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ABSTRACT

Radiotherapy is a standard treatment after conservative breast cancer surgery. However,
cancers relapsing within a previously irradiated area have an increased probability to
metastasize. The mechanisms responsible for this aggressiveness remain unclear. Here,
we used the clinically relevant 4T1 breast cancer model mimicking aggressive local relapse
after radiotherapy to identify differences between tumors grown in untreated versus pre-
irradiated mammary glands. Tumors grown within preirradiated beds were highly en-
riched in transcripts encoding collagens and other proteins building or modifying the
extracellular matrix, such as laminin-332, tenascins, lysyl oxidases and matrix metallopro-
teinases. Type I collagen, known to directly contribute to tissue stiffening, and the pro-
metastatic megakaryoblastic leukemia-1 (Mkl1) target gene tenascin-C were further inves-
tigated. Mammary tissue preirradiation induced Mkl1 nuclear translocation in the tumor
cells in vivo, indicating activation of MkI1 signaling. Transcript profiling of cultured 4T1
cells revealed that the majority of the MkI1 target genes, including tenascin-C, required
serum response factor (SRF) for their expression. However, application of dynamic strain
or matrix stiffness to 4T1 cells converted the predominant SRF/MkI1 action into SAP
domain-dependent Mkl1 signaling independent of SRF, accompanied by a switch to SAP-
dependent tumor cell migration. 4T1 tumors overexpressing intact Mkll became more
metastatic within preirradiated beds, while tumors expressing Mkl1l lacking the SAP
domain exhibited impaired growth and metastatic spread, and decreased Mkl1 target
gene expression. Thus, we identified SAP-dependent MkI1 signaling as a previously unrec-
ognized mediator of aggressive progression of mammary tumors locally relapsing after
radiotherapy, and provide a novel signaling pathway for therapeutic intervention.
© 2015 The Authors. Published by Elsevier B.V. on behalf of Federation of European
Biochemical Societies. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Breast cancer remains the second most common cancer
worldwide with nearly 1.7 million new cases in 2012 (Ferlay
et al,, 2013). Radiotherapy, alone or in a combination with
chemotherapy, is a widely used treatment after breast-
saving surgery with proven therapeutic efficacy manifested
by reduced incidence of locoregional and distant recurrences
(Bartelink et al., 2001; Darby et al., 2011; Le Scodan et al.,
2009). However, clinical evidence indicates that relapses
occurring after radiotherapy are associated with increased
metastatic potential and poor prognosis in breast (Mattsson
etal., 1993; Vicini et al., 2003) as well as head and neck cancers
(O’Brien et al., 1986; Vikram et al., 1984). This has also been
confirmed experimentally, and tumors growing within a pre-
viously irradiated mammary tissue tend to be more invasive
and to form more metastases (Barcellos-Hoff and Ravani,
2000; Bouchard et al,, 2013; Lemay et al., 2011). Radiation-
induced modifications of the tumor microenvironment are
proposed to contribute to such aggressive behavior, a condi-
tion termed tumor bed effect (Barcellos-Hoff, 2010; Barcellos-
Hoff et al., 2005; Milas et al., 1988), but the underlying molec-
ular mechanisms remain elusive. The tumor microenviron-
ment is known to be significantly different from healthy
tissue, with a modified extracellular matrix (ECM) containing
high levels of type I collagen, fibronectin, versican and
tenascin-C (Adams et al., 2002; Brown et al., 1999; Kalluri
and Zeisberg, 2006).

Breast cancer tissue is mechanically compromised and
stiff, partly due to increased type I collagen deposition that
has resulted in elastography as a commonly used diagnostic
procedure (Levental et al., 2009; Paszek et al., 2005; Samani
et al., 2003). Deposition of type I collagen linearly correlates
with tissue stiffness in many different organs (Swift and
Discher, 2014; Swift et al., 2013). Furthermore, increased
mammographic density is associated with a significantly
greater collagen amount and high susceptibility to breast can-
cer (Boyd et al., 2010; Li et al., 2005). Since radiation is known to
induce fibrosis (O’Sullivan and Levin, 2003; Walker, 2001), tis-
sue stiffening may be part of the reason for the pro-
tumorigenic effect of radiotherapy. Increased rigidity of the
tumor microenvironment results in mechanical forces that
act on cancer cells and evoke compensatory responses mainly
via RhoGTPase activation modulating actin dynamics (Butcher
et al., 2009; Paszek et al., 2005).

Via its ability to induce actin polymerization, RhoA regu-
lates the subcellular localization and activity of megakaryo-
blastic leukemia-1 (Mkl1) (Miralles et al., 2003; Vartiainen
et al., 2007). MKkl1 is a member of the myocardin-related tran-
scription factor (MRTF) family and a well-known transcrip-
tional co-activator of serum response factor (SRF) (Cen et al,,
2003; Miralles et al., 2003; Vartiainen et al., 2007; Wang et al.,
2002). In unstimulated cells, Mkl1 is held inactive in the cyto-
plasm by reversible complex formation with G-actin (Miralles
et al., 2003). Activation of RhoA feeds G-actin into the F-actin
filaments, thus allowing nuclear import of G-actin-free Mkl1
and subsequent transcription of SRF target genes containing
CArG boxes in their promoters (Miralles et al, 2003;
Vartiainen et al., 2007). We have previously shown the

presence of an atypical CArG box in the tenascin-C promoter
and the involvement of SRF/MkI1 signaling in its induction
in fibroblasts (Asparuhova et al., 2011). Interestingly, induc-
tion of tenascin-C by cyclic mechanical strain did not require
SRF, but instead depended on the potential DNA-binding SAP
domain of Mkl1 (Asparuhova et al., 2011). Furthermore, we
have recently described a gene set co-regulated with
tenascin-C in a SAP-dependent/SRF-independent manner in
non-transformed HC11 mammary epithelial cells (Gurbuz
et al,, 2014). The expression of this gene set was associated
with high-proliferative poor-outcome classes in human breast
cancer and a strongly reduced survival for patients indepen-
dent of tumor grade. Tenascin-C is expressed by both
cancer-associated fibroblasts as well as cancer epithelial cells,
and is associated with tumorigenesis and cancer progression
in different types of tumors (Brellier and Chiquet-
Ehrismann, 2012). Strong evidence exists for its role in the pri-
mary tumor and the site of metastasis (Calvo et al., 2008; Minn
et al.,, 2005; O’Connell et al., 2011; Oskarsson et al., 2011;
Tavazoie et al., 2008). Tenascin-C has been identified among
signature genes whose expression in primary breast tumors
correlates with lung relapse (Minn et al., 2005). Also, high
expression of tenascin-C in lung tissue of breast cancer pa-
tients correlates with shorter lung metastasis-free survival
(Oskarsson et al., 2011). The important impact of tenascin-C
on tumor cell survival, invasion, tumor angiogenesis and
metastasis formation has also been recently demonstrated
in a transgenic immune-competent mouse tumor model
that mimics the high expression of tenascin-C observed in hu-
man cancer (Saupe et al., 2013).

In the current study, we investigated the effect of radiation
on metastasis formation using the mouse 4T1 mammary car-
cinoma model. The 4T1 mammary carcinoma represents a
clinically relevant animal model for human triple negative
breast cancer (Dexter et al., 1978). The 4T1 metastatic disease
develops spontaneously from the orthotopic site to multiple
organs, thus encompassing all the stages of primary tumor
growth, invasion, and metastasis including the tumor—host
interactions in fully immunocompetent animals (Eckhardt
et al.,, 2012; Pulaski and Ostrand-Rosenberg, 2001). This model
has proven to be useful for mimicking aggressive local relapse
of mammary tumors after radiotherapy (Kuonen et al., 2012;
Monnier et al., 2008). Here, we provide novel insights into
the mechanisms underlying the pro-metastatic effect of irra-
diation, and identify irradiation-induced SAP-dependent
MkI1 signaling as a previously unrecognized mediator of
metastasis in mammary cancer.

