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ABSTRACT

To clarify the reciprocal interaction between human-breast cancer metastatic cells and bone
microenvironment, we studied the influence of HGF/Met system on a proposed-prognostic
marker of aggressiveness, the p-catenin/Wnt pathway. For in vitro and in vivo experiments
we used 1833-bone metastatic clone, derived from human-MDA-MB231 cells. In osteolytic
bone metastases and in metastatic cells, Met was expressed in nuclei and at plasma mem-
brane, and abnormally co-localised at nuclear level with B-catenin and the tyrosine phos-
phorylated c-Src kinase. Thus, in 1833 cells nuclear-Met COOH-terminal fragment and f-
catenin-TCF were constitutively activated, possibly by receptor and non-receptor tyrosine
kinases. The activity of the gene reporter TOPFLASH (containing multiple TCF/LEF-consensus
sites) was measured, as index of B-catenin functionality. In 1833 cells, human and mouse HGF
increased Met and B-catenin tyrosine phosphorylation and expression in nuclear and perinu-
clear compartments, pB-catenin nuclear translocation via Kank and TOPFLASH transactiva-
tion. Human HGF was autocrine/intracrine in bone metastasis, and mouse HGF originating
from the adjacent host-bone marrow, was found inside the metastatic nuclei. Parental
MDA-MB231 cell nuclei did not show functional p-catenin, for TCF-transactivating activity,
and the regulation by HGF. Our study highlighted the importance of the metastasis-stroma
interaction in human-breast cancer metastatisation and first identified the HGF/nuclear
Met/phospho-c-Src/p-catenin-TCF/Wnt pathway as a potential-therapeutic target to delay
establishment/progression of bone metastases by affecting the aggressive phenotype.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The skeleton is the preferred site of breast-cancer metastasis,
the principal cause of death for tumours in Western women.
The major focus of breast cancer research is to identify criti-

cal molecular events in metastatisation for improving clinical
management of metastatic disease.’™

Bone microenvironment controls the vicious cycle of
metastasis growth and bone destruction, and alters meta-
static-cell phenotype giving highly aggressive lesions.
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Breast-cancer metastasis stimulates osteolysis, and the con-
sequent release of numerous growth factors (TGF-B, IGFs,
FGF, PDGF, bone morphogenetic protein) immobilised within
the bone matrix: they directly stimulate metastatic cell prolif-
eration, and indirectly seem to promote angiogenesis and
production of osteolytic and osteoblastic factors.?

The implication of other biological signals in the patho-
genesis of bone metastasis is not completely clear. Since
hepatocyte growth factor (HGF)/Met receptor system regu-
lates various aspects of invasive growth in vitro and
in vivo,“>® we hypothesised its critical role in human-breast
cancer metastatisation to bones that has been scarcely
investigated.

In the present translational research we used a xenograft
model generated with human 1833-bone metastatic clone, de-
rived from MDA-MB231 cells,” to better understand the impli-
cation of deregulated HGF/Met system and its crosstalk with
bone microenvironment in the formation of osteolytic metas-
tases. The model reproduces the most common type of
breast-cancer metastasis in patients. The use of innovative
imaging techniques, such as bioluminescence optical imaging
(BLI) and micro-computed tomography (u-CT), allowed us to
properly study in vivo bone-metastasis engraft, growth and
osteolysis.

The novelty of our study consists in evaluating the role of
the multifunctional-cytokine HGF since tumour-stroma inter-
action might increase HGF production, influencing bone met-
astatisation of human-breast carcinoma, and ‘anti-cytokine’
medicine is a rapidly growing field with major pharmaceuti-
cal impact.

The aim was to define the functional significance of HGF/
Met system in relation to the B-catenin/Wnt pathway, a pro-
posed-prognostic marker of metastases progression that also
participates in stemness maintenance ®*?
studied mostly for bone metastases from prostate carci-
noma.'? It can be supposed that HGF affects the metastatic-
cell homing, consistent with our findings that HGF reduces
CXCR4 and Met expression through histone deacetylation in
human invasive/metastatic MDA-MB231 breast carcinoma
cells.” Also, HGF/Met system may influence extravasation/
angiogenesis, because of activation of HIF-1/NF-kB network
of transcription factors in the 1833 cells'*: among the gene
targets there are VEGF and MMPs 1, 2 and 9.%5'>'¢ Other steps
of the metastatic process might be influenced by HGF/Met
through the regulation of p-catenin-TCF transcription factor
target genes, such as cyclin D1 for growth control, different
MMPs for invasiveness and osteopontin for osteolysis.'>7

Beyond availability of HGF, paracrine and sometimes auto-
crine in tumours,?>?! expression level and autophosphoryla-
tion of Met control the triggering of downstream-signal
pathways. Met is rarely activated through mutation(s) in tu-
mours.>?? Met activation or over-expression, i.e. enhanced
transcription or gene amplification, correlates with poor prog-
nosis in tumour patients.? In breast cancer, Met over-expres-
sion is associated with death caused by metastatic disease.?®
Active intranuclear COOH-Met fragments regulate invasive-
ness of aggressive-human-breast cancer cells.?*

