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Abstract

Hypoxia confers resistance to chemoradiation therapy and promotes metastasis in head and neck
squamous cell carcinomas (HNSCC). We investigated the effects of hypoxia in tumor phenotype
using immunocompetent murine HNSCC models. Balb/c mice were injected intraorally with
murine squamous cell carcinoma cells LY-2 and B4B8. Intratumoral hypoxia fraction was
evaluated by the immunohistochemical detection of hypoxic probe pimonidazole and carbonic
anhydrase IX (CAIX). Tumor cell apoptosis and autophagy in hypoxic areas of these tumors were
examined immunohistochemially. Hypoxia-induced apoptotic and autophagic responses in vitro
were examined by treating LY?2 cells with CoCl,. B4B8 tumors exhibited a non-aggressive
phenotype characterized by its slow growth rate and the lack of metastatic spread. LY2 tumors
demonstrated an aggressive phenotype characterized by rapid growth rate with regional and distant
metastasis. Intratumoral hypoxia fraction in B4B8 tumors was significantly lower than LY2
tumors. Hypoxic areas in B4B8 tumors exhibited increased apoptosis rate than LY?2 tumors. In
contrast, hypoxic areas in LY?2 tumors revealed autophagy. Induction of hypoxia in vitro elicited
autophagy and not apoptosis in LY2 cells. Induction of autophagy coupled with blockage of
apoptosis in hypoxic areas promotes tumor cells survival and confers aggressive phenotype in
immunocompetent murine HNSCC models.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy
worldwide with an estimated annual incidence of 500,000 cases (Parkin et al., 1999). The
current 5-year survival rate for HNSCC is less than 50% which has remained unchanged
during the last five decades (Mashberg, 2000). By the time diagnosis is made, approximately
two-thirds of HNSCC patients have locally advanced disease (stages 11 or 1V); their
prognosis is extremely poor, with an estimated survival rate of 30% (Forastiere et al., 2001;
Haddad and Shin, 2008; Seiwert and Cohen, 2005). Poor survival in these patients is
attributable to persistent or recurrent disease (Day and Blot, 1992; Seiwert and Cohen,
2005). Patients with locally advanced HNSCC are treated primarily with radiation therapy
(RT) alone or in combination with surgery and/or chemotherapy (Eisbruch et al., 2001;
Forastiere et al., 2001; Fu, 1997; Haddad and Shin, 2008; Kyasa et al., 2008; Lorch et al.,
2008; Marur and Forastiere, 2008; Pignon et al., 2000). A critical limit for the effectiveness
of radio- and chemotherapy in HNSCC is the presence of intratumoral hypoxic areas (Brizel
etal., 1997; Janssen et al., 2005; Le, 2007; Peters, 2001; Vordermark and Brown, 2003).
Most solid malignant tumors including HNSCC develop chronic or transient reduction in
oxygen tension below physiological levels (hypoxia). Intratumoral hypoxia, which plays a
causative role in the development of metastatic disease, is a common feature in human
HNSCC (Chaudary and Hill, 2007; Evans et al., 2000; Janssen et al., 2005; Koshikawa et
al., 2006; Nordsmark et al., 2005; Rofstad et al., 2007; Sullivan and Graham, 2007; Wijffels
et al., 2008; Zhang and Hill, 2004). Moreover, hypoxia induces an immunosuppressive
tumor microenvironment and protects tumor cells from anti-tumor immunity via diverse
mechanisms (Le et al., 2005; Lukashev et al., 2007; Siemens et al., 2008). However, little is
known how hypoxia-induced changes in the tumor microenvironment influence the host's
anti-tumor immune responses in HNSCC. This potential for hypoxia-mediated suppression
of host anti-tumor immunity clearly warrants a thorough investigation in order to further
develop effective cancer treatment targeting hypoxia in HNSCC. In this article we describe
the establishment of orthotopic murine HNSCC models with an intact immune system that
might be useful for preclinical testing of hypoxia-targeted tumor imaging and therapies.

Most of the previously reported orthoptic preclinical models of HNSCC utilize
immunodeficient mice into which human HNSCC xenografts are transplanted (Bozec et al.,
2008; Dinesman et al., 1990; Henson et al., 2007; Mognetti et al., 2006; Myers et al., 2002;
Qiu et al., 2003; Sano and Myers, 2009). The lack of a competent immune system in these
mouse models may not accurately recreate the hypoxia-related tumor phenotype and
progression of human HNSCC because immune-mediated constraints on tumor progression
involve both the innate and acquired immune system (Shankaran et al., 2001; Swann et al.,
2008). Another important consideration for mouse models of HNSCC that have intact
immunity involves testing the therapeutic efficacy of tumor antigen-targeted humanized
monoclonal antibodies. Humanized monoclonal antibody-based therapy is becoming an
important component of targeted therapy against solid malignancies(Yan et al., 2008).
Interestingly, recent studies suggest that host anti-tumor immune responses play critical
roles in the clinical response to monoclonal antibody therapy (Lopez-Albaitero and Ferris,
2007; Reusch et al., 2006).
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Therefore, development of an orthotopic immunocompetent mouse model of HNSCC is
critical to further our understanding of the mechanisms by which hypoxia promotes HNSCC
metastasis and therapeutic resistance. This, in turn, can aid in developing new
pharmacologic strategies to manipulate tumor hypoxia for therapeutic benefit. The purpose
of the present study is to develop syngeneic orthotopic murine models of hon-metastatic and
metastatic HNSCC that parallel the clinical and biologic behaviors of human HNSCC and
characterize the effects of tumor hypoxia on these tumor models..