2. Materials and methods
2.1. Mouse model, irradiation, tumor growth and
metastasis

Primary tumors were initiated by orthotopic injection of
4T1 (ATCC; CRL-2539) mammary carcinoma cells into
BALB/c mice (Charles River Laboratories) as described
(Kuonen et al., 2012). Animal experiments were approved
by the Swiss veterinary authorities. In some cases before
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injection, the fourth mammary gland was locally irradiated
with a single 20 Gy X-ray dose as described (Kuonen et al.,
2012). Tumor volumes were assessed by caliper measure-
ments. For lung metastasis quantification, mice were sacri-
ficed 18—-20 days after tumor cell injection. Lungs were
dissected and fixed in 4% paraformaldehyde (PFA),
embedded in paraffin, sectioned (4-pm thickness, 6 levels,
200-pm intervals), and stained with hematoxylin and eosin
(H&E). Metastases per animal were counted using a Nikon
Eclipse E600 and calculated as the total number of nod-
ules/6 sections normalized to the final tumor volume.

2.2. Cell culture

Full length Mkl1 (FL-MkI1) and the two Mkl1 mutants, mutB1-
MkI1 comprising mutations in the B1 domain and ASAP-MkI1
lacking the SAP domain were previously described
(Asparuhova et al., 2011). All Mkl1 variants were expressed
as C-terminal red fluorescent protein (RFP)-tagged fusions. A
control vector expressing RFP described
(Asparuhova et al., 2011).

4T1 mammary epithelial cells were grown in DMEM me-
dium supplemented with 10% fetal calf serum (FCS, Invitro-
gen). In most of the experiments, cells were starved in 0.03%
FCS/DMEM. To obtain 4T1 cells stably expressing FL-Mkl1-
RFP (4T1-FL), mutB1-MkI1-RFP (4T1-mutB1), ASAP-MKkI1-RFP
(4T1-ASAP) or RFP alone (4T1 control), cells were transfected
using FUuGENE® 6 (Roche) and selected with Geneticin (Roche)
for 14 days before RFP-based FACS sorting.

alone was

2.3. Cell proliferation, migration and invasion assays

Proliferation rates of the 4T1 cell lines were determined using
a 5-bromo-2'-deoxyuridine (BrdU) incorporation assay (Roche)
as described (Gurbuz et al., 2014).

Cell migration was assayed using transwell filters (Corning)
as described (Gurbuz et al., 2014). After subjection to cyclic
strain, 5 x 10* cells were plated in the upper chamber in
serum-free DMEM. The lower chamber contained 10% FCS/
DMEM. After migration for 22 h, cells were fixed and stained
with crystal violet. Images of duplicate inserts were acquired
on a Nikon Eclipse E600. Migration was quantified by
measuring the area covered by migrated cells using Image].

Cell invasion was assayed using the same procedure as for
migration, except that: 1) the transwell filter was coated with
150 pl/cm? of growth factor-reduced Matrigel (BD Biosciences)
diluted (1:3) with serum-free DMEM and allowed to solidify for
1hat37°C;and 2) 2 x 10° cells after starvation for 24 h were
seeded into the upper chamber.

2.4.  Mechanical stimulation of cells

Equibiaxial cyclic strain (20%, 0.3 Hz) at 37 °C for 1 h was
applied to starved 4T1 cells as described (Gurbuz et al., 2014).
After strain, cells were either used in migration assays or lysed
for RNA isolation.

For matrix stiffness experiments, 7 x 10° 4T1 cells/well
were seeded on fibronectin-coated polyacrylamide hydrogels
of defined stiffness (0.5 or 4 kPa elastic modulus) in 35 mm

dishes (Petrisoft™; Matrigen). Cells were cultured in 0.03%
FCS/DMEM for 16 h before harvesting for RNA isolation.

2.5. RNA analyses by qRT-PCR

Total RNA from 4T1 cells or tissue homogenates was isolated
using the RNeasy Mini Kit (Qiagen). Tissue samples (tumors
and mammary glands) were collected, flash-frozen and homog-
enized in RLT buffer using a Dispomix Drive (Medic Tools). RNA
was reverse transcribed and relative tenascin-C, Fos or carbonic
anhydrase 12 (Car12) mRNA levels normalized to Gapdh were
detected as described (Gurbuz et al., 2014). Relative collagen
type I alpha 1 (Collal) or fibroblast growth factor-binding pro-
tein 1 (Fgfbp1) transcripts normalized to Gapdh, were measured
using Platinum® SYBR® Green gPCR SuperMix-UDG with
ROX (Invitrogen) and the following primers: Collal-F 5-
CCGGAAGAATACGTATCACCA-3, Collal-R 5-TCTGGGAAG-
CAAAGTTTCCT-3'; Fgfbpl-F 5'-ACTCACAGAAAGGTGTCCAC-3,
Fgfbpl-R 5-TCCTGCTTCTCTGCTTATTCTG-3'. gPCR was per-
formed as described (Gurbuz et al., 2014). Data from in vivo ex-
periments were analyzed by the ACt method (Schmittgen and
Livak, 2008), whereas data from in vitro experiments by the ef-
ficiency AACt method (Livak and Schmittgen, 2001) that
included a further normalization to the 4T1 control.

2.6.  Transcript profiling

Total RNA from tumor tissue samples as well as starved (for
48 h) 4T1 cell lines was extracted, converted into labeled
cDNA and hybridized to Affymetrix GeneChip Mouse Gene
1.0 ST arrays. RMA-normalized expression values were
calculated with the affy package from Bioconductor 2.4
(Gentleman et al., 2004), the genefilter package was used
to remove probesets without Entrez gene annotation while
only the probeset with the highest IQR was used for each
Entrez gene. Differentially expressed genes were identified
using moderated t-statistics calculated with the empirical
Bayes method as implemented in the Bioconductor limma
package (Smyth and Speed, 2003). To be considered as
differentially expressed between tumors grown in nonirra-
diated and preirradiated mammary tissue, genes had to
pass the filters: P-value <0.05, a log2 fold change >0.4 and
a log2 average expression value >4.0. To be considered as
differentially expressed between 4T1-FL and 4T1-mutB1 or
4T1-ASAP cells, genes had to meet the following criteria: a
maximum P-value of 0.01 calculated with Benjamin—Hoch-
berg false discovery correction, a minimum absolute linear
fold change difference of 2.0 and a minimum log2
average expression value of 4.0. Microarray data files
are available from the Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/), accession numbers:
GSE64193 (for tumor tissue samples) and GSE59459 (for
cell lines).

2.7. Protein analyses by immunoblotting

Primary antibodies used: mAb65F13 anti-Mkl1 (Maier et al.,
2008), MTn12 anti-tenascin-C (Aufderheide and Ekblom,
1988), anti-Fgfbpl (bs-1768R, Bioss), anti-Car12 (15180-1-
AP, Proteintech), anti-lamin A/C (612162, BD Biosciences)
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Figure 1 — Stroma irradiation results in tumors with increased extracellular matrix deposition. (A) Orthotopic tumor growth of 4T1 cells
implanted in nonirradiated (4T1) or 20 Gy preirradiated mammary tissue (IRR +4T1). Tumor volumes were calculated from caliper measurements
taken every 3—4 days. Data represent means + SD for 7 mice per group. (B) Metastatic spread of the tumors described in (A). Number of
spontaneous lung metastases in each animal was assessed 18 days after tumor initiation and normalized to the final tumor volume. A significant
difference between the two groups, **P < 0.001 is shown. Representative H& E-stained lung sections with tumor nodules marked by arrows are
shown below the plot. Scale bar, 500 pm. (C) Volcano plot based on the log2 fold change (logFC; x-axis) and the P value in —log10 P-scale (y-axis)
of all transcripts in the primary tumors described in (A). Transcripts that are similarly expressed between 4T1 and IRR +4T1 tumors are shown as
black dots. The vertical lines represent 0.4 fold changes both upregulated (right side) and downregulated (left side), and the horizontal line
represents a P value of 0.05. All colored dots in the plot represent the differentially expressed transcripts (94 upregulated and 41 downregulated)
with statistical significance in IRR +4T1 vs. 4T1 tumors (complete probeset lists are found in Supplementary Table S1). The blue dots correspond
to irradiation-induced genes encoding extracellular (EC) proteins as determined using the Ingenuity® software. (D) qRT-PCR analysis of Col1al
transcripts normalized to Gapdh in the primary tumors described in (A). Data and statistical significance are expressed as in (A, B). Representative
images of tumor sections stained for collagens (blue) by Masson’s trichrome stain are shown below the plot. Scale bar, 500 pm. (E) qRT-PCR
analysis of Collal transcripts normalized to Gapdh in nonirradiated (MG) and irradiated (IRR MG) mammary glands in tumor-free mice.
Means + SD for 7 mice per group and significant differences between the two groups, **P < 0.001 are shown. (F) Immunoblot analysis of
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and anti-Gapdh (ab9485, Abcam). After 24 h of starvation,
whole-cell extracts from 4T1 lines were prepared in RIPA
buffer as described (Maier et al., 2008). Secreted tenascin-
C protein was detected in cell culture medium. For prepara-
tion of cytoplasmic, nuclear and ECM extracts, tumor sam-
ples were collected, flash-frozen and homogenized in lysis
buffer containing 10 mM HEPES pH 7.9, 100 mM KCl,
1 mM EDTA, 1 mM DTT, 0.5% NP-40 and protease inhibitors,
by using a Dispomix Drive. After centrifugation, the super-
natant was collected as cytoplasmic extract. The nuclear
pellets were washed with lysis buffer lacking NP-40, and
extracted with 250 mM Tris—HCl pH 7.8, 100 mM KClI,
1 mM EDTA, 1 mM DTT, 0.5% NP-40, 20% glycerol shaking
at 4 °C for 1 h, followed by centrifugation to clarify the nu-
clear extract. Proper fractionation was confirmed by Gapdh
and lamin A/C presence as cytoplasmic and nuclear
marker, respectively. The ECM fraction was obtained from
the last pellet by extraction in RIPA buffer. Samples were
run on SDS—PAGE and transferred to Immobilon-P mem-
brane (Millipore). Ponceau S (0.1%) staining visualized
bovine serum albumin (BSA) from the medium as a loading
control. Proteins were detected using the antibodies listed
above followed by HRP-conjugated secondary antibodies
(MP Biomedicals) for detection with SuperSignal West
Dura Chemiluminescent Substrate (ThermoFisher Scienti-
fic). Immunoblot signals were analyzed by densitometry
using ImageQuant (Molecular Dynamics).