We found an abnormally active B-catenin/Wnt signalling
pathway in vitro and in vivo in metastasis, because of the aber-
rant nuclear expression of active B-catenin and elevated TCF-

and until now

transactivating activity. In the nuclear compartment of meta-
static cells B-catenin seemed to be constitutively tyrosine
phosphorylated by phospho-COOH-Met and phospho-c-Src,
also in response to autocrine/intracrine HGFE. After the arrival
in the secondary growth site, HGF produced by bone marrow
seemed to further enhance B-catenin/TCF signalling pathway
by increasing B-catenin translocation to the nucleus and
phosphorylation.

2. Materials and methods

2.1. Materials

Recombinant-human and recombinant-mouse HGF, anti-
mouse HGF antibody, human-HGF immunoassay (ELISA) were
from R&D System (Abingdon, UK). Anti-human HGFa (H487)
antibody was from Immuno-Biological-Laboratories Inc. (Min-
neapolis, MN, USA). Antibodies for human Met (C12), glyco-
gen-synthase kinase 3B (GSK3p) (0011-A), phospho-GSK3f
(Ser9); antibodies for c-Src (SRC2) and B-catenin (H-102) for
immunoprecipitation and anti-vinculin antibody were from
Santa-Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phos-
pho-Met (Tyr1234/1235) and anti-phospho-tyrosine Alexa
Fluor568-conjugated antibodies were from Cell-Signaling
Technology (Beverly, MA, USA). Anti-B-catenin (610153) anti-
body for immunofluorescence and Western blot was from
BD-Transduction Laboratories (Franklin Lakes, NJ, USA).
Anti-c-Src (clone GD11) for Western blot, anti-phospho-c-Src
(Tyr416, clone 9A6), anti-phospho-c-Src(Tyr416)-Alexa
Fluor488 conjugated, anti-phosphotyrosine (4G10) antibodies
were from Upstate Biotechnology (Lake Placid, NY, USA).
Anti-human-cytokeratin antibody (clone MNF-116) was from
DAKO (Glostrup, Denmark). Anti-Kank monoclonal antibody
(clone 12A) was kindly given by R. Kiyama (Ibaraki, Japan).

2.2. Cells

Parental-MDA-MB231 cells, the derived bone-metastatic clone
1833 wild-type and retrovirally transfected with the triple re-
porter construct (1833/TGL)""?* were maintained in DMEM
containing 10% (v/v) FBS (Sigma-Aldrich, St. Louis, MO,
USA). Treatments with recombinant-human HGF (100 ng/ml)
or recombinant-mouse HGF (from 50 to 200 ng/ml) were per-
formed 24 h after starvation.

2.3.  Immunoprecipitation and Western blot

Total and nuclear extracts from cells exposed or not to HGF
were used for Western blot (100 pg of total and 50 pg of nucle-
ar proteins) or immunoprecipitated (1 mg of total and 500 pug
of nuclear proteins) with the antibody for Met (6.5 ng), c-Src
(5 ug) or B-catenin (3 pg).?*?® Densitometric analysis was per-
formed after reaction with ECL- or ECLplus-chemilumines-
cence kit (GE Healthcare, Milan, Italy).

2.4.  Fluorescence microscopy

The cells (8 x 10%) on coverslips, exposed to HGF, were probed
with the indicated antibodies. The images were collected at
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400x magnification under Eclipse 80i, Nikon fluorescence
microscope.?*

2.5.  Plasmids and cell transfection

The cells were transfected with TOPFLASH- or FOPFLASH-
gene reporter from B.M. Gumbiner (Memorial Sloan-Kettering
Cancer Center, NY, USA),27 or with B-catenin promoter-con-
taining construct (pSEAPBhBCTN{f3) (BCCM/LMBP, Belgium),
subcloned in PGL2 enhancer. The furnished p-SEAPbasic con-
struct was cut with Pstl, filled with Klenow-polymerase and
then cut with Xhol; PGL2 enhancer was cut with HindIII, filled
with Klenow-polymerase and then cut with Xhol to insert the
B-catenin-promoter fragment. As internal control, Renilla-
luciferase plasmid was co-transfected in the cells, and Fire-
fly/Renilla luciferase activity ratios were calculated by the
software.

