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INTRODUCTION

The purpose of this funded res earch program is to examine different
modes of movement used by mammary tumor cells during local invasion and
metastasis. The host laboratory and a nother group pr eviously identified two
alternative forms of movement—the cla ssic, elongated or mesenchymal type
of movement, and a more rounded or amoeboid type of movement (Sahai and
Marshall, 2003; Wolf et al., 2003). When the mesenchymal form of movement
is blocked in cultured melanoma and fibrosarcoma cells, the cells compensate
by acquiring the rounded or amoeboi d type of movement. Thes e
observations suggest that tumor cells  can adopt alternative strategies for
invasion of adjacent tissue and metastas isin vivo. This hyp othesis ha s
important clinical implications for blockingt he metastatic spread of breast
tumors. The mesenchymal type of invasion, for example, has been shown to
require pericellular proteolysis of t he basement membrane. The rounded or
amoeboid form of movement, however, has been shown to be independent of
proteolytic activity (Wolf et al., 2003). The disappointingly low efficacy of
proteolysis inhibitors inc linical tr ials, therefore, may be due to a
compensatory switch from the proteolysis- dependent elongated form to the
proteolysis-independent rounded form of migration and invasion (Coussens et
al., 2002).

Although the ability to switch modes of movement reveals an impor tant
property of tumor cells in v itro, it is not known if this phenomenon occurs in
invasive mammary tumors in vivo.  The experiments outlined in this funded
research program, therefore, were designed to elucidate the modes of
mammary tumor cell movement in mouse models of mammary gland
tumorigenesis. In addition, the work wa s designed to a ddress the role of the
Rho family of small GTPases in regul ating cell mor phology, migration and
invasion in vivo. Rho fa mily members Rho and Rac1 have previously been
shown to drive rounded and mes enchymal tumor cell movement, respectively
(Sahai and Marshall, 2003). By investi gating the modes and mechanisms of
tumor cell movement in mammary tumo rs, this funded program of work was
designed t o reveal more effectivet  herapies for blocking the metastatic
dissemination of mammary tumor cells in vivo.

BODY OF ANNUAL REPORT
MONTHS 1-12

Months 1-12 (Task 1) of the original Stat ement of Work (SOW)
involved analysis of mouse mammary tu mor cell movementin 3-D collagen
gels and in vivo. The analysis was to be carried out on primary tumor cell
explants from the MMTV-erb  B2/HER2/neu (MMT V-neu) and BRCA-1-/-
mouse models of mammary tumorigenes is (Guy et al., 1992; Mc Carthy et al.,
2007). The movement of MMTV-neu and BRCA-1-/- mouse mammary tumor
cells was characterized in 3-D culture by time-lapse videomicroscopy. Bright
field time-lapse videomicroscopy revealed that the MMTV-neu cells moved as
both round ed and e longated cells on a thic k bed of fibrillar type 1 colla gen
(Figure 1A shows a s tillimage t aken from a time-laps e vide o of MMTV-neu
cells on a thick bed of type 1 collagen). This result demonstrates the plasticity
of these cells in terms of morphology and movement, and suggest s that they



may be able to utilize different modes of movement in vivo. MMTV-neu mice
therefore represent ¢ andidate models fo r the analysis of different modes of
mammary tumor cell movement and invas ion in vivo. In addition to MMTV-
neu cells, cells from BRCA-1-/- derived mouse mammary tumors also exhibit
both contractile and mesenchymal behav ior on a collagen gel  (Figure 1B).
Due to dif ficulty in maintaining BRCA -1-/- cells in culture, ho  wever, the
experimental results from year 1 we re generated primarily from MMTV-neu
derived cells. Attempts to analyze = the movement of BRCA-1-/- cells will
nonetheless continue in year 2.

