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INTRODUCTION
1. An introduction to breast cancer

Breast cancer is one of the most frequent maligearend major cause of cancer death of
women. It is not the primary tumor that is the naehgerous but the formation of metastases
which often happens very early in tumor developmeshien the tumor is still small or may
not even be detectable. Once the metastatic di$easestablished it is incurable in almost all
cases (Meget al. 2010).

In order to understand the origin of breast camacdetailed knowledge of the structure of the
breast tissue is required. Adult breast tissuech#giconsists of 15-20 lobes of glandular
(epithelial) tissue that are supported by fibroosrective tissue and embedded in fat pads
(Fig. 1). The non-epithelial tissue is collectivatpmed stroma and contains fibroblasts,
immune cells, endothelial cells, adipocytes andaeelular matrix (Tiede & Kang 2011,
Visvader 2009). The mammary lobes contain alveatats as central structures that give way
to ducts that merge into larger lactiferous dudisctv opens onto the nipple. The alveolar and
ductal lumina are lined by an inner luminal epithleand an outer myoepithelial (also called
basal) cell layer which is surrounded by the basgmmembrane (Offialkt al. 2011).

basement
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lumen ductal lumen

myoepithelial/
basal cell adipocyte <
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P

duct lactiferous duct
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Figure 1. Schematic representation of the human mamary gland; inlet; alveolar unit.

The human mammary gland consists of lobes which ctain alveolar units as central structues embedded
in stroma. The alveolar units give way to ducts thamerge into larger lactiferous ducts that opens oo the
nipple. Inlet: The alveolar and ductal lumen are Ined by an inner layer of epithelial cells and an aer
layer of myoepithelial cells surrounded by the baseent membrane. The surrounding stroma contains
adipocytes, fibroblasts, macrophages and endothelieells.



The morphology of the mammary tissue differs betweevelopmental stages. During
puberty the ducts multiply and elongate. In thersewf a pregnancy, the alveolar subunits
expand and alveolar luminal cells transform intékrproducing cells while the myoepithelial
cells serve as contractile elements. The abilitaroforgan to undergo these massive changes
requires the presence of specialized cells. A tsageadult mammary gland stem cells within
the breast tissue has been detected that drives inecesses (Tiede & Kang 2011).

Most breast tumors arise from the luminal epitha&ls. The proliferation of epithelial cells
is considered the first step in mammary tumorigen@see et al. 2006). Changes in cell
adhesive properties and loss of apical-basal pglare secondary events. As the cell mass
fills the lumen and diversifies, a so-called dudatcinomain situ (DCIS) develops. Further
changes allowing tumor cells to penetrate the mybelml cell layer and the basement
membrane lead to an invasive breast cancer (IB@)aam the basis for a metastatic disease.
Breast cancer preferentially spreads into lungrlibrain and bone (Weigedt al. 2005).

Breast cancer is a heterogeneous disease. It bagbstulated that different phenotypes arise
from the diversity in stem and progenitor cell plapons present in the mammary gland
(Visvader 2009).Several subtypes could be identified by differenetmds. Using
immunohistochemical staining the expression lewél®strogen receptor alpha (ERalpha),
progesterone receptor (PR) and ErbB2/Her2 recegpéodetermined to allow classification as
ER+, PR+ or Her2+ tumors. About 70 % of the tunmames estrogen receptor-positive tumors.
The ER-positive tumor uses the ER as the moledaais for its proliferative activity. The
estrogen receptor is an intracellular receptor seaves as a transcription factor after ligand
binding. Endocrine therapy interrupts this pathvigyeither applying estrogen antagonists
(tamoxifen) which bind the receptor but prevent teeruitment of co-factors and activation
of target genes (Michalidext al. 2004) or inhibit aromatase, an enzyme involvedstrogen
production. In ~25 % of the patients, the Her2 gmre is overexpressed which is mostly
caused by amplification of the corresponding ergb@e (Murphy & Morris 2012). Patients
with this type of tumor benefit from drugs affegfithe receptor's dimerization or its kinase
activity. Unfortunately, many tumor cells developesistance against these inhibitors and an
altered therapeutic intervention is then neededreldder, a subgroup of tumors does not
express ER, PR or Her2 receptors and has to tedrddferently. Because of the absence of
biomarkers of these so-called triple-negative twsmar targeted therapy can be applied. Many
of these tumors show elevated expression of thdHdpidermal growth factor (EGF)
receptor. Targeting this receptor might serve aswel therapeutic strategy in the future
(Tischkowitz et al. 2007). Since the immunohistochemical determinatbrbreast cancer
markers does not seem to be sufficient to iderdlfydifferent breast cancer subtypes and
because of the lack of targeted therapies foretn@gative tumors, alternative classification
methods have been developed. For this purpose,rtaamples were examined by cDNA
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microarrays. In an initial screening, the exprassbover 8000 genes was measur@dnes
were clustered according to similar expressionepastfound among the samples. Each of the
gene clusters included functionally related gemwe#y the proliferation cluster containing
most of the clustered genes. The group that peddrthis initial study suggested four breast
cancer subtypes, namely luminal-like, basal-likey2denriched and a normal breast tissue-
like subgroup (Perowet al. 2000). Further examination and a larger sampleuitacent
confirmed these subtypes and revealed differeninahtypes (Sorliest al. 2001, Sorliest al.
2003). Later, a sixth claudin-low subtype has bidentified named after a low expression of
claudins, a class of cell-cell adhesion molecutésr¢chkowitzet al. 2007). Most recently, a
novel subclassification is in discussion. Based this new study six subtypes were
distinguished, including four luminal types and /el ‘molecular-apocrine’ subtype, while
the Her2-group was no longer acknowledged as aaepgroup (Guedit al.2012).

Despite the advances in understanding the molebidéogy of mammary tumors, subtyping
by gene profiling is rarely applied in the clininchused for treatment decisions. Still most
therapy decisions are based on conventional suigypy immunohistochemistry. In more
advanced stages of ER-positive tumors as well aases of Her2-positive and triple negative
tumors chemotherapy is routinely given. Chemothgiamften accompanied by severe side
effects. Since some breast cancer types have almeryisk of recurrence, it would not be
necessary to let the patients with these tumorgrstrom toxic side effects. For assessment
of the risk of recurrence, new biomarkers are ngailable allowing to separate patients who
will benefit from chemotherapy from those who wilbt. For breast cancer patients with
lymph node-negative tumors, urokinase-type plasgenoactivator (UPA) and plasminogen
activator inhibitor-1 (PAI-1) are such markers (Bdft et al. 2011). Recently, DNA
microarrays and RT-PCR-based tests measuring esipneevels of only a few genes became
also available to determine the molecular subtype ta predict the patient’'s outcome and
response to chemotherapy. Among those, the PAMSAyaand the three-gene model for
identifying the major and clinically relevant moldar subtypes of breast cancer are
promising (Praet al. 2012).

Taken together, it is now clear that breast camcer heterogeneous disease. The subtypes
differ in the type of cell they originate from ama gene expression patterns. Tests that
determine gene expression signatures for indivitlwabrs are currently being developed for
clinical use. In the future, new predictive biomank have to be identified for the individual
breast cancer subtypes to allow the developmetargéted therapies. Moreover, therapies to
specifically attack resistant tumor cells as welhaetastasized cells need to be identified.



2. Cyclic AMP signaling

The cyclic adenosing,3&-monophosphate (CAMP) pathway serves as an effesgohanism
for hormones, growth factors and neurotransmiteerd is involved in cellular functions
ranging from T cell development and spermatogernedmng-term memory or blood pressure
regulation (Haus-Seuffert & Meisterernst 2000). desses, like cellular differentiation, cell
cycle regulation or cytoskeletal rearrangements cantrolled by cAMP and are relevant with
regard to carcinogenesis (Sands & Palmer 2008)pdRsgs downstream of CAMP are both
dependent and independent of transcription.

2.1. The cAMP/PKA/CREB signaling cascade

The intracellular second messenger cAMP is gergefadben ATP by adenylyl cyclases. The
activities of these enzymes are controlled by dtwaouy and inhibitory G-proteins. These are
connected to transmembrane G-protein-coupled rexefEPCRS) that can be activated by a
broad range of extracellular signaling moleculeggiadation of cAMP is performed by
phosphodiesterases. Thus, the cellular cAMP legsllts from the activities of adenylyl
cyclases and phosphodiesterases.

Elevation of the intracellular cAMP level affectyctic nucleotide-gated ion channels,
exchange proteins directly activated by cAMP (Epacsl CAMP-dependent protein kinase A
(PKA). PKA is an autoinhibited tetramer consistinofj two regulatory and two catalytic
subunits. Upon activation cAMP binds to the reguiatsubunits in a 2:1 ratio and induces a
conformational change of the complex (Krauss 2008 subsequent release of the two
catalytic subunits allows the catalytic subunit decome active. The activity is further
increased by autophosphorylation of a threonineluesat position 197 in the activation loop.
Passive diffusion leads to translocation of thavatéd PKA catalytic subunits into the
nucleus where they phosphorylate the transcrigtgtor cCAMP-responsive element binding
protein (CREB) at serine residue 133 (Fig. 2). Oactvated, dimerized CREB binds to
conserved cAMP-responsive elements (CRE; TGACGTCAess active as half-site motif
CGTCA) and recruits the co-activator CREB-bindingtpin (CBP) to the promoter (Mayr &
Montminy 2001). CBP associates with the RNA polyaser Il transcriptional initiation
complex. Together, these functions contributedadcriptional activation.

Serine/threonine phosphatase PP-1-mediated or iprofhosphatase 2A-mediated
dephosphorylation of CREB causes its inactivat\dinether dephosphorylated CREB binds
DNA is a matter of debate. However, the majority reports support the view that
unphosphorylated CREB, at least as a monomer réady attached to the DNA and that
phosphorylation leads to dimerization of the DNAthd CREB and subsequent CBP
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recruitment (Mayr & Montminy 2001). Importantly, ishrecruitment is a rare event and
strictly cell-type and context-dependent for a givgene (Zhanget al. 2005). Multiple
additional factors are required for a CREB-CBPraxté&on.

The cAMP-regulated CREB family of transcription tias also includes cAMP response
element modulator (CREM) and activating transoniptfactor 1 (ATF-1). A truncated form
of CREM, referred to as ICER (inducible cAMP respemrlement repressor) lacks the DNA-
binding domain and serves as a negative reguldtcAMP signaling (Mayr & Montminy
2001).Additionally, a number of structurally differentqteins with the common prefix CRE
or ATF (activating transcription factor) have bedentified that also bind to CRE sites. Only
some of them are inducible by the cAMP pathway &&lartman 2001).

GPCR

ligand
GPCR / -

adenylyl cyclase oo eamss o,
P aaiss "52 -~ 'fl‘.“

@ @ PKA regulatory
O B units

PKA catalytic
subunit
P‘CRE?‘ @ CREB

Figure 2. Schematic representation of the cAMP/PKAZREB signaling cascade.

Upon stimulation of Gs-protein-coupled receptors the adenylyl cyclase activated which generates cAMP.
In response, cCAMP binds to PKA which leads to thealease of its catalytic subunits that enter the nleus
and activate the transcription factor CREB by phospnorylation and therefore initiates CREB-mediated
transcription.

2.2. The role of the cAMP/PKA/CREB signaling pathwa in breast cancer

Initially, the cAMP/PKA/CREB signaling pathway wé#&sund to inhibit the proliferation of
breast cells. This finding has been obtained far-tumorigenic and tumorigenic mammary
cell lines after exposure to cCAMP-elevating aggfiarzecet al. 1994). Also Zivandinovic
and co-workers described an anti-proliferative eftd cCAMP elevation in estrogen receptor-
positive MCF-7 cells (Zivadinoviet al. 2005). In this cell line, adiponectin has been
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proposed as an extracellular signal capable ofdimgua rise in the cAMP level and in PKA
activity (Li et al) Another study reports that leptin potentiates dhewvth-suppressive effect
of CAMP-elevating factors. This was dependent orARKd involved a downregulation of
cyclin D and cyclin A and an upregulation of the7#% protein level (Naviglicet al. 2009).
Since adiponectin and leptin are factors produceddipocytes, these findings suggest an
anti-cancer effect on epithelial cells by the sunding adipose tissue via CAMP elevation.

In breast cancer, cCAMP/PKA signaling also playsoke rin establishing and maintaining
resistance to tamoxifen, a common drug delivereplateents with ER-positive breast cancer.
PKA-dependent phosphorylation of EERt a serine residue at position 305 (S305) isluad

in the development of this resistance. Followinig fphosphorylation, tamoxifen could still
bind to the receptor, but failed to induce an ivactonformation. Instead, the receptor was
activated (Michalide®t al. 2004). This activation wadue to an altered interaction of &R
with the steroid receptor co-activator-1 (SRC-1)owing SRC-1 to facilitate RNA
polymerase |l recruitment and promote ER-dependemtscription (Zwartet al. 2007).
Clinical studies supplied evidence for the notibattco-expression of PKA and E®305-P
support tumor progression in breast cancer patigdk et al. 2011). Another study could
show that, in tamoxifen-resistant MCF-7 cells,pEstradiol (E2) and the Her4 ligand
heregulin promote CRE activity presumably via phasglation of glycogen-synthase kinase
3B (GSK3B) (Oyamaet al.2011).

Recently, it was reported that PKA confers resistamo another breast cancer drug,
trastuzumab, which targets the Her2 protein. Imaattizumab-resistant subclone of BT474
cells, a number of genes known to regulate PKAvagtiwere found to be de-regulated
relative to parental cells (Gat al. 2009). Experimental downregulation of the PKA regpry
subunit I in parental Her2-positive BT474 and SK-Br-3 célebk also resulted in partially
resistant phenotypes. Besides, protein kinase B(Kt) dephosphorylation by trastuzumab
was successfully inhibited in the presence of folisksuggesting that cAMP counteracts the
inhibitory activity of trastuzumab.

In addition to tumor cells, tumor-associated adgptissue was reported to show aberrant
CAMP signaling. In these adipocytes, the expressibthe enzyme aromatase, which is
responsible for estrogen production, relies on CiREs alternative aromatase gene promoter
which could be induced by cAMP via CREB (Seti al. 2003). Estrogen is an important

factor that stimulates proliferation of breast eancells. It should be noted that aromatase
expression is significantly higher in adipose tessi tumor-bearing breasts than in normal
breasts suggesting a contribution of adipose tigsgancer development.



Signaling events involving PKA and CREB also seenbé important in advanced breast
cancer. Significantly higher CREB1 mRNA levels weneasured in cancerous compared to
normal breast tissues (Chhalataal. 2007). Patients suffering from advanced breasteran
showed higher RNA levels of CREB1. Furthermoreyvatied CREB1 protein expression
correlated with a bad prognosis and was also mauwadant in high grade as well as in lymph
node-positive tumors. Additional evidence for agibke involvement of cCAMP signaling in
breast cancer progression was presented by Chmohcaworkers. This group could clearly
demonstrate that cCAMP and PKA regulate the voligaed N4’ channel Navl.5-dependent
migration of MDA-MB-231 cells (Chionet al. 2010). Furthermore, CREB signaling was also
associated with an increase in proliferation, ntigraand invasion of triple negative MDA-
MB-231 cells (Soret al.2010).

cAMP/PKA signaling also participates in the fornoatiand establishment of bone metastases.
The bone sialoprotein (BSP), whose high expressoan indicator of bone metastatic
potential of cancer cells, is regulated by CRE-amihg promoter elements (Detst al.
2008). However, its activation may be independdnaro activated PKA, since CREB is
already bound to CRE and promoter activity coultb®increased by cAMP. Hence, in this
case, a constitutively active CRE exists in the p&moter as shown for MCF-7 and MDA-
MB-231 cells. Other genes, such as parathyroid bos¥elated peptide (PTHrP), involved
in bone metastasis are regulated by CREB in MDA-BB- cells thaper seexhibit higher
CREB expression and CREB phosphorylation than netastatic MCF-7 cells. Ectopic
expression of CREB resulted in enhanced expresgi@THrP, MMP2 and MMP9 in MDA-
MB-231. In vivo studies with mice showed massive bone destru@fter injection of the
CREB-transformed breast cancer cells (8bal. 2010). In an attempt to investigate the bone
metastatic properties of stem-like breast cancks,de population (SP) cells were isolated
from MDA-MB-231 cells. This subpopulation of cells defined by their ability to exclude
Hoechst 33342 dye, which is a feature of stem-liamcer cells (Hiragaet al. 2006).
However, the study did not reveal a differencehi@ bone metastatic potential between SP
and non-SP cells despite the fact that MCF-7 SB egposed increased CREB and P-CREB
levels (Wanget al).

In conclusion, cAMP signaling induces anti-prolégve effects in early tumor stages but is
also involved in breast cancer progression of adednstages and contributes to the
development of resistance to pharmaceutical intgive.



3. The TGR signaling pathway in breast cancer

The transforming growth fact@¥{TGH3) signaling pathway plays a role in almost all il
processes, including cell cycle regulation, diffgration, adhesion and invasion. Components
of this pathway are ubiquitiously expressed thraughthe body at various developmental
stages as well as in health and disease. The catdGHP pathway is characterized by three
major steps. The ligand binds to the extracelldamains of a membrane-bound receptor
which then phosphorylates a transcription factat imuces its translocation into the nucleus
where it activates or represses transcription.

3.1. The TGRH3 signaling cascade

3.1.1. The canonical T@Fsignaling

TGFB-like proteins form a family of cytokines comprigimore than 40 members. Besides
TGFB 1-3 it includes bone morphogenetic proteins (BMES8) activins 1-5 and inhibins. The
different ligand classes require different recepypes.Signals provided by the T@Higands
are transduced into the cell by a type | PGEceptor (ALK1-7) and a type Il TGReceptor
[TBRII; bone morphogenetic protein receptor type Il (BMBRPRACTRII, ACTRIIB and anti-
Mullerian hormone receptor, type Il (AMHRII)]. Theeceptors containintracellular
serine/threonine kinase domains (Bierie & Moses6200pon binding of TGB to TBRII a
heterotetrameric complex consisting of two receptof each type is generated. This
constellation allows the phosphorylation of typ&@G3F3 receptor by type Il TGF receptor
(Fig. 3). Activated by phosphorylation, the type TIGH3 receptorthen phosphorylates
receptor-activated Smads (referred to as R-Smaldghwin response, are released from the
plasma membraneln most cell types, activin receptor-like kinase (ALK5) is the
predominant type | receptor. Therefore, the t&fRlI is often used equivalent to ALK5 (also
in this study). Five R-Smads have been found in malan cells, of which Smad2 and 3 are
activated by BRII-ALKS and Smad1l, 5 and 8 bypRII-ALK1 (Ikushima & Miyazono 2010)
Two phosphorylated R-Smads Smad2 and/or Smad3 r{deje on spatial and temporal
expression) oligomerize with one Smad4 molecule-$@wd), which does not require
phosphorylation, and translocate into the nuclédier binding to the DNA at specific Smad
binding elements (SBEs = AGAC boxes) Smads servdrasscriptional activators or
repressors. They usually act in concert with otin@nscription factors. Among those, E26
transformation-specific transcription factors (Etglctivator protein 1 (AP1), specificity
protein 1 (Spl), p30Q;o-activator of CREB-binding protei(CBP) and retinoblastoma-like 1
(RBL1) are known so far (Ilkushima & Miyazono 201ndemannet al. 2001). In order to
terminate Smad-dependent transcription R-Smaddephosphorylated and exported out of
the nucleus. (Inmaet al, 2002;Linet al, 2006;Reguly & Wrana 2003, Taegal. 2011).
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Figure 3. Schematic representation of canonical (AAnd non-canonical (B) TGH signaling.

In the presence of TGIB, a heterotetrameric receptor complex consisting of BRI and TBRII receptors is
formed. (A) In this constellation, TBRII phosphorylates TBRI, which then recruits and phosphorylates
Smad2/3. Smad2/3 associates with Smad4 and entet tnucleus where it regulates transcription in
conjunction with co-activators or co-repressors. (B Besides Smads, other proteins may be regulated by
the TGFp receptor complex. Non-canonical TGP signaling via the PI3K/Akt, TRAF6/TAK1/INK/p38 or
the Ras/Raf/MEK/ERK pathways regulates transcription and alterations of the cytoskeletal organization
and cell-cell-junctions are mediated by Par6/RhoA 0Cdc42.