2.6. Bone-metastasis xenograft model

Female-athymic 4-week-old nude mice (Harlan-Italy, Udine,
Italy) were used. Procedure involving animals and their care
were in conformity with the institutional guidelines, in com-
pliance with national and international laws and policies.
Mice, anesthetised with 0.2 ml/10 g body weight Avertin (Sig-
ma-Aldrich), were injected in the heart with 5 x 10° 1833/TGL
cells or saline (controls).” Firefly p-luciferin (150 mg/kg i.p.)
was given under anaesthesia. Photon emission as pseudo-col-
our images was recorded with Explore Optix System (ART-Ad-
vanced Research Technologies, Montreal, Canada). Upon
bioluminescent signal detection in hind-limb bone (10-12d
after cell injection), the mice were randomised into two
groups, each of 8 animals, and sacrificed at 20 and 28 d form
cell injection. The mice were monitored with p-CT to examine
osteolysis using a cone-beam p-CT scanner (eXplore Locus;
General Electric Healthcare, Milan, Italy). The scan parame-
ters for non-gated scan acquisitions were: 80kV peak,
450 pA current, 100 ms per frame and 93 pm of spatial resolu-
tion. After scanning, three-dimensional images obtained
from axial, sagittal and coronal u-CT projections were recon-
structed wusing MicroView software (General Electric
Healthcare).

2.7. Histology

Femurs and tibia, excised from control and 1833/TGL-injected
animals at days 20 and 28, were fixed and decalcified in Mielo-
dec (Bio-Optica, Milan, Italy), dehydrated, embedded in paraf-
fin. H&E staining was performed by standard protocol.

2.8. Immunohistochemistry

Serial sections from bones of control and 1833/TGL-injected
mice, and surgical specimens of human-breast cancer were
used. Patients provided informed consent in accordance with
Declaration of Helsinki. After antigen retrieval (95°C for
20 min at pH 6 in antigen-unmasking solution, Vector Labora-
tories, Burlingame, CA, USA), sections were treated for 10 min
with 0.1% (v/v) H,O, and blocked with serum. Used-antibody
dilutions: anti-human-cytokeratin (1:300, 1 h at room temper-

ature); anti-mouse HGF (10 pg/ml overnight at 4 °C); anti-hu-
man HGFa (3 pg/ml overnight at 4 °C); polyclonal anti-p-
catenin (1:50 overnight at 4°C); anti-Met (1:100, 1h at
37 °C).® Immunostaining was performed with a streptavi-
din-biotin system (ABC kit, Santa-Cruz Biotechnology) and
substrate; counterstaining was with
Meyer’s haematoxylin. Negative-control sections were sub-
jected to the same staining procedure without the primary
antibody. Slides were visualised under BX60-Olympus
microscope.

diaminobenzidine

2.9. Human-HGF ELISA

HGF was measured in conditioned medium of 1833 cells, cul-
tured for 72 h without FBS, and in the serum of metastasis-
bearing animals with Quantikine Immunoassay (R&D System),
following manufacturer’s protocol.

2.10. Statistical analysis

Luciferase activity and densitometric values were analysed by
analysis of variance, with P < 0.05 considered significant. Dif-
ferences from controls were evaluated on original experimen-
tal data.

3. Results

3.1.  HGF is involved in p-catenin expression, localisation
and TCF-transactivating activity in 1833 cells

To evaluate the role of B-catenin/Wnt signalling pathway in
breast-cancer metastasis and the influence of HGF/Met sys-
tem, the bone-metastatic clone 1833 and the parental MDA-
MB231 cells were examined. As shown in Fig. 1A, Met and
B-catenin signals were prevalently in the nuclei of 1833 starved
cells, even if Met was present throughout the cell.>* HGF treat-
ment seemed to increase the expression and to affect the dis-
tribution of B-catenin, that co-localised with enhanced Met in
nuclear and perinuclear (cytosolic) compartments. In MDA-
MB231 starved cells, Met and B-catenin were present in nuclei
and cytosol and were practically unaffected by HGF exposure.

Both receptor (Met) and non-receptor (c-Src) tyrosine ki-
nases might phosphorylate B-catenin, causing its activa-
tion.?’° c-Src may be directly phosphorylated downstream
of HGF/Met.* In 1833-cell nuclei, phospho-c-Src (pSrc) and
B-catenin signals remarkably co-localised under basal condi-
tions (Fig. 1B). HGF enhanced nuclear pSrc and B-catenin sig-
nals and increased, therefore, the intensity of the merge III
image. In MDA-MB231-starved cells pSrc was perinuclear,
and co-localised with B-catenin in the cytosol after HGE.