2.8. Immunohistochemistry and Masson’s trichrome
stain

Mouse tumors were dissected and fixed in 4% PFA, cryopro-
tected in 25% sucrose, embedded in OCT Tissue-Tek
(Sakura), sectioned (12-um thickness), and stained with
H&E. Immunohistochemistry for tenascin-C, Fgfbp1, Car12
and Mkll was performed on the Ventana DiscoveryXT
(Roche) by using the Research IHC Dap Map XT procedure.
In brief, cryosections were subjected to antigen retrieval us-
ing standardCC1 (Roche) for detection with anti-Mkl1l
(ARP37504_T100, Aviva Systems Biology), or protease buffer
3 (Roche) for Fgfbpl and Carl2. As secondary antibody, an
HRP-conjugated polymer ImmPRESS (MP-7401, Vector Labo-
ratories) was used preceded by R18-2 anti-rat IgGs
(ab125900, Abcam) in the case of tenascin-C detection. All
slides were counterstained with Hematoxylin II and Bluing
Reagent (Roche).

Collagens were visualized using Accustain® Trichrome
(Sigma—Aldrich) according to the manufacturer’s procedure.
Images were acquired on a Nikon Eclipse E600.

2.9. Statistical analysis

All grouped data are means + SD. Statistical analysis was
completed using GraphPad InStat v3.05. Differences be-
tween two groups were evaluated using a two-tailed Stu-
dent’s t test for parametric data or a Mann—Whitney U
test for nonparametric data. Multiple comparisons
were performed using one-way analysis of variance
(ANOVA). Values of P < 0.05 were considered statistically
significant.

3. Results

3.1. Stroma irradiation results in tumors with increased
extracellular matrix deposition

To investigate the effect of mammary tissue irradiation on
breast cancer progression, we pretreated the fourth mam-
mary gland of BALB/c mice with a single dose of 20 Gy X-ray
irradiation before implanting 4T1 tumor cells. This amount
of irradiation corresponds to the cumulative dose of ~60 Gy
delivered to breast cancer patients during fractionated ther-
apy (Barton, 1995). Thus, the model of preirradiation recapitu-
lates clinically relevant features of breast cancers locally
relapsing after radiotherapy (Kuonen et al., 2012; Monnier
etal., 2008). Mammary tissue preirradiation had no significant
effect on 4T1 primary tumor volume (Figure 1A), while it
strongly promoted lung metastasis formation (~4-fold in-
crease) compared to mice with primary tumors growing in
nonirradiated stroma (Figure 1B).

To explore the underlying molecular basis for the differen-
tial metastatic potential of tumors grown in preirradiated vs.
nonirradiated mammary tissue, we performed transcript
profiling of four tumor samples from each of the two mouse
groups. A volcano plot filtering analysis (Figure 1C) using a
minimal log2 fold change (logFC) of 0.4 and a maximal P value
of 0.05 (presented in a —log10 P-scale) as the cutoff thresholds,
identified 94 upregulated vs. 41 downregulated transcripts in
tumors grown in preirradiated compared to tumors grown in
nonirradiated beds (complete probeset lists and annotations
are found in Supplementary Table S1). Interestingly, 47% of
the transcripts whose expression in the primary tumors was
significantly elevated by the mammary tissue preirradiation
encode extracellular (EC) proteins as determined using the
Ingenuity® software. The majority of these genes can be cate-
gorized to function in 1) building the extracellular matrix
network and 2) matrix remodeling and regulation (Table 1).
The first category consists of 7 genes encoding subunits of
collagen type I, III, V, VI, XII and XIV in addition to members

tenascin-C protein expression in ECM fractions of the primary tumors described in (A); (—) and (+) indicate 4T1 and IRR+4T1 tumors,

respectively; (*) indicates a sample loaded for comparison on both gels. The box plot represents a densitometric quantification of the immunoblot

signals. Tenascin-C protein expression is normalized to the loading control visualized by Ponceau S staining of the membranes. Means + SD for 5

mice per group and a significant difference between the two groups, *P < 0.01, are shown. (G) qRT-PCR analysis of tenascin-C and Fos mRNA

levels normalized to Gapdh mRNA in the primary tumors described in (A). Data represent means * SD for 7 mice per group. Significant
differences between the two groups, *P < 0.01, ns = not significant. (H) qRT-PCR analysis of tenascin-C and Fos mRNA levels normalized to
Gapdh mRNA in the tumor-free mammary gland tissues described in (E). Data and statistical significance are expressed as in (E).
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Table 1 — Functional categorization of ECM-associated genes significantly elevated in tumors grown in preirradiated compared to tumors grown

in nonirradiated mammary tissue.

Gene symbol Gene name logFC P-value
1. Building the matrix network
1.1. Collagens®?
Collal collagen, type I, alpha 1 0.5 4.02E-04
Colla2 collagen, type I, alpha 2 0.5 3.03E-04
Col3al collagen, type III, alpha 1 0.6 1.26E-03
Col5a2 collagen, type V, alpha 2 0.6 4.65E-05
Col6a3 collagen, type VI, alpha 3 0.5 1.58E-03
Col12a1 collagen, type XII, alpha 1 0.4 2.86E-03
Col14a1l collagen, type XIV, alpha 1 0.4 9.66E-04
1.2. Genes encoding other structural proteins&®ef9:h
Fbn1l fibrillin 1 0.8 1.07E-05
Itga2 integrin alpha 2 0.5 1.87E-02
Lama3 laminin, alpha 3 0.4 6.27E-03
Lamb3 laminin, beta 3 1.0 2.98E-03
Lamc2 laminin, gamma 2 0.7 1.06E-02
Thbs2 thrombospondin 2 0.5 6.19E-04
Tnc tenascin C 0.6 5.41E-05
Tnn tenascin N 0.4 7.72E-03
Vcan versican 0.7 2.29E-03
2. Matrix remodeling and regulation
2.1. Matrix cross-linking®
Lox lysyl oxidase 0.8 6.98E-03
Loxl1l lysyl oxidase-like 1 0.6 3.04E-04
LoxI2 lysyl oxidase-like 2 0.5 7.77E-04
2.2. Matrix degradation®!
Adam12 a disintegrin and metallopeptidase domain 12 (meltrin alpha) 0.5 1.98E-04
Adamts5 a disintegrin-like and metallopeptidase (reprolysin type) with 0.5 1.60E-02
thrombospondin type 1 motif, 5 (aggrecanase-2)
Adamts12 a disintegrin-like and metallopeptidase (reprolysin type) with 0.4 9.42E-04
thrombospondin type 1 motif, 12
Mmp3 matrix metallopeptidase 3 0.4 2.74E-02
Mmp10 matrix metallopeptidase 10 0.6 7.95E-03
Sulfl sulfatase 1 0.5 3.80E-03
2.3. Inhibition of extracellular proteases’™
Serpina3n serine (or cysteine) peptidase inhibitor, clade A, member 3N 1.5 3.65E-02
Serpinel (PAI1) serine (or cysteine) peptidase inhibitor, clade E, member 1 0.6 1.26E-02
Timp1 tissue inhibitor of metalloproteinase 1 0.4 5.63E-03

a, Ricard-Blum (2011); b, Hynes and Naba (2012); ¢, Ramirez and Sakai (2010); d, Schwartz (2010); e, Tsuruta et al. (2008); f, Calabro et al. (2014);
g, Chiquet-Ehrismann and Tucker (2011); h, Ricciardelli et al. (2009); i, Barker et al. (2012); j, Cox et al. (2013); k, Bonnans et al. (2014); 1, Roy and

