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Xiaoling Zhang1, Joseph Wu1, Suju Luo1, Terry Lechler1,2, Jennifer Y. Zhang1,3
1

Department of Dermatology, Duke University School of Medicine, Durham, NC, USA

2

Department of Cell Biology, Duke University School of Medicine, Durham, NC, USA

3

Department of Pathology, Duke University School of Medicine, Durham, NC, USA

Correspondence to: Jennifer Zhang, email: jennifer.zhang@duke.edu
Keywords: FRA1, AKT, c-Jun, cyclinB1, SCC
Received: January 27, 2016     Accepted: April 11, 2016     Published: April 29, 2016

ABSTRACT
FRA1 (Fos-like antigen 1) is highly expressed in many epithelial cancers including
squamous cell carcinoma of the skin (cSCC) and head and neck (HNSCC). However,
the functional importance and the mechanisms mediating FRA1 function in these
cancers are not fully understood. Here, we demonstrate that FRA1 gene silencing
in HNSCC and cSCC cells resulted in two consequences – impaired cell proliferation
and migration. FRA1 regulation of cell growth was distinct from that of c-Jun, a
prominent Jun group AP-1 factor. While c-Jun was required for the expression of
the G1/S phase cell cycle promoter CDK4, FRA1 was essential for AKT activation and
AKT-dependent expression of CyclinB1, a molecule required for G2-M progression.
Exogenous expression of a constitutively active form of AKT rescued cancer cell
growth defect caused by FRA1-loss. Additionally, FRA1 knockdown markedly slowed
cell adhesion and migration, and conversely expression of an active FRA1 mutant
(FRA1DD) expedited these processes in a JNK/c-Jun-dependent manner. Through
protein and ChIP-PCR analyses, we identified KIND1, a cytoskeletal regulator of the
cell adhesion molecule β1-integrin, as a novel FRA1 transcriptional target. Restoring
KIND1 expression rescued migratory defects induced by FRA1 loss. In agreement
with these in vitro data, HNSCC cells with FRA1 loss displayed markedly reduced rates
of subcutaneous tumor growth and pulmonary metastasis. Together, these results
indicate that FRA1 promotes cancer growth through AKT, and enhances cancer cell
migration through JNK/c-Jun, pinpointing FRA1 as a key integrator of JNK and AKT
signaling pathways and a potential therapeutic target for cSCC and HNSCC.

INTRODUCTION

require combination therapies involving surgery, radiation
and chemotherapies such as cisplatin, a DNA alkylating
agent, as well cetuximab, a monoclonal antibody against
EGFR [2, 3]. These combination treatments have yielded
over 50% 5-year relative survival for HNSCC [4, 5].
Despite improved outcomes with current treatments,
disease recurrence and treatment toxicity, as well as excess
mortality from secondary cancers continue to pose major
challenges [6–8]. In order to develop novel therapeutic
strategies, it is imperative to gain a better understanding of
the molecular mechanisms promoting tumor growth and
progression.
A plethora of oncogenes and tumor suppressors have
been linked to cSCC and HNSCC [9–14]. The PI3K/AKT
signaling pathway represents by far the most commonly

Squamous-cell carcinoma (SCC) is a cancer of
squamous epithelial cells that typically cover the surface
of various tissues including skin and the oral, paranasal and
nasal cavities, as well as pharynx and larynx of the head
and neck. Approximately 700,000 new cases of cutaneous
SCC (cSCC) and 60,000 new cases of head neck SCC
(HNSCC) are estimated each year in the US, with each
accounting for more than 8,000 death annually (http://www.
cancer.org/acs; http://www.skincancer.org). Early stage
cSCC can be effectively treated with surgical removal,
whereas early stage HNSCC may require radiation due
to anatomical reasons, making HNSCC one of the most
difficult to treat cancers [1]. Advanced stage cancers
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activated pathways in HNSCC [15, 16], which is in part
attributed to frequent genetic mutations affecting various
components of this pathway including PIK3CA, PIK3R1,
AKT and PTEN [15]. Additionally, the PI3K/AKT pathway
is activated in response to signals from growth factors
such as EGF and its receptor EGFR which is commonly
activated in cSCC and HNSCC [17]. It is well-known
that activated AKT acts through an array of transcription
factors including AP-1 family gene regulators to promote
cell growth and migration [18]. On the other hand,
nearly 70% of HNSCC samples have no known genetic
mutations directly affecting the core components of the
PI3K/AKT pathway [15], suggesting that there are indirect
mechanisms contributing to the activation of this pathway.
FRA1 (Fos-like antigen-1), along with c-Fos,
FosB, FosB2 and FRA2, constitutes the Fos-group AP-1
transcription factors which generally function through
dimerization with the Jun-group AP-1 proteins such
as c-Jun, JunB and JunD. The Jun/Fos dimers regulate
expression of a wide range of target genes through
interaction with the consensus cis-regulatory DNA
segments such as the TPA-responsive element (tga(g/c)tca)
[19, 20]. As such, AP-1 plays critical roles in a wide variety
of biological processes including cell growth, apoptosis,
differentiation and metabolism, and is characterized as a
double-edged sword in tumorigenesis and inflammation
[21–23]. Different AP-1 subunits display functional
diversity in a cell-type specific manner. Germline deletion
of Fra1 leads to mouse embryonic lethality due to
extraembryonic tissue defects [24]. In contrast, restricting
Fra1 deletion in the embryo but not in placenta produces
animals with normal growth albeit with development of
osteoporosis [25]. These findings indicate that FRA1 is
not required for organogenesis other than bone matrix
formation.
Like other AP-1 subunits, FRA1 has been recently
linked to multiple cancers, including breast, bladder,
colon and esophagus cancers and HNSCC [22, 26–30].
Nevertheless, little is known about the role of FRA1 and the
mechanisms mediating its function in HNSCC. Recently,
it has been shown that FRA1 acts outside the nucleus to
regulate membrane lipid synthesis in an AP-1-independent
manner [31, 32]. In this study, we demonstrate that gene
silencing of FRA1 impaired growth and migration of
multiple HNSCC cell lines. Conversely, overexpression
of FRA1DD, a constitutively active phosphomimetic
FRA1 mutant [28], markedly enhanced cell migration. At
a molecular level, loss of FRA1 inhibited AKT activation
and AKT-dependent and c-Jun-independent CyclinB1
expression. In addition, FRA1 partnered with c-Jun
to regulate KIND1, a cytoskeletal protein involved in
β1-integrin signaling and focal adhesions. In agreement
with the in vitro data, FRA1 loss markedly slowed
subcutaneous tumor growth, and prevented metastasis
in vivo. Our findings reveal a key role of FRA1 in AKTactivation and promotion of HNSCC cell growth, migration
and metastasis.
www.impactjournals.com/oncotarget