Materials and methods

Tissue culture and cell lines

Reagents

Murine squamous cell carcinoma (SCC) cell lines PAM-LY (LY-2) and B4B8-Scid (B4B8)
were as monolayers in Ham’s F12: DME medium (1:1) supplemented with 2mM L-
glutamine, 100 pg/ml penicillin G, 100 pg/ml streptomycin, 0.25 pg/ml amphotericin B and
10% fetal calf serum (Life Technologies) at 37 °C with 5% CO,. The LY-2 cell line was
isolated from lymph node metastases that developed in BALB/c mice after inoculation of
PAM 212 squamous cell carcinoma cells (Chen et al., 1997). The parental PAM 212 was
derived from neonatal BALB/c epidermal keratinocytes which were spontaneously
transformed in vitro and were tumorigenic in athymic nude Balb/c congenic mice (Yuspa et
al., 1980). B4B8 is a murine SCC cell line derived from BALB/c oral keratinocytes treated
with chemical carcinogen 4NQO (Thomas et al., 1999).

Antibody against carbonic anhydrase IX (CA-IX) was obtained from Abcam (Cambridge,
MA); antibodies against proliferating cell nuclear antigen (PCNA) and cyclin D1 were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); antibody specific for
mouse cathepsin B was obtained from Upstate (Lake Placid, NY); antibodies specific for
cleaved caspase 3 (casp-3) and Beclin-1 were obtained from Cell Signaling Technology, Inc,
(Danvers, MA). Mouse monoclonal antibody against -actin was obtained from Sigma-
Aldrich Co (St. Louis, MO). Streptavidin-Alexa Fluor® 488 was obtained from Molecular
Probes (Invitrogen, Carlsbad, CA). The Hypoxypobe-1™ Kit consisting of pimonidazole
(Hypoxyprobe-1) and a mouse monoclonal antibody against pimonidazole adducts was
obtained form Chemicon International (Temecula, CA). The DAKO ARK (Animal Research
Kit)-peroxidase, biotinylated goat anti-rabbit/mouse immunoglobulins, EnVision+ System-
horseradish peroxidase (HRP) and -alkaline phosphatase (AP) kits were obtained from
DakoCytomation (Carpentaria, CA).

Animal tumor models

All protocols for animal tumor models were approved by the Institutional Animal Care and
Use Committee of the University of Texas Health Science Center at Houston. Six-week-old
female BALB/c mice were purchased from Harlan (Indianapolis, IN). B4B8 and LY2 cells
were grown to 75% confluence and harvested and resuspended in phosphate buffered saline
(PBS). Cell suspensions were mixed with equal volumes of Matrigel (BD Biosciences, San
Jose, CA) and injected sub-mucosally via intraoral route into the right buccal sulcus at a
final concentration of 1 x 108/0.1ml per animal. Tumor sizes were measured weekly and
tumor volumes were estimated using the formula (V = A x B2/2 mm3), where A and B are
the longer and shorter diameters of the swelling. We monitored the mice with tumors daily
and mice exhibiting signs of morbidity according to the guidelines set by the Institutional
Animal Care and Use Committee were sacrificed immediately. Mice were euthanized by
exsanguination under isoflurane anesthesia and then primary tumors, regional lymph nodes
and lungs were harvested. These tissues were fixed in 10% neutral buffered formalin,
embedded in paraffin and serial sections were made and used for hematoxylin and eosin
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staining and for immunohistochemical studies. All immunohistochemical analyses were
conducted on the primary tumor sections.

Detection of tumor hypoxia

Hypoxypobe-1™ (Pimonidazole hydrochloride) was injected into the tail vein of the mice
(60mg/Kg = 1.5 mg in 100 pl of 0.9% NaCl per mice) two hours prior to sacrificing the
animal. Immunohistochemical detection of pimonidazole adducts formed within the
intratumoral hypoxic areas were examined using the anti-pimonidazole antibody. Tissue
sections were deparaffinized, rehydrated and subjected to antigen retrieval by boiling in
ANTIGEN DECLOAKER (Biocare Medical, Concord, CA, USA). Endogenous peroxidase
activity was blocked with 3% H,0, in methanol. Tissue sections were incubated with
monoclonal mouse anti-pimonidazole antibody (Hypoxypobe-1 MADb; 1: 50) that had been
previously biotinylated followed by addition of Streptavidin-HRP (DAKO ARK). CA-IX
was used as an endogenous marker for tumor hypoxia. CA-1X expression in tumor sections
was examined using a polyclonal rabbit ant-CA-1X antibody (1:1000). CA-IX antibody
immunoreactive sites were detected with EnVision+ System-horseradish peroxidase (HRP)
kit for rabbit primary antibodies according to the manufacturer’s instruction.