3.1.2. Non-canonical TG¥signaling

Apart from the Smad-dependent, also called canbAiGFp signaling, TGB is able to
modulate the activities of multiple other signalipgthways. Among these non-canonical
actions, TGB affects the mitogen-activated protein kinase (MAP&ascades. Their
activation usually results from the ligand-inducgidmulation of receptor tyrosine kinases
(RTKs). It has been found that the Tj&eceptors also harbor tyrosine residues addititmal
their serine/threonine residues whose phosphooylasi required for Smad phosphorylation.
Phosphorylation of these tyrosine residues alloles recruitment of the adaptor proteins
growth factor receptor-bound protein 2 (Grb2) and sf sevenless (SOS) that initiate the
Ras/Raf/MEK/ERK pathway and may thus mimic RTK \zatiion leading to the activation of
this pathway. The other MAPK pathways which indgegdun N-terminal kinase (JNK) and
p38 kinase activation may also be switched on by Gut not as effectively. In this case,
TGH} activates the MAP3K TQFactivated kinase 1 (TAK1), which initiates a
phosphorylation cascade leading to activation dk #id p38. The interaction between the



TGHB receptor complex and TAK1 is mediated by TNF rémepssociated factor 6
(TRAF®6).

Additionally, TGH3 may also interfere with pathways controlling thgtoskeletal
organization that is important for cell morphologgd migration. To regulate migration,
TGHB acts on the Rho-like GTPase RhoA. One the one,H&hdA is rapidly activated by
TGH3 which enables stress fiber formation. On the otheend, TGB also initiates RhoA
protein degradation by activating partition-defeetcomplex protein 6 (Par6) (Zhang 2009).
This process starts delayed and initiates tighttjon disassembly. Both reactions are
required for TGB-dependent EMT (for detail see section 3.2.2). Muee, TG activates
the Cdc42 GTPase that leads to complex formatidh thie tight junction protein occludin
and therefore attraction ofpRI to tight junctions where it contributes to TGS EMT-
initiating function.

TGFB has also been described as an activator of thepplatidylinositol 3-kinase (PI3K)
pathway. The phosphorylation of Akt (also knowrpastein kinase B; PKB) and subsequent
activation of the mammalian target of rapamycin @RI are involved in TGinduced
EMT, protein synthesis activity, cell migration, oggposis and growth inhibition (Zhang
2009).

Additionally, TGH interacts with other pathways. Since TgGfegulates the expression of
Wnt5a, it has been shown to suppress Woatenin signaling (Serraet al. 2011).
Furthermore, evidence has been collected for aagantstic effect of ER signaling on TGF
induced transcription and functions (Band & Laih@l2). Interaction between T@GFand
cAMP pathway has also been described and are supetdan section 4.

3.1.3. Regulation of TGFsignaling

The TGP signaling pathway appears simple but, since igsaith on cellular functions is
immense, every component is tightly regulated. TG&p protein is produced as a latent high
molecular weight complex, which is processed sévamges. First of all, a propeptide is
cleaved but stays attached to the complex non-eatlglin the course of secretion. TBF
still keeps its inactive state as it is embeddetheextracellular matrix and bound by latent
TGFB-binding proteins. Factors like plasmin or thrompmsdin-1 mediate the release of
TGRp in its active form (Blobet al. 2000).

At the receptor level the abundance and ratio pé tyand Il receptors might determine the
rate of signal transduction into the cell (Paetal. 2004). Moreover, other receptors, like the
type Il receptors, influence ligand binding eféacy. They bind TGF and pass it on to the
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signaling receptors without being able to promagma transduction by itself (Blobet al.
2000).

Several factors define the level of activated Smimdshe nucleus and therefore TEGF
dependent gene expression. Among them are a nuwhhaclear import or export factors and
retention proteins in the cytoplasm. As an examf@lead anchor for receptor activation
(SARA) which has been described as indispensableoftimal positioning of Smads for
receptor-mediated phosphorylation also inhibits theslear import of unphosphorylated
Smad2 under certain conditions (ai al. 2000). Non-phosphorylated Smads constantly
shuttle between cytoplasm and nucleus, but onceptiuoylated, the nuclear location is
favored (Chen & Xu 2011, Varelast al. 2011). As a major player in controlling the
phosphorylation status of T@Factivated Smad2/3 the phosphatase PPM1/PP2C leas be
claimed (Lin et al. 2006). The function of activated R-Smads can also be iredaby
subjecting Smad4 to reversible monoubiquitinatiohiclh alters its binding capabilities
(Dupont et al. 2009). Recently, two other functionally redundanbteins, Yes-associated
protein (YAP) andranscriptional co-activator with PDZ-binding madfifAZ), were shown to
interact with TGHB-induced Smad complexes and thereby determine thalircellular
localization (Varelat al. 2008, Varelagt al. 2011). Usually, a nuclear retention is favored,
whereas, at high cell density, YAP is predominaidbated in the cytoplasm also relocating
the Smad complexes. As a consequence, fFi@fuced gene expression is lower in high-
density cells.

The total Smad3 protein content is regulated orRN& and on the protein level (Daét al.
2010). The major ubiquitin E3 ligases responsible for @asomic degradation of Smad
proteins are Smad ubiquitin regulatory factors (88)ul and 2 as well as SCF/Roc (Izzi &
Attisano 2004, Linet al. 2000, Lo & Massague 1999, Tamg al. 2011). Smurf ubiquitin
ligases are recruited upon binding of inhibitory&®is (I-Smads; Smad6 and 7) (Kavsalal.
2000) which are TGF-transcriptional targets and generate a negateebiack loop for TGF
signaling (Imamurat al. 2012).

3.2. Implications of TG in breast cancer

The ubiquitious expression of T@Rpathway components and the tight regulation of the
TGFB pathway suggest an important function in balandisgue homeostasis. The finding
that this factor is capable of subjecting fibrobdat® malignant transformation had led to its
naming and started investigations about BGHole in tumorigenesis (Moses al. 1981,
Roberts & Sporn 1985).
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Paradoxically, soon studies showed a clear growpip®ssive effect of TGFon epithelial
cells (Fig. 4) (Zuet al). In vivo experiments in mice confirmed opposing TSkEnctions.
Less tumor formation was observed in TGKEansgenic mice after chemical induced
carcinogenesis compared to wildtype mice. Her2-esgng mice also showed less tumors,
when TBRI was expressed in the mammary epithelium. Inteddi mammary epithelium-
specific expression of a dominant negativBRT resulted in a higher occurrence of
spontaneous tumors (Gorsihal. 2003). In contrast to these findings, human DG18 EBC
often show a downregulation ofRIl. Along these lines, it was shown that a reduesé| of
nuclear phosphorylated Smad2/3 correlated withgadri tumor grade and size (£ al).
Moreover, the expression of extracellular TP&F TBRII and phospho-Smad2 seems to be
linked to tumorigenesis at an earlier age (Figuetca. 2010).

3.2.1. The role of TGFin regulating cell growth

TGRFB is an important regulator of cell growth, sinceaftects proliferation, apoptosis and
autophagy. It leads to G1 phase cell cycle arrgsinducing the expression of cyclin-
dependent kinase inhibitors (CDKs) B¥%°, p21, p27 and p57 and downregulation of the
pro-proliferative transcription factor c-Myc. Theogvth-inhibitory effect of TGB is most
prominent in epithelial and hematopoietic cellsu@kima & Miyazono 2010, Liet al. 2007,
Ravitzet al. 1996).

On the other hand, T@Fpromotes proliferation of mesenchymal cells, sashsmooth
muscle cells, by upregulation of platelet-derivedvgh factor (PDGF). Induction of PDGFA
and PDGFB by TGF has also been shown in glioma and osteosarcomshitka &
Miyazono 2010).These ligands activate mitogenic pathways that tsvaot the anti-
proliferative TGIB effect. Moreover, in advanced breast cancer, ofiésh overcome growth
depression by TGFby disrupting the Smad complex responsible foding to an inhibitory
element in the-mycpromoter (Chert al. 2001).Additionally, another common observation
that explains suppression of TEmediated growth inhibition in cancer is the TsF
dependent activation of NFAT. Induction of thislpaay counteracts c-Myc downregulation
(Singhet al).

An activating as well as repressing function of P&Bncerning apoptosis and autophagy has
also been described. TGHnduces the expression of the pro-apoptotic daasiociated
protein kinase (DAPK), growth arrest- and DNA damwagducible 48 (GADD453),
phospholipid phosphatase Src homology 2 domainagaing inositol phosphatase (SHIP),
TGFB-inducible early response gene 1 and Bcl-2 familgnther BIM. In contrast,
differentially expressed in chondrocytes 1 (DEGlam anti-apoptotic TGRarget. As for the
regulation of autophagy, which is a survival megsianthat involves self-digestion of cellular
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proteins, TGB increases transcription of autophagy (ATG) genathether this event
enhances or abrogates tumor cell survival is ctlgremnder investigation (lkushima &
Miyazono 2010, Imamuret al. 2012).

3.2.2. The role of TGFin breast cancer progression & metastasis

TGFB has been shown to induce migratory and invasivewer of cancer cells. For that,
cells have to adopt a more mesenchymal phenotygpédoar their epithelial characteristics, a
process known as epithelial-mesenchymal trans{@&WT) (Fig. 4). This is accompanied by
a change in cell morphology from a rounded or celdibne-like shape to a spindle-like
appearance. Loss of proteins involved in maintgiram apical-basal polarity, cytoskeletal
rigidity or cell-cell adhesion, such as E-cadhemirthe cytokeratins 8, 18 or 19 reduces cell-
cell contacts. An upregulation of intermediate rfients and matrix components, like
vimentin, fibronectin, vitronectin, collagen as Wwas$ extracellular matrix (ECM)-degrading
enzymes like matrix metalloproteinases, allows scdth migrate and invade into the
surrounding tissue (Al Saleh & Lugmani 2011). Transcription factors Snail, Zinc finger E-
box-binding homeobox 2 (ZEB) and bHLB basic hebwp-helix (Twist) are involved in
these changes and are upregulated byplGks thought that EMT is a milestone event ia th
progression from a primary localized tumor to aastdsized disease (Ikushima & Miyazono
2010). In this context, it is likely that EMT maysa be important for the generation of
circulating tumor cells (CTCs), cells found in thimodstream after having evaded from the
primary tumor (Fig. 4). In addition, EMT is alsosasiated with resistance to apoptosis
(Megoet al.2010).

Recently, Manket al. showed that EMT in response to T[iG&lso allows breast cancer cells to
acquire stem cell-like characteristics (Fig. 4) evhiis accompanied by a higher tumor-
initiating potential. Hence, TGFmay be linked to stemness (Magti al. 2008).In the last
years, a lot of evidence has been collected supgoda cancer stem cell theory in breast
cancer. According to this model, the tumor contansubpopulation of cancer stem cells
(CSCs) that are able to self-renew, to differeatian multiple lines and to initiate
tumorigenesis. In breast cancer, CD®D24 cells seem to meet these criteria (Al-Hgtjjal.
2003). The CSCs show higher activation of PGdtgnaling compared to the bulk tumor
(Hardtet al. 2012, Shipitsiret al. 2007). Along these lines, it was shown that blogkihe
autocrine TGB signaling impaired the maintenance of stem cetipprties in primary
mammary epithelial cells (Schestl al. 2011). Further evidence supports the view that @ GF
is linked to an increased cell population with C8@aracteristics (Oliveras-Ferrares al.
2011, Wanget al. 2011). These groups uncovered miR181 as the noediat the CSC-
promoting TGIB effect.
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The TGP pathway has been shown to be important for thedtion of metastasis (Fig. 4).
After transfection of mesenchymal MDA-MB-231 breasincer cells with a dominant
negative type Il TGF receptor bone colonization by these cells wasifsigntly reduced.
Introduction of a constitutively active type | T@GFeceptor restored the ability to induce bone
metastasis (Yirt al. 1999).

In contrast, breast cancer cells of the epithalipe behave differently. MCF-7 cells that
ectopically overexpresspRI showed an increased T@pathway activity and less metastatic
burden (Micalizziet al. 2010). Consistent with this finding, in MCF-7 celéctopically
expressing a dominant negative type Il PGEceptor more metastases were found (Micalizzi
et al.2009).

TGHB has also been shown to enhance bone destructien tamor cells have begun to
colonize this organ. Bone-invading tumor cells \ait osteoblasts which then initiate the
osteoclast-dependent degradation of the bone rAass consequence, TBHs released from
the bone matrix and triggers the release of ostiedlgctors, such as parathyroid hormone-
related protein (PTHrP), by tumor cells. In resggmreceptor activator for nuclear factds
ligand (RANKL) is produced by osteoblasts leadimg ftirther stimulation of osteoclast
differentiation and thus to more bone destructiglaroni et al. 2010). In addition, hypoxic
metastatic cells produce higher TjiGkevels. Hence, hypoxia may enhance P@kediated
bone destruction (Dunet al.2009).
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Figure 4. Dual role of TGH in tumor development and progression.

In early tumor stages, TGH is a tumor suppressor which inhibits the proliferaion of epithelial cells,
epithelial cell transformation and progression from a carcinoma in situ to an invasive carcinoma.
Induction of EMT by TGF B generates invasive tumor cells and increases theSC pool. Release of TGF
from the bone matrix supports osteolysis in bone-ntastasized breast cancer. Red lines indicate tumor-
promoting, green lines tumor-suppressing TGB functions.

DCIS = ductal carcinomain situ; IBC = invasive breast cancer; CSC = cancer sterett; EMT = epithelial-
mesenchymal-transition; CTC = circulating tumor cel
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Taken together, once cancerous cells have overgvoweth inhibition by TGB they may
profit from TGH-induced EMT in the course of advancing to a matastdisease.
Importantly, TGIB may also be involved in the generation of the earstem cells in breast
cancer. Today, the idea of a dual function of PGifr cancer development and progression,
also known as the T@Fparadox, has been widely accepted (Roberts & Vilke2003). The
events that lead to this switch in TBFunction are not clearly defined up to now. Both,
changes within the tumors cells and alterationsiwithe tumor microenvironment are likely
to contribute to that switch (Ikushima & Miyazon01®, Micalizziet al. 2010, Parvanet al.
2011).

3.2.3. TGB and the tumor microenvironment

As discussed for metastasized bone, fFGlgnaling affects both the tumoral and stromal
compartment of the cancer lesion. Hence, the efi@icT GBB on the tumor stroma which may

account for more than 50 % of the tumor bulk andnoyoepithelial cells have also been
considered as driving forces in tumor progressfngt al).

Gene expression studies revealed differences betwegepithelial cells isolated from
normal breast tissue, DCIS and IBC. The most sigkdifferences were found between
normal breast cells and cells from DCIS. In DClSeasated myoepithelial cells, genes
involved in differentiation were found to be dowguéated, whereas tumor-promoting genes
were upregulated (Allineat al. 2004, Placet al. 2011). Furthermore, in cell culture, normal
myoepithelial cells prevented DCIS tumor cells frpnogression to an invasive state. This
effect was dependent on T@ignaling (Fig. 4) suggesting a tumor-suppressole for
TGRp in this experimental setting (Plaeeal.2011).

Stromal fibroblasts have also been shown to bloekgnant transformation of neighboring
epithelial cells. This effect again depends on FGkgnaling (Fig. 4) which suppresses the
release of tumor-supporting factors (Bhowmeétkal. 2004).However, the response to TBF
differs between different types of fibroblasts. Aseriptional profiling revealed that
fibroblasts isolated from different organs showfatgnt gene expression patterns (Chahg
al. 2002, Placeet al. 2011). From breast cancer lesions, cells with astivated fibroblast”
signature have been isolated. A similar profilelddae achieved by exposing fibroblasts to
serum. Activated fibroblasts differ from normal foblasts in the transcript levels of genes
related to wound healing (Charmg al. 2004). The fibroblasts with altered gene expressio
found in breast cancer are termed carcinoma-agedcfdbroblasts (CAFs). Some of them
express alpha-smooth muscle acttnSMA), a typical marker of myofibroblast, and are
therefore also called carcinoma-associated mydfiasts. CAFs may arise from normal
stromal fibroblasts and maintain their activateatestin the presence of TBKFig. 5) and
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stromal cell-derived factor 1 (SDF-1) (Kojimet al). Isolated CAFs and normal stromal
fibroblasts also showed different T@GFesponses. CAFs showed enhanced myofibroblast
differentiation, elevated expression of fibronectind laminin and, compared to normal
stromal fibroblasts, a greater ability to enhareeitvasive behavior of MDA-MB-231 breast
cancer cells in response to TEECaseyet al. 2008) (Fig. 5). In part, CAFs are generated by
differentiation of mesenchymal stem cells (MSCs)iavhenter tumors presumably in an
attempt to “repair” the tumor, which is mistaken thyg MSC as a wounded tissue (Dittmer
2010, Mishreet al.2008) (Fig. 5)A study conducted by Mishra and Banerjee foundevie

for a participation of TGF in this process. (Mishra & Banerjee 2011). In &ddj tumor
exosomes stimulated the T@pathway in stromal MSCs and promoted their difiéegion
into tumor-associated myofibroblasts (G#taal. 2012).

The conversion of endothelial cells to mesenchyweslls, in a process referred to as
endothelial-mesenchymal transition (EndMT), is tijloiuto be another way to generate CAFs
(Fig. 5). TGB is one of the known inducers of this conversioan(Weeteren & ten Dijke
2012); (Miyazonoet al. 2011). CAFs support tumor development by diffener@chanisms
(Xing et al.2011).

Fibroblasts resident in the mammary tissue areptieelominant cell type responsible for

constituting and remodelling the ECM (Fig. 5). Rbrs reason, it is not surprising that

alterations in the fibroblast population in cancerdissues contribute to ECM changes. BGF

is a strong inducer of fibronectin and collagen regpion. Fibronectin in connection with

integrin receptors serves as a signaling moletiderhay enhance proliferation and migration
of epithelial cells. Elevated amounts of collagegrevfound to be associated with mammary
tumors. Moreover, a higher collagen content angstmking enhanced matrix rigidity and

increased tumor cell invasion. The remodellingha matrix is dependent on MMPs released
by fibroblasts. These enzymes do not only degrad&ixncomponents, but also induce the
release and therefore activate matrix-embedded tgréactors which may promote tumor

activities (Parvanet al. 2011, Placet al.2011).

TGF3 has also been made responsible for tumor angisger(€ig. 5). They support
endothelial cell growth through induction of theofangiogenic factors connective tissue
growth factor (CTGF) and vascular endothelial gtowactor (VEGF). Moreover, in
endothelial cells, TGFwas shown to increase the expression of matrbalogtroteinases 2
and 9 (MMP-2, -9) and to downregulate tissue irtbilsi of metalloproteinase (TIMPS)
leading to enhanced migration and invasion of thes#s (Miyazonoet al. 2011).
Additionally, in mammary tumor-induced bone lesioR&F contributed to angiogenesis via
the upregulation of vascular endothelial growthtdadVEGF) and monocyte chemotactic
protein (MCP)-1 (Wilsoret al. 2010).
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Although TG is a potent chemoattractant for T-lymphocytes aadtrophils it has been
shown to act as an inhibitor of effector functiaisT-cells, NK-cells and macrophages (Fig.
5). In tumor cells, TGF upregulated FAS ligand (FASL). Usually, FASL-exgsmg cells are
recognized and lysed by neutrophils, but this éffealso suppressed by T@FPMoreover,
this surface antigen leads to apoptosis of T-dbls produce the receptor counterpart FAS.
Together, these mechanisms contribute to the ihalmf the immune system to conquer
tumor cells (Bierie & Moses 2006).

In summary, TGP serves as a tumor suppressor in early tumor stagedy by preventing
proliferation, while in later stages it supportsntar progression via promotion of EMT and
colonization of the bone. Besides its tumor cetbaomous functions TGF acts as a
microenvironment remodeller by upregulating seckepvoteins in different cell types. TGF
signaling is involved in the cross-talk of cancells and cancer-associated fibroblasts,
reprogramming of immune cells and transdiffereriaof different other cell types. Hence,
in advanced tumors with complex alterations alsihiwithe tumor microenvironment, TGF
contributes further to tumor promotion.
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Figure 5. TGFps effects on stromal cells promote tumor progressn.

