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Abstract

11913 amplification is a late-stage event in several cancers that is often associated with poor
prognosis. Among 11q13-amplified genes, the actin assembly protein cortactin/CTTN is
considered a likely candidate for direct involvement in tumor progression, because of its cell
motility-enhancing functions. We modulated cortactin expression in head and neck squamous cell
carcinoma (HNSCC) lines. Cortactin expression levels directly correlated with tumor size,
vascularization, and cell proliferation in an orthotopic HNSCC in vivo model. In contrast, under
normal in vitro culture conditions, cortactin expression levels had no effect on cell proliferation.
However, cell lines in which cortactin expression was reduced by knockdown (KD) grew poorly
in vitro under harsh conditions of growth-factor deprivation, anchorage independence, and space
constraint. Conversely, overexpression of cortactin enhanced in vitro growth under the same harsh
conditions. Surprisingly, defects in growth factor-independent proliferation of cortactin-KD cells
were rescued by co-culture with cortactin-expressing cells. Since the co-cultured cells are
separated by permeable filters, cortactin-expressing cells must secrete growth-supporting
autocrine factors to rescue the cortactin-KD cells. Overall, cortactin expression modulates multiple
cellular traits that may allow survival in a tumor environment, suggesting that the frequent
overexpression of cortactin in tumors is not an epiphenomenon but rather promotes tumor
aggressiveness.

Introduction

Genetic alterations are a frequent event in cancer. Recurrent chromosomal aberrations, such

as amplifications or deletions, often harbor genes that participate in tumor initiation or
progression. 11q13 amplification occurs frequently as a late event that correlates with poor
prognosis in various cancer types (Hui et al., 1998; Myllykangas et al., 2007; Schuuring,
1995). In head and neck squamous carcinoma (HNSCC), 11q13 amplification occurs in

30-40% of tumors and correlates with an increase in tumor grade, lymph node metastases,
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recurrence, and decreased survival (Akervall et al., 1995; Meredith et al., 1995; Rodrigo et
al., 2000; Takes et al., 1997; Williams et al., 1993). Within the 11913 amplicon, cyclin D1
and CTTN/cortactin (formerly EMS1) are thought to be the two best candidate genes
responsible for amplicon-associated poor prognosis due to the consistent correlation of
cyclinD1 and cortactin gene amplification with protein overexpression (Ormandy et al.,
2003; Schuuring, 1995; Schuuring et al., 1992). Although many investigators have assumed
that cyclin D1 is the major gene responsible for the 11q13-associated tumor aggressiveness,
Rodrigo et al. examined the rare instances of independent amplifications of cyclinD1 or
cortactin in HNSCC and found that decreased survival and other measures of poor prognosis
correlated with cortactin amplification but not with that of cyclinD1 (Rodrigo et al., 2000).
Furthermore, cortactin expression levels were recently found to correlate with poor
outcomes in HNSCC (Gibcus et al., 2008; Hofman et al., 2008). However, other genes
within the 11913 amplicon are overexpressed and could account for the associated poor
prognosis (Freier et al., 2006; Gibcus et al., 2007).

Cortactin is a prominent src kinase substrate (Wu & Parsons, 1993; Wu et al., 1991) that
promotes Arp2/3 complex-mediated branched actin assembly by multiple mechanisms,
including stabilization of branched actin networks, augmenting actin nucleation, and serving
as a scaffold for cytoskeletal molecules (Uruno et al., 2001; Weaver, 2008; Weaver et al.,
2001). Relevant to tumor progression, cortactin promotes cell motility and invasion and is
required for proper functioning of invadopodia, subcellular organelles associated with
extracellular matrix (ECM) degradation (Weaver, 2008). Recently, we identified regulation
of protease secretion as a critical function for cortactin in invadopodia (Clark & Weaver,
2008; Clark et al., 2007). A general role for cortactin in autocrine secretion is suggested by
our concurrent finding that cortactin is also essential for secretion of a non-invadopodia
protein, ApoAl (Clark et al., 2007). Consistent with an important role for cortactin in
cellular membrane trafficking, data from other laboratories implicates cortactin in
endocytosis and trafficking of model proteins from the Golgi apparatus (Cao et al., 2003;
Cao et al., 2005; Merrifield et al., 2005; Zhu et al., 2005).

In xenograft tumor studies, cortactin was found to enhance metastasis of breast cancer cells
to bone (Li et al., 2001), of esophageal squamous cell carcinomas to the lung (Luo et al.,
2006), and intrahepatic metastasis of hepatocellular carcinoma (Chuma et al., 2004). In the
same studies, divergent results were found for effects on primary tumor growth, with a
significant inhibition of subcutaneous growth of injected esophageal tumors by cortactin
siRNA but no effect of cortactin overexpression on orthotopic breast or hepatic tumor
growth (Chuma et al., 2004; Li et al., 2001; Luo et al., 2006). Based on these results and the
well-established cellular role of cortactin in motility and invasion, the general focus in the
field has been on the role of cortactin in tumor invasion and metastasis.