Immunohistochemical analyses of tumor cell proliferation, apoptosis and autophagy

Markers of cell proliferation, apoptosis and autophagy in primary B4B8 (n=5) and LY2
tumors (n=5) were examined by immunohistochemistry. Representative tumor sections were
deparaffinized and rehydrated and antigen retrieval was performed by boiling in ANTIGEN
DECLOAKER (Biocare Medical, Concord, CA, USA) solution for two minutes. Endogenous
peroxidase activity was quenched by incubating the tissue section with 3% H,0, in
methanol for ten minutes. Non-specific binding sites were blocked by incubating the tumor
sections in BACKGROUND TERMINATOR (Biocare Medical, Concord, CA, USA)
solution for ten minutes. Proliferation rates of these tumors were examined with mouse
monoclonal anti-PCNA (1:100) and anti- cyclin D1 (1:50) antibodies. Apoptosis and
autophagic responses in hypoxic areas of the tumors were examined using the rabbit
polyclonal anti-mouse cathepsin B antibody (1:100), rabbit monoclonal anti-casp-3 (1:100)
and rabbit polyclonal anti-Bec-1(1:100) antibodies. Immunoreactivity of mouse monoclonal
antibodies (PCNA and cyclin D1) was detected using the DAKO ARK according to the
protocol provided with this kit. We used EnVision®+ System-HRP kit and its recommended
protocol for detection of rabbit monoclonal (caspase 3) and polyclonal (cathepsin B and
Beclin 1) antibody binding sites. We used Animal Research Kit-HRP and EnVision®+
alkaline phosphatase (AP) kit for simultaneous detection of pimonidazole and cathepsin B,
respectively, in tumor sections. HRP and AP reactive sites in tissue sections were visualized
using diaminobenzidine tetrachloride and Fast Red as chromogenic substrates, respectively.
For negative controls, non-immune mouse or rabbit serum was substituted instead of mouse
or rabbit primary antibodies, respectively.

In vitro detection of autophagy in LY2 cells under hypoxia-mimetic conditions

Cobalt chloride (CoCly) treatment of cells in vitro activates hypoxia signaling by stabilizing
HIF1a and induces cellular changes which are identical to those seen after hypoxia (Bunn
and Poyton, 1996; Goldberg and Schneider, 1994; Piret et al., 2004). Sub-confluent cultures
of LY2 cells were washed twice with PBS and hypoxia-like conditions were chemically
created by incubating the cells in culture medium containing 250 uM CoCl, for 24-48 hr. At
the end of the treatment, adherent and floating cells were harvested and lysed by M-PER™
mammalian protein extraction reagent (PIERCE, Rockford, IL) supplemented with
Complete Protease Inhibitor Cocktail (Roche Applied Sciences, Indianapolis, IN). The cell
lysates (20 pg) were subjected to electrophoresis on a 4-20% Tris-Glycine SDS-PAGE
(Invitrogen, Carlsbad, CA), followed by transfer to a nitrocellulose membrane using the
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iBlot™ Dry Blotting system (Invitrogen). The blot was probed with rabbit anti-Beclin-1
antibody (1:1000) followed by HRP-conjugated goat anti-rabbit antibody (Pierce,) and
chemiluminescence detection. The same blot was re-probed using monoclonal mouse anti-3
actin (1:5000) antibody after stripping with BlotFresh™ Western blot stripping reagent
(SignaGen® Laboratories, Gaithersburg, MD). For immunohistochemical detection of
autophagy, LY?2 cells were grown in microscopic slide chambers for 50-60% confluence
and then treated with CoCl, for 48 hr. At the end of treatment cells were fixed in 2%
paraformaldehyde for immunohistochemical detection of autophagic marker Beclin-1. LY?2
cells treated with CoCl, and non-treated control cells were probed with polyclonal rabbit
anti-Beclin-1 (1:100) and its immunoreactivity was demonstrated using the EnVision®+
System-HRP kit according to the manufacturer’s instructions.

Image and data analyses

Results

Computerized image analyses of immunostained primary tumor sections were performed
using the Image-Pro Plus 5.1 program. Quantification of hypoxia fraction identified by
either pimonidazole binding or by CA-IX expression was performed at low magnification.
Digital photomicrographs of the entire primary tumor areas were acquired using a SPOT
digital camera (Diagnostic Instruments Inc. Sterling Heights, MI, USA). Using image
analysis software (Image-Pro Plus 5.1) pimonidazole-positive, CA-9 positive areas and the
total areas of the primary tumor sections were determined. The hypoxia fraction (%) was
defined as pimonidazole- or CA-IX positive area/total tumor areas x 100. Ten representative
tumors were examined for each tumor type (B4B8 and LY2). Proliferative activity of these
tumors was determined by counting PCNA/cyclin D1-positive nuclei in randomly selected
high-power fields (HPF; n=5). The number of PCNA/cyclin D1-positive cells per HPF was
recorded as their respective labeling indices (LI) for each tumor type. Tumor cell apoptosis
in hypoxic areas (n=5; as determined by pimonidazole binding) was examined by
immunolabeling for cleaved casp-3. Apoptosis rates of tumor cells in hypoxic areas were
defined as number of casp-3 positive cells per HPF. All statistical analyses were performed
using GraphPad Prism 4 and p-values less than 0.05 were considered to be statistically
significant.