TGFp contributes to the differentiation of normal stromal fibroblasts, mesenchymal stem cells (MSCs)
and endothelial cells to carcinoma-associated fibbdasts (CAFs). Both, normal stromal fibroblasts and
CAFs induce changes within the tumor matrix. CAFs,in part, differentiate into myofibroblasts in
response to TGIB. Under the influence of TGH, endothelial cells promote angiogenesis. T@Faffects
immune cells which may lose their effector functios and their ability to recognize tumor cells.
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4. Interactions of cAMP and TGH3 signaling

An enormous number of reports describe the sinffiects of either cAMP or TGF in
different cell types but only a few show effects aambination. Most investigations on
combinatorial effects report an inhibitory actioh @dAMP on TGH stimulation of genes.
Some show synergistic activation (Tab. 1).

Table 1. Studies that described cAMP/TGPB cross-talk and proposed a mechanism.

authors cell type cAMP effect on mechanism
TGFB-dependent
gene expression
Schilleret al. 2010| Human dermal inhibitory | Smad3-CBP/p300
fibroblasts complex
Schilleret al. 2010| Human dermal promoting Close vicinity of
fibroblasts CREB and Smad
binding sites
Xing et al.2009 Rabbit corneal inhibitory No change in Smad
keratinocytes or MAPK pathway
| RhoA activation
Gressneet al. Rat hepatocytes inhibitory | Smad2 level
2008 | P-Smad1/3
| Smad2/3-
CBP/p300 complex
Lianget al.2008 | Neuron-enriched |inhibitory | Smad3/4-
cerebral cortical cells CBP/p300 complex
of rats
Liu et al.2006 Rat cardiac inhibitory | Smad-CBP1
fibroblasts complex
| P-ERK
Ohtaet al. 2008 Mouse myoblast celpromoting Transcriptionally
line C2C12 active P-Smad1/5/8
P-CREB-CBP
complex formed

In cardiac fibroblasts, cAMP-elevating agents ledattenuation of the stimulating TGF
effect ona-SMA and collagen | and Il protein expression. Tenghors describe a reduced
ERK1/2 phosphorylation, when cells were treatechwihMP-elevating agents plus T@Rs
compared to cAMP-elevating agents or PG&one. Pharmaceutical inhibition of ERK1/2
phosphorylation also resulted in an abrogationhef TGH effect. Additionally, cCAMP was
also found to disrupt the interaction of Smads whith co-activator CBP1 which contributed
to the negative effect of CAMP on T@GFsignaling (Liuet al. 2006). In another report, a
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decrease in T@Finduceda-SMA expression by cCAMP was shown by using keraytes. In
this case, no changes in phosphorylation of ER&tloer MAPKSs nor in the level of phospho-
Smad3 or in phospho-Smad3-CBP complex formationfaasd. Interestingly, in these cells,
cAMP showed an antagonizing effect on Pastimulated RhoA activation (Xing & Bonanno
2009). Furthermore, in rat hepatocytes, caffeind 8dromo-cAMP suppressed TEF
induced CTGF expression which was accompanied bigaiease in Smad2 and phosho-
Smad1/3 levels. A dissociation of the Smad2/3-CBB@pcomplex was proposed as the
underlying mechanism (Gressradral. 2008).In neurons, lithium has been shown to inhibit
Smad3/4 transactivation by a depletion of p300/@Bich forms a complex with phospho-
CREB rather than with Smad3/4 in this context (giahal.2008).

In fibroblasts derived from palmar fascia of thendéhaa suppressing effect of CAMP on the
TGFB response on the RNA and, in part, also on theeprdével ofa-SMA, collagen (COL)
1A2, COL3A1 as well as on fibronectin 1-extra domAi (FN1-EDA) and connective tissue
growth factor (CTGF) genes was described. Incregatia intracellular cAMP level alone did
not alter gene expression (Satethal. 2011). Usinghuman dermal fibroblasts Schillet al.
could confirm an inhibitory effect of dibutyryl cjc AMP and forskolin on the TGF
mediated expression of COL1Al, COL1A2, CTGF ana as PAI-1 and TIMP-1. Again,
cAMP alone was not effective. As an explanatiomr #uthors propose a cAMP-dependent
depletion of the co-factor CBP, that, under theseddions, is not sufficient to mediate the
Smad-dependent T@Feffect (Schilleret al. 2010). A decreased level of PAI-1 protein in
response to simultaneous treatment with FG&nd forskolin as compared to TEBF
stimulation alone had been shown earlier in difiepithelial and fibroblastic cells derived
from different species (Thalacker & Nilsen-Hamiltd992). The same group and others
report reduced PAI-1 protein expression followidgMP elevation in most cell lines tested
(Santell & Levin 1988, Thalacker & Nilsen-Hamilta992).

Schilleret. al.also report an opposite effect of cAMP on TGFb-raesd expression. In their
study, a synergistical induction of hyaluronan sgse 2 by cAMP and T@Rvas found. The
authors propose that this synergism is due toltisewicinity of a CREB and a Smad binding
sites in the promoter of this gene (Schilldr al. 2010). In C2C12 muscle-derived cells,
another group showed that cyclic AMP enhanced BMRating via complex formation of
phospho-Smad1/5/8 with phospho-CREB and CBP (&thah 2008).

Another study provides additional evidence for ateraction between the two pathways by
reporting the induction of CREB expression in thesgnce of TGFin MDA-MB-231 cells.
This study showed that ectopic CREB expression rsgththe TGB-dependent expression
of PTHrP, MMP2 and MMP9 and decreased expressiddR& in MDA-MB-231 cells (Son
et al.2010).

19



A different way of communication of the two pathwais described for cystic fibrosis
transmembrane conductance regulator (CFTR) in Evespithelial cells. In this case, the
CAMP-stimulated expression of this gene was inhibiby TGP via inactivation of the32
adrenergic receptor, which induces a rise in theaellular cAMP level upon interaction
with G-proteins in these cells (Roekal. 2009).

Some studies also showed an influence of cAMP orfFi@duced cell functions or
phenotypes. Elevated intracellular cAMP levels sapped the migration of fibroblasts and
the ability of fibroblasts to contract collagen g€lSchiller et al. 2010). In addition, in
fibroblasts and rabbit corneal keratocytes, cAMBuoed a TGPB-induced myofibroblast
differentiation (Satisket al. 2011, Xing & Bonanno 2009).

Taken together, most of the work focusing on tHiiégmce of cCAMP elevation on the TGF
responsiveness of genes found an antagonisticteffemvever, there were also reports
revealing a supportive role of cAMP on the TgGFegulation of certain genes. Of note,
besides on the gene the responses were also dependée cell type.

5. Objectives of this work

It has been shown that cAMP and T5bathways are involved in breast cancer development
and progression. The cross-talk of these pathwagsken described for different cell types,
but studies with breast cancer cells have not leeeducted so far. Mechanisms underlying
this interaction have been identified and showgh loiiversity among different cell types.

The aim of this study was to investigate the irnrmf the cCAMP and the TGFpathways in
breast cancer cells, especially if and how cAMP uhatgs the expression of T@G#egulated
genes that are important in breast cancer.

Apart from the conventional 2D cultures, wheresgilow attached to a plastic surface, cells
were also maintained and treated in 3D culture8DOrcultures, attachment of the cells to the
culture dish is prevented which allows the formatiof cell-cell-interactions in three
dimensions. Different 3D systems have been devdloper most of them, the addition of
extracellular matrix components is required. kn®wn that breast cancer cells are capable of
secreting their own matrix proteins and that thelitawh of different matrix proteins
influences the expression of the cell's surfaceptrs and cellular organization (Bentein

al. 2009, Krauseet al. 2010, Swamyda®t al. 2010). In order to avoid these artificial
responses, in this study, no matrix compounds weded to the 3D cultures. This 3D model
might resemble either the vivo situation of an early tumor stage, when tumorscedive not
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yet evaded the ductal lumen (carcinoma in situ)aovery advanced tumor stage, when
dissiminated tumor cells had formed a metastatigregpte, e.g. in pleural effusions or
cerebrospinal fluids. The 3D culture system aldovwa investigations of cell functions that
cannot be observed in 2D cultures, such as honoaggregation (Dittmest al. 2008).

The mesenchymal T@GFesponsive triple negative breast cancer cell Mi®A-MB-231 was
chosen as a model system for aggressive breasercafitese cells display a highly
proliferative and invasive phenotype, while beingngtive to TGB-induced tumor
promoting effects and being resistant to Baikduced growth inhibition (Kalkhovegt al.
1995). Their invasive capacity allows them to peatet the basement membrane. The
molecular basis for the process is, in part, thpr&ssion of matrix-degrading enzymes.
MDA-MB-231 cells express a variety of MMPs with MMRas the most prominent MMP
responsible for invasion (Liet al. 2003). Autocrine TGF signaling has been shown to be
important for cell motility and invasion of thislckne (Farinaet al. 1998).

Considering the low expression of E-cadherin amth l@xpression of vimentin as well as N-
cadherin and cadherin 11 (Karnoebal. 2007, Tamurat al. 2008) MDA-MB-231 cells are
considered as mesenchymal-type cells. Gene expregsiofiles clearly confirmed a
mesenchymal-like signature (Charafe-Jau#tedl. 2006).However, MDA-MB-231 cells are
regarded as cells that have not accomplished EMifegn but rather as having undergone a
partial EMT. This is due to the retained epithelieéll shape and the maintained
responsiveness to EMT-inducing stimuli (Karnaaikal. 2007).

The importance of TGFsignaling for the formation of bone metastasisMipA-MB-231
cells was shown by selectively blocking type Il TR3#eceptor (Yinet al. 1999). Suppressing
the activity of this receptor led to less bone degtion. Restoration of T@Fsignaling by
transfecting the cells with a constitutively actitype | TG receptor restored PTHrP
production and the capacity to induce bone destruct

In MDA-MB-231 cells, also cAMP/PKA/CREB signalingagicipates in tumor progression.
It has been shown that CREB regulates a numbeermggyfound in advanced tumors, such as
PTHrP, MMP2 and MMP9 and that a higher expressid@REB favors osteolysis (Saat al.
2010).

Therefore, to learn about the potential interactibatween the TGFand cAMP pathways in

breast cancer, MDA-MB-231 cells are an appropri@iedel to work with. Signals that
interfere with TGIB pathways would offer approaches to fight its tumi@moting actions.
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MATERIALS AND METHODS

1. Materials

1.1. Chemicals

If not indicated differently, all chemicals wererpbased from Applichem, Darmstadt, D.

1.2. Standard buffers and media

Table 2. Formulation of standard buffers and mediaused in this study.

Buffer/Medium Formulation

Dulbecco’s PBS Diluted from 10X solution (Promoc&thbH, Heidelberg, D)

5X TBE 54 g tris base, 27,5 g boric acid, 20 ml 0,5 M ED3A8.0 ad 1000 m
A. dest.

LB medium Made from LB medium powder according tlé (25 g/l)

LB agar Made from LB agar powder (40 g/l)

4X protein sample buffer 5.00 mjH

+ 6.25ml 1M Tris, pH 7

+20.00 ml 10 % SDS

+ 5.75ml 0.4 % bromphenolblue
+19.50 ml glycerine

+ 2.50 ml 3-mercaptoethanol

Specialized buffers and media are mentioned itdneesponding method section.

1.3. Cell culture additives

Table 3. Additives used in cell culture experiments

Additive Solvent Manufacturer

FSK DMSO Calbiochem/Merck Millipore,
Billerca, MA, USA)

TGH1 1 mg/ml bovine serum albuminR&D Systems, Minneapolis,

4 mM HCI MN, USA

Actinomycin D 50 % DMSO Calbiochem/Merck Millipore,
Billerca, MA, USA)

Ly364947 DMSO Tocris Bioscience, Bristol, UK

HDAC inhibitor 3 DMSO Calbiochem/Merck Millipore,

Billerca, MA, USA)
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1.4. Antibodies

Table 4. Secondary antibodies used for Western blg¥VB) analysis and immunocytochemistry (ICC).

Antibody Source Dilution Dilution ~ Manufacturer
wWB ICC

a-ERK1/2 Rabbit 1:1000 Cell Signaling, Danvers, MA,
polyclonal USA

a-PAI-1 AGD 25 mouse 1:200 — 1:1000 1:250 AmericaagDostics,

Stanford, CA, USA

a-YAP Rabbit 1:1000 — 1:1500 Cell Signaling, Danvers, MA,
polyclonal USA

a-P(S127)-YAP  Rabbit 1:1000 — 1:1500 Cell Signaling, Danvers, MA,
polyclonal USA

o-Cox-2 Mouse 1:1000 Dako, Glostrup, DK
monoclonal

o-TIMP-1 Rabbit 1:1000 GeneTex, Irvine, CA, USA
polyclonal

o-CREB Rabbit 1:1000 Epitomics, Burlingame, CA,
monoclonal USA

a-P(S133)- Rabbit 1:1000 Epitomics, Burlingame, CA,

CREB monoclonal USA

a-Smad2/3 Mouse 1:1000 Santa Cruz biotechnology,
monoclonal Santa Cruz, CA, USA

a-P(S423/S425)- Rabbit 1:500 — 1:1000 R&D Systems, Minneapolis,

Smad3 polyclonal MN, USA

a-TPRI Rabbit 1:500 Cell Signaling, Danvers, MA,
polyclonal USA

o-ITGB1 Rabbit 1:2000 Epitomics, Burlingame, CA,
monoclonal USA

o-CD44 Mouse 1:4000 Lab vision, Fremont, CA,
monoclonal USA

a-Cyr6l Rabbit 1:500 Santa Cruz biotechnology,
polyclonal Santa Cruz, CA, USA

a-Fibronectin Rabbit 1:2000 EpitomjiBurlingame, CA,
polyclonal USA

Table 5. Secondary antibodies used for Western blanalysis.

Antibody Dilution Manufacturer

Anti-rabbit-HRP
Anti-mouse-HRP

1:2000
1:2000

Cell Signaling, Danvers, M4SA
Cell Signaling, Danvers, NUSA
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1.5. Plasmids

Table 6. Plasmids used for ectopic protein expressi.

Expression plasmid

Manufacturer/provided by

pEXL-Flag-Smad3
pcDNA3.1-Six1
pcDNA3.1zeo/BRI(T204D)

Table 7. Reporter plasmids used for promoter activaon studies.

R.A. Weinberg, Cambridge, MA, US4u(et al. 1997)
H.L. Ford, Aurora, CO, USA (Micalizet al.2010)
T.A. Guise, Indianapolis, IN, USA (Yat al. 1999)

Reporter plasmids

Manufacturer/provided by

pGL4.10Juc?] Promega, Madison, USA

pGL4.74hRIluclTK] Promega, Madison, USA

pGL4.10Juc?] _TPRI New construct see 2.6.1.

3TP-luc Y. Sun, Rochester, GB (Wraetal. 1992)
1.6. Primer

Table 8. Primer used for gqRT-PCR.

Transcript Forward primer (5°->3") Reverse primer (5->3)
GAPDH GAAGGT GAAGGT CGGAGT GAAGATGGTGATGGGATTTC
HPRT GGACAGGACTGAACGTCTTGC TGAGCACACAGAGGGCTACAA
MMP-1 CTGAAGGTGATGAAGCAGCC AGTCCAAGAGAATGGECCGACG
TGFu AGCCTTTTGIGEECCTTC GAATAACCCCAAGCAGACGC
ITGAG GGCACCTACACTCACCTGCA CAGCTAACGTGATGGACGTCTC
ITGB1 GGAAAACAGCGCATATCTGGA CATCGAAACCACCTTCTGGAC
Ets-1 CGTACGTCCCCCACTCCTC TTGATGATGGTGAGAGTCGEC
MMP-9 CCCGGACCAAGGATACAGTTT GGAATGATCTAAGCCCAGCC
uPA ATTCCTGCCAGGGAGACTCAC CCAGTCAAAGTCATGCGGC
p21 CTGIGATGCGCTAATGECC CGGTGACAAAGTCGAAGTTCC
MMP-10 TGGAGCAAGGCTTCCCCTAGA TGATGACTTTCCAGGAGI TGAGC
PTHrP ACCTCGGAGGTGICCCCTAAC TCAGACCCAAATCGGACGEG
TIMP-1 CTGITGTTGCTGTGECTGAT TGGATAAACAGGGAAACACT
PAI-1 GGCCATGGAACAAGGATGAGA GACCAGCTTCAGATCCCGCT
Cox-2 GCAAATTGCTGGCAGEGTT TCTGTACTGCGGGTGGAACAT
Smad3 GTGGATGGECTTCACCGACC TTGACATTGGAGAGCAGCCC
CREB GCTGCCTCTGGAGACGTACAA GCTAGTGGGTGCTGTGCGA
YAP GGATGGTGGGACTCAAAATCC CAATTCCTGAGACATCCCGC
Six1 TGCTTCAAGGAGGAGT CGAGE GGATTGT GCGCGTACCACT
Eya2 GCTATGGCTCCAGCT AGGTGTAGIGGCTCTGICCAG
TBRI CATTGCTGGACCAGTGTGCT CAGTGCGGT TGTGGCAGAT
TPRII AGAAAGCTGAGI TCAACCTGGGA  TGATGGCACAGIGCTCGC
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Primers for other applications are mentioned indbxesponding method section.All primers
were purchased from Eurofins MWG (Operon, Eberske)g

1.7. siRNAs

Table 9. siRNAs used for protein knockdown.

SiIRNA Sense strand (5°->3")
siLuc CUUACGCUGAGUACUUCGA
siCREB-624 UGACUAUCUUCUGAUGCA
siSmad3-869 CCAGUGACCACCAGAUGAA
siYAP-930 GACAUCUUCUGGUCAGAGA
siSix1-848 CCAACUCUCUCCUCUGGAA

All siRNAs were purchased from Eurofins MWG (Oper&bersberg, D).

1.8. Devices

Table 10. Devices used in the presented study.

Device Manufacturer

Microscopes: Axioskop 40, Axiovert 135 Carl Zeidsna, D

Laminar flow bench: Hera safe Heraeus,/Thermo FiSkentific, Waltham,
MA, USA

Electroporator: Gene Pulser Xcell Bio-Rad, Munibh,

Centrifuges: Biofuge pico, Multifuge 3 S-R Heradus#rmo Fisher Scientific, Waltham,
MA, USA

PCR-Cycler: T-Gradient thermocycler Biometra, Giggén, D

gPCR-Cycler: iCycler Bio-Rad, Munich, D

Incubators: innova 4230 (for bacteria) New Brunswick Scientific, Edison, NJ, USA

IG150 (for eucaryotic cell culture) Jouan/Thermo Fisher Scientific, Waltham, MA,
USA

Spectro-photometer: Ultrospec 1000 (cuvettes) Pharmacia Biotech/GE Healthcare Bio-
Sciences, Uppsala, SE

Spectra Max 340PC (96 well plates) Molecular Devices, Sunnyvale, CA, USA

Protein quantification: Qubit fluorometer Invitragkife Technologies, Carlsbad, CA,
USA

Agarose gel electrophoresis: Agagel Standard Biometra, Géttingen, D

G45/1

SDS-PAGE: Mini-Protean 2 Cell Bio-Rad, Munich, D

Western Blot: Mini Trans-Blot Cell Bio-Rad, Municb,

Microtome: Jung Histoslide 2000 Leica Microsystelvgtzlar, D

Luminometer: Sirius Luminometer Berthold Detectlgystems, Pforzheim, D
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1.9. Software

Table 11. Software used in the presented study.

Software Manufacturer

GraphPad Prism Version lgbPad Software, San Diego, CA,
USA

Microsoft Office Microsoft, Redmont, WA, USA

iQ5 Optical System Software version 2.0 Bio-Radnidh, D

Primer Express v2.0 Applied Biosystems/Life Teclogas,
Carlsbad, CA, USA

AxioVision 4 Carl Zeiss Imaging Solutions GmbH, deb

Canvas 8 ACD Systems (former Deneba Systems), Seattle,
WA, USA

2. Methods

2.1. Mammalian cell culture
2.1.1. Cells

The human breast cancer cell lines MDA-MB-231, MCRnd BT20 were used. Bone
marrow-derived human MSCs (hMSCs) from differenhals were kindly provided by L.P.
Mueller, University of Halle.

