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Factors that determine the binding patterns of Smads. (a) A group of genes that are simultaneously regulated by a specific Smad~

cofactor complex is known as a synexpression group. Distinct combinations of DNA-binding cofactors in different contexts determine the set
of genes regulated by Smad complexes. (b) Cell-type- or lineage-specific master transcription factors (purple) open up local chromatin
structure to make Smad-binding regions (red) accessible. The master transcription factors also physically interact with Smads and, in some
cases, recruit them to their binding sites. DNA-binding cofactors, induced and activated in context-dependent manner, strengthen the
interaction between Smad and DNA. Interaction with coactivators/corepressors also affects the regulation of their target genes. A full colour

version of this figure is available at the Oncogene journal online.

the BMP4-modulated early neural differentiation regulators,
suggesting that loss of repressive histone marks through the
Smad-KDM6B pathway explains the transcriptional regulation
especially at later time points.

In addition to sequence-specific DNA-binding transcription
factors, histone code reader proteins, which are recruited and
bound to specific histone modifications, are reported to help to
determine the binding sites of Smad proteins. Massagué and
colleagues have reported that tripartite motif 33 (TRIM33, also
known as TIF1y or Ectodermin), physically interacts with Smad2
and Smad3, to make a TRIM33-Smad2/3 complex without
Smad4.®® The TRIM33 contains an N-terminal RING finger/B-box/
coiled coil (RBCC) or TRIM domain, and a plant homeodomain
(PHD) zinc finger and a Bromo domain in the C-terminus. They
reported that the PHD-Bromo cassette recognized histone H3
lysine-9 trimethylation (H3K9me3) and H3 acetylation especially at
lysine residues 18 and 23 (H3K18ac and H3K23ac). During mESC
differentiation, nodal signaling triggered TRIM33-Smad2/3 com-
plex formation. The TRIM33-Smad2/3 complex recognizes and
binds to H3K9me3-K18ac dual histone marks and displaces the
chromatin-compacting factor heterochromatin protein 1y (HP1y)
in the GSC and MIXLT promoters, resulting in the remodeling of
the local chromatin structure (Figure 3b).”® Agricola et al”" also
found that TRIM33 recognizes and binds to H3K18ac/K23ac, On
the other hand, TRIM33 has been reported to bind Smad4 and
function as a RING-type ubiquitin ligase for Smad4.”® Consistent
with this model, Agricola et al.”’ reported that TRIM33 inhibits
Smad4 function through ubiquitin-mediated degradation of
Smad4, and that its E3 ubiquitin ligase activity is induced after
binding to histones. The detailed mechanisms have not been
settled, but TRIM33 recognizes a specific histone code and
modulates TGF-B/BMP signaling. Since the relationship between
Smad proteins and histone modification marks has not been fully
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elucidated on a genome-wide scale, future analyses will address a
possible mechanistic link between Smad proteins and epigenetic
marks using ChiP-chip/ChIP-seq approach.

SMAD BINDING AND GENE REGULATION

Previous studies have indicated that binding of transcription
factors detected by ChIP-chip/ChiP-seq experiments are not
necessarily associated with transcriptional regulation of nearby
genes (reviewed in Farnham’3), It has frequently been observed
that changing the level of a DNA-binding transcription factor
alters the expression level of only 1-10% of its potential target
genes. Most of the recent studies have confirmed that 1-20% of
Smad-binding sites are associated with the regulation of
expression of nearby genes. This discrepancy is in part due to
the fact that mRNA levels do not only reflect transcriptional
activities, since mRNA levels are also regulated by other biological
processes, for example, degradation. Another explanation for the
discrepancy is related to the definition of target genes. Although
most studies assign binding sites to the nearest gene within 50kb,
this is not always the case. For example, Trompouki et al. revealed
that several transcription factors, including Smad1, cooperatively
regulate the expression of the hematopoietic gene LMO2 through
binding to the known enhancer region at 72 kb upstream of the
transcription start site in K562 cells.'®”* We also observed that
Smad1/5 bound to a region 57 kb upstream of the transcription
start site of Smadé in ECs, as well as the LMO2 — 72 kb enhancer.>’
This region has been reported to be associated with Smad6
expression in the heart, vasculature and hematopoietic organs,””
suggesting that the binding to this region, as well as the promoter
region, plays an important role in these cell types. Recently,
methods that characterize the chromatin architecture have been
developed. Chromosome conformation capture (3C) assays make
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Smad proteins and histone modification marks. Smad proteins have been reported to induce local chromatin remodeling and

modification at their binding sites. Several models are described in ES cells, where early developmental genes are poised and ready to be
activated in response to extracellular signals, such as nodal. (a) R-Smads physically interact with a histone demethylase, KDM6B (also known as
JMJD3), and recruit it to their target sites, followed by the loss of the H3K27me3 repressive mark (light green). (b) Xi et al.”® reported that nodal
signaling triggered TRIM33-Smad2/3 complex formation. The TRIM33-Smad2/3 complex recognizes and binds to H3K9me3-K18ac dual
histone marks (light blue) and displaces the chromatin-compacting factor HP1y (heterochromatin protein 17) in the GSC and MIXL1 promoters,
resulting in the remodeling of the local chromatin structure to make Smad-binding region(s) (red) accessible. A full colour version of this

figure is available at the Oncogene journal online.

it possible to study [ong-distance regulation of genes by
enhancers through formation of chromatin loops (reviewed in
Simonis et al.’®). Application of these technologies will help to
identify the functional relationship between Smad-binding sites
and genes implicated in cancer progression.

It is also possible that for many sites, binding of Smads is not
sufficient for transcriptional regulation, but additional stimuli are
required to drive the expression of the target genes, For example,
costimulation with tumor necrosis factor-o, which induces the
transcriptional repressor ATF-3, affects the expression regulation
of the /d1 gene and cellular response3*** Sometimes, ligand
stimulation itself induces these cofactors and makes a feed-
forward circuit, like in myotube differentiation. The myogenic
transcription factor MyoD directly regulates genes expressed
during skeletal muscle differentiation together with other
transcription factors such as MEF27” and Zfp238 (also known as
RP58).”® These transcription factors are also induced by MyoD, and
MEE2 functions with MyoD in a positive feed-forward circuit,”’
while Zfp238 participates in a negative feed-forward circuit.”®
Comparison of MyoD-binding patterns of mouse C2C12 myoblasts
and differentiated myotubes has revealed that most binding
events in myoblasts are not directly associated with gene
regulation. However, MyoD binding increases during myogenic
differentiation at many of the regulatory regions associated with
genes expressed in skeletal muscle. Intriguingly, the myotube-
increased binding sites are enriched for MEF2-like motifs, while
the myotube-decreased peaks are enriched for Zfp238-like
motifs,”® consistent with the fact that MEF2 positively and
Zfp238 negatively cooperate with MyoD. it is possible that TGF-
B stimulation induces certain transcription factors, which take part
in feed-forward regulatory loops and cooperatively regulate gene
expression especially at late time points.
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IDENTIFICATION OF A TGF-§ GENE SIGNATURE

The notion of ‘gene signature’ comes from the early work on
cancer classification and prognosis prediction using genome-wide
gene expression profiles obtained from microarray analyses of
cancer patients.”® Identification of a group of genes that reflect
the activity of a common function, pathway or other property in a
specific context, are sometimes more revealing compared with the
analysis of single genes. Gene expression signatures obtained in
experimental conditions has proved to subcategorize patients
and predict their prognosis. Concemning TGF-B, Coulouarn et al.®°
reported that TGF-B-responsive genes at late time points, or a
late TGF-B signature, which were identified in mouse primary
hepatocytes, successfully discriminate distinct subgroups of
hepatocellular carcinoma and possess a predictive value for
hepatocellular carcinoma patients.

