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Co-opted JNK/SAPK
Signaling in Wnt/B-catenin-
Induced Tumorigenesis'

Abstract

Aberrant stimulation of the canonical Wnt pathway induces mammary tumorigenesis in mice. It has been well
documented that two types of tumors, adenocarcinoma and adenocarcinoma with squamous metaplasia, develop
in these mutants. However, the molecular mechanism underlying the induction of squamous transdifferentiation
remains largely unknown. Here, we show that JNK/SAPK signaling plays an important role in Wnt-dependent mam-
mary development and malignant transformation. The JNK/SAPK pathway is stimulated in pregnancy-mediated
lobulo-alveolar morphogenesis, a process highly dependent on Wnt/B-catenin signaling. Strong elevations of
JNK/SAPK signaling are associated with squamous metaplasia of the Wnt-induced adenocarcinoma. Reconstitu-
tion of B-catenin and JNK/SAPK signaling activities also promotes expression of the squamous cell marker in cul-
tured epithelial cells. Furthermore, a synergistic activation of these two pathways can be identified in the malignant
squamous cells of human endometrial and lung cancers. This is potentially a significant discovery in modern cancer
therapy because of the effectiveness of an angiogenesis inhibitor, Avastin, for the treatment of adenocarcinoma, but
not squamous cell carcinoma, in human lung cancers. Our finding may improve the usage of biomarkers to distin-
guish these two poorly differentiated tumor types, sharing similar histologic features.
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Introduction scription factors of the lymphoid enhancer factor/T cell factor (LEF/

Whnt signaling is important for diverse processes during embryonic,
fetal, and postnatal development [1]. Deregulation of Wnt signaling
has also been linked to pathogenesis of various diseases [2]. p-Catenin,
a key component of adherens junction, plays an essential role in trans-
duction of the canonical Wnt pathway [3]. The cellular level of B-
catenin is controlled by a disruption complex, including Axin, APC,
and GSK-3p [4]. In the absence of a Wnt signal, this complex binds
to PB-catenin, mediating its phosphorylation and degradation through
the ubiquitin-mediated proteolysis system [5]. Wnt signals perturb
the formation of the disruption complex by activating the upstream
regulators, leading to nuclear accumulations of B-catenin [6]. The
downstream signaling events are triggered by its interaction with tran-

TCF) family to regulate target gene expression [7].

Wnt signaling is intimately involved in the development and neo-
plastic transformation of the mammary gland [8]. Several members
of the Wnt family are expressed in the epithelium and stromal
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compartments at various stages of mammary development [9]. It
has been well established that aberrant stimulation of the canonical
Wnt pathway, such as transgenic expression of Wntl, Wntl0b, re-
sults in mammary tumorigenesis in mice [10,11]. Expression of a
degradation-deficient form of B-catenin leads to the formation of
mammary tumors in mice [12]. Transgenic mice with elevated levels
of the Wnt target cyclin D1 or c-myc also develop mammary tumors
[13,14]. Furthermore, Wnt signals are required not only for induc-
tion but also for the inhibition of mammary development. The loss
of Wnt4 impairs the early phases of pregnancy-dependent mammary
morphogenesis [15]. In contrast, Wnt5a-null mammary tissue ex-
hibits an accelerated cell growth and proliferation capacity [16]. This
probably is due to the involvement of Wnt5a in an alternative path-
way (see below). Reduction of Wnt/B-catenin signaling by high levels
of Axin or a dominant-negative B-catenin interferes with alveolar
morphogenesis at late pregnancy stages [17,18]. The loss of LEE-1
transcription factor in mice led to the lack of mammary bud forma-
tion at embryogenesis [19]. These studies imply that Wnt signaling
is critical for mammary development in health and disease.