2.1.2. Cell culture

MDA-MB-231, MCF-7 and BT20 cells were grown in RPNI640 + GlutaMAX medium
(GibcolLife Technologies, Carlsbad, CA, USA) suppésted with 10 % fetal bovine serum
(Pan Biotech GmbH, Aidenbach, D) in the absencentibiotics and incubated at 37°C in a
humidified incubator at 5 % COMonolayer (2D) cultures were grown on cell cudtyplates

or flasks depending on application. For 3D cultysdis were trypsinized (Trypsin/EDTA,
Lonza, Basel, CH) and maintained in suspensioroprof a thin layer of 2 % Seakem GTG
agarose (dissolved in PBS) (Lonza, Basel, CH) Wb anf cell culture flask. (Dittmeet al.
2008). The freely floating cells quickly formed aggates of different shapes and sizes in the
cell culture flask. For observation of single 3Dgexpates, 5000 cells were seeded per well
into a 96-well plate (TPP, Trasadingen, CH). Whdditves (Tab. 3; 1.3) were used, they
were either added after cells had attached to thieure dish (2D) or administered
simultaneously with cell seeding (3D). For mockatreent only the solvent in which the
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additive was solved was added. The concentratied aad the duration of treatment is given
in the corresponding result section.

Human MSCs were maintained in DMEM (low glucose APBaboratories, Pasching, AT),
15 % fetal calf serum (PAA Laboratories, Paschi@) and kept at low density to avoid
differentiation. For co-culturing of breast cancetls with hMSCs, hMSCs were first seeded
in hMSC medium. After hMSCs have attached to thessatum, MDA-MB-231 cells were
added and cells co-cultured in RPMI/10 % FCS. latiom of MDA-MB-231 cells with
hMSC-conditioned medium was performed applying 20 cdnditioned medium in
RPMI/10 % FCS.

2.2. Protein analysis

2.2.1. Cell lysis

Cells grown in 2D cultures were washed with PBSaped off the plate and harvested by
centrifugation. Cells in 3D culture were collectey centrifugation and washed with PBS
before cellular proteins were isolated.

Nuclear protein extraction was done according tamadified protocol described by
(Lindemannet al. 2001). After centrifugation, cells were resuspehae100 ul of buffer A
(10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 niBGTA) and placed on ice for
15 min. After addition of 50 pl 5 % NP-40, the csllspension was vortexed for 10 s and
centrifuged in a microcentrifuge at full speed 30rs. The pellet was resuspended in 60 ul of
buffer C (20 mM HEPES pH 7.9, 400 mM NaCl, 1 mM ERQTL. mM EGTA, 1 mM DTT)
and incubated on ice for 10 min. After centrifugatifor 10 min, the supernatant was
collected and stored at -80 °C.

Extraction of plasma membrane proteins was cawigdas described (Cardoee al. 2007)
with some modifications. Cells were resuspendetiOia pl buffer A as described above and
homogenized by five passes through a 20-gauge ene€dllular fractions were isolated by
stepwise centrifugation at 3000 rpm (608)»xand 6500 rpm (3500 ) and then full speed in

a microcentrifuge for 10 min each. The pellets raftee first two centrifugations were
discarded. The pellet of the last centrifugationtamed the plasma membrane proteins and
was dissolved in buffer D (5 mM HEPES pH 7.9, 018 #¢-EDTA pH 7.2, 1 mM DTT).
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2.2.2. Protein gquantification

Total protein contents of cellular lysates were smead by using a Qubit fluorometer
following the instructions of the manufacturer (linogen).

2.2.3. SDS-PAGE

SDS-PAGE and Western blot analyses were perfornsedeacribed (Dittmeet al. 2006)
with some modifications. While for nuclear or cyabis protein lysates 10 ug of total protein
was applied onto the gel, for plasma membrane &sta ug was used. The corresponding
volumes of lysates were diluted with 4X sample éufConditioned cell culture medium was
also diluted with 4X sample buffer and fourty miters were loaded onto the gel. All
samples were incubated at 99°C for 3 min, thenembain ice.Proteins were separated by
SDS-PAGE in electrophoresis buffer (192 mM glycidé, mM tris base). Gels contained a
10% separating gel overlaid by a 4 % stacking gelb( 12). For the determination of
molecular weights of proteins PageRuler Prestaifextein Ladder (Pierce/Thermo Fisher
Scientific, Waltham, MA, USA) was used.

Table 12. Recipe for the separating and stacking bfor SDS-PAGE.

Separating gel Stacking gel
Acrylamide-Bis-acrylamide- 2.5 ml 0.5 ml
solution (40 %, 29:1)
Gel buffer* 25ml 2.5 ml
A. dest. 5.0 ml 2.0 ml
10 % APS** 50 pl 25 ul
TEMED 7.5l 5l

*separating gel: 1.5 M Tris pH 8.8 (HCI)
Stacking gel: 0.5 M Tris pH 6.8 (HCI), 0.2 % SDS
**prepared freshly

2.2.4. Western Blot analysis

After electrophoresis, SDS-gels were rinsed inteddtot buffer (192 mM glycine, 25 mM
tris base, 20 % methanol) and electroblotted ontonmobilon polyvinylidene difluoride
membrane (Merck Millipore, Billerca, MA, USA) at Q0 for 1 h. After blocking with 2 %
dry milk in washing buffer (10 mM Tris/HCI pH 7.800 mM NaCl, 1 mM EDTA) at room
temperature for 10 min, the membrane was incubattdthe primary antibody in washing
buffer containing 0.2 % milk for 1 h at room temgteire. The membrane was washed three
times in washing buffer containing 0.05 % Tweenf@05 min each and incubated with the
appropriate secondary antibody in washing buffertaiaing 0.2 % milk at room temperature
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for 1 h followed by at least three washes in waghiaffer containing Tween 20 for 20 min
each. Peroxidase activity was visualized by chemihescence using ECLPIlus (Lonza, Basel,
CH) followed by exposure to Hyperfilm ECL (GE Hdwlare Europe, Freiburg, D).

2.2.5. Coomassie gel staining

After blotting, gels were stained by using a madifiSimplyBlue SafeStain procedure
(Invitrogen/Life Technologies, Carlsbad, CA, US&els were washed in water, heated in a
microwave and placed on a shaker for 5 min. Theguore was repeated 3 times. After that,
gels were stained with Coomassie blue solution Ifpear 80 mg Coomassie brilliant blue R-
250 plus 3.5 ml 32 % HCI) and destained with water.

2.3. Quantitative reverse-transcription PCR

2.3.1. RNA isolation

Cells grown in 2D cultures were washed with PBS bs&d in lysis buffer. Cells in 3D

culture were collected by centrifugation and washw#ti PBS before lysis. Total RNA was
isolated by using NucleoSpin RNA Il (Macherey-Nageéiermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer's instrucio DNA was digested on-column by
using 30 Kunitz units of RNase-free DNase in 8RDID buffer (Qiagen, Hilden, D). Total

RNA content was determined by measuring the absosbaat 260 nm in a spectro-
photometer.

2.3.2. Synthesis of cDNA

For cDNA synthesis, 1 pg of total RNA was mixedhwit pl of 10 mM dNTPs (Eppendorf,
Hamburg, D), 20 or 40 U RNasin Plus RNase Inhib{romega, Madison, USA), and 1 pl
of random hexamers (100 ng/ul; Amersham Bioscidatediealthcare Europe, Freiburg, D)
in a total volume of 13 ul and incubated at 65 6€3 min and quickly cooled on ice. After
addition of 4 ul of 5x strand buffer and 2 pl ol M DTT, the primers were allowed to
anneal to the RNA at 25 °C for 2 min. cDNA syntkBesias achieved by addition of 1 pl of
Superscript I (200 units/pl; Invitrogen/Life Teatingies, Carlsbad, CA, USA) and by
consecutive incubations at 25 °C for 10 min andiat°C for 50 min. The reaction was
stopped by keeping the mixture at 70 °C for 15 min.
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2.3.3. Quantitative PCR

Quantitative PCRs were performed by using ABso@QEBCR SYBR Green Fluorescein mix
(ABgene, Thermo Fisher Scientific, Waltham, MA, USAo0 10 pl of SYBR Green mix,
1.25 ul of each primer (2.5 pmol), 2 pl of cDNAZQ:diluted), and 5.5 ul of water were
added, and the mixture was run in a Bio-Rad iCydMter activation of the polymerase at
95 °C for 15 min, 40 cycles were run. In each cydenaturing was performed at 95 °C for 15
s, annealing at 60 °C for 1 min, and synthesis?at@ for 1 min. Each sample was analyzed
in duplicates. The relative RNA level of each geofeinterest was calculated by the
comparativeCt (2%*“) method. Housekeeping genes GAPDH and HPRT weee @s
reference genes. The combined expression of theseyénes was used for normalization.
Primers of all genes analyzed are listed in Tali..®).

2.4. Protein knockdown (RNA interference) and ectoig expression of proteins
2.4.1. Protein knockdown (RNA interference)

Small interfering RNAs (siRNAs) as used are listedrab. 9 (1.7). Cells were transfected
with 5 pl of a siRNA stock solution in RNase-freater (100 pmol/ul) by electroporation
(2.4.3.). In orderto avoid dilution of siRNA via cell division cellgere seeded at high
density. As a control siRNA, siRNA targeting theefly luciferase (siLuc) was used. This
siRNA is supposed to have no specific target in &urcells. After transfection cells were
maintained in culture for 2-3 days to allow theSiRto induce its knockdown effect, before
cells were harvested for RNA and/or protein analysi

2.4.2. Transfection with expression plasmid

For ectopic protein expression, cells were traristeavith 5 pg expression plasmid by
electroporation (2.4.3.). As a control, cells wekectroporated without adding plasmids.

2.4.3. Electroporation

Cells were trypsinized, washed once with RPMI mediiserum-free), and resuspended in
RPMI medium at a density of approximately 8 millioalls per ml. For each transfection,
250 ul of the cell suspension were mixed with siRMAd/or expression plasmid and
electroporated by using a Bio-Rad GenePulserX-C&H0 V, 800 microfarads). After
incubation on ice for 30 min, cells were mixed wgiowth medium and seeded into cell
culture dishes (Nunc/Thermo Electron LED, Langdnsiel, D).
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2.5. Determination of the cellular cAMP level

Determination of intracellular cAMP levels was @agrout by using the Cayman cyclic AMP
Enzyme Immunoassay Kit by following the instrucgBoonf the manufacturer (Cayman
Chemical, Ann Arbor, USA). In this assay, acetylohesterase-coupled cAMP competes
with cAMP provided by the sample for binding to AMP-specific antibody. The more
cAMP the sample contains, the less acetylcholingséecoupled cAMP can bind to the
antibody and the less enzyme activity can be dededtherefore, the level of enzyme activity
is inversely related to the cAMP content in the pemCells were washed once with PBS and
incubated with 0.1 M HCI at room temperature for 0n and debris removed by
centrifugation (10 min at 10400 rpm). Cells grovsrraonolayers were lysed in the culture
dish. Cells kept in 3D culture were collected bytaéugation and washed and lysed in a
reaction tube. The procedure for measuring low cAbthcentrations was used which
required acetylation of the sample. Acetylation wemried out as described in the
manufacturer’'s protocol. Acetylated supernatantsewassayed after dilutions with EIA
buffer. Fifty pl of standards or samples were irateld in the presence of 50 pl of tracer
(acetylcholinesterase-coupled cAMP) and 50 ul oM&Aspecific rabbit antibody at 4°C for
17-18 h. Acetylcholinesterase activity was deteedimafter addition of Ellman’s reagent by
measuring absorbance at 412 nm in a Spectra MaRk@G4pectro-photometer.

2.6. Molecular cloning

In order to examine thefRI promoter inducibility by cAMP, the -392/+21 bmfment of
the human PRI promoter was inserted into the pGL4-10[luc2]ifease reporter plasmid.

2.6.1. Generation of afRI promoter fragment

A -392/+21 bp fragment of the humapR1 promoter was amplified from genomic DNA of
MDA-MB-231 cells. For that purpose, a PCR reactioir containing 120 pmol of each of the
primers PBRI-392fw  (TAGAGGAGGTTAGAAGAAAAGAGCGT) and TPBRI+21rv
(AGCAAACCTCGCCTCGC), 100 ng template DNA, 100 pmaf each dNTP
(Fermentas/Thermo Fisher Scientific, Waltham, MASA), 1x Pfu polymerase buffer
(+MgSQy), 4 units Pfu polymerase (Fermentas/Thermo Fisher Scientific|tvVem, MA,
USA) and 5 % DMSO in 4 aliquots with a total voluroé 12 ul each was prepared.
Amplification was performed by running an initiadmaturation at 95°C for 20 min, followed
by 40 repetitive cycles of denaturation at 95°C 2omin, annealing at 57°C for 1 min,
extension at 75°C for 3 min and one final extensibid5°C for 10 min in a thermocycler. The
resulting PCR product was run on an agarose gelctinresponding band was excised and
DNA was extracted by using Zymoclean Gel DNA Recgvat (Zymo Research, Irvine,
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USA) by following the manufacturer's protocol. Tiselated DNA fragment was subjected to

re-amplification PCR in order to increase purityusing the same PCR mix components and
the same conditions of thermocycling. Agarose tgdteophoresis confirmed that by this step

a cleaner PCR product was achieved.

2.6.2. PCR product purification and phosphorylation

The PCR product was purified by using QIAquick PE®ification kit (Qiagen, Hilden, D).
After cleaning the fragment was phosphorylated Iximg 20 ul of the product (1,5 pg) with
20 pl of 2X Quick Ligase buffer and 1 pl (10 unitej T4 PolyNTP polymerase
(Fermentas/Thermo Fisher Scientific, Waltham, MASA) and incubating the mixture at
37°C for 30 min following enzyme inactivation at’€for 10 min.

2.6.3. Insertion of the PCR product into a repoptasmid

The fragment was inserted into pGL4IU@P] (Promega, Madison, USA), a eukaryotic
expression vector which encodes the luciferase géRéotinus pyralisand, according to the
company, does not contain DNA sequences that amilds promoter elements. For blunt end
cloning into the multiple cloning site the singletter EcoORV was selected. Two pg of vector
DNA was digested by using 2 pl of NEB buffer 4 ahdinits of EcoRV (New England
Biolabs, Ipswich, USA) in a total volume of 20 (tI3¥°C for 1 h. After cooling on ice, the
vector was dephosphorylated by incubating the tegeplasmid in the presence of 2 pl of
10x Antarctic Phosphatase reaction buffer and &uwifiAntarctic Phosphatase (New England
Biolabs, Ipswich, USA) at 37°C for 30 min. Enzymeactivation was accomplished by
keeping the reaction mix at 65°C for 10 min. Susfidsgligestion was checked by agarose gel
electrophoresis. The digested vector displayedsteifamigrating band on the gel than the
undigested one.

For ligation 25 ng of phosphorylated PCR producst waixed with 0.6 ul digested, de-
phosphorylated plasmid DNA, 10 pl of 2X Quick Ligabuffer and 5 units of T4 DNA
Ligase (Fermentas/Thermo Fisher Scientific, Walthi&A, USA) in a total volume of 20 pl
and incubated at room temperature for 1 h.

2.6.4. Transformation d&.coli

An aliquot of 50 pul of NEB Turbo competehtcoli (New England Biolabs, Ipswich, USA)
was thawed on ice and transformed with 7.5 plilgamix. Then, the cell-plasmid-mix was
kept on ice for 20 min, subjected to a heat shaekaC for 30 sec, cooled on ice for 5 min
and incubated for 30 min at 37°C after additior860 pul SOC medium. Cells were plated

32



onto LB agar plates supplemented with 50 pl/ml aipi and left in an incubator at 37°C
o/n.

2.6.5. Identification of positive clones

Positive clones were identified by colony PCR. @a#s were picked and boiled in 20 pl
water at 95°C for 5 min. Four pl of the lysate weriged with 1 pl of each primer specific for
the inserted DNA fragment (100 pmol/l) and 6 pl @¥Taq Green Master Mix (Promega,
Madison, USA) and the DNA amplified by using théldowing PCR program: 95°C 5 min;
40x (95°C 1 min, 57°C 1 min, 72°C 1 min); 72°C 5mi

In addition to the colony PCR, PCRs with purifieldgmid DNA was carried out. Plasmid
DNA from 4 ml liquid LB medium bacterial culture olemented with 50 pl/ml ampicillin
was isolated by using the ZR Plasmid Miniprep-Gtak& according to the user's manual of
Zymo Research (Irvine, USA) and PCR reaction waslaoted using the same procedure as
described above for colony PCR. The primers wereseth such that it allowed the
discrimination between the two possible orientatiaf the inserted fragment within the
vector. A band of the size of 470 bp indicateddbeect orientation of the insert when using
the primers GL4_MCS_fw (GGCCTAACTGGCCGGTACC) whighneals within the vector
on the sense strand an@RI+21rv which matches the 3'-end of the insert. @Asegative
control, the primer pair comprising GL4_MCS_fw afgRI-392fw was expected to result in
no PCR product.

Correct insertions were confirmed with double diges For that purpose, plasmid DNA was
mixed with 2 pl NEB buffer 4, 2 unitspnl-HF (New England Biolabs, Ipswich, USA) and
10 unitsHindlll (New England Biolabs, Ipswich, USA) in a totablume of 20 ul and
incubated at 37°C for 2 h. Subsequent agarose lgetr@phoresis confirmed successful
cleavage.

As a final validation for a successful and corresertion the plasmids were sequenced by
Eurofins MWG Operon (Ebersberg, D).

2.6.6. Plasmid amplification and purification
One clone containing the correct fragment in cdrrecientation (designated as
pGL4.10_PBRI) was selected and amplified in 200 ml LB medigontaining 50 pl/ml

ampicillin by incubating at 37°C o/n. Plasmids wesmlated by using the Plasmid
Purification Maxi Kit (Qiagen, Hilden, D) by follomwg Qiagen's protocol. Plasmid
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concentration was determined by measuring the bBheoe at 260 nm in a spectro-
photometer.

2.7. Luciferase assays for the determination of prooter activity

2.7.1. Transfection with reporter plasmids

For luciferase assays, cells were transiently femtsd with 5 pg of plasmids by using
electroporation (see 2.4.3.). Cells were seedea 18twell plates (TPP, Trasadingen, CH).
After incubation for 6-24 h, medium was replacedhwiresh medium supplemented with
additives. For the determination oI promoter activity cells were co-transfected wbthg
pGL4.10JucZ]_TPRI and 2.5 pg pGL4.78RIucTK]. The latter plasmid containing the
renilla luciferase gene downstream a constitutistev@ promoter was used for normalization.
Cells were assayed for luciferase activity aftehZsf incubation.

2.7.2. Measurement of luciferase activity

After washing with PBS cells were lysed in 250 iP@.B (Promega dual luciferase reporter
assay, Promega, Madison, USA) under agitation @nhreemperature for 15 min. Ten ul of
each supernatant were mixed with 50 pl of LuciferAssay Reagent Il and analyzed for
luciferase activity (Sirius Luminometer, Bertholdetection Systems). Relative promoter
activity was calculated by normalizing luciferasetidty either against renilla luciferase
activity (pGL4.74hRluciTK]) or total protein (3TP-luc). The latter was éehined by using
the Qubit fluorometer (Invitrogen/Life Technologi€zarlsbad, CA, USA).

Vector 3TP. To examine TGB/Smad-dependent transcription the 3TP-Luc repadestruct
was used. (Wranat al. 1992). The plasmid 3TP contains the firefly lucfse gene cloned
downstream of an artificial promoter consisting tbé TGHB-responsive PAI-1 promoter
fragment between positions -740 to -636 and thiea {phorbol ester)-responsive elements
(TPA's; 1 in reverse and 2 in sense orientatiomived from a human collagenase gene (de
Groot & Kruijer 1990) Smad3 and Smad4 have been described to coopeyainel to the
PAI-1 promoter between -684/-677 and -670/-6640&theiret al. 1999).
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2.8. Immunocytochemistry
2.8.1. Preparation of 2D culture slides

Cells were grown on Superfrost slides (Gerhard MEr&raunschweig, D) in the presence of
additives as indicated, washed with PBS, fixed wWith% formaldehyde solution for 15 min
and air-dried. Immunochemical staining was perfatrag described in (2.8.3.).