Combination of ChlP-chip/ChiP-seq and genome-wide tran-
scriptome analyses provides an accurate prediction of target
genes of Smad proteins. TGF-B family members regulate a variety
of target genes both directly and indirectly, and modulate many
biological processes. The chromatin-binding landscape of Smad
proteins, obtained by ChiP-chip/ChIP-seq, will help to identify
specific genes that are directly regulated by Smad proteins. It will
also help to dissect a specific cellular program regulated by TGF-B
family members, for example, the growth inhibitory and apoptosis
programs of TGF-f. So far, many groups have identified groups of
direct TGF-p target genes by using this strategy. Importantly, the
TGF-B/Smad4 target gene signature identified in an ovarian cancer
cell line predicts patient survival, based on in silico mining of
publically available patient data bases.?' Since TGF-p functions as
a tumor suppressor in low-grade carcinoma cells, while it
promotes metastasis in advanced carcinoma cells, a direct
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comparison of the Smad-binding sites of these two stages of
tumorigenesis, obtained from experimental models or from cancer
patients, may reveal specific gene signatures of TGF-f correlating
to its tumor suppressive and tumor-promoting roles, respectively.
This may provide us more novel predictive indicators and
biomarkers for TGF-§ targeting treatments.

CONCLUSIONS AND PERSPECTIVES 1
The signaling pathways of TGF-p family members are key players
in tumorigenesis and cancer progression. TGF-p can function both
as a tumor-suppressing and a tumor-promoting factor during 1
cancer progression. BMP signaling has been reported to play
critical roles in oncogene-induced senescence, which is part of the
tumorigenesis barrier and blocks cellular proliferation by inducing
irreversible growth arrest.%® Interestingly, BMP signaling induces
differentiation of certain cancer-initiating cells, such as glioma-
initiating cells,®" while TGF-B/activin signaling maintains their ]
stem cell-like properties®'® Since Smad proteins are central
mediators of the signal transduction, studies on global and
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genome-wide binding sites of Smad proteins may reveal 14 Heldin CH, Miyazono K, ten Dijke P. TGF-beta signalling from cell membrane to

important insights into their complex biological functions.

Identification of an appropriate antibody is the first and most
important step for ChiP-chip and ChiP-seq analyses, because the
quality of ChiP data depends crucially on the quality of the
antibody used.'® Since MH1 and MH2 domains are conserved
among R-Smads, several specific antibodies for Smad proteins
recognize their linker region. However, linker regions are targets of 1
posttranslational modification and protein interactions, as
discussed above. It is possible that such changes may attenuate
the affinities of antibodies under specific conditions. Although 1
ChlP-grade antibodies for Smad proteins have been established
(Supplementary Table 2), careful interpretation of the results will
be required.

In summary, genome-wide analysis of the binding sites of Smad
proteins have led to important discoveries of their cell-type- 2
specific and context-dependent functions. Application of genome-
wide techniques to experimental models and human samples
derived from cancer patients, will help to clarify their complex 2
mechanisms during cancer progression, and may also provide
potential prognostic biomarkers for future cancer therapy.
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Specific interactions between Smad proteins and AP-1
components determine TGFB-induced breast cancer cell invasion

A Sundqvist’, A Zieba®®, E Vasilaki'*, C Herrera Hidalgo', O Séderberg? D Koinuma®, K Miyazono'3, C-H Heldin®, U Landegren?,
P ten Dijke™* and H van Dam'*

INTRODUCTION

Transforming growth factor § (TGFf) family members are secreted
homodimeric proteins that exert a wide range of biological effects
on a large variety of cell types, including regulation of
proliferation, differentiation, migration and apoptosis. Signaling
by TGFp cytokines occurs via ligand-induced heteromeric complex
formation of distinct type | and type Il serine/threonine kinase
receptors, causing the type | receptor to become phosphorylated
by the constitutively active type Il receptor. The activated TGFf
type | receptor kinase propagates the signal within the cell
through phosphorylation of the receptor-regulated (R-)Smad
proteins Smad2 and Smad3 at their extreme carboxyl-terminal
serine residues.’? The activated R-Smads then form heteromeric
complexes with the common-partner (Co-)Smad, Smad4, and
accumulate in the nucleus, where they can bind DNA and regulate
gene expression. The Smads control gene expression in a cell
type-specific manner by interacting with other proteins, such as
AP-1, AP-2 and Ets transcription factors and specific co-activators
and co-repressors.>” These interactions can alter the intensity,
duration and specificity of the TGFB-signaling response.
Aberrant regulation of TGFf signaling has been implicated in
several pathological situations such as carcinogenesis, vascular
disorders and fibrosis.®® TGFB has a biphasic role in tumor
progression. In the early stages of tumor development, TGFj

inhibits cell growth and thus acts as a tumor suppressor. Escape
from TGFB/Smad-induced growth inhibition and apoptosis is
commonly observed in tumors. In late-stage cancer, TGFB has
been shown to function as a tumor promoter, by stimulating

- dedifferentiation of epithelial cells to malignant invasive and

metastatic fibroblastic cells.®® This epithelial-mesenchymal transi-
tion (EMT) is a complex process. It involves disruption of
polarization of epithelial cells and gain of spindle-shaped
morphology with formation of actin stress fibers, reduced cell-
cell junctions through delocalization and downregulation of
E-cadherin, and increased cellular motility. Transcriptional repres-
sors of E-cadherin, such as SIP1, Snail and Slug, are induced by
TGFR.>"" Induction of EMT by TGF can be observed in many
different epithelial cell types and is promoted by activated Ras,
activated Raf or by serum treatment.'? It can be mediated both by
perturbed Smad-dependent pathways and non-Smad signaling
pathways, including MAP kinase pathways."*'* Knockdown of
Smad3 and Smad4, but not of Smad2, inhibits TGFB-induced EMT
of NMuMG cells.">®

The dimeric Jun/Fos and Jun/ATF AP-1 transcription factor
complexes are composed of c-Jun, JunB, JunD, c-Fos, FosB, Fral,
Fra2 and certain ATF members, such as ATF2. These proteins
control cell proliferation and differentiation by regulating gene
expression in response to a wide range of stimuli, and they can be
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induced and/or activated through multiple signaling pathways, for
example, MAP kinase pathways.'”2° Certain AP-1 components
have been implicated in carcinogenesis and tumor cell
invasion.2>* In the case of TGFp family signaling, both Smad-
dependent and Smad-independent pathways can contribute to
AP-1 activation.**

Previously, we established a 3D model of collagen-embedded
spheroids of non-malignant, premalignant and metastatic
MCF10A human breast cancer cells. We showed that in this
system TGFB-receptor | kinase and Smad4 and Smad3 are
essential factors for TGFB-induced invasion, by activating among
others the secreted proteases MMP-2 and MMP-9.2* |n the present
study, we have used this breast cancer invasion model to analyze
the role of specific transcription factor AP-1 components in TGFB/
Smad-induced invasion.

RESULTS

TGFB signaling induces increased levels of various AP-1
components in MCF10A Ml cells

We previously showed that Smad4 and Smad3 have critical roles
in TGFB-induced invasion of both premalignant (MIl) and
malignant (MIV) MCF10A breast epithelial cells.?* As Smads can
regulate gene expression in cooperation with AP-1 transcription
factors, and various AP-1 components have been implicated in
tumor cell invasion, we first examined whether the expression
of AP-1 components is regulated by TGFB in MCF10A MII cells.
As MIl cells are Ras-transformed cells that can secrete various
growth factors and cytokines themselves, including TGFB and/or
TGFp-related cytokines,** we examined non-stimulated and TGFp-
stimulated cells both in the absence and presence of the TGFpBRI
kinase inhibitor SB-505124. Activation (phosphorylation) of Smad2
and Smad3 was analyzed for comparison.