FRA1 is required for HNSCC cell growth and
resistance to chemotherapy
To determine whether FRA1 is required for HNSCC
cell growth, we performed gene silencing in FaDu cells
via gene transduction with lentiviral shRNA (shFRA1) or
transfection with siRNA oligonucleotides (siFRA1). Cell
growth analysis revealed that FRA1 gene silencing by both
approaches, as confirmed by immunoblotting, markedly
reduced cell growth (Figure 1A). Flow cytometry of BrdU
labelled cells revealed that FRA1 gene silencing decreased
S phase-entry and delayed G2/M progression (Figure 1B).
In agreement with the cell cycle defect, CyclinB1, a key
G2/M cell cycle regulator, was significantly decreased in
response to FRA1 loss, whereas CyclinD1, a G1-S phase
regulator, was not changed (Figure 1C). The cell growth
defect induced by FRA1 gene silencing was also observed
in CAL27 and SCC25 HNSCC cells, as well as A431
epidermal SCC cells (Supplementary Figure 1). These
results indicate that FRA1 has a key role in regulating
HNSCC cell proliferation.
Soft agar colony formation is commonly used to
assess anchorage-independent growth of cancer cells [33].
We found that FRA1 gene silencing significantly impaired
soft agar colony formation of FaDu cells (Figure 1D).
To further test whether FRA1 promotes cell survival, we
performed an MTT assay to assess cell growth 3 days
after incubation with varying doses of cisplatin, which
is a chemotherapeutic agent frequently used for HNSCC
treatment [1]. As expected, shFRA1 cells grew slower
than control cells. In addition, these cells were more
sensitive to cisplatin, as indicated by the reduced IC50 of
5.5 µM compared to 10 µM of control cells (Figure 1E).
These results indicate that FRA1 plays a dominant role in
HNSCC growth and resistance to chemotherapy.

FRA1 promotes cell adhesion and migration
Metastatic cancer cells often display increased rates
of cell adhesion and migration. To determine whether FRA1
is involved in cell adhesion, we examined the rate of cell
attachment and cell morphology at various time-points. At
1 h after seeding, less than 50% of shFRA1 cells compared
to over 90% of control cells had attached to the dish, and
the attached cells remained round (Figure 2A). Once fully
attached at 24 h after seeding, shFRA1 cells appeared larger
and less shiny under phase contrast microscope (Figure 2B),
suggesting that FRA1 is important for cytoskeleton
formation. Consistent with this idea, shFRA1 cells often
lacked cell membrane protrusions that were commonly
present in control cells as visualized by phalloidin staining
of F-actin filaments (Supplementary Figure 2).
Next, we examined the effect of FRA1 on cell
migration via a scratch wounding assay. FaDu cells were
grown to near confluence, and subjected to cell growth arrest
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via serum starvation for 24 h and then scratch-wounding. We
found that the wounds of the control cells were almost closed
at 24 h after wounding, while those of shFRA1 cells were
barely changed (Figure 2C). Quantitative microscopic
real-time analysis of the wound edge cells showed
that shFRA1 cells migrated with a significantly slower
velocity (Figure 2C and Supplementary Video 1 and 2).
Conversely, expression of the constitutively active FRA1
mutant, FRA1DD which contains point mutations of the
phosphorylation sites (serine 252/265 to aspartate) [28],
markedly accelerated cell migration (Supplementary
Figure 3A). The FRA1-effects on cell migration were also
readily observed in A431 cells (Supplementary Figure 3B).
In order to characterize the migration defects at the
molecular level, we performed live cell immunostaining
with an antibody that specifically recognizes active
β1-integrin, a key regulator of cell attachment and
migration. As expected, the surface expression level of β1-

integrin was markedly reduced in shFRA1 and increased
in FRA1DD cells as compared to respective control cells
(Figure 2D). These results indicate that FRA1 plays a
positive role in cell attachment and migration.

FRA1 promotes cell migration through JNK/cJun-dependent induction of KIND1
KIND1 is a cytoskeletal protein commonly expressed
in epithelial cells, and is a key regulator for β1-integrin
dynamics and turnover [34–36]. We asked whether KIND1
is involved in FRA1 regulation of cell migration. By
immunoblotting, we found that KIND1 was decreased
by FRA1 gene silencing, and increased by FRA1DD
expression (Figure 3A). Quantitative RT-PCR confirmed
a decrease of KIND1 mRNA in shFRA1 cells, indicating
that KIND1 is induced by FRA1 at a transcriptional level
(Figure 3B).

Figure 1: FRA1 is required for HNSCC cell proliferation. (A) Cell growth analysis. FaDu cells were transduced in triplicates

with lentivirus encoding shRNA targeting FRA1 (shFRA1) or nonsilencing control (shCon), or transfected with siRNA oligonucleotides
targeting FRA1 (siFRA1) or non-silencing control (siCon). Graph represents average percentage of cell numbers normalized to that of
control cells + SD at 72 h after seeding. Gene silencing was confirmed by immunoblotting as shown below each graph. (B) Cell cycle
analysis by flow cytometry. Graph represents percentage of cells in G0/G1, S and G2/M phases + SD. (C) Immunoblotting for CyclinB1,
CyclinD1 and Actin with protein lysates isolated at 48 h after gene transduction. (D) Soft-agar colony formation. Graph represents average
number of colonies of triplicate dishes + SD. (E) Cell growth response to cisplatin. shCon or shFRA1 FaDu cells were treated in hexad
with varying doses of cisplatin for 72 h, and then analyzed by MTT assay. Graph represents percentage of live cells normalized to that of
untreated cells + SD. P-values were obtained via two tiered Student T-Test. Relative densitometry of immunoblots noted below each band
was obtained by using Odyssey image tools.
www.impactjournals.com/oncotarget
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from Kind1 transcription start site (Figure 3C). We found
that, as compared to control IgG, FRA1 antibody achieved
a 2.5 fold enrichment of Kind1 (Figure 3D), indicating that
FRA1 physically interacts with the AP-1 cis-regulatory
elements of Kind1 gene.