Task 1 includes labelling of tumor ce lIs wit h fluorescent labels for in
vivo imaging. Labelling facilitates fu ture in vivo imaging of  tumor cell
morphology and movement using two-photon in travital confocal microscopy.
Fluorescence labelling of tumor cells from MMTV-neu mice was accomplished
by transduction with a lentiviral vector expressing green fluorescent protein
(GFP) and the puromycin resistance ge  ne (vector purchased from Open
Biosystems) (Figure 2A). The GFP- labelled cells were subsequently
transplanted into the mammary fat pads of immunocompromised nude mice.
Mammary tumors were excised after two weeks of growth and imaged using a
standard confocal microscope (Figure 2B). In addition to the primary tumor,
lungs were resected from tumo r-bearing animals and imaged under a
confocal microscope (Figure 2C). The combined results of these experiments
demonstrates the feasibility of in vivo imaging of GFP-labelled mous e
mammary tumor cells, both in primary tu mors and in metastatic target sites
such as lung. As described in Task 1(C), this intravital imaging technique is to
be used for determining the modes of movement us ed by mouse mammary
tumor cells during local invasion and metastasis in vivo. The imaging of tumor
cell movement in vivo was not attempted in year 1, but is currently underway
with the as sistance of collaborators listed in the original propo sal. Intravital
imaging of tumor cell move ment will subsequently be used for analyzing the
impact of Rho and Rac1 s ignalling on ¢ ell shape and movementinv ivoin
years 2 and 3 of the program. Similarly, intravit al whole-animal imaging of
metastatic dissemination (Task 1(d)) has been moved f rom year 1 to years 2
and 3 of the program.

Year 2 of the program (Task 2) involved experiments to address the
roles of Rho kinase (ROCK—  a downst ream Rho effecto r)a nd Rac1 in
mammary tumor cell morphology and mo vement. ROCK activity and
actomyosin contractiliy have pr eviously been shown to drive rounded cell
morphology and amoeboid mov ement in melanoma and fibros arcoma cells
(Sahai and Marshall, 2003). Rac1 activity , in contrast, has been shown to be
associated with elongated or mesenc hymal movement (Sahai and Marshall,
2003). Although the role of thes e proteins in mammary tumor cell movement
was to be addressed in year 2, seve  ral important experiments have been
performed ahead of schedule.  The first of these experiments involved the
application of a chemical inhibitor of ROCK to the MMTV-neu cells on a thick
collagen gel. The applic ation of this inhibitor (Y276 32) resulted in impaired
locomotion of the rounded cells, consistent with the r ole of ROCK in driv ing
amoeboid movement in other tumor cell  types (Sahai and Marshall, 2003)
(data not shown).

In contrast, the application of a Rac1 inhibitor had no effect on the
elongated movement of MMTV-neu cells on collagen (data not shown). Th is



may be explained by the limited specificity of this inhibitor, which targets only
one type of guanine nucleotide exchange fact or (GEF) upstream of Rac1. As
a result, other Rac1 GEF proteins, such as DOCK18 0, may still be active in
this assay. As an alternative approach to inhibiting Rac1 activity (as proposed
in Task2), we obtained short-hairpin  RNA (shRNA)-expressing lentiv  irus
vectors targeting Rac 1 (Open Biosystems). Stable expression of the shRNA
sequences was accomplished by sele  ction with puromycin, due to th e
inclusion of a puromycin-resistance  gene in the vector. MMTV-neu cells
stably expressing three independent sh RNA co nstructs targeting Rac 1
exhibited efficient knock-down of Ra  c1 at the protein lev el (Knock-dow n
efficiency of Rac1f ortwo shRNA ¢ onstructs are shown in Figure 3.
Corresponding reduction in phospho PAK, a Rac1 effect or, is also shown in
Figure 3). Preliminar y analysis of cell movement in Rac1 knock-down cells
revealed an impairment of elongated movement on type 1 collagen,
consistent with the role  of Rac1 in promot ing mesenchymal movement in
other cell types (Sahai and Marshall, 2003) (data not shown).