Walsh (2014); m, Heit et al. (2013).

from the ECM structure-associated families of fibrillins (Fbn1),
integrins (Itga2), laminins (Lama3, Lamb3, Lamc2), thrombo-
spondins (Thbs2), tenascins (Tnc, Tnn) and lecticans (Vcan).
In the second category, genes encoding extracellular prote-
ases from the adamalysin (Adam12, Adamts5, 12) and matrix
metalloproteinase (Mmp3, 10) families as well as their inhibi-
tors (Serpina3n, Serpinel, Timpl) were found. Furthermore,
the collagen crosslinking enzymes lysyl oxidases (Lox and
Loxl1, 2) deserve special attention. Together with increased
collagen deposition, the Lox-mediated collagen crosslinking
is known to contribute to matrix stiffening and malignant pro-
gression in breast cancer (Barker et al., 2012; Cox et al., 2013;
Erler et al., 2006; Levental et al.,, 2009; Paszek et al., 2005).
Thus, the ECM-rich expression profile of tumors grown in pre-
irradiated stroma led us to hypothesize that a major effect of
irradiation is tumor stiffening.

To confirm this hypothesis, we monitored the expression
of the major component of type I collagen, Collal, in the

mammary gland and in 4T1 tumors developing in normal or
preirradiated beds, since it has been demonstrated that the
quantity of type I collagen present in tissues is directly propor-
tional to tissue stiffness (Swift and Discher, 2014; Swift et al.,
2013). Indeed, Collal mRNA levels were 2-fold upregulated
in tumors grown in preirradiated compared to tumors grown
in nonirradiated beds (Figure 1D), and 4.6-fold upregulated
in irradiated compared to normal mammary glands devoid
of tumors (Figure 1E). Collagen deposition was confirmed by
Masson’s trichrome stain of tumor sections (Figure 1D).

Our attention was further attracted by tenascin-C, a prom-
inent mechanoresponsive gene (Chiquet-Ehrismann and
Chiquet, 2003), whose irradiation-induced expression in tu-
mors developing in preirradiated beds might contribute to
the observed tumor aggressiveness. Therefore, we investi-
gated the expression levels of tenascin-C in tumors growing
in nonirradiated or preirradiated beds by immunoblotting
(Figure 1F). Tenascin-C protein expression in tumor extracts
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was 3-fold upregulated by stromal preirradiation. In addition,
gRT-PCR analysis showed a robust increase in tenascin-C
mRNAs in the 4T1 tumors developing in the preirradiated vs.
nonirradiated bed, while Fos mRNA expression remained un-
changed (Figure 1G). Furthermore, irradiation of the mam-
mary tissue in tumor-free mice also exhibited increased
tenascin-C but not Fos mRNA levels compared to nonirradi-
ated mammary glands (Figure 1H), confirming the essential
role that irradiation plays in the induction of tenascin-C.

3.2. Irradiation induces MkI1 nuclear translocation

Since tenascin-C is part of a gene set that is tightly regulated
by Mkl1 and associated with poor prognosis in breast cancer
patients (Gurbuz et al, 2014), we decided to investigate
whether MKkI1 signaling functions in the 4T1 tumor model
in vivo and whether it contributes to the increased aggressive-
ness of stiff tumors developing in preirradiated mammary
tissue.

MkI1 transcript levels did not significantly differ between
tumors grown in a preirradiated vs. nonirradiated stroma.
However, a measure for transcriptional activity of the ubiqui-
tously expressed Mkl1 (Wang et al., 2002) is its nuclear trans-
location induced by mitogenic or mechanical stimulation
(Maier et al., 2008; Miralles et al., 2003; Zhao et al., 2007). To
test whether irradiation and tumor stiffening induce Mkl1
transcriptional activity, we examined the subcellular distribu-
tion of Mkl1 by immunoblot analysis using cytoplasmic and
nuclear extracts of 4T1-derived tumors grown in normal or
preirradiated stroma (Figure 2A and B). Separation of the nu-
clear from the cytoplasmic components was verified by the
presence of lamin A/C and Gapdh as a nuclear and cyto-
plasmic marker, respectively. Mkl1 was detected in both com-
partments of the tumor tissues with a predominant nuclear
localization approximating 76% of the total cellular Mkl1 pro-
tein in tumors grown in preirradiated stroma, as opposed to
an elevated cytoplasmic localization (~90%) in tumors grown
in nonirradiated beds.

Consistent with the immunoblot and gRT-PCR data
(Figure 1F and G), immunohistochemical analysis of 4T1-
derived tumors revealed an increased tenascin-C protein
expression in tumors developing in a preirradiated mammary
tissue compared to a moderate expression in control tumors
(Figure 2C). Strong tenascin-C expression was also detected
in the preirradiated adjacent tumor stroma, indicating that
both host stromal and injected tumor epithelial cells are the
source of tenascin-C in the 4T1 tumor model. Despite the
ubiquitous Mkll immunostaining in tumors developing in
both nonirradiated and preirradiated stroma, there was a
clear correlation between the elevated tenascin-C expression
and nuclear localization of Mkl1 in tumors grown in preirradi-
ated beds (Figure 2C and D).

These results suggested a stimulating effect of irradiation
on MKI1 transcriptional activity in the tumor context in vivo.

3.3.  MkI1 induces primary tumor growth and lung
metastasis formation

To analyze the requirement of different Mkl1 functional do-
mains for Mkll-mediated signaling in the 4T1 tumor model,

we generated 4T1 cell lines stably expressing either the C-ter-
minal RFP-tagged full length Mkl1 (4T1-FL), MkI1-RFP lacking
the SAP domain (4T1-ASAP) or MkI1-RFP with a mutated
SRF-interaction site located in the B1 domain (4T1-mutB1)
(Figure 3A). None of the Mkl1 variants had cytotoxic effects
and no changes in viability or cell morphology were observed.
The three cell lines were FACS sorted to express similar Mkl1-
RFP protein levels. Expression was verified by immunoblotting
and appeared to be significantly elevated compared to the
endogenous Mkl1 protein in 4T1 control cells stably trans-
fected with an RFP-encoding vector (Figure 3B). 4T1-FL cells
were shown to express 7-fold higher levels of Mkl1 transcripts
compared to 4T1 control cells (Asparuhova et al., 2011).

First, we assessed the proliferative and invasive ability of
the 4T1 cell lines using BrdU incorporation and Matrigel inva-
sion assays, respectively. Compared to 4T1 control cells, FL- or
ASAP-MKI1 overexpressing 4T1 cells showed a significant in-
crease in BrdU uptake into newly synthesized DNA until
they reached confluence 72 h later (Figure 3C). In contrast,
4T1-mutB1 cells expressing an Mkl1 with impaired binding
to SRF behaved like 4T1 control cells. The invasion analysis
revealed that 4T1 cells expressing FL- or ASAP-Mkl1 were
3—6-fold more invasive than 4T1 control (P < 0.001) or 4T1-
mutB1 cells (P < 0.001; Figure 3D). Thus, we concluded that
overexpression of Mkl1 induced proliferation and invasion in
an SRF-dependent/SAP-independent manner.

Next, we orthotopically implanted each of the 4T1 stable
lines into BALB/c mice and monitored tumor growth for 20
days. The results demonstrated that FL-, ASAP- but not
mutB1-Mkl1 overexpression significantly accelerated primary
tumor growth (Figure 3E) in agreement with the proliferation
behavior of the 4T1 lines in culture (cf. Figure 3C). Thus, over-
expression of Mkl1 appeared to be more potent in the induc-
tion of primary tumor growth than the mammary tissue
irradiation evoking nuclear translocation of endogenous
MkI1 protein (cf. Figure 1A). Together with the enhanced tu-
mor growth, increased numbers of metastatic nodules in the
lungs were observed with the least effect seen in mutB1-
MKkI1 tumors (Figure 3F), suggesting a prominent role for
SRF/MKI1 signaling in promoting primary tumor growth and
spontaneous lung metastasis formation.