Biologic behaviors of orthotopic oral cancer models

Implantation of murine SCC cell lines LY2 and B4B8 within the mandibular buccal sulcus
of syngeneic BALB/c mice formed tumors in 100% and 85% of the mice, respectively
(Figures 1 & 2). LY2 tumors became grossly identifiable within one week post implantation
and grew rapidly to produce a mean tumor volume of 36.4 + 10.8 mm?3 within 3 weeks
(Figure 3). Accompanying this rapid tumor growth, the tumor bearing mice exhibited
cachexia and needed to be sacrificed within the 25" day postinoculation of tumor cells. On
the other hand, growth rate of B4B8 tumors was slow and the tumors could be grossly
identified only two weeks after inoculation (Figure 3). B4B8 tumors reached a mean volume
of 17.7 + 2.2 mm?3 6 weeks post implantation; the B4B8 tumor bearing mice did not exhibit
cachexia or any other tumor-related distress 8 weeks after tumor cell implantation (Figure
3). The results indicated that the clinical behavior of LY2 tumors was more aggressive than
B4B8 tumors.

Histopathologic findings

Hematoxylin and eosin stained serial sections of primary tumors, regional lymph nodes;
lung and liver tissue were used for histopathologic examination. Primary tumors of B4B8
and LY?2 were located underneath the mucosal epithelium invading deeply into the skeletal
muscle, mandible and adjacent salivary gland lobules (Figure 4). Histologic and cytologic
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features of primary B4B8 tumors were compatible with a well to moderately differentiated
squamous cell carcinoma (Figure 4 A—C). B4B8 tumors revealed invasive islands and cords
of malignant squamous epithelial cells with abundant eosinophilic cytoplasm and uniformly
sized hyperchromatic nuclei (Figure 4 A—C). The mitotic activity of this tumor was low (3-
5/HPF) without any abnormal mitotic activity. Perineural or vascular invasion was not
present. The primary LY?2 tumors revealed histologic and cytologic features of a poorly
differentiated basaloid squamous cell carcinoma (Figure 4 D—F). LY2 primary tumors were
composed of sheets of basaloid poorly differentiated large polygonal and ovoid malignant
epithelial cells with pleomorphic and hyperchromatic nuclei containing multiple prominent
nucleoli (Figure 4 D-F). Frequent perineural invasion was noted with most LY 2 primary
tumors. LY2 tumor cells exhibited a high mitotic index (12-15/HPF) with atypical mitosis.
LY2 tumors demonstrated multifocal satellite necrosis comprising 10% to 25% of the total
tumor area. The incidence of regional lymph node metastasis was 91% (33/36) and distant
lung metastasis was 32% (11/36) with LY 2 tumors (Figures 2 & 5). There was no evidence
of nodal or lung metastasis with B4B8 tumors. Neither LY2 nor B4BD tumors had liver
metastases or any other distant metastases.

Proliferation rate of orthotopic B4B8 and LY2 tumors

We used the PCNA and cyclin D1 labeling indices to measure the proliferation rate of B4B8
and LY2 tumors (Figure 6). PCNA and cyclin D1 immunoreactivity was localized mostly in
nuclei of tumor cells with a weak cytoplasmic reactivity in some tumor cells (Figure 6).
Tumor proliferation rate measured by PCNA labeling index was significantly (p< 0.0001)
lower in B4B8 tumors (range =146-367; mean + SEM = 257 + 33.6) compared to LY?2
tumors (range =583-937; mean £ SEM = 758.2 + 46.0). Cyclin D1 labeling index was also
lower in B4B8 tumors (range =68-155; mean + SEM = 126.5 + 15.4) than LY2 tumors
(range =92-268; mean £ SEM = 176.2 £ 21.7), however the difference was not statistically
significant (p = 0.117).

Hypoxic areas in B4B8 and LY2 tumors

Hypoxic areas in these tumors were identified by their positive immunostaining for CA-I1X
and pimonidazole (Figure 7). Hypoxic tumor cells exhibited a strong cell membrane and a
weak cytoplasmic staining for CA-1X and revealed an intense cytoplasmic staining for
pimonidazole. Hypoxic areas were detected in 100% (20 of 20) and 70% (14 of 20) of LY?2
and B4B8 tumors, respectively. On average, the hypoxic area is significantly higher in LY2
primary tumors than B4B8 tumors. Both pimonidazole and CA-1X positive tumor cells were
frequently noted in peri-necrotic areas; however, the hypoxic tumor fractions identified by
CA-IX staining were significantly greater than tumor fractions identified by pimonidazole
binding (Figure 7). Moreover, there were areas of mismatch in both B4B8 and LY2 tumors
where CA-1X positivity was found without pimonidazole binding but not vice versa.