The goal of this study was to define the importance and role of cortactin in HNSCC tumor
progression. Using a semi-orthotopic xenograft model (Shores & Yarbrough, 1998), tumors
were grown from HNSCC cancer cells with altered cortactin expression levels. Surprisingly,
for three independent HNSCC lines, cortactin overexpression increases while cortactin
knockdown decreases tumor size. Expression of cortactin enhances in vivo proliferation and
vascularization, in vitro anchorage- and serum-independent proliferation, and growth in
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embedded 3-dimensional Matrigel culture. Coculture experiments implicate autocrine
secretion as a likely control point for cortactin expression in tuning tumor phenotypes, since
secreted factors from control and cortactin-overexpressing cells rescue the serum-free
growth of cortactin-KD cells. Similar to previous studies, we confirm a role for cortactin in
tumor invasiveness. Overall, cortactin regulates the general aggressiveness of HNSCC
tumors.

Cortactin promotes HNSCC tumor growth

Cortactin expression was manipulated in tumorigenic non-11gq13-amplified (SCC61,
SCC25) and 11q13-amplified (FaDu) HNSCC cell lines using retroviral expression of
shRNA or mouse cortactin cDNA to respectively downregulate or upregulate cortactin
levels (Figs 1A, 2A, Supp Fig 1A). Tumors were grown using a semi-orthotopic rat trachea
model in which HNSCC cells are placed in denuded rat tracheas and then inserted into the
flanks of nude mice. Epithelial morphology of oral squamous cells grown in this model was
previously shown to be consistent with known biologic attributes of the implanted cells, e.g.
normal, dysplastic, tumorigenic, or invasive (Shores & Yarbrough, 1998). After four weeks,
tracheas implanted with tumor cell lines were removed from the mice and processed. Two
tumor-specific stains were used: a human-specific Ku70 antibody to identify human tumor
cells and a pan-cytokeratin antibody that labels cells of epithelial origin (Figs 1C, 2C, Supp
Fig 1D). Tracheal area positive for both Ku70 and cytokeratin was measured from
microscopic images to determine tumor area. This histological measurement correlates well
with both tumor weight and caliper measurements of tumor diameter (data not shown) but
avoids measuring the confounding contribution of normal tissue. Surprisingly, cortactin
expression has a major effect on tumor size. For all three cell lines, cortactin-KD (pRS-KD1
and pRS-KD2) tumors are greatly decreased in size while cortactin-overexpressing (LZRS-
CortFL) tumors grow larger than control tumors (Figs 1B,C, 2B,C, Supp Fig 1B,D). Of the
three cell lines, the 11g13-amplified FaDu cell line is the most aggressive in vivo, forming
large tumors that invade through and degrade the tracheal rings by the end of the 4-week
growth period. FaDu cells express high levels of cortactin, approximately 6-fold higher than
the SCC61 cell line (data not shown) and knockdown of cortactin is never complete (~40%
the cortactin level of control cells). Nonetheless, there is a ~60% decrease in the size of
tumors expressing cortactin ShRNA, compared with scrambled control shRNA-expressing
tumors (Fig 2B,C). Exogenous expression of mouse cortactin in FaDu results in only a slight
increase in cortactin protein expression (Fig 2A) and likewise there is a non-statistically
significant increase in tumor size in FaDu cells expressing mouse cortactin (Fig 2B). For
both SCC61 and SCC25 tumors, cortactin-KD and -overexpression (OE: LZRS-FL) leads to
statistically significant respective decreases and increases in tumor size (Fig 1B, Supp Fig
1B). For SCC61 cells, two additional cell lines were engineered to verify that we could
rescue cortactin-KD phenotypes. Indeed, the decrease in tumor size with cortactin
knockdown is rescued to control levels by reexpression of mouse cortactin in the human-
specific ShRNA background (pRS-KD1/LZRS-CortFL) (Fig 1). To facilitate subsequent in-
depth studies, the majority of further analyses were performed using only the SCC61 and
FaDu cell lines as models.
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Cortactin promotes HNSCC tumor invasion

The finding that cortactin profoundly increases HNSCC tumor size in the xenograft model
was unexpected. A more accepted biologic role for cortactin is promotion of cancer cell
invasion (Weaver, 2008). To determine whether cortactin promotes invasion in this system,
both invitro and in vivo analyses were performed. Compared to control SCC61 and FaDu
cells, cortactin overexpression promotes whereas cortactin knockdown greatly decreases
invasion through transwells coated with a thick gel layer of Matrigel (Supp Fig 2A). It is
more difficult to quantify invasion in vivo; however, because the trachea provides a
recognizable physical barrier, across which tumor cells must invade in order to escape from
the lumen, the tumor area outside of the trachea was used as an in vivo measure of invasion.
Control SCC61 and SCC25 cells filled the tracheal lumen but were usually contained within
the ring, while cortactin-KD tumors were greatly reduced in size and never identified
outside of the tracheal lumen (Supp Fig 1C, Supp Fig 2B). In contrast, overexpression of
cortactin in SCC61 and SCC25 tumor cells (LZRS-FL) resulted in invasion beyond the
tracheal ring (Supp Fig 1C, Supp Fig 2B). We could not perform this calculation for FaDu-
derived tumors, as this cell line is more aggressive than the other two cell lines resulting in
destruction of the tracheal architecture by the end of the four week incubation in control
cells (Fig 2C).

