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Abstract

14-3-30 Expression Identifies Basal-Like Breast Cancer and Regulates Tumor
Invasion by Defining Subcellular Regions of Actin Polymerization

by
Aaron Thomas Boudreau
Doctor of Philosophy in Comparative Biochemistry
University of California, Berkeley
Mina J. Bissell, Distinguished Scientist, co-chair

Professor Fenyong Liu, co-chair

The mammary gland can be thought of as an “organism” with very
complicated biology. The normal breast is comprised of a milieu of different cell
types and extracellular matrix (ECM) components, the sum of which yield a
complex microenvironment and series of biological interactions that are essential
for normal development and functional differentiation. Many of these events go
awry in breast cancer, a disease best characterized by the loss of tissue
structure, morphology, and function - in essence, a loss of microenvironment
homeostasis.

Perhaps reflecting the complexity of the normal mammary gland, breast
cancer cannot be simply described as a single disease, and is instead thought to
be comprised of at least 5 molecular subtypes which have distinct clinical
features. Evidence for this is noted in the histological, molecular, intra- and
intertumor heterogeneity found in the clinic, the differences in patient response to
treatment, and correspondingly, the differences in clinical outcome observed
between subgroups of patients. Improving our understanding of the molecular
basis of breast tumor heterogeneity can potentially lead to improved diagnosis of
breast cancer at earlier stages, identify which patients would benefit most from
current treatments or combinations of treatments, and unravel novel biomarkers
that, if therapeutically targeted, would improve the clinical management of breast
cancer. This would represent a significant advance over current therapeutic
strategies that are known to be ineffective against certain subtypes of breast
cancer.

Basal-like breast cancer, which accounts for 15-20% of invasive breast
carcinomas, represents one subtype of breast cancer that is unresponsive to
conventional therapies such as tamoxifen and Herceptin, and which has a
particularly aggressive clinical course characterized by poor 5-year survival. This
breast cancer subtype presents the most challenging case for current clinical
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management, and major effort has been placed towards understanding the
molecular basis of basal-like breast cancer progression, origin, and diagnosis.
Towards that goal, several animal and culture models of basal breast cancer
progression and tumor heterogeneity have been developed, and are currently
employed in numerous basic science, translational, and preclinical studies.

To investigate the molecular basis of breast cancer progression, previous
work in the Bissell lab has characterized an isogenic culture model of tumor
progression, called HMT-3522, which recapitulates many features of basal-like
breast tumor progression. Proteomic screening of the cell lines by two-
dimensional gel electrophosesis and mass spectrometry identified increased 14-
3-30 protein level during malignant progression in this model. 14-3-30 belongs to
a family of molecular scaffolds known to integrate signaling pathways by binding
to phosphorylated serine/threonine motifs found in a spectrum of proteins and
regulating their subcellular distributions. There are numerous reports implicating
14-3-30 as a tumor suppressor in the breast and other organs, yet this has not
been sufficiently demonstrated in vivo. In addition, there are many conflicting
reports suggesting that 14-3-30 is not a tumor suppressor, and instead may be
related to poor clinical outcome in a subset of breast and other cancers. It is clear
that the complicated role for 14-3-30 in cancer progression or suppression is
context-dependent, and the overarching goal of my research has been to
characterize the function of 14-3-30 in breast cancer progression and clinical
outcome, particularly within the basal-like breast cancer subtype.

Here, | describe a novel function for 14-3-30 in promoting basal-like breast
cancer cell motility and tumor invasion by regulating cytoskeletal dynamics.
Using the HMT-3522 series and an independent isogenic model of basal-like
breast cancer progression (the MCF10 series), | discovered 14-3-30 expression
increased as cells transition towards malignancy, and upon shRNA-mediated
knockdown, cancer cells with perturbed 14-3-30 expression show decreased
motility and invasion through ECM in culture and diminished tumor invasion in
vivo. Immunohistochemical analysis of a tissue microarray showed that 14-3-30
expression preferentially identified basal-like tumors among 245 invasive breast
carcinomas, and in independent breast cancer patient cohorts, 14-3-30
correlated with metastasis and poor clinical outcome. These data demonstrate
that 14-3-30 expression identifies a subset of aggressive breast carcinomas,
namely basal-like breast tumors, and furthermore, that 14-3-3c0 functions in these
tumors by regulating invasion and migration.