Next, we examined whether HGF exposure transcrip-
tionally regulated B-catenin level and/or affected B-catenin
stability triggering p-catenin/Wnt pathway, evaluated as TCF-
transactivating activity. MDA-MB231 and 1833 cells were tran-
siently transfected with B-catenin-gene reporter, containing
the sequence —4700 to +1300 that includes the promoter, the
first exon and part of the first intron.® Only in 1833 cells
luciferase activity was enhanced (3-fold) by HGF treatment
(data not shown).
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Fig. 1 - Effect of HGF on B-catenin expression, localisation and TOPFLASH activity. (A) Inmunofluorescence images of cells
starved (st), treated with human HGF, and probed with anti-Met (green) and anti-p-catenin (red) antibodies. The nuclei were
stained with DAPI (blue). Merge I, Met/DAPI; merge II, p-catenin/DAPI; merge III, Met/p-catenin; (B) immunofluorescence
images of cells starved (st), treated with human HGF, and probed with anti--catenin (red) and anti-phospho-c-Src (pSrc,
green) antibodies. The nuclei were stained with DAPI (blue). Merge I, p-catenin/DAPI; merge II, pSrc/DAPI; merge III, p-catenin/
pSrc. For (A) and (B) the images are taken at 400X magnification, and are representative of experiments performed in
triplicate. Size bars in the upper panels: MDA-MB231 cells, 50 pm; 1833 cells, 45 pm. (C) The numbers at the bottom of Western
blots indicate the fold-variations versus st-MDA-MB231 cells, taken as 1. Vinculin was used for normalisation. The
experiments have been repeated three times with similar results. (D) The cells, transiently transfected with TOPFLASH-gene
reporter, were treated with HGF. The histograms indicate the Firefly/Renilla luciferase activity ratios. The data are the
means = SE of five independent experiments performed in triplicate. **P < 0.005 versus st-MDA-MB231 cells; “P < 0.05 versus
st-1833 cells.
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As shown in Fig. 1C, 60 min-HGF treatment of MDA-MB231
cells reduced (-50%) B-catenin level while in 1833 cells HGF
did not affect p-catenin level, but phosphorylated p-catenin
migrating, in fact, as a couple of bands. The Ser9-phosphory-
lated form of GSK3p also increased (2-fold) in HGF-treated
1833 cells, while decreasing (—40%) in MDA-MB231 cells
60 min after HGF. GSK3p protein levels were unmodified by
HGF treatment in both the cell lines. Thus, B-catenin was sta-
bilised by HGF in 1833 cells because of degradation impair-
ment, as consequence of GSK3f-serine phosphorylation that
inactivates the enzyme.?

Finally, MDA-MB231 and 1833 cells were transiently trans-
fected with TOPFLASH-gene reporter containing multiple
TCF/LEF consensus sites, upstream of a c-fos minimal pro-
moter driving luciferase expression, widely used as an index
of B-catenin activity?’ (Fig. 1D). The activity of FOPFLASH, a
construct lacking functional TCF/LEF consensus sites and
therefore p-catenin independent,” was also tested. Under
starvation, TOPFLASH activity was about 6-fold higher in
1833 than in MDA-MB231 cells, while FOPFLASH activity was
undetectable. Only in 1833 cells, 2 h- and 24 h-HGF treatment
enhanced about 2-fold TOPFLASH activity. Noticeably, the
luciferase activity was 20-fold lower in non-invasive MCF-7
than in invasive MDA-MB231 breast-cancer cells (data not
shown), indicating a relationship of p-catenin/Wnt pathway
with aggressiveness.

The elevated TOPFLASH activity in the starved 1833 cells
confirmed that B-catenin was constitutively active, and the
HGF-dependent increase was due to B-catenin stabilisation
and transcriptional control of B-catenin itself at 2 and 24 h,
respectively.

3.2 B-Catenin was activated by tyrosine phosphorylation
in 1833 cells

We further clarified the molecular mechanisms involved in B-
catenin phosphorylation under our experimental conditions
through interaction with Met and/or pSrc. Met basal levels
were similarly elevated in 1833 clone and parental MDA-
MB231 cells, as demonstrated in immunoprecipitates (IP) with
anti-Met antibody (Fig. 2A). The Met receptor levels in these
cells are remarkably higher than in MCF-7 cells.®* In HGE-
treated MDA-MB231 cells Met underwent down-regulation
(-60% to —90%), showing a transient increase (1.4-fold) in tyro-
sine phosphorylation (pTyr) at 30 min, index of receptor acti-
vation (pTyr/Met ratio = 3.5). Differently, in 1833 cells the level
of Met remained unchanged during all the observation period,
Met was phosphorylated by HGF at 30-60 min (pTyr/Met ra-
tio=2), and co-immunoprecipitated with pSrc at 60 min.
However, as shown by immunoprecipitation with anti-c-Src
antibody (Fig. 2B), HGF increased c-Src phosphorylation (2-
to 3-fold) in the two cell lines and did not modify c-Src levels.

In MDA-MB231 and 1833 cells we evaluated the presence of
B-catenin in the immunoprecipitates obtained with anti-Met
or anti-c-Src antibody using total extracts. Only in 1833 cells,
B-catenin co-immunoprecipitated with c-Src, but not with
Met, appearing as faint tyrosine-phosphorylated bands 30-
60 min after HGF (Fig. 2B).