Hypoxia-induced apoptotic and autophagic responses in B4B8 and LY2 tumors

Apoptotic cells positive for cleaved casp-3 were detected in abundance in hypoxic areas of
B4B8 tumors, whereas hypoxic areas in LY2 tumors were essentially negative for casp-3
(Figure 8). Hence, the tumor hypoxia-related apoptotic rate was significantly higher (p <
0.001) in B4B8 tumors (26.6 £ 10.92/HPF) compared to LY?2 tumors (6.2 + 1.4) (Figure 8).
In B4B8 tumors, the apoptosis was localized to discrete, patchy areas, which in most cases
corresponded to the hypoxic areas. In contrast, hypoxic areas of LY?2 tumor demonstrated
patchy areas of necrosis, essentially devoid of apoptotic tumor cells. Moreover, hypoxic
areas in LY2 tumors demonstrated overexpression of autophagy-regulating protein Beclin-1
in viable tumor cells found in the peri-necrotic areas (Figure 9) (Cao and Klionsky, 2007).
Lysosomal protease cathepsin B, which participates in both apoptosis and autophagy, was
also overexpressed in hypoxic areas of LY?2 tumors (Vigneswaran et al.,
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2005;Wickramasinghe et al., 2005;Yan et al., 2005). Extending this observation, we
performed double immunolabeling and confirmed up-regulation cathepsin B expression in
hypoxic areas compared to normoxic areas of LY?2 tumors. Increased expression of
cathepsin B in hypoxic LY?2 tumor cells was noted in large granules consistent with
phagolysosome (Figure 9).

Chemically induced hypoxia up-regulates the expression of autophagy-regulatory protein

Beclin 1

Cobalt chloride (CoCly), a chemical inducer of HIF-1, is frequently used as an in vitro
mimic of hypoxia in cells because it induces biochemical and morphological changes similar
to those seen after hypoxia (Bunn and Poyton, 1996; Goldberg and Schneider, 1994; Piret et
al., 2004). Hypoxia was induced in LY2 cells by treating them with CoCl, for 24 and 48 hr
and their Beclin 1 protein levels were examined by immunoblotting and
immunohistochemistry. Hypoxia-induction in LY2 cells by CoCl, treatment caused an
increase in Beclin-1 protein level (Figure 10). CoCl, treatment increased the expression
levels of Beclin-1 but not cleaved casp-3 in LY2 cells (Figure 11).

Discussion

We describe two orthotopic models of HNSCC in immunocompetent mice representing low-
grade non-metastatic (B4B8) and high-grade metastatic (LY2) HNSCC. Histopathologic
features of B4B8 tumors closely resemble a low-grade, well-differentiated HNSCC. These
tumors revealed slow growth rate and local invasion but no regional or distant metastasis. In
contrast, L2 tumors revealed aggressive growth with high rates of locoregional and distant
metastases. LY2 tumors demonstrated histopathologic features of a high-grade poorly
differentiated HNSCC, characterized by increased and abnormal mitotic figures, marked
cellular and nuclear pleomorphism and multifocal necrosis. We examined the proliferative
activity of LY?2 and B4B8 tumors by PCNA immunolabeling studies, which revealed that
proliferative activity of LY2 tumors is significantly higher than the B4B8 tumors. Cyclin-
D1, a major regulator of cell proliferation, is also overexpressed in LY2 tumors compared to
B4B8 tumors. This finding is in accordance with the published reports that increased
expression of cyclin D1 in human HNSCC is associated with poor prognosis and increased
risk for metastasis (Capaccio et al., 2000; Yu et al., 2005).

HNSCC xenograft models were initially developed by implanting human-derived HNSCC
cells subcutaneously into athymic nude mice and severely combined immunodeficient mice.
These models are used to evaluate the in vivo tumorigenic capacity of human-derived
HNSCC cells and for pre-clinical testing of anticancer agents against human HNSCC (Sano
and Myers, 2009). These subcutaneous models are preferred to test the efficacy of anti-
cancer therapies because these tumors are easy to establish, monitor and measure
reproducibly (Sano and Myers, 2009). However, they fail to mimic the local growth patterns
and metastatic pathways of HNSCC and hence preclinical studies performed using these
models failed to predict the therapeutic efficacy of anticancer agents in human HNSCC
(Sano and Myers, 2009).

On the other hand, orthotropic mouse models of HNSCC, in which tumor cells growing in
their natural location closely simulate the primary tumor site microenvironment, and
reproduce local growth as well as the regional and distant metastatic spread of human
HNSCC with high fidelity (Sano and Myers, 2009). Moreover, orthotropic HNSCC models
produce a higher rate of spontaneous tumor metastasis than subcutaneous xenograft models
(Sano and Myers, 2009). However, most of these orthotropic models of HNSCC were
established using immunodeficient mice into which human HNSCC cells were implanted
either into the tongue or floor of the mouth (Sano and Myers, 2009) These HNSCC

Exp Mol Pathol. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vigneswaran et al.

Page 8

xenograft mouse models do not faithfully recreate the complex interactions between tumor
cells and host immunity that occur during the local growth, regional and distant metastasis.
In contrast, the orthotopic HNSCC models described in this study involve
immunocompetent mice and the tumors have histologic appearances and patterns of disease
progression similar to low and high-grade human HNSCC.

Tumor microenvironment plays a critical role in determining the therapeutic response of
solid tumors (Liotta and Kohn, 2001; Tredan et al., 2007). Intratumoral hypoxia, a common
characteristic of solid malignances, is an important component of the tumor
microenvironment. Hypoxia was suggested to contribute to the aggressive phenotypes of
head and neck cancer, with large tumor size, high histologic grade, high proliferation rate
and locoregional spread (Aebersold et al., 2001; Isa et al., 2006; Nordsmark et al., 2005;
Pitson et al., 2001; Vordermark and Brown, 2003). Hence, we evaluated the extent of
intratumoral hypoxia in these two phenotypically distinct HNSCC models.