| additionally unravelled a mechanism, supported by several lines of
evidence, by which 14-3-30 regulates basal-like breast cancer migration and
invasion. Using a combination of live cell imaging, confocal microscopy,
biochemical assays, and transgenic cell lines, | discovered that 14-3-30 regulates
cytoskeletal homeostasis in cells by interacting with G-actin directly and
sequestering it from growing F-actin filaments, thus inhibiting its polymerization.
Through this interaction, 14-3-30 retains a soluble, “bioavailable” form of actin
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within cells to allow for regulated incorporation into growing filaments, ensuring
polarized cell migration can occur. In contrast, basal-like breast cancer cells
deficient for 14-3-30 have elevated rates of actin polymerization, have decreased
pools of soluble actin available to be incorporated in a regulated fashion, and as
a consequence, have decreased motility and invasion. These phenotypes can be
rescued by overexpressing actin, but not a mutant form that is unable to be
incorporated into existing actin filaments. This mechanism could explain how 14-
3-30, by defining the balance of actin polymerization within cells, regulates tumor
invasion in basal-like breast cancer.

My data showing that 14-3-30 is a “functional” marker of basal-like breast
tumors and poor clinical outcome does not dispute, but rather reconciles, the
literature of whether 14-3-30 is a tumor suppressor in the breast; | propose that
the expression and function of 14-3-30 in breast cancer is contingent on whether
tumors show basal-like differentiation, or are of another molecular subtype. My
data implicate 14-3-30 as a potential therapeutic target against the progression
of basal-like breast cancer to metastastic disease, which may be of clinical
importance following further validation studies. Furthermore, as the regulation of
actin cytoskeletal homeostasis by 14-3-30c was characterized largely in vitro, the
functional interaction of 14-3-30 and actin may be of importance not only in
basal-like breast cancer, but additionally during normal development or during
malignant progression in tumors originating from other organs.
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CHAPTER 1. INTRODUCTION



1.1. The breast is an “organism” with very complex biology

The breast is comprised of a series of polarized, bilayered epithelial ducts
which begin at the nipple, are branched throughout a heterogeneous stroma, and
end at terminal ductal lobular units — the functional units of the gland (Cowin and
Wysolmerski, 2010; Daniel and Smith, 1999; Nelson and Bissell, 2005; Richert et
al., 2000). The inner epithelial cells are known as luminal epithelia, and are
involved in milk synthesis during lactation and apical secretion into the ducts. The
luminal epithelial cells are surrounded by a discontinuous layer of myoepithelial
cells, which provide the coordinated contractile forces necessary to eject
secreted milk through the ducts towards the nipple. Myoepithelial cells
additionally secrete basement membrane components, in particular laminins,
which are involved in the establishment and maintenance of luminal epithelial
polarity and function (Gudjonsson et al., 2005); disruption of luminal epithelial cell
polarity impairs their ability to express milk proteins in the presence of lactogenic
hormones, which can be rescued by placing cells in a laminin-rich extracellular
matrix (IrECM) (Gudjonsson et al., 2002). Luminal and myoepithelial cells have
characteristic gene expression profiles to instruct their unique roles in mammary
function, with one striking feature of myoepithelial cells being the presence of
smooth muscle cytoskeletal components that are able to contract in response to
oxytocin, whereas a unique feature of luminal epithelial cells is their capacity to
respond to lactogenic hormones and synthesize milk proteins as needed (Page
et al., 1999; Reversi et al., 2005; Sasadaira et al., 1978; Xu et al., 2009a).

