Inactivation of GSK3p and activation of NF-xB

pathway via Axl represents an important
mediator of tumorigenesis in esophageal
squamous cell carcinoma
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ABSTRACT The receptor tyrosine kinase Axl has been described as an oncogene, and its
deregulation has been implicated in the progression of several human cancers. While the role
of Axl in esophageal adenocarcinoma has been addressed, there is no information about its
role in esophageal squamous cell carcinoma (OSCC). In the current report, we identified, for
the first time, deregulation of Axl expression in OSCC. Axl is consistently overexpressed in
OSCC cell lines and human tumor samples, mainly in advanced stages of the disease. Block-
age of Axl gene expression by small interfering RNA inhibits cell survival, proliferation, migra-
tion, and invasion in vitro and esophageal tumor growth in vivo. Additionally, repression of
Axl expression results in Akt-dependent inhibition of pivotal genes involved in the nuclear
factor-kappaB (NF-kB) pathway and in the induction of glycogen synthase kinase 3p (GSK3p)
activity, resulting in loss of mesenchymal markers and induction of epithelial markers. Further-
more, treatment of esophageal cancer cells with the Akt inhibitor wortmannin inhibits NF-xB
signaling, induces GSK3p activity, and blocks OSCC cell proliferation in an Axl-dependent
manner. Taken together, our results establish a clear role for Axl in OSCC tumorigenesis with
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potential therapeutic implications.

INTRODUCTION

Esophageal cancer is the eighth most common and the sixth lead-
ing cause of cancer-related deaths worldwide, with the majority of
these deaths (86%) occurring in developing countries (Ferlay et al.,
2010). The two most common types of esophageal cancer are
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esophageal squamous cell carcinoma (OSCC) and adenocarcinoma,
and variability in the incidence of these cancer types is observed
according to the geographic region and ethnic background. Adeno-
carcinoma is most prevalent in white populations, while OSCC is the
most common esophageal cancer type occurring in nonwhite popu-
lations (Cooper et al., 2009; Ferlay et al., 2010; Somdyala et al.,
2010). OSCC is mainly associated with environmental factors such
as smoking and alcohol consumption, while adenocarcinoma is pri-
marily associated with gastric reflux and Barret's esophagus (Gamliel,
2000). Despite the increase in incidence of adenocarcinoma over
the last few decades, squamous cell carcinoma still represents a ma-
jor problem in developing countries such as South Africa (Ferlay
et al., 2010). In fact, esophageal cancer is the third most common
cancer among South African men, who are twice as likely to get this
cancer than women (Somdyala et al., 2010).

The receptor tyrosine kinase Axl belongs to the TAM (Tyro-3, Ax|,
and Mer) family. Members of this family are distinguished from one
another by a conserved sequence within the kinase domain and
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adhesion molecule-like domains in the extracellular region (Janssen
etal., 1991, O'Bryan et al., 1991). Activation of Axl occurs after the
binding to the growth arrest-specific gene 6 (Gasé; Mark et al.,
1996; McCloskey et al., 1997). Gasé contains an N-terminal v
carboxy-glutamic acid domain, whose carboxylation is dependent
on vitamin K and is essential for its activity and receptor binding
(Manfioletti et al., 1993; Hafizi and Dahlback, 2006a). In addition to
Axl, Gasé binds to other receptors of the TAM family and acts as a
growth factor for many nontransformed cell types and Axl-trans-
fected tumor cell lines (McCloskey et al., 1994, 1997; Mark et al.,
1996). Rather than conferring a mitogenic signal, Ax| has been impli-
cated in cell survival, cellular adhesion, and chemotaxis and in vas-
cular remodeling (Neubauer et al., 1994, 1997).

Axl phosphorylation and consequent activation have been linked
to signaling pathways such as the phosphatidylinositol 3-OH kinase
(PI3K) pathway, including its downstream targets S6K and Akt; the
mitogen-activated protein kinases (MAPK) pathway; and the Jak/
Stat and NF-xB signal transduction pathway cascades, which are
closely related to progression and development of tumors and inhi-
bition of apoptosis (Lee et al., 2002; Ruan and Kazlauskas, 2012;
Paccez et al., 2013).

Previous reports have demonstrated the oncogenic activity of
Axl (Janssen et al., 1991; McCloskey et al., 1994). This receptor tyro-
sine kinase is deregulated in several types of cancer, such as pros-
tate (Shiozawa et al., 2010; Paccez et al., 2013), breast (Zhang et al.,
2008), lung (Wimmel et al., 2001; Shieh et al., 2005; Linger et al.,
2012), leukemia (Neubauer et al., 1993; Dirks et al., 1999), and
esophageal adenocarcinomas (Hector et al., 2010), and it has been
linked to a more aggressive phenotype, suggesting that Axl may be
a relevant therapeutic target for cancer (Zhang et al., 2008; Hector
etal., 2010; Rankin et al., 2010; Paccez et al., 2014). Additionally, Ax|
has been shown to play a role in the epithelial-mesenchymal transi-
tion (EMT), which is an important feature for the initiation of metas-
tasis (Gjerdrum et al., 2010; Vuoriluoto et al., 2011; Byers et al.,
2013; Asiedu et al., 2014).

