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Abstract: Transforming growth factor-g (TGFf) has both tumor-suppressive and tumor-promoting
effects in breast cancer. These functions are partly mediated through Smads, intracellular
transcriptional effectors of TGF(3. Smads form complexes with other DNA-binding transcription
factors to elicit cell-type-dependent responses. Previously, we found that the collagen invasion and
migration of pre-malignant breast cancer cells in response to TGFp and epidermal growth factor
(EGF) critically depend on multiple Jun and Fos components of the activator protein (AP)-1
transcription factor complex. Here we report that the same process is negatively regulated by Jun
N-terminal kinase (JNK)-dependent cJun phosphorylation. This was demonstrated by analysis of
phospho-deficient, phospho-mimicking, and dimer-specific cJun mutants, and experiments
employing a mutant version of the phosphatase MKP1 that specifically inhibits JNK. Hyper-
phosphorylation of cJun by JNK strongly inhibited its ability to induce several Jun/Fos-regulated
genes and to promote migration and invasion. These results show that MEK-AP-1 and JNK-
phospho-cJun exhibit distinct pro- and anti-invasive functions, respectively, through differential
regulation of Smad- and AP-1-dependent TGFf3 target genes. Our findings are of importance for
personalized cancer therapy, such as for patients suffering from specific types of breast tumors with
activated EGF receptor-Ras or inactivated JNK pathways.
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1. Introduction

Transforming growth factor-g (TGFp) family members exert a wide range of biological effects in
a variety of cell types, including regulation of proliferation, differentiation, migration, and apoptosis
[1-3]. Signaling by TGFp occurs via type I and type II serine/threonine kinase receptors (TGFpRI and
TGERRII, respectively), which mainly propagate the signal through phosphorylation of the receptor-
regulated (R-) Smad proteins Smad2 and Smad3 [4,5]. Activated R-Smads form heteromeric
complexes with common-partner (Co-) Smad (i.e., Smad4). The complexes accumulate in the nucleus
and control gene expression in a cell-type-specific manner through interaction with co-activators and
co-repressors and other transcription factors, including members of the AP-1, AP-2, and Ets families
[6,7]. Multiple layers of regulation alter both the intensity and duration of the TGFf3 response in a
cell-type-dependent manner, and also define the specificity of the response [8,9]. Further fine-tuning
involves non-Smad signaling pathways such as the ERK1/2, JNK, p38 MAP-kinase and PI3K-AKT-
mTOR pathways, which can be induced by TGFEf as well as by other growth-regulatory stimuli
[10,11].

In breast cancer, TGF has a biphasic role in tumor progression [12,13]. In the early stages,
TGFB/Smad signaling inhibits cell growth and thus acts as a tumor suppressor. In late-stage tumors,
TGEFpB usually functions as a tumor promoter by stimulating epithelial-mesenchymal transition
(EMT)—that is, the de-differentiation of epithelial cells to invasive and metastatic mesenchymal-like
cells. These tumor cells may have selectively escaped TGF{-induced growth inhibitory and apoptotic
responses, but have retained or gained certain other responses to TGFf3 stimulation. Induction of
EMT by TGEp signaling is promoted by activated Ras, activated Raf, or by serum treatment [14], and
involves the TGF{3-Smad-inducible transcriptional repressors Snail and Slug [15-17]. EMT can
promote the development of cancer cells that express stem-cell markers and exhibit stem cell
characteristics, and therefore may metastasize through acquired invasiveness and enhanced self-
renewal potential [18]. Moreover, upregulation of TGFf3 stimulates a favorable microenvironment for
rapid tumor growth [1,19,20]. Pro-oncogenic effects of TGF[3 are also mediated via non-Smad
signaling pathways that are initiated directly by TGFBR activation or indirectly by Smad-driven
transcriptional responses that stimulate the expression of growth factors like TGF-a/epidermal
growth factor (EGF) and platelet-derived growth factor (PDGF) [21].

The dimeric Jun/Fos and Jun/ATF AP-1 transcription factor complexes are composed of cJun,
JunB, JunD, c-Fos, FosB, Fral, Fra2, and certain ATF members (e.g., ATF2, ATFa/7, and ATF3). These
proteins control cell proliferation, differentiation, and survival by regulating gene expression in
response to a large number of stimuli and pathways (e.g., the ERK, JNK, and p38 MAP-kinase
pathways) [22-28]. Certain AP-1 family members have been implicated in tumor cell invasion
[24,29,30], and in particular Fral has been associated with breast cancer metastasis, EMT, and cancer
stemness [31-34]. The dimer composition and activity state of the AP-1 complexes in both tumor cells
and various stromal cell types appear critical, but the mechanisms are still largely unknown
[25,26,35,36].

Using a 3D model of collagen-embedded spheroids of non-malignant, pre-malignant, and
metastatic MCF10A human breast cancer cells, we found that TGFBRI kinase, Smad3, Smad4, and the
AP-1 components cJun, JunB, cFos, and Fral co-operate in TGFf3-induced invasion in the presence of
EGF; this co-operation induced the expression of various genes, including MMP10, SERPINEI,
WNT7A, and WNT7B [37,38]. Non-malignant and pre-malignant MCF10A cells require EGF to
proliferate [39,40] and to efficiently migrate and invade in the presence of TGFf3 and oncogenic Ras.
At least part of the EGF requirement is related to the strong EGFR-mediated activation of the MEK-
ERK1/2 pathway. The latter increases the levels of members of the AP-1 family, in particular of the
Fos subfamily. In the absence of EGFR-MEK signaling, TGF[3/Smad activation cannot induce critical
Smad-AP-1-dependent EMT and invasion-associated genes [41]. In addition to the MEK-ERK1/2
MAP-kinase pathway, both EGF and TGEFp can also activate the MKK-JNK MAP-kinase pathway,
and thereby phosphorylate and activate the AP-1 component cJun. However, in contrast to the EGFR-
MEK-ERK1/2 pathway, the MKK4-JNK-cJun pathway can be defective in human cancers due to loss-
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of-function MKK4 mutations [42—46], and JNK negatively affects breast tumorigenesis and mammary
cell motility and migration [47].

In the present study, we examined the role of JNK-dependent cJun phosphorylation in the pro-
oncogenic TGFf response in the premalignant MCF10A-RAS (MII) breast cancer model. Studies with
phospho-deficient, phospho-mimicking, and dimer-specific cJun mutants showed that the N-
terminal phosphorylation of cJun by JNK strongly inhibits its ability to induce migration and
invasion, and to activate multiple AP-1- and Smad-dependent TGFp target genes. These results show
that MEK, JNK and phospho-cJun exhibit distinct pro- and anti-invasive functions in breast cancer
cells through differential regulation of TGFf3- and EGF-induced invasion/migration genes.

2. Materials and Methods

2.1. Cell Culture

MCF10A MII cells were obtained from Dr. Fred Miller (Barbara Ann Karmanos Cancer Institute,
Detroit, MI, USA) and maintained at 37 °C and 5% CO: in DMEM/F12 (Gibco, Thermo Fisher
Scientific, Stockholm, Sweden), supplemented with 5% fetal bovine serum (FBS) (Biowest, Almeco
A/S, Esbjerg, Denmark), 20 ng/mL epidermal growth factor (EGF) (PeproTech, EC Ltd, London, UK),
100 ng/mL cholera toxin (Sigma-Aldrich AB, Stockholm, Sweden), 0.5 pg/mL hydrocortisone (Sigma-
Aldrich AB, Stockholm, Sweden), and 10 pg/mL insulin (Sigma-Aldrich AB, Stockholm, Sweden). F9
cells [48,49] were cultured in F12-DMEM (1:1) containing 9% fetal calf serum (FCS), penicillin,
streptomycin, and 0.1 mM (3-mercaptoethanol. HeLa cells [50,51] were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 9% FCS, 100 pg/mL penicillin, and 100 pug/mL streptomyecin.

2.2. Reagents and Antibodies

Recombinant human TGEP1 and EGF were from PeproTech. The following kinase inhibitors
were used at the indicated concentrations: the TGF( type I kinase inhibitors SB505124 (2.5 uM; Sigma-
Aldrich AB, Stockholm, Sweden) and LY394946 (2.0 uM; Calbiochem-Merck, Stockholm, Sweden),
the MEK1 inhibitors PD184352 (0.5 uM; Sigma-Aldrich AB, Stockholm, Sweden) and AZD6244 (0.25
uM; Selleckchem, Houston TX 77230 USA ), and the JNK1/2 inhibitors SP600125 (10 uM; Calbiochem)
and JNK-IN-8 (2.5 uM; Selleckchem, Houston TX 77230 USA). Puromycin was purchased from
Invitrogen and used at a concentration of 0.5 pg/mL.

Antibodies against the following epitopes were used: phospho-Tyr1068 EGFR (#3777; Cell
Signaling Technology, Leiden, the Netherlands), phospho-Thr202/Tyr204 Erk1/2 (#4370 Cell
Signaling Technology, Leiden, the Netherlands), FN1 (F3648; Sigma-Aldrich AB, Stockholm,
Sweden), cFos (sc-52; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), Fral (sc-22794; Santa
Cruz, CA, USA), HA (sc-805; Santa Cruz), phospho JNK (#4668; Cell Signaling Technology), cJun (sc-
1694; Santa Cruz, CA, USA), phospho-Ser63 cJun (#9261; Cell Signaling Technology, Leiden, the
Netherlands), MKP1 (sc-1102; Santa Cruz, CA, USA), phospho-Ser178 paxillin (#A300-100A; Bethyl
Laboratories, Montgomery, TX 77356 USA), PAI1 (#612024; BD Transduction Laboratories, San Jose,
CA, USA,), Smad2/3 (#610843, BD Transduction Laboratories, San Jose, CA, USA,), and phospho-
Ser423/425 Smad3 (#9520; Cell Signaling Technology, Leiden, the Netherlands).