During the course of these ex periments, we made additional
observations which may have important im plications for our understanding of
mammary tumor cell s hape and movement. Importantly, we have found that
cell shape and modes of movement and invas ion are driv en by the
composition of the extracel lular matrix (ECM), which may impact on Rho and
Rac1 signalling. Cells on a thick bed of laminin-rich Matrigel™, for example,
exhibit a rounded, highly contrac tile phenotype (Figure 4A). Int he presence
of fibrillar type 1 colla gen, however, a large proportion of the cells acqu ire an
elongated, mesenchymal morphology (F igure 4B). Upon clos er examination,
we have observed tumor cells aligned in  the direction of stress fibres in the
collagen gels (Figure 5). Inthis regard, itis interes ting to not e that tumor
cells hav e been obs erved invading local tissue by migrating along fibr illar
collagen in vivo (Prov enzano et al., 2006). We are starting to investigate,
therefore, whether fib rillar co llagen provid es a nove | mechanism for driving
rounded and elongat ed movement and invasion in vivo. We are particularly
interested in determining if Rho-dr iven rounded movement and Rac1-drive n
elongated movement are r egulated by the local EC M composition at the
tumor-stroma interface. These observations provide an interesting addition to
the experiments and aims described in the original proposal.

BODY OF ANNUAL REPORT
MONTHS 13-24

As described in the first annual repor t above (months 1-12), we have
characterized the roles of Rac1 and Rho/ROCK signalling in driving tumor cell
shape and motility in 3D collag en gels. This aspec t of the proposalwa s
described in Task 2 (months 13-20) of t he original SOW, which also included
in vivo analysis of tumor cell movem ent using 2-photon microscopy.
Preliminary analysis involv ing imm unohistochemistry and western blot,
however, revealed little evidence Rho/ROCK activity in mammary tumors from
MMTV-neu mice (data not shown). In  addition, Rho/ROCK activity did not
increase upon inhibition of Rac1 expression in these tumors (data not shown).
As a result, we were unable to detect with confidence any changes in tum or



cell shape upon inhibition of Rac1 or Rh  0/ROCK activity in vivo (data not
shown).

Careful analysis of the mouse mammary tumors, however, did reveal a
striking molecular phenomenon which was consistent with observations made
in the 3D cell culture system. Asde scribed in the previ ous annual report
above, we observed an increas e in me senchymal properties of MMTV-neu-
derived tumor cells in the presence of co llagen | (Figure 4B). In addition, we
showed evidence that the tumor cells we re migrating parallel to the directio n
of lines of contraction in the collagen | gel (Figure 5). In the past year (months
13-24), we have generated additional dat a confirming that the addition of
collagen | induces a highly contractile phenotype in the MMTV-neu-derived
tumor cells, as evidenced by an incr ease in myos in light chain (MLC)
phosphorylation and contraction of the collagen | gel ( Figure 6A-C). The role
of Rho/RO CK-induced actomyosin contra ctily in contraction of the collagen |
gel was confirmed by application of a Rho kinas e inhibitor, Y27 632 (Figure
6D).

The induction of actomyosin contract ility in our system is consistent
with reports that matrices of high elastic index, such as collagen |, can induce
Rho/ROCK activity in cultured ce lls. As ar esult, we wanted to determine if
actomyosin contractility was associat ed with a more rigid tu mor
microenvironment in vivo. Using an antibody to the phosphorylated form of
MLC, we indeed detected elev  ated leve Is of phospho-MLC in regions of
MMTV-neu tumors which wer e adjac ent to more dense regions of
extracellular matrix (ECM) (Figure 7A). In contrast, no phospho-MLC could
be detected when the tumor was embedded in the much softer environment of
the fat-rich mammary fat pad (Figure 7B).

To further understand the signific ~ ance of these observations, we
characterized the normal mouse mammary gland with regards to contractile
properties. Assho wnin Fig ure 7, contractility associated withML C
phosphorylation is normally restricted to the contrac tile myoepithelial/basal
layer of the mammary gland epit helium (Figure 7C). In contrast, the luminial
epithelial c ells show no evidenc e of phospho-MLC (Figure 7C) . We then
applied the phospho-MLC antibody to se ctions of mouse mammary tumor
from the Brca1-/-; p53-/+ mouse model. As described in the original proposal
and SOW, the Brca1-/-; p53-/+ mouse m odel represents a model of basal cell
mammary carcinoma. As shown in Fi gure 7, tumor cells in these mi ce
express high levels of phos phorylated MLC, consis tent with the contractile
properties of the basal-like cells from which they are derived (Figure 7D)
Combined with the results of the 3D  cell culture model, these observatio ns
suggest that a more rigid tumor matrix rich in collagen | may induce a more
contractile, basal-like phenotype in luminally-derive d tumors in MMTV-neu
mice. Since basal-like tumors are a more aggressive type of human breast
cancer, these results may have import ant implications for understanding the
etiology of aggressive basal-lik e human ¢ ancer. Further exploration of this
phenomenon may therefore lead to more  effective prognostic criteria and
treatment of human breast cancer.