We used TGFB3 in this study because little is known about the
response of breast cancer cells to TGFB3, in contrast to TGFB1. All
three TGFp isoforms are expressed during breast cancer progres-
sion, but some contradictory results have been obtained with
respect to the correlation between expression levels and
prognosis (reviewed in Laverty et al.”). Importantly, both TGFB1
and TGFB3 can bind directly to the type Il receptor (TGFpRI),
whereas TGF-B2 requires the presence of the co-receptor B-glycan.
Moreover, we found the binding pattern of TGFB3 in M2 cells to
closely match the pattern reported for TGFB1, binding TGFBRII,
ALK5/TGFBRI and B-glycan.®*~*® However, in certain assays TGFf3
appears to be a slightly more potent stimulator than TGFB1.%°

As shown in Figure 1 and Supplementary Figure 1, we found
TGFB to strongly increase the protein levels of the AP-1
components c-Jun, JunB, c-Fos and FosB. The TGFPRI kinase
inhibitor SB-505124 inhibited the induction of c-Jun, JunB, c-Fos
and FosB by TGFp only at later time points (6 and 16 h; Figure 1).
However, phosphorylation of Smad2 and Smad3 by TGFB was
already efficiently inhibited by SB-505124 after 1 h. Therefore, the
Jun and Fos induction detected at the 1-h time point is most likely
due to non-TGFPRI kinase-dependent TGFB signaling.'* Fra1, Fra2
and ATF2 were easily detected in non-stimulated Ml cells, but
only minor effects on expression levels were recorded upon
addition of TGFP or TGFBRI kinase inhibitor. Finally, the increase in
c-Fos and Fra2 in the non-treated cells detected after 16 h, which
was weakly inhibited by SB-505124, was probably due to
autocrine factors, some of which might be TGF related and/or
dependent.

Differential effects of AP-1 components on MCF10A Mil spheroid
invasion

We next analyzed the role of AP-1 in TGFB-induced collagen invasion
of Ml spheroids. For this purpose, we first specifically depleted
AP-1 components with validated Dharmacon (VWR International AB,

Oncogene (2012), 1-10
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Figure 1. TGFB-induced AP-1 activity in MCF10A Ml cells. MCF10A
Ml cells were serum-starved for 16 h, treated with TGFB3 and the
TGFBRI inhibitor SB-505124 as indicated, and analyzed by immuno-
blotting. SB-505124 was added 15 min before TGFB3.

Stockholm, Sweden) smart-pool siRNAs (Figure 2a). Knockdown
of individual AP-1 components had only minor effects on the
other members, with the exception of c-Fos and Fral that were
significantly decreased by knockdown of c-Jun or JunB. These
effects of AP-1 proteins on other famify members are most likely
due to the fact that various AP-1 components are (auto-)regulated
via AP-1-binding sites in their promoters, and the fact that Fos
family members can be stabilized by dimerization to Jun family
members."”®?*?” The reduced c-Jun levels upon Smad4 knock-
down in Figure 2a indicate that the late TGFB induction of c-jun is
Smad dependent, which is in line with previous studies.*'*

The effect of AP-1 knockdown on invasion was subsequently
compared with the effect of the TGFBRI-kinase inhibitor SB-505124
and Smad4 siRNA, as our previous studies had shown that
TGFBRI-kinase inhibition nearly completely blocks TGFB-induced
collagen invasion of MIl spheroids, whereas knockdown of
Smad4 only has a partial effect?* Importantly, siRNA-mediated
knockdown of none of the AP-1 components affected the
formation of spheroids (Figure 2b). However, knockdown of JunB
strongly inhibited TGFf-induced collagen invasion, whereas
knockdown of c-Jun, c¢-Fos and Fral inhibited invasion to a
slightly lower extent (Figures 2c and d). Knockdown of ATF2, FosB
or Fra2 not or hardly inhibited TGFB-induced collagen invasion
(Figures 2c and d). These results therefore suggest that the
induction of c-Jun, JunB and c-Fos by TGFp is an essential step
during TGFB-induced invasion of Mli cells, and that only a specific
subset of AP-1 components is essential.

Identification of Smad and AP-1-dependent mesenchymal and
invasion-associated genes

We next tried to obtain clues on the mechanism by which AP-1
mediates TGFB-induced invasion in Ml cells. For this, we
examined the effect of ¢-Jun, JunB, c-Fos or Fral knockdown on
the expression of a panel of invasion- and EMT-associated TGFp
target genes. As shown in Figure 3a, c-Jun, JunB and Fra1, but
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Figure 2. Effect of AP-1 knockdown on MCF10A Ml spheroid invasion in collagen. {a) Knockdown of AP-1 components. After transfection
with Dharmacon smart pool siRNAs, cells were stimulated with TGFB3 for 19h and analyzed by immunoblotting (ns: non-specific siRNA).
(b-d) TGFB-induced collagen invasion of MCF10A MIl spheroids. Forty-eight hours after transfection with siRNA, cells were embedded in
collagen in the absence or presence of TGFP3 and the TGFBRI inhibitor SB-505124 (SB) as indicated. Representative pictures of spheroids were
taken just after embedding into collagen (b) or 48 h after embedding (c). (d) Relative invasion was quantified as the mean area that the
spheroids transfected with the individual siRNA occupy 48 h after being embedded in collagen. Results are expressed as mean £ s.d. (n=5).

*P <0.05, ¥*P<0.01, ***P<0.001.

not c-Fos, were found to be critical for the TGFf-induced
expression of mmp-1, mmp-9 and mmp-10. However, TGF(
induction of mmp-2 and integrin «, was not at all or only
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minimally decreased by knockdown of these AP-1 components
(Figures 3a and b). c-Jun and JunB were also found to contribute
to TGFf induction of slug, uPAR and pai-1, and both c-Fos and Fra1l
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Figure 3. c-Jun, JunB, Fral and/or c-Fos regulate several TGFf-induced EMT and invasion-related genes. (a-c) MCF10A MIl cells were
transfected with the indicated control (ns: non-specific) or specific siRNAs, serum-starved and stimulated for 19h (a, b) or 70 min (c) with
TGFB3. mRNA levels were analyzed by qPCR and normalized to gapdh, which was not significantly affected by the treatments. Values and error
bars represent the mean # s.d. of triplicates and are representative of at least two independent experiments. *P <0.05, **P <0.01, ***P <0.001.
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appeared to be involved in the induction of slug and pai-1
(Figure 3b). In contrast, the induction of snail was dependent on
c-Fos, but not on Fral (Figure 3c). All genes examined required
Smad4 (Figures 3a-c). These results thus indicate that Jun/c-Fos
and Jun/Fral complexes control distinct subsets of Smad4-
dependent EMT and invasion-associated genes.

As TGFB strongly enhanced the synthesis of c-Jun and JunB
(Figure 1), we subsequently examined the effect of Jun over-
expression on the expression of mmp-1, -2 and -70. As shown in
Figure 4a, transient transfection of c-Jun induced the expression
of endogenous mmp-1 and -710 both with and without TGFB
treatment for 4 h. However, transfection of JunB only had a weak
stimulatory effect on TGFB-induced mmp-10, suggesting that
enhanced levels of JunB by itself are not sufficient. The expression
of mmp-2 was somewhat inhibited by overexpressed c-Jun and
JunB (Figure 4a), in line with the slight enhancement by the Jun
knockdown in Figure 3a. As overexpressed Smad and Jun proteins
were previously shown to be able to cooperatively activate Smad/
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AP-1-dependent reporter plasmids in the absence of TGFB-
stimulation,®* we next overexpressed JunB together with Smad3
and 4. Like JunB, overexpressed Smad3 and 4 could not activate
the endogenous mmp-1 and mmp-10 genes by themselves,
although the TGFp-inducible reporter plasmid CAGA-luciferase
was efficiently induced under these conditions (data not shown).
However, the combination of JunB, Smad3 and Smad4 induced
these genes to the same extent as overexpression of c-Jun (see
the fold activation in Figures 4a and b). These data further confirm
that both c-Jun and JunB contribute to the TGFB- and Smad-
induced activation of specific mmp genes in Ml cells.

In situ detection of Smad-AP-1 interaction by proximity ligation

Some Smad members and AP-1 components, for instance Smad3
and c-Jun, have been found to associate in vitro and/or upon
overexpression.>* To examine whether we could detect endo-
genous complexes between Smad proteins and AP-1 components
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c-Jun and JunB differently affect Smad-dependent mmp genes. (a, b) MCF10A MIl cells were transfected with expression vectors for
¢-Jun, JunB, Smad3 and/or Smad4, and/or stimulated with TGFp for 4 h as indicated. mRNA levels were analyzed by qPCR and normalized to
gapdh, which was not significantly affected by the treatments. Values and error bars represent the meants.d. of triplicates and are

representative of at least two independent experiments. *P<0.05, **P<0.01, ***P <0.001.