3.4. SRF-dependent tenascin-C, Fgfbp1 and Car12
expression in 4T1 cells

With the aim to identify Mkl1 target genes in 4T1 cells, we
used microarray analysis to compare the transcriptomes of
4T1 stable lines expressing Mkl1 variants. The threshold for
SRF- or SAP-dependence was taken as a 2-fold reduction in
gene expression levels in 4T1-mutB1 or 4T1-ASAP compared
to 4T1-FL cells. Three groups of interest were established as
presented in the Venn diagram in Figure 4A. The largest
cohort contained 246 genes that depended on the function
of the B1 site but not the SAP domain for their induction
(SRF-dependent/SAP-independent), while each of the two
SAP-dependent groups consisted of less than 40 genes. In
contrast, in our previous study using the non-transformed
HC11 mammary epithelial cells many more transcripts
required the SAP domain of Mkll for their expression
(Gurbuz et al., 2014). Among them were tenascin-C as well

Please cite this article in press as: Asparuhova, M.B,, et al., Mechanism of irradiation-induced mammary cancer metastasis: A
role for SAP-dependent MKkI1 signaling, Molecular Oncology (2015), http://dx.doi.org/10.1016/j.molonc.2015.04.003



http://dx.doi.org/10.1016/j.molonc.2015.04.003
http://dx.doi.org/10.1016/j.molonc.2015.04.003
http://dx.doi.org/10.1016/j.molonc.2015.04.003

8 MOLECULAR ONCOLOGY XXX (2015) 1-18

A + + - - RR (o4

4T1

IRR+4T1

Mk B ST ™ " 1s0kDa
-— -— — ——| 74 kDa
Lmna | -— — — w-==| 65 kDa
Gapdh ‘- — -— — l 37 kDa
cC n ¢ n ¢ n ¢ n
+ = = IRR
Mki1[ B8 "% 1 #8 #1450 kDa
p— -— — 74 kDa
Lmna | - e 65 kDa
Gapdh | o - — ~| 37 kDa
¢c n ¢ n ¢ n c*
+ + — IRR
MklI1 e B L B 150 kDa
Jr— — 74 kDa
Lmna ‘ — — 65 kDa
Gapdh ™= == == = 3p,
c ¢c n ¢ n c*
o = 420 ***P<0.0001 Oe
-.g Z 100 En
£ w0
5% w0 z
ST 40 =%
=% 20 ’
=0 L
=2 o A "_
4T IRR+4T1 cytoplasmic nuclear nuclear

Figure 2 — Irradiation induces MKkl1 nuclear translocation. (A) Immunoblot analysis of Mkl1 protein expression in cytoplasmic (c) and nuclear (n)
extracts of 4T'1-derived tumors grown in nonirradiated (—) or 20 Gy preirradiated (+) mammary tissue. Successful fractionation and equal loading
were verified by the detection of lamin A/C (Lmna) and Gapdh as a nuclear and cytoplasmic protein, respectively. (*) indicates a sample reloaded
for comparison on each gel. The MKI1 proteins detected in the two fractions migrated at slightly different molecular weights, most likely due to
phosphorylation shown to promote Mkl1 cytoplasmic localization (Muehlich et al., 2008). Relevant bands and molecular weight markers (in kDa)
are indicated on the left and right of each panel, respectively. (B) Densitometric analysis of the immunoblots shown in (A). The MKkI1 protein in
the cytoplasmic and nuclear fractions of the tumor samples is normalized to the respective loading control and expressed as percent of the total
cellular MKI1 protein (taken as 100%). Means + SD for 5 mice per group and a significant difference between the two groups, **P < 0.001, are
shown. (C) Example of an H&E stain (H/E) and immunohistochemical detection of tenascin-C (Tnc) and MKI1 in sequential sections of the

tumor types described in (A). Scale bar, 500 pm; t = tumor, s = adjacent tumor stroma. (D) Higher magnification images of the boxed area in the

bottom panels of (C) stained with anti-Mkl1. Scale bar, 50 pm.

as fibroblast growth factor-binding protein 1 (Fgfbp1) and car-
bonic anhydrase 12 (Carl2), genes encoding extracellular
tumorigenic proteins (Abuharbeid et al., 2006; Chiche et al.,
2009; Czubayko et al., 1997; Ivanov et al., 2001), which were
now present in the group of SRF-dependent/SAP-
independent genes (Figure 4B). Transcripts of these genes
were about 3-fold downregulated in mutB1- compared to FL-
MkI1 expressing 4T1 cells (Figure 4B).

To confirm that the three transcripts are indeed differen-
tially expressed in the different 4T1 lines, gRT-PCR analysis
was performed. In comparison with cells expressing the con-
trol vector or mutB1-Mkl1, a significant increase in tenascin-C,
Fgfbpl and Car12 mRNA levels was detected in cells express-
ing FL- or ASAP-MKI1 (Figure 4C). Finally, the SRF-dependent/
SAP-independent expression of tenascin-C, Fgfbpl and
Carl2 was confirmed on the protein level, showing greatly
reduced expression of each of the three proteins in mutB1-
MkI1 cells compared to FL- or ASAP-MKI1 cells (Figure 4D).

3.5.  Matrix stiffness and cyclic mechanical strain trigger
SAP-dependent MEkI1 signaling in 4T1 cells

To investigate the function of MkI1 signaling in 4T1 cells in
mechanically compromised environments, we reproduced
tissue stiffening in vitro. 4T1 cells were cultured on
fibronectin-coated polyacrylamide hydrogels of defined stiff-
nesses, corresponding to either 0.5 or 4 kPa elastic modulus.
This corresponds to the average stiffnesses measured in
healthy (compliant) and diseased (rigid) mammary tissues,
respectively (Butcher et al., 2009; Lopez et al., 2011; Paszek
et al., 2005). Tenascin-C, Fgfbp1, Carl2 and Fos gene expres-
sion was investigated in these cells by qRT-PCR analyses
(Figure 5A). The stiffness sensed by 4T1 control and 4T1-FL
cell lines grown on 4-kPa matrices caused a moderate upre-
gulation of tenascin-C, Fgfbpl and Carl2 mRNA levels
compared to the respective lines on 0.5-kPa matrices (black
and gray bars). However, the substrate rigidity was
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Figure 3 — MKI1 induces primary tumor growth and lung metastasis formation. (A) Schematic representation of mouse MklI1 constructs used for
the generation of stable 4T1 cell lines. A full length MKkl1 (FL-MkI1) construct comprises all functional domains present in the endogenous
protein: RPEL1-3, actin binding motifs; B1 and B2, basic domains; Q, glutamine-rich domain; SAP, homology domain with a DNA binding
capacity found in SAF-A/B, Acinus, PIAS; LZ, leucine zipper-like domain; TAD, transactivation domain. ASAP-MKI1 is a variant lacking the
SAP domain, and mutB1-MKI1 is a full-length protein with a mutated SRF-binding site. All Mkl1 variants contain an RFP-tag at the C-terminus.
(B) Immunoblot with mAb65F13 of Mkl1 proteins in whole-cell extracts from 4T1 lines stably transfected with either a control vector encoding
RFP alone or with vectors encoding FL-, ASAP-, or mutB1-MKkl1 proteins. Anti-Gapdh served as loading control. (C) SRF-dependent/SAP-
independent proliferation of 4T1 cells in witro. Proliferation rates of the 4T1 cell lines described in (B) were assessed by BrdU incorporation into
newly synthesized DNA immediately after plating (0 h) as well as at 24, 48, 72 and 96 h. Means + SD from four independent experiments and
significant differences to the 4T1 control line at the time point 0, **P < 0.001, *P < 0.01, *P < 0.05 are shown. (D) SRF-dependent/SAP-
independent invasion of 4T1 cells in vitro. Cell invasion through Matrigel-coated filters was assessed and quantified by measuring the area on the
underside of the filters covered with cells that have degraded the Matrigel and traversed the filter. Means + SD from three independent
experiments and significant differences to the 4T1 control line, **P < 0.001 are shown. Representative images of fixed and stained cells of each of
the cell lines are shown below the graph. Scale bar, 200 pm. (E) Orthotopic tumor growth of the 4T1 cell lines in mice. Tumor volumes were
calculated from caliper measurements taken every 3—4 days. Data represent means + SD for 5 mice per group. Significant differences to the 4T1
control group, **P < 0.001, *P < 0.01, *P < 0.05. (F) Metastatic potential of the 4T1 lines presented by a box-and-whisker plot. Number of
spontaneous lung metastases in each animal was assessed 20 days after tumor initiation and normalized to the final tumor volume. Data and
statistical significance are expressed as in (E). Representative images of H& E-stained lung sections in each of the experimental groups are shown
below the plot. Arrows point to metastatic nodules. Scale bar, 500 pm.
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Figure 4 — SRF-dependent tenascin-C, Fgfbpl and Carl2 expression in 4T1 cells. (A) Venn diagram representing a summary of transcript
profiling data classifying MKkl1 target genes into three groups: SRF-dependent/SAP-independent, SRF-dependent/SAP-dependent and SRF-
independent/SAP-dependent. The number of transcripts, which are more than 2-fold reduced in either 4T1-mutB1 or 4T1-ASAP cells when
compared to 4T1-FL cells are shown. (B) Summary listing profiling data, location and functions for the three SRF-dependent/SAP-independent
genes, tenascin-C, Fgfbp1 and Car12. Fold reduction and P-value for each of the transcripts in 4T1-mutB1 compared to 4T1-FL cells are shown.
References: *Brellier and Chiquet-Ehrismann, 2012; l’Chiquet—Ehrismamn and Chiquet, 2003; “Czubayko et al., 1997; dAbuharbeid et al., 2006;
*Ivanov et al., 2001; ‘Chiche et al., 2009. (C) qRT-PCR analysis of tenascin-C, Fgfbp1 and Car12 mRNA levels in the stable 4T1 cell lines. Values
normalized to Gapdh are expressed relative to the values of 4T1 control cells. Means + SD from four independent experiments and significant
differences to the 4T1 control line, **P < 0.001 are shown. (D) Immunoblot analysis for tenascin-C, Fgfbp1 and Car12 proteins in the 4T1 cell
lines. Secreted tenascin-C protein was detected in cell culture media and BSA from the medium visualized by Ponceau S staining served as loading