Cortactin expression levels affect tumor proliferation, apoptosis and vascularization

To identify potential mechanisms for the observed differences in tumor size with cortactin
expression, immunohistochemical stains for proliferation, apoptosis and vascularization
were performed. Staining of tumor sections with an antibody against Ki67, a marker of
proliferation, demonstrated that cortactin knockdown significantly decreases (~2-fold) the
proportion of Ki67-positive tumor cells in both FaDu and SCC61 cells (Fig 3). Interestingly,
in SCC61 Cort-KD tumors, Ki67-positive cells are found primarily at the periphery of the
tumors, suggesting that positive interactions with the tracheal cartilage, associated
connective tissue, or other infiltrating host cells may maintain proliferation in those cells
(Fig 3B). Despite rescue of tumor size, expression of mouse cortactin in KD cells (pRSKD1/
LZRS-FL) does not rescue Ki67 staining percentage or restore the more homogeneous
pattern of Ki67 observed in control cells (Fig 3A and data not shown). In addition, unlike for
tumor size, Cort-OE (LZRS-CortFL) cells have no increase in Ki67 staining compared with
controls. Since expression of two separate ShRNA sequences result in identical
downregulation of Ki67 staining, it is unlikely that the decrease in tumor proliferation with
Cort-KD is an artifact of ShRNA expression; however, the lack of rescue by the CortFL
construct suggests some complexity in cortactin-mediated phenotypes or a potential
difference in function of mouse and human cortactin. As a complicating factor, there are
multiple isoforms of cortactin. Our rescue construct utilizes isoform A, which contains all of
the actin-binding repeats (Katsube et al., 2004; Ohoka & Takai, 1998); however other
isoforms might have different biological effects. For a subset of the tumor studies, we also
performed BrdU incorporation as a second marker of proliferation and found the same trend
as Ki67 staining, with decreased proliferation in KD SCC61 and FaDu cells (data not
shown).
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Tumor apoptosis was examined by staining for the presence of cleaved caspase 3. FaDu-
derived cortactin-KD tumors show a ~2-fold increase in the percent tumor area that is
positively stained compared with control tumors (Fig 3C). The increased staining in KD
tumors is patchy, suggesting that local microenvironmental conditions may regulate
induction of apoptosis. It might be expected that slower tumor growth may result in less
tumor apoptosis due to better supply of growth factors and nutrients; therefore it is
interesting that apoptosis was increased in the cortactin-KD tumors despite ~50% smaller
size compared with control tumors. Conversely, there is very little positive staining for
cleaved caspase 3 staining in SCC61 tumors and it does not correlate with cortactin
expression (data not shown). Because SCC61 KD tumors are extremely small or absent (Fig
1C), it is possible that any apoptotic cell death is likely to have occurred during early tumor
growth before analyses at 4 weeks.

To examine tumor angiogenesis, major tumor vessels were identified by the presence of von
Willebrand factor (vWF), a coagulation factor that is synthesized by endothelial cells and
secreted into the subendothelial matrix. Interestingly, cortactin expression correlates with
vessel area/tumor area resulting in a 3-fold increase in SCC61 Cort-OE (LZRS-FL) tumors
and a ~4-fold decrease in SCC61 Cort-KD tumors compared with control tumors (Fig
4A,B). In FaDu tumors, there is no correlation between cortactin expression and the
presence of VWF staining. However, there is only minimal and peripheral vVWF staining
(data not shown), suggesting that FaDu tumors may induce a different type of vasculature
that is not vVWF-positive. We therefore stained FaDu tumor sections with an antibody
recognizing CD31, an endothelial cell-specific marker that is frequently used to identify
small vessels and capillaries. In this case, FaDu tumors derived from Cort-KD cells have a
greatly decreased density of CD31-positive structures compared with control tumors,
consistent with an important role for cortactin in promoting tumor angiogenesis (Fig 4C,D).

Cortactin expression regulates growth in growth factor-deprived, ECM-deprived, or space-
constrained environments