Furthermore, Axl's expression predicts poor overall survival in
breast and pancreatic cancer patients (Koorstra et al., 2009; Holland
et al., 2010), and its overexpression is linked to an increase in resis-
tance to various drug treatments (Liu et al., 2009; Zhang et al., 2012;
Hong and Belkhiri, 2013; Hong et al., 2013). Increased Axl levels
have been linked to imatinib-resistant gastrointestinal stromal tu-
mors, nilotinib-resistant chronic myeloid leukemia cells, BMS-
754087-resistant  rhabdomyosarcoma, and lapatinib-resistant
HER-2—positive breast tumor cells (Liu et al., 2009; Huang et al.,
2010; Dufies et al., 2011; Gioia et al., 2011). In addition, previous
reports demonstrated increased activation of Axl and evidence for
EMT in epidermal growth factor receptor—mutant lung cancer mod-
els with acquired resistance to erlotinib (a tyrosine kinase inhibitor
used for treatment of lung cancer) in vitro and in vivo (Zhang et al.,
2012). Moreover, inhibition of Ax| leads to restoration of sensitivity
to erlotinib, indicating that AxI may represent a promising therapeu-
tic target whose inhibition could prevent or overcome acquired re-
sistance to certain drugs (Zhang et al., 2012).

While the role of Axl in esophageal adenocarcinoma progression
and in resistance to therapy has already been described (Hector
et al., 2010; Hong and Belkhiri, 2013; Hong et al., 2013), there is a
complete lack of information about its role in OSCC. In this report,
we demonstrate for the first time the importance of Axl in OSCC.
We demonstrate that Axl is up-regulated in OSCC tumor samples
from patients and OSCC cell lines. Furthermore, we reveal that
blockage of Axl protein expression inhibits proliferation, invasion,
and migration of OSCC cells and tumor formation in vivo. Interest-
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ingly, inhibition of Axl expression strikingly leads to reduction of Akt
activation, leading to inhibition of IkBa. phosphorylation and conse-
quent blockage of NF-kB transcriptional activity. Concurrently, de-
creased Akt activity leads to activation of glycogen synthase kinase
3B (GSK3P) and results in loss of mesenchymal and induction of epi-
thelial markers. Taken together, our data establish the importance of
Axl in the development of OSCC and highlight this receptor tyro-
sine kinase as a potential therapeutic target.

RESULTS

Differential expression of Axl in OSCC cell lines and human
cancer tissue

The receptor tyrosine kinase Axl is deregulated in several cancer
types (Neubauer et al., 1993; Dirks et al., 1999; Wimmel et al.,
2001; Shieh et al., 2005; Zhang et al., 2008; Hector et al., 2010;
Shiozawa et al., 2010; Linger et al., 2012; Paccez et al., 2013). AxI
expression and activity correlates with poor prognosis and therapy
resistance in different cancer types, such as breast and lung cancer
(Shieh et al., 2005; Gjerdrum et al., 2010). To determine the rele-
vance of Axl expression in OSCC, we first evaluated mRNA expres-
sion levels in primary OSCC tumor tissue compared with normal
tissue. We analyzed 66 patient samples consisting of matched
pairs of normal and OSCC tumor tissue samples of 33 patients. As
observed in Figure 1A, Axl expression levels in OSCC tissue are
statistically significantly higher than in the matching normal esoph-
ageal tissue. Additionally, we analyzed the matched expression
levels of Axl in each individual patient and observed that Axl is
up-regulated in tumor as compared with matched normal tissue in
60% of patients, with fold induction varying from 1.7- to 56-fold.
These findings clearly indicate that Axl is largely overexpressed
during OSSC tumorigenesis. Analysis of tumor status indicates
that, among our cohort, four tumor samples were well differenti-
ated, 21 tumors were moderately differentiated, two were poorly
differentiated, and six were not differentiated. As shown in Table 1,
our analysis indicates that Axl expression is up-regulated in 52% of
tumors in initial stages (well to moderately differentiated) and in
87.5% of tumors in more advanced stages (poorly to undifferenti-
ated). These data clearly point toward a pivotal role of Axl in OSCC
development and progression.

We also determined the expression levels of Axl in a panel of
OSCC cell lines. Using real-time PCR (RT-PCR), we observed that Ax|
is up-regulated in OSCC cells when compared with normal esopha-
geal epithelial cells (Figure 1B). As mRNA levels do not necessarily
correspond with protein levels, we analyzed Axl protein levels in
whole-cell extracts by Western blotting. As demonstrated in
Figure 1C, most OSCC cell lines express higher levels of Ax| protein
than the normal EPC-2 cells. Additionally, to determine the activa-
tion status of Axl, we evaluated the levels of phosphorylated Ax| in
these cell lines. As observed in Figure 1C, the levels of phosphory-
lated Ax| are consistently higher for most of the OSCC cell lines
when compared with the noncancer cells, EPC-2. These findings
strongly support our hypothesis that the Axl signaling pathway may
play a critical role in OSCC.