Unique among organs, the majority of breast development occurs
postnatally during puberty. Males and females are both born with an
undifferentiated mass of breast epithelium called the anlange, which in response
to estrogen, progesterone, and other hormones expressed during puberty in
females, begins to develop and infiltrate into the surrounding stromal tissue. This
infiltration is accompanied by remodeling of the underlying extracellular matrix
surrounding the cells, extensive epithelial cell proliferation, and collective
migration until the ducts span the entire fat pad (Daniel and Smith, 1999; Fata et
al., 2004). Branching ducts never cross paths, presumably due to the secretion of
inhibitory factors which act on neighboring ducts to influence their path of
migration (Faulkin and Deome, 1960; Nelson et al., 2006; Silberstein and Daniel,
1987). The gland undergoes further development during pregnancy, with
lactogenic stimuli directing the epithelia to further proliferate and differentiate,
and alveoli become enlarged and eventually synthesize milk. Following birth and
weaning, the gland undergoes extensive remodeling and regresses to a state
similar to a prenatal gland in order to prepare for subsequent rounds of
pregnancy (Stein et al., 2007). These events are tightly regulated by biochemical
and mechanical cues within the tissue microenvironment (Alcaraz et al., 2008; Xu
et al., 2009b), and cells are poised to respond to the cues as needed - even the
fluctuations in estrogenic activity associated with the menstrual cycle are
sufficient to modestly influence breast epithelia proliferation and regression
(Ferguson and Anderson, 1981; Nazario et al., 1995).
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The epithelial ducts are surrounded by a complex stroma comprised of
extracellular matrix (ECM) molecules which constantly change during
development and pregnancy-related events, and many cell types, including
adipocytes, fibroblasts, myofibroblasts, endothelial cells, mesenchymal stem
cells, and macrophages among others (Bissell et al., 2005; Fata et al., 2004;
Polyak and Kalluri, 2010; Xu et al., 2009a). These cell types participate in
extensive heterotypic communication with other cells in their vicinity and their
underlying ECM, and the sum of these interactions drive proper gland
development and function (Gouon-Evans et al., 2000; Ingman et al., 2006;
Landskroner-Eiger et al., 2010). Furthermore, there is clear evidence of a
stem/progenitor cell hierarchy being present within the mammary gland whose
differentiation is encoded by cues from the tissue microenvironment (LaBarge et
al., 2009; Viladsen et al., 2007). Impressively, the mammary gland
microenvironment can even cause transdifferentiation of cells originating from
other organs (Booth et al., 2008; Boulanger et al., 2007; Bussard et al., 2010). As
such, many fundamental questions about the nature of the breast remain
unanswered, such as how many cell types exist in the gland, what ECM
molecules are involved in functional differentiation, and how does one define
breast cell types as unique entities; for instance, what property determines when
a progenitor cell is considered a myoepithelial cell? How many of these cell types
are transient visitors that leave no lasting impact on gland homeostasis, versus
cell types that are absolutely required for development and function?

1.2. The complexity of the normal breast is embodied in the heterogeneity
of breast tumors.

Given the complexity of normal breast biology, it is not surprising that the
biology of breast cancer is also very complicated. Pathologists have known for
decades that breast cancer cannot be described as a single disease, and
pathological heterogeneity of breast cancer based on tumor morphology,
location, grade, lymph node metastasis, and other parameters is well
documented and routinely assessed in the clinic (Bloom and Richardson, 1957;
Clarke et al., 2005; Ellis et al.,, 1992; Elston and Ellis, 1993; Erlandson and
Rosen, 1982; Fardal et al., 1964; Jackson, 1966; Macdonald, 1966; Moss, 1965;
Singletary and Connolly, 2006). In addition, molecular subtypes of breast cancer
based on the expression of cell surface molecules such as hormone (estrogen
and progesterone) and growth factor (such as HER2/ErbB2) receptors exist in
addition to pathological subtypes, and have associated clinical pathology, patient
outcome, and treatment regimens (Clark and McGuire, 1988; Fisher et al., 1998;
Fisher et al., 1983; Geschickter et al., 1934; Maughan et al., 2010; Mohs, 1940;
Paradiso et al., 1990; Pegram et al., 1998; Slamon et al., 1987).

The advent of whole genome expression profiling by microarray analysis
has further revealed that there are additional molecular subtypes of breast
cancer which bifurcate from estrogen receptor (ER)-positive and ER negative
diseases, and these molecular subtypes behave as distinct clinical entities (Fan
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et al., 2006; Parker et al., 2009; Perou et al., 2000; Rouzier et al., 2005; Sorlie et
al., 2001; Sorlie et al., 2003). Other seminal microarray-based approaches have
led to the identification of gene expression signatures which can predict patient
outcome independent of other clinical parameters (Foekens et al., 2006; Liu et
al., 2007a; Nuyten and van de Vijver, 2006; Paik et al., 2004; van 't Veer et al.,
2002; van de Vijver et al., 2002; Wang et al., 2005b); these studies have
culminated in the development of expression-based assays (MammaPrint and
oncotypeDX) that are in clinical use, and which can predict patients that should
be given chemotherapy versus those that would see no additional benefit (Albain
et al., 2009; Lo et al., 2010; Paik et al., 2006; Straver et al., 2009). Lastly, in
addition to heterogeneity between tumors, it is becoming appreciated that a high
degree of molecular and morphological heterogeneity exists even within tumors
(Miron et al., 2010; Park et al., 2010; Rakha et al., 2009), further complicating the
development of therapeutic strategies and our understanding of disease
progression.