Immunohistochemical staining of tumors demonstrated a close correlation between cortactin
expression levels and the proliferation of tumor cells in vivo. Since proliferative index
within the xenograft tumor could be an indirect effect related to altered vascularization, the
effect of cortactin on intrinsic growth rates of HNSCC cells in vitro was tested. Cortactin-
manipulated SCC61 and FaDu cells were cultured in complete growth medium and counted
each day for five days. In the presence of serum, cortactin expression does not alter cell
counts for either SCC61 or FaDu (Fig 5A,B). However, in the absence of serum,
overexpression of cortactin in SCC61 and FaDu cells results in increased cell numbers
apparent within 3 days of serum removal compared to both control and cortactin-KD cells
(Fig 5C, D). In contrast, cell numbers in serum-free culture are decreased in cortactin-KD
cells relative to both control cells and cells overexpressing cortactin. Remarkably, decreased
cortactin expression resulted in diminished absolute cell numbers over the 6 day time course
of the experiment, suggesting that cortactin may be essential for survival as well as
proliferation in the absence of exogenously provided growth factors.
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Like serum-independence, the ability of cells to grow in an anchorage-independent manner
(without ECM) is a hallmark of malignancy (Hanahan & Weinberg, 2000). The role of
cortactin in anchorage independence was tested by culturing cortactin-manipulated SCC61
and FaDu cells embedded in soft agarose with full growth media. Colony size and number
were manually counted using phase contrast microscopy. For the less aggressive non-11q13-
amplified SCC61 cells, only cortactin-overexpressing cells (LZRS-CortFL and pRS-KD1/
LZRS-CortFL rescue) form colonies (Fig 5). In contrast, by the end of the 4-week
incubation time, control cells are only present as single cells and very few cortactin-KD cells
can be observed (Fig 5). Regardless of cortactin status, FaDu cells are able to form colonies;
however, cortactin-KD cells form smaller and fewer colonies compared to control cells (Fig
5).

We also examined whether cortactin affects the growth or morphology of colonies in 3-
dimensional Matrigel culture, since aberrant behavior in this environment is frequently
associated with transformation and/or tumor progression (Debnath & Brugge, 2005).
HNSCC cells were cultured for 16 days in complete medium either in a “fluid” environment
in which the cells were grown on top of a bed of Matrigel or in a “solid” environment fully
embedded in a final concentration of 90% Matrigel. Interestingly, there is no effect of
cortactin on growth in the “fluid” Matrigel environment for either cell line (Supp Fig 3).
However, cortactin-KD profoundly affects the size of colonies grown in the space-
constrained embedded Matrigel environment (Fig 6). As with the tumor studies,
overexpression of cortactin only slightly increases the size of FaDu colonies but
significantly increases the size of SCC61 Cort-overexpressing colonies at days 8-16 (Fig
6B). In addition, Cort-overexpressing SCC61 colonies have aberrant morphologies
compared with controls (Fig 6A).

Autocrine secretion of growth-promoting factors is controlled by cortactin

Our in vitro analyses indicate that cortactin affects at least three separate properties that
relate to tumor growth: serum- and anchorage-independence, and the ability to grow in a
space-constrained environment (Figs 5,6). In addition, cortactin affects tumor invasiveness
(Supp Fig 2) and the ability of tumors to recruit vasculature (Fig 4). We hypothesized that a
single cellular function, regulated by cortactin, might account for the apparent overall
change in tumor cell aggressiveness. Based on our recent discovery that cortactin is essential
for secretion of both matrix metalloproteinases (MMPs) and an unrelated protein, ApoAl, in
HNSCC cells (Clark et al., 2007), it seems likely that cortactin may promote the secretion of
additional tumor regulatory factors such as growth factors, extracellular matrix molecules, or
angiogenic factors. Such a general alteration in autocrine secretion might lead to a “tuning”
of multiple phenotypes, similar to the general effect on tumor aggressiveness that we
observe with cortactin expression. To test this putative mechanism, we performed coculture
experiments in which SCC61 or FaDu cortactin-KD cells were cultured in serum-free media
in the presence of Transwell inserts containing scrambled control, cort-KD (pRS-KD1),
cort-OE (LZRS-CortFL), or cort-KD/Rescue (pRS-KD1/LZRS-CortFL) cells or media
alone. The Transwell insert filters have 0.4 um pores; thus only secreted factors can pass
through the pores. We find that inserts containing cort-KD cells are not able to increase
serum-independent growth of cort-KD cells in the wells above that observed with serum-
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free medium alone. However, inserts with cortactin-expressing cells do increase the growth
of cort-KD cells in all cases (Fig 7). Interestingly, the level of cortactin expressed by insert
cells affects the growth of cort-KD cells in the wells. Thus, cortactin-OE SCC61 cells
(LZRS-CortFL) induce a larger increase in the cell numbers of cort-KD cells than do
scrambled control or cort-KD/Rescue SCC61 cells (2.5-fold increase for LZRS-CortFL
compared with a 1.7-fold increase for scrambled oligo or cort-KD/rescue cells, Fig 7A).
Similar results were found with FaDu cells, in that scrambled oligo- and cort-OE-expressing
cells express similar levels of cortactin protein (Fig 2A) and increase cort-KD growth under
serum-free conditions to a similar extent (~1.5-fold, Fig 7B). The sensitivity of secreted
factors to the cortactin expression level is consistent with our previous finding that the level
of cortactin correlates with the level of secreted MMPs (Clark & Weaver, 2008; Clark et al.,
2007). Because those studies were only performed with SCC61 cells, we tested whether
cortactin also affects trafficking of MMPs in FaDu cells (Supp Fig 4). Consistent with a
defect in membrane trafficking, Cort-KD FaDu and SCC61 cells have a defect in MT1-
MMP surface localization that cannot be rescued by overexpression of MT1-MMP-GFP
(Supp Fig 4). Unlike SCC61 cells (Clark & Weaver, 2008; Clark et al., 2007), FaDu cells
express extremely low levels of MMP2 and MMP9 (data not shown). Thus, it is unlikely
that the growth-promoting factor is MMP2 or MMP9 but rather another diffusible growth-
promoting factor.