To determine whether KIND1 expression is directly
controlled by FRA1 in an AP-1 dependent fashion, we
performed chromatin immunoprecipitation (ChIP) with an
antibody against FRA1 and then PCR with primers flanking
two putative AP-1 response elements located about 200 bp

Figure 2: FRA1 promotes cancer cell adhesion and migration. (A–B) Cell adhesion. FaDu cells transduced to express shCon,

shFRA1, LacZ or FRA1DD were plated on 6-well dishes. Images of the attached cells were taken at (A) 1 h and (B) 24 h time-points.
(C) Scratch-wound assay. FaDu cells transduced as above were grown to near confluence, and subject to 24 h serum starvation and then
scratch-wounding. Images were taken under microscope at 0 h and 24 h time-points. Velocities were calculated under image J based
on the real-time images taken between 10 h and 24 h time-points. Graph represents average velocity of 100 cells/condition + SD. (D)
Immunostaining for cell surface β1-integrin. Fadu cells transduced to express shCon, ShFRA1, LacZ or FRA1DD were pre-incubated with
serum free media at 37ºC for 2 h and then incubated at 4ºC with an antibody specific for active β1-integrin and subsequently with an Alexa
555-conjugated secondary antibody [orange] and counterstaining with Hoechst 33825 [blue].
www.impactjournals.com/oncotarget
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Next, we examined the functional importance of
KIND1. To do this, we first performed gene silencing of
KIND1 using siRNA oligonucleotides in FaDu cells, as
verified by immunoblotting (Figure 3E). Cell migration
analysis showed that KIND1 gene silencing markedly
slowed scratch wounding-induced cell migration of
both control and FRA1DD expressing cells (Figure 3F).
Conversely, overexpression of KIND1 enhanced control
cell migration, and reduced the migratory defect caused
by FRA1 loss (Figure 3G–3H). These results indicate that
KIND1 is an important mediator of FRA1-promotion of cell
migration.
Since FRA1 generally functions as heterodimers
with Jun group AP-1 subunits, we asked whether c-Jun, a
predominant Jun subunit, is required for FRA1-promotion
of cell migration. By co-immunoprecipitation analysis, we
found that FRA1DD indeed interacted with c-Jun (Figure 3I).
Further immunoblotting showed that expression of
FRA1DD increased KIND1 and β1-integrin, while gene
silencing of c-Jun with siRNA oligonucleotides decreased
their expression (Figure 3J). Consistently, c-Jun loss
significantly slowed cell migration of both control cells and
cells expressing FRA1DD (Supplementary Figure S4A). In
agreement with the genetic data, pharmacological inhibition
with the c-Jun upstream JNK inhibitor SP600125 abolished
FRA1DD-promotion of cell migration (Supplementary
Figure S4B). These results demonstrate that FRA1 partners
with c-Jun to stimulate cell migration.

(Figure 4D), implicating that FRA1-regulation of AKT and
CyclinB1 is likely a general mechanism in HNSCC cells.
AKT phosphorylation is required for CyclinB1
expression in prostate cancer cells [39]. To test whether AKT
regulates CyclinB1 in HNSCC cells, we treated FaDu cells
with a pharmacological AKT inhibitor LY294002 for 24 h,
and then collected protein lysates for immunoblotting. We
found that CyclinB1 was markedly decreased by
LY294002 (Figure 4E). The reduced CyclinB1 expression
in response to AKT-inhibition was also observed in A431,
CAL27 and SCC25 cells (Supplementary Figure 5A, 5B).
Overexpression of FRA1DD failed to prevent CyclinB1
downregulation by LY294002 (Supplementary Figure 5A),
implicating that FRA1 acts upstream of AKT to regulate
CyclinB1. In line with this notion, exogenous expression
of a constitutively active form of AKT1 rescued the growth
defect induced by FRA1 loss, as demonstrated by soft
agar colony growth assay (Figure 4F). This result further
confirms that FRA1 activates AKT to promote cancer cell
growth.

FRA1 is required for tumor growth and
metastasis in vivo
To verify the relevance of these in vitro effects in
an in vivo setting, we performed subcutaneous tumor
growth analysis of FaDu cells in immunodeficient NSG
mice. Consistent with the in vitro findings, shFRA1 cells
displayed a significantly reduced tumor growth kinetic as
compared to shCon cells (Figure 5A). Interestingly, cells
expressing FRA1DD and LacZ control grew at similar rates
(Figure 5A), indicating that endogenous FRA1 is sufficient
for tumor growth. In agreement with the reduced growth
phenotype, tumors of shFRA1 cells expressed significantly
reduced levels of CyclinB1 and pAKT, as shown by
immunofluorescent staining (Supplementary Figure 6).
To determine whether FRA1 promotes tumor
metastasis, we collected and examined lung tissues from
the euthanized animals 4 weeks after subcutaneous tumor
inoculation. We found that 90% of the animals injected
with control or FRA1DD-expressing cells had apparent
tumor nodules in the pulmonary tissues as compared
to 0% of those injected with shFRA1 cells (Figure 5B).
These pulmonary tumors were identified by H&E staining
as compact epithelia cell islands nested within the alveoli
epithelium (Figure 5C). Immunostaining for the squamous
epithelial cell marker, cytokeratin 14 (K14), further verified
their SCC origin (Figure 5D). These results indicate that
FRA1 plays a critical role in tumor growth and metastasis
in vivo.
Taken together, these results reveal two distinct
mechanisms of FRA1 regulation of tumor growth and
metastasis (Figure 5E): 1) FRA1 acts through AKT to
induce cell cycle regulators such as CyclinB1; and 2) FRA1
partners with the JNK effector c-Jun to induce expression of
cell migration regulators including KIND1 and β1-integrin.
Unlike c-Jun which is phosphorylated by JNK [40], FRA1 is

FRA1 is required for AKT activation and
increases CyclinB1 through ATK
Both c-Jun and FRA1 have been found to have
important roles in SCC [37]. Consistently, we found that
c-Jun gene silencing also induced a cell growth defect in
FaDu cells (Figure 4A). The question is whether FRA1promotion of cell growth occurs in a c-Jun-dependent
manner. By immunoblotting, we found that FRA1 loss
decreased CyclinB1 but had a minimal effect on CDK4,
whereas c-Jun loss decreased both CDK4 and CyclinB1,
as well as FRA1 which is itself a target of c-Jun [38]
(Figure 4B). To elucidate how FRA1 regulates CyclinB1,
we examined the effects of FRA1 loss on EGF-induction of
various signaling pathways in FaDu cells. To do this, cells
were incubated with serum-free media for 48 h and then
treated with EGF in a time-course manner. Immunoblotting
revealed that pFRA1, pc-Jun and pAKT were apparently
induced in control cells between 1 h and 8 h time-points
after EGF-treatment. As expected, FRA1 and pFRA1 were
reduced in shFRA1 cells. Surprisingly, pAKT induction
was also markedly diminished in shFRA1 cells, while
pc-Jun was induced normally (Figure 4C). In contrast,
the total AKT levels remained stable between control and
shFRA1 cells, indicating that AKT is regulated by FRA1 at
the posttranscriptional level. The impaired AKT activation
and CyclinB1 expression were also observed in FaDu and
SCC25 cells transfected with siFRA1 oligonucleotides
www.impactjournals.com/oncotarget
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phosphorylated in a MEK/ERK-dependent fashion [41, 42],
which is a critical process in Ras-induced transformation of
fibroblasts [43]. In agreement with these data, we showed
that pFRA1 was reduced by MEK-inhibition with PD98059
(Supplementary Figure S7). Taken together, our findings
identified FRA1 as a central integrator of MEK, JNK and
AKT signaling pathways, pinpointing FRA1-induced
signaling cascades as potential therapeutic targets.