2.8.2. Fixation, paraffin-embedding and preparatibslides with 3D-cultured cells

For 3D culturing in 96-well plates, 5000 cells rgggended in 200 pl medium were seeded into
each well (TPP, Trasadingen, CH). After incubatiiorihe presence or absence of additives
for 3 days, 100 ul of medium was removed and repldry 100 pl of a 10 % formaldehyde
solution. Cell aggregates were fixed for 30 minrabm temperature. Then, cells were
collected in a 15 ml tube, sedimented by gravitg dehydrated by incubation in increasing
concentrations of ethanol (1x 50 %, 2x 70 %, 2X@Q&x 100 %) and finally by three washes
with xylol. The 3D aggregates were then transfeinéd a 1.5 ml tube, submerged in liquid
paraffin and incubated at 60°C o/n for infiltratioh paraffin. The tube was cooled and the
resulting hardened paraffin pellet was removedhstierred into a histology cassette and filled
with liquid paraffin. After cooling on ice, 5 pm itk sections of paraffin-embedded cell
aggregates were cut from the paraffin blocks witmiarotome and placed onto Superfrost
slides (Gerhard Menzel, Braunschweig, D).

2.8.3. Immuncytochemical staining

For deparaffinization, slides were incubated inufettes filled with xylol for 10 min each.
The cells were rehydrated with decreasing ethaantentrations (2x 100 %, 2x 96 %, 2x
80 %, 2x 70 %) for 5 min each and rinsed in waterinactivate cellular peroxidases, slides
were incubated in 1 % hydrogen peroxide (Merck ilghilie, Billerca, MA, USA) for 15 min.
After rinsing with water slides were heated to 9%i(x ChemMate Target Retrieval (Dako,
Glostrup, DK) or, for detection of the Cox-2 anfigen Target Retrieval Solution, pH 9.0
(Dako, Glostrup, DK) for 45 min. After cooling dowio room temperature in a water bath,
slides were stained by using the Cover plate TdolgydThermo Fisher Scientific, Waltham,
MA, USA) and the ZytoChem Plus HRP-Kit (Zytomed riBe D). In detail, protein block by
using blocking solution was performed for 10 min rabm temperature followed by
incubation with the primary antibody at 4°C o/n §T&; 1.4.). Antibodies were diluted in
Real Antibody Diluent (Dako, Glostrup, DK). Slidegere washed twice with PBS and
incubated with a biotinylated secondary antibody 0 min. Subsequently, antibodies were
removed by washing twice with PBS and slides wkemn tincubated with streptavidin-HRP-
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conjugate for additional 10 min. After washing teievith PBS, slides were stained by
incubating with a HRP substrate for 30 min. Slidesre removed from the Coverplate
Cassette, rinsed in water, stained with hematoxggain rinsed with water and coated with
non-aqueous mounting medium on top of which a ¢hass cover slip was placed (Mowiol,
recipe taken from: http://www.laborjournal.de/rudstiicks/tricks/trick65.lasso).

2.8.4. Hematoxylin and eosin staining

For hematoxylin and eosin staining, slides werepgred as described in 2.8.3 before
antibody staining. After hydrogen peroxide incubatiand rinsing with water, slides were
stained with hem alaun solution according to May&oth, Karlsruhe, D). Then, slides were
incubated in tap water to intensify the nucleainstg. Cytoplasmic counterstaining was
performed using a 1 % eosin solution (w/v).

2.9. Functional assays

2.9.1. Cell viability assay

Cell viability was determined by using the ViaLigptus kit (Lonza, Basel, CH). This
luminescence-based assay measures the cellulacédtent as a marker for viability. In this
assay, ATP drives a luciferase-catalyzed reactian leads to the emission of light in the
presence of oxygen and luciferin. Cells are lysgdhbubation in lysis buffer for 20 min. An
aliquot of the lysate is mixed with AMR plus reageiich contains the enzyme luciferase as
well as its substrate luciferin. As the ATP presenthe cell lysate is the limiting factor for
the luciferase reaction, the emitted light as deteed by using a luminometer is linearly
correlated with the cellular ATP content.

2.9.2. Cell-cell adhesion assay

Four million cells were seeded onto a confluent atayer and incubated for 3 h. After
incubation, the remaining non-attached cells in $hpernatant were counted by using a
Countess Automated Cell Counter (Invitrogen/LifefA@ologies, Carlsbad, CA, USA).

2.9.3. Cell migration assays

Four hundred thousand cells were seeded into tiperupompartment of a ThinCert cell
culture insert (Greiner Bio-one, Frickenhausen, tbat were placed into 6-well plates. The
inserts contained a porous membrane (8 pm-poresheatbottom that allowed cells to
penetrate the membrane only by an active migrgtoogess. In order to stimulate migration
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(chemotaxis) towards the lower compartment, ceksensuspended in serum-free medium,
whereas the medium pipetted into the lower compamtroontained 10 % fetal calf serum. If
additives were used, they were added to both cdmpats. After 18 h of incubation, the
inserts were removed. Cells that had remained trgoupper side of the membrane were
wiped off and cells that migrated to the lower safethe membrane were fixed in 10 %
formaldehyde solution and stained in 1 % eosintsmiu After rinsing the inserts with tap
water to remove excess staining solution, the mangwas destained in 1 ml water. OD450-
values were determined by using a spectro-photomete

2.9.4. Proliferation assay

Cell proliferation was determined by using the Galbliferation ELISA (Roche Diagnostics,

Mannheim D). The test is based on the measurenighé @yrimidine analogue 5-bromo-2'-

deoxyuridine (BrdU) that, when added to cell cuwdtumedium, is incorporated in place of
thymidine into newly synthesized DNA. After incuioet, cells were fixed and the DNA was

denatured. BrdU is detected by using a specifitbady that is peroxidase-coupled. Enzyme
activity as measured by reading absorbance of @asrimetric product in a spectro-

photometer. Absorbance values correlated with theuamt of incorporated BrdU and

therefore with cell proliferation.
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RESULTS
1. Activation of cAMP and TGF signaling pathways in MDA-MB-231 cells
MDA-MB-231 breast cancer cells were either grownaitherent monolayer cultures (2D

culture) or in 3D cultures as freely floating cafjgregates on top of an agarose-coated plastic
surface (Fig. 6).

In order to activate the cAMP pathway cells wesated with 10 uM forskolin (FSK) which
served as a stimulator of adenylyl cyclase actitfger incubation with forskolin, cells were
lysed and cAMP concentrations were determined lporapetitive enzyme immunoassay
(EIA). As expected, the cells responded to FSKrmyaasing their intracellular cAMP levels.
In 2D cultures, cAMP concentrations were 2.0-foighler after 6 h and 2.8-fold higher after
24 h of incubation with FSK compared to mock treatin In 3D cultures, FSK induced
CAMP elevation to a similar extent of 3.4-fold afte4 h (Fig 7A). Concomitantly,
phosphorylation of the downstream cAMP-dependeatsitription factor CREB was also
observed in nuclear cell extracts of 2D- and 30wred cells as determined by Western blot
analysis of phospho-CREB (Fig. 7B).

For the activation of the T@Fpathway, human recombinant T@EFwas applied at a final
concentration of 10 ng/ml. Successful activatiors wanfirmed by Western blot analysis of
the phosphorylated transcription factor Smad3 inlear extracts of 2D- and 3D-cultured
cells (Fig. 7C).

These analyses also confirmed the different modexctivation of the transcription factors

CREB and Smad3. While non-activated CREB is alrga@gent in the nucleus where it is
phosphorylated in response to elevated cAMP lev@tsad3 translocates into the nucleus
after being activated in the cytoplasm. Interedyinthe phosphorylation-dependent shuttling
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of Smad3 into the nucleus can only be clearly olexkin 2D-cultured cells. Cells grown in
3D culture contained nuclear Smad3 protein eveorbethe TGB pathway was activated.
Nevertheless, the level of phosphorylated Smad3 magased upon T@Fexposure. To
ensure equal loading of proteins onto the gels, lmanes were reprobed with an anti-
ERK1/2 antibody. While 2D- and 3D-cultured celloosted different total Smad3 nuclear
protein levels, they both displayed only weak plmasfmad3 levels in the nucleus when
unstimulated.
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Figure 7. Forskolin and TGHB1 activate the cAMP and TGH pathways in MDA-MB-231 cells.

A) cAMP levels as detected by EIA in cells treatedith 10 uM forskolin for 6 or 24 h in 2D or 24 h in3D
cultures; normalized to mock-conditions separatelyfor both 2D and 3D cultures and B) Western blot
analysis detecting phosphorylation of the transcrifon factor CREB in response to forskolin in nuclea
cell extracts after 24 h incubation; C) Western blo analysis detecting TGH-induced Smad3
phosphorylation in nuclear cell extracts after 24 hincubation with 10 ng/ml TGFp or following mock
treatment. M=Mock, P=phospho,e=anti (antibody)

To show that BRI is the corresponding type | T@GIFeceptor responsible for mediating TGF
effects in MDA-MB-231 cells, the specifiddRI inhibitor Ly364947 was applied to T@GFor
mock-treated cells at a concentration of 10 uM. Trtebitor effectively blocked TG~
induced Smad3 phosphorylation and gene expressioncyolooxygenase-2 (Cox-2),
plasminogen activator inhibitor-1 (PAI-1) and tissahibitor of metallopreinase-1 (TIMP-1)
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(Fig. 8). Therefore, BRI is functional and responsible for mediating Ih@F effects on

Smad3 phosphorylation and gene expression in ttedkse
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Figure 8. Activation of the TGHB/Smad pathway is dependent on Rl in MDA-MB-231 cells.

A) TGFg-induced Smad3 phosphorylation is inhibited by 10 M Ly364947.
B) TGFB-dependent target gene expression is inhibited bydJuM Ly364947.
Error bars indicate standard deviations (n=3). **p<0.01

2. Changes in expression of cancer-related genesre@sponse to cCAMP and TGB

Thirteen tumor-relevant genes known to be regulatedAMP and/or TGE were selected
for examination. Cells were treated with eitheskmlin (10 uM) or TGB (10 ng/ml) or both
substances for 24 h and gene expression was mdasyigRT-PCR and compared to mock
treatment.

2.1. Cyclic AMP- and TGR-induced gene expression in 2D- and 3D-cultures

The 13 tested genes showed different strength ¢ifi@sponse from no response (1.1-fold
induction) to a 160-fold induction in 2D- and 3DHcuwed cells (Fig. 9). Parathyroid hormone-
related peptide (PTHrP), PAI-1, transforming grovidictor alpha (TGé&), urokinase-type
plasminogen activator (uPA), and p21 showed a higi@&B-response in 3D as compared to
2D cultures. Exposure to the cAMP-elevating age3i affected genes differently. Among
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Figure 9. Regulation of cancer-associated genesrigsponse to 10 uM forskolin, 10 ng/ul TG or
forskolin+TGF g, in MDA-MB-231 cells.
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Cells were incubated with 10 uM forskolin, 10 ng/mITGFB1 or both factors or were mock-treated
in 2D culture (A) or 3D culture (B) for 24h and andyzed for mRNA expression by qRT-PCR. Bars
represent fold inductions of RNA expression of care-associated genes which appear in the order
of increasing TGH response in 2D culture. Error bars indicate standed deviations (n=4-5). *p-
value<0.05, **p<0.01, ***p-value<0.005, ****p<0.001(student’s t-test)



the genes that showed forskolin response, matritaltoproteinase (MMP) 1 and PAI-1
were downregulated in 2D cultures. In 3D culturegnen of these genes showed
downregulation. TG& MMP9, TIMP-1 and Cox-2 were upregulated in bdb, and 3D
cultures.

2.2. The impact of CAMP elevation on TGB-dependent gene expression

Treatment with forskolin that upregulated the espien of Cox-2, TIMP-1 and TG also
increased the TG¥Finduced expression of these genes in 2D-cultusedveall as in 3D-
cultured cells. These genes also showed similgroresveness to TGFand TGPB/FSK in

2D and 3D cultures. The expression of some othaegievas either not affected (PTHrP,
MMP10, p21) or down-regulated (PAI-1) by forskolfone but also showed an increased
TGFB responsiveness in the presence of forskolin. &ffext could only be detected in 2D-
cultured, but not 3D-cultured cells. Of note, in-8dltured cells, TGE alone was sufficient
to increase gene expression to levels comparableose obtained in the presence of both
TGH3 and FSK in 2D cultures (Tab. 13). In 3D-culturegls; this group of genes did not
show any further increase in T@#hduced expression in the presence of forskolm. I
summary, my data suggest that even without havinggalatory effect on gene expression
alone, forskolin induced a higher gene expressiosome genes in the presence of BGF
under 2D-culture conditions. However, this effeetswiot found, when cells were maintained
in 3D culture.

Table 13. Forskolin increases TGP responsiveness of cancer-associated genes.

2D 3D
TGF | FSK+| TGF | FSK+
TGF TGF

Cox-2
TIMP-1
TGFu
PAI-1
PTHrP
MMP10
p21

il

low high

Relative expression level (heat map)
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To test the possibility that the changes in the mrARBVels are translated into changes in
protein expression, cells were treated as describedRNA analysis and harvested for
isolation of proteins. As PAI-1 and TIMP-1 are knoto be secretory proteins, conditioned
cell culture medium (CM) was collected for theitetgion after 24 hours of incubation of the
cells with forskolin, TGB or both agents. For Cox-2, a weak protein expoessias expected
in whole cell extracts due to its low mMRNA level measured by gqRT-PCR. In order to be
able to detect such a low-abundant protein, a praselation method was used that allows
the separation of subcellular compartments. Wiik thethod, plasma membrane extracts
(PM) were prepared, in which the Cox-2 protein doo¢ detected by Western blot analysis,
when cells had been stimulated with Tg5ét forskolin/TGEB under both culture conditions
and also after forskolin treatment in 3D-culturel The TIMP-1 protein could be detected
in CM in all samples. PAI-1 was found in CM butals PM, which indicated that this
protein is partly attached to the plasma membr#@iso on the protein level, a higher
expression of PAI-1 was found in 2D-cultured cellben treated with forskolin in addition to
TGHB, whereas in 3D- cultured cells similar expresderels were found in the presence of
TGFB alone and TGP plus forskolin. This analysis showed (Fig. 10)tthender the different
conditions used, the secreted PAI-1 and TIMP-1 elé a8 membrane-bound PAI-1 and Cox-
2 proteins show expression patterns that are sinulahose observed on the mRNA level.
This indicates that, for these genes, changes iA Bpression as induced by forskolin and
TGRFp are translated into protein expression changes.
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Figure 10. Forskolin increases Cox-2, TIMP-1 and PA1 protein levels in TGH-treated MDA-MB-231
cells.

Cox-2 protein levels were measured in membrane excts (PM), those of TIMP-1 in conditioned medium
(CM) and PAI-1 protein levels in both PM and CM byWestern blot analysis. Samples were obtained from
cells exposed to forskolin and/or TGP or from mock-treated cells (24 h). The Coomassietasn of the
blotted gels shows equal protein loading.
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3. Cross-talk of cAMP and TGR signaling pathways

The ability of forskolin to affect TGRinduced gene expression on the one hand and its
failure to activate expression in some cases imtience of TEFon the other hand raised
the question of whether forskolin may act in a P&fependent manner. Therefore, the
expression and activation of components of the [ @&thway were examined in the presence
and absence of forskolin.

3.1. The impact of cCAMP elevation on TGB-dependent Smad phosphorylation and
promoter activity

First, the possibility was tested that forskolinhances the TG¥Fdependent Smad3
expression and phosphorylation. As shown in Fidureelevated phosphorylation of Smad3
in response to forskolin was detected in the pmesesf TGHPB. This phenomenon was
observed after 3, 6, 16 and 24 h of incubationDacRItured cells and was most prominent
after 16 h in the presence of forskolin. NuclearaB&protein levels were also increased in
forskolin-treated samples. This may have eithembeaused by nuclear translocation of
Smad3 upon phosphorylation or by upregulation oa&8nexpression. Because Smad3 could
not be detected in the cytosolic fraction in 2Dtgrdd cells by Western blot analysis, this
guestion could not be answered. However, by usR@-BCR, no upregulation of Smad3
MRNA expression by forskolin could be measured.(ERA), suggesting that forskolin did
not affect Smad3 expression. Therefore, a nucleamstocation of Smad3 induced by
phosphorylation as induced by forskolin is rathieell. In 3D cultures, no changes in Smad3
phosphorylation and total Smad3 protein levels wetad after forskolin treatment. Thus,
forskolin affected TGF signaling by interfering with the activity of Snaevhich, however,
could only be observed in 2D cultures. In additianstriking difference in basal Smad3
protein levels was visible between 2D- and 3D-aeltiucells. Cells in 3D culture exhibited
much higher nuclear as well as cytoplasmic levélSmad3 compared to 2D-cultured cells,
whereas under neither culture condition could phospmad3 be detected in mock-treated
cells (Fig. 7C & 11B). The higher Smad3 proteinglem 3D-cultured cells did not result from
a higher Smad3 mRNA expression as shown by mRNA sorements(Fig. 12B).
Interestingly, this higher total Smad3 level wassoasated with increased Smad3
phosphorylation in response to TEFig. 11B).
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Figure 11. Forskolin enhanced TGB-dependent Smad3 phosphorylation in 2D-, but not i8D-cultured
cells.

A) Western Blot analysis of phospho (P)-Smad3, Smadand ERK1/2 (loading control) in nuclear extracts
of cells treated as indicated for 3, 6 or 16 h; BWWestern Blot analysis of P-Smad3, Smad3 and ERK1/2
(loading control) in nuclear (NE) and correspondingcytoplasmic extracts (CE) of cells treated as indated
for 24h.
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Figure 12. Smad3 mRNA levels are not affected byifskolin and are not different between 2D- and 3D-
cultured cells.

A) Smad3 mRNA levels after 24 h of incubation with faskolin-, TGFp-, forskolin/TGF B- and mock-
treated cells (2D culture).

B) Basal Smad3 mRNA levels in 2D- and 3D-culturedells.

Error bars indicate standard deviations (n=3).

In order to further support the hypothesis that ¢ANmcreases the activity of the TEBF
signaling cascade, cells were transfected withparter construct allowing to determine the
TGFB pathway activity on the gene promoter level. Fos purpose, the 3TP-Luc plasmid
containing the TGB-responsive promoter elements of the PAI-1 promcitared upstream of
a luciferase gene was chosen (Wrahal. 1992). Following transfection of cells with this
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reporter construct, cells were mock-treated orlwated in the presence of forskolin, T&6r
both factors. Twenty-four hours later cells weralgped for luciferase activity. Cells treated
with forskolin in addition to TGF showed a 1.5-fold higher promoter activity complatre
cells grown in the presence of TERlone (Fig. 13B left). This forskolin effect proes
another evidence for a supporting role of cAMP @B signaling.

3.2. The impact of the Smad3 protein level on T@~dependent Smad phosphorylation
and promoter activity

To examine the possibility that the observed highraad3 levels in 3D cultures prevented the
forskolin effect on TGB-treated cells, Smad3 was ectopically express@Dhucultured cells.
For this purpose, cells were transfected with tinea&3 expression plasmid pEXL-Flag-
Smad3 (Liuet al. 1997) by electroporation. For comparison, contesls were electroporated
without plasmids. Western blot analysis confirmedatt Smad3 was successfully
overexpressed (Fig. 13A).
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Figure 13. Ectopic Smad3 expression suppresses floeskolin-induced increase of TGHB-dependent
Smad3 phosphorylation and 3TP-Luc promoter activity

Smad3 phosphorylation (A) and 3TP-Luc promoter actiity (B) in Smad3-transfected or control cells
treated with forskolin, TGFp1, both substances or mock-treated. Promoter actities were normalized to
mock-condition of control cells. Error bars indicate standard deviations (n=9). *** p-value<0.001
(student’s t-test)
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Interestingly, the elevated Smad3 level was accoiepa by increased basal Smad3
phoshorylation (Fig. 13A) and a 1.7-fold higher dagromoter activity in untreated cells
(Fig. 13B). Treatment of Smad3-transfected cellhwiGH3 led to a further increase in
Smad3 phosphorylation (Fig. 13A) and in promotetiviag (2.2-fold; Fig. 13B). The
promoter activation by TGFwas similar to control cells (2.3-fold). More inmpantly, when
Smad3 was overexpressed, forskolin failed to induéarther enhancement of either Smad3
phosphorylation and promoter activity in Tfefeated cells (Fig. 13). Therefore, an elevated
Smad3 protein level as observed in 3D-culturedsaslufficient to suppress the stimulatory
effect of forskolin on TGE signaling.