IP with anti-B-catenin antibody was performed using nu-
clear extracts (Fig. 2C). After HGF exposure, in 1833 nuclei p-

catenin level and its tyrosine-phosphorylation state in-
creased, and p-catenin co-immunoprecipitated with tyro-
sine-phosphorylated Met, pSrc and Kank. In contrast, after
HGF in MDA-MB231 nuclei tyrosine phosphorylation of B-
catenin decreased (-50%) but B-catenin level was unaffected.
IP with anti-Met antibody was also performed (Fig. 2D). Met
was a 60 kDa COOH-fragment highly tyrosine phosphorylated
mostly in 1833-cell nuclei, as shown with the antibodies anti-
pTyr and anti-phospho-Met 1234/35 (tyrosines of catalytic
site) antibodies. In the immunoprecipitates with total-protein
extracts, we detected a 60 kDa band corresponding to Met
fragment of nuclear origin.?*

3.3. Human-breast cancer cells metastatised to bones

Representative images of whole body dorsal and ventral views
by BLI are shown (Fig. 3A). Bone metastases developed in
100% of the mice injected with 1833/TGL cells: the lumines-
cent signal appeared at 10-12 d in the area of the hind limbs,
and became well detectable at day 20, further increasing from
day 20 to day 28, as indicated by the relative colour map. No
luminescent signal was observed in controls. The mice were
sacrificed before showing distress and fatal cachexia. During
the experimental period, animals were scanned with p-CT
to evaluate the presence of osteolysis, that was remarkable
at day 28 in metastasis bearing mice (Fig. 3B), co-localising
with bioluminescence.

As shown in Fig. 3C (a-c), H&E staining of sections indi-
cated that 1833 metastatic cells prevalently colonised near
the growth plate, because adjacent metaphysis are predomi-
nantly composed of trabecular bone and are surrounded by
hemopoietic marrow, fatty marrow and blood vessels.> The
bone-marrow cavity of hind limbs was extensively invaded
by metastatic cells both at days 20 and 28. Metastasis forma-
tion was further demonstrated by positive immunoreactivity
with the antibody anti-cytokeratins: the control mice were
negative (Fig. 3C [d]).

Our 1833-clone xenograft model was consistent with that
of Massagué,” who shows also that parental MDA-MB231 cells
give bone metastases slowly (10-12 weeks) and in a very low
percentage of mice.

3.4. Met and B-catenin in human-breast cancer
metastasis

To deepen the knowledge of the role of HGF/Met system
in vivo, we investigated Met and B-catenin expression in
breast-cancer metastasis. As shown in Fig. 4, Met localised
mostly at the plasma membrane of metastatic cells (Tu),
showing also cytosolic and nuclear localisations (inset). Met
presence in bone metastasis was confirmed by immunoreac-
tivity with the antibody for cytokeratins in serial sections. In
all the metastatic mass p-catenin distributed throughout the
cells, including the nuclei and perinuclear compartments (in-
set). No reactivity with the human anti-Met and anti-B-cate-
nin antibodies was found in host-mouse tissues.

The data indicated nuclear co-localisation of Met and f-
catenin in vivo, in agreement with above-reported immuno-
fluorescence and nuclear-immunoprecipitate data.
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Fig. 2 — Active Met and c-Src tyrosine kinases were implicated in nuclear p-catenin phosphorylation in 1833 but not in
MDA-MB231 cells. Total-protein extracts from cells exposed or not to HGF were immunoprecipitated with the antibody for
Met (A) or c-Src (B). The numbers at the bottom indicate the fold-variations versus starved (st)-MDA-MB231 cells, taken as 1.
p-Catenin was an exception, being present only in immunoprecipitates from 1833 cells: in this case, st-1833 cells were taken
as 1. The experiments have been repeated three times with similar results. Nuclear-protein extracts from MDA-MB231 and
1833 cells exposed or not to HGF, were immunoprecipitated with anti-p-catenin (C) or anti-Met (D) antibody. The numbers at
the bottom indicate the fold-variations versus st-MDA-MB231 cells, taken as 1. The experiments have been repeated three

times with similar results.

3.5.  HGF production by metastasis and bone
microenvironment

To evaluate HGF production in our experimental model of
bone metastasis, analyses of human and mouse HGF by
immunohistochemistry were performed with specific anti-

bodies. Fig. 5A shows that bone metastases were positive for
human HGF, while the mouse-bone marrow cells were nega-
tive. The localisation of human HGF was principally cytosolic,
as shown in 100x magnification of metastatic mass, and in
some cells (inset, open arrows) HGF was present also inside
the nuclei. These findings were in agreement with the
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Fig. 3 - Cells (1833) metastatised to bones. (A) Representative bioluminescence images of mice injected with 1833/TGL cells or
with saline (ctr): ventral (v) and dorsal (d) views. Signals are displayed as pseudo-colour images. (B) Representative 3D
reconstruction of pCT images at day 28. Asterisks indicate metastasis-induced osteolytic lesions. For (A) and (B) all the
animals in ctr and 1833/TGL groups were monitored at 20 and 28 d. (C) H&E staining of sections from ctr and 1833-bone
metastases: (a) 4x; (b) 10x; (c) 100x magnification; (d) immunohistochemistry for human cytokeratins (100x magnification).
Representative images of five analysed sections from three different mice are shown. BM, bone marrow; GP, growth plate; Tu,
metastic-tumour growth.