Inhibition of Axl reduces migration, invasion, and
proliferation in OSCC cells

We established a model to further study the biological role of Axl in
OSCC. Stable Axl knockdown cell lines were generated after infec-
tion of WHCOS and Kyse450 cell lines with lentivirus expressing
small interfering RNA against Ax| (LV-siRNA Ax|) or siRNA against
green fluorescent protein (LV-siRNA GFP; control). Infection with LV-
siRNA Axl led to significant repression of Axl expression in WHCO5
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FIGURE 1: Axlis up-regulated in OSCC human clinical samples and cell lines. (A) RT-PCR analysis of Ax| in human

samples. Total RNA was collected from human tissue consisting of paired normal and tumor samples and was analyzed
for Axl expression levels. GAPDH was used as an internal control and for normalization of data. Statistics were
performed to compare the significance of Axl expression in tumor vs. normal tissue, using the two-tailed, nonparametric
Mann-Whitney test. Data are shown as the median values to account for outliers; *, p < 0.05. (B) RT-PCR analysis of AxI
in OSCC cell lines. Total RNA was collected from WHCO1, WHCO3, WHCO5, WHCO®, Kyse30, Kyse150, and Kyse450.
The normal esophageal EPC-2 cell line was used as a control. Normalization of each sample was carried out by
measuring the amount of GAPDH cDNA. (C) Phosphorylation status of OSCC cell lines. Western blot analysis of Axl and
phosphorylated Ax| expression in OSCC lines was performed using specific antibodies, and GAPDH was used as the
loading control. Ratios between p-Axl and Ax| were calculated using the VisionWorks LS Image Acquisition and Analysis
Software. The total amount of Axl protein present was normalized to the amount of GAPDH. Following this, the amount

of p-Axl was normalized to this AxI/GAPDH ratio. The values represent the amount of phosphorylated Axl levels in

different cell lines.

Number of up-regulated

samples/number of total Fold
Tumor status samples (%) induction
Well to moderately 13/25 (52) 1.7-56
differentiated
Poor to 7/8 (87.5) 2-27

undifferentiated

TABLE 1: RT-PCR analysis of AxI gene expression in human OSCC tissue.

(reduction of 85%) and Kyse450 (reduction of 80%) when compared
with the LV-siRNA GFP control (Figure 2A).

The Axl signaling pathway is also related to the induction of ma-
lignant properties of cancer cells such as proliferation, migration,
and invasion (Gjerdrum et al., 2010; Rankin et al., 2010; Paccez et al.,
2013, 2014). To evaluate the role of Axl in cancer proliferation, we
tested Kyse450 and WHCOS5 cells infected with LV-siRNA Ax| and
LV-siRNA GFP by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide) assay. Axl knockdown reduces cell proliferation

Volume 26 March 1, 2015

by 55% in Kyse450 cells and by 43.3% in WHCOS cells (Figure 2B).
One of the main characteristics of metastatic cells is the ability to
migrate and invade distant organs. To test the role of Axl in migra-
tion and invasion, we performed Transwell and wound-healing as-
says. As shown in Figure 2C, blockage of Axl reduces invasion of
Kyse450 and WHCOS cells by 62 and 50%, respectively. Addition-
ally, reduction of migration by 70 and 52% is observed in Kyse450
cells and WHCOS cells (Figure 2D), respectively. Together, these
data point to Axl as an essential mediator of metastasis in OSCC.

Axl reduces OSCC tumor growth in vivo

For determining the effect of Axl blockage on tumor formation in
vivo, Kyse450 cells infected either with LV-siRNA GFP (control) or
LV-siRNA Ax| were subcutaneously injected into MF-1 nude mice.
Mice were observed on a daily basis for tumor development and,
after 65 d, tumor weight and volume were determined. Mice im-
planted with Kyse450 siSRNA Axl cells developed tumors 60%
lower in mass when compared with mice implanted with Kyse450
siRNA GFP control cells (Figure 3). Additionally, we observed lymph
node metastasis only in mice implanted with Kyse450 siRNA GFP

Axl expression in OSCC | 823
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FIGURE 2: Knockdown of Axl inhibits proliferation, invasion, and migration in OSCC cell lines. WHCO5 and Kyse450
cells were infected with LV-siRNA Ax| and LV-siRNA GFP as control. (A) Western blot analysis of Axl expression in
WHCOS and Kyse450 after infection with lentiviruses. (B) Proliferation assays were performed 48-h postinfection in
Kyse450 and WHCOS. Data shown are mean * SD of triplicate independent experiments. (C) Invasion assays were
measured 48-h postinfection. Invading cells were fixed and stained, and three to five random microscopic fields were
counted. Values shown are mean + SD from a representative experiment. (D) Migration assays were measured 48-h
postinfection. Migrating cells were fixed and stained, and three to five random microscopic fields were counted. All
values shown are mean + SD from a representative experiment; *, p < 0.05.
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FIGURE 3: Blockage of Axl inhibits tumor formation in MF-1 nude
mice. Kyse450 cells (5 x 10°) infected with LV-siRNA Axl or LV-siRNA

GFP were implanted subcutaneously into the right flank of MF-1 mice.