® 2012 Macmillan Publishers Limited

Oncogene (2012), 1-10

— 326 —

1%,



Smads and AP-1 in breast cancer invasion
A Sundqvist et al

=

in Ml cells in situ, we performed proximity ligation assays (PLA).25%°
TGFP treatment induced formation of nuclear complexes of Smad3
and Smad4, while nuclear complexes of c-Jun and Smad3, and—
to a lesser extent—JunB and Smad3, were already present in
non-stimulated cells, and only weakly increased upon TGFj
treatment (Figures 5a and c). We could not consistently detect
complex formation between Smad4 and the Jun proteins under
these conditions, and only detected very low levels of Smad2
binding to Smad4 and the AP-1 components in these cells
(data not shown). Interactions between c-Jun and Fral and
between JunB and Fral were clearly detectable in many but not
all non-stimulated cells, and only c-Jun/Fral complexes were
clearly increased by TGFP (Figures 5b and c). Some c-Jun/c-Fos
complexes were also already present in non-stimulated cells,
but their levels were considerably higher after TGFB stimulation.
However, the strongest stimulatory effect of TGFB was observed
on the interaction between Smad2/3 and Fra1 (Figures 5b and ).
(Note that we cannot rule out the presence of Smad2 in these
complexes because the antibody used can recognize both Smad2
and Smad3.) In contrast, much less complexes were detected that
contained Smad2/3 and c¢-Fos (Figures 5b and c). In the presence
of the TGFBRI inhibitor $B-505124, TGFP was unable to increase
most of these Smad and AP-1 complexes (Figure 5¢).

These results show that both c-jun and JunB can interact
with nuclear Smad3 in Ml cells also in the absence of TGFB
stimulation, whereas the interaction between Smad2/3 and
Fral seems to be efficiently enhanced upon activation of TGFj
signaling.

c-Jun, JunB and Fra1 enable TGFp-induced binding of Smad2/3 to
the mmp-10 and pai-1 promoters

TGFB-induced binding of Smad2/3 to the promoters of TGFp-
target genes represents a critical step in TGFf/Smad-induced gene
activation.>® To further elucidate the mechanism by which c-Jun,
JunB, ¢-Fos and Fral mediate TGFB-induced expression of invasion
genes, we analyzed Smad2/3 promoter recruitment in MIl cells in
the absence and presence of these AP-1 components. As shown
by the chromatin immunoprecipitations (ChIP) in Figure 6, the
binding of Smad2/3 to the promoters of mmp-10 and pai-1 was
efficiently increased by TGFp treatment. As expected, knockdown
of Smad4 strongly inhibited Smad2/3 binding. Importantly,
knockdown of c¢-Jun, JunB and Fral also strongly reduced
Smad2/3 binding to the mmp-10 promoter, but knockdown of
c-Fos did not. Moreover, both JunB and Fral were critical for
Smad2/3 recruitment to the pai-1 promoter. Together with the
mRNA analysis and PLAs presented above, these results indicate
that interactions involving Smad3, c-Jun, JunB and Frat, but not
¢-Fos, are critical for the TGFp-induced binding of Smad3 to AP-1-
dependent TGFp-induced invasion genes.

DISCUSSION

TGFB signaling has a dual role in cancer. In the early stages of
tumor development, it can inhibit carcinogenesis through TGFp/
Smad-induced growth inhibition and apoptosis. However, during
later stages of cancer progression, TGF can promote tumor
invasion and metastasis by inducing EMT and affecting the
tumor stroma, thereby enhancing survival, motility and invasion
of the tumor cell. To overcome the tumor-suppressive effect
of the TGFB pathway, the core components—including Smad2
and Smad4—are frequently inactivated in cancer tissue, for
instance in colorectal cancer. However, breast cancers mainly
exhibit defects in downstream mediators of the cytostatic action
of TGFB. They exhibit normal signaling from receptors to Smads
and retain or gain other properties of TGFf responsiveness,
indicating that TGFP/Smad signaling is critical for breast cancer
progression.3°—

Oncogene (2012), 1-10

Induction of EMT and invasion by TGFB is promoted by
activated Ras, and can be mediated both via Smad-dependent
pathways and non-Smad signaling such as by MAP kinase
pathways.>'?1%37 As TGFB, Ras and MAP kinases can activate
transcription factor AP-1, we have in this study investigated which
role the individual components of transcription factor AP-1 complexes
play in TGFf-induced breast cancer cell invasion. TGF was found
to induce increased protein levels of c-Jun, JunB, c-Fos and FosB
with prolonged kinetics (at least up to 16 h) in MCF10A-Mli cells,
whereas Fratl, Fra2 and ATF2 were efficiently expressed, but not or
only slightly affected by TGFP stimulation. The TGFpBRI kinase
inhibitor SB-505124 inhibited the induction of c-Jun, JunB, c-Fos
and FosB only at the later time points, suggesting that the early
activation is mediated by TGFBRI kinase-independent JNK/p38
activation.'

By using a validated siRNA approach, we could show that c-Jun,
JunB, c-Fos or Fral are required for efficient TGFp-induced
invasion, whereas FosB and Fra2 did not contribute. It is important
to note though that—in spite of their different transcriptional
activities-—c-Fos, FosB, Fral and Fra2 can all dimerize with the Jun
proteins and share some critical functions in cell cycle control and
mouse development,'”'%*® Therefore, we cannot yet exclude that
in the absence of c-Fos and/or Fral proteins, FosB and/or Fra2
may, to some extent, take over their functions in TGFf-induced
invasion. Similarly, c-Fos may take over some functions of Fral
upon Fral depletion and vice versa. Interestingly, none of the
siRNAs used inhibited the invasion to the same extent as the
TGFRI-kinase inhibitor SB-505124. This could point to further
redundancy within the Smad, Jun and Fos families, or to
involvement of additional TGFf-requlated and/or cooperating
factors, such as Rho kinases and Ets transcription factors.57'#

We found that both c-Fos and Fral contribute to TGFpB-
mediated induction of the mesenchymal and EMT-associated
genes pai-1 and slug, which supports the idea that these two Jun
dimer-partners have (at least partially) overlapping functions in
invasion. However, additional results showed that c-Fos and Fral
also exhibit unique functions in the induction of EMT and invasion
genes by TGFf: only c-Fos was found to be required for efficient
induction of snail, whereas only Fral was essential for the
induction of mmp-1 and mmp-9. The expression of mmp-10 was
also strongly dependent on the presence of Fral, while c-Fos had
limited effects. Moreover, ChiPs showed that Fral but not c-Fos
is critical for the TGFB-induced binding of Smad2/3 to the pai-1
and mmp-10 promoters, and with PLAs we could only efficiently
detect TGFp-induced complexes between Smad2/3 and Fral.
These results indicate that Fral rather than c-Fos is required for
the recruitment of Smads to the Smad/AP-1 sites of these
invasion-associated genes, whereas ¢-Fos may mainly act on pai-7
via (Smad-independent) AP-1 sites. Interestingly, knockdown of
¢-Jun also did not affect Smad2/3 recruitment to pai-1 (Figure 6),
suggesting that both c-Jun and ¢-Fos activate pai-1 in a Smad2/3-
independent manner, in contrast to JunB and Fral. In fact, c-Jun
might also activate the mmp-1 and mmp-10 genes in part via a
Smad-independent mechanism, as overexpression of c-Jun, but
not of JunB, could activate these mmp genes in the absence of
TGFB stimulation or Smad3/4 overexpression (Figure 4a).