elevated level of HGF in the serum of 20 day-metastasis bear- able in the controls. The HGF production in vitro by 1833 cells
ing mice that was 15.46 + 1.85 ng/ml, while being undetect- was 139.2 + 15.0 pg/ml of conditioned medium, corresponding
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ctr 1833- metastasis 1833- metastasis

Fig. 4 - Met and B-catenin in bone metastasis. Representative-immunohistochemistry analysis of Met and p-catenin in hind-
limb sections 20 d after 1833/TGL-cell injection. Five sections from three different mice were analysed with similar results.
Also, serial sections for 1833-metastasis were probed with antibody for Met or cytokeratins. Tu, metastatic-tumour growth;
Bo, bone tissue; BM, bone marrow. Met 100x, Inset, Tu field magnified: black arrows, cytosolic localisation in metastatic cells;
open arrows, distribution throughout the metastatic cells including the nuclei. g-catenin 100x, Inset, Tu field magnified: black
arrows, perinuclear localisation in metastatic cells; open arrows, distribution throughout the metastatic cells including the
nuclei.
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Fig. 5 - Human and mouse HGF production by bone metastasis and supportive stroma. (A) Representative-immunohisto-
chemistry analysis with anti-human HGF of hind-limb sections 20 d after 1833/TGL-cell injection. Five sections from three
different mice were analysed with similar results. Bo, bone tissue; BM, bone marrow; GP, growth plate; Tu, metastic-tumour
growth. Inset, Tu field magnified: black arrows, cytosolic localisation in metastatic cells; open arrows, distribution
throughout the metastatic cells including the nuclei. (B) Immunofluorescence images of 1833 cells treated with human HGF,
and probed with anti-phospho-Met(tyrosines 1234/1235) antibody (red). The nuclei were stained with DAPI (bleu). The
images, taken at 400x magnification, are representative of experiments performed in triplicate. Size bar in the upper panel
corresponds to 45 pm. (C) Representative-immunohistochemistry analysis with anti-mouse HGF at day 20. Five sections from
three different mice were analysed with similar results. Mk, megakaryocytes. 1833-metastasis panel (Tu), black arrows:
metastatic-tumour cells showing mouse HGF inside the nuclei, magnified in the Inset. (D) Representative-immunohisto-
chemistry analysis of human-breast carcinoma specimens using anti-human or anti-mouse HGF. ctr, sections without
reaction with specific antibodies. Three serial sections were examined with similar results.
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Fig. 6 - Interaction of mouse HGF with human 1833 metastatic cells. (A) Total protein extracts from starved (st)-1833 cells
exposed to various doses of mouse HGF were immunoprecipitated with anti-Met antibody. The experiments have been
repeated three times with similar results. Immunofluorescence images of st-1833 cells, treated with mouse HGF (100 ng/ml
for 60 min), and probed (B) with anti-phospho-Met(tyrosines 1234/1235) antibody, or (C) with anti-phosphotyrosine (pTyr)
(red) and anti-p-catenin (green) antibodies. The nuclei were stained with DAPI (bleu). For (C) merge I, pTyr/DAPI; merge II,
p-catenin/DAPI; merge III, pTyr/f-catenin. The images, taken at 400X magnification, are representative of experiments
performed in triplicate. Size bars in the upper panels correspond to 45 pm.
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to 12 x 10° cells. As shown in Fig. 5B, treatment of 1833 cells
with recombinant-human HGF (30 min) enhanced Met-tyro-
sine phosphorylation (pMet1234/35) throughout the cell, sug-
gesting that HGF might activate the catalytic site of Met. For
technical reasons of bone-sample preparation, that does not
preserve protein phosphorylation, we could not reproduce
this result in vivo with immunohistochemistry.

As shown in Fig. 5C, control-bone marrow cells strongly re-
acted with anti-mouse HGF and, surprisingly, metastatic-cell
nuclei were also stained for mouse HGF. This cytokine seemed
to be produced by host supportive cells in microenvironmen-
tal sites of bone marrow, adjacent to the metastatic mass.
HGF, stored as precursor in the bone matrix, might be acti-

A
1833 cells MDA-MB231 cells
-constitutive nuclear co-localization of | -Met/p-catenin/pSrc are mostly in the
pMet/p-catenin/pSrc cytosol under basal conditions, and
-HGF-dependent  enhancements  of Met is also in the nuclei
nuclear and perinuclear expression | -HGF is ineffective on nuclear Met and
of B-catenin, nuclear translocation fi-catenin expression, p-catenin co-
and phesphorylation, associated with localizing with p-Src in the cytosol.
Met and c-Src phosphorylation | -The elevated Met protein level is
increases rapidly down-regulated by HGF
-the elevated Met protein level is| -The activity of B-catenin/Wnt pathway
stable also after HGF treatment is low and unchanged by HGF
-HGF further triggers B-catenin/Wnt
pathway, already activated under
basal conditions
B 1833 cells bone metastasis