Tumor weight was measured 45 d after implantation. Values are
represented as mean + SD of five individuals; *, p < 0.0001.
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cells, while no metastases were observed in mice implanted with
Kyse450 siRNA Axl (unpublished data), indicating that Axl expres-
sion plays an important role for tumor growth in vivo.

Blockage of Axl expression and activity reduces cell

survival pathways

The PI3K signaling pathway has been shown to be a downstream ef-
fector of Axl in cancer cells, and its activation was described as cor-
relating with higher levels of Axl expression (Lee et al., 2002; Ruan
and Kazlauskas, 2012; Paccez et al., 2013). Activation of Akt by Axl
leads to phosphorylation of IKKa: and consequent phosphorylation,
ubiquitination, and degradation of kB, triggering the activation of
NF-xB (Gjerdrum et al., 2010; Rankin et al., 2010; Paccez et al., 2013).
In fact, PI3K/Akt has been shown to stimulate the NF-kB pathway,
enhancing tumor cell invasion in breast and ovarian cancers (Lee
et al., 2002; Ruan and Kazlauskas, 2012; Paccez et al., 2013, 2014).
The NF-kB pathway has been directly implicated in cancer cell sur-
vival and metastasis (Lee et al., 2002; Ruan and Kazlauskas, 2012;
Paccez et al., 2013). Constitutive activation of NF-kB is frequently ob-
served in various cancer types and is a critical step in the escape of
cancer cells from apoptosis (Karin et al., 2002; Li and Verma, 2002;
Zerbini et al., 2003). To evaluate the effects of Axl regulation on NF-xB

Molecular Biology of the Cell
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control or pcDNA Flag-Ax| plasmids. Total-cell lysates were collected at 48 h posttransfection. The extracts were then
analyzed by Western blotting using anti-Ax|, anti-phospho-Akt, anti-Akt, anti-phospho-IKKa, anti-IKKo;, and anti-
GAPDH antibodies after restoration of Axl expression. (B) Reexpression of Axl protein restores proliferation in Kyse450
siRNA Axl and WHCOS5 siRNA Axl. Control cells (Kyse450 siRNA GFP and WHCOS5 siRNA GFP) and Axl knockdown cells
(Kyse 450 siRNA Axl and WHCO5 siRNA Axl) were transfected with pcDNA Flag control or pcDNA Flag-Axl plasmids,
and proliferation was evaluated 48-h posttransfection. Data shown are mean + SD of triplicate independent experiments

for each condition; *, p < 0.05.

in OSCC, we analyzed the expression and activation status based on
phosphorylation of key proteins involved in the NF-kB pathway.
Western blot analysis of whole-cell extracts comparing Kyse450
and WHCOS cells with Axl knockdown to the GFP knockdown cells
revealed that inhibition of Axl leads to reduction of both Akt and
IKKa, phosphorylation and activity, which should result in inhibition
of NF-xB (Figure 4A). To corroborate our findings and further evalu-
ate the functional consequences of Axl regulation, we assessed the
effect of Axl overexpression on IKKa and Akt activity and on cell

Volume 26 March 1, 2015

proliferation in Axl knockdown cells. Control cells (Kyse450 siRNA
GFP and WHCOS5 siRNA GFP) and Axl knockdown cells (Kyse 450
siRNA Axl and WHCO5 siRNA Axl) were transfected with pcDNA
Flag control or pcDNA Flag-Axl plasmids, and proliferation and
IKKo and Akt activities were evaluated 48-h posttransfection. Our
results clearly demonstrate that Axl overexpression in knockdown
cells restores the activation of IKKo and Akt signaling pathways
(Figure 4A) and proliferation (Figure 4B) back to the level of the
control cells (siRNA GFP expressing the vector alone). These data

Axl expression in OSCC | 825
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indicate that Axl's critical role in the meta-
static potential of OSSC cells may be medi-
ated through the AKT/NF-kB pathway.