2.3. 3D Spheroid Invasion Assays

Spheroid invasion into collagen was performed as described previously [37,38,52]. Briefly, all
spheroids consisted of 10° cells. Single spheroids were embedded in a 1:1 mix of neutralized collagen
and complete medium supplemented with 12 mg/mL of methylcellulose, and allowed to polymerize
on the top of neutralized collagen in a 96-well-plate. TGF(31 was directly added to the embedding
solution. Pictures were taken at day 0, day 1, and day 2 after embedding and quantified by measuring
the area occupied by cells using Adobe Photoshop CS3 software (Adobe Photoshop CS3 Extended,
version 10.0, Adobe, San Jose, CA, US, 2011).
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2.4. In Vitro Wound-Healing Assay

For the wound healing assay, 3 x 10° MCF10A MII cells per well were seeded in a 6-well plate.
Media were changed to starvation media (complete media, supplemented by 0.2% FBS) after which
cells were grown until ~90% confluence. The cell monolayer was wounded by crossed scratching
using a 200 pL pipette tip. After washing with phosphate-buffered saline (PBS), the cells were
incubated with the indicated agents, and the same crossed scratch wounds were photographed at the
indicated time points using an inverted-phase-contrast microscope (Zeiss Axiovert 40CFL, Carl Zeiss
Microimaging GmbH, Jena, Germany). TScratch software (version 1.0, CSElab, Zurich, Switzerland)
was used for quantification of the scratch wound; eight measurements per sample were performed.

2.5. Immunoblot Analysis

For the immunoblot analysis, 5 x 105 cells were seeded in 6-well-plates. The following day, cells
were incubated for 16-24 h in EGF-containing serum-starvation medium (EGF, insulin, cholera toxin,
hydrocortisone, 0.2% FBS) or in starvation medium lacking EGF, as indicated, and stimulated with 5
ng/mL of TGFR1 (PeproTech, EC Ltd, London, UK) for the indicated time periods. Cells were lysed
in 2 x SDS loading buffer and subjected to SDS-PAGE and immuno-blotting, as described previously
[37].

2.6. RNA Isolation, cDNA Synthesis, and Quantitative Real-Time-PCR

Total RNA was isolated by RNeasy Kit (QIAGEN AB, Sollentuna, Sweden). cDNA was prepared
using the iScript kit (Bio-Rad Laboratories AB, Solna, Sweden) using 0.5 ug of total RNA, according
the manufacturer’s instructions. The cDNA samples were diluted 10 times with water. Two
microliters of cDNA was used in 12 uL quantitative real time-PCR reactions with appropriate primers
and KAPA SYBR FAST qPCR kit Master Mix (PCR Biosystems, London, UK) and BioRad CFX96 real-
time PCR detection system according the manufacturer’s instructions. All samples were analyzed in
triplicate for each primer set. Gene expression levels were determined with the comparative AACt
method and the non-stimulated condition was set to 1. Relative expression levels were normalized to
GAPDH, and presented as mean + SD. The complete list of primers can be found in Supplementary
Table S1.

2.7. DNA Transfer and Constructs

F9 cells were transfected by the calcium phosphate method and HeLa cells by the DEAE-
dextrane method [50,51]. Luciferase activity was determined according to the manufacturer’s
protocol (Promega Corp., Stockholm, Sweden). As controls for transfection efficiency and proper
expression of effector proteins, aliquots of the same lysate from which luciferase activity was
determined were analyzed by immuno-blotting. Lentiviruses were produced as described previously
[53]. MCF10A MII cells were plated on 6-cm dishes 24 h prior to infection. Cells were infected at 50—
70% confluency by removing growth media from the cells and adding to each dish a mixture of 1.5
mL of virus supernatant, 1.5 mL of complete media, and hexadimethrine bromide (Polybrene, Sigma-
Aldrich AB, Stockholm, Sweden) at a final concentration of 8 pg/mL.

The luciferase reporter constructs -517/+63 MMP1 (collagenase) Luc and 5xGal4-tata-Luc have
been described [54]. To create the -1977/-1858-urokinase-tata pGL3 reporter, the Xhol/Smal- fragment
of the pBL-tata-CAT 5 construct was replaced by the Xhol/(blunted) BamHI fragment of pGL3 basic
(Promega Corp., Stockholm, Sweden). The -1977/-1858-PLAU (urokinase)-tata was subsequently
constructed by replacing the BamHI-Kpnl fragment of -1977/-1858-uPA-TK-CAT4 [55] with the
BamHI-Kpnl fragment of tata-pGL3.

The pCMV-cJun-HA expression vector and the corresponding Ala and Asp mutants (wt, 7A,
and 6D) were kindly provided by D. Bohmann and M. Musti [56-58]. HA-tagged versions were
constructed by replacing the Hpal-Kpnl fragments with the corresponding fragment of pCMV-cJun-
HA. The cJun(TAD)GCN4(DBD) construct (j4) was obtained from S. Oliviero [59]. The leucine zipper
mutant encoding plasmids pCMV-cJun-m1-J/A-zip-HA, -m1,5-J/A-zip-HA, and -m2,5-J/F-zip-HA
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were created by replacing the PstI-Kpnl fragments of pCMV-cJun-HA (wt TAD), cJun-7A, and cJun-
6D with the corresponding fragments of pRSV-c-Jun-m1-HA, -m1,5-HA, and -m2,5-HA [60]. The
distinct cJun-HA ¢cDNAs were subsequently cloned into the PGK/IRES-neo cassette of the lentiviral
vector pLVbc-neo [61]. pMT2, pMT2-cdc42V12, and pMT2-AMEKK were kindly provided by A. Hall.

2.8. Statistical Analysis

Collagen invasion assays contained n > 6 spheroids for each condition, and were repeated at
least twice with similar results. Migration assays were repeated at least three times with similar
results. Data are presented as means + SD. The differences between experimental groups were
analyzed using Welch’s t-test, with *p < 0.05, **p < 0.01, and ***p < 0.001 being considered significant.
For immunoblots and qRT-PCR, at least three independent experiments were performed. For
luciferase activity and qRT-PCR, the differences between experimental groups were analyzed using
Welch's t-test, with *p < 0.05, **p <0.01, and ***p < 0.001 being considered significant.

3. Results

3.1. INK-Dependent Phosphorylation of cJun Negatively Affected MCF10A MII Cell Migration

Previously, knockdown experiments showed that in the presence of EGF, TGF( induces
invasion of MCF10A MII cells by critically inducing the expression of cJun and JunB [37]. To examine
the role of J]NK-dependent cJun phosphorylation, we compared the activities of wild-type (wt) cJun
with the phosphorylation defective cJun-7A and phospho-mimicking cJun-6D mutants, in which
nearly all the established and potential JNK phosphorylation sites are replaced by either alanine or
aspartic acid residues (Figure 1a). The phospho-mimicking Asp-substituted cJun-6D has been shown
to exhibit potent gain-of-function properties, for instance in neuronal apoptosis, whereas cJun-7A
showed loss-of-function behavior in these assays [56-58,62]. Stable lentiviral overexpression of wt
cJun, cJun-6D, and cJun-7A mutants in MCF10A MII cells cultured in the presence of EGF (Figure 1b)
showed that cJun-6D did not enhance migration in cell culture wound healing assays, and in some
assays even inhibited migration induced by EGF or by TGF{ together with EGF (Figure lc;
Supplementary Figure Sla). In contrast, cJun-7A potently enhanced both EGF- and TGF{-induced
migration (Figure 1c; Supplementary Figure S1). Interestingly, wt cJun behaved in these assays with
intermediate impact, which might reflect variations in its phosphorylation state between
experiments. Importantly, the cJun-7A cells did not show enhanced proliferation under these
conditions (Supplementary Figure S2). These results suggested that JNK-dependent cJun
phosphorylation can inhibit cJun-dependent migration. To validate this possibility, we inhibited
endogenous cJun phosphorylation in MII cells with a lentiviral vector stably expressing the JNK-
specific variant of the MAPK phosphatase MKP1 (also called dual-specificity phosphatase 1—
DUSP1) [53,63]. MKP1 is a nuclear protein that can efficiently de-phosphorylate and thereby inhibit
nuclear JNK, but is unlikely to inhibit JNK in the cytoplasm and at the cell membrane.

Indeed, as shown in Figure 2a and ¢, MCF10A MII cells expressing JNK-specific MKP1 showed
severely reduced levels of Ser63-phosphorylated cJun, but not of phosphorylated paxillin (PXN), an
established JNK substrate localized in cytoplasm and plasma membrane [64]. Ectopic expression of
this MKP1 mutant also showed enhanced migration compared to the control cells (Figure 2b).