Another important observation arising from  this funded program

concerns the relationship between the stromal matrix and the genetic program
of the mammary tu mor cells. Specifical ly, we foun d that cells in Matrige I™
express markers of a luminal epit helial origin (E-cadherin and cytokeratin 18),



as well as markers of the m ore invasive mesenchymal phentoype ( N-
cadherin, vimentin) (Figure 8). In Ma trigel™, however, the cells showed no
evidence of an invasive phenotype. In contrast, when collagen | was
presented to the cells they acquired a mesenchymal morphology and wer e
highly invasive (Figure 4). Thes e results are consistent with the observation
that tumor cells expressing EMT markers in situ are non-invas ive in a fatty
stroma, as compared to the same cells in a more dense tissue matrix
(compare Figure 8E and 8F). These results provide evidence that the stromal
matrix may be dominant over the genet ic program of t he mammary tumor
cells. From a clinical perspectiv e, these observations suggest that the onset
of an aggressive, mesenchymal-like tumor phenotype can be predicted more
accurately from a combination of tumo r cell signature and the composition of
the tumor stroma.

In summary, our work remains focused on the role of cell shape in
metastatic disease progression. Int he original proposal, we hypothesize d
that intrinsic Rac1 and Rho/ROCK signalling would di ctate the mode of
movement used by the mammary tumor ce lIs in vivo. What we have found,
however, is evidenc e of a much more intricate balanc e between the
extracellular matrix (ECM) and t he inducti on of invasive cellular properties ,
through an impact on actomyosin contra  ctility. Rather than involvingth e
entire tumor, as hypothesiz ed in the origin al proposal, we hav e evidence that
the relationship between t he ECM and invasive cellul ar proper ties may be
restricted to regions of the tumor rich in fibrillar E CM proteins such as
collagen I. In addition, we have experiment al evidence that the tissue stroma
can determine the invasive phenotype of tumor cells that harbour an EMT-like
genetic profile. These results may have important implications for prognosis
and treatment of aggressive breast cancer.

With regards to personal training landmarks, | have acquired important
new skills and knowledge during the first y ear of this funded program. After
working with Professor Christopher Marshall in the host laboratory | now have
a deeper understanding of the intricacies of cell s ignalling, and the role that
cell signalling pathways play in tumor cell behavior. Working with 3-D gel s
and time-lapse videomicroscopy | hav e also gained an apprec iation of the
way in which mammary tumor cells interact with and respond to the matrix
microenvironment. My exposure to more detailed iss ues of cell biology has
enhanced my understanding of mammary tu mor invasion and metastasis in
the mouse models with which | have previo us experience. In addition, | have
been working with the histopathology unit of the Institute of Canc er Research
to analyse the relationship between tu  mor stroma and the expression of
molecular markers within the tumor cells. The combination of cell biology, cell
signalling and histop athology sKkills, with my extensive experie nce in mo use
models will undoubtedly strengthen my ability to perfo rm meaningful research
into breast cancer metastasis in the future.

KEY RESEACH ACCOMPLISHMENTS (year 1)

* cultured primary tumor cells from MMTV-neu and BRCA-1-/- mouse models
of mammary gland tumorigenesis



» characterized morphology and movem ent on thick collagen gels : confirmed
that MMTV-neu and BRCA-1-/- mammary  tumor cells use both rounded
(amoeboid) and elongated (mesenchymal) forms of movement

* induced efficient knock-down of Ra c¢1 in MMTV-neu cells thr ough stable
expression of short-hairpin RNA (shRNA) against Rac1 sequences

» demonstrated that rounded and elongated moveme nt of MMTV-neu cells
requires Rho kinase (ROCK) and Rac1 activity, respectively