Axl promotes esophageal cancer
progression by repressing GSK3f
activity through Akt activation
GSK3B is a ubiquitously expressed serine/
threonine kinase that is involved in multiple
processes, including cell fate determination
and oncogenesis (Kim et al., 2007). GSK3
activity is regulated by site-specific phos-
phorylation of the Ser-9 residue, and dereg-
ulated phosphorylation has been linked to
pathological conditions such as cancer
(Doble and Woodgett, 2003). GSK3 is in-
volved in growth factor-mediated signaling
through protein kinase A (PKA) and Akt/PKB
(Saito et al., 1994; Cross et al., 1995; Fang
etal., 2000). Indeed, Akt phosphorylates the
Ser-9 residue in GSK3p, leading to its inacti-
vation (Cross et al., 1995; Fang et al., 2000;
Doble and Woodgett, 2003; lamaroon and
Krisanaprakornkit, 2009; Wu et al., 2009).
Because the PI3K/Akt pathway has been
described to be deregulated in OSCC
(Cross et al., 1995; Fang et al., 2000) and,
based on our observations, Axl activates the
Akt pathway, we investigated the associa-
tion between Axl activation and GSK3B.
First, we measured the expression levels of
GSK3pB and GSK3pB phosphorylation in pa-
rental Kyse450 and WHCOS5 cells and
Kyse450 and WHCOS5 Ax| knockdown cells.
As observed in Figure 5A, knockdown of Ax
in both Kyse450 and WHCOS5 cells inhibits
the GSK3pB Ser-9 phosphorylation, indicat-
ing that Ax| leads to inactivation of GSK3 in
OSSC. To gain more insights into the regula-
tion of GSK3B by Axl, we utilized pharmaco-
logical inhibitors of Akt and GSK3B. We
tested the effect of wortmannin and GSK38
inhibitor Il in Kyse450 and WHCO5 cells.
Wortmannin is a well-known Akt inhibitor,
and the GSK38 inhibitor Il is a 2-thio-[1,3,4]-
oxadiazole-pyridyl derivative that acts as a
potent inhibitor of glycogen synthase
kinase-3B. Figure 5B demonstrates that
GSK3B is activated after treatment of esoph-
ageal cancer cells with wortmannin, because
wortmannin reduces its phosphorylation. No
significant increase in the phosphorylation
of GSK3p was observed in cells treated with
GSK3B inhibitor Il (Figure 5B). Furthermore,
we evaluated the effect of GSK3R inhibitor Il
and wortmannin in Axl knockdown cells. A
slight increase in the phosphorylation levels
of GSK3p was seen in both Kyse450 siRNA
Axl and WHCOS5 siRNA Axl treated with
GSK3B inhibitor I when compared with
untreated cells, indicating its inactivation

Molecular Biology of the Cell



(Figure 5C). To establish the role of Axl in GSK3p regulation, we ana-
lyzed the activation status of GSK3B in Kyse450 siRNA Ax| and
WHCOS5 siRNA Axl reconstituted with ectopic Axl expression. Resto-
ration of Ax| levels in Kyse450 siRNA Axl cells increases the phos-
phorylation of GSK3 (Figure 5C). Moreover, we analyzed the effect
of wortmannin and GSK3B inhibitor Il in Kyse450 siRNA Axl trans-
fected with pcDNA Flag-Axl. As shown in Supplemental Figure 1,
inactivation of GSK3P is more pronounced in Kyse450 siRNA Axl
transfected with pcDNA Flag-Ax| vector and treated with GSK3 in-
hibitor II. Interestingly, we observed reduction of phosphorylation of
GSK3pB in Kyse450 siRNA Axl transfected with pcDNA Flag-Ax! vec-
tor after treatment with wortmannin, indicating that Ax| expression
indeed leads to activation of Akt and, consequently, inactivation of
GSK3 B.

Next we evaluated the biological effects of GSK3p inhibition by
Axl on proliferation of OSCC cells. Proliferation was measured in Ax|
knockdown cells (Kyse450 siRNA Axl and WHCOS5 siRNA Axl),
Kyse450 siRNA GFP, WHCOS5 siRNA GFP, and Axl knockdown cells
transfected with pcDNA Flag-Axl. Treatment of cells with wortman-
nin or GSK3P inhibitor Il reveals that wortmannin reduces prolifera-
tion of OSCC cells and knockdown cells transfected with pcDNA
Flag-Axl vector, but it does not significantly affect proliferation of
cells lacking Axl (Figure 5D). On the other hand, the GSK3 inhibitor
Il induces proliferation in Axl knockdown cells but not in parental
cells (Kyse450) or Axl knockdown cells transfected with pcDNA
Flag-Axl. These data clearly indicate that Axl inactivates GSK3p via
Akt activation, leading to OSCC cell proliferation.

Blockage of Axl expression results in loss of the
mesenchymal marker Snail and induction of the epithelial
marker E-cadherin
GSK3B is known to repress the transcription of Snail, a repressor of
E-cadherin and an inducer of EMT (Bachelder et al., 2005). EMT is a
critical event in the progression toward cancer metastasis. Ax| has
been implicated in EMT in cancers such as breast and lung (Gjerdrum
et al., 2010; Vuoriluoto et al., 2011; Byers et al., 2013; Vazquez-
Martin et al., 2013; Asiedu et al., 2014). To test whether Axl is linked
to EMT in OSCC, we first analyzed the expression of Snail in
Kyse450, Kyse 450 siRNA Axl, WHCOS5, and WHCO5 siRNA Axl
cells. RT-PCR reveals that levels of Snail mRNA are drastically re-
duced in siRNA Axl when compared with control cells (Figure 6A).
Levels of Snail mRNA were at least partially restored when Axl
knockdown cells were transfected with pcDNA Flag-AxI (Figure 6A),
indicating that Ax| expression is important for Snail transcription. In
addition, analysis of E-cadherin mRNA levels, an epithelial marker,
demonstrates that cells lacking Axl and, consequently, expressing
lower levels of Snail, have higher levels of E-cadherin mRNA when
compared with control, and transfection of Axl knockdown cells with
pcDNA Flag-Ax| reduces E-cadherin expression (Figure 6B).