Discussion

In HNSCC, 11g13 amplification occurs frequently and has been correlated in numerous
studies with poor patient prognosis (Myllykangas et al., 2007; Weaver, 2008). We examined
the role of cortactin, a gene in the 11913 amplicon, in HNSCC aggressiveness. Remarkably,
cortactin affects the overall aggressiveness of HNSCC tumors, regardless of 11g13
amplification status, and promotes tumor growth, survival, vascularization, and invasion. In
vitro, multiple phenotypic traits associated with tumor aggressiveness are regulated by
cortactin, including serum-independent and anchorage-independent growth, as well as
invasiveness. Cortactin appears to act as a rheostat, such that the level of cortactin tunes
aggressive behavior. Defects in serum-independent growth of cortactin knockdown cells can
be rescued by coculture with cortactin-expressing cells, indicating that cortactin controls
autocrine secretion of growth-promoting substances.

A few previous studies have examined the role of cortactin in tumorigenesis and
progression. Transgenic overexpression of cortactin in the mammary gland under the control
of the MMTYV promoter did not produce any additional tumors over the spontaneous
background level, suggesting that cortactin is unlikely to function as a tumor initiator (van
Rossum et al., 2006). More consistent with a role in tumor progression, experimental
metastasis studies using tail vein or intracardiac injections of esophageal squamous and
breast carcinoma carcinoma cells have found that cortactin promotes extravasation and/or
colonization of distant organs (Li et al., 2001; Luo et al., 2006). In addition, cortactin
promotes the intrahepatic metastasis of orthotopically injected hepatocellular carcinoma
cells (Chuma et al., 2004). Although the breast and hepatocellular studies found no effect of
cortactin expression on tumor size (Chuma et al., 2004; Li et al., 2001), subcutaneous
growth of esophageal squamous carcinoma tumors was dependent on cortactin expression
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(Luo et al., 2006). Our results agree with the latter study in that cortactin expression controls
the size of tumors grown from three different HNSCC cell lines. We also found that
cortactin affects in vivo characteristics associated with tumor growth, including tumor
vascularization, proliferation, and apoptosis. Future studies will be required to determine
whether cortactin uniquely affects the growth of squamous carcinomas or whether the liver
and breast microenvironments differentially regulate tumor growth compared with the
subcutaneous or tracheal environments.

For our tumor studies, we used a semiorthotopic model in which cells are implanted in a rat
trachea to mimic the physiologic environment of oral squamous cells (Shores & Yarbrough,
1998). Interestingly, we saw similar effects on tumor size to what was observed for
subcutaneous growth of esophageal squamous cancer cells (Luo et al., 2006). However, it
seems likely that the microenvironmental conditions of our assay will affect the outcomes.
For example, the physical constraints of the tracheal ring could lead to alterations in growth
patterns, infiltration and angiogenesis compared with other tumor models, such as
subcutaneous growth, and spontaneous or experimental metastasis models. It will be
important in the future to test our findings in additional tumor models to address the role of
HNSCC cortactin in mediating local tissue invasion, regional and distant metastatic spread.

In vitro, we found that the level of cortactin affects many cellular traits that might promote
tumor aggressiveness. The coculture experiments, in which cortactin-expressing insert cells
rescued the defect in serum-independent growth of cortactin-KD cells, indicate that cortactin
regulates the secretion of growth- and/or survival-promoting factors. In a previous study, we
found that cortactin is essential for secretion of multiple factors, including MMPs and an
unrelated protein, apolipoprotein Al from HNSCC cells (Clark et al., 2007). Another study
found that a dominant negative cortactin protein affects trafficking of the model proteins
VSV-G and mannose-6-phosphate from the trans-Golgi apparatus (Cao et al., 2005).
Together, these data suggest that cortactin may generally affect autocrine secretion. We
speculate that autocrine secretion of multiple factors, such as growth and angiogenic factors,
proteases, and ECM molecules, could account for the effect of cortactin expression on
diverse cellular traits associated with tumor aggressiveness.