A number of different methods have been used to assess the oxygenation status of solid
tumors in vivo. Oxygenation status of solid tumors can be measured in real-time using
oxygen electrodes inserted into the tumor (Brizel et al., 1997). Nitroimidazole-based
reagents such as pimonidazole undergo a nitroreductase catalyzed single-electron reduction,
and bind covalently to cellular components in hypoxic cells(Bennewith et al., 2002). Bound
compounds can be detected immunohistochemially or radiolabeled for positron emission or
single photon emission computer tomographic imaging studies (Chapman et al., 1998).
Expression levels of intrinsic markers of hypoxia are also widely used to determine the
hypoxic status of solid malignant tumors (Vordermark and Brown, 2003). Hypoxia induces
the expression and stabilization of hypoxia-inducible factor-1a (HIF-1a) which in turn up-
regulates numerous HIF1-dependent genes which include CA-1X (Vordermark and Brown,
2003). CA-1X, a transmembrane glycoprotein, regulates pH by reversible hydration of
carbon dioxide to carbonic acid and is critical for neutralizing hypoxia-related acidification
caused by a glycolytic switch in hypoxic tumor cells. CA-IX, which is overexpressed in
solid malignancies, reveals strong inverse correlation with intratumoral oxygen tensions, is
widely used as an intrinsic marker for tumor hypoxia. CA-1X over-expression in human
HNSCC is associated with poor prognosis (Beasley et al., 2001; Roh et al., 2009).

In this study, we used both pimonidazole adduct formation and CA-1X expression patterns
to determine the extent of hypoxia in B4B8 and LY2 tumors. Our data showed hypoxic
areas as measured by immunostaining for both pimonidazole and CA-I1X are significantly
higher in LY2 primary tumors compared B4B8 tumors. Intratumoral hypoxia levels are
markedly higher in high-grade LY?2 primary tumors with metastatic phenotype than non-
metastatic B4B8 tumors. Our finding is in line with the published reports that patients with
severely hypoxic tumors have greater risk of developing regional and distant metastases than
patients with normoxic tumors (Sullivan and Graham, 2007).

It should be noted that many of the hypoxic areas in LY2 tumors were concentrated around
areas of necrosis and in these areas both markers were co-localized. Hypoxic areas as
detected by CA-1X staining were larger in both tumor types than hypoxic areas delineated
by pimonidazole binding. Although both markers co-localized in hypoxic areas of some
tumors, there were areas of mismatch between both markers in other tumors. This mismatch
was more remarkable in B4B8 tumors than LY?2 tumors. Our data suggest that CA-1X
expression in B4B8 is probably also mediated by hypoxia-independent signaling pathways.

Most solid malignant tumors, including head and neck cancers, exhibit areas of hypoxia that
are heterogeneously distributed within the tumor mass (Brizel et al., 1997; Brown and
Giaccia, 1998; Harris, 2002; Isa et al., 2006; Janssen et al., 2005). Structural and functional
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abnormalities of tumor microvessels (perfusion-limited oxygen delivery) and an increase in
diffusion distances (diffusion-limited oxygen delivery) are responsible for the development
of acute and chronic hypoxia, respectively, in rapidly growing malignant tumors (Vaupel
and Mayer, 2007). Hypoxia is known to promote genetic instability among tumor cells and
to confer on them a more malignant phenotype leading to aggressive tumor growth, regional
and distant metastasis and poor patient survival (Bristow and Hill, 2008). Hypoxia induces
genetic instability in surviving tumor cells by decreasing DNA repair and by increasing
mutation rate and hence provides a selective pressure for the expansion of more aggressive
and metastatic tumor cell population (Koshikawa et al., 2006).

Hypoxia-mediated signaling in tumor cells up-regulate the expression of stem cell-specific
genes and promote the maintenance of cancer stem cells (Kim et al., 2009). Moreover,
tumor hypoxia causes resistance to radiation therapy and reduces the efficacy of
chemotherapy and immunotherapy (Brizel et al., 1997; Cao et al., 2007; Chapman et al.,
1998; Cuisnier et al., 2003; Nordsmark et al., 1996; Pouyssegur et al., 2006). Hence,
hypoxia is a major impediment for successful treatment of locally advanced head and neck
cancers and is considered to be a critical target for developing effective anticancer agents
(Janssen et al., 2005; Peters, 2001). Hypoxia-inducible factor (HIF), a heterodimeric
transcription factor, is activated and stabilized in tumor cells in response to reduced oxygen
tension. HIF plays an important role in tumor progression by upregulating genes that
promote angiogenesis, metastasis and resistance to oxidative stress (Chaudary and Hill,
2007; Rofstad et al., 2007). It also regulates the switch to anaerobic metabolism which is
critical for tumor cell survival under hypoxia. Tumor hypoxia also modulates tumor-host
stroma interaction and specifically enhances immune privilege of tumor cells by suppressing
host immune surveillance (Le et al., 2005).