We also evaluated the expression of mRNA levels of EMT markers
in OSCC cells treated with wortmannin and GSK3p inhibitor II.
Kyse450 and WHCOS cells treated with wortmannin express lower
levels of Snail mMRNA (Figure 6C) and higher levels of E-cadherin
mRNA (Figure 6D) when compared with control. In contrast, treat-
ment with GSK3 inhibitor Il increases Snail mRNA (Figure 6C) and
reduces E-cadherin mRNA levels, respectively (Figure 6D). Our data
clearly indicate GSK3B may play an important role during EMT and
is a molecular target of the Axl pathway in OSCC via Akt activation.

DISCUSSION
Esophageal cancer is one of the 10 most common and fatal solid
tumors diagnosed worldwide (Ferlay et al., 2010). The two types of
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esophageal cancer, OSCC and adenocarcinoma, vary in incidence in
both geographic region and ethnic background. Owing to the rel-
evance of squamous cell carcinoma in the developing world, an ef-
fort has been made to reveal its biology in order to understand how
this type of cancer develops and also to identify new therapeutic
targets. In this context, we demonstrate for the first time the role of
the receptor tyrosine kinase Axl in OSCC. Our data indicate that AxI
expression is up-regulated in OSCC tumors when compared with
normal tissue. In addition, our findings point out that Axl expression
is higher in advanced stages of the disease. In fact, Axl has been
linked to poor prognosis and resistance to cancer therapy in several
tumor types (Zhang et al., 2012). Interestingly, Axl has been shown
to play an important role for adenocarcinomatous esophageal can-
cer (Hector et al., 2010; Hong et al., 2013); however, its role in the
malignancy of OSCC has remained unknown up to now. In this re-
port, we provide a detailed analysis of the role of Axl in OSCC. We
demonstrate that Axl is up-regulated in both OSCC human cell lines
and patient tissue samples.

Metastatic cancer cells are categorized by gain of matility, which
allows attachment and growth at distant organs. Axl is associated
with cancer migration and invasion, and Axl has been reported as an
essential regulator for EMT in breast and prostate cancer metastasis
(Gjerdrum et al., 2010; Asiedu et al., 2014). Our findings demon-
strate that blockage of Axl expression significantly reduces migra-
tion, invasion, and proliferation of OSCC cells and inhibits tumor
growth. Our data clearly indicate Axl is a crucial regulator of OSCC
progression and metastasis and is a potential therapeutic target,
since its inhibition leads to the reduction of metastatic properties
such as proliferation, migration, and invasion.

The dissection of the Axl biological pathway in OSCC may pro-
vide more information about the mechanism involved in the meta-
static potential of Axl. In this context, several reports have linked Axl
to the PI3K/Akt and NF-xB pathways (Lee et al., 2002; Ruan and
Kazlauskas, 2012; Paccez et al., 2013). The NF-kB pathway has been
directly implicated in cancer cell survival and metastasis (Zerbini
etal., 2003, 2004) and is known to be related to proliferation of can-
cer cells and to survival and resistance to therapy. In fibroblasts and
endothelial cells, Axl phosphorylation activates the NF-kB transcrip-
tion factor (Goruppi et al., 1997; Hafizi and Dahlb&ck, 2006b; Ruan
and Kazlauskas, 2012; Ammoun et al., 2013), and constitutive activa-
tion of NF-kB is observed in various cancer types, including OSCC
(Li et al., 2009). Furthermore, inhibition of NF-xB induces apoptosis
and blocks tumor growth (Zerbini et al., 2004).