AP-1 family transcription factors are critical for a
wide array of cellular processes, and display both distinct
and overlapping functions among family members [44]. The
Fos group subunits are unique in that they have to dimerize
with the Jun-group proteins to be functional transcription
factors. Compared to c-Fos, a well-characterized proto-

Figure 3: KIND1 is required for FRA1-promotion of cell migration. (A) Immunoblotting of protein lysates isolated from FaDu

cells transduced to express shCon, shFRA1, LacZ or FRA1DD. (B) KIND1 RT-PCR. Graph represents relative KIND1 mRNA levels + SD.
(C) Diagram of Kind1 gene (NCBI reference # NG_016213.1). Two putative AP-1 response elements shown in capital letters were
located around 200 bp from Kind1 gene transcription start site. (D) Kind1 ChIP-PCR with an anti-FRA1 antibody and primers underlined
and shown in blue above. Graph represents fold-enrichment by FRA1 antibody compared to control IgG + SD. (E) Confirmation of
FRA1 gene silencing by immunoblotting. (F) Effect of KIND1 gene silencing on cell migration. Images were taken at 0 h and 18 h after
scratch-wounding. (G) Confirmation of KIND1 expression by immunoblotting. (H) Effect of KIND1 overexpression on cell migration.
(I) Co-immunoprecipitation (IP) of c-Jun with FRA1. Protein lysates were collected from FaDu cells expressing HA-tagged FRA1DD,
and then subject to IP with an antibody against HA and then immunoblotting for c-Jun and FRA1. (J) Immunoblotting of protein lysates
collected from FaDu cells expressing LacZ or FRA1DD together with siCon or sic-Jun. Relative densitometry shown below each band was
obtained after normalization to that of respective loading control.
www.impactjournals.com/oncotarget
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Figure 4: FRA1 is required for AKT-activation, and promotes cancer cell growth through AKT but not c-Jun.

(A) FaDu cells transfected with siCon, sic-Jun or siFRA1 oligonucleotides were seeded in triplicates for 48 h growth analysis. Graph
represents average percentage of cell numbers normalized to control cells + SD. (B–E) Immunoblotting of protein lysates collected from (B)
FaDu cells transfected as in (A), (C) FaDu cells that had undergone 48 h serum-starvation and then time-course stimulation with 25 ng/ml
EGF, (D) FaDu and SCC25 cells transfected with siCon or siFRA1 oligonucleotides, and (E) FaDu cells that had been treated with JNK/cJun(SP600125), MEK/ERK(PD98059), PI3K/AKT(LY294002) inhibitors for 24 h. Relative densitometry was shown below each band.
(F) Soft agar colony assay. FaDu cells transduced with lentiviruses for expression of shCon or shFRA1 either with or without the active
form of AKT1. Graph represents average percentage of colonies normalized to shCon group + SD. Gene silencing and overexpression were
confirmed by immunoblotting as shown on the right panel.
www.impactjournals.com/oncotarget
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oncogene, FRA1 does not have a distinct transactivation
domain, which is thought to account for its inability to
transform rodent fibroblasts [45]. Recently, it has become
clear that FRA1 plays important roles in cancer [22]. It is
overexpressed in many epithelial cancers, including cSCC
(our unpublished data), HNSCC, thyroid, breast, lung,
brain, esophageal, endometrial, prostate, colon, glioma and
mesothelioma [22, 30, 46]. The functional importance of

FRA1 has been documented in several of these cancers
in the areas of cell proliferation, migration and survival,
as well as tumor microenvironment. Nevertheless, most
of the molecular mechanisms characterized so far are
linked to AP-1 function. It is intriguing to find that FRA1
regulates CyclinB1 indirectly through AKT and in a c-Junindependent manner. Presumably, AKT regulates CyclinB1
through transcription factors other than c-Jun and FRA1.

Figure 5: FRA1 is required for tumor growth and metastasis in vivo. (A) Subcutaneous tumor growth. FaDu cells transduced

to express shCon, shFRA1, LacZ or FRA1DD were subcutaneously injected to NSG mice. Graph represents average tumor volumes + SD.
Tumors were photographed upon euthanasia. (B) Percent of animals with lung metastasis. (C) H&E staining of pulmonary tissues from
animals that received subcutaneous injections as above. (D) Pulmonary tumors identified via immunostaining for K14 [orange], nuclei
[Hoechst 33825]. (E) FRA1 working model depicting two distinct modes of FRA1-promotion of cell growth and migration.
www.impactjournals.com/oncotarget
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It is worth noting that, in contrast to AKT, JNK inhibition
with SP600125, resulted in a slight increase of CyclinB1,
though the specificity and importance of such an effect are
yet to be examined.
The PI3K/AKT signaling pathway is mutated in
over 30% of HNSCC tumors, and plays a critical role
in HNSCC growth and progression [15, 16]. This work
identified a novel mechanism that presumably contributes
to sustained AKT activation in HNSCC tumors that
have no clear genetic mutations in the PI3K pathway
[15]. It is likely that a similar molecular paradigm
contributes to cSCC which shares many similarities
with HNSCC in pathogenesis [17]. Our findings are
also in line with earlier studies linking cytoplasmic
c-Fos and FRA1 to the synthesis of membrane lipid
polyphosphoinositides including PIP1 and PIP2 [31, 32],
components essential for PI3K activation. In agreement
with a role of FRA1 in membrane lipid synthesis, FRA1
was located on the cell membrane of tumor marginal cells
(Data not shown). It has yet to be determined whether
c-Fos and FRA1 play non-redundant roles in regulating
PIP1 and PIP2 synthesis, and whether FRA1 binds lipid
synthesis enzymes such as CDP-diacylglycerol synthase
and phosphatidylinositol (PtdIns) 4-kinase II alpha, as
c-Fos does [47].
CyclinB1 is induced in a cell cycle-dependent
manner [48], and is suppressed by p53 [49]. Future studies
may be directed to elucidating whether p53 or another
gene regulator is responsible for AKT-effect on CyclinB1
expression. Of further interest, FRA1 has been characterized
as an AKT-inducible gene in prostate cancer cells and also
an AKT-downstream effector responsible for development
of trophoblast lineages [50, 51]. Nevertheless, we found
that overexpression of FRA1DD failed to rescue CyclinB1
expression in lieu of PI3K/AKT inhibition, indicating that
FRA1 acts upstream of AKT in HNSCC cells.
The β1-integrin signaling pathway is important for
cell migration and metastasis. In agreement with this,
β1-integrin signaling was reduced in response to FRA1
loss. Additionally, this work identified KIND1 as a new
transcriptional target gene of FRA1 and c-Jun, and as an
important mediator of FRA1 regulation of β1-integrin
signaling and cell migration. Nevertheless, we note
that FRA1-promotion of cell migration likely involves
other AP-1 target genes such as MMPs and adenosine
receptor A2B (ADORA2B) as described in breast cancer
[52, 53], uPA in colon carcinoma [54], receptor tyrosine
kinase AXL in bladder cancer [28], and CD44 and c-Met
in mesothelioma [55]. It is plausible that some of these
mechanisms are relevant to HNSCC.
The Ras/MEK signaling pathway is almost
ubiquitously activated in cancer cells. Thus, MEK-dependent
phosphorylation of FRA1 is likely relevant to many cancers
beyond HNSCC. In addition, FRA1 is transcriptionally
induced by a number of cancer relevant transcription factors