» demonstrated that elongated movement may be driven by fibrillar collagen

» demonstrated feasibility of imaging GFP-labelled MMTV-neu cells in vivo

KEY RESEACH ACCOMPLISHMENTS (year 2)

» showed that collagen | induc es myosin light chain (MLC) phosphorylatio n
and actomyosin contractility in MMTV-neu tumor cells

» showed that MLC phosphorylation co rrelates with a denset umor tissue
microenvironment in MMTV-neu mouse mammary tumors in vivo

» showed that increased MLC phosphorylation in collagen | is characteristic of
a more aggressive basal-like tumor cell phenotype

» showed t hat the invasive phenotype of cells expres sing EMT-like markers
depends on the presence of collagen | in the extracellular matrix

REPORTABLE OUTCOMES
Abstract: Era of Hope Meeting, Baltimore, MD, June 25-28, 2008:

The dissemination of breast cancer cells from a primary lesion to distant sites
such as brain or bone presents the most se rious threat to patient survival. As
part of the metastatic proc ess, cells must migrate fr om the primary tumor and
invade into adjacent tissue and across t he endothelial layer of blood vessels.
The way in which tumor cells navigate through the fibrous extracellular matrix
(ECM), however, is not clear. One propos ed mechanism involves the loss of
epithelial properties andt he acquisition of a more motile, fibroblast (or
mesenchymal)-like cell. These mesenc hymal-like cells are ¢ haracterized by
an elongated, rather than cuboidal, morphology, as well as prominent actin-
rich protrusions at the leading edge of the cell. Adhesive forces at the front of
the cell, t ogether with co-ordinated wa ves of actomyosin contraction and
retraction of the trailing edg e, drives forward migrati on of thes e cells. In
addition, the foremost membrane protrusions are often rich in protease activity
which facilitates invasion by degrading the ECM at the front of the cell. Unt il



recently, this epithelial-mesenchymal transition (EMT) was generally regarded
as the predominant mechanism of tumor cell migration and in vasion. Recent
reports, however, des cribe an alt ernative form of cell movement in whic h the
cells acquire a roun ded or amoeboid morphology, allowing them to squeeze
through int erstitial spaces of the ECM. T his form of movement is of great
clinical interest, since it circumvents the need for pericel lular proteolysis and
may therefore complicate our ability to block metastasis using protease
inhibitors. Importantly, it has been show n that various tumor cell lines have
the capacity to switch from the elongat ed to the amoeboid form of movement
in the presence of pr otease inhibitor cocktails in c ulture. This m esenchymal-
amoeboid transition (MAT) was shown to involve downregulation of Rac 1
activity, which would normally  drive formation of membrane protrusions
through the assembly of a branched acti n network at the leading edge of the
cell. In turn, activation of the Rh o kinases ROCKI and ROCKII leads to high
levels of actomyosin cont ractility, driving formation of the high ly contractile,
rounded morphology. Although t his phenomenon has been demonstrated in
cell culture, it is n ot known if the MAT can occur in vivo. The purpose of our
proposed project, therefore, is to determine the types of movement employed
by tumor cells in 2 well establis hed mouse models of human breast cancer.
Mammary tumors in these models are dr iven by expression of the activate d
erbB-2/neu oncogene, or by loss of the BRCA-1 tumor suppressor. Analys is
of explant ed cells from these tumors reveals the c apacity to use either
elongated or rounded forms of move ment ex vivo, depending on t he
substratum. The use of pharmacological inhibitors confirms that these forms
of movement require Rac1 and Rho/RO  CK activity, respectively. Using a
lentivirus-shRNA approach, we are currently targeting t hese pathways in vivo
to determine the impact on local inva sion and metastasis, and to determine
whether one pathway can compensate for cell movement following loss of the
other pathway in v ivo. We hope that th is work will lead to a more detailed
understanding of how modes of tumor cell movement in vivo contribute to
breast cancer progression, thereby id  entifying more effective prognostic
markers and therapeutic targets for this devastating disease.