Here we demonstrate that knockdown of Axl expression leads
to the inactivation of NF-kB by inhibition of Akt and IKKa: activity.
IKKa: is responsible for the abrogation of IkBa phosphorylation
leading to lkBa escaping the ubiquitination process and, subse-
quently, protein degradation, impeding NF-kB translocation into
the nucleus. In fact, the PI3K/Akt/NF-kB pathway is extremely im-
portant for OC progression, especially in OSCC (Li et al., 2007,
2009). Activation of Axl has been associated with poor prognosis
in cancer patients (Gustafsson et al., 2009; Gjerdrum et al., 2010;
Hector et al., 2010; Holland et al., 2010). In addition, the PI3K/AKT
pathway plays an important role in promoting OSCC survival and
proliferation (Li et al., 2007). NF-xB is activated in both primary
tumor samples and OSCC lines, and its pharmacological inhibition
leads to decreases in migration, invasion, and tumor formation (Li
et al., 2007). In this context, we provide strong evidence of AxI
regulation of the PI3K/Akt/NF-kB pathway in OSCC with impact on
proliferation, migration, and invasion of OSCC cells. In addition,
Ax| has been linked to induction of EMT (Gjerdrum et al., 2010;
Vuoriluoto et al., 2011; Byers et al., 2013; Asiedu et al., 2014). The
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markers regulated by Axl in OSCC treated with wortmannin and GSK3 inhibitor Il. Kyse450 and WHCOS5 cells were
treated with GSK3p inhibitor Il (200 nM) for 2 h or with wortmannin (1 mM) for 30 min. RT-PCR analysis of E-cadherin
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Analysis of EMT markers regulated by Axl in OSCC. RT-PCR analysis of Snail (A) and E-cadherin (B) in
OSCC. Analysis was performed in Kyse450 and WHCOS cells and their knockdown pairs (Kyse450 siRNA Ax| and
WHCOS siRNA Axl) transfected with pcDNA Flag-Axl or pcDNA plasmids as control. (C and D) Analysis of EMT

(C) and Snail (D) in Kyse450, Kyse450 siRNA Axl, and Kyse450 siRNA Axl transfected with pcDNA Flag-Axl. Total RNA
was collected from cells, and normalization of each sample was carried out by measuring the amount of human

GAPDH cDNA. Data shown are mean + SD of triplicate independent experiments for each condition; *, p < 0.01.
(E) Schematic representation of Ax| pathway in OSCC.

828

J. D. Paccez et al.

Molecular Biology of the Cell



EMT is a complex molecular program in which nonmotile epithelial
cells convert into migratory mesenchymal cells with enhanced cell
survival attributes (Thiery, 2002). Therefore our data provide fur-
ther evidence that Axl regulates EMT factors via inhibition of the
GSK3B pathway.

GSK3B is involved in signaling by different growth factors (Saito
etal., 1994; Cross et al., 1995). GSK3B-mediated signaling in OSCC
likely involves the activation of upstream pathways such as the PKA
and Akt/PKB pathways (Cross et al., 1995; Fang et al., 2000). These
kinases induce rapid inactivation of GSK3p activity by phosphoryla-
tion of Ser-9 (Doble and Woodgett, 2003). In fact, deregulation of
these pathways has been reported in OSCC (lamaroon and
Krisanaprakornkit, 2009; Wu et al., 2009). We demonstrate now that
inhibition of Axl expression has a pivotal effect on GSK3p activation.
OSCC cells expressing Axl present enhanced Akt activation that
leads to inactivation of GSK3 activity. In this regard, our observa-
tion that wortmannin leads to inhibition of proliferation in Kyse450
and WHCOS5 cells but not in Kyse450 siRNA Axl or WHCOS5 siRNA
Axl is in line with the literature that describes Axl as an activator of
the Akt pathway. Our findings were corroborated in Axl knockdown
cells transfected with pcDNA Flag-Axl. Our analysis of proliferation
using the GSK3R inhibitor Il also helped to decipher the mechanistic
interactions between the Axl and GSK3 pathways. In OSCC cells,
expression of Axl activates Akt and leads to GSK3 inactivation via
phosphorylation of its Ser-9. In this scenario, the use of GSK3p in-
hibitor Il does not affect OSCC cell proliferation. However, in Ax|
knockdown cells, Akt activity is inhibited, leading to GSK3p activa-
tion and significant reduction of OSCC cell proliferation. Accord-
ingly, the treatment of Axl knockdown cells with an inhibitor of
GSK3p leads to increased cell proliferation.

We also demonstrate that Ax| inhibition leads to induction of
GSK3B and reduction of the expression of Snail, an important
marker for EMT in cancer. Our observations are in line with previous
reports describing that inhibition of GSK3 results in the up-regula-
tion of Snail and down-regulation of E-cadherin (Bachelder et al.,
2005). These observations strongly support the notion that AxI may
represent an underexplored therapeutic target for OSCC and may
induce EMT in OSCC via GSK3p inactivation. In Figure 6E, we sum-
marize our findings in a schematic representation of Axl regulation
of the Akt/NF-kB and Akt/GSK3B pathways in OSCC.

Inhibition of Axl has been explored as a new therapeutic modal-
ity. The development of specific inhibitors, as well as monoclonal
antibodies, demonstrated effectiveness in the treatment of cancers
such as breast and pancreatic cancer (Gjerdrum et al., 2010; Song
et al., 2011). In this regard, our results corroborate these observa-
tions, as we validate Axl as an essential regulator of OSSC
malignancy.

Our results establish Axl as a critical mediator of OSCC tumori-
genesis via activation of the Akt/NF-kB and Akt/GSK3p signaling
pathways. Moreover, we propose Axl as a new therapeutic entry
point for this disease.