In addition to PB-catenin, Wnt signals have been shown to trans-
duce through alternative pathways [20,21]. Wnt5a, Wnt5b, and
Wntll are representatives of noncanonical Wnt signaling through
JNK/SAPK (Jun N-terminal kinase/stress—activated protein kinase),
a cascade similar to the planer cell polarity pathway in Drosophila.
Aberrant activation of Wnt/JNK pathway seems to develop more
malignant phenotypes, such as abnormal tissue polarity, invasion,
and metastasis [21]. Stimulation of Wnt5a has been associated with
various types of human cancers, including gastric cancer, lung can-
cer, and melanoma. There are a few molecules playing an essential
role in both canonical and noncanonical pathways, suggesting that
the Wnt signal might diverge at these transducers. Both Dsh/Dvl
and Axin have been shown to activate Wnt/JNK signaling cascade
through domains distinct from those regulating B-catenin [22]. Axin
induces JNK/SAPK activity through its MEKKI binding and self-
association domains [23]. These domains do not seem to be required
for down-regulation of B-catenin in Xenopus axis determination [24].
In Drosophila, the DIX domain of Dsh is dispensable for the planer
cell polarity pathway, whereas it is essential for B-catenin signaling
[25]. The dual role of signal transducers raises the question of overlap
between the Wnt pathways, as well as other signaling pathways.
However, the significance of cross-signaling interaction in normal de-
velopmental processes and pathogenesis of human diseases remains
largely elusive.

In this study, we investigated the potential role of JNK/SAPK sig-
naling in Wnt-dependent mammary development and tumorigenesis
in mice. The JNK and its related p38 MAP kinases were stimulated
during pregnancy-mediated lobulo-alveolar morphogenesis, a process
highly dependent on Wnt/B-catenin signaling. In the hyperplasia and
adenocarcinoma caused by high levels of Wnt, JNK/SAPK signaling
apparently was not induced. However, the Wnt/JNK pathway was
strongly stimulated in squamous metaplasia, a process in which the
presence of glandular epithelium is replaced by squamous epithe-
lium, suggesting its involvement in the transdifferentiation of ma-
lignant cells. Reconstitution of B-catenin and JNK/SAPK signaling
activities promoted expression of squamous cell markers in cultured
epithelial cells. Furthermore, our finding led us to identify that these
two pathways are synergistically activated in the malignant squamous
cells of human endometrial and lung cancers. Our results suggest that
JNK/SAPK signaling not only has a crucial function in squamous cell

differentiation but also plays a co-opted role in the Wnt/B-catenin—
mediated oncogenic transformation.

Materials and Methods

Animals and Human Samples

MMTV-Wntl mice, expressing Wntl under control of the MMTV
promoter, were generated and described previously [26]. Briefly, mam-
mary hyperplasia could be detected in all of the transgenic animals.
Approximately 50% of the females developed mammary tumor at 3
to 6 months of age. Mice carrying the MMTV-Watl transgene were
genotyped by polymerase chain reaction analysis using primers (5'-
ggacttgctictetictcatagee-3’ and 5”-ccacacaggeatagagtgtetge-3’) to iden-
tify the transgene. The polymerase chain reaction was performed by
denaturation at 94°C for 2 minutes and 34 cycles of amplification
(94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 45 seconds),
followed by a 2-minute extension at 72°C. Care and use of experimen-
tal animals described in this work comply with guidelines and policies
of the University Committee on Animal Resources at the University of
Rochester. The paraffin sections of human endometrial and lung
cancers were obtained based on a protocol approved by University
of Rochester Research Subjects Review Board. The identifiers of all
patients have been removed to protect confidentiality. The study, ap-
proved by the program director at the National Cancer Institute, was
judged “NO” for human subject research because we could not have
an intervention with a living person and would not receive or record
any identifiable information.

Cells and DNA

C57MG and C57MG-Wntl mammary epithelial cell lines were
obtained from Arnold Levine [27]. Cells were cultured with DMEM
containing 10% FCS, 100 U of penicillin, and 100 mg/ml strepto-
mycin in a humidified 5% CO, incubator at 37°C. The pcatC-Lefl1
is a DNA plasmid containing the C-terminal activation domain of
human B-catenin (amino acids 696-781) fused to the amino ter-
minus of LEF-1 [28]. The pCMV-AMEKKI1 contains a dominant/
constitutively active form of MEKK1 under control of a CMV pro-
moter [29]. The pCMV-SEK"" is a plasmid permitting the expres-
sion of a partially active SEK1 [30]. Approximately 2 x 10% cells were
plated 24 hours before transfection. Introduction of DNA plasmids
(0.5 pg per plasmid) into the cultured cells was performed by
Lipofectamine 2000-mediated transfection according to the manu-
facturer’s protocol (Invitrogen, Carlsbad, CA). Cells were harvested
24 hours after the transfection.