To examine whether the stimulatory effect of JNK-specific MKP1 on cell migration was
dependent on N-terminal cJun phosphorylation, we co-infected cells with MKP-1 and cJun-6D-
expressing viruses (Figure 2c), as the phospho-mimicking Asp residues of cJun-6D cannot be affected
by MKP1 and JNK. Importantly, cJun-6D blocked the enhancing effect of MKP1, both in the presence
and absence of TGFf3 (Figure 2d). Together, these data show that the JNK-dependent phosphorylation
of cJun had an inhibitory effect on EGF- and TGFp-dependent migration of MCF10A MII cells in
wound healing assays.
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Figure 1. JNK-dependent phosphorylation of cJun negatively affected MCF10A MII cell migration. (a)
Schematic representation of cJun showing the known and potential N-terminal JNK phosphorylation
sites and the changes in the 7A loss-of-function and 6D gain-of function mutants. TAD,
transactivation domain; DBD, DNA-binding domain; d, JNK docking site; BR, basic region; LZ,
leucine zipper. Numbers correspond to serine/threonine phosphorylation sites in the TAD; (b)
Immunoblot analysis of P-563-cJun and cJun upon stable lentiviral overexpression of cJun wild-type
(wt), cJun-6D, and cJun-7A in MCF10A MII cells cultured in the presence of EGF and treated with 5
ng/mL TGF for 16 h, as indicated. Tubulin was analyzed as loading control; (c) Migration (% open
area) of the MCF10A MII cells stably overexpressing wt cJun as well as cJun-6D and cJun-7A mutants,
p<

in the presence or absence of TGFf (5 ng/mL) for 24 h, as measured by wound healing assays; ***

0.001.
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Figure 2. JNK-specific MKP1 inhibited cJun phosphorylation and enhanced MCF10A MII cell
migration. (a) Immunoblot analysis of P-563-cJun, cJun, MKP1, and P-5178-paxillin (PXN) levels upon
stable lentiviral overexpression of [NK-specific MKP1 in MCF10A MII cells and treatment with 5
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ng/mL TGF@ for 16 h, as indicated. Tubulin was included as loading control; a representative
experiment is shown. The average levels of P-S63-cJun and (total) cJun (quantified by densitometry
and normalized to loading control) of five independent biological replicates are depicted in the
graphs. For proper comparison, the TGFB-induced P-S63-cJun and cJun levels obtained for the vector
control of each experiment were set at 100. The effect of JNK-specific MKP1 on the relative ratio of the
TGFp-induced levels of P-563-cJun and cJun is also shown, *p < 0.01, **p < 0.001. (b) Migration (%
open area) of the MCF10A MII cells stably overexpressing JNK-specific MKP1, as measured by wound
healing assays in the absence or presence of TGFf{ for 31 h. (¢) Immunoblot analysis of MCF10A MII
cells stably overexpressing cJun-6D and/or JNK-specific MKP], in the absence and presence of TGFf.
A representative experiment is shown; the line indicates where the blot was cut; all samples were run
on one gel. The average levels of P-563-cJun, cJun, or cJun-6D (quantified by densitometry and
normalized to loading control) of three independent biological replicates are depicted in graphs. For
proper comparison, the TGFB-induced P-563-cJun and cJun levels obtained for the vector control of
each experiment were set at 100. The effect of JNK-specific MKP1 on the relative ratio of the TGFf3-
induced levels of P-563-cJun and cJun or cJun-6D is also shown. (d) Migration of the MCF10A MII
cells stably overexpressing cJun 6D and/or JNK-specific MKP1, as measured by wound healing assays
in the absence or presence of TGFf for 31 h.

3.2. EGF and TGFp Signaling Had Different Effects on [NK-Dependent cJun Phosphorylation

We next examined the effects of EGF and TGEp on cJun phosphorylation. As shown in the time-
course analysis in Figure 3a and the schematic summary in Figure 3d, after 30 min stimulation only
EGF induced strong phosphorylation of cJun-Ser63, which was detected in several upshifted gel
electrophoresis retarded bands, indicating additional JNK-dependent phosphorylations of other
residues [57,58] (see below). In contrast, both EGF and TGFp induced the levels of total cJun, and the
ratio of the levels of P-Ser63-cJun and (total) cJun was much lower at the later time points (Figure 3a).
cFos was also efficiently induced when EGF was added. In line with this, only EGF was found to
induce the levels of phosphorylated active J]NK and ERK, whereas efficient induction of Smad3
phosphorylation and plasminogen activator inhibitor 1 (PAIl) expression only occurred after TGFf3
treatment (Figure 3a).

Next, we compared the effects of TGFf stimulation on the levels of P-563-cJun and (total) cJun
in the absence and continuous presence of EGF. As shown in Figure 3b, both P-S63-cJun and cJun
were increased by TGFf under these conditions, but in line with the results shown in Figure 3a, the
relative ratio of the levels of P-Ser63-cJun and (total) cJun was strongly reduced at the late time points
(12 h and 24 h).

Analysis of specific kinase inhibitors confirmed the effects of TGFfRI and JNK on cJun-Ser63
phosphorylation. In MCF10A MII cells stimulated with TGFp in the presence of EGF, the
phosphorylation of cJun-Ser63 was hardly affected by two different TGFRI kinase inhibitors, despite
a reduction in total cJun, whereas it was completely inhibited by the two JNK inhibitors used (Figure
3c). Interestingly, inhibition of MEK enhanced cJun-Ser63 phosphorylation, in line with other studies
in breast cancer cells [46].
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Figure 3. EGF and TGEFp differentially induced phospho-cJun activity. (a) MCF10A MII cells were
incubated for 24 h in serum-starvation medium (insulin, cholera toxin, hydrocortisone, 0.2% FBS)
without EGF, subsequently treated with 20 ng/mL EGF and/or 5 ng/mL TGEp for the indicated time
periods, and then analyzed by immunoblotting for P-563-cJun, cJun, P-JNK, cFos, P-ERK1/2, P-Smad3,
Smad2/3, and PAIl. Tubulin was included as loading control; a representative experiment is shown.
The levels of P-563-cJun and (total) cJun of three independent biological replicates were quantified by
densitometry to determine the effects of EGF and TGFf{3 on the relative ratio of the levels of P-563-



Cells 2019, 8, 1481 10 of 24

cJun and cJun in time, depicted in the graph. For proper comparison of the data of the different
experiments, the ratio of the levels of P-563-cJun and cJun at the 30 min EGF time point of each
experiment was set at 1.0. (b) MCF10A MII cells were incubated for 24 h in EGF-containing serum-
starvation medium (EGF, insulin, cholera toxin, hydrocortisone, 0.2% FBS) or in starvation medium
lacking EGF as indicated, treated with 5 ng/mL TGEp for the indicated time periods, and analyzed by
immunoblotting for P-563-cJun, cJun, Fral, and P-ERK1/2. Tubulin was included as loading control;
a representative experiment is shown. The levels of P-S63-cJun and (total) cJun of four independent
biological replicates were quantified to determine the effects of EGF and/or TGFf3 on the relative ratio
of the levels of P-S63-cJun and cJun in time, depicted in the graph. For proper comparison of the data
of the different experiments, the ratio of the levels of P-S63-cJun and cJun at the 0 h TGF + EGF time
point of each experiment was set at 1.0. *p < 0.05, **p < 0.01, *p < 0.001 (c¢) MCF10A MII cells were
incubated for 24 h in EGF-containing serum-starvation medium, subsequently stimulated for 1 h with
TGEFp in the presence or absence of the indicated TGF{RI, MEK, and JNK inhibitors, and analyzed by
immunoblotting for P-S63-cJun, cJun, P-ERK1/2, and P-Smad3. The inhibitors were added 30 min
before TGF{3. A background band was included as loading control (L.c.); (d) Schematic model to
explain the data in panels (a—c) in view of the current literature. EGF signaling via cell-membrane-
localized EGEFR triggers phosphorylation and activation of ERK and JNK, which in the nucleus
activate and induce FOS family members and phosphorylation of cJun, respectively, which
subsequently can auto-regulate their own expression via AP-1 sites [22,26]. TGF signaling via
membrane-localized TBRI and TBRII triggers phosphorylation and activation of Smad2 and 3, and
thereby can both directly and indirectly induce TGFp target genes controlled by Smad and/or AP-1
sites [1,2].

3.3. N-Terminal Phosphorylation of cJun Negatively Affected the Activation of MMP1 and MMP10

Our previous knockdown and overexpression experiments in MCF10A MII cells showed that
induction of cJun by TGFB and EGF is critical for activation of a specific subset of TGFf/Smad-
induced EMT and invasion genes, including MMP1 and MMP10, whereas MMP2 was suppressed by
cJun [37]. To examine the role of JNK-dependent cJun phosphorylation on the expression of these
MMP genes, we first compared the effects of wt cJun, non-phosphorylatable mutant cJun-7A, and
phospho-mimicking mutant cJun-6D. Transiently overexpressed cJun wt and cJun-6D activated
MMP1 and MMP10 only moderately; however, cJun 7A enhanced MMP1 and MMP10 much more
efficiently (Figure 4a). The effects of these mutants on MMP1 and MMP10 expression thus reflected
their effects on cell migration, as shown in Figure 1c. No differences were seen for MMP2 and
SERPINE], encoding PAI1 (Figure 4a).