Hypoxia exerts dual responses in tumors, by mediating either tumor cell apoptosis or
survival, depending on whether or not the apoptotic pathway of tumor cells is intact (Kilic et
al., 2007). Hence, we evaluated tumor cell apoptosis as identified by immunolabeling for
cleaved caspase-3 in hypoxic areas of B4B8 and LY?2 tumors. B4B8 tumors revealed an
increased rate of apoptosis in hypoxic areas compared to normoxic areas. On the other hand,
hypoxic areas in LY?2 tumors were negative for cleaved caspase-3 positive apoptotic cells.
Tumor cells successfully adapting to the hypoxic environment have significant proliferation
and survival advantage leading to an aggressive phenotype. Our findings suggest that
hypoxia induces apoptosis in non-aggressive B4B8 tumors but not in highly aggressive LY2
tumors. It appears that in LY2 tumors, hypoxia facilitates clonal selection of tumor cells
having resistance to apoptosis (Carmeliet et al., 1998). Hypoxia is reported to induce cell
cycle arrest in some tumors leading to chemo-radiation resistance of tumor cells, including
oral cancer cells (Goda et al., 2003; Wijffels et al., 2008). However, hypoxia does not appear
to induce cell cycle arrest in LY2 tumors because there were no remarkable differences in
the PCNA and Cyclin D labeling indices between hypoxic and normoxic areas of these
tumors.

We examined the expression patterns of Beclin-1 and cathepsin B, molecules implicated in
autophagy in the hypoxic and normoxic areas of B4B8 and LY 2 tumors (Cao and Klionsky,
2007; Yan et al., 2005). Hypoxic areas of LY2 tumors but not those of B4B8 tumors
expressed increased levels of Beclin-1 and cathepsin B compared to the normoxic areas of
the same tumor. Our data suggest that autophagy may play a protective role in LY2 tumors
by delaying hypoxia-induced apoptosis. Previous studies have shown that elimination of
damaged mitochondria by autophagy prevented the release of pro-apoptotic signaling
molecules from mitochondria leading to the inhibition of apoptotic cell death (Eisenberg-
Lerner et al., 2009). It is noteworthy that hypoxic areas of LY?2 tumors express markers of
autophagy (Beclin-1 and cathepsin B) but not apoptosis (cleaved casp-3).
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In solid malignant tumors, autophagy can be activated in response to hypoxia as a survival
mechanism in conditions of nutrient deprivation (Azad et al., 2008). Furthermore, hypoxia-
induced autophagy contributes to tumor cell resistance to anticancer drugs (Song et al.,
2009). Autophagy (self-eating) is usually activated by nutrient deprivation under ischemia
and is essential for cell adaptation to adverse environment (Levine and Kroemer, 2008).
During autophagy, cells engulf portions of the cytosol and cytoplasmic organelles within
double-or multi-membraned autophagosomes and deliver them to lysosomes for
degradation. Autophagy not only allows the cells to recycle amino acids but also facilitates
the removal of damaged cytoplasmic organelles. Occurrence of autophagy in solid tumors as
a response to metabolic stress has been reported but its role in tumor biology has been
contradictory (Dalby et al.). Partial inactivation of the autophagic response due to
heterozygous deletion of Beclin-1, the mammalian homolog of the yeast autophagy gene
ATGB, has been shown to increase the incidence of spontaneous malignancies (Qu et al.,
2003). These findings support the notion that autophagy can suppress tumorigenicity
through initiation of a specific type of programmed cell death (Dalby et al., 2010). On the
other hand, autophagy may work in favor of cancer cells by protecting them against harsh
any tumor microenvironment (Dalby et al., 2010). Indeed, certain cancer cells exploit
autophagy as a pro-survival mechanism to adapt to hypoxia- and therapeutically-induced
cell stress or damage (Pursiheimo et al., 2009; Song et al., 2009).

We also addressed whether we can demonstrate an autophagic response in LY?2 cells which
are exposed to hypoxia in vitro using the hypoxia-mimetic agent cobalt chloride (CoCl, (Fu
et al., 2009; Karovic et al., 2007). We show that the expression of autophagic marker
Beclin-1 was increased after CoCly-induced hypoxia in LY2 cells. These results imply that
autophagy response in LY2 cells is an adaptation to the hypoxic and metabolically stressed
environment. Our findings suggest that in LY?2 tumors, cells in hypoxic areas undergo
necrosis, however some of them survive in a dormant state and restart to proliferate when
new vasculature reach the hypoxic area. Interestingly, reoxygenation, due to the
neovascularization increases the metastatic ability of cancer cells which may explain the
highly metastatic phenotype of LY2 tumors (Subarsky and Hill, 2003). Strikingly, it was
recently reported that hypoxia induces overexpression of Beclin-1 in nasopharyngeal and
colorectal carcinomas which is associated with aggressive clinical behavior and poor
prognosis (Koukourakis et al., 2010; Wan et al., 2010).

Conclusions

The mouse models of HNSCC described in this study have significant advantage over the
previously reported HNSCC xenograft models in which tumor microenvironment does not
faithfully reproduce human HNSCC. Further, our data demonstrated that hypoxia induces
differential responses in non-aggressive (B4B8) and aggressive (LY2) HNSCC models. Our
data suggest that induction of autophagy coupled with blockage of apoptosis in hypoxic
areas promotes tumor cells survival and confers aggressive phenotype in HNSCC. These
orthotopic HNSCC models would be valuable to study the hypoxia- and autophagy-targeted
anticancer therapies and their effect in the tumor microenvironment.
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Figure 1.

