosome formation in OSCC cells
(A) SCC-14a and SCC-12 cells were stimulated with different concentrations of RANKL

(0-125 ng/ml) for 24 h and total cell lysate were subjected to western blot analysis for LC3
proteins using the anti-LC3 antibody which recognize both LC3-1 and LC3-11 molecules. -
actin expression served as control. (B) Confocal microscopy analysis of autophagosome
formation in OSCC cells. SCC14a cells were stimulated with RANKL (100 ng/ml) for 24 h
and immunostained for LC3-I1. Nuclear staining was performed by DRAQS5. Merged image
demonstrates cytosolic localization of autophagosomes. (C) Co-localization of LC3-I1 in
lysosome. SCC14a cells were stimulated with RANKL and immunostained for LC3-II.
Also, label lysosome using LysoTracker® Red DND-99, a red-fluorescent dye. Nuclear
staining was performed by DRAQ5. Representative images of cells demonstrate co-
localization of lysosome with LC3-I1 (magnification 60x).

J Cell Biochem. Author manuscript; available in PMC 2017 January 01.