www.impactjournals.com/oncotarget

including c-Jun, c-Fos and c-Myc [22], and epigenetic
modulators such as histone demethylase KDM4A [37].
It is highly conceivable that FRA1 acts through AP-1dependent and independent mechanisms to regulate a
wide array of molecules involved in cell proliferation,
migration, mesenchymal transdifferentiation and cancer cell
plasticity of many other cancers [26, 56]. Besides cancer cell
autonomous effects, FRA1 may also play a role in the tumor
microenvironment by acting in endothelial cells to enhance
vascularization and in immune cells to indirectly mediate
cancer cell motility and invasion [24, 57, 58].
FaDu cells with FRA1 gene silencing were more
sensitive to cisplatin than control cells, which suggest
that FRA1 has a protective role during stress responses,
and may therefore be targeted to enhance chemotherapy.
These results are in agreement with the data showing that
FRA1 is essential for the survival of Ras-transformed
thyroid cancer cells [59]. In contrast, FRA1 is not critical
for animal survival and growth [25], which suggests that
FRA1-targeted therapies may not induce major side effects
on normal cell growth and survival.
In summary, this work established that FRA1
is a central integrator of the JNK, MEK and AKT
signaling pathways, and functions as a critical oncogene
and biomarker in cSCC and HNSCC. Given the broad
relevance of FRA1 to the multitude of epithelial cancers,
findings of this study provide general insights to diagnostic
and therapeutic developments for many other cancers.

MATERIALS AND METHODS
Cell culture and gene transfer
FaDu, SCC25, CAL27 and A431 cells were obtained
from (ATCC, Manassas, VA), and maintained at a 37ºC
incubator supplemented with 5% CO2. FaDu cells were
cultured in Eagle’s Minimum Essential Medium with 10%
fetal bovine serum, and SCC25, CAL27 and A431 cells
were cultured in Dulbecco’s Modified Eagle Medium with
10% fetal bovine serum (Life Technologies, Grand Island,
NY). The epithelial origin of these cells was verified by
immunostaining for cytokeratin 14 (K14). The retroviral
LZRS-FRA1DD construct was generated by insertion of the
BamH I and Not I fragment of the DNA encoding FRA1DD
into the LZRS vector [28]. The LZRS-KIND1 plasmid was
generated as described [35]. For stable gene expression
or silencing, cells were transfected with the expression
constructs encoding FRA1DD, KIND1 or LacZ control
using the GenJet Plus reagent (SignaGen Laboratories,
Ijamsville, MD), or transduced with the shRNA lenti-virus
targeting FRA1 (clone TRCN0000019541, Duke RNAi
Screening Facility, Durham, NC) or the non-silencing
control, and then selected with 1 µg/ml puromycin for
1–2 weeks. For AKT expression, cells were infected with
the lentivirus encoding a constitutively active AKT1 mutant
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as described [60]. For transient gene silencing, siRNA
oligonucleotides targeting FRA1 (Cat# S15583), KIND1
(Cat# HSS124666) or c-Jun (Cat# S16960) were obtained
from (ThermoFisher Scientific, Waltham, MA).

Animal studies were performed in accordance
with protocols approved by Duke Animal Care and Use
Committee. Immunodeficient NSG mice were purchased
from Duke Cancer Center Isolation facility (Durham, NC).
For subcutaneous injection, FaDu cells were suspended at
1 × 105 cells/200 μl PBS:matrigel (3:1) for each injection.
Tumors were measured biweekly for 3 weeks, and collected
from euthanized animals at the end-point.

Cell growth, adhesion, scratch-wounding and
MTT assays
For cell growth analysis, transfected or infected FaDu
cells were plated in triplicates on 12-well dishes (5 × 104/well),
and trypsinized for cell counting 3 days later. For the
adhesion assay, images of the attached cells were taken at
1 h or 24 h post-seeding. For the scratch-wound assay, cells
were grown to near confluence, incubated with serum free
media overnight, and then wounded with a 10-μl pipette tip.
Images were taken at 0 and 18 h or 24 h post-wounding.
For migration velocity analysis, live images were taken
between 10 h and 24 h after wounding at 5 minute intervals
on a Leica microscope with temperature, CO2 and humidity
controls. Velocity was calculated using the NIH Image J
program. For cisplatin response analysis, cells were seeded
on 96-well dishes at 20,000 cells/well, treated in hexad with
0, 5, 10, 20 and 50 μM cisplatin (Sigma-Aldrich, St. Louis,
MO) for 72 h, and then incubated with 10 μl/well of 5 mg/ml
MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] for 2 h, after which the medium was replaced with
200 μl of DMSO. The absorbance was read at 570 nM in
the BioRad plate reader.