CONCLUSION

Several important experimental obs ervations were generated in year 2
of the funded researc h program. These observations were not predicted in
the hypotheses in the original proposal , but may have clinical im portance for
breast cancer treatment and for predicti ng patient outcome. Specifically , it
was shown that collagen |, which accumulates in aggressive disease, induces
a highly contractile phenotype in MMT V-neu mouse mammary tumor cells .
High contr actility is normally restricted  to myoepithelial/basa | cells in the
normal gland, as well as basal-like tumo rs from the B rca1-/-; p53-/+ mouse
model. Since basal-like breast cancer s are more aggressive than other
clinical subtypes, these obser vations may have importanti mplications for
understanding how collagen | accumulation contribute s to poor patient
outcome.

In addition, it was shown that MMTV-neu-derived tumor cells do not
invade into Matrigel™ reconstitut ed bas ement membrane, event hough they
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express m arkers of the epithelial-mes enchymal transition (EMT). In the
presence of collagen |, however, the ce lIs acquir ed a highly motile and
invasive phenotype, suggesting t hat the tumor stroma may be a determining
factor as to whether mesenchymal-like tumor cells become invasive in vivo.

Together, the results of years 1 and 2 of the research program suggest
that the phenotype of invasive breast ¢ ancers is driven by the extracellular
matrix, through an impact on Rho/RO CK signaling and actomyosin
contractility. These results have important clinical implications for blocking the
spread of metastatic breast cancer, and for predicting the ri sk of developing
aggressive disease.
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Figure 1

Primary mouse mammary tumor cells utilize both rounded and elongated

forms of movement ex vivo. (A) Still image from time-lapse video microscopy of
MMTV-neu-derived mouse mammary tumor cells, showing both rounded (r)

and elongated (e) morphologies on a thick gel of type 1 collagen.

(B) The same analysis repeated for BRCA-1-/- mouse mammary tumor cells, again
showing both rounded and elongated cells.
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Figure 2

MMTV-neu-derived mouse mammary tumor cells expressing

green fluorescent protein (GFP) can be imaged in vivo. (A) Monolayer
culture of MMTV-neu cells stably expressing GFP. (B) Confocal image

of mouse mammary tumor 3 weeks after transplantation of GFP-expressing
MMTV-neu cells into mammary fat pad. (C) Disseminated GFP-expressing
cells can be detected in the lungs of animals following mammary tumor
growth at site of transplantation.
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Figure 3

Rac1 expression can be knocked down in MMTV-neu

cells by stable expression of short hairpin RNA (shRNA) targeting
Rac1 sequences. The immunoblot shows the level of Rac1

knock down using 2 independent shRNA constructs (middle panel),
as well as the corresponding reduction in phospho PAK, a Rac1
effector (top panel). Total neu/erbB-2 levels are used as an internal
loading control (bottom panel).
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Figure 4

Cell shape is dictated by the extracellular matrix composition.
(A) MMTV-neu mouse mammary tumor cells are rounded on laminin-rich Matrigel.
(B) MMTV-neu cells acquire a mesenchymal phenotype on fibrillar type 1 collagen.



Figure 5 Elongated MMTV-neu mammary tumor cells align in the direction of stress
fibres in type 1 collagen.
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Figure 6

Collagen | induces MLC phosphorylation and actomyosin contractility. (A) Detection of MLC
phosphorylation in collagen | by western blot and (B) immunohistochemistry of paraffin-embedded
tumor cell acini. (C) Contraction of the collagen | gel away from the side of the cell culture

dish. (D) Inhibition of collagen | contraction following addition of a Rho-kinase (ROCK) inhibitor
(Y27632).



Figure 7

MMTV-neu mammary tumors acquire basal-like properties in a dense tumor stroma.

(A) MLC phosphorylation (brown) adjacent to dense, fibrous stroma (*), compared to

(B) absence of staining in pliable, fat-rich stroma (**). (C) Phospho-MLC is restricted to
the myoepithelial/basal layer in the normal gland, and in (D) basal-like mouse mammary
tumors in Brca1-/-; p53-/+ mice.
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Figure 8

(A-D) MMTV-neu cells express EMT markers yet are non-invasive in Matrigel reconstituted
basement membrane. (E) Cells undergoing EMT (E-cadherin-negative) in MMTV-neu
mouse mammary tumors are non-invasive in a fatty stroma, compared to (F) E-cadherin-
negative cells in a dense tumor stroma.
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