HEF

t
Met !
|
|

A\

(=

-P-peatenin
(perinuclear)

Fig. 7 - (A) Principal differences between 1833 clone and
parental MDA-MB231 cells as regards HGF/Met and p-cate-
nin/Wnt pathways. (B) Scheme of Met activation in bone
metastasis by HGF of double origin, human-tumour and
mouse-bone marrow, and relationship with p-catenin-
phosphorylative activation in nuclear and perinuclear
(cytosol) compartments. Bone metastasis produced HGF that
possibly caused phosphorylative activation of Met in auto-
crine/intracrine manner, occurring at cell membrane and
nuclear level. Mouse HGF, produced by bone-marrow sup-
portive cells, entered metastatic cell nuclei, possibly acti-
vating Met-CTF. The presence of nuclear p-catenin in
metastasis indicated translocation from cytosol and activa-
tion that might be the consequence of tyrosine phosphor-
ylation via HGF/Met. In 1833 cells in vitro nuclear Met-CTF as
well as p-catenin were constitutively phosphorylated, and
were responsive to HGF. CTF, COOH-terminal fragments of
Met; hHGF, human HGF; mHGF, mouse HGF.

vated at the metastatic-cell surface, probably entering in
association with Met receptor inside the nuclei.

To confirm the specificity of the antibodies used, human-
breast cancer specimens were immunostained with anti-hu-
man or anti-mouse HGF (Fig. 5D). Only anti-human HGF gave
a positive reaction with the human-tumour preparation.

3.6. Mouse HGF activated Met in human 1833 metastatic
cells

To give further proof of the interaction of mouse HGF with hu-
man-metastatic cells, and in view of the homology (more
than 90%) with human HGF,*?> we treated 1833 cells with var-
ious doses of recombinant-mouse HGF evaluating by immu-
noprecipitation human Met activation through tyrosine
phosphorylation (pTyr) (Fig. 6A). Recombinant-mouse HGF
was maximally effective at 100 ng/ml after 60 min causing
Met phosphorylation. This was confirmed by immunofluores-
cence experiments, in which 60 min-treatment of 1833 cells
with mouse HGF (100 ng/ml) enhanced pMet 1234/35 signal
at nuclear and perinuclear level (Fig. 6B). A scatter effect
was also observed (data not shown).

Further, using mouse HGF (100 ng/ml) for 60 min we ob-
served by immunofluorescence an enhancement of pTyr
signal, that co-localised with B-catenin in nuclear and
perinuclear compartments (Fig. 6C), and by TOPFLASH trans-
fection a 2-fold increase in luciferase activity (data not shown).

3.7. 1833 Bone metastatic clone strongly differed from
parental MDA-MB231 cells for p-catenin/Wnt pathway
activity and the response to HGF

Fig. 7 schematises the principal differences in the molecular
pathways studied between 1833-bone metastatic clone and
parental MDA-MB231 cells (panel A), and the interactions of
human and mouse HGF with bone metastasis (panel B).

4, Discussion

Here, we generated a model suitable to study the role of HGF/
Met system in osteolytic metastatic process of breast carci-
noma. Met, that was remarkably expressed in 1833-cell line
as full-length receptor and as a nuclear-tyrosine phosphory-
lated 60 kDa fragment, in bone metastases in vivo localised
at plasma-membrane level as well as inside the cells, includ-
ing the nucleus. The Met receptor in the metastases probably
underwent autocrine/intracrine activation by HGF, localised
in the cytosol and the nuclei. Consistently, serum-human
HGF was elevated in metastasis bearing mice, but not in
1833 cell-conditioned medium.

These data are very important and new because with the
exception of primary sarcomas and gliomas, solid tumours
rarely produce HGF.?> The synthesis of HGF seemed to occur
in human-breast cancer and the xenograft metastatic model,
suggesting the possibility to block this pathway in vivo. In
our xenograft metastatic model, HGF production by human-
metastatic cells after bone engraftment might concomitantly
activate cell membrane and nuclear Met receptor in agree-
ment with in vitro experiments.
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In bone metastases we observed abnormal localisation of
B-catenin in nuclear and perinuclear (cytosolic) compart-
ments. Similar localisation correlates with malignant pro-
gression at invasive front of colon-carcinoma metastases.
Only in brain metastases of colon carcinoma but not in pri-
mary meningiomas, B-catenin shows nuclear localisation.®°
Nuclear immunoreactivity in bone metastases indicates B-
catenin translocation from cytoplasmic compartments to
the nucleus related to its function in TCF transactivation.'®