The apparent negative effect of cJun phosphorylation on MMP1 and MMP10 was intriguing,
since work of various groups has shown that the phosphorylation of Thr91/93 and/or Ser63/73 by
JNK rather enhances the transactivation function of cJun, in addition to regulating its stability [26,65].
Therefore, we next examined wt cJun as well as cJun-7A and -6D mutants for their abilities to activate
an MMPI1-promoter-driven luciferase reporter plasmid in the presence and absence of AMEKK, a
constitutively active inducer of JNK that lacks its N-terminal inhibitory domain. We performed this
experiment in mouse embryonal F9 cells, which do not express endogenous cJun, and in which the
N-terminal JNK target sites of ectopically expressed cJun are only very weakly phosphorylated in the
absence of AMEKK or other strong JNK inducers, such as ultraviolet (UV) light (Figure 4b) [49,66].
Indeed, in the absence of AMEKK, both wt cJun and cJun-7A could efficiently activate the MMP1
promoter, but in the presence of this inducer of N-terminal cJun phosphorylation the activation by
wt cJun was reduced by about 75%, whereas activation by the phosphorylation-defective cJun-7A
was not affected (Figure 4c). The phospho-mimicking mutant cJun-6D activated the MMP1 reporter
only weakly, which was not further inhibited by AMEKK. These experiments thus indicate that
hyper-phosphorylation of the cJun N-terminus by JNK suppresses both EGF- and TGFB+EGE-
dependent migration (Figure 2b,d), as well as the ability of cJun to efficiently activate specific Smad-
and AP-1-dependent genes (Figure 4a,c).
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Figure 4. N-terminal cJun phosphorylation negatively affected the activation of MMP1 and MMP10.
(a) MCF10A MII cells were transfected with expression vectors for wt cJun as well as cJun-6D and -
7A mutants, and MMP1, MMP10, MMP2, and SERPINE1 mRNA levels were analyzed by qPCR and
normalized to GAPDH, which was not significantly affected by the treatments; (b) F9 cells were
transfected with expression vectors for constitutively active AMEKK and cJun-HA as indicated. After
6 h, cell extracts were prepared for immunoblotting analysis with antibodies specific for
phosphorylated cJun-Ser73 or total cJun. A background band of the cJun blot (L.c.) and Ponceau S
staining were included as loading control; (c) F9 cells were transfected with the -517/+63 pGL3 MMP1
luciferase reporter and expression vectors for constitutively active AMEKK and wt cJun, and cJun-6D
or -7A mutants, as indicated. After 6 h, cell extracts were prepared and luciferase activity was
analyzed; *p < 0.05, ***p <0.001. (d) F9 cells were transfected with the -517/+63 pGL3 MMP1 luciferase
reporter and expression vectors for constitutively active AMEKK and cJun wt or cJun-GCN4—a
chimeric protein in which the DNA-binding domain (DBD) of cJun is replaced by the corresponding
DNA-binding domain of GCN4, as indicated (TAD: transactivation domain). After 16 h, cell extracts
were prepared and luciferase activity was analyzed.
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3.4. INK-Dependent Phosphorylation of cJun Specifically Inhibited Gene Activation and Migration by
Jun/Fos Dimers

As mentioned above, previous studies concluded that the phosphorylation of multiple residues
in the cJun N-terminus, including Ser63 and Ser73, is associated with the activation, rather than
inhibition, of cJun-inducible promoters [66-68]. One example is the JUN promoter, which is activated
by heterodimers of cJun and ATF2-related factors, and maybe by cJun homodimers [50,51,69-71].
Moreover, homodimeric cJun hybrid proteins in which the cJun transactivation domain (TAD) is
fused to the DNA-binding domain (DBD) of Gal4 or of growth hormone factor (GFH)1 activate Gal4-
and GHF1-dependent promoters more strongly after phosphorylation of Ser63 and Ser73 [49,66,72].
However, MMP1 and MMP10—the genes we found to be repressed by JNK-dependent cJun-
phosphorylation—are activated by Jun/Fos and/or Jun/Fra heterodimers, also upon TGF@-Smad
stimulation [6,37]. This raised the possibility that the effects of N-terminal phosphorylation on cJun-
dependent transactivation are dimer-specific. To examine this possibility, we analyzed the role of the
cJun DNA-binding and dimerization domains in the inhibition of cJun upon JNK-dependent
phosphorylation.

First, we examined a hybrid AP-1 transcription factor in which the cJun DBD was replaced by
the DBD of the yeast AP-1 homologue GCN4, which can efficiently bind to AP-1 binding sites as a
homodimer [59]. Importantly, activation of the MMP1 promoter in F9 cells by this cJun-GCN4 fusion
protein was not inhibited by AMEKK (Figure 4d), supporting the notion that the inhibitory effect of
N-terminal cJun phosphorylation on cJun-dependent transactivation is dimer-specific. Next, we
analyzed one previously published and two as-yet unpublished cJun leucine zipper mutants that
preferentially dimerize with either cFos- or ATF2-like proteins (Figure 5a) [60,73]. In mammalian
one/two-hybrid assays in cervical cancer HeLa cells transfected with a Gal4-dependent reporter, the
basic region-leucine zipper (bZIP) DBDs of cJun-ml and c-Jun-m1,5 fused to the Gal4 DBD were
found to activate the reporter efficiently only in the presence of ATF2-VP16, but not with cFos (Figure
5b,c). In contrast, the bZIP DBD of cJun-m2,5 could not be activated by ATF2-VP16, and showed the
opposite effect (Figure 5b,c). We subsequently examined full-length versions of these cJun
dimerization mutants for their effects on the -1977/-1858 urokinase/PLAU enhancer, which contains
both a cJun/ATF2 and a cJun/Fos site [55]. To investigate the effect of JNK-dependent cjun
phosphorylation, this analysis was done both in the absence and presence of cdc42V2—a
constitutively active upstream activator of the JNK pathway which strongly enhances N-terminal
cJun phosphorylation in these HeLa cells (Figure 5d,f). Importantly, transactivation by wt cJun and
the cJun-m2,5 mutant—which can both dimerize with Fos—was strongly inhibited upon activation
of the JNK pathway by cdc42V1?2, whereas transactivation by the ATF2-preferring mutants cJun-m1
and cJun- m1,5 was much less affected (Figure 5e,f). Moreover, the observed inhibition in the presence
of cdc42V12was completely dependent on the presence of the JNK phosphorylation sites in cJun, as
the phospho-site-deficient cJun 7A mutants were not inhibited (Figure 5e).
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Figure 5. ]NK-dependent hyperphosphorylation of cJun specifically inhibits gene activation and
migration by Jun/Fos dimers. (a) cJun mutants with altered Jun/Fos and Jun/ATF2 dimerization

specificities. Schematic representation showing the changes in the mutants m2,5, m1,5, and m1l

compared to wt cJun. Numbers correspond to the positively charged cJun amino acid residues at the

e and g positions of the cJun leucine zipper (LZ) a-helix that stabilize cJun/Fos heterodimers [60,74],
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some of which were mutated to negatively charged amino acid residues. (b) Left: HeLa thymidine
kinase (tk)~ cells were cotransfected with the 5xGal4-tata luciferase reporter, the indicated wt and
mutant GAL4DBD-cJunDBD (cJDBD) fusion constructs and/or ATF2-VP16 or cFos vectors, and
luciferase activity was measured. Right: the luciferase activity ratio of the fold activation by Fos and
ATF2VP16 on the indicated Jun constructs. cJDBD, the basic region-leucine zipper (bZIP) DNA-
binding domains of the cJun mutants m2,5, m1,5, and m1 or wt cJun fused to the Gal4 DBD, as
depicted schematically in panel (c); *p < 0.05, **p < 0.01, **p < 0.001. (c) Schematic representation of
the cJun DBD mammalian-one-hybrid analysis [60] described in panel (b). GAL4 represents one of
the five GAL4 transcription factor binding sites of the 5xGal4-tata luciferase reporter; GalDBD-
JunbZIP represents the transcriptionally inactive wt and mutant GAL4DBD-cJunDBD (cJDBD) fusion
constructs used in (b) which bind to the GAL4 site but by themselves do not activate (left panels). The
upper panels show the activation of the reporter by GalDBDJunbZIP-wt and -m2,5 when cFos is co-
expressed; the lower panels show the activation by GalDBDJunbZIP-wt, -m1, and -m1,5 when
ATF2VP16 is co-expressed. ATF2VP16 is used because ATF2 wt is not active in these assays. (d) HeLa
tk cells were transfected with expression vectors for cdc42V1? (a constitutively active upstream
activator of the JNK pathway) and wt and mutant cJun-HA, as indicated. After 16 h, cell extracts were
prepared for immunoblot analysis with antibodies specific for phosphorylated cJun-Ser73 or cJun-
HA. (e) Left: HeLa tk- cells were transfected with the -1977/-1858 PLAU tata luciferase reporter,
cdc42V'?, and the (HA-tagged) cJun vectors, as indicated. After 16 h, cell lysates were prepared. Right:
the fold inhibition by cdc42V'? on the different cJun constructs; average of at least six independent
biological replicates. (f) Schematic representation of the regulation of the -1977/-1858-PLAU enhancer
by cJun/Fos and cJun/ATF2 dimers in the absence and presence of cdc42V'?, a constitutively active
upstream activator of the JNK pathway. The upper panels depict the observed enhancer activation by
cJun/Fos (formed by cJun wt and cJun m,2,5) and cJun/ATF (formed by cJun wt, cJun m1, and cJun
m,1,5) in the absence of cdc42V'2. The lower panels show the observed enhancer activation upon
phosphorylation of JNK and cJun in response to cdc42V'?. Under these conditions, enhancer activation
by cJun/Fos (formed by cJun wt and cJun m,2,5) was severely reduced. (g) Schematic representation
of the combined phospho-site (Figure 1a) and dimerization (Figure 5a) mutants of cJun used. (h) HeLa
tk- cells were transfected with the -1977/-1858 PLAU tata luciferase reporter and HA-tagged wt cJun,
and the cJun-7A and -6D mutants, as indicated. After 16 h cell lysates were prepared. (i,j) Migration
of MCF10A MII cells stably overexpressing the HA-tagged Fos- (m2,5) or ATF- (m1) preferring
variants of cJun-6D and cJun-7A, as measured by wound-healing assays for 37 h (i) and immunoblot
validation of (HA) expression levels (j).