Autocrine secretion in cancer plays an important role in many aspects of tumor progression.
For example, recent studies have shown that diffusible substances can result in a variety of
outcomes, such as preparation of metastatic niches, recruitment of mesenchymal stem cells,
angiogenesis, and tumor progression (Gabrilove, 2001; Hiratsuka et al., 2006; Karnoub et
al., 2007; Ostman, 2004). Although serum-independence and other hallmarks of cancer are
classically thought to occur through mechanisms such as tyrosine kinase mutations leading
to aberrant signaling, these phenotypes are likely to be tuned by autocrine secretion (Ethier
et al., 1996; Ethier et al., 1991). Indeed, even in normal cells, growth factor-receptor
stimulation is thought to occur primarily through autocrine secretion (Bates et al., 1990;
Markowitz et al., 1990; Tsao et al., 1996) an effect that is masked in culture by the
abundance of growth factors present in serum. Consistent with that idea, there was no effect
of cortactin expression on in vitro proliferation until removal of serum from the media.
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Our results indicate that the level of cortactin affects tumor aggressiveness in both 11gq13-
amplified and non-amplified HNSCC tumors, suggesting that overexpression of cortactin
generally promotes tumor progression. This finding is consistent with the finding that
cortactin is sometimes overexpressed in cancer independently of 11q13 amplification (Greer
etal., 2007; Yuan et al., 2003). Multiple phenotypic traits associated with cancer are altered
by the level of cortactin expression, including serum-independence, anchorage-
independence, and angiogenesis. We speculate that autocrine secretion is likely to account
for many, if not all of these phenotypes. Future work should address the mechanism(s) by
which cortactin regulates autocrine secretion and test the connection to diverse aggressive
tumor phenotypic traits.

Materials and Methods

Antibodies and Chemicals

Cell Culture

Microscopy

The C-90 antibody was previously described (Bryce et al., 2005). Commercial antibodies:
anti-p-actin (Sigma (AC-74)), Ku70 (Abcam), and pan-Cytokeratin (Dako Cytomation).
H&E and immunohistochemical staining were performed at the VVanderbilt Pathology and
Immunohistochemistry (IHC) cores. Antibodies to von Willebrand factor, Ki67, BrdU,
caspase 3, and CD31 were provided by IHC core.

The SCC61, SCC25, and FaDu cell lines have been described (Rangan, 1972; Somers et al.,
1990; Weichselbaum et al., 1986). Cells were maintained in DMEM/F12 with 20% FBS

with (SCC61, FaDu) or without (SCC25) 0.4 pug/ml hydrocortisone. Construction of ShRNA
and cDNA expressing cell lines have been described (Bryce et al., 2005; Clark et al., 2007).

Phase contrast images were captured using a Nikon Eclipse TE2000-E microscope equipped
with a 10x Plan Fluor 0.3NA objective. Paraffin-embedded samples were imaged with a
Zeiss Axioplan2 microscope using either 2.5%/0.075NA, 10x/0.3NA, or 20x/0.5NA Plan-
Neofluar objectives and an Olympus QColor3 camera. Image analysis was performed using
Metamorph.

Semi-orthotopic Rat Trachea Model

The rat tracheal model was described (Shores & Yarbrough, 1998). HNSCC cells (2 x 10%)
were suspended in 20-40ul of complete media inserted into the tracheal lumen through a
small incision that was subsequently sutured shut. Tracheas were then inserted into
subcutaneous pockets along the flanks of anesthetized mice (1 trachea per flank) and the
skin closed. Four weeks later, mice were sacrificed and tracheas were removed and
processed.

Soft Agarose Assay

A 1.5 ml bottom layer of 0.7% low gelling temperature (LGT) agarose in 1x DMEM 10%
FBS was added to each well of a 6-well plate. Once solidified, 5 x 103 cells/well were
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mixed with 0.7% agarose and 2x DMEM 20% FBS to yield 0.35% LGT, 1x DMEM 10%
FBS and added on top. Once solidified, 2 ml of growth media was added. The media was
changed twice per week for four weeks and the wells were imaged using a 10x objective.

Coculture Assays

Target cells (SCC61 or FaDu cortactin-KD cells) were plated at a density of 1.5 x 10% in a
12-well plate, and the medium-conditioning cells were plated at a density of 5 x 103 in the
transwell inserts (Falcon 0.4 um pore, 12-well format) in another 12-well plate. After 4
hours, the inserts were transferred to the plate containing the target cells and incubated
overnight. The following day, the target cells and inserts were washed 2x with PBS then
incubated together in 1 ml of DMEM for 72 hours before trypsinization and counting.

3-D Matrigel Culture and analysis

3D cell culture was performed as previously published (Debnath et al., 2003) with slight
modifications. Eight-well chamber, tissue culture treated glass slides (BD Falcon
CultureSlides) were coated with 45 pl of Matrigel per well. For fluid culture, 6,000 cells
were plated in complete medium + 2% Matrigel. For embedded 3D culture, 4,000 cells were
plated in 10% complete medium, 90% Matrigel. After 30 minutes, 200 pl of complete
medium was added to each well. Medium was replaced every 4 days (+ 2% Matrigel for
fluid culture; no Matrigel for embedded culture). Phase contrast images were acquired every
2 days.