The regulation of p-catenin levels/function in breast can-
cer metastasis was complex being affected by HGF and might
depend on the step of metastatisation, related to the shift be-
tween epithelial-mesenchymal transition (EMT) and mesen-
chymal-epithelial transition (MET) typical of metastases.****
B-catenin seemed to be constitutively tyrosine-phosphory-
lated and activated in the nuclear compartment by phos-
pho-Met and phospho-c-Src. This mechanism(s) might
represent a big advantage for metastatic cells, considering
that during their long life they often do not interact with tu-
mour microenvironment. However, after the arrival of meta-
static cells to the secondary site, HGF produced by bone
marrow might further enhance p-catenin-TCF transactivation
by increasing B-catenin phosphorylation and the transloca-
tion from the cytosolic compartment(s) to the nucleus, possi-
bly favoured by Kank.*® HGF-dependent inactivation of GSK38
in 1833 cells seemed to participate in B-catenin stabilisa-
tion,?>3* and activation of B-catenin promoter by HGF in-
creased protein level. It is worth noting that only in 1833,
but not in parental MDA-MB231 cells, COOH-Met fragments
phosphorylated by HGF were associated with phospho-p-
catenin, possibly participating in the regulation of B-cate-
nin-TCF transcriptional activity. In 1833 metastatic cells,
Met was probably internalised by HGF and entered the Golgi
vesicles, where it might be cleaved into COOH-fragment,**3*
co-localising with B-catenin. We suggest that in the perinu-
clear compartment B-catenin was tyrosine phosphorylated
by HGF/COOH-Met system, and then stabilised and activated
thus accumulating in the nucleus, to trigger specific signals
for growth and invasion.*®

The gene signature associated with poor prognosis facili-
tates the emergence of metastatic cells in the primary tu-
mour, but the specific set of genes associated with bone
metastases is responsible for the cellular activities necessary
for metastatisation.” In addition, the metastatic capacity has
been suggested as a late, acquired event in tumourigenesis
and during secondary growth, through epigenetic control of
transcription.”**?? The TOPFLASH activity was remarkably
higher in 1833 clone than in parental MDA-MB231 cells, and
was stimulated by HGF. Considering the panel of genes regu-
lated by B-catenin-TCF'>'~*° this pathway might regulate
various steps of the metastatic process under the influence
of HGF/Met, including growth, invasiveness and osteolysis.
Our breast-cancer metastatic model with a critical role of B-
catenin-TCF, substantially differed from the B-cell carcino-
genesis mouse model, characterised by low level of B-catenin
without nuclear localisation.?”

Altogether our findings support the hypothesis that con-
tinuous and dynamic turnover of the bone matrix and bone
marrow provides a fertile ground for breast-cancer metastatic

cells. HGF seemed to be produced by stromal cells and osteo-
blasts of mouse-bone marrow, originating from mesenchymal
stem cells, adjacent to the metastases.?'*® The bone-marrow
mesenchymal cells may constitute a ‘pre-metastatic niche’
that facilitates tumour cell growth in distant organs.®?! c-
Src-dependent CXCL12 survival signal in the bone marrow
microenvironment favours 1833 metastatic growth.

The mouse HGF from the host-bone marrow entered the
nuclei of human-metastatic cells, possibly activating signal-
ling pathways downstream of Met. Differences with previous
data®® might depend on the model used, because 1833 cells
seemed to be particularly responsive to HGF, in relation to
the plasticity of metastatic cell phenotype. The dual-species
nature of the present model allowed us to monitor HGF of hu-
man-neoplastic origin from mouse-stromal source. Different
intracellular Met-traffic-related pathways might be utilised
by HGF of tumour-intracrine origin and by mouse-paracrine
HGF (see Fig. 7).

At a difference with parental MDA-MB231 cells, bone met-
astatic 1833 clone was largely sensitive to microenvironmen-
tal stimuli such as HGFE Nuclear COOH-Met probably
enhanced transduction signalling generated at plasma mem-
brane by full-length Met that seemed persistently phosphory-
lated by HGF in 1833 cells. In contrast, in MDA-MB231 cells
full-length Met was down-regulated by HGF and transiently
phosphorylated. Neither in 1833 nor in MDA-MB231 cells
full-length Met co-precipitated with B-catenin, thus differing
from hepatocytes where plasma membrane Met phosphory-
lates B-catenin.*°

In conclusion, realising that the contribution to human-
breast cancer metastases of the Wnt pathway, under the
influence of bone microenvironment, was surprisingly un-
tested®, we clarified that HGF/Met/pSrc/p-catenin-TCF signal-
ling pathways were coordinately regulated possibly playing a
role in bone-metastatic progression. Progression occurs
through micrometastases undergoing complex genetic, epige-
netic and resultant transcriptional changes.?? Therefore, the
development of therapies that can disrupt this signalling net-
work holds great promise because of the possibility to affect
the aggressive phenotype.* Moreover, a better understanding
of the role of these pathways in bone arrest/colonisation will
help in defining early treatments which could be effective in
delaying bone metastasis formation.
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