Since higher expression of Smad3 was accompanigdhigher phosphorylation of Smad3,
the question arose, whether the expression of Smmaghave an impact on the expression of
TBRI, the kinase that phosphorylates Smad3. To aedlyz effect of Smad3 expression on
TBRI expression, cells were either transfected whle Smad3 expression plasmid to
overexpress Smad3 or with a Smad3-specific siRNAddwnregulate Smad3 (Fig. 14).
Neither did ectopic Smad3 expression nor did tR&N#&-mediated Smad3 knockdown induce
a change in PRI expression (Fig. 14). These findings showed that effects of higher
Smad3 levels on Smad3 phosphorylation and fF@&pendent promoter activity cannot be
explained by an upregulation opRI expression.
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Figure 14. The TBRI level is regulated independently of the Smad3 lel.

Smad3 and corresponding BRI mRNA expression in cells treated with siRNA agaist Smad3, Smad3
expression plasmid or control cells. Y axis appear® log scale. Error bars indicate standard deviatins
(n=3).

3.3. Impact of Smad3 and Yes-associated protein (YA for the CAMP elevation of
TGFp-dependent gene expression

The importance of Smad3 for the forskolin effect TWAH3-dependent gene expression was
further investigated. Cells were transfected wiRNA against Smad3 (siSmad3) or siRNA

against the firefly luciferase (siLuc) (which istrexpressed in human cells) as a control and
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incubated with TG in the presence or absence of forskolin in 2Duealt(Fig. 15). The
MRNA expression of PAI-1, TIMP-1 and Cox-2 was grad (Fig. 16).
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Figure 15. Smad3 protein level upon incubation wittsiRNA (Western blot analysis)
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Figure 16. The forskolin effect on TGPB-dependent gene expression is dependent on Smad3.

Cells were transfected with the siRNA against Smad@iSmad3, grey) or the control SiRNA (siLuc, whitg

incubated for 2 days and treated with TGP or TGFB/FSK or mock-treated for 24 h. Bars represent
MRNA expression relative to the corresponding expision in mock-treated siLuc-transfected cells. Ermo

bars indicate standard deviations (n=3).

Smad3 knockdown resulted in a significant reductioibasal gene expression as well as in
the TGP and TGIB/FSK responses. Basal expression of Cox-2, PAId BiMP-1 was
reduced to 20 %, 68 % and 57 % of the control \&luespectively. In the presence of TBGF
siSmad3-treated cells only reached 16 % (Cox-2)%3@°Al-1) and 45 % (TIMP-1) of the
expression values obtained with control cells.Ha presence of both TGFand forskolin
gene expression under Smad3 knockdown conditiossdaan to 7 % (Cox-2), 22 % (PAI-1)
and 64 % (TIMP-1) of the control values. These ltesshow that first, as expected, Smad3
was necessary for the T@HEependent induction of these genes. The fact Haesal
expression was also inhibited by siSmad3 suggéstis MDA-MB-231 secrete TGFthat
activates TGP signaling in an autocrine T@FRactivation loop as has previously been shown
(Dumontet al. 2003). More importantly, the data revealed thaa&8knockdown affected
the forskolin-enhanced T@Hesponse of Cox-2 and PAI-1 (Tab. 14). The foiiskeffect on
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TIMP-1 seems to be less dependent on Smad3. Itdh&e taken into account that, for
unknown reasons, the Smad3 knockdown effect is pessiinent in the presence of TEBF
and forskolin (reduction of Smad3 RNA levels to%8 Fig. 16) than under mock condition
(36 %, Fig. 16). This circumstance might have hiddemore pronounced and statistically
significant reduction in the TGHA-SK response by siSmad3 and may point to a pessibl
feedback loop to restore the cellular Smad3 level.

Table 14. Smad3 knockdown reduces forskolin-inducedene
upregulation in the presence of TGBB.

Fold induction by Fold Student’s
forskolin in the siSmad3 t-test
presence of TGIB / fold

siLuc
gene siLuc siSmad3 p-valug
Cox-2 4.53 1.95 0.43 0.1059
PAI-1 2.58 1.96 0.76 0.0449
TIMP-1 3.19 4.53 1.42 0.2111

Cells were transfected with siRNA against Smad3 othe control
siRNA silLuc, incubated for 2 days and treated withTGFp in the
presence or absence of forskolin for 24 h. Valuespresent fold
induction of mMRNA levels by forskolin in the presege of TGH3
(n=3).

Next, the possibility was tested that YAP whichsaas a modulator of Smad3 activity also
plays a role in regulating the T@#/orskolin response. Phosphorylated YAP in the plgem
inhibits Smad complexes to translocate into thdeuscand therefore lower its transcriptional
activity (Varelaset al. 2011). The phosphorylation status of YAP was exaahiby Western
blot analysis (Fig. 17). This experiment revealadraluction of phospho-YAP levels in the
cytoplasm of 2D-cultured cells by forskolin indedently of the presence of TGFIn
contrast to data previously reported (Varetdsal. 2011), this elevation of phospho-YAP
levels was not accompanied by a higher abundan&enaid3 in the cytoplasm, at least not in
2D-cultured MDA-MB-231 cells (Fig. 17) suggestingat phospho-YAP and Smad3
translocation are likely to be independently reggdan MDA-MB-231 cells.

Cells in 3D cultures exhibited higher basal lev@#lgphospho-YAP compared to 2D-cultured
cells. This finding might be ascribed to the fdwtt3D-cultured cells exist at a higher cell
density, a condition known to induce higher phosjiiad’ levels (Varelagt al. 2011). In 3D
cultures, no forskolin-induced increase in YAP pitaxylation was observed (Fig. 17).
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Figure 17. The cellular localization of the Smad3 tein is independent of phospho-YAP in
MDA-MB-231 cells.

Western Blot analysis of phospho-YAP (P-YAP), Smadand ERK1/2 (loading control) in cytoplasmic
extracts (CE) in mock-treated cells or cells incubed with forskolin and/or TGFp for 24 h or of control
cells (Mock).

In the following experiment, it should be clarifieehether YAP is of importance for the
forskolin-induced TGP response. Therefore, YAP expression was supprdsgesiRNA
(Fig. 18). Cells were then incubated in the preseot TGH with or without forskolin.
Cellular lysates were analyzed for the mRNA lew&#l<ox-2, PAI-1, TIMP-1, PTHrP and
p21l. Most of these genes, although not statisyicaignificant, surprisingly showed an
induced expression in the presence of forskolinb(TEb). These results may suggest that
YAP is a suppressor of the forskolin-induced P3&sponse. On the other hand, it seems that
this activity of YAP is independent of its ability regulate Smad3 nuclear export which was
discussed above.

NE CE

o o : o o I

S < 3 =
I;E_})a TIT) >a_ TIT; >c7;
70— — .- ]Q-YAP
4 == == = T ]a-ERsz

Figure 18. YAP leMellowing siRNA-mediated knockdown.

Western Blot analysis of YAP and ERK1/2 (loading catrol) in nuclear (NE) and cytoplasmic extracts
(CE) of cells transfected with siLuc or siYAP.

50



Table 15. YAP knockdown increases forskolin-inducedene
upregulation in the presence of TGBB.

Fold induction by Fold Student’s
forskolin in the SiYAP/ t-test
presence of TGIB fold
siLuc
gene siLuc SiYAP p-value
Cox-2 1.78 3.46 1.94 0.0330
PAI-1 2.20 2.41 1.10 0.6302
TIMP-1 2.63 4.69 1.78 0.2952
PTHrP 1.76 3.43 1.95 0.1006
p21 1.02 1.59 1.56 0.1612

Cells were transfected with siRNA against YAP or tk control
siRNA silLuc, incubated for 3 days and treated withTGFp in the
presence or absence of forskolin for 24 h. Valueepresent fold
induction of mMRNA levels by forskolin in the presese of TGH3
(n=3).

3.4. Cyclic AMP-induced expression of the TGP receptor |

The forskolin-promoting activity on T@dependent Smad3 phosphorylation may imply that
forskolin may activate a certain kinase either lom transcriptional or the post-transcriptional
level. Since the type | TG¥Freceptor is responsible for canonical Smad phagtdtomn,
changes in the expression and/or activity of teiseptor may be involved. To explore this
possibility, the effects of forskolin on the exmies of type | and 1l TGF receptors (BRI &

II) were tested. In 2D-cultured cells, treatmentimiorskolin or with forskolin and TG¥Ffor

24 h raised the mRNA expression @fRI by ~3-fold. In contrast, 3D-cultured cells shalve
no such response (Fig. 19). A comparison of thalbEiRI expression levels between 2D-
und 3D-cultured cells revealed a 5.6-fold high@RT expression in 3D-cultured cells (Fig.
20A). Unlike TBRI, TRRII did not show higher, but rather lower expressio 2D-cultured
cells in response to forskolin and TEFig. 19). In 3D-cultured cells,fRII expression was
somewhat increased in the presence of forskolineal®hese data suggest that the forskolin-
induced BRI expression may account for the observed stimptagffect of forskolin on
TGFp target gene expression in the presence offfTGF
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Figure 19. Different effects of forskolin on TG receptor | & Il expression in 2D and 3D cultures.

RNA expression levels were normalized to mock-cortittns separately for 2D- and 3D-cultured cells.
Error bars indicate standard deviations (n=3). *p-\alue<0.05, ***p-value<0.005 (student’s t-test)

Moreover, the higher basalpRI level in 3D-cultured cells might have partiallye
responsible for the abrogation of the forskolineetfin these cells. Interestingly, the higher
TBRI expression coincided with a higher cAMP level3iD-cultured cells (Fig. 20B) which
together with the fact that cCAMP can activat@RT expression might suggest that the high
level of cAMP in 3D-cultured cells has contributedthe high level of BRI expression in
these cells.
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Figure 20. Comparison of BRI mRNA expression (A) and cAMP level (B) in 2D- ad 3D-cultured cells.
Error bars indicate standard deviations (n=3). ***p-value<0.005 (student’s t-test)
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When the high Smad3 level in 3D-cultured cells wmaisnicked in 2D-cultured cells by
ectopic Smad3 expression, forskolin was still adestimulate the upregulation offRI
(Fig. 21). This suggests that the high Smad3 lev@D-cultured cells is not responsible for
the failure of forskolin to induce BRI expression. But, even thoughBRl could be
upregulated by forskolin in 2D-cultured, Smad3-exgressing cells, the higheBRI level

did not result in a rise of phospho-Smad3 (Fig. 13Ais suggests that, at high Smad3 levels,
TBRRI expression is not the limiting factor for Smaa®sphorylation.
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Figure 21. Forskolin upregulates PRI expression independently of the Smad3 level.

FSK-mediated mRNA upregulation of TBRI was measured in Smad3-overexpressing and contrakells.
RNA expression levels were normalized to mock-conitins separately for each control and Smad3-
treated cells. Error bars indicate standard deviatbn (n=3).

Next, it was tested, whether the cAMP effect @fRT can also be detected in other breast
cancer cell lines. A ~1.5-fold upregulation gfR1 expression in response to forskolin was
found in MCF-7 and in BT20 breast cancer cells (28). Therefore, forskolin is likely to
modulate the TG pathway also in other breast cancer cells.
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Figure 22. Stimulation of TGHp receptor | expression by forskolin in MCF-7 and BT0 breast cancer cells.

MCF-7 cells were treated with forskolin or mock-treated. BT20 cells were treated with forskolin or mok-
treated in the presence of TGB. TBRI RNA expression was measured. Error bars indicatestandard
deviations (n=3).
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Since the PRI upregulation seems to play an important rolethe forskolin-induced
elevation of TGB-dependent gene expression, experiments were patbto investigate the
underlying mechanism. In an attempt to distinguigltween a transcriptional and a post-
transcriptional regulation of fRI by forskolin, an inhibitor of transcription, asdbmycin D,
was applied to the cells alone or together witlskolin at a concentration of 5 uMBRI
MRNA levels were monitored over 9 h. In the presemnd actinomycin D, forskolin
completely failed to induce PRI mRNA expression, whereas, in control samplehout
actinomycin D, an increasing level ol mMRNA accumulated over time (Fig. 23). This
finding provides evidence for the forskolin-inducéfRI upregulation to take place on the
transcriptional level. Interestingly, treatment lwiictinomycin D alone or together with
forskolin suppressed also basglRT mRNA expression suggesting that maintaining basa
TBRRI expression requires constant transcription.
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Figure 23. Time course of induction of BRI mRNA expression in the presence of forskolin (1QM),
actinomycin (5 uM), both factors or in the absencef either factor.
Error bars indicate standard deviations (n=3).

4. Cyclic AMP regulation of TBRI expression
4.1. Cyclic AMP-induced TBRI promoter activity

In order to investigate whether forskolin direc#lifects PRI transcription, BRI promoter
activation studies were performed. First, tHRT promoter was screened for sequences that
might be cAMP-regulated. For this purpose, iansilico search for putative transcription
factor binding sites were conducted. Analyzing TS| promoter did not reveal any putative
cAMP-responsive elements (CRES). Interestingly, Pa& been reported to be involved in
tamoxifen-mediated transcriptional activation o thuman p2'3"'°1 gene. The PKA-activated

p27%*! promoter elements did not contain CREs either (teal. 2003). The authors
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demonstrated that two Spl consensus sequencessgaitial for this activation and that the
binding of this transcription factor to these sew#s was increased in the presence of
tamoxifen. In order to check, whether th@RT promoter contains similar elements, the
tamoxifen-inducible sequences of the §27promoter were aligned with the humafRI
promoter sequence. The region containing the twA-Ré§ponsive Spl sites and an adjacent
GC-rich region within the p2¥* promoter showed striking homology with a regiomdy
-100/-51 upstream of the transcriptional start sitethe TBRI promoter (Fig. 24).The
transcription factor Spl binds to GC-rich sequen(@8&GCGG/CCCGCC or similar)
(Dittmer et al. 1994). It is conceivable that the two identifiedARresponsive Spl sites or
further potential Spl sites within the GC-rich mgicontribute to the induction offRI
expression by forskolin.

GC-rich region SPl* SP1*
p27°"  -572 TTAAGGCEGEEECCGCCGCCCTCEEEEEEEECERTCCOGOGECEEAREE 523
TRRI -100 TTGGCAGETEEEGGCGGCGGEGABECEEEEECEECEEEAGLCEGECAGEE 51

Figure 24. Alignment of p2#** with T BRI promoter sequences.

Homology was found with the two PKA-responsive Spéites and an adjacent GC-rich region. Sp1*: PKA-
inducible Sp1l sites in the p2¥"* promoter; underlined: complementory sequence] greybox framed:
inverted sequence; grey box: identical sequence

A fragment comprising bases from -392 to +21 of Tfi®kI promoter, containing the Spl
sites, was cloned into the pGL4.0@2)-luciferase reporter plasmid to create
pGL4.10Juc?]_TBRI. Cells were co-transfected with this construet,afor normalization,
with the plasmid pGL4.74Rluc/TK] coding for a renilla luciferase gene under toatrol of

a constitutively active promoter. Transfected celése incubated in the absence or presence
of forskolin for 6, 18 and 24 h. Promoter activityas moderately, but statistically
significantly increased by ~1.2-fold in the presem¢ forskolin (Fig. 25). The weakness of
the effect may be caused by the lack of sufficientls of co-factors, like Spl, that are
required for transcriptional activation or by cértaepressors that may bind to the fragment
and may counteract the response. The importanteediranscription factor Six1, which has
recently been shown to regulatBRI expression, for the forskolin response was atsdied
(Micalizzi et al. 2010). To test if Six1 is required fo3RIl upregulation by forskolin, Six1
expression was elevated by transfecting the cetls te plasmid pcDNA3_Six1. Although
ectopic expression of Six1 increaseRT promoter activity 2.5-fold, Six1 could not fueth
increase the forskolin effect. This result sugg#sas the cellular Six1 level was not a limiting
factor for the response of th@Rl promoter to forskolin.
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Figure 25. Forskolin induces PRI promoter activity.

A) Stimulation of the relative (rel.) activity of the TBRI promoter by forskolin after 6, 18 and 24 h
B) Stimulation of the relative activity of the TBRI promoter by forskolin after 24 h following ectopic Six1
expression. Error bars indicate standard deviationgn=5). ***p-value<0.005 (student’s t-test)

4.2. Transcription factors and co-activators involhed in TBRI upregulation

Next, | wondered, if Six1 or its co-factor Eya2ugregulated by forskolin. | also tested the
effect of forskolin on CREB expression. No upregjolawas observed for these factors in the
presence of forskolin (Fig. 26).
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Figure 26. Forskolin did not induce RNA expressiomf CREB, Six1 or Eya2.

Bars represent fold induction of CREB, Six1 and Eya RNA expression by forskolin. Error bars indicate
standard deviations (n=3).
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CREB is directly phosphorylated by PKA when cAMRdis are elevated. To answer the
guestion whether CREB activation is needed forkiis to induce PRI transcription,
CREB expression was suppressed by a CREB-spediRidAss CREB mRNA levels were
effectively reduced after 3 and 24 h (Fig. 27A).wdwoer, in the presence of siCREB,
forskolin treatment increased3RI mMRNA expression to a similar extent as foundthie
presence of control siRNA (Fig. 27B). This restiibws that CREB is not involved inBRI
regulation as expected based on the finding tleaTtRR| promoter does not contain CREs.
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Figure 27. Forskolin-induced ffRI upregulation is independent of CREB.

A) CREB mRNA levels in response to CREB-specifidRNAs

B) Forskolin response of BRI RNA in the presence of siCREB or control siRNA giLuc)

normalized to mock-conditions separately for siCRB and siLuc. Error bars indicate standard
deviations (n=3).

Next, the influence of Six1 on the forskolin resperof PRI was tested. SIRNA-mediated
Six1 knockdown was unable to inhibiBRI upregulation by forskolin suggesting that Six1
does not contribute to this effect (Fig. 28).
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Figure 28. Forskolin-induced TBRI upregulation is independent of Six1.

Six1 and TBRI mRNA levels in the presence of siSix1 or contradiRNA (siLuc) after mock-treatment or
incubation with forskolin for 24 h. Error bars indi cate standard deviations (n=3). *p-value<0.05 (stwht’s
t-test)

In addition to transcription factors, histone mardifions play an important role in
transcriptional regulation (Leggatt & Gabrielli 2011t has been shown thaBRI expression
can be stimulated by inhibitors of histone deaesty$ (HDACS) in breast cancer cells
suggesting that histone acetylation plays a roldfRl transcription (Ammanamanchi &
Brattain 2001). To check the importance of histawcetylation for the forskolin effect on
TBRI expression, cells were incubated with an HDAG@ibitor (2 pM) in the presence and
absence of forskolin. HDAC inhibition led to an\eéed BRI expression which could not be
further increased by the addition of forskolin (F&P). This suggests that, at least in part,
forskolin may also interfere with histone acetyatito enhance the transcription ofRl.
This observation may explain the low rise in proencactivity in response to forskolin.
Promoter assays use plasmid DNA, which, unlike ggadDNA, is usually not correctly
wrapped around histones (Mladenataal. 2009). Therefore, this assay only partially reec
the response of the genomic promoter to a histagtifging factor.
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Figure 29. HDAC inhibition induced TBRI upregulation.

Bars indicate relative expression of PRI RNA of mock-treated cells and after treatment wih 2 uM
HDAC inhibitor Ill, 10 uM forskolin or both factors . Error bars indicate standard deviations (n=3).
*p-value<0.05, **p-value<0.01, ***p-value<0.005 (stdent’s t-test)

4.3. Impact of ectopic BRI expression on TGH-dependent gene expression

The ability of forskolin to elevatefRI expression may be the reason for the increaS&de T
responsiveness of some genes in the presence skofor. To prove that the fRI
upregulation is the molecular mechanism mediatirgforskolin effect on TGFRdependent
transcription, BRI was ectopically expressed in 2D-cultured MDA-NB1 cells. Cells were
transfected with a plasmid coding fopRI(T204D). TBRI(T204D) is a constitutively active
form of TBRI in which the amino acid threonine at positiod 28 replaced by aspartate,
mimicking phosphorylation of threonine as required TPRI to phosphorylate Smads.
Different amounts of the plasmid (1, 2.5 and 5 wg)ye used which induced3RI mRNA
expression by 1.7-, 5.0- and 12.7-fold, respecgtiv@lig. 30A). Increased fRI mRNA
expression and plasma membrane abundance coulonfiereed by gqRT-PCR and Western
blot analysis, respectively (Fig. 30B). Detectidntlee PAI-1, Cox-2 and TIMP-1 proteins
showed higher expression iSRRI overexpressing cells compared to untransfectdld. cThe
levels of these proteins depended on the amounteofIBRI(T204D) expression plasmid
transfected into the cells. After transfection ofufy plasmid, the resultingpRI levels
resembled those as induced by forskolin. Strikingtythis BRI(T204D) level, the extent by
which PAI-1, Cox-2 and TIMP-1 protein expressionswgregulated was comparable to that
in response to forskolin. Therefore, it is likelyat forskolin promoted TGFsignaling by
increasing PRI expression.
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Figure 30. Ectopic TBRI expression mimics forskolin response.