Thus, these data strongly suggest that the N-terminal phosphorylation of cJun by JNK
specifically represses transactivation by cJun molecules forming heterodimers with Fos or Fra
proteins (Figure 5f). Comparison of the transactivating potential of phospho-deficient (7A) and
phospho-mimicking (6D) versions of the Fos- and ATF2-preferring cJun-m2,5 and cJun-m1 mutants
(Figure 5g) on the urokinase/PLAU reporter further supported the conclusion that the inhibitory
effect of JNK-dependent phosphorylation is cJun/Fos-dimer specific (Figure 5h). We next compared
the dimer-specific phospho-mimicking 6D and non-phosphorylatable 7A cJun mutants for their
effects on breast cancer cell migration. Upon lentiviral infection in MCF10A MII cells, both the ATF-
preferring mutants (i.e., cJun-m1-6D and cJun-m1-7A) inhibited TGFp-induced migration (Figure 5i).
In contrast, only the 6D variant of the Fos-preferring mutant cJun-m2,5 inhibited invasion. Moreover,
similar to what was observed for the 6D and 7A mutants with a wildtype leucine zipper (Figure 1c),
cJun-m2,5-7A strongly enhanced basal and TGFp-induced migration, whereas m2,5-6D had no effect
(Supplementary Figure S1b). The cells expressing cJun-m2,5-7A and 6D also strongly differed when
assayed for their abilities to induce cells in spheroids embedded in collagen to invade (Figure 6a).
cJun-m2,5-7A induced basal invasion, whereas cJun-m2,5-6D inhibited TGFB-induced invasion. This
difference was reflected on the molecular level; the faster migrating and invading cJun-m2,5-7A cells
contained decreased levels of endogenous Ser63-phosphorylated cJun, and increased levels of
phosphorylated active ERK1/2 and paxillin. In contrast, the TGFp-induced levels of fibronectin (FN)
were more enhanced in the slower migrating and invading Jun-m2,5-6D expressing cells (Figure 6b).
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Figure 6. Effects of cJun dimerization-specific mutants, and phosphorylation-deficient- and
mimicking mutants on collagen invasion. (a) Collagen invasion (pixels x 10.000) of MCF10A MII
spheroids stably overexpressing cJun-(cJ)-m2,5-6D or cJun-m2,5-7A. Pictures of spheroids were Table
32. h after embedding (bottom) and relative invasion was quantified as the mean area that the
spheroids occupied (top); *p < 0.05, **p < 0.001. (b) Immunoblot analysis of the MCF10A MII cells
overexpressing cJun-m2,5-6D or cJun-m2,5-7A.

To obtain more information about the mechanism by which JNK-dependent cJun phosphorylation
can influence cell migration and invasion, we have previously used chromatin immunoprecipitation
(ChIP)-seq and RNA-seq and specific inhibitors to analyze the expression of various Smad and AP-1
target genes previously found to be induced in TGF@- and EGF-stimulated cells, including several
MMPs, WNT7, and genes encoding EGF family ligands [37,38,52,75]. Without TGFp stimulation,
MMP1, HBEGF, and MMP10 showed higher expression in MII cells transfected with cJun-m2,5-7A than
in cJun-m2,5-6D transfected cells, whereas WNT7A and MMP2 were expressed at comparable levels
and WNT7B was expressed at lower levels (Figure 7a,b). Upon TGF{ treatment MMP1, MMP10, and
WNT7B showed higher expression in the cJun-m2,5-7A transfected cells than in the cJun-m2,5-6D
transfected cells (Figure 7a and b). These differences in the expression of WNT7 and EGF family ligands
might explain the different levels of phospho-ERK1/2 in cells transfected with cJun-7A and -6D (Figure
6b). In fact, we also observed corresponding differences in the levels of cFos and phosphorylated EGFR
(Figure 7c). Finally, analysis of 166 estrogen receptor (ER) positive human breast cancer cases showed
enhanced levels of WNT7B in breast cancers with loss-of-function mutations in the upstream JNK
pathway components MAP2K4 and MAP3K1 (Figure 7d).
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Figure 7. Effects of cJun dimerization-specific, and phosphorylation-deficient and -mimicking
mutants on the expression of TGFf -Smad and AP-1 target genes. (a,b) Differential effects of cJun-
m2,5-6D or cJun-m2,5-7A on TGFp-inducible gene expression. MCF10A MII cells stably
overexpressing cJun-m2,5-6D or cJun-m2,5-7A were incubated in EGF-containing starvation medium
for 16 h and treated, or not, with TGFf (5 ng/mL) for 16 h, after which mRNA levels were analyzed
by qPCR and normalized to GAPDH. In panel (b) the ratio of the expression in cJun-m2,5-7A cells
versus cJun-m2,5-6D cells is depicted. (c¢) Immunoblot analysis of MCF10A MII cells overexpressing
cJun-m2,5-6D or cJun-m2,5-7A, treated with TGF(3 (5 ng/mL) or mock-treated, as indicated. (d)
Analysis of 166 estrogen-receptor-positive (ER+) human breast cancer cases showing enhanced levels
of wnt7b in breast cancers cells with loss-of-function mutations in the upstream JNK pathway
components MAP2K4 and MAP3K1.
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In conclusion, these results show that the hyper-phosphorylation of cJun by JNK inhibits a subset
of TGF@-induced migration and invasion genes by inhibiting cJun/Fos-dependent gene activation.

4. Discussion

TGEFp signaling is known to exhibit dual functions in tumor progression, acting as a tumor
suppressor in early stages, while functioning as a tumor promoter in later stages. However, the
molecular mechanisms by which these functions are exhibited, and how they depend on the genetic
context and tumor microenvironment, are less clear. Important in this respect is that TGF( signaling
is mediated via both Smad and non-Smad signaling pathways, and that many of the non-Smad
pathways—including the different MAPK pathways and their AP-1 transcription factor targets—can
also be strongly activated by other growth factors and cytokines, such as EGF and interleukin 1 (IL1)
[22-25].

Inhibitors of TGEp that are currently in preclinical development for treatment of metastatic
cancer inhibit all TGFf activities. Although clinical efficacy has been observed, systemic application
may result in on-target side effects, such as cardiovascular toxicity [76,77]. Therefore, more specific
intervention in aberrant TGFf3 signaling in diseases is needed. Inhibitors of the non-Smad signaling
MAP-kinase pathways ERK1/2, JNK, and p38 as well as PI3K-AKT-mTOR are also being tested for
cancer treatment. However, these pathways have by themselves profound effects on proliferative,
apoptotic, and differentiation pathways, and deregulation can contribute to chemotherapeutic drug
resistance, proliferation of cancer-initiating cells (CICs), and premature aging [65,78,79]. For instance,
JNK and its substrate cJun can exert pro- and anti-oncogenic functions in different cell types and
stages of cancer development [25,35,47,64,65,80,81]. It is therefore essential to mechanistically
understand the functions of MAP-kinase family members in different tumor types, including their
interplay with TGFp-Smad signaling. Important in this respect is also that in basal-like breast cancers,
the PI3K-AKT and Ras-Raf-MEK-ERK1/2 pathways are often activated, whereas luminal A breast
cancers do not show activation of the ERK1/2 pathway, but often contain loss-of-function mutations
in the JNK pathway [42-45].

Here, we show that the expression of various pro-invasive TGF3 and EGF-Ras-MEK-ERK1/2
target genes, in particular the Jun/Fos dependent genes MMP1 and MMP10, can be enhanced upon
JNK inhibition or overexpression of a non-phosphorylatable cJun mutant. This shows that JNK
signaling can exhibit negative effects on various genes involved in migration and invasion.
Interestingly, we previously found that MMP1, MMP10, and other pro-invasive TGFp-induced genes
are late Smad-AP-1 target genes that are only efficiently induced by TGEp in the presence of EGF
[37,41]. In line with this, efficient and prolonged TGFf induction of cJun protein and, in particular,
Fos family members also required EGF (Figure 3a,b; [41]). However, combined TGFp and EGF
treatment also induced much higher levels of phospho-cJun at the early time points (Figure 3a,b),
which can counteract the pro-invasive effects. Prolonged or additional JNK activation at later time
points might thus suppress critical pro-invasive genes. Via this mechanism, JNK might inhibit TGF[3-
induced EMT and invasion in some cell types, similar to what is seen in mouse trophoblasts, where
JNK inhibition was found to induce snai2 and mmp genes and to promote EMT [82]. Moreover,
although JNK signaling is required for normal mouse mammary gland development, JNK1 and JNK2
can act as suppressors of mammary tumor development and JNK1 + JNK2 double knock-out cells
from these mice show enhanced motility and migration [47].

In addition to MMP1 and MMP10, we found HBEGF, WNT7A, WNT7B, and FLNA to be
regulated differently by phosphorylated cJun, as compared to non-phosphorylated cJun. These genes
might also be negatively regulated by JNK to suppress cell migration and invasion in certain cell
types. Moreover, we recently identified both WNT7A and WNT7B as JunB- and Smad4-dependent
TGEFp target genes that can stimulate the TGF{3-induced collagen invasion of MII cells [38].

In line with the specific suppression of Jun/Fos target genes by JNK, dimer-specific mutants of
cJun that do not bind to Fos family proteins were not inhibited by JNK-dependent phosphorylation
or phospho-mimicking cJun mutations. Notably, the ability of these mutants to bind ATF is in
agreement with the well-established positive effect of JNK on cJun/ATF2 [65,83,84]. Interestingly, a
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recent study showed that JNK can suppress tumor formation via ATF2-dependent gene expression
and that ATF2-dependent gene expression is frequently downregulated in human cancers [81].
Moreover, ATF2 might directly or indirectly effect cJun/Fos-dependent gene expression and thereby
inhibit Jun/Fos-driven pro-oncogenic events [60,74]. However, ATF2 does not seem to suppress the
TGEFp-induced collagen invasion of MCF10A MII cells [37].