Previous studies in human cells and/or in mouse models
showed that c-Fos and Fral can both have essential roles in EMT
and tumor progression, thereby presumably participating in Jun/
Fos trancription complexes binding to AP-1 sites in genes critical
for EMT, survival and/or migration/invasion.'®?'"233%4% \hether
some of these functions are mediated via interaction with Smad
proteins is to our knowledge still unknown. However, it is
important to mention here that TGF itself is an AP-1 target
gene, indicating that AP-1 components are likely to control the
persistence of TGFf signaling at multiple levels.

In the absence of active TGF@RI, Smad proteins shuttle between
the nucleus and cytoplasm, whereas AP-1 components are

© 2012 Macmillan Publishers Limited
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Figure 5. Effect of TGFB on Smad/AP-1 complex formation in premalignant MCF10A cells. (a, b) In situ PLA in serum-starved MCF10A-Mil cells
treated for 1h with TGFf3 or not (—). Primary mouse and rabbit antibodies against the indicated Smad and AP-1 family members were
combined with secondary PLA probes (Olink Bioscience). The interaction events are visible as red dots (nuclear staining in blue (Hoechst) and
actin staining in green (FITC)). (c) Quantification of nuclear PLA signals (y axis) obtained for the indicated antibody combinations before and
after 1 h treatment with TGFf3 in the absence and presence of the TGFBRI inhibitor SB-505124 (SB). The box plots indicate the median and
range of the detected signals.
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Figure 6. c-Jun, JunB and Fral determine Smad2/3 binding to the

mmp-10 and pai-1 promoters. MCF10A Mil cells were transfected
with the indicated control (ns: non-specific) or specific siRNAs,
serum-starved and stimulated for 16h with TGFB3. ChiIP was
performed with an antibody against Smad2, 3 and normalized to
control IgG. The fold enrichment for non-stimulated control
transfected cells was set at 1.0 for each gene.

(predominantly) located in the nucleus. Our PLAs showed that 1h
TGFpB treatment induces not only complexes between Smad3 and
Smad4 in the nucleus but also complexes between Smad2/3 and
Fral, whereas complexes between Smad3, c-Jun and JunB could
already be detected before TGFP stimulation. At later time points
after stimulation, when the levels of c-Jun and JunB are strongly
increased, we also saw a stronger increase in Smad3/Jun
complexes (our unpublished observations). These complexes
might therefore further enhance Smad-AP-1-dependent TGFB
target genes and thus alter the intensity and duration, as well as
the specificity of the Smad-signaling response. Moreover, in
certain situations—such as in the case of mmp-2 (Figure 4)—they
might inhibit Smad-dependent transcription via off-DNA
interactions.**’

In summary, our results show that specific AP-1 members
determine TGFp signaling specificity in EMT and breast cancer cell
invasion by functionally interacting with Smad factors. Our results
further suggest that in particular formation of Smad2/3-Fral
complexes may reflect activation of the Smad/AP-1-dependent
TGFB-induced invasion program. Previously, we found that
aggressive basal-like breast cancer cells can be discriminated
from much less invasive luminal-like cells by PLA detection of
c-jun/Fral, rather than of c-Jun/ATF2 and c-Jun/c-Fos.*® JunB/Fra1
dimers were also found to be increased in the aggressive cells (our
unpublished observations). It will therefore be interesting to
compare Smad/AP-1 complex formation in basal-like breast cancer

Oncogene (2012), 1-10

cells versus luminal-like cells, and in biopsies of breast cancer
patients.

MATERIALS AND METHODS
Cell culture

MCF10A MIl cells were obtained from Dr Fred Miller (Barbara Ann
Karmanos Cancer Institute, Detroit, Ml, USA) and maintained at 37 °C and
5% CO, in DMEM/F12 (Gibco, Life Technologies Europe BY, Stockholm,
Sweden) supplemented with 5% fetal bovine serum (Biowest, Biotech-IgG
AB, Lund, Sweden), 20 ng/ml epidermal growth factor (Upstate, Millipore
AB, Solna, Sweden), 100 ng/ml cholera toxin (Sigma, Sigma-Aldrich Sweden
AB, Stockholm, Sweden), 0.5 ug/m! hydrocortisone (Sigma) and 10 ug/ml
insulin (Sigma).

3D spheroid invasion assays

Semi-confluent cells were trypsinized, counted and re-suspended in
medium containing 2.4 mg/ml methylcellulose (Sigma) at the concentra-
tion of 10* cells/ml. A 100-ul of suspension was added into each well of
U-bottom 96-well plate allowing the formation of one spheroid per well.
For siRNA-mediated knockdown, the trypsinized cells were incubated with
specific smart-pool siRNAs obtained from Dharmacon according to the
manufacturers procedure. All spheroids consisted of 10® cells. Two days
after plating spheroids were harvested and embedded into collagen. Flat-
bottom 96-well plates were coated with neutralized bovine collagen-i
(PureCol, Advanced BioMatrix, Nutacon BV, Leimuiden, The Netherlands)
according to manufacturer's protocol. Single spheroids were embedded
in a 1:1 mix of neutralized collagen and medium supplemented with
12mg/ml of methylcellulose. TGFB3 (generous gift of Dr K lwata, OSI
Pharmaceuticals, Inc, New York, NY, USA) and/or SB-505124 (Sigma) were
directly added to the embedding solution. Invasion was quantified by
measuring the area occupied by cells at day 2 by using Adobe Photosphop
CS3 software. Pictures were taken at day 0 and day 2 after embedding.

Western blot analysis

Five hundred thousand cells were seeded in 6-well plates. The following
day, cells were starved 16h in 0.2% FBS and stimulated with 5ng/ml of
TGF-B3 for indicated time points. SB-505124 was added 15min before
TGFB. For siRNA transfection, On Target Plus pools of four oligonucleotides
(Dharmacon) were transfected with DharmaFECT (Dharmacon) transfection
reagent in 12-well plates according to manufacturer’s instructions at 25 nm
final concentration. Cells were lysed in 2 x SDS loading buffer and subjected
to SDS-PAGE and western blotting. The following antibodies were used:
anti-c-Jun (sc-1694; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-JunB (sc-8051; Santa Cruz), anti-c-Fos (sc-52; Santa Cruz), anti-FosB
(#2251; Cell Signaling Technology, BioNordika Sweden AB, Stockholm,
Sweden), anti-Fra1(sc-22794; Santa Cruz), anti-Fra2 (sc-604; Santa Cruz),
anti-ATF2 (sc-187; Santa Cruz), anti-phospho-Ser465/425 Smad2 (#3108;
Cell Signaling Technology), anti-phospho-Ser423/425 Smad3 (#9520; Cell
Signaling Technology), anti-Smad4 (sc-7966; Santa Cruz).

RNA isolation, cDNA synthesis and quantitative real time-PCR

Cells were treated as described for western analysis and total RNA
was isolated by GenelET RNA Purification Kit (Fermentas, Helsingborg,
Sweden). cDNA was prepared by annealing 1pug RNA with oligo dT as
per manufacturer's instructions (RevertAid H Minus First Strand cDNA
Synthesis Kit, Fermentas). The cDNA samples were diluted 10 times with
water. A total of 2 ul of cDNA was used in 12 ul quantitative real time-PCR
reactions with appropriate primers and Maxima SYBR Green gPCR
MasterMix (Fermentas). All samples were analyzed in triplicate for each
primer set. Gene expression levels were determined with the comparative
AC; method and the non-stimulated condition was set to 1. Relative
expression levels are presented as meants.d. Statistical significance
was determined by unpaired Student's two-tailed t-test. P<0.05 was
considered as statistically significant. The complete primers list can be
found in the Supplementary Table S1.