Cells were transfected with 0, 1, 25 or 5 pug of PRI expression plasmid
and incubated for 24 h following treatment with TGH (T) or TGFB/FSK (FT) or following mock-
treatment for further 24 h. Subsequently, cells weg analyzed for A) TBRI mRNA levels (error bars
indicate standard deviations, n=3) and B) BRI and Cox-2 protein level in plasma membrane extrets and
PAI-1 and TIMP-1 in conditioned medium by Western Hot analysis.

5. Relevance of the cross-talk between cAMP and T@Rpathways for the response of
MDA-MB-231 cells to stromal cells

In a tumor, the activities of tumor cells are madet by neighboring stromal cells, such as
mesenchymal stem cells (MSCs). MSCs are residethieibone marrow and are attracted by
inflammatory signals as secreted by tumor cellsceédimvaded into the tumor tissue, their
interactions with tumor cells may promote tumorgression (Dittmeet al. 2011). To study
the possibility that MSCs may induce the same pajiswn breast cancer cells as induced by
forskolin or TG, MDA-MB-231 cells were co-cultured with human bomerrow-derived

60



MSCs for two to four days in 2D culture. MSCs wenexed with MDA-MB-231 cells at a
ratio of 1:300. After incubation, samples were gpatl for the activation of the cAMP and
TGFB signaling pathways. Breast cancer cells incubateth MSCs showed elevated
phospho-CREB after two and four days and phosphaeSmevels after two days of
incubation (Fig. 31).
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Figure 31. Human MSCs (hMSCs) induce the activationf cAMP and TGFp pathways
in breast cancer cells.
Western Blot analysis of phospho-Smad3, phospho-CEEand ERK1/2 (loading control) in nuclear
extracts of breast cancer cells co-cultured with MSs for 2 and 4 days.

These data indicate that the interaction of MSCth vidreast cancer cells induces the
activation of the cAMP and TG@Fpathways. Whether this activation allows a stirhafaof
forskolin and TGB target gene expression remains to be determinadhdfmore, it stays
unanswered whether MSCs induce gene expressioeratin a similar way like forskolin
drives an enhanced TBesponse.
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6. Impact of cAMP and TGH on the morphology and function of MDA-MB-231cells

It is possible that gene expression changes rigsaltlifferent cell morphology or behavior. A
number ofin vitro tests were performed to examine morphological faimdtional changes
induced by forskolin and TGHn 2D and 3D cultures.

6.1. Morphological changes induced by forskolin and GFp

In 2D cultures, forskolin-treated cells exhibitedn@re spindle-like morphology with some
cells exposing thin protrusions (Fig. 32B). In aast, in the presence of T@Fcells
appeared spread-out with large cytoplasms (Fig.).38Bnultaneous treatment with both
agents resulted in a morphology that resembledrbghology obtained by treatment with
forskolin alone (Fig. 32D).
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Figure 32. Morphological changes induced by forskim and/or TGF B in 2D-cultured MDA-MB-231 cells.

Microscopic images of H&E stained mock- (A), forskbin- (B), TGFB- (C) and forskolin/TGFp-treated
cells (D).

In 3D suspension cultures in 75 Tftasks, MDA-MB-231 cells form multiple irregularly-
shaped, loose aggregates of different sizes (Ditehal. 2009). In order to obtain single 3D
cellular aggregates, a defined number of cells weesled into 96-well plates. In the presence
of forskolin, TGP or both factors smaller aggregates were formegl @3).
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Figure3. Forskolin and TGH treatment reduce cell aggregate size in 3D culture

Microscopic images of mock-treated 3D-cultured MDAMB-231 cells (A), 3D-cultured cells treated with
forskolin (B), TGFp (C) or forskolin plus TGFp (D) in a 96-well plate after 3 days of incubation.

In the microscopic examination, allowing a viewrnfrahe top onto the cell clusters, all
aggregates appeared circular with either showisig@oth (TGB or TGH3+FSK-treated) or a
more rippled boundary (mock, forskolin-treated)eThicroscopic examination did not allow
to distinguish between spheroids and discs. To emddthis issue, the aggregates were
formaldehyde-fixed and embedded in paraffin. THastological slides were prepared and
H&E stained (Fig. 34). Mock and forskolin-treatealls formed flat, disc-like aggregates with
forskolin-treated cells appearing smaller and exmpslense nuclei surrounded by only a
small stretch of cytoplasm. In contrast, TiaFeated cells formed aggregrates of spherical
shape. This shape was also found in the preseroatioforskolin and TGF-but, as observed
with forskolin alone, aggregates appeared more esm@GH also induced a relaxation of
the cell structure and exposed large, round nacidiextended cytoplasm.
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Figure 34. Morphologies of mock-treated 3D-culturd MDA-MB-231 cells (A) and 3D-cultured cells
treated with forskolin (B), TGFp (C) or forskolin plus TGFp (D).

Cells were incubated for 3 days in the presence @bsence of the stimulators, formaldehyde-fixed and
embedded in paraffin. Sections were prepared and HE stained.
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Spheroids are frequently observed with other ce#ld. MCF-7 epitheloid breast cancer cells
form spheroids that become hollow in cultures rddamg the development of normal
mammary alveolar units (Dittmet al. 2009). When mesenchymal MDA-MB-231 cells are
used, spheroids are usually not formed, even irptesence of TGF(Dittmer et al. 2008).
Therefore, it was surprising to find that spheraads formed in 96-wells in the presence of
TGRp. It is suggested that the conical shape of thedks\generated a frame allowing these
cells to form a spheroid under these conditionsnimocytochemical staining revealed that
MDA-MB-231 spheroids show a distinct pattern foe txpression of certain proteins (Fig.
35). Integrin betal (ITGB1), fibronectin (FN), PAJ-cysteine-rich angiogenic inducer 61
(Cyr6l) and CD44 are predominatly expressed byaimer cell layers of the spheroids.
ITGB1 is known to be expressed at cell-cell- antkmatrix junctions (Lahlou & Muller
2011). Besides its importance in cell adhesioregrihs are signaling receptors transducing
extracellular signals into the cell. Importantligrealing is also mediated “inside-out”, which
means that intracellular conditions may regulate éxtracellular adhesive properties of
integrins. ITGB1 has been described as a bindimgheafor the ECM protein FN that is
expressed in MDA-MB-231 spheroids at a positionilsinto ITGBL1. It is therefore likely,
that these two proteins contribute to shaping thieesids. Cyr61 is an ECM-associated
protein (Linet al. 2012) and has been shown to be a secreted pthtdiacts as a ligand of
several integrins (Jandoeh al. 2012). CD44 is a receptor binding to matrix hyalan (HA)
and signaling through HA/CD44 increases the aatiwitof matrix-degrading enzymes

(Montgomeryet al.2012).
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Figure 35. Imunocytochemical characterization of T&p-induced MDA-MB-231 spheroids.

Sections of mock- (left panels) and TGp-treated aggregates (right panels) were immuno-staed for
ITGB1, FN, CD44, Cyr61 and PAI-1 (red). Nuclei arestained blue.
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PAI-1 contributes to matrix remodeling by regulgtiplasmin-dependent matrix proteolyse.
Interestingly, PAI-1 also stimulates FN matrix asbly and activates ITGB1 (Vial &
McKeown-Longo 2008).

Together, these data suggest that MDA-MB-231 spiierare organized in a specific way
expressing markers of cell-matrix interaction preféially at the outer cell layers that
potentially cross-talk to maintain this structure.

Aggregates appeared to be more compact in thermess forskolin. To examine to what
extent forskolin changes the size of the aggreghat@easured the area of the aggregates in a
2D projection. However, the different 3-dimensiomabrphologies (disc vs. sphere) of
forskolin- and TGB-treated aggregates did not allow a comparisonlidfoar conditions.
Hence, discs and spheres were compared separiatehye absence of TGE the forskolin
effect on the disc size was examined and, in teegurce of TG, the forskolin effect on the
sphere size was measured. Forskolin significargbyrehsed the sizes of the aggregates in the
presence and absence of Ba#y 18 % and 57 %, respectively (Fig. 36).
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Figure 36. Forskolin reduced the sizes of MDA-MB-21 3D aggregates.

Cells were seeded into a 96-well plate and treatexth forskolin, TGF p or both factors or mock-treated
for 3 days. Microscopic images were taken and thereas of the aggregates in a 2D projection were
measured. The effects of forskolin on disc-shapedggregates (A) and spheroids (B) were separately
examined. Error bars indicate standard deviationsj=16). * p-value<0.05 (student’s t-test)
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6.2. Functional changes induced by forskolin and TE

Changes in cell morphology might reflect alterasiom cell viability or adhesive or migratory
properties of the cells. In order to check for anin cellular behavior, intracellular ATP
levels as an indicator for cell viability were deténed after exposure to forskolin, T@#er
both factors. In 2D culture, cell viability was gdlitly, but significantly reduced when cells
were treated with TGF alone, whereas the other treatments did not affelit viability
(Fig. 37A). Interestingly, 3D-cultured cells resped more sensitive. Here, TGF
substantially increased the viability of the celisich implies that the spheroid state might be
advantageous to MDA-MB-231 cells in suspensionutelf. In contrast, forskolin treatment
reduced viability in the presence and absence ¢i31(Gig. 37B).
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Figure 37. Changes in MDA-MB-231 cell viability inresponse to forskolin and/or TGH in 2D culture (A)
and 3D culture (B).

Cells were seeded into uncoated 96-well plates fab culturing (A) or into plates coated with agarosefor

3D culturing (B) and incubated for 3 days. Cells we lysed and the ATP content was determined by usin
a luciferase assay. Values are shown relative to wlotreatment (100 %). Error bars indicate standard
deviations (n=4). * p-value<0.05 (student’s t-test)

In an attempt to measure the effect of forskolid a&H on cell-cell adhesion, the number
of cells that attach to a preformed cell monolayas measured. For this purpose, cells were
plated on a culture dish and grown to confluencgef suspension containing 4 million cells
was poured onto the cell monolayer and incubate@® flo. The remaining non-attached cells
were removed and counted. In the presence of finskbe number of cells that remained in
the supernatant was significantly reduced sugggsimincreased cell-cell-adhesion (Fig. 38).
Treatment with TGE did not affect cell adhesion. Co-treatment withskolin and TGB
resulted in a slight, but not significant reductionthe number of non-attached cells. This
result shows that forskolin increases cell adhegreperties in 2D cultures.
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Figure 38. Forskolin increased cell-cell adhesioim 2D-cultured MDA-MB-231 cells.

Cells were seeded onto a confluent cell layer inelpresence of forskolin and/or TGP or in the absence of
these stimulators. Cells that remained in the sup@atant after 3 h of incubation were counted. Errorbars
indicate standard deviations (n=6). *p-value<0.05sfudent’s t-test)

Next, the possibility that forskolin or T@Fcould influence cellular migration was explored.
Therefore, Boyden chamber assays were performedt, Fhonolayer cultures were pre-
incubated with forskolin and/or T@For none of these substances overnight. Then, wells
detached from the dish and seeded onto a porousraamwith 8 um pores and incubated
for another day under the same condition as befdoe-migrated cells that remained on the
top side of the filter were removed and cells tmégrated through the pores and remained
attached to the bottom site of the filter were rstdi This assay revealed that, under the
influence of forskolin, cells migrated faster, wib&s migration was significantly reduced in
the presence of T@HFig. 39). Simultaneous treatment with forskolimdalr GB resulted in
stimulation of migration but to a smaller degrearttiorskolin alone.
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Figure 39. Forskolin increased and TGP decreased the migration of MDA-MB-231 cells.

After preincubation with forskolin and/or TGF B or mock-treatment cells were analyzed for migratoy
activity in a Boyden-chamber assay for 17 h underie same conditions as used in the pre-treatment. (e
that have migrated through the filter pores were stined. OD values of eluated dye were used to measur
migrated cells. Error bars indicate standard deviatons. *p-value<0.05 (student’s t-test)
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Since TGB is known to be a regulator of cell proliferatidretability of forskolin to modulate
the TGP effect on DNA synthesis was tested by measurirng iticorporation of the
pyrimidine analogue 5-bromo-2"-deoxyuridine (BrdWells were seeded into 96-well plates
and incubated in medium supplemented with BrdU ptuskolin and/or TGE or solvents
(Mock) for 24 h. Subsequently, the cells were fixedl BrdU that had been incorporated into
newly synthethized DNA was detected with an enzymépled antibody and a colorimetric
substrate reaction. Using this assay, a significaahiction of cell proliferation by 19 % in the
presence of TGFwas observed. Furthermore, when forskolin was lgeghgimultaneously
with TGH3, proliferation was reduced by 25 %. The furtheduetion of TGPB-induced
inhibition of proliferation may reflect changesgene expression, especially of the cell cycle
inhibitor p21 which was shown to underlie the faigk/TGFj3 effect. Additional experiments
will be required to prove this notion.
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Figure 40. Forskolin increased the inhibitory effet of TGFp on the proliferation of MDA-MB-231 cells.

Cells were grown in the presence of forskolin andfoTGF B or were mock-treated. The culture medium
was supplemented with the pyrimidine analogue BrdU(10 uM). After 24 h BrdU incorporation was

measured. Cells were fixed, incubated with a perodase-coupled anti-BrdU antibody and enzyme activity
was determined by reading absorbance that indicatedubstrate turnover. Error bars indicate standard

deviations (n=10). *p-value<0.05, ***p-value<0.005(student’s t-test)
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In conclusion, forskolin and T@Fcould be shown to regulate cell shape and behaviou
the presence of forskolin, single cells appearethdr and the size of 3D cell aggregates was
decreased suggesting that the smaller size ofelternay have caused the smaller size of the
aggregates. Smaller aggregates might have reduttedthe increase in cell-cell-adhesion as
observed in the adhesion assay and/or also froomskgletal rearrangements that have not
been investigated here. An unexpected observatamtihat TGB induced the formation of
regularly shaped spheroids of MDA-MB-231 cells i6-Well plates. Concomitantly, cells
exhibit improved viability and a distinct patterhtbe expression of certain proteins. Despite
the dramatic changes in cell morphology and fumcéie caused by forskolin and T Fnost

of these changes did not correlate with the chamggene expression as found in response to
these stimulators. With respect to cell prolifevatithere might be a correlation between the
reduction in proliferation and the induction of tbell cycle inhibitor p21, which has to be
examined in more detail in the future. Taken togetlthis means that T@Fand forskolin
induce a complex pattern of response of which ffects on the analyzed genes are only a
part of it.
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DISCUSSION
1. Cross-talk between the cAMP and TGP pathways

In this study, the cross-talk between the cAMP a@H3 pathways was examined in
aggressive breast cancer cells. Hitherto, theptagrof both pathways has been studied in a
number of cell types but not in breast cancer cBliferent mechanisms of interactions were
reported which seem to be dependent on cell typecantext. In most cases, an antagonism
between both pathways was observed. By using defibrablasts, one study showed an
inhibition of the transcriptional co-activator CBB00 by cAMP signaling leading to
insufficient Smad-CBP/p300 complex formation andsthio a downregulation of T@GF
dependent gene expression by cAMP (Schiferal. 2010). Alterations in Smad-CBP/p300
complex formation has also been observed in otluelies as did a suppression of Smads or
phospho-Smads (Liangt al. 2008, Liuet al. 2006). In contrast, the data | presented here do
not suggest such mechanisms to exist in MDA-MB-281s. Instead, a hovel mechanism was
found by which cAMP stimulates T@Fsignaling. In 2D-cultured cells, activation of the
cAMP pathway led to enhanced TEBependent Smad3 phosphorylation and activation of
TGFB-responsive genes. The combined activation of &kidR and TGPB pathway here led

to an additive or even to a synergistic effect @aF3-responsive genes. An additive effect
was preferentially seen with genes, such as TIMBfl Cox-2, that show cAMP
responsiveness also in the absence of fl@Fsynergistic effect was found with genes, such
as PAI-1, that do either not respond to or whogeession is downregulated by forskolin.

2. Roles for Smad3 and YAP in cAMP-enhanced TFsignaling

Smad3 knockdown affected autocrine as well as paed GH signaling and was shown to
interfere with the forskolin/TGF effect on gene expression. Cox-2 expression wast mo
dramatically reduced in response to Smad3 downaéigul PAI-1 also showed a significant
loss of TGIB and forskolin inducibility but to a lesser exteht.contrast, TIMP-1, though
showing a reduced response to PGR the presence of siSmad3, retained full forgkoli
response. These data may indicate that differemge=quire different levels of Smad3 for a
maximum response to T@F Previous studies showed that a reduced Smad3:ssipn
induced non-canonical T@Fsignaling (Parvanet al. 2011). These pathways may also affect
the expression of certain genes in a different way.

Other factors have been identified that modulateF&mad signaling such as YAP.
Phosphorylated YAP impedes TIsignaling by preventing the nuclear translocatodn
Smads (Varelast al. 2011). Furthermore, cell polarity and density esanected to YAP. In
high-density cells, TGF signaling is reduced because Smad3 bound to YAdreigerentially

71



translocated from the nucleus to the cytoplasm. ddia of the analyses performed here with
MDA-MB-231 cells do not support this view. Thougbrgkolin elevated cytosolic phospho-
YAP, this was not accompanied by Smad3 translocatiaceduced TG pathway activation.
Moreover, despite the fact that 3D-cultured cebdhileited higher phospho-YAP levels,
Smad3-dependent T@GFsignaling was not diminished and some Smad3 tayge¢s showed
even increased responsiveness to f.GAs a novel finding, YAP seems to inhibit the
forskolin-dependent enhancement of PGstgnaling, as knockdown of YAP resulted in a
higher forskolin response of T@Rarget genes. Taken together, in MDA-MB-231 cell&P
does not seem to regulate Smad3 cellular locatinh@nce activity. Yet, YAP was found to
suppress the forskolin effect on TEFesponsiveness. The mechanism underlying thisteffe
is not yet known.

3. Cyclic AMP-mediated upregulation of TBRI expression

Forskolin treatment led to upregulation of TFeceptor | potentially allowing a higher
activation of TGIB downstream factors (Fig. 41). Introduction of ast@tutively active type |
TGFB receptor mutant was found to raise phospho-Smexkd and TGB-dependent gene
expression in a similar way as forskolin did. There, it is likely that TGB pathway
activation by forskolin is caused by an increaseegeptor expression. This is in line with the
notion that expression of type | T@Feceptor is a limiting factor in the T@GKesponse. In a
previous study, an increase of the Pa€sponse was also found aftgiRl overexpression
in a dose-dependent manner (Micalizti al. 2010). The importance of T@Freceptor
expression for TGFresponse and breast cancer cell activity has dddressed by a number
of studies which are summarized in Tab. 16.

In essence, it is suggested that, in early bremster, BRIl inhibition leads to a higher risk
of tumorigenesis and progression and thgRITstimulation prevents tumor formation and
metastasis (Micalizziet al. 2009, Siegelet al. 2003). In contrast, once breast cancer
progressed, blockingfRIl activity inhibits and PRI activation enhances bone metastasis
(Tanget al. 2003, Yinet al. 1999). In high-grade breast tumor cells, inactoratof TBRII
also significantly inhibited lung metastasis (Tatgl. 2003). These seemingly contradictory
results have led to the hypothesis of PGRaving two activities, one that is tumor-
suppressive in early stages of breast cancer asttierthat is tumor-promoting in later stages
(Imamuraet al. 2012). Since MDA-MB-231 cells are aggressive caredls derived from an
advanced breast cancer, TGRas likely a tumor-promoting effect on these cdllence, an
upregulation of BRI by cAMP may foster metastasis by these aallgivo. This assumption

is particularly based on the fact that the cAMReefffwas also observed on genes, such as
Cox-2, that are known to be involved in metastédisgagaet al. 2006).
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Table 16. Effect of TGH receptor modulation on breast cancer developmentral progression.