Statistical Analyses

Excel was used to calculate means and standard error. Prism was used to perform statistical
tests of significance. An unpaired Student's t test was used to compare two groups. Multiple
comparisons were performed by ANOVA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cortactin promotes tumor growth (SCC61 cells)
Immunohistochemistry analysis of tumor size indicates that cortactin expression levels have

a major effect on the size of SCC61 non-11913 amplified HNSCC tumors grown in rat
tracheas. A. Representative Western blot and densitometry of cortactin expression in SCC61
cells expressing either scrambled cortactin sSiRNA oligo (scrambled oligo), cortactin
knockdown cells (pRS-KD1 and pRS-KD?2), overexpression vector control (LZRS),
cortactin overexpressing cells (LZRS-CortFL), knockdown cells rescued with vector only
(pRS-KD1/LZRS) and knockdown cells rescued with full length mouse cortactin (pRS-
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KD1/LZRS-CortFL). Protein lysates were prepared at the time of trachea implantation in
mice. B. Tumor area measured from IHC-stained tumor sections. Data are combined from at
least two separate trials for each cell line with three mice used for each cell line in each trial.
N=number of trachea implanted for each cell line and is shown for each cell line. Data are
represented as mean £ SEM. Asterisks indicate p<0.05 compared with scrambled oligo
control. C. Representative images from tumors derived from cortactin-manipulated SCC61
cells. Tumor cells were grown in rat tracheas implanted into the flanks of nude mice.
Tracheas were left for one month, removed, fixed and sagitally sectioned and stained.
Shown are the hematoxylin and eosin (H&E), Ku70 (identifies human cells) and cytokeratin
(identifies cells of epithelial origin). Positive staining for Ku70 and cytokeratin is brown.
Note that Cort-KD tumors are small or absent with a “ragged” morphology, whereas Cort-
OE increases the size of tumors compared to scrambled oligo or vector only (LZRS)
controls. Scale bar =1 mm.
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Figure 2. Cortactin promotes tumor growth (FaDu cells)
Immunohistochemistry analysis of tumor size indicates that cortactin expression levels

regulate the size of FaDu 11g13 amplified HNSCC tumors grown in rat tracheas. A.
Representative Western blot and densitometry of cortactin expression in FaDu cells
expressing either scrambled cortactin SiRNA oligo (scrambled oligo), cortactin knockdown
cells (pRS-KD1 and pRS-KD?2), overexpression vector control (LZRS) and cortactin
overexpressing cells (LZRS-CortFL). Protein lysates were prepared at the time of trachea
implantation in mice. B. Tumor area measured from IHC-stained tumor sections. Data are
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combined from at least two separate trials for each cell line with three mice used for each
cell line in each trial. N=number of trachea implanted for each cell line and is shown for
each cell line. Data are represented as mean + SEM. Asterisks indicate p<0.05 compared
with scrambled oligo control. Note that cortactin expression levels correlate well with tumor
size (compare cortactin levels in Western blot densitometry in A with tumor sizes in B). C.
Representative images from tumors derived from cortactin-manipulated FaDu cells. Tumor
cells were grown in rat tracheas implanted into the flanks of nude mice. Tracheas were left
for one month, removed, fixed and sagitally sectioned and stained. Shown are the
hematoxylin and eosin (H&E), Ku70 (identifies human cells) and cytokeratin (identifies
cells of epithelial origin). Positive staining for Ku70 and cytokeratin is brown. Scale bar = 1
mm.
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Figure 3. Cortactin expression levels correlate with in vivo proliferation and FaDu apoptosis
Staining of tumor sections with Ki67 as a marker of proliferating cells indicates that

cortactin expression regulates tumor cell proliferation. A. Representative 20x images from
control (scrambled oligo) and Cort-KD (pRS-KD1) SCC61-derived tumors showing positive
staining for Ki67 (dark blue nuclei), a marker of proliferating cells. Quantification of Ki67-
positive nuclei/20x field for all cell lines is shown below the images. B. Representative
images from FaDu-derived tumor sections stained for Ki67 along with quantification of
Ki67-positive nuclei/20x field. Scale bar = 100 um. Note that in Cort-KD SCC61 cells,
Ki67-positivity is most frequently evident in cells that are in direct contact with the trachea,
whereas in Cort-KD FaDu cells, Ki67-positivity is reduced but present throughout the
tumor. Data are represented as mean + SEM. C. Identification of apoptotic cells within
tumors by staining with an antibody against cleaved caspase 3 indicates that cort-KD FaDu
tumors have twice the number of apoptotic cells as control FaDu tumors. By contrast,
SCC61 tumors had very little apoptotic staining and no correlation with cortactin expression
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(data not shown). Shown are representative 20x images of FaDu scrambled oligo control
and pRS-KD1-derived tumors stained for cleaved caspase 3. Positive staining is brown and
all nuclei are counterstained light blue. Scale bar = 100 um. The bar graph shows
quantification of percent of tumor area that is caspase 3 positive for all FaDu cell lines.
Quantification was performed using the Metamorph color threshold tool. Data are
represented as mean + SEM. Asterisks indicate p<0.05 compared with scrambled oligo
control.
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Figure 4. Cortactin promotes tumor vascularization
Tumor vascularization was assessed by staining with an antibody against for von Willebrand