control. Fgfbpl and Car12 proteins were detected in whole-cell extracts. Anti-Gapdh served as loading control. Relevant bands and molecular

weight markers (in kDa) are indicated on the right and left of each panel, respectively.

differently sensed by the 4T1-ASAP and 4T1-mutB1 cell lines
(red and green bars). While the induction of tenascin-C,
Fgfbpl and Carl2 transcripts in cells cultured on 0.5-kPa
matrices was SRF-dependent/SAP-independent, the rigidity
experienced by cells cultured on 4 kPa-stiff matrices induced
a switch to SRF-independent/SAP-dependent MKkI1 signaling.
This was demonstrated by a significant downregulation of
the mRNA levels in 4T1-ASAP (red bars) and an upregulation
in 4T1-mutB1 (green bars) cells grown on 4-kPa matrices. In
contrast, the mechanoresponsive SRF target gene Fos (Cen
et al.,, 2003), used as a control, showed an SRF-dependent/
SAP-independent expression in either condition tested (last
panel).

It has recently been demonstrated that inhibition of cell
spreading due to a lack of matrix stiffness can be overcome
by externally applied cyclic strain, suggesting that similar
mechanotransduction mechanisms sense stiffness and
stretch (Throm Quinlan et al.,, 2011). Therefore, we tested the
influence of cyclic mechanical strain on Mkll-mediated
signaling in 4T1 cells (Figure 5B). Gene expression in cells at
rest exhibited the standard SRF-dependent/SAP-independent
pattern (Figure 5B, rest). Furthermore, in 4T1 control and
4T1-FL cell lines, cyclic strain caused a slight increase in
tenascin-C, Fgfbpl and Carl2 mRNA levels compared to the
respective lines at rest (Figure 5B, black and gray bars). Simi-
larly to the effect of stiffness, cyclic strain switched the SRF-
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Figure 5 — Matrix stiffness (A) and cyclic mechanical strain (B) trigger SAP-dependent tenascin-C, Fgfbp1 and Car12 gene expression. (A) qRT-
PCR analysis of tenascin-C, Fgfbp1, Car12 and Fos mRNA levels in the stable 4T1 cell lines cultured on fibronectin-coated polyacrylamide
hydrogels with a stiffness corresponding to either 0.5 (compliant) or 4 (stiff) kPa elastic modulus. Values normalized to Gapdh are expressed

relative to the values of 4T1 control cells grown on 0.5 kPa matrices. Data represent means + SD from three independent experiments. Significant
differences to the corresponding cell line on 0.5 kPa matrices, P < 0.001, P < 0.01. (B) Gene expression analyzed as in (A) in the stable 4T1
cell lines without mechanical stimulation (rest) or subjected to cyclic strain (20%; 0.3 Hz) for 1 h. Data are expressed relative to the resting 4T'1

control line, and represented as in (A). Significant differences to the corresponding cell line at rest, **P < 0.001, *P < 0.05.

dependent/SAP-independent tenascin-C, Fgfbpl and Carl2
expression to SRF-independent/SAP-dependent (red and
green bars). Thus, the mRNA levels were significantly downre-
gulated in the stretched 4T1-ASAP (red bars) and upregulated
in the stretched 4T1-mutB1 cells (green bars). This was not
observed for the unrelated Fos gene that remained an SRF/
MKI1 target in resting as well as in strained cells (last panel).
Furthermore, cyclic strain caused a super-induction of Fos
mRNA by 7—15-fold in all 4T1 lines compared to the respective
unstimulated ones, pointing to additional Mkl1-independent
pathways for Fos activation by strain.

Taken together, these results demonstrate that substrate
stiffness and tensile stress potentiate SAP-dependent Mkl1
signaling in 4T1 tumor cells.

3.6. Cyclic mechanical strain induces SAP-dependent
4T1 cell migration

To test whether the SAP-dependent Mkl1 target gene expres-
sion induced by cyclic strain has any consequences on cell
behavior in vitro, we analyzed the influence of cyclic strain
on 4T1 cell migration using transfilter migration assays
(Figure 6). Similarly to the effect on cell invasion (cf.
Figure 3D), FL- or ASAP-MKI1 significantly induced cell motility
by 4- and 4.5-fold, respectively, compared to 4T1 control cells,

whereas mutB1-Mkl1l had no effect (Figure 6, rest). Cyclic
strain application to the 4T1 stable lines before plating them
in Boyden chambers significantly induced the migration of
4T1 control as well as 4T1-FL and 4T1-mutB1 cells compared
to the migration of the respective unstimulated lines
(Figure 6). This induction was strongly dependent on the
MkI1 SAP domain, which was manifested by ~4-fold inhibi-
tion of the migration of stretched compared to unstimulated
4T1-ASAP cells (Figure 6).

These results suggest that SAP-dependent Mkl1 signaling
triggered by mechanical forces acting on tumor cells induces
cell migration.

3.7. Irradiation induces SAP-dependent tumor
progression

Since mechanical stimulation of 4T1 cells converts Mkl1 target
gene expression from SRF- into SAP-dependent and positively
influences cell migration, we examined whether the pro-
metastatic effect of irradiation in vivo could be due to induc-
tion of SAP-dependent MKkl1 signaling. To address this ques-
tion, we grafted 4T1-ASAP or 4T1-FL cells in normal or
preirradiated mammary tissue. Compared to the growth in
normal stroma, 4T1-FL-derived tumors developing in preirra-
diated beds had smaller volumes for about 10—12 days
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Figure 6 — Cyclic mechanical strain induces SAP-dependent 4T1 cell
migration. (A) The stable 4T1 cell lines without mechanical
stimulation (rest) or subjected to cyclic strain (20%; 0.3 Hz) for 1 h
were harvested and plated for Transwell migration assays using filters
with 8 pm pore size. Representative images of fixed and stained cells
of each of the cell lines that have migrated to the underside of the
filter are shown. Scale bar, 200 pm. (B) Quantification of cell
migration was performed by measuring the area on the lower side of
the filter covered with cells. Experimental values are expressed relative
to the values of 4T1 control cells not exposed to strain. Means + SD
from three independent experiments and significant differences to the
4T1 control line at rest, **P < 0.001, *P < 0.01 are shown.