The currently accepted molecular subtypes of breast cancer based on
gene expression profiling have been largely validated across multiple patient
cohorts and array platforms, indicating the biology governing breast cancer
heterogeneity observed in large scale genomic profiling is not an artifact of early
microarray platform design or of patient selection (Fan et al., 2006; Hu et al.,
2006; Sorlie et al., 2003). While the absolute number of subtypes continues to
evolve, there are at least two ER-positive “luminal” subtypes (Luminal A and B,
with luminal B having significantly worse clinical outcome) and two ER-negative
subtypes (“‘basal-like” and HERZ2/ErbB2 positive tumors), though additional
subtypes of ER-positive and ER-negative tumors (Luminal C and “normal breast-
like”, respectively) have emerged in some analyses (Perou et al., 2000; Sorlie et
al., 2001; Sotiriou et al., 2003). Nomenclature of the molecular subtypes was
assigned largely based on the patterns of gene expression observed in tumors
relative to the cell types present in the normal breast, though by no means does
this indicate the cell of origin for the tumor — for instance, although basal-like
breast cancers (BLBCs) express many markers of basal/myoepithelial cells,
many BLBCs are thought to originate from aberrant luminal epithelial progenitor
cells rather than myoepithelial cells (Lim et al., 2009), though malignant
myoepitheliomas do occur and have a basal-like phenotype (Clarke et al., 2005;
Hungermann et al., 2005; Simpson et al., 2004).

1.3. The basal-like breast cancer (BLBC) molecular subtype is a challenging
case for current clinical management.

Among the molecular subtypes of breast cancer, the basal-like breast
cancer (BLBC) subtype accounts for roughly 15-20% of invasive carcinomas and
are among the more aggressive of tumor subtypes, with relatively poor 5-year
survival in comparison to other subtypes (Perou et al., 2000; Sorlie et al., 2001;
Sotiriou et al., 2003). BLBCs are characterized by the lack of ER, progesterone
receptor (PR) and HER2/ErbB2 expression (a “triple-negative” immunoprofile),
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frequent BRCA1/2 and/or p53 dysfunction, high proliferative index, poor tumor
differentiation, central necrotic regions, metaplastic foci, and the expression of
epidermal growth factor receptor (EGFR), ‘basal’ cytokeratins (Cks), and other
genes normally restricted to the basal and/or myoepithelial compartment of the
nonmalignant breast (Fulford et al., 2006; Nielsen et al., 2004; Perou et al., 2000;
Rakha et al., 2007; Rakha et al., 2006; Rakha et al., 2008; Sorlie et al., 2001). In
addition, BLBCs are often classified as having a poor prognosis by the 70-gene
MammaPrint signature and other gene signatures indicative of poor clinical
outcome (Fan et al., 2006). As BLBCs lack ER and HERZ2/ErbB2 expression,
they are not predicted to respond well to tamoxifen, trauztusumab (Herceptin)
and other targeted therapeutics available to other breast cancer subtypes.
Although polyADP ribose polymerase inhibitors are showing promise in the
clinical as a targeted therapy against BRCA1/2-associated BLBC (Fong et al.,
2009; Hay et al., 2009), this subtype still presents the most challenging case for
current clinical management, and major effort has been placed on understanding
the molecular basis governing BLBC progression in order to develop effective
targeted therapies for patients.