TBRI/T BRI* upregulation TBRII inactivation

mouse model | =via Six1 overexpression in MCF-7 | =conditional dnBRII expression

(xenograft/ promotes EMT but inhibits induces mammary tumorigenesis
transgene) metastasis (Gorskaet al.2003)
(Micalizzi et al.2009, =dnTBRII expression induces
(Micalizzi et al.2010) metastasis formation of MCF-7
=inhibits tumorigenesis ikler2 (Micalizzi et al.2010)
transgenic mice with conditional sincreased risk of development of
TBRI expression in breast IBC from hyperplasia
epithelium (Tanget al.2003)
(Siegelet al.2003) =»dnTBRII in high-grade cell line
=induces bone metastasis formation | reduced lung metastasis
of MDA-MB-231 via expression (Tanget al.2003)
of PTHrP =dnTBRII expression inhibits bone
(Yin et al. 1999) metastasis formation of

MDA-MB-231 by suppressing
PTHrP expression
(Yin et al. 1999)

patients = no correlation found so far » reduced BRIl expression correlates
with higher tumor grade in DCIS, IBC
(Tanget al.2003)

TBRI*=constitutive active form of TBRI
dnTpRII=dominant negative form of TBRII (binds ligand, but is unable to transduce signhinto the cell)

Only a few factors that regulatgRI expression have been identified so far. In MCbr&ast
cancer cells, the transcription factor Six1, whamrexpressed, induces T{EHependent
EMT and lymph node metastasis, at least partly psegulating PRI expression. This
upregulation results in increased Smad3 phosphagland TGB-dependent 3TP promoter
activity (Micalizzi et al. 2010). Recently, Eya2 was identified as a co-faofoSix1 that is
required for the tumor-supporting functions of S(hrabauglet al. 2012). My data suggest
an alternative mechanism that leads to upregulaifoi3RI without changes in the Six1 or
Eya2 expression. Here, | showed that tif{kITexpression is induced by cAMP. This effect
required active transcription, but did not rely thre cAMP-responsive transcription factor
CREB. Whether other transcription factors that @aetrolled by cAMP, such as ATF-1 or
ATF-2, are involved in this upregulation remaindb®explored.

Previous investigations showed an increasgidlexpression after incubation of cells with a
histone deacetylase (HDAC) inhibitor or in responseectopic expression of the histone
acetylase (HAT) p300 (Ammanamanchi & Brattain 2004)has also been reported that
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cAMP enhanced HAT activity (Yoeet al. 2012). Therefore, it is possible that cAMP
enhanced PRI transcription in MDA-MB-231 by interfering witbhromatin remodelling. 1
could show that an HDAC inhibitor (HDACI) induce@R|1 expression to a similar extent as
forskolin and that forskolin and HDACI together didt have a stronger effect than each
agent applied separately which suggests that tbheattivities are connected with each other.
There is evidence for an activation of Spl by cAMPenget al. 2000) and a collaboration
of Spl with p300 to stimulate BRI transcription (Ammanamanchi & Brattain 2001,
Ammanamanchi & Brattain 2004). Hence, an involvemeh the p300/Spl complex is
possible. Further studies are required to identisy cCAMP-regulated enzyme that modulates
histone acetylation such that it increas@&ITtranscription. The cAMP pathway could either
activate a histone acetyltransferase or inhibistohe deacetylase. Besides p300, ATF-2 may
be a candidate through which cAMP regulat@&[Ttranscription, since ATF-2 is a target of
the cAMP pathway, has an intrinsic acetyltranskerastivity and interacts with p300.
(Karanamet al. 2007, Kawasaket al. 2000, Sands & Palmer 2008). Furthermore, it remain
to be tested whether Spl binds to the predicted [8pding sequence within thepRI
promoter and whether this binding is increased &f2AC inhibition.

adenylyl TBRI I
cyclase TR RS 'Il'

ICAMP ATP A

TGFB
TBRI I target gene I
expression expression

Figure 41. Proposed mechanism of cAMP-induced T@Fsignaling.

1) Elevation of the cAMP level results in an upreglation of TBRI and

2) higher TBRI expression in the plasma membrane.

3) This elevated receptor expression leads to enhzed TGHB-dependent Smad3 phosphorylation and

activation of TGFB-responsive genes.
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4. Role of Smad3 expression in T@Fsignaling in MDA-MB-231 cells

TGFB induces the phosphorylation of regulatory Smadgms, such as Smad3, and their
subsequent translocation to the nucleus, where tbgylate transcription. Here, | present
evidence that the extent of Smad3 phosphorylatiod hence TGp-dependent gene
expression in MDA-MB-231 cells is also dependenttbe level of total Smad3 protein.
Forskolin-induced PRI upregulation did not enhance TBignaling, when Smad3 was
overexpressed in 2D-cultured cells. Hence, the Snpadtein expression level seems to be a
limiting factor for the TGB response in 2D-cultured MDA-MB-231 cells. Howevier,3D-
cultured cells, high Smad3 protein expression keeincided with high levels of cAMP and
TBRI and unresponsiveness @iR1 to cCAMP. Hence, it is unclear if the high Smdelels in
3D-cultured cells played a role in the loss of #féect of forskolin on TGE signaling.
Interestingly, even in MDA-MB-231 cells transfectedth an impaired BRI, TGFH3-
responsive transcription can be enhanced when Snaadi3 Smad4 are overexpressed
(Dumontet al. 2003). The reason for this activation in the absence &firctional TGB
receptor complex that is required to phosphoryttead3 was not investigated. The reason
why Smad3 protein levels in 3D-cultured cells aighhremains also unclear. Since a change
in Smad3 mRNA level was not observed, mechanisras rdgulate Smad3 on the protein
level are likely responsible. One possibility i® timvolvement of microRNAs that regulate
protein translation. Interestingly, miR-140 regaktSmad3 on the protein, but not on the
MRNA level and might therefore be involved in th@ragulation of the Smad3 level in 3D-
cultured cells (Paiet al. 2010). It has also been reported, that Smad3 ipragenover is
regulated by proteasomal degradation (Inateal. 2004). Thus, inhibition of Smad3
degradation resulting in an accumulation of Smad§ ailso explain the high Smad3 levels in
3D-cultured cells.

5. Potential relevance of the cAMP/TGB cross-talk for tumor progression

Some of the TGF target genes that responded to cCAMP are tumor giemgenes and/or
serve as markers of tumor progression. Overexmesdithe TGP target TIMP-1 alone has
been shown to induce tumor growth of MDA-MB-231lgeh mice (Bigelowet al. 2009).
Cox-2 and PTHrP are known enhancers of bone argl nuetastasis formation, respectively
(Guptaet al. 2007, Hirageet al. 2006). Additionally, Cox-2 knockdown in MDA-MB-231
cells resulted in less tumor formation and lowettezl lung metastatic potential of these cells
(Stasinopouloset al. 2007). PAI-1 expression correlated with stimulatiof migration of
MDA-MB-231 cells (Dittmeret al. 2006) and has long been known as a predictive and
prognostic marker in breast cancer (Scheiital. 2011). Furthermore, the proteinase MMP9
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investigated here plays a role in the invasioruaidr cells and the osteolysis following bone
metastasis.

It is likely that the TGB/CAMP combined effect on tumor-supporting genestrioutes to
tumor progression. Forskolin was used to raisec®IP artificially. Naturally, a rise of
CAMP in tumor cells may be achieved by differentcirenisms. One mechanism involves
Gag-protein-coupled receptors. Interestingly, PTHrRl &ox-2 can induce an elevation of
cAMP levels in cells. PTHrP activates the cCAMP sigmng pathway by activating the PTH
receptor | (Juppnest al. 1991). Cox-2 is responsible for the productiompadstaglandin E2
(PGE2) which acts on breast cancer cells via-otein-coupled EP2/EP4, DP or IP
receptors in an autocrine fashion (Timosheakal.2003). EP2 and EP4 receptors have been
shown to be expressed in MDA-MB-231 cells. HenaghPTHrP and Cox-2 levels might
contribute to an upregulation ofsRI and increased T@Fresponsiveness, e.g. in the bone
microenvironment where the extracellular matrixrich in latent TGB. Both factors by
elevating the cellular cAMP level may further stiate TGH responsiveness in bone-
metastasized breast cancer cells (Fig. 42). Thenaksof the cAMP/TGF effect in 3D-
cultured cells may be ascribed to the high basalieAevel found in these cells. These may
be due to hypoxia that arises within the cell aggtes (Hardelauét al. 2011). Recently, a
higher cAMP level and PKA phosphorylation have bdetected together with an increased
expression of carbonic anhydrase IX which is a mafkr hypoxic conditions (Dittet al.
2011). | could also observe a strong increase rhotac anhydrase IX expression in 3D-
compared to 2D-cultured MDA-MB-231 cells (data sbbwn). It is therefore possible that, at
sites exposing non-hypoxic conditions, as founaniorotumors or micrometastases, CAMP
levels are low and cAMP-elevating factors in comwjiom with TGH co-operate by the herein
described mechanism. On the other hand, in hypawaas or niches, elevated cAMP levels
may help maintaining a higher3RI expression. Hypoxia has been shown to increlase t
cancer stem cell population in breast cancer ¢€ltmleyet al. 2012) that exhibits a high
TGRS pathway activity (Hardet al. 2012, Shipitsiret al. 2007). It is therefore conceivable
that, under hypoxic conditions, at which an elewatbf cCAMP has been describediRIl is
upregulated and contributes to the elevation ofctmecer stem cell pool with a highly active
TGRS pathway.
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Figure 42. Proposed mechanism by which T@rinduced Cox-2 and PTHrP expression further stimulées
TGFB response by rising the cAMP and BRI levels in the cell.

TGFp pathway activation leads to increased expressiorf €ox-2 and PTHrP
2) Cox-2 generates PGE2, PGE2 and PTHrP are being seted.

PGE2 and PTHrP activate the corresponding receptorg an autocrine fashion and thereby
induce cAMP production.

CcAMP stimulates TBRI expression which increases responsiveness oflseb TGFp

6. Potential relevance of the cAMP/TGB cross-talk for the interaction between
mesenchymal stem cells and breast cancer cells

Mesenchymal stem cells (MSCs) are stromal cellsvnto invade wounds where they are
able to differentiate into cell types needed fastie repair and to alter the inflammatory
microenvironment and therefore to contribute to mebhealing. Tumors resemble wounds in
different aspects and are also a target for MSCeeMSCs have entered the tumor they
interact with tumor cells in a mutual fashion amfluence their behavior (Dittmer 2010
Dittmer et al. 2011). A number of studies performed with diffdreancer cells, including
MDA-MB-231 cells, show that MSCs promote tumor aeligration and formation of breast
cancer metastasis (Dittmet al. 2011, Goldsteiret al. 2010, Karnoulet al. 2007). The data
of these studies suggest complex paracrine loopsetanvolved in these interactions. A
number of mechanisms have been proposed. Heres #hown that MSCs induce the
activation of cCAMP and TGF pathways in breast cancer cells as indicated byereased
phosphorylation of CREB and Smad3. Therefore, aeraction of these two pathways by
means of a CAMP-induced T@Fesponse as described here may take place
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7. Correlation of altered gene expression with phatypic changes

Despite the fact that cCAMP affected TfGFarget genes that have been linked to tumor
progression, no correlation of this effect withlgkdr functions, including cell viability, cell
adhesion and migration, could be observed. It sside that the genes responsible for these
changes are different ones than those being addiésshis study. It might also be that the
observed gene expression changes play a role iorigemesis or the formation of metastases
in vivowhich cannot be detected with the methods as lisesl E.g., TIMP-1 overexpression
in MDA-MB-231 cells enhanced tumor growth in a xgradt model, but did not change
tumor cell biologyin vitro, although approximately 200 genes were found tditferentially
expressed. In an additional analysis, cells of xéeograft were tested again and an even
higher number of genes (600) was found to be déxeglisuggesting additional alterations
occuringin vivo (Bigelow et al. 2009). The colonization of organs by metastasiziagcer
cells is a process that is not well understood. agtelsis is a multi-step process where
intravasation, extravasation and the microenviramme the recipient organ are of great
importance. These factors were not examined inntlvé@ro tests as performed in this study. It
might well be that the importance of the cAMP/TG€ffect on tumor biology can only be
observed byn vivo experiments. Therefore, further studies have taedreucted in order to
analyze the functional consequences of the destdRMP/TGH effect.

It is also possible that cAMP and T@EHegulate pathways leading to cytoskeletal
rearrangements and migration in a way that is iaddpnt of the activities of the
TGFB/cAMP target genes studied here. Consistent wiih iotion, a study conducted by
Dumont et al. showed that, in a MDA-MB-231 subline that harbars impaired TGE
receptor Il, ectopic Smad3 and Smad4 expressidoress TGB-dependent transcriptional
activation but not TGBE-dependent motility. Along these lines, Twas shown to regulate
migration of MCF-7 and MDA-MB-468 cells independgran TBRI (Imamichiet al. 2005).

This findings may indicate the presence of indepahé&mad and non-Smad pathways and
may suggest that the migratory potential resutimfnon-Smad TGFpathway activities.

One assay showed an decrease in cell proliferdippnTGH3 which was amplified by
forskolin. This result points to the possibilityatithe proliferation is directly dependent on the
expression of the cell cycle inhibitor p21 thatugregulated by TGFand even further by
forskolin and TGB. Further investigations are neccessary to cortlisiidea.

The comparison of cells in 2D and 3D cultures wébpect to forskolin and T@BResponses
revealed that fRI upregulation and enhanced Tf&$§ignaling in the presence of forskolin as
found in 2D-cultured cells does not occur in 3Dtardd cells. Nevertheless, TGhas an

effect on the 3D-cultured cells as indicated bygpbkeroid formation of MDA-MB-231 cells
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that only occurs under the influence of TEGHhis was unexpected, since MDA-MB-231
cells rather form irregular aggregates or stelstreictures in suspension or reconstituted
basement membrane-based cultures, respectivelym@iet al. 2009, Wanget al. 2002).
Working with 2D cultures alone would not have rdedathis finding, but it might provide
further insights into the activities of T@FIn former studies with murine breast cancer cells
a 3D cell culture model was used to distinguishween a non-malignant (S-1 cells) and a
malignant phenotype (T4-2 cells) based on theim*polarized” or “polarized” structure in
reconstituted basement membranes. The authorstisétthe presence of E-cadherin and the
lack of integrin B1 on the cell surface charactette non-malignant type and show evidence
for a phenotypic reversion of the malignant to tle@-malignant type by inhibiting integrin
31 function (Weaveet al. 1997). The formation of regularly-shaped MDA-MB128pheroids

in 96-well plates might be considered as a phenotygversion as induced by TGRinder
certain conditions. Wanet al. succeeded in reverting MDA-MB-231 cells by incubatwith
both, integrin B1 and PI3K inhibitors. Alternatiyel re-expression of E-cadherin in
combination with one of these inhibitors generdtezl same phenotype (Waeg al. 2002).
Whether the treatment of MDA-MB-231 cells with TBkterferes with the E-cadherin or
integrin B1 status or the state of PI3K activatieeds to be determined. Similarities between
TGHB- and integrin-mediated responses during mammanyotuprogression have been
described before (Parvaat al. 2011). The studies assessing the molecular mesthathiat
leads to a phenotypic reversion did not includeagssthat would test changes in the
functional characteristics of whole spheroids. Imeaent study, TGktreated mammary
epithelial cells have been reported to form compaense spheroids in reconstituted
basement membrane-based cultures (Westdtal. 2010). These spheroids have been
designated as invasospheres due to their abilitpvade synthetic basement membranes as
single units and to form metastasis vivo. TGH-induced EMT and elevated EGFR
expression were linked to these functions. Sinee dblls described in this model have
undergone EMT like MDA-MB-231 cells it is possiliteat also MDA-MB-231 cells are more
invasive in the spheroid state. Thus, it still remaunclear whether the T@Hnduced
spheroid formation more resembles a reverted @daanced state of the tumor cells.
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8. Conclusions

The presented study revealed a novel mechanismhimhwAMP modulates TGFsignaling.
By upregulation of type | TGFreceptor cAMP enhances the Ti&Fesponse of a group of
important oncogenes via the Smad3-dependent path8iage upregulation of the type |
TGFB receptor as well as T@Ftarget genes in advanced breast cancer cells éas b
associated with metastatic properties, this meshanmost likely contributes to tumor
progression. Interestingly, in 3D-cultured cellshere the basal cAMP and type | TGF
receptor levels were much higher than in 2D-cuttucells, TGIB alone showed maximum
activation of its target genes and cAMP had nocefféhis suggests that, undervivo-like
conditions, basal cCAMP levels are sufficient tomup maximum TGE response. This study
also reveals that, in a 3D culturing system, PGkduces morphological changes
independently of the cAMP/T@Feffect on gene expression. Under certain conditiais B
could be shown to induce spheroid formation of MDUB-231 cells, which is a rare event.
This phenotype resembled invasospheres and mighttdia more invasive behavior under
the influence of TGPE. Taken together, this study demonstrates that cAdvidble to enhance
TGHB signaling and that modulation of the TGPpathway activity is highly relevant in
advanced breast cancer cells, such as MDA-MB-23ls,cthat have already partially
undergone EMT.
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SUMMARY

Aberrant activation of the cAMP/CREB and T@&mad signaling is involved in breast
cancer progression. Little is known about the ctais between these two signaling
pathways. | investigated the interplay of thesehwals in breast cancer cells grown in 2-
dimensional (2D) as well as in 3D cultures. In pnesence of either cAMP or TBFMRNA
expression levels of many cancer-related genes wig@ficantly altered. Simultaneous
activation of both pathways affected genes diffdyenn 2D cultures, key genes of cancer
progression (PAI-1, TIMP-1, Cox-2, PTHrP, TgFMMP10) displayed increased TGF
responsiveness in the presence of forskolin, whviak accompanied by an increase in BGF
dependent Smad3 phosphorylation. Furthermore, nddbat forskolin induced a significant
upregulation of TGE receptor | (TRBRI) expression. This upregulationldde inhibited by
actinomycin D, but not by a CREB-specific SiRNA gagting that forskolin increases TRRI
transcription in a CREB-independent manner. LikewsRNA-mediated knockdown of the
transcription factor Six1, which was shown to beolmed in TRRI transcriptional regulation,
was unable to inhibit the forskolin-induced TRRFegulation. Promoter assays with a TRRI
construct containing a TRRI promoter fragment frpwmsition -392 to +21 revealed a
moderate, but signigficant increase in promoterivigt in the presence of forskolin.
Inhibition of histone deacetylase activity resultddo in an increase in TBRI mRNA, which
could not be further stimulated by forskolin. Thesult suggests that histone modification is,
at least partially, involved in forskolin-induced3RI transcription. Ectopic expression of a
constitutively active form of TRRI mimicked the pesmse to forskolin. In contrast to 2D-
cultured cells, 3D-cultured cells showed no forgkoésponse in the presence of BGNor
did forskolin stimulate TGB-dependent Smad3 phosphorylation or upregulated| TRR
expression under these culture conditions. Interglyt 3D-cultured cells exhibiteger se
higher levels of Smad3 and TRRI as well as of cANIRe increased levels of these three
factors under 3D growing conditions may have préxrthe forskolin effect on TGF
signaling as was observed in 2D cultures. Aparmfralterations in gene expression,
morphological and functional changes (cell viapjlicell-cell-adhesion, migration) were
induced by forskolin and TG¥: which did not correlate with the observed genpression
changes. Surprisingly, under certain conditions,FFGvas found to induce spheroid
formation of 3D-cultured MDA-MB-231 cells that isrely found with these cells. These
spheroids resembled invasospheres and might hiat nwore invasive behavior under the
influence of TGIB. Taken together, this study suggests that, unel¢aio conditions, CAMP
can interfere with TGF signaling in breast cancer cells by upregulatimg ¢xpression of
TRRI and that cAMP and T@F induce morphological and functional alterations
independently of these mechanism.
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