MATERIALS AND METHODS

Tissue samples

Histopathologically confirmed OSCC biopsies, together with corre-
sponding adjacent normal tissue samples, were collected at the
Groote Schuur Hospital, Cape Town, South Africa, between 2008
and 2011. Informed consent was obtained from all participants,
and ethical approval for this study was obtained from the Ethics
Committee of the University of Cape Town. Samples were stored in
RNAlater solution (Qiagen, Valencia, CA ) at =80°C until nucleic acid
extraction was performed.
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Cell lines and culture

Six OSCC cell lines, WHCO1, WHCO3, WHCOS5 (Veale and Thornley,
1984), Kyse30, Kyse150, and Kyse450 (obtained commercially from
Deutsche Sammlung von Mikroorganismen und Zellkulturen),
originally established from surgical specimens of primary OSCCs,
were grown in DMEM (Life Technologies, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS), 50 U of penicillin/ml, and
50 mg streptomycin/ml (Life Technologies, Carlsbad, CA). Primary
normal esophageal epithelial cells (EPC2) established from normal
human esophagus (Andl et al., 2003) were grown in keratinocyte-
SFM medium (Life Technologies, Rockville, MD) containing bovine
pituitary extract (40 mg/ml) (Life Technologies, Rockville, MD). All
cells were maintained in a 5% CO, humidified incubator at 37°C. Cell
lines were routinely frozen within two passages after receipt from the
cell bank and used within less than é mo after resuscitation.

RT-PCR

Total RNA was harvested using QlAshredder (Qiagen) and the
RNeasy mini-kit (Qiagen) from tissue samples or cells as recom-
mended by the manufacturer. Primers used for real-time PCR, and
conditions for RT-PCR were performed as previously described (Gu
et al., 2007; Paccez et al., 2013).

siRNA lentiviral vectors

siRNA against Axl was obtained from Mission short hairpin RNA
Lentiviral Transduction Particles from Sigma-Aldrich (St. Louis, MO).
A control lentivirus encoding siRNA against GFP was cloned using
the Advantage 2 PCR kit (Clontech, Mountain View, CA) as previ-
ously described (Zerbini et al., 2004; Paccez et al., 2013).

Plasmids and transfection assays

Transfection was performed by Lipofectamine plus reagent (Invitro-
gen) using pcDNA Flag and pCDNA Flag-Axl plasmids as previously
described (Zerbini et al., 2004, 2006; Paccez et al., 2013).

Western blot analysis

Western blot analyses were performed as previously described
(Zerbini et al., 2004, 2006; Paccez et al., 2013). The following pri-
mary antibodies were used: Axl, p-Akt, Akt, IKKa, p-IKKo, GSK3,
p-GSK3, and  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) (Cell Signaling Technology, Beverly, MA). Antibodies
against p-Axl were obtained from R&D Systems (Minneapolis, MN).

Quantification of protein

Ratios of protein in different cells, calculated using the VisionWorks
LS Image Acquisition and Analysis Software (UVP), were the intensity
of the band correlates to the amount of protein. The total amount of
protein present in each sample was normalized to the amount of
GAPDH. As a matter of comparison, the amount observed in control
was set up as 100%.

Reagents

GSK3B inhibitor Il (2-thio(3-iodobenzyl)-5-(1-pyridyl)-{1,3,4]-oxadia-
zole) was obtained from Santa Cruz, and wortmannin was obtained
from Calbiochem (San Diego, CA). Final concentrations used were
200 nM (GSK3B inhibitor I1), 1 mM (wortmannin), and 0.1% dimethyl
sulfoxide as control.

Proliferation assay

Proliferation assay was performed using the Cell Proliferation Kit |
(MTT; Roche, Basel, Switzerland) according to the manufacturer’s
protocol.
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Invasion and migration assays

Cell migration and invasion assays were performed as previously
described (Zerbini et al., 2003) using a modified Transwell chamber
migration assay and invasion assay Matrigel-coated membrane (BD
Biosciences, Bedford, MA).

Animal experiments

Eight-week-old male MF-1 nude mice, obtained from the University
of Cape Town, were bred at the university’s animal facility and
housed in a pathogen-free environment. The animals were ran-
domly divided into two groups (n = 6 per group).

Kysed50 cells (5 x 10) infected with lentivirus encoding siRNA
against GFP (LV-siRNA GFP) and lentivirus encoding siRNA against
Axl (LV-siRNA Axl) were used for subcutaneous implantation. Imme-
diately before implantation, Kyse450 siRNA GFP and Kyse450
siRNA Ax| cells were trypsinized and resuspended in DMEM with
10% FBS. Cell viability was determined by trypan blue exclusion,
and a single cell suspension with 90% viability was used for implan-
tation. Tumor size (volume) was measured on a daily basis after im-
plantation. The experiment was concluded when tumor size in the
control animals reached 200 mm. At the end of the experiment
(65 d), the animals were killed, tumors were carefully dissected and
weighed, and lymph nodes were analyzed to determine metastases.
All procedures with animals were reviewed and approved by the
Animal Research Ethics Committee of the University of Cape Town.

Statistical analysis
Statistical analysis was performed using Student's t test and the
Mann-Whitney test as appropriate.
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