It remains to be established how the hyperphosphorylation of cJun by JNK specifically inhibits
Jun/Fos and not Jun/ATF transcriptional activity. Upon stable lentiviral infection with cJun-m2,5-6D,
the levels of phospho-ERK1/2 and cFos were decreased, but this may have been an indirect effect.
The interaction between cJun and cFos is mediated through their leucine zipper domains and, as far
as known, is not affected by N-terminal cJun phosphorylation. However, N-terminal hyper-
phosphorylation of cJun might decrease the affinity of cJun/Fos for Fos-family specific co-activators
and chromatin-remodeling factors, such as Trip6 [85] and BAF proteins [27], or increase the affinity
for cJun/Fos-specific co-repressors [71,72]. Alternatively, in chromatin-bound multi-protein
complexes that require the presence of both Jun/Fos dimers and Fos-interacting transcription factors,
cJun hyper-phosphorylation may cause destabilization and reduce the interaction of these complexes
with chromatin and/or chromatin remodelers [27,28].

Together with our previous study on TGF3-EGFR cooperation, this study shows that MEK and
JNK exhibit distinct pro- and anti-invasive functions through the differential regulation of Jun, Fos,
and ATF components of AP-1 and, thereby, of Smad- and AP-1-dependent TGFf3 target genes. The
anti-invasive effects of JNK may contribute to the tumor-suppressive properties of JNK. This is
important for personalized cancer therapy for patients with breast tumors having MEK-ERK1/2 and
MKK-JNK pathway mutations. Breast cancers commonly retain or gain TGFp-Smad tumor
promoting properties, indicating that they promote tumor progression [13]. Loss-of-function
mutations in the JNK pathway found in specific tumor subsets may therefore counteract the negative
effect of high JNK activity and phospho-cJun on TGFp-Smad-induced tumor cell migration/invasion
and other tumor-promoting properties. In line with this, we observed enhanced levels of WNT7B in
breast cancer cells with loss-of-function mutations in MAP2K4 and MAP3K1. This further stresses
the notion that clinical inhibitors of TGF{ and JNK may either inhibit or enhance tumor progression,
depending on other oncogenic defects and genetic background. In this respect, it is interesting to
mention that in hepatocellular carcinoma JNK has been found to promote an inflammatory
microenvironment supporting tumorigenesis, but to inhibit carcinogenesis in the hepatocytes
themselves [80]. Both JNK and cJun have been found to positively or negatively regulate genotoxic-
stress-induced cell cycle arrest and apoptosis, depending on the agent, dose, and cellular context
[25,65,83,84]. Our results may therefore be important for the reported inhibitory effects of TGFf3 on
the tumor response to target-specific and genotoxic anti-cancer drugs. The potentially cell-type-
specific mechanisms of TGFp-induced drug resistance remain to be elucidated, but EMT, MEK-
ERK1/2, MKK-JNK, and AP-1 seem to be involved [34,46,86-90].

In summary, we identified specific anti-oncogenic functions of the JNK pathway in the Smad-
AP-1-regulated EMT and invasion of pre-malignant breast cancer cells, and have identified various
target genes involved in tumor promotion. These observations may be important for future
personalized cancer therapeutic strategies.

Supplementary Materials: The following are available online www.mdpi.com/xxx/sl. Figure S1: JNK-
dependent cJun phosphorylation negatively affects MCF10A MII cell migration, Figure S2: MCF10A-MII cells
expression ectopic cJun-7A did not show enhanced proliferation, Table S1: Primer sequences for qRT-PCR.

Author Contributions: Conceptualization, A.S., O.V., and H.v.D.; methodology, A.S., O.V.,, M.H,, HE.P., C.B.-
v.d.B., ].J., and H.v.D.; software, ] WM.M.; validation, A.S. and O.V.; formal analysis, A.S. and JW.M.M,;
investigation, A.S., O.V.,, M.H., HE.P., C.-B.v.d.B,, ].]., and H.v.D.; resources, JW.M.M., Hv.D., C.-H.H., and
P.t.D.; data curation, C.-H.H., P.t.D., and H.v.D.; writing—original draft preparation, H.v.D. and A.S.; writing—
review and editing, O.V., AM., C.-H.H., and P.t.D.; visualization, A.S., O.V., and H.v.D.; supervision, A.S., A M.,
C.-H.H,, P.t.D., and H.v.D.; project administration A.M., C.-H.H., P.t.D., and H.v.D.; funding acquisition, H.v.D,
C.-H.H. and P.t.D.



Cells 2019, 8, 1481 20 of 24

Funding: This work was supported by the Swedish Cancer Society (2016/468, 2015/445), The Swedish Research
Council (2015-02757), the European Research Council (787472), the Netherlands Organisation for Scientific
Research (NWO), the Dutch Cancer Society (KWF), and Cancer Genomics Centre Netherlands (CGC.NL).

Acknowledgments: We would like to thank Dirk Bohmann, Maria Musti, Pasquale Verde, Salvatore Oliviero,
and Alan Hall for plasmid constructs, Axel Behrens for the cJun-P91 antibody, and Klaas Kooistra, Harriet
Wikman, Nancy Beerens, and Hongtao Zhang for contributions to experiments. We thank our colleagues for
valuable discussion and help with experiments.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  David, CJ.; Massague, ]. Contextual determinants of TGFf3 action in development, immunity and cancer.
Nat. Rev. Mol. Cell. Biol. 2018, 19, 419-435.

2. Derynck, R; Budi, E.H. Specificity, versatility, and control of TGF-{3 family signaling. Sci. Signal. 2019, 12,
eaav5183, doi: 10.1126/scisignal.aav5183.

3. Akhurst, R].; Padgett, R.W. Matters of context guide future research in TGFf superfamily signaling. Sci.
Signal. 2015, 8, rel0.

4.  Heldin, C.H.; Moustakas, A. Signaling Receptors for TGF-3 Family Members. Cold Spring Harb. Perspect.
Biol. 2016, 8, 022053, doi: 10.1101/cshperspect.a022053.

5. Hill, C.S. Transcriptional Control by the SMADs. Cold Spring Harb. Perspect. Biol. 2016, 8, a022079, doi:
10.1101/cshperspect.a022079.

6. Zhang, Y.; Feng, X.H.; Derynck, R. Smad3 and Smad4 cooperate with c-Jun/c-Fos to mediate TGF-{3-
induced transcription. Nature 1998, 394, 909-913.

7. Koinuma, D.; Tsutsumi, S.; Kamimura, N.; Taniguchi, H.; Miyazawa, K.; Sunamura, M.; Imamura, T.;
Miyazono, K.; Aburatani, H. Chromatin immunoprecipitation on microarray analysis of Smad2/3 binding
sites reveals roles of ETS1 and TFAP2A in transforming growth factor {3 signaling. Mol. Cell. Biol. 2009, 29,
172-186.

8. Ikushima, H.; Miyazono, K. TGF-3 signal transduction spreading to a wider field: A broad variety of
mechanisms for context-dependent effects of TGF-3. Cell Tissue Res. 2012, 347, 37-49.

9. Massague, ]. TGF-f3 signaling in context. Nat. Rev. Mol. Cell. Biol. 2012, 13, 616-630.

10. Luo, K., Signaling Cross Talk between TGF-3/Smad and Other Signaling Pathways. Cold Spring Harb.
Perspect. Biol. 2017, 9, a022137.

11. Zhang, Y.E. Mechanistic insight into contextual TGF- signaling. Curr. Opin. Cell Biol. 2018, 51, 1-7.

12.  Zhang, Y.; Alexander, P.B.; Wang, X.F. TGF-f3 Family Signaling in the Control of Cell Proliferation and
Survival. Cold Spring Harb. Perspect. Biol. 2017, 9, a022145.

13.  Sundgqvist, A.; Ten Dijke, P.; van Dam, H. Key signaling nodes in mammary gland development and cancer:
Smad signal integration in epithelial cell plasticity. Breast Cancer Res. 2012, 14, 204.

14. Zavadil, ].; Bitzer, M.; Liang, D.; Yang, Y.C.; Massimi, A.; Kneitz, S.; Piek, E.; Bottinger, E.P. Genetic
programs of epithelial cell plasticity directed by transforming growth factor-3. Proc. Natl. Acad. Sci. 2001,
98, 6686—-6691.

15. Comijn, J.; Berx, G.; Vermassen, P.; Verschueren, K.; van Grunsven, L.; Bruyneel, E.; Mareel, M,;
Huylebroeck, D.; van Roy, F. The two-handed E box binding zinc finger protein SIP1 downregulates E-
cadherin and induces invasion. Mol. Cell 2001, 7, 1267-1278.

16. Thuault, S; Tan, E.J.; Peinado, H.; Cano, A.; Heldin, C.H.; Moustakas, A. HMGAZ2 and Smads co-regulate
SNAIL1 expression during induction of epithelial-to-mesenchymal transition. J. Biol. Chem. 2008, 283,
33437-33446.

17.  Xu, J.; Lamouille, S.; Derynck, R. TGF-p-induced epithelial to mesenchymal transition. Cell Res. 2009, 19,
156-172.

18. Mani, S.A.; Guo, W.; Liao, M.].; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang,
C.C,; Shipitsin, M.; et al. The epithelial-mesenchymal transition generates cells with properties of stem cells.
Cell 2008, 133, 704-715.

19. ten Dijke, P.; Arthur, H.M. Extracellular control of TGFp signalling in vascular development and disease.
Nat. Rev. Mol. Cell. Biol. 2007, 8, 857-869.

20. Drabsch, Y.; ten Dijke, P. TGF-{ signaling in breast cancer cell invasion and bone metastasis. ]. Mammary
Gland. Biol. Neoplasia 2011, 16, 97-108.



Cells 2019, 8, 1481 21 of 24

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Moustakas, A.; Heldin, C.H. Non-Smad TGEF-f signals. J. Cell Sci. 2005, 118, 3573-3584.