Immunoblotting
Protein lysates (20 μg/sample) prepared either with
RIPA buffer or SDS-PAGE loading buffer were used for
immunoblotting with antibodies against FRA1 and actin
(Santa CruZ Biotechnology, Santa CruZ, CA), pFRA1,
pc-Jun(S73), c-Jun(Ab-243), pERK, pFAK and β1-integrin
(Cell Signaling Technology, Danvers, MA), pAKT(Th308)
(Genscript, Piscataway, NJ), KIND1 (Sigma) and
AKT(Ab-308) (Abcam, Cambridge, MA). The blots were
detected with IRDye-conjugated secondary antibodies
(Invitrogen), and imaged with the Odyssey Imagining
system (Li-COR, Lincoln, NE).

ChIP-PCR and RT-PCR
ChIP-PCR was performed as described [62]. Briefly,
genomic DNA isolated from FaDu cells were used for
immunoprecipitation with an antibody against FRA1 or
control IgG (Santa Cruz Biotechnology), and then used
for PCR with primers designed to amplify the AP-1
consensus element located on Kind1 promoter (Forward
5′-atgattaaagccgcgccactt-3′ and reverse 5′-ctgagggaggca
gctgttcta-3′). For RT-PCR, total RNA was isolated from
FaDu cells transduced to express shCon or shFRA1, and
then used for RT-PCR with Kind1 cDNA primers (Forward
5′-gatgggtatgcctgaaagga and reverse 5′-tcttgcgatgtctcatcctg-3′)
and GAPDH as internal controls as described [62].

Soft agar colony formation
Soft agar colony formation was performed in a
similar manner as described [61]. Briefly, FaDu cells
transduced to express shCon and shFRA1, together with or
without active AKT1, were plated in triplicates with 0.35%
Nobel agar at 50,000 cells/well in 6-well dishes that were
preloaded with 2 ml 0.5% Nobel agar/well. Colonies were
visualized by crystal violet staining 2 weeks later.

Flow cytometry analysis

Histology and immunostaining

Transduced FaDu cells were treated with 100 µg/ml
BrdU for 1.5 h, and then trypsinized and transferred to 96well v-bottom plates for fixation with formaldehyde and
permeabilization with 0.1% Triton X-100/0.1 M HCl on
ice. After a brief wash with 0.15 mM NaCl and 15 mM
trisodium citrate dehydrate, cells were heated to 95°C for
5 minutes to denature DNA, incubated with the AF-647
conjugated rabbit anti-BrdU antibody (Invitrogen) for
1 h, and then treated with propidium iodide (25 µg/ml)
and RNase A (100 ng/ml) for 30 minutes. After incubation,
cells were washed and resuspended in 100 µl PBS for flow
cytometry analysis using BD Canto II flow cytometer. Cell
cycle studies were performed with 3 biological replicates,
each with 3 technical replicates.
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Hematoxylin and eosin (H&E) staining was
performed with paraffin sections by the Duke Pathology
lab (Durham, NC). Immunofluorescent staining was
performed with frozen tissue sections or cells grown on
glass cover slips as previously described (Zhang et al.,
2007; Ke et al., 2010). Tissue sections were fixed with cold
methanol, and cultured cells were fixed with 10% buffered
formalin/4% formaldehyde followed by permeabilization
with 0.1% triton-X 100. The primary antibodies against
pFAK, CyclinB1, pAKT and IgG control were from (Cell
Signaling Technology), and Alex- 555 or 488-conjugated
secondary antibodies were obtained from (Fisher Scientific,
Grand Island, NY). Samples were counterstained with
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Hoechst 33825 (Sigma), and imaged under the Olympus
BX41 microscopic imaging system (Center Valley, PA).
For detection of active β1-integrin in live cells, FaDu cells
transduced to express shCon, ShFRA1, LacZ or FRA1DD
were preincubated with serum free media at 37ºC, washed
two more times with the same media, and then incubated
at 4ºC with an antibody that recognize active β1-integrin
(EMD Millipore, Billerica, MA) followed by detection
with an Alexa 555-conjuated secondary antibody and
counterstaining with Hoechst 33825.

3. Chong K, Daud A, Ortiz-Urda S, Arron ST, Program UHRSC.
Cutting edge in medical management of cutaneous oncology.
Semin Cutan Med Surg. 2012; 31:140–149.
4. Bonner JA, Harari PM, Giralt J, Cohen RB, Jones CU, Sur RK,
Raben D, Baselga J, Spencer SA, Zhu J, Youssoufian H,
Rowinsky EK, Ang KK. Radiotherapy plus cetuximab
for locoregionally advanced head and neck cancer: 5-year
survival data from a phase 3 randomised trial, and relation
between cetuximab-induced rash and survival. Lancet Oncol.
2010; 11:21–28.
5. Fung C, Grandis JR. Emerging drugs to treat squamous
cell carcinomas of the head and neck. Expert Opin Emerg
Drugs. 2010; 15:355–373.
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and neck cancer. Cancer. 2014; 120:1507–1513.
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advanced head and neck cancer. World J Clin Oncol. 2014;
5:966–972.
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chemotherapy in locally advanced squamous cell cancer of the
head and neck: evolution of the sequential treatment approach.
Semin Oncol. 2004; 31:778–785.
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mutational landscape of head and neck squamous cell
carcinoma. Science. 2011; 333:1157–1160.
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into mutational landscape of head and neck squamous cell
carcinoma. PLoS One. 2014; 9:e93102.
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El-Naggar AK, Jasser SA, et al. Exome sequencing of head
and neck squamous cell carcinoma reveals inactivating
mutations in NOTCH1. Science. 2011; 333:1154–1157.
12. Ming M, He YY. PTEN: new insights into its regulation
and function in skin cancer. J Invest Dermatol. 2009; 129:
2109–2112.
13. Ratushny V, Gober MD, Hick R, Ridky TW, Seykora JT.
From keratinocyte to cancer: the pathogenesis and modeling
of cutaneous squamous cell carcinoma. J Clin Invest. 2012;
122:464–472.
14. Khavari PA. Modelling cancer in human skin tissue. Nat
Rev Cancer. 2006; 6:270–280.
15. Lui VW, Hedberg ML, Li H, Vangara BS, Pendleton K, Zeng Y,
Lu Y, Zhang Q, Du Y, Gilbert BR, Freilino M, Sauerwein S,
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Statistical analysis
Data represented the average values ± a standard
deviation of at least 3 separate experiments. P-values
were obtained using Student T-test. A p-value of < 0.05 is
considered statistically significant.

ACKNOWLEDGMENTS
We thank Bin Sun (The Hamner Institute) for
technical advice on flow cytometry, Jane Jin (Duke
University) for assistance in immunoblotting, Arnoud
Sonnenberg (Netherlands Cancer Institute) and Eugene
Tulchinsky (University of Leicester) for the KIND1 and
FRA1 expression constructs, respectively. We also thank
Michael Soares and M.A. Karim Rumi (Kansas University)
for sharing the information about FRA1 shRNA construct,
Kevin Lin and Chris Wood (Duke University) for providing
the lentivirus encoding the active AKT, as well as So
Young Kim (Duke University) for assistance in shRNA
preparation.