(Figure 7A). Towards day 18, this difference in the tumor vol-
ume became insignificant. In contrast, 4T1-ASAP-derived tu-
mors developing in a preirradiated stroma showed a
significant retardation in their growth for the entire time
period tested compared to their growth in nonirradiated
beds. A major difference in the effect of irradiation on the
metastatic potential of the two tumor types was observed.
While 4T1-FL-derived tumors grown in a preirradiated bed
were highly metastatic, almost no metastases could be
detected in the lungs of mice bearing 4T1-ASAP-derived tu-
mors grown in preirradiated beds (Figure 7B). Thus, preirradia-
tion of the microenvironment strongly impaired the
metastatic spread of 4T1-ASAP cells compared to their meta-
static ability when grown in a nonirradiated stroma
(Figure 7B). Furthermore, stroma preirradiation presumably
increased the stiffness of both 4T1-FL- and 4T1-ASAP-derived
tumors since their Collal transcripts were significantly upre-
gulated compared to the respective tumors grown in normal
beds (Figure 7C). This was confirmed by Masson’s trichrome
collagen stain of tumor sections (Figure 7D and
Supplementary Figure S1). Consistent with the increased
collagen accumulation, which can be considered as a sign

for irradiation-induced tumor stiffening, immunohistochem-
ical and immunoblot analysis revealed an elevated nuclear
localization of Mkl1 protein in both 4T1-FL- and 4T1-ASAP-
derived tumors developing in preirradiated beds in compari-
son with the prominent Mkl1 cytoplasmic localization in tu-
mors grown in nonirradiated mammary
(Supplementary Figure S2).

Finally, gRT-PCR analysis revealed a significant reduction
in tenascin-C mRNA by 2.1-fold in 4T1-ASAP-derived tumors
grown in a preirradiated vs. nonirradiated stroma (Figure 7E).
In addition, a strong downregulation by 3.8-fold of Fgfbpl
and a weak but significant decrease of Carl2 mRNA levels
were measured in 4T1-ASAP tumors developing in the preirra-
diated vs. nonirradiated bed (Figure 7F). In contrast, irradiation
increased tenascin-C, Fgfbp1l and Car12 expression in 4T1-FL-
derived tumors (Figure 7E and F). Conversely, Fos mRNA levels
were significantly decreased by the irradiation in 4T1-FL but
not in 4T1-ASAP tumors (Figure 7F). The SAP-dependent
tenascin-C, Fgfbp1 and Car12 expression induced by the preir-
radiation was also confirmed at protein level (Supplementary
Figure S3).

The model in Figure 8 combines our in vitro and in vivo find-
ings. It indicates that increased matrix stiffness and dynamic
strain trigger SAP-dependent expression of the Mkll target
genes tenascin-C, Fgfbpl and Car12 in cultured 4T1 cells. In-
duction of the same genes is also found in tumors grown in
preirradiated stroma exhibiting an ECM- and collagen-
enriched expression profile, which may result in stiffer tu-
mors. As a consequence, tumors developing within the preir-
radiated microenvironment exhibit increased metastatic
progression. The right part of the model suggests that
decreasing the tumor matrix rigidity through application of
ECM-targeting agents will impede the metastatic disease by
inhibition of the SAP-dependent MkI1 signaling.

tissue

4. Discussion

Local breast cancer relapses within a previously irradiated
field in patients who underwent conservative breast cancer
surgery and radiotherapy are associated with an increased
risk of developing metastasis and poor prognosis compared
to recurrences outside of the irradiated area (Mattsson et al.,
1993; Vicini et al., 2003). To date, there are no effective options
to prevent or treat metastatic dissemination in these relapses.
Using a well-characterized model of murine breast cancer, we
identified irradiation-induced SAP-dependent Mkl1 signaling
as an essential mediator fostering metastatic growth of tu-
mors developing in preirradiated mammary tissue (Figure 8).

Comparison of tumors grown in preirradiated vs. nonirra-
diated mammary glands revealed an interesting change of
gene expression. Tumors grown within preirradiated mam-
mary tissue expressed increased levels of ECM encoding
genes, including collagens I, III, V, VI, XII and XIV as well as
ECM modifying enzymes, such as lysyl oxidases and metallo-
proteinases, and their inhibitors. Interestingly, both chains
forming the major collagen type I were upregulated together
with other collagen types found to be crucial for type I collagen
assembly and deposition. These are collagen type III (Liu et al.,
1997), type V (Sun et al., 2011), type XII (Chiquet et al., 2014)
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Figure 7 — Irradiation induces SAP-dependent tumor progression. (A) Orthotopic tumor growth of 4T1-FL and 4T1-ASAP cells implanted in
either nonirradiated or 20 Gy preirradiated stroma, designated as FL, IRR+FL, ASAP and IRR + ASAP tumors. Tumor volumes were calculated
from caliper measurements taken every 3—4 days. Data are means + SD for 7 mice per group. For statistical analyses, each of the two tumor types,
FL and ASAP grown in nonirradiated mammary tissue, was compared to the respective tumor type grown in preirradiated stroma. Significant
differences, ™P < 0.001, *P < 0.01,*P < 0.05. (B) Metastatic spread of the tumors described in (A). Number of spontaneous lung metastases in
each animal was assessed 18 days after tumor initiation and normalized to the final tumor volume. Statistical significance is expressed as in (A).
Right panels show representative H& E-stained lung sections with metastatic nodules pointed by arrows. Scale bar, 500 pm. (C) qRT-PCR
analysis of Collal transcript normalized to Gapdh in the primary tumors described in (A). Data and statistical significance are expressed as in (A).
(D) Representative images of tumor sections stained for collagens (blue) by Masson’s trichrome stain. Scale bar, 500 pm. Additional images are
shown in Supplementary Figure S1. (E, F) qRT-PCR analysis of tenascin-C (E), Fgfbp1, Car12 and Fos (F) mRNA levels normalized to Gapdh
mRNA in the primary tumors described in (A). Data and statistical significance are expressed as in (A); ns = not significant.

and type XIV (Ansorge et al., 2009). Furthermore, collagen type
VIis known to affect the tumor microenvironment, thus pro-
moting tumor progression (Chen et al., 2013). Together with
the increased collagen deposition, three lysyl oxidase genes
were also induced by the stroma preirradiation. This is ex-
pected to further contribute to matrix stiffening and malig-
nant progression in breast cancer (Barker et al., 2012; Cox
et al.,, 2013; Erler et al.,, 2006; Levental et al., 2009; Paszek
et al., 2005). Implication in cancer progression has already
been demonstrated for most of the remaining irradiation-
induced ECM proteins. This is particularly evident for
tenascin-C and tenascin-W which is encoded by the Tnn
gene (Brellier et al., 2012), laminin-332 (Guess and Quaranta,

2009), as well as the matrix metalloproteinases and their in-
hibitors (Roy and Walsh, 2014).

Ingenuity® pathway analysis of the entire list of genes
induced in tumors grown in preirradiated mammary glands
revealed TGF-B1 signaling as the main pathway affected
(data not shown). This is reminiscent of a related study, where
mice were subjected to whole body irradiation before implan-
tation of Trp53-deficient orthotopic mammary transplants
(Nguyen et al., 2011). The authors observed an accelerated tu-
mor development in the irradiated mice and transcript
profiling revealed TGF-B1 in the central node of the network
induced in tumors from irradiated animals. Clearly, an induc-
tion of TGF-B1 signaling in stiff tumors is to be expected and

Please cite this article in press as: Asparuhova, M.B,, et al., Mechanism of irradiation-induced mammary cancer metastasis: A
role for SAP-dependent MKkI1 signaling, Molecular Oncology (2015), http://dx.doi.org/10.1016/j.molonc.2015.04.003



http://dx.doi.org/10.1016/j.molonc.2015.04.003
http://dx.doi.org/10.1016/j.molonc.2015.04.003
http://dx.doi.org/10.1016/j.molonc.2015.04.003

14 MOLECULAR ONCOLOGY XXX (2015) 1—18

Tumor in
compliant ECM

Tumor grown in
normal stroma

Tumor grown in

IRR

<::> Rigid tumor
in stiff ECM

preirradiated stroma

spread impaired metastatic spread
2
SRF-dependent Mkl1 - SAP-dependent Mkl1 &' o
signaling d stiffness signaling ‘
ynamic strain P