Several histological surrogates for identifying BLBC have been proposed
in order to assess which tumors should be prioritized for aggressive treatment
(Cheang et al., 2008; Haffty et al., 2006; Nielsen et al., 2004; Rakha et al., 2007;
Sousa et al.,, 2010). One commonly employed surrogate is “triple-negative”
immunohistochemical staining for ER, PR, and HER2/ErbB2 (Haffty et al., 2006),
and indeed, the terms “triple-negative” and “basal-like” are often incorrectly used
interchangeably in the literature (Rakha et al., 2008). There is growing evidence
that while basal-like and triple-negative tumors share a degree of pathological
overlap, they also have unique clinical features due to either differences in their
underlying biology or tumor miscategorization; poor sample preparation, weak
staining, improper scoring/interpretation, and other artifacts can lead to a false
positive “triple-negative” immunoprofile (Cheang et al., 2008; Rakha et al., 2007;
Rhodes et al., 2000). Other histological surrogates have been proposed, the
most widely accepted being the absence of ER and HERZ2/ErbB2 and the
presence of EGFR and/or cytokeratin (Ck) 5/6 staining (Cheang et al., 2008;
Nielsen et al., 2004), though there lacks a consensus definition for BLBC. As
such, another challenge facing the breast cancer research community is to
unravel novel markers of breast cancer subtypes in order to improve tumor
detection and classification, and prioritize patient treatment accordingly - ideally
markers contributing to disease progression which can be therapeutically
targeted in a “personalized-medicine” approach.

1.4. The development of culture and animal models recapitulating breast
tumor heterogeneity

In order to best understand the molecular basis of cancer progression and
heterogeneity, it is ideal to perform experiments using a model that recapitulates
the complexities of interactions among cells, tissues, and their microenvironment
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as they occur in vivo. Towards that goal, there are dozens of mouse models
generated by oncogene transduction and/or targeted deletion of tumor
suppressor genes which recapitulate many stages and clinical aspects of breast
cancer development and/or progression (Drost and Jonkers, 2009; Sierra, 2009;
Taneja et al., 2009). While a full review of all available mouse models is beyond
the scope of this work, several examples of mouse strains with high similarity to
human breast cancer pathology and which can model specific breast cancer
molecular subtypes are established. One popular mouse model due to its rapid
tumorigenesis and spontaneous metastasis is the mouse mammary tumor virus
(MMTV)-polyoma middle T (PyMT), which form tumors that are of luminal
subtype and hence effectively model the majority of human tumors (Guy et al.,
1992a; Kouros-Mehr et al., 2008; Kouros-Mehr et al., 2006). The MMTV-PyMT
model has recently been employed to show the importance of GATA-3 loss in
luminal cancer progression to metastatic disease and the role for GATA3 in
maintenance of luminal epithelial cells differentiation (Kouros-Mehr et al., 2008;
Kouros-Mehr et al., 2006), validating earlier studies suggesting GATA3
expression correlates with favorable breast cancer clinical outcome (Jenssen et
al., 2002; Mehra et al., 2005). Other notable mouse models include the MMTV-
HERZ2/ErbB2 strains popularized by the Muller lab, which have been extensively
used to model HER2/ErbB2 human cancer progression, genomic aberration, and
therapy response in several studies (Andrechek et al., 2000; Guy et al., 1992b;
Hodgson et al., 2005; Lu et al., 2009a; Muller et al., 1988; Shah et al., 2009).
Lastly, mouse strains with loss of p53 and BRCA1 function have been generated
by independent groups, with tumors formed in these mice being
immunohistochemically and pathologically indistinguishable from human basal-
like breast tumors (Liu et al., 2007b; McCarthy et al., 2007; Shakya et al., 2008).
Despite the availability of mouse models for each of the major breast cancer
subtypes, in vivo studies in general are lengthy and are limited in their flexibility
for specific experiments such as gene knockdown, combinatorial drug treatment,
or kinetic studies, thus using mouse models in the absence of simpler,
reductionistic approaches (such as cell culture) may not always be feasible.

Regardless of their inability to recapitulate the complexity of tumor
formation and morphology in vivo, studies using established cell lines have
yielded much of the present knowledge regarding the properties of breast cancer
and its progression due to their flexibility for experiments. However, in order to
make effective use of a culture surrogate to study an inherently heterogeneous
disease such as breast cancer, one must either use a cell line that is relevant to
the breast cancer subtype of interest, or for more generalizable data, enough cell
lines to recapitulate the tumor heterogeneity observed in the clinic. A recent
molecular profiling analysis on a panel of 51 cell lines has shown that while
established cells do not recapitulate the exact molecular spectrum of tumors
observed in patients, they can at least sort into basal-like or luminal subtypes that
may or may not overexpress HER2/ErbB2, and tend to emulate the clinical
features and heterogeneity of their tumor counterparts with respect to drug
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response, growth, genomic aberrations, and invasiveness, though are somewhat
divergent in their patterns of genomic aberrations (Chin et al., 2006; Neve et al.,
2006).