Proximity ligation assay

Cells were seeded on tissue culture-treated chamber slides (REF 354108;
BD Falcon, BD Biosciences, BD AB, Stockholm, Sweden). The following
day, cells were starved 16 h in 0.2% FBS and stimulated with 5ng/ml
of TGFB3 for 1h. Cells were fixed as described previously.?® The slides
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were then blocked in 5% donkey serum (Jackson Immunoscience,
Jackson ImmunoResearch Europe Ltd, Suffolk, UK), 2ug/ml salmon
sperm (Sigma), 5mg/m! bovine serum albumin (Sigma) and 2mM
cysteine (Sigma) in TBS-Tween with 5mm EDTA (Sigma) for 1h and
incubated overnight at 4°C with appropriate combinations of mouse
and rabbit antibodies diluted 1:50 in blocking solution. After washing,
the slides were incubated with Duolink PLA Rabbit MINUS and PLA
Mouse PLUS proximity probes (Olink Bioscience, Uppsala, Sweden) and
proximity ligation was performed using the Duolink detection reagent kit
(Olink Bioscience) according to the manufacturers protocol. Fluorescence
was detected using a Zeiss AxioPlan2 microscope with a x 20/0.8 Plan-
Apo objective. Images were acquired with an Axiocam MRm camera and
AxioVision Rel. 4.8 software (Carl Zeiss AB, Stockholm, Sweden) as sets
of color-images and prepared using Adobe Photoshop CS5 software.
The DuolinkimageTool software was used for image analysis. Fluorescent
signals from RCA products were defined and counted per cell with
distinction of the nucleus and the cytoplasm. For each experiment,
signals from 150 to 200 cells were quantified. Antibodies used for PLA
were: mouse anti-Smad4 (sc-7966; Santa Cruz), rabbit anti-Smad3 (EP784Y;
Epitomics, Nordic BioSite AB, Taby, Sweden), mouse anti-c-jun #2315
(Cell Signaling Technology), mouse anti-JunB (sc-8051; Santa Cruz), rabbit
anti-c-Fos (#06-341; Upstate), rabbit anti-Fral (sc-22794; Santa Cruz),
mouse anti-Smad2/3 (BD Transduction Laboratories, BD AB, Stockholm,
Sweden).

Chromatin immunoprecipitation

Cells were cultured in 10 cm plates to approximately 80-90% confluence,
and one plate was used per immunoprecipitation. Cells were fixed with 1%
formaldehyde for 10 min at room temperature with swirling. Glycine was
added to a final concentration of 0.125m, and the incubation was
continued for an additional 5 min. Cells were washed twice with ice-cold
phosphate-buffered saline, harvested by scraping, pelleted and resus-
pended in 1ml of SDS lysis buffer (50mm Tris-HCl (pH 8.0), 1% SDS,
10mm EDTA, protease inhibitors; complete EDTA-free protease inhibitors
(Roche Diagnostics, Rotkreuz, Switzerland)). Samples were sonicated
three times for 30s each time at intervals of 30s with a Diagenode
Bioruptor sonicator. Samples were centrifuged at 14000 r.p.m. at 8°C for
10min. After removal of a control aliquot, supernatants were diluted
10-fold in ChiP dilution buffer (20mm Tris-HCl (pH 8.0), 150mm NaCl,
2mm EDTA, 1% Triton X-100). Samples were incubated at 4 °C overnight
in 2-methacryloyloxyethyl phosphorylcholine polymer-treated 15 ml poly-
propylene tubes (Assist, Tokyo, Japan) with anti-mouse lgG-Dynabeads
that had been preincubated with 5ug of antibodies in phosphate-
buffered saline-0.5% bovine serum albumin. The beads were then
moved to 1.7ml siliconized tubes (catalog no. 3207; Corning, Corning,
NY, USA) and washed five times with ChIP wash buffer (50 mm HEPES-KOH
(pH 7.0), 0.5m LiCl, Tmm EDTA, 0.7% deoxycholate, 1% Igepal CA630)
and once with TE buffer (pH 8.0). Immunoprecipitated samples were
eluted and reverse cross-linked by incubation overnight at 65 °C in elution
buffer (50 mm Tris—HCl (pH 8.0), 10 mm EDTA, 1% SDS). Genomic DNA was
then extracted with a PCR purification kit (Qiagen, Qiagen Nordic,
Sollentuna, Sweden). The immunoprecipitated DNA was analyzed by
gPCR assay using specific primers for the human pai-1 gene: forward,
5'-GCAGGACATCCGGGAGAGA-3' and reverse, 5'-CCAATAGCCTTGGCCTGA
GA-3'; for the human mmp-10 gene: forward, 5-AGGCCACTAGGGGGT
AGAGCT-3' and reverse, 5-AGGCAGAGCAGACTGGCAGACA-3'. The fold
enrichment corresponds to the Smad2/3 enrichment in each locus divided
first by the enrichment in the negative control regions (HBB promoter,
HPRTT first intron) and then by the IgG control enrichment. Primers for the
human B-globin (HBB) gene: forward, 5'-AACGTGATCGCCTTTCTC-3' and
reverse, 5-GAAGCAGAACTCTGCACTTC-3'. Primers for the HPRTT gene:
forward, 5'-TGTTTGGGCTATTTACTAGTTG-3' and reverse 5 ATAAAATGACT
TAAGCCCAGAG 3'. Primer design and qPCR conditions were according to the
recently published ChIP analysis of Smad-binding at a genome-wide level.”

CONFLICT OF INTEREST

UL is a founder of Olink Bioscience, which commercializes the in situ PLA technology.

ACKNOWLEDGEMENTS

We thank our colleagues, in particular Aris Moustakas and Masato Morikawa, for their
valuable discussion and help with experiments. This work was supported by the
Swedish Cancerfonden (090773) and the Netherlands Centre for Biomedical Genetics.

© 2012 Macmillan Publishers Limited

Smads and AP-1 in breast cancer invasion
A Sundgqvist et al

REFERENCES

1 Heldin CH, Moustakas A. Role of Smads in TGFf signaling. Cell Tissue Res 2012;

347: 21-36.

Schmierer B, Hill CS. TGFB-SMAD signal transduction: molecular specificity and

functional flexibility. Nat Rev Mol Cell Biol 2007; 8: 970-982.

Zhang Y, Feng XH, Derynck R. Smad3 and Smad4 cooperate with c-Jun/c-Fos to

mediate TGF-B -induced transcription. Nature 1998; 394: 909-913.

Javelaud D, Mauviel A. Crosstalk mechanisms between the mitogen-activated

protein kinase pathways and Smad signaling downstream of TGF-B: implications

for carcinogenesis. Oncogene 2005; 24: 5742-5750.

Ross S, Hill CS. How the Smads regulate transcription. Int J Biochem Cell Biol 2008;

40: 383-408.

Massagué J. TGFB in cancer. Cell 2008; 134: 215-230.

Koinuma D, Tsutsumi S, Kamimura N, Taniguchi H, Miyazawa K, Sunamura M et al.

Chromatin immunoprecipitation on microarray analysis of Smad2/3 binding sites

reveals roles of ETS1 and TFAP2A in transforming growth factor B signaling. Mo/

Cell Biol 2009; 29: 172-186.

ten Dijke P, Arthur HM. Extracellular control of TGFB signalling in vascular

development and disease, Nat Rev Mol Cell Biol 2007; 8: 857-869.

Xu J, tamouille S, Derynck R. TGF-B-induced epithelial to mesenchymal transition.

Cell Res 2009; 19: 156-172.

10 Comijn J, Berx G, Vermassen P, Verschueren K, van Grunsven L, Bruyneel E et al.

The two-handed E box binding zinc finger protein SIP1 downregulates E-cadherin

and induces invasion. Mol Cell 2001; 7: 1267-1278.

Thuault S, Tan EJ, Peinado H, Cano A, Heldin CH, Moustakas A. HMGA2 and Smads

co-regulate SNAIL1 expression during induction of epithelial-to-mesenchymal

transition. J Biol Chem 2008; 283: 33437-33446.

12 Zavadil J, Bitzer M, Liang D, Yang YC, Massimi A, Kneitz S et al. Genetic programs
of epithelial cell plasticity directed by transforming growth factor-B. Proc Natl
Acad Sci USA 2001; 98: 6686-6691.

13 Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-
B family signalling. Nature 2003; 425: 577-584.