GRANT SUPPORT
This work was partly supported by NIH/NIAMS
R01 grant to Jennifer Zhang.

CONFLICTS OF INTEREST
None declared.

REFERENCES
1. Cognetti DM, Weber RS, Lai SY. Head and neck cancer: an
evolving treatment paradigm. Cancer. 2008; 113:1911–1932.
2. Cohen MH, Chen H, Shord S, Fuchs C, He K, Zhao H,
Sickafuse S, Keegan P, Pazdur R. Approval summary:
Cetuximab in combination with cisplatin or carboplatin and
5-fluorouracil for the first-line treatment of patients with
recurrent locoregional or metastatic squamous cell head and
neck cancer. Oncologist. 2013; 18:460–466.

www.impactjournals.com/oncotarget

34381

Oncotarget

head and neck cancer defines predictive biomarkers. Cancer
Discov. 2013; 3:761–769.

30. Milde-Langosch K. The Fos family of transcription factors
and their role in tumourigenesis. Eur J Cancer. 2005;
41:2449–2461.
31. Gaggiotti MC, Del Boca M, Castro G, Caputto BL,
Borioli GA.The immediate-early oncoproteins Fra-1,
c-Fos, and c-Jun have distinguishable surface behavior
and interactions with phospholipids. Biopolymers. 2009;
91:710–718.
32. Motrich RD, Castro GM, Caputto BL. Old Players with a
Newly Defined Function: Fra-1 and c-Fos Support Growth of
Human Malignant Breast Tumors by Activating Membrane
Biogenesis at the Cytoplasm. PLoS ONE. 2013; 8.
33. Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646–674.
34. Ussar S, Wang HV, Linder S, Fassler R, Moser M. The
Kindlins: subcellular localization and expression during
murine development. Exp Cell Res. 2006; 312:3142–3151.

16. Du L, Shen J, Weems A, Lu SL. Role of phosphatidylinositol3-kinase pathway in head and neck squamous cell carcinoma.
J Oncol. 2012; 2012:450179.
17. Yan W, Wistuba, II, Emmert-Buck MR, Erickson HS.
Squamous Cell Carcinoma - Similarities and Differences
among Anatomical Sites. Am J Cancer Res. 2011; 1:275–300.
18. Huang CY, Lin HJ, Chen HS, Cheng SY, Hsu HC, Tang CH.
Thrombin promotes matrix metalloproteinase-13 expression
through the PKCdelta c-Src/EGFR/PI3K/Akt/AP-1 signaling
pathway in human chondrocytes. Mediators Inflamm. 2013;
2013:326041.
19. Ransone LJ, Verma IM. Nuclear proto-oncogenes fos and
jun. Annu Rev Cell Biol. 1990; 6:539–557.
20. Abate C, Curran T. Encounters with Fos and Jun on the road
to AP-1. Semin Cancer Biol. 1990; 1:19–26.
21. Matthews CP, Colburn NH, Young MR. AP-1 a target for
cancer prevention. Curr Cancer Drug Targets. 2007; 7:
317–324.
22. Verde P, Casalino L, Talotta F, Yaniv M, Weitzman JB.
Deciphering AP-1 function in tumorigenesis: fra-ternizing
on target promoters. Cell Cycle. 2007; 6:2633–2639.
23. Eferl R, Wagner EF. AP-1: a double-edged sword in
tumorigenesis. Nat Rev Cancer. 2003; 3:859–868.
24. Schreiber M, Wang ZQ, Jochum W, Fetka I, Elliott C,
Wagner EF. Placental vascularisation requires the AP-1
component fra1. Development. 2000; 127:4937–4948.
25. Eferl R, Hoebertz A, Schilling AF, Rath M, Karreth F,
Kenner L, Amling M, Wagner EF. The Fos-related antigen
Fra-1 is an activator of bone matrix formation. EMBO J.
2004; 23:2789–2799.
26. Diesch J, Sanij E, Gilan O, Love C, Tran H, Fleming NI, Ellul J,
Amalia M, Haviv I, Pearson RB, Tulchinsky E, Mariadason JM,
Sieber OM, et al. Widespread FRA1-dependent control of
mesenchymal transdifferentiation programs in colorectal
cancer cells. PLoS One. 2014; 9:e88950.
27. Usui A, Hoshino I, Akutsu Y, Sakata H, Nishimori T,
Murakami K, Kano M, Shuto K, Matsubara H. The
molecular role of Fra-1 and its prognostic significance in
human esophageal squamous cell carcinoma. Cancer. 2012;
118:3387–3396.
28. Sayan AE, Stanford R, Vickery R, Grigorenko E, Diesch J,
Kulbicki K, Edwards R, Pal R, Greaves P, Jariel-Encontre I,
Piechaczyk M, Kriajevska M, Mellon JK, et al. Fra-1
controls motility of bladder cancer cells via transcriptional
upregulation of the receptor tyrosine kinase AXL. Oncogene.
2012; 31:1493–1503.
29. Lu D, Chen S, Tan X, Li N, Liu C, Li Z, Liu Z, Stupack DG,
Reisfeld RA, Xiang R. Fra-1 promotes breast cancer
chemosensitivity by driving cancer stem cells from
dormancy. Cancer Res. 2012; 72:3451–3456.