ECM-targeting agents
(e.g. BAPN, PEGPH20, etc.)

l?

impaired SAP-dependent
MkI1 signaling

) neestc l

Figure 8 — Model for the role of SAP-dependent Mkl1 signaling in irradiation (IRR)-induced mammary cancer metastasis. The model summarizes

the results from our in vitro and in vivo experiments using the 4T1 breast tumor model. Increased matrix stiffness and dynamic strain trigger SAP-
dependent expression of the MKkl1 target genes tenascin-C, Fgfbp1 and Car12 in cultured 4T1 cells. SAP-dependent MKl1 signaling resulting in

the induction of the same genes is also triggered in 4T1 tumors developing within a preirradiated stroma. The increased ECM and in particular

collagen deposition in these tumors suggests that they are stiffer and with higher stromal content than tumors grown within nonirradiated

mammary tissue. Thereby, we hypothesize that irradiation-induced tissue stiffening mediates SAP-dependent MKkl1 signaling and aggressive

progression of mammary tumors locally relapsing after radiotherapy. Our study identifies tenascin-C, Fgfbp1 and Car12 as irradiation-induced

MEKI1 target genes with a potential functional implication in the metastatic process. The right part of the model suggests that application of ECM-

targeting agents able to decrease the tumor matrix rigidity, such as BAPN (B-aminopropionitrile) or the hyaluronidase PEGPH20, will impede

cancer progression by inhibition of the SAP-dependent MKkl1 signaling.

may represent a vicious cycle due to stretch-induced TGF-p1
activation fostering mesenchymal to epithelial transition
(O’Connor and Gomez, 2014). Furthermore, we have recently
demonstrated that TGF-B induces a novel Mkl1 variant in hu-
man adipose-derived mesenchymal stem cells (Scharenberg
et al.,, 2014).

Our in vivo data are supported by in vitro experiments
demonstrating that mechanical stimulation of 4T1 mammary
carcinoma cells by dynamic strain or matrix stiffness, con-
verted the predominant SRF/Mkl1 into SAP-dependent MkI1
signaling. Furthermore, strain application induced tumor
cell migration in a SAP-dependent manner, which prompted
us to further investigate SAP domain-dependent Mkl1 func-
tion in cancer progression. The first published study associ-
ating Mkl1l with cancer showed that depletion of Mkl1/2
proteins reduced motility, invasion and colonization of met-
astatic tumor cells (Medjkane et al., 2009). Since then, several
studies using different experimental models reported diver-
gent results for the role of SRF/MKI1 signaling in tumorigen-
esis and cancer progression (Descot et al., 2009; Leitner
etal., 2010; Yoshio et al., 2010). Work from our laboratory pro-
vides clear evidence for the SAP domain-dependent action of
MKkI1 as a tumor-promoting pathway in two distinct mam-
mary epithelial cell types, HC11 (Gurbuz et al., 2014) and
4T1 (this paper). It remains to be seen whether Mkl1 induces
target gene expression through SAP acting as a putative DNA
binding domain, or indirectly through a yet unknown interac-
tion partner and alternative signaling events. Proteins other
than SRF were shown to bind and regulate the activity of

MkKI1 for specific functions. For example, Mkl1 was implicated
in TGFB-induced epithelial-to-mesenchymal transition via an
interaction with Smad3 transcription factor (Morita et al.,
2007). Furthermore, a factor called suppressor of cancer cell
invasion (SCAI) has been identified as an Mkll-interacting
partner that reduced Bl-integrin expression through inhibi-
tion of the MkI1/SRF transcriptional complex (Brandt et al,,
2009). We are currently investigating the downstream events
triggered by mechanical stimulation that determine the
switch in the Mkl1 mode of action between SRF transactiva-
tion vs. its SAP-dependent transcriptional activity. Force-
induced post-translational modifications of Mkl1 or its inter-
actions with the epigenetic machinery are possible scenarios.
The distinct expression pattern of Mkll protein with a
strongly elevated nuclear localization in tumors grown in
preirradiated beds and an elevated cytoplasmic localization
of more slowly migrating Mkl1 in tumors grown in normal
stroma, support the notion that post-translational modifica-
tions, such as phosphorylation shown to induce transcrip-
tional changes (Muehlich et al., 2008), might determine the
switch. Recent studies have also reported Mkll to induce
chromatin reorganizations enabling transcription of distinct
genes in a cell- and context-specific manner (Flouriot et al,,
2014; Hanna et al., 2009; Yang et al., 2013; Zhang et al,,
2007). The potential involvement of epigenetic modifications
in mechanical strain-induced MkI1 target gene expression
could explain the changes we have seen in the migration
behavior triggered by cyclic strain in cells overexpressing
MKI1.
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The focus of the current study on tenascin-C, Fgfbp1l and
Carl2 was determined by the fact that the three genes were
common targets of Mkll in HC11 (Gurbuz et al., 2014) and
4T1 cells, and were previously characterized as part of a
SAP-dependent gene set associated with high-proliferative
poor-outcome classes in human breast cancer and a strongly
reduced survival rate for patients independent of tumor grade
(Gurbuz et al., 2014). Fgfbpl and Carl2 were found overex-
pressed in different tumor types (Abuharbeid et al., 2006;
Ivanov et al., 2001), and were associated with tumor growth
and either angiogenesis (Fgfbpl) (Czubayko et al., 1997) or
hypoxia (Car12) (Chiche et al., 2009). However, to date their
role in metastatic dissemination is not extensively investi-
gated. In contrast, the contribution of tenascin-C to breast
cancer progression is well recognized (Calvo et al., 2008;
Minn et al., 2005; O’Connell et al., 2011; Oskarsson et al.,
2011; Tavazoie et al., 2008). Tenascin-C, as an ECM protein
secreted by both fibroblasts and epithelial cells in response
to irradiation and subsequent activation of SAP-dependent
MKI1 signaling, might itself affect the rigidity of the tumor tis-
sue and influence tumor cell survival and motility by a posi-
tive tumorigenic feedback loop. Furthermore, a tenascin-C-
rich matrix might provide a source for storage and presenta-
tion of growth factors to stimulate tumor growth, since
many growth factors were found to bind to tenascin-C (De
Laporte et al., 2013). A similar autocrine stimulation of tumor
cells can be envisaged for Fgfbp1 and Car12. Once released in
the extracellular space, they can exhibit specific physiological
functions in favor of tumor growth, e.g., by enhancing FGF
signaling (Aigner et al., 2001) or enabling cell survival under
hypoxic conditions (Chiche et al., 2009). From a therapeutic
and/or prognostic point of view, the future discovery of other
genes co-regulated with tenascin-C, Fgfbpl and Carl2 and
responsive to: 1) mechanical stimulation; and 2) SAP-
dependent MKkI1 signaling, might result in a metastasis gene
signature characteristic of stiff tumors with high stromal con-
tent and high interstitial tissue pressure.

The availability or new discovery of pharmacologic inhibi-
tors targeting the stiff tumor microenvironment, and thereby
reducing SAP-dependent Mkl1 signaling to inhibit mammary
cancer progression, will open novel opportunities for transla-
tional and clinical studies. Since the 4T1-derived tumors
grown in preirradiated stroma exhibit increased collagen
accumulation, it will be interesting to test whether inhibition
of collagen crosslinking using cell-soluble B-aminopropioni-
trile (BAPN) (Erler et al., 2006; Pickup et al., 2013) or a LOX-
specific antibody (Cox et al., 2013; Erler et al., 2006), would pre-
vent fibrosis and impede cancer progression by reducing SAP-
dependent Mkl1 signaling (Figure 8). In this respect, also the
enzymatic degradation of stromal hyaluronan using PEGPH20
could be considered, since in addition to hyaluronan it also re-
duces the expression of Collal, Col5al and tenascin-C in pros-
tate cancer xenografts (jiang et al., 2012; Provenzano et al.,
2012).

In summary, our findings support a link between tumor
matrix stiffening and cancer progression, and place SAP
domain-dependent MkI1 signaling as a central pathway
mechanistically linking the two processes. This mechanism
is an important mediator of irradiation-enhanced metastatic
growth. Our data raise the possibility that inhibition of SAP-

dependent MKkI1 signaling by application of existing or novel
pharmacological substances, decreasing extracellular matrix
rigidity after irradiation, could be a useful therapeutic
approach against breast cancer relapse and progression.
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