14 Mu Y, Gudey SK, Landstrdm M. Non-Smad signaling pathways. Cell Tissue Res
2012; 347: 11-20.

15 Deckers M, van Dinther M, Buijs J, Que |, Léwik C, van der Pluijm G et al. The tumor
suppressor Smad4 is required for transforming growth factor B-induced epithelial
to mesenchymal transition and bone metastasis of breast cancer cells, Cancer Res
2006; 66: 2202-2209.

16 Dzwonek J, Preobrazhenska O, Cazzola S, Conidi A, Schellens A, van Dinther M
et al. Smad3 is a key nonredundant mediator of transforming growth factor
signaling in Nme mouse mammary epithelial cells. Mol Cancer Res 2009; 7:
1342-1353,

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

18 van Dam H, Castellazzi M. Distinct roles of jun: Fos and Jun: ATF dimers in
oncogenesis. Oncogene 2001; 20: 2453-2464.

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

20 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.

Eferl R, Wagner EF. AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer

2003; 3: 859-868.

22 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.

Ozanne BW, Spence HJ, McGarry LC, Hennigan RF. Transcription factors control

invasion: AP-1 the first among equals. Oncogene 2007; 26: 1-10.

24 Wiercinska E, Naber HP, Pardali E, van der Pluijm G, van Dam H, Ten Dijke P.

The TGF-B/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.

Laverty HG, Wakefield LM, Occleston NL, O'Kane S, Ferguson MW. TGF-B3 and

cancer: a review. Cytokine Growth Factor Rev 2009; 20: 305-317.

Tang B, Vu M, Booker T, Santner SJ, Miller FR, Anver MR et al. TGF-B switches from

tumor suppressor to prometastatic factor in a model of breast cancer progression.

J Clin Invest 2003; 112: 1116-1124.

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.

Soderberg O, Gullberg M, Jarvius M, Ridderstréle K, Leuchowius KJ, Jarvius J et al.

Direct observation of individual endogenous protein complexes in situ by

proximity ligation. Nat Methods 2006; 3: 995-1000.

29 Baan B, Pardali E, ten Dijke P, van Dam H. In situ proximity ligation detection
of cJun/AP-1 dimers reveals increased levels of ciun/Fral complexes in aggres-
sive breast cancer cell lines in vitro and in vivo. Mol Cell Proteomics 2010; 9:
1982-1990.

N

w

IS

w

N

o«

\te]

-
-

2

-

2

w

2

wn

2

(=)}

2

~

2

@

Oncogene (2012), 1-10

— 330 —

0



Smads and AP-1 in breast cancer invasion
A Sundqvist et al

hy

N

Dumont N, Arteaga CL. Transforming growth factor-p and breast cancer: tumor
promoting effects of transforming growth factor-p. Breast Cancer Res 2000; 2:
125-132.

Wakefield LM, Piek E, Bottinger EP. TGF- signaling in mammary gland develop-
ment and tumorigenesis. J Mammary Gland Biol Neoplasia 2001; 6: 67-82.
Gomis RR, Alarcon C, Nadal C, Van PC, Massagué J. C/EBP at the core of the TGFf
cytostatic response and its evasion in metastatic breast cancer cells. Cancer Cell
2006; 10: 203-214.

Levy L, Hill CS. Alterations in components of the TGF-B superfamily signaling
pathways in human cancer. Cytokine Growth Factor Rev 2006; 17: 41-58.
Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD et al. The consensus
coding sequences of human breast and colorectal cancers. Science 2006; 314:
268-274.

Leary RJ, Lin JC, Cummins J, Boca S, Wood LD, Parsons DW et al. Integrated
analysis of homozygous deletions, focal amplifications, and sequence alterations
in breast and colorectal cancers. Proc Natl Acad Sci USA 2008; 105: 16224-16229.

Oncogene (2012), 1-10

— 331 —

0

=

36 Sundqvist 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: 204-216.

Parvani G, Taylor MA, Schiemann WP. Noncanonical TGF-B signaling during
mammary tumorigenesis. / Mammary Gland Biol Neoplasia 2011; 16: 127-146.
Wagner EF. Bone development and inflammatory disease is regulated by AP-1
(Fos/Jun). Ann Rheum Dis 2010; 69(Supp! 1): i86~i88.

Reichmann E, Schwarz H, Deiner EM, Leitner |, Eilers M, Berger J et al. Activation of
an inducible ¢-FosER fusion protein causes loss of epithelial polarity and triggers
epithelial-fibroblastoid cell conversion. Celf 1992; 71: 1103~1116.

Luo YP, Zhou H, Krueger J, Kaplan C, Liao D, Markowitz D et al. 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.

Verrecchia F, Tacheau C, Schorpp-Kistner M, Angel P, Mauviel A. Induction of the
AP-1 members c-Jun and JunB by TGF-B/Smad suppresses early Smad-driven
gene activation. Oncogene 2001; 20: 2205-2211.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc)

© 2012 Macmillan Publishers Limited



A low-grade B-cell lymphoma with prolymphocyt-
ic/ paraimmunoblastic proliferation and IRF4
rearrangement

Translocations between IRF4 and immunoglobulin
genes, present in myeloma® and high-grade B-cell lym-
phomas® have not been reported for low-grade B-cell
neoplasms. We report 3 low-grade B-cell lymphoma
cases with IRF4 rearrangement showing characteristic
morphological features and immunophenotypes.

While checking our laboratory-developed FISH probes
for IRF4 split assay on paraffin sections, we incidentally
found IRF4 rearrangement in case 1 (the sample at recur-
rence; Figure 1A). The original pathological diagnosis

Table 1. Clinicopathological summary

was low-grade B-cell lymphoma, unclassified. The cyto-
genetic analysis record indicated that this tumor har-
bored a balanced translocation between the IGK and
IRF4 genes, t(2;6)(p11.2;p25). We then performed fusion
FISH assays and confirmed IRF4-IGK present and IRF4-
IGH absent (Figure 1B-E). The primary lesion (biopsied
eight years prior to the index sample) also displayed IRF4
rearrangement. A case that had been diagnosed as low-
grade B-cell lymphoma, unclassified in the original insti-
tute, was presented in a regional pathology conference,
ten days after the identification of case 1. The cytomor-
phological feature of the case was reminiscent of that of
case 1 although paraimmunoblasts were more predomi-
nant (Figure 1P). The morphology prompted us to per-
form FISH assays for IRF4, obtaining positive results
(Figure 1L-O) (case 2). Lymphoma samples (784 cases

Age at onset/gender 38/F

i

62M

5.0x107L (31%) 6.1x10°L (37%)

Treatment

For primary lesions: rituximab+CHOP
followed by rituximab only. At recurrence

rituximab-+CVP followed
by rituximab only

No treatment (excisional
biopsy only)

(8 years after the initial diagnosis):

Rituximab+fludarabine

FISH /RF4 split +
IRF4-IGK fusion +*
IRF4-IGL fusion -*
1GK split +*
IGL split *
IGH split *
BCL2 split -*
BCLS split -*
MYC split -*
CCNDI split *

i}

+ +
ND ND
+ ND
- NE
+ ND
- ND

Cytogenetics

46XX,t(2:6) (p11.2;p25) [10]46XX,¢(1;11) ND
(q21323) [1]/46XX[9]*

46XV.22:6) (p12:p25) 11/
16,51,Y4,8-9-9,2dd(11) (a23),
+bmar{1]/46XY[11]