Histologic Diagnosis, Immunostaining, and Immunoblot
Samples were fixed, paraffin-embedded, sectioned, and stained with
hematoxylin/eosin for histologic evaluation as described [31,32].
Tissue sections were subject to immunologic staining with avidin/
biotinlylated enzyme complex or indirect fluorescent staining as de-
scribed [17,33,34]. Briefly, samples were deparaffinized and hydrated,
followed by antigen unmasking (Vector Laboratories, Burlingame,
CA). Endogenous peroxidase activity was blocked by incubating
sections with 3% hydrogen peroxide. For the use of mouse primary
antibodies, sections were incubated with mouse IgG blocking solu-
tion (Vector Laboratories). After addition of primary antibodies for
30 minutes at room temperature, sections were incubated with horse-
radish peroxidase—conjugated secondary antibodies for 10 minutes at
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to cause fetal pulmonary hemorrhage in patients with squamous cell
carcinoma. Since the advent of this drug, it has become critical
to separate these two tumor types. However, adenocarcinoma and
squamous cell carcinoma, sharing similar histologic features, can be
difficult to distinguish when they are poorly differentiated. It would
be interesting to determine whether the JNK/SAPK signaling mole-
cules can be used as additional markers for differential diagnosis. The
study may also shed light on the molecular pathogenesis of these two
tumor types in lung.

A previous report indicated that Wnt5a up-regulated in human
oral cancers is a potential marker of the malignant phenotype of
squamous cell carcinoma [50]. Because Wnt5a is a member of non-
canonical Wnt, the data support the notion of co-opted JNK/SAPK
signaling in Wnt-induced tumorigenesis. Activation of the JNK/
SAPK pathway was shown to mediate the expression of a squamous
cell marker SPRR1B in respiratory injuries caused by environmental
pollutants [51,52]. In a rat model of tobacco smoke—induced cell
proliferation and squamous metaplasia, the JNK/SAPK signaling
cascade and cyclin D1 expression were also stimulated [53]. Indeed,
Wnt/B-catenin signaling was shown to be activated in cigarette
smoke—induced lung tumorigenesis, further supporting our hypoth-
esis [54]. In addition, targeted disruption of Wnt7b in mice caused
lung hypoplasia due to defects in mesenchymal proliferation [55].
Wnt/B-catenin signaling is also required for branching morphogene-
sis and cell type specification of embryonic lung development [56—
58]. It has been suggested that Wnt/JNK signaling could diverge
from the canonical pathway at the level of Axin, which binds to
MEKK]1 directly [23]. However, we failed to detect stimulation of
PJNK, PJun63, and PJun73 by Axin or dnAxin that contains all
the necessary domains required to activate JNK/SAPK as reported
previously [23]. Recent reports showed that ectopic expression of
Axinl modulates the JNK/SAPK activity affecting embryonic dorso-
ventral patterning [59] and that the Axin-dependent JNK/SAPK ac-
tivation might contribute to the dominant-negative phenotypes of
the Axin™ allele [60]. Nevertheless, there is still a lack of i vivo ev-
idence to support the notion that Axin is essential for JNK/SAPK
activation. We also did not find any alterations of the J]NK/SAPK
pathway in the Axin2-null mutants during skull morphogenesis (Liu
and Hsu, unpublished observations). Whether the loss of JNK/SAPK
activation contributed to the phenotypic defects caused by the disrup-
tion of Axinl [40] or Axin2 [33] remains obscure. The present study
suggests that a stress-activated pathway parallel to Wnt/B-catenin is
necessary for the stimulation of JNK/SAPK signaling in squamous
metaplasia. However, we are not able to rule out the possibility that
this signaling converged at some point with the Wnt pathway, or
modulated its signaling, to induce squamous differentiation. The sig-
naling event might be modulated at the level upstream of Axin, e.g.,
Dsh/Dvl [25,61]. Diversin, shown to function as a molecular switch
to suppress Wnt/B-catenin while promoting Wnt/JNK, is another
candidate [62]. Future investigation focusing on the cooperation of
the Wnt/B-catenin and Wnt/JNK signaling cascades promises impor-
tant insight into the mechanism underlying normal development and
pathogenesis of human diseases.
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