Orthotopic murine models of non-metastatic (B4B8) and metastatic (LY2) HNSCC. These
murine HNSCC models were established by injecting murine SCC cells B4B8 and LY?2 (5 x
10%/mice) submucosally into the mandibular buccal sulcus of Balb/c mice. Extra-oral views
(A & C) reveal buccal and submandibular swellings caused by the tumors. The extent of
intraoral tumor burden at necropsy was evaluated by gross examination (B and D).
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Bar-graph demonstrates the incidences of primary tumor, regional and distant metastases of
B4B8 and LY2 tumors.
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Graphic depiction of the growth rates of B4B8 and LY2 primary tumors. Growth rate of
B4B8 tumors is markedly slower than LY?2 tumors which become clearly evident
approximately one week after tumor cells implantation.
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Figure 4.

Representative hematoxylin and eosin stained light microscopy images showing the
phenotypic features of B4B8 and LY2 primary tumors. Low power (40x) views (A & D) of
these tumors reveal invasive islands and cords of malignant squamous cell carcinomas
underneath the host’s oral mucosal epithelium (bar = 200 pM). At higher magnifications
(100X & 200x%), B4B8 tumor (B &C) and LY2 tumors (E & F) reveal histopathologic
features of well-differentiated low-grade and poorly-differentiated high-grade squamous cell
carcinomas, respectively (bar = 100 uM).
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Figure 5.
Representative microscopic features of regional lymph nodes and lung with metastatic LY?2

tumors. Regional lymph node (A & B) and distant (lung, C & D, arrow) metastases were
noted with LY?2 tumors but not with B4B8 tumors (bar = 100 uM).
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Figure 6.

Representative images of PCNA and cyclin-D1 expression patterns in B4B8 (Top) and LY?2
(Bottom) primary tumors. Immunohistochemical staining for PCNA and cyclin-D1 (CyD1)
in these tumors shows nuclear reactivity for PCNA and cyclin-D1 and the fraction of tumor
cells positive for both of these proliferation markers is markedly higher in LY?2 than B4B8
(bar = 100 uM).
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Figure 7.

Representative microscopic images showing the extent of intratumoral hypoxia in B4B8 and
LY?2 primary tumors. Hypoxic areas in B4B8 and LY 2 tumors were identified by
pimonidazole binding and CAIX expression patterns. Hypoxic areas as measured by
Hypoxyprobe-1 binding and CAIX immunostaining are significantly higher in LY2 primary
tumors than B4B8 tumors. Immunohistochemical detection of Hypoxyprobe-1 binding
(exogenous marker of hypoxia) and carbonic anhydrase IX (CAIX; endogenous marker of
hypoxia) reveal areas of tumor necrosis associated with hypoxia in LY?2 tumors but not in
B4B8 tumors.

Exp Mol Pathol. Author manuscript; available in PMC 2012 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Vigneswaran et al. Page 22

p=0.0003

Casp.3 Positive Cells/HPF

8488 L2

Figure 8.

Detection of apoptosis in hypoxic areas of B4B8 and LY 2 tumors by immunelabeling for
cleaved caspase 3. Hypoxic areas of B4B8 primary tumor (Top) demonstrate greater number
of tumor cells positive for cleaved caspase 3 compared to the hypoxic areas of the LY?2
tumor (Bottom). Adjacent bar-graph depicts the mean caspase 3 labeling indices for BAB8
and LY2 tumors in hypoxic areas. Hypoxia-related tumor cells apoptosis rate was
significantly higher in B4B8 tumors than that of LY 2 tumors.
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Figure 9.

Detection of autophagic responses in the hypoxic areas of LY2 tumors by immunelabeling
for Beclin-1. Hypoxic areas in LY2 primary tumors demonstrate increased expression of
Beclin-1 in tumor cells found in the perinecrotic areas. Hypoxic areas of LY?2 tumors also
exhibit increased expression of lysosomal protease cathepsin B in large granules
(phagolysosome). Double immunolabeling for hypoxyprobe-1 (pimonidazole, brown color)
and cathepsin B (red color) confirms increased expression of cathepsin B in hypoxic areas of
the tumor.
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Figure 10.

Immunoblots for Beclin-1 and B-actin expression in LY2 cells treated in-vitro with the
chemical hypoxia-inducer CoCl, (100uM; 24- & 48-hrs). Hypoxia induction of LY2 cells
by CoCl, treatment increases expression of autophagic marker Beclin-1 Lanes: 1= control;
2= CoCly-24-hrs; 3= CoCl,-48-hrs.
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Figure 11.

Immunohistochemical detection of apoptotic marker Casp-3 and autophagic marker Beclin-1
in LY2 cells under normoxic (control) and hypoxic conditions (CoCl,). Exposure of LY2
cells to hypoxia-mimetic agent (CoCl,; 100uM; 24-hrs) increases the expression of
autophagic marker Beclin-1 and not the apoptotic marker Casp-3.
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