Eferl, R.; Wagner, E.F. AP-1: A double-edged sword in tumorigenesis. Nat. Rev. Cancer 2003, 3, 859-868.
Hess, J.; Angel, P.; Schorpp-Kistner, M. AP-1 subunits: Quarrel and harmony among siblings. J. Cell Sci.
2004, 117, 5965-5973.

Ozanne, B.W.; Spence, H.J.; McGarry, L.C.; Hennigan, R.F. Transcription factors control invasion: AP-1 the
first among equals. Oncogene 2007, 26, 1-10.

Shaulian, E. AP-1—The Jun proteins: Oncogenes or tumor suppressors in disguise? Cell. Signal. 2010, 22,
894-899.

Lopez-Bergami, P.; Lau, E.; Ronai, Z. Emerging roles of ATF2 and the dynamic AP1 network in cancer. Nat.
Rev. Cancer 2010, 10, 65-76.

Vierbuchen, T.; Ling, E.; Cowley, C.J.; Couch, C.H.; Wang, X.; Harmin, D.A.; Roberts, C.W.M.; Greenberg,
M.E. AP-1 Transcription Factors and the BAF Complex Mediate Signal-Dependent Enhancer Selection. Mol.
Cell 2017, 68, 1067-1082.

Madrigal, P.; Alasoo, K. AP-1 Takes Centre Stage in Enhancer Chromatin Dynamics. Trends Cell Biol. 2018,
28, 509-511.

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.

Trop-Steinberg, S.; Azar, Y. AP-1 Expression and its Clinical Relevance in Immune Disorders and Cancer.
Am. |. Med. Sci 2017, 353, 474-483.

Desmet, C.J.; Gallenne, T.; Prieur, A ; Reyal, F.; Visser, N.L.; Wittner, B.S.; Smit, M.A_; Geiger, T.R.; Laoukili,
J.; Iskit, S.; et al. Identification of a pharmacologically tractable Fra-1/ADORA2B axis promoting breast
cancer metastasis. Proc. Natl. Acad. Sci. 2013, 110, 5139-5144.

Tam, W.L.; Lu, H.; Buikhuisen, J.; Soh, B.S.; Lim, E.; Reinhardt, F.; Wu, Z.].; Krall, J.A.; Bierie, B.; Guo, W.;
et al. Protein kinase C alpha is a central signaling node and therapeutic target for breast cancer stem cells.
Cancer Cell 2013, 24, 347-364.

Dhillon, A.S.; Tulchinsky, E. FRA-1 as a driver of tumour heterogeneity: A nexus between oncogenes and
embryonic signalling pathways in cancer. Oncogene 2015, 34, 4421-4428.

Bakiri, L.; Macho-Maschler, S.; Custic, I.; Niemiec, J.; Guio-Carrion, A.; Hasenfuss, S.C.; Eger, A.; Muller,
M.; Beug, H.; Wagner, E.F. Fra-1/AP-1 induces EMT in mammary epithelial cells by modulating Zeb1/2 and
TGEFp expression. Cell Death Differ. 2015, 22, 336-350.

Hefetz-Sela, S.; Stein, I; Klieger, Y.; Porat, R.; Sade-Feldman, M.; Zreik, F.; Nagler, A.; Pappo, O.; Quagliata,
L.; Dazert, E.; et al. Acquisition of an immunosuppressive protumorigenic macrophage phenotype
depending on c-Jun phosphorylation. Proc. Natl. Acad. Sci. 2014, 111, 17582-17587.

Trierweiler, C.; Hockenjos, B.; Zatloukal, K.; Thimme, R.; Blum, H.E.; Wagner, E.F.; Hasselblatt, P. The
transcription factor c-JUN/AP-1 promotes HBV-related liver tumorigenesis in mice. Cell Death Differ. 2016,
23, 576-582.

Sundqvist, A.; Zieba, A.; Vasilaki, E.; Herrera Hidalgo, C.; Soderberg, O.; Koinuma, D.; Miyazono, K.;
Heldin, C.H.; Landegren, U.; Ten Dijke, P.; et al. Specific interactions between Smad proteins and AP-1
components determine TGF{3-induced breast cancer cell invasion. Oncogene 2013, 32, 3606-3615.
Sundqvist, A.; Morikawa, M.; Ren, J.; Vasilaki, E.; Kawasaki, N.; Kobayashi, M.; Koinuma, D.; Aburatani,
H.; Miyazono, K.; Heldin, C.H.; et al. JUNB governs a feed-forward network of TGFp signaling that
aggravates breast cancer invasion. Nucleic Acids Res. 2018, 46, 1180-1195.

Soule, H.D.; Maloney, T.M.; Wolman, S.R.; Peterson, W.D., Jr.; Brenz, R.; McGrath, C.M.; Russo, J.; Pauley,
RJ.; Jones, R.F.; Brooks, S.C. Isolation and characterization of a spontaneously immortalized human breast
epithelial cell line, MCF-10. Cancer Res. 1990, 50, 6075-6086.

Dawson, P.J.; Wolman, S.R; Tait, L.; Heppner, G.H.; Miller, F.R. MCF10AT: A model for the evolution of
cancer from proliferative breast disease. Am. J. Pathol. 1996, 148, 313-319.

Sundqvist, A.; Vasilaki, E.; Voytyuk, O.; Morikawa, M.; Moustakas, A.; Miyazono, K.; Heldin, C-H; ten
Dijke, P; and van Dam, H. TGFB-SMAD and EGF-MEK synergize to induce AP-1- and p63-dependent
genes enhancing invasion of breast cancer cells. Submitted.

Stephens, P.J.; Tarpey, P.S.; Davies, H.; Van Loo, P.; Greenman, C.; Wedge, D.C.; Nik-Zainal, S.; Martin, S.;
Varela, I; Bignell, G.R.; et al. The landscape of cancer genes and mutational processes in breast cancer.
Nature 2012, 486, 400-404.



Cells 2019, 8, 1481 22 of 24

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ellis, M.J.; Ding, L.; Shen, D.; Luo, J.; Suman, V.J.; Wallis, ] W.; Van Tine, B.A.; Hoog, J.; Goiffon, RJ.;
Goldstein, T.C.; et al. Whole-genome analysis informs breast cancer response to aromatase inhibition.
Nature 2012, 486, 353-360.

Shah, S.P.; Roth, A.; Goya, R.; Oloumi, A.; Ha, G.; Zhao, Y.; Turashvili, G.; Ding, J.; Tse, K; Haffari, G.; et
al. The clonal and mutational evolution spectrum of primary triple-negative breast cancers. Nature 2012,
486, 395-399.

Network, C.G.A.; Network, T.C.G.A.; Koboldt, D.C.; Fulton, R.S.; McLellan, M.D.; Schmidt, H.; Kalicki-
Veizer, J.; McMichael, ].F.; Fulton, L.L.; Dooling, D.J.; et al. Comprehensive molecular portraits of human
breast tumours. Nature 2012, 490, 61-70.

Xue, Z.; Vis, D.J.; Bruna, A.; Sustic, T.; van Wageningen, S.; Batra, A.S.; Rueda, O.M.; Bosdriesz, E.; Caldas,
C.; Wessels, L.F.A.; et al. MAP3K1 and MAP2K4 mutations are associated with sensitivity to MEK
inhibitors in multiple cancer models. Cell Res. 2018, 28, 719-729.

Cellurale, C; Girnius, N,; Jiang, F.; Cavanagh-Kyros, J.; Lu, S.; Garlick, D.S.; Mercurio, A.M.; Davis, RJ.
Role of JNK in mammary gland development and breast cancer. Cancer Res. 2012, 72, 472-481.

Angel, P.; Hattori, K.; Smeal, T.; Karin, M. The jun proto-oncogene is positively autoregulated by its
product, Jun/AP-1. Cell 1988, 55, 875-885.

Radler-Pohl, A.; Sachsenmaier, C.; Gebel, S.; Auer, H.P.; Bruder, ].T.; Rapp, U.; Angel, P.; Rahmsdorf, H].;
Herrlich, P. UV-induced activation of AP-1 involves obligatory extranuclear steps including Raf-1 kinase.
EMBO ]. 1993, 12, 1005-1012.

van Dam, H.; Duyndam, M.; Rottier, R.; Bosch, A.; de Vries-Smits, L.; Herrlich, P.; Zantema, A.; Angel, P.;
van der Eb, A.]. Heterodimer formation of cJun and ATF-2 is responsible for induction of c-jun by the 243
amino acid adenovirus E1A protein. EMBO J. 1993, 12, 479-487.

van Dam, H.; Wilhelm, D.; Herr, I; Steffen, A.; Herrlich, P.; Angel, P. ATF-2 is preferentially activated by
stress-activated protein kinases to mediate c-jun induction in response to genotoxic agents. EMBO ]. 1995,
14,1798-1811.

Wiercinska, E.; Naber, H.P.; Pardali, E.; van der Pluijm, G.; van Dam, H.; ten Dijke, P. The TGF-f3/Smad
pathway induces breast cancer cell invasion through the up-regulation of matrix metalloproteinase 2 and
9 in a spheroid invasion model system. Breast Cancer Res. Treat. 2011, 128, 657-666.

Hamdi, M.; Kool, J.; Cornelissen-Steijger, P.; Carlotti, F.; Popeijus, H.E.; van der Burgt, C.; Janssen, ].M.;
Yasui, A.; Hoeben, R.C.; Terleth, C.; et al. DNA damage in transcribed genes induces apoptosis via the JNK
pathway and the JNK-phosphatase MKP-1. Oncogene 2005, 24, 7135-7144.

Duyndam, M.C.; van Dam, H.; Smits, P.H.; Verlaan, M.; van der Eb, A.J.; Zantema, A. The N-terminal
transactivation domain of ATF2 is a target for the co-operative activation of the c-jun promoter by p300
and 125 E1A. Oncogene 1999, 18, 2311-2321.