www.impactjournals.com/oncotarget

35. Margadant C, Kreft M, Zambruno G, Sonnenberg A.
Kindlin-1 regulates integrin dynamics and adhesion turnover.
PLoS One. 2013; 8:e65341.
36. Larjava H, Plow EF, Wu C. Kindlins: essential regulators of
integrin signalling and cell-matrix adhesion. EMBO Rep.
2008; 9:1203–1208.
37. Ding X, Pan H, Li J, Zhong Q, Chen X, Dry SM, Wang CY.
Epigenetic activation of AP1 promotes squamous cell
carcinoma metastasis. Sci Signal. 2013; 6:ra28 21–13, S20–15.
38. Adiseshaiah P, Li J, Vaz M, Kalvakolanu DV, Reddy SP. ERK
signaling regulates tumor promoter induced c-Jun recruitment
at the Fra-1 promoter. Biochemical and biophysical research
communications. 2008; 371:304–308.
39. Yu Y, Zhang Y, Guan W, Huang T, Kang J, Sheng X, Qi J.
Androgen receptor promotes the oncogenic function of
overexpressed Jagged1 in prostate cancer by enhancing
cyclin B1 expression via Akt phosphorylation. Mol Cancer
Res. 2014; 12:830–842.
40. Minden A, Lin A, Smeal T, Derijard B, Cobb M, Davis R,
Karin M. c-Jun N-terminal phosphorylation correlates with
activation of the JNK subgroup but not the ERK subgroup
of mitogen-activated protein kinases. Mol Cell Biol. 1994;
14:6683–6688.
41. Chalmers CJ, Gilley R, March HN, Balmanno K, Cook SJ.
The duration of ERK1/2 activity determines the activation
of c-Fos and Fra-1 and the composition and quantitative
transcriptional output of AP-1. Cell Signal. 2007; 19:695–704.
42. Young MR, Nair R, Bucheimer N, Tulsian P, Brown N,
Chapp C, Hsu TC, Colburn NH. Transactivation of Fra-1
and consequent activation of AP-1 occur extracellular signalregulated kinase dependently. Mol Cell Biol. 2002; 22:
587–598.
43. Kakumoto K, Sasai K, Sukezane T, Oneyama C, Ishimaru S,
Shibutani K, Mizushima H, Mekada E, Hanafusa H, Akagi T.
FRA1 is a determinant for the difference in RAS-induced

34382

Oncotarget

transformation between human and rat fibroblasts. Proc Natl
Acad Sci U S A. 2006; 103:5490–5495.

54. Vial E, Sahai E, Marshall CJ. ERK-MAPK signaling
coordinately regulates activity of Rac1 and RhoA for tumor
cell motility. Cancer Cell. 2003; 4:67–79.

44. Hess J, Angel P, Schorpp-Kistner M. AP-1 subunits: quarrel
and harmony among siblings. J Cell Sci. 2004; 117:5965–5973.

55. Ramos-Nino ME, Scapoli L, Martinelli M, Land S,
Mossman BT. Microarray analysis and RNA silencing link
fra-1 to cd44 and c-met expression in mesothelioma. Cancer
Res. 2003; 63:3539–3545.

45. Wisdon R, Verma IM. Transformation by Fos proteins
requires a C-terminal transactivation domain. Molecular
and cellular biology. 1993; 13:7429–7438.

56. Dhillon AS, Tulchinsky E. FRA-1 as a driver of tumour
heterogeneity: a nexus between oncogenes and embryonic
signalling pathways in cancer. Oncogene. 2014.

46. Mangone FR, Brentani MM, Nonogaki S, Begnami MD,
Campos AH, Walder F, Carvalho MB, Soares FA, Torloni H,
Kowalski LP, Federico MH. Overexpression of Fos-related
antigen-1 in head and neck squamous cell carcinoma. Int J
Exp Pathol. 2005; 86:205–212.

57. Evellin S, Galvagni F, Zippo A, Neri F, Orlandini M,
Incarnato D, Dettori D, Neubauer S, Kessler H, Wagner EF,
Oliviero S. FOSL1 controls the assembly of endothelial cells
into capillary tubes by direct repression of alphav and beta3
integrin transcription. Mol Cell Biol. 2013; 33:1198–1209.

47. Alfonso Pecchio AR, Cardozo Gizzi AM, Renner ML, MolinaCalavita M, Caputto BL. c-Fos activates and physically
interacts with specific enzymes of the pathway of synthesis of
polyphosphoinositides. Mol Biol Cell. 2011; 22:4716–4725.

58. Luo YP, Zhou H, Krueger J, Kaplan C, Liao D, Markowitz D,
Liu C, Chen T, Chuang TH, Xiang R, Reisfeld RA. The
role of proto-oncogene Fra-1 in remodeling the tumor
microenvironment in support of breast tumor cell invasion
and progression. Oncogene. 2010; 29:662–673.

48. Hwang A, Maity A, McKenna WG, Muschel RJ. Cell cycledependent regulation of the cyclin B1 promoter. J Biol
Chem. 1995; 270:28419–28424.
49. Innocente SA, Lee JM. p53 is a NF-Y- and p21-independent,
Sp1-dependent repressor of cyclin B1 transcription. FEBS
Lett. 2005; 579:1001–1007.

59. Casalino L, Bakiri L, Talotta F, Weitzman JB, Fusco A,
Yaniv M, Verde P. Fra-1 promotes growth and survival
in RAS-transformed thyroid cells by controlling cyclin A
transcription. Embo j. 2007; 26:1878–1890.

50. Tiwari G, Sakaue H, Pollack JR, Roth RA. Gene expression
profiling in prostate cancer cells with Akt activation reveals
Fra-1 as an Akt-inducible gene. Mol Cancer Res. 2003;
1:475–484.

60. Martz CA, Ottina KA, Singleton KR, Jasper JS, Wardell SE,
Peraza-Penton A, Anderson GR, Winter PS, Wang T, Alley
HM, Kwong LN, Cooper ZA, Tetzlaff M, et al. Systematic
identification of signaling pathways with potential to confer
anticancer drug resistance. Sci Signal. 2014; 7:ra121.

51. Kent LN, Rumi MA, Kubota K, Lee DS, Soares MJ. FOSL1
is integral to establishing the maternal-fetal interface. Mol
Cell Biol. 2011; 31:4801–4813.

61. Ke H, Augustine CK, Gandham VD, Jin JY, Tyler DS,
Akiyama SK, Hall RP, Zhang JY. CYLD inhibits melanoma
growth and progression through suppression of the JNK/
AP-1 and beta1-integrin signaling pathways. J Invest
Dermatol. 2013; 133:221–229.

52. Belguise K, Kersual N, Galtier F, Chalbos D. FRA-1
expression level regulates proliferation and invasiveness of
breast cancer cells. Oncogene. 2005; 24:1434–1444.
53. Desmet CJ, Gallenne T, Prieur A, Reyal F, Visser NL, Wittner BS,
Smit MA, Geiger TR, Laoukili J, Iskit S, Rodenko B, Zwart W,
Evers B, et al. Identification of a pharmacologically tractable
Fra-1/ADORA2B axis promoting breast cancer metastasis.
Proc Natl Acad Sci U S A. 2013; 110:5139–5144.

www.impactjournals.com/oncotarget

62. Zhang X, Jin JY, Wu J, Qin X, Streilein R, Hall RP, Zhang JY.
RNA-Seq and ChIP-Seq Reveal SQSTM1/p62 as a Key
Mediator of JunB Suppression of NF-kappaB-Dependent
Inflammation. J Invest Dermatol. 2015; 135:1016–1024.

34383

Oncotarget