Factor (vWF), a coagulation factor that underlies endothelial cells in large vessels or with an
antibody recognizing the endothelial cell marker CD31 to identify small vessels. Cortactin
expression strongly correlates with the presence of large vessels in SCC61 cells (A and B)
and small vessels in FaDu cells (C and D). A. Representative images of SCC61-derived
tumors stained for von Willebrand Factor (vWF). Positive staining is brown and all nuclei
are counterstained light blue. 20x images are shown. Scale bar = 100 pm. B. Quantification
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of VWF stained tumors for all cell lines is shown as percent positive tumor area as
determined by color thresholding in Metamorph. Data are represented as mean + SEM. C.
Representative images of FaDu-derived tumors stained for CD31. Positive staining is brown
and all nuclei are counterstained light blue. 20x images are shown. Scale bar = 100 pm. D.
Quantification of CD31-stained tumors for all cell lines is shown as percent positive tumor
area as determined by color thresholding in Metamorph. Data are represented as mean +
SEM. Asterisks indicate p<0.05 compared to scrambled cortactin oligo control.
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Figure 5. Cortactin promotes serum-independent and anchorage-independent growth
Culture of cortactin-manipulated SCC61 and FaDu cells demonstrates that cortactin has no

effect on the growth of these cells in their full growth media. However, removal of serum
leads to exquisite sensitivity of cell growth to the level of cortactin expression. SCC61 (A
and C) or FaDu (B and D) cells were cultured in the presence (A and B) or absence (C and
D) of 20% serum in DMEM in triplicate wells of a 24-well plate before trypsinization and
counting on the indicated days. Note that for C and D serum was removed and cells were
washed into DMEM on day 2. Shown is the combined data from three independent
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experiments. Each cortactin-manipulated cell line is indicated in the legend to the right of
each graph. Data are represented as mean + SEM of the log of the cell number. E. To test
the role of cortactin in anchorage-independent growth, cortactin-manipulated SCC61 and
FaDu cells were cultured for four weeks in 0.35% (soft) agarose in full growth media.
Upper panel: Representative images from 4-week cultures. Note that for the less aggressive
SCC61 cells, control cells did not form colonies but persisted as single cells. Cort-KD cells
(pRS-KD1) were mostly absent from the cultures, suggesting apoptotic death. Cort-OE
(LZRS-CortFL) and KD/rescue cells (pDRS-KD1/LZRS-CortFL) both formed colonies. For
the FaDu cells, all cell lines formed colonies but the size and number correlates with
cortactin expressin levels. Scale bar = 100 um. Graphs: Quantitation of colony number per
well. Colonies were defined as cellular structures that were =100 um in diameter. Data are
represented as mean + SEM and are from =3 independent trials for each cell line. Asterisks
indicate p<0.05 compared to scrambled cortactin oligo control.
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Figure 6. Cortactin promotes growth in a “solid” 3D Matrigel culture environment
To test the role of cortactin in a space-constrained environment, SCC61 and FaDu cortactin-

manipulated cell lines were cultured for 16 days fully embedded in 90% Matrigel. Duplicate
wells were used for each cell line and the experiment was performed twice. Cells were
imaged every two days. For each, eight randomly chosen 10x fields were imaged and the
diameter of the “in-focus” structures were measured using Metamorph software. A.
Representative images from Day 12. Scale bar = 100 pm. B. Combined data from two
independent experiments for SCC61 and FaDu cells. Note that cortactin expression (both
increased and decreased) correlates with the size of colonies growing in this “solid”
embedded Matrigel environment. By contrast, cortactin levels do not affect the size of cells
grown in a “fluid” Matrigel environment (Supp Fig 2), suggesting that the key factor may be
the ability of cortactin to remodel ECM in the solid environment. Data are represented as
mean = SEM. Asterisks indicate p<0.05 compared with scrambled oligo control.
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Figure 7. Rescue of Cort-KD cell growth under serum-free conditions by coculture with
cortactin-expressing cells

To test whether autocrine secretion can be connected with cortactin-regulated serum-
independent growth, cortactin-KD cells were cultured in serum-free media in 12 well plates
in the presence of 0.4 um pore size Transwell inserts containing either scrambled control,
pRS-KD1, LZRS-CortFL, pRS-KD1/LZRS-FL (SCC61 only) cells or serum-free media
alone (“media”) for 72 h. Quantification of (A) SCC61 or (B) FaDu cort-KD cells is plotted.
Note that inserts containing Cort-KD (pRS-KD1) cells cannot rescue the growth of Cort-KD
cells growing in the wells below above the level of media alone. By contrast, cortactin-
expressing cells grown transwell inserts rescue cort-KD cell growth in wells consistent with
the level of cortactin expression (compare LZRS-CortFL SCC61 cells to Scrambled oligo
SCC61 cells in inserts in their ability to rescue the growth of Cort-KD cells). Bars represent
the combined mean + SEM from three independent experiments performed in triplicate.
Asterisks indicate p<0.05 compared with scrambled oligo control.
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