LN: lymph node; CHOP: cyclophosphamide+ adriamycin-+vincristine+prednisone; CVP: cyclophosphamide+vincristine+prednisone; CR: complete response; FISH. fluorescein in
situ hybridi:

histoch

ion; IHC/ISH. i

y/in situ hybridization; ND: not done; NE: not evaluable. *Only data at recurrence were available. ** Dim by flow cytometry.
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Figure 1. Morphological and histomolecular examination results. Panels A to J and K to T illustrate cases 1 (at recurrence) and 2, respec-
tively. All of the present lesions had positive split FISH assay results for IRF4. The lymphoma cells harbored a yellow signal (wild-type
IRF4) and individual red (5’-side of IRF4) and green signals (3"-side of IRF4; A). The split FISH assays for IGK and IGL were positive in
cases 1 (B, C, and E) and 2 (L, M, and 0), respectively. On the same sections, IRF4 stained blue (D and N) and was observed fusing to
the 3’-side of IGK (E, arrowhead) or 3’-side of IGL (O, arrowhead). The infiltration pattern was diffuse, but it was divided by sclerotic bands
in case 2 (K, 4% objective). The infiltrate comprised prolymphocytes and occasional paraimmunoblasts and small lymphocytes (F, 60%
objective). In case 2, paraimmunoblasts were prominent and neoplastic small lymphocytes were rare (P, 60x% objective). Most of the lym-
phoma cells expressed MUM1/IRF4 (G and Q, 40x objective) and BCL6 (H and R, 40% objective) simultaneously. 1gM was strongly
expressed (I and S, 40x objective). The Ki67-labeling index was low (J and T, 40x objective).

including 232 low-grade B-cell lymphomas) were
screened by split FISH assay for IRF4. Case 3 was identi-
fied in this process, and the original pathology diagnosis
was low-grade B-cell lymphoma, unclassified. The cyto-
genetic analysis record, t(2;6)(p12;p25), supported the
presence of IRF4-IGK. Case 1 was also in this cohort
and, therefore, 2 of 232 low-grade B-cell lymphomas
(0.86%) harbored IRF4 rearrangement in the cohort.
Histologically, the infiltrate was basically diffuse, and
the lymph node architecture was totally effaced. In case
2, however, broad fibrotic bands divided the lymphoma
infiltrate into nodules (Figure 1K). The lymphoma cells
in the 4 lesions from the 3 patients comprised prolym-
phocytes, paraimmunoblasts, and small lymphocytes,
varying in proportion between lesions. No proliferation
centers or lymph follicles were seen, except for the pri-
mary lesion in case 1, in which areas of prolymphocytic
and paraimmunoblastic infiltration were confluent with

a background of neoplastic small lymphocytes and a few
regressed primary follicles without follicular coloniza-
tion were highlighted by the presence of follicular den-
dritic cell (FDC) network as determined by anti-CD23
immunohistochemistry. In case 1, the recurring lesion
showed a diffuse infiltrate of prolymphocytes and occa-
sional paraimmunoblasts (Figure 1F). In case 2, most
tumor cells were paraimmunoblasts admixed with occa-
sional prolymphocytes (Figure 1P). On morphological
examination only, this cytomorphological feature,
together with fibrotic nodularity (Figure 1K), might lead
to a differential diagnosis of grade 3 follicular lymphoma
(FL). However, these nodules had no FDC networks.
Case 3 comprised prolymphocytes and small-to-medium
cells with a small central nucleolus in an irregular nucle-
us (giving an impression of mantle cell lymphoma,
MCL), but it was somewhat indefinite because of
admixed T cells and tissue scarcity. The immunohisto-
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chemical results for the 3 cases indicated CD5 (dim in
case 3 by flow cytometry), CD10-, CD20*, CD23",
CD43, CD138", MUMU1/IRF4* (Figure 1G and Q), BCL2*,
BCL6* (Figure 1H and R), IgM* (Figure 1I and S), IgDr,
TdT, and Cyclin D1~. LMO2 was negative in cases 1 and
2 (occasional lymphoma cells were positive in the latter)
(Online Supplementary Figure S1). The Ki67-labeling index
was universally low (approximately 10%; Figure 1J and
T). The clinical courses and the results of FISH analyses
are summarized in Table 1.

The overall histological impression of the present
cases is reminiscent of chronic lymphocytic
leukemia/small lymphocytic lymphoma (CLL/SLL) with
prominent prolymphocytic/paraimmunoblastic infiltra-
tion (the tumor-forming subtype of CLL/SLL** or paraim-
munoblastic variant of CLL/SLL*®) or tissue involvement
of B-cell prolymphocytic leukemia (B-PLL). We exam-
ined cases 1 and 2 for 4 chromosomal aberrations, which
are commonly observed in CLL/SLL [del(11)(q22.3), +12,
del(13)(q14.3) del(17)(p13.1)] by FISH, and LEF1, which
is characteristically expressed in CLL/SLL, by immuno-
histochemistry. All were negative in case 2, but 13q14.3
was deleted and LEF1 was weakly expressed in case 1
(Online Supplementary Figure S2), implying that case 1
might be more closely related to CLL/SLL.

In CLL/SLL, small lymphocytes are negative or only
faintly positive for MUM1/ IRF4 and BCL6 expression,
whereas prolymphocytes and paraimmunoblasts are
moderately positive for MUM1/IRF4 but negative for
BCL6.%" In contrast, most lymphoma cells in the pres-
ent cases expressed MUM1/IRF4 and BCL6, an uncom-
mon characteristic of well-known low-grade B-cell lym-
phomas. The cases reported as paraimmunoblastic vari-
ants of CLL/SLL were positive for CD5, followed an
aggressive clinical course, and harbored IGH-CCND1 (5
of 8 examined cases).”® These features suggest that most
of the reported cases represented MCL (especially pleo-
morphic variant). None of the present cases showed any
aggressive clinical behavior and they showed IRF4
rearrangement without other translocations commonly
observed in B-cell neoplasms including CCND1
rearrangement. Variable expression of CDS5, strong
expression of IgM, and absence of IgD in the present
cases are not typical in CLL/SLL and may be suggestive
of the immunophenotype of B-PLL. However, none of
our patients showed leukemic involvement of the
peripheral blood and IRF4 rearrangement has not been
reported in B-PLL. Nodal involvement by B-PLL is rare,
and previous histological studies probably included
MCL.” The morphological features, immunophenotype,
genetics, and clinical presentation of the present cases
seemed incompatible with those of existing subtypes,
prompting us to distinguish the present cases as “pro-
lymphocytic/ paraimmunoblastic lymphoma (PPL)”. The
relationship with other low-grade B-cell neoplasms
remains to be clarified.

The question of whether the present cases are ‘precur-
sors’ of the IRF4-rearranged high-grade B-cell lym-
phomas® remains unanswered. Cytogenetic analyses
were successful in case 1, 46XX,t(2;6)(p11.2;p25)
[10]/46XX,t(1;11)(q21;923)[1)/46XX[9], and case 3,
46XY,t(2;6)(p12;p25)[1]1/46,s1,-Y,-4,-8,-9,-
9,add(11)(g23),+5mar[1]/46XY[11]. No evidence of
rearrangement in BCL2, BCL6, MYC, and CCND1{ was
obtained in the present cases, whereas in previous
cases,” 7 and 1 of the 19 IRF4-rearranged high-grade B-
cell lymphomas showed BCLé and MYC rearrange-
ments, respectively. PCR for IGH gene rearrangement

was successful in cases 1 and 2. The IGHV usage was
V3-11*01 and V1-8*01, and identity to germline
sequences from CDR1 to FWR3 regions was 100% and
94.7 %, respectively, with intraclonal diversity in the lat-
ter. These mutation statuses may contrast to those in the
IRF4-rearranged high-grade B-cell lymphomas (93.9%-
86.1%).” Light-chain genes were the translocation part-
ners of IRF4 in the present cases and IGH in 17 of the 19
IRF4-rearranged high-grade B-cell lymphoma cases stud-
ied by Salaverria et al? (P=0.0065, Fisher's exact test).
Most patients with high-grade cases were young,” indi-
cating that IRF4-rearranged high-grade B-cell lym-
phomas are likely to be de novo. However, it is interesting
that case 15 in the series of Salaverria et al.? harbored
IGK as its IRF4 partner and was a transformed lym-
phoma.? The present and previous findings indicate that
IRF4 rearrangement may be related to the development
of low-grade and primary high-grade lymphomas and
that some IRF4-rearranged low-grade lymphomas may
progress to high-grade lymphomas.

To clarify the questions presented here, more “PPL”
cases should be examined. The prolymphocytic/paraim-
munoblastic morphological features and co-expression
of BCL6 and MUMU/IRF4 in most lymphoma cells are
key indications for confirmatory FISH for IRF4
rearrangement.
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