De Cesare, D.; Vallone, D.; Caracciolo, A.; Sassone-Corsi, P.; Nerlov, C.; Verde, P. Heterodimerization of c-
Jun with ATF-2 and c-Fos is required for positive and negative regulation of the human urokinase
enhancer. Oncogene 1995, 11, 365-376.

Musti, A.M.; Treier, M.; Bohmann, D. Reduced ubiquitin-dependent degradation of c-Jun after
phosphorylation by MAP kinases. Science 1997, 275, 400-402.

Papavassiliou, A.G.; Treier, M.; Bohmann, D. Intramolecular signal transduction in c¢-Jun. EMBO J. 1995,
14, 2014-2019.

Treier, M.; Bohmann, D.; Mlodzik, M. JUN cooperates with the ETS domain protein pointed to induce
photoreceptor R7 fate in the Drosophila eye. Cell 1995, 83, 753-760.

Oliviero, S.; Robinson, G.S.; Struhl, K.; Spiegelman, B.M. Yeast GCN4 as a probe for oncogenesis by AP-1
transcription factors: Transcriptional activation through AP-1 sites is not sufficient for cellular
transformation. Genes Dev. 1992, 6, 1799-1809.

van Dam, H.; Huguier, S.; Kooistra, K.; Baguet, J.; Vial, E.; van der Eb, A].; Herrlich, P.; Angel, P,;
Castellazzi, M. Autocrine growth and anchorage independence: Two complementing Jun-controlled
genetic programs of cellular transformation. Genes Dev. 1998, 12, 1227-1239.

Carlotti, F.; Bazuine, M.; Kekarainen, T.; Seppen, J.; Pognonec, P.; Maassen, J.A.; Hoeben, R.C. Lentiviral
vectors efficiently transduce quiescent mature 3T3-L1 adipocytes. Mol. Ther. 2004, 9, 209-217.

Watson, A.; Eilers, A.; Lallemand, D.; Kyriakis, J.; Rubin, L.L.; Ham, J. Phosphorylation of c-Jun is necessary
for apoptosis induced by survival signal withdrawal in cerebellar granule neurons. ]. Neurosci. 1998, 18,
751-762.



Cells 2019, 8, 1481 23 of 24

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.
84.
85.

86.

Slack, D.N.; Seternes, O.M.; Gabrielsen, M.; Keyse, S.M. Distinct binding determinants for ERK2/p38alpha
and JNK map kinases mediate catalytic activation and substrate selectivity of map kinase phosphatase-1. |.
Biol. Chem. 2001, 276, 16491-16500.

Zeke, A.; Misheva, M.; Remenyi, A.; Bogoyevitch, M.A. JNK Signaling: Regulation and Functions Based on
Complex Protein-Protein Partnerships. Microbiol. Mol. Biol Rev. 2016, 80, 793-835.

Wagner, E.F.; Nebreda, A.R. Signal integration by JNK and p38 MAPK pathways in cancer development.
Nat. Rev. Cancer 2009, 9, 537-549.

Smeal, T.; Binetruy, B.; Mercola, D.A.; Birrer, M.; Karin, M. Oncogenic and transcriptional cooperation with
Ha-Ras requires phosphorylation of c-Jun on serines 63 and 73. Nature 1991, 354, 494-496.

Pulverer, B.J.; Kyriakis, ].M.; Avruch, J.; Nikolakaki, E.; Woodgett, ].R. Phosphorylation of c-jun mediated
by MAP kinases. Nature 1991, 353, 670-674.

Binetruy, B.; Smeal, T.; Karin, M. Ha-Ras augments c-Jun activity and stimulates phosphorylation of its
activation domain. Nature 1991, 351, 122-127.

Angel, P.; Allegretto, E.A.; Okino, S.T.; Hattori, K.; Boyle, W.].; Hunter, T.; Karin, M. Oncogene jun encodes
a sequence-specific trans-activator similar to AP-1. Nature 1988, 332, 166-171.

Behrens, A.; Sibilia, M.; Wagner, E.F. Amino-terminal phosphorylation of c-Jun regulates stress-induced
apoptosis and cellular proliferation. Nat. Genet. 1999, 21, 326-329.

Nateri, A.S.; Spencer-Dene, B.; Behrens, A. Interaction of phosphorylated c-Jun with TCF4 regulates
intestinal cancer development. Nature 2005, 437, 281-285.

Weiss, C.; Schneider, S.; Wagner, E.F.; Zhang, X.; Seto, E.; Bohmann, D. JNK phosphorylation relieves
HDAC3-dependent suppression of the transcriptional activity of c-Jun. EMBO ]. 2003, 22, 3686-3695.
Huguier, S.; Baguet, J.; Perez, S.; van Dam, H.; Castellazzi, M. Transcription factor ATF2 cooperates with
v-Jun to promote growth factor-independent proliferation in vitro and tumor formation in vivo. Mol. Cell.
Biol. 1998, 18, 7020-7029.

O’Shea, E.K.; Rutkowski, R.; Kim, P.S. Mechanism of specificity in the Fos-Jun oncoprotein heterodimer.
Cell 1992, 68, 699-708.

Vasilaki, E.; Morikawa, M.; Koinuma, D.; Mizutani, A.; Hirano, Y.; Ehata, S.; Sundqvist, A.; Kawasaki, N.;
Cedervall, J.; Olsson, A.K,; et al. Ras and TGF-f signaling enhance cancer progression by promoting the
DeltaNp63 transcriptional program. Sci. Signal. 2016, 9, ra84.

Akhurst, RJ. Targeting TGF-f3 Signaling for Therapeutic Gain. Cold Spring Harb. Perspect. Biol. 2017, 9,
a022301.

Colak, S.; Ten Dijke, P. Targeting TGF-{ Signaling in Cancer. Trends Cancer 2017, 3, 56-71.

Wong, K K. Recent developments in anti-cancer agents targeting the Ras/Raf/MEK/ERK pathway. Recent
Pat. Anti-Cancer Drug Discov. 2009, 4, 28-35.

Chappell, W.H.; Steelman, L.S.; Long, ] M.; Kempf, R.C.; Abrams, S.L.; Franklin, R.A.; Basecke, J.; Stivala,
F.; Donia, M.; Fagone, P.; et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR inhibitors: Rationale and
importance to inhibiting these pathways in human health. Oncotarget 2011, 2, 135-164.

Das, M.; Garlick, D.S.; Greiner, D.L.; Davis, R.J. The role of JNK in the development of hepatocellular
carcinoma. Genes Dev. 2011, 25, 634-645.

Gozdecka, M,; Lyons, S.; Kondo, S.; Taylor, J.; Li, Y.; Walczynski, ].; Thiel, G.; Breitwieser, W.; Jones, N. JNK
suppresses tumor formation via a gene-expression program mediated by ATF2. Cell Rep. 2014, 9, 1361-
1374.

Abell, A.N.; Granger, D.A; Johnson, N.L.; Vincent-Jordan, N.; Dibble, C.F.; Johnson, G.L. Trophoblast stem
cell maintenance by fibroblast growth factor 4 requires MEKK4 activation of Jun N-terminal kinase. Mol.
Cell. Biol. 2009, 29, 2748-2761.

Shaulian, E.; Karin, M. AP-1 in cell proliferation and survival. Oncogene 2001, 20, 2390-2400.

Weston, C.R.; Davis, R.J. The JNK signal transduction pathway. Curr. Opin. Cell Biol. 2007, 19, 142-149.
Diefenbacher, M.; Sekula, S.; Heilbock, C.; Maier, J.V.; Litfin, M.; van Dam, H.; Castellazzi, M.; Herrlich, P.;
Kassel, O. Restriction to Fos family members of Trip6-dependent coactivation and glucocorticoid receptor-
dependent trans-repression of activator protein-1. Mol. Endocrinol. 2008, 22, 1767-1780.

Kurrey, N.K,; Jalgaonkar, S.P.; Joglekar, A.V.; Ghanate, A.D.; Chaskar, P.D.; Doiphode, R.Y.; Bapat, S.A.
Snail and slug mediate radioresistance and chemoresistance by antagonizing p53-mediated apoptosis and
acquiring a stem-like phenotype in ovarian cancer cells. Stem Cells 2009, 27, 2059-2068.



Cells 2019, 8, 1481 24 of 24

87. Bhola, N.E.; Balko, J.M.; Dugger, T.C.; Kuba, M.G.; Sanchez, V.; Sanders, M.; Stanford, J.; Cook, R.S.;
Arteaga, C.L. TGF-f inhibition enhances chemotherapy action against triple-negative breast cancer. J. Clin.
Invest. 2013, 123, 1348-1358.

88. Huang, S.; Holzel, M.; Knijnenburg, T.; Schlicker, A.; Roepman, P.; McDermott, U.; Garnett, M.; Grernrum,
W.; Sun, C,; Prahallad, A.; et al. MED12 controls the response to multiple cancer drugs through regulation
of TGF-f3 receptor signaling. Cell 2012, 151, 937-950.

89. Lu, D, Chen,S,; Tan, X,; Li, N,; Liu, C.; Li, Z,; Liu, Z,; Stupack, D.G.; Reisfeld, R.A.; Xiang, R. Fra-1 promotes
breast cancer chemosensitivity by driving cancer stem cells from dormancy. Cancer Res. 2012, 72, 3451-3456.

90. van Staalduinen, J.; Baker, D.; Ten Dijke, P.; van Dam, H. Epithelial-mesenchymal-transition-inducing
transcription factors: New targets for tackling chemoresistance in cancer? Oncogene 2018, 37, 6195-6211.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ ® | article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