To test the in vivo relevance of results obtained in cell culture studies and
monitor tumor-stromal interactions without the burden of generating mouse
models, one can perform xenograft experiments by implanting human breast
cancer cell lines into immunocompromised mice or organs (Bogden et al., 1979;
Clarke, 1996; Greene, 1938; Hendrickson, 1993; Miller, 2000; Miller et al., 1993;
Niclou et al., 2008; Rizki et al., 2008). For breast cancer, this is typically
accomplished by injecting a mixture of cells and IrECM orthotopically into the
mammary fat pad or subcutaneously into the rear flank. Additionally, introducing
breast cancer cell lines into the circulatory system of immunocompromised mice,
often through either the tail vein or the left ventricle, can be used as a surrogate
to measure some elements of metastasis such as extravasation and tropism
towards specific organs (Bos et al., 2010; Bos et al., 2009; Conley, 1979; Gupta
et al.,, 2007; Nam et al., 2008; Pang et al., 2009). Due to the relatively short
length of time required for xenograft experiments compared to generating
trangenic mouse strains and the benefit of cell culture flexibility, xenograft
experiments are frequently employed in preclinical or translational studies to
measure the contribution of genes and therapeutics to cancer progression (Lu et
al., 2009b; Teicher, 2009).

One limitation to xenografts and mouse models, however, is they are not
easily amenable to high throughput or multiplexed experiments to test
combinations of therapies, in a manner that cell culture is. To overcome this,
culturing cells in physiologically relevant 3D microenvironments has been
proposed as an ex vivo surrogate for preclinical studies (Park et al., 2006;
Weigelt and Bissell, 2008; Weigelt et al., 2010). Culturing nonmalignant
mammary epithelial cells in 3D IrECM allows the cells to form growth arrested
and polarized structures similar to acini observed in vivo, respond to lactogenic
hormones and synthesize milk protein, and distinguishes their growth properties
from malignant cells which fail to polarize and continue to proliferate (Barcellos-
Hoff et al., 1989; Lee et al., 1985; Lee et al., 1984; Lee et al., 2007; Li et al.,
1987; Petersen et al., 1992; Xu et al., 2009a). In a systems-based approach, it
was found that breast cancer cell lines cultured in 3D IrECM adopt colony
morphologies largely correlating with cell invasiveness, gene expression,
molecular subtype, and whether they originated from metastases (Kenny et al.,
2007), and high content screens are underway to monitor how the 3D ECM
microenvironment influences tumor cell biology and drug response. The advent
of more advanced culture techniques, such as xenograft, 3D cell cultures, and
heterotypic cell co-cultures (Gudjonsson et al., 2002; Hu et al., 2008; Jedeszko et
al., 2009; Manabe et al., 2003; Rozenchan et al., 2009) have aimed to overcome
the biological shortcomings of conventional cell culture and are now
commonplace. However, another disadvantage of using a collection of cells from
different patients (beyond issues of in vivo relevance) is that one cannot look at
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events related to tumor progression per se without a nonmalignant comparison
from the same patient.

1.5. The HMT-3522 and MCF10 isogenic models are useful culture
surrogates for understanding BLBC progression

To eliminate confounding factors associated with comparing nonmalignant
and cancerous cells from different patients, isogenic cell culture models
recapitulating stages of breast cancer progression from nonmalignant to frank
malignancy have been established by independent approaches. The MCF10
progression series is comprised of cells that, upon injection into the mammary
gland of mice, are nonmalignant (MCF10A), form benign hyperplasia
(MCF10neoT), form comedo-type ductal carcinoma in-situ (MCF10DCIS.com), or
form invasive carcinomas (MCF10CA1) (Miller et al., 2000; Miller et al., 1993).
The series was established by infecting nonmalignant MCF10A cells (originally
obtained from a reduction mammoplasty) with viruses expressing constitutively-
active H-Ras, to generate MCF10neoT. Serial passaging the MCF10neoT
xenografts in mice leads to the eventual formation of a tumor containing mixed
DCIS and invasive foci; one such tumor was dissociated and clonal isolates were
expanded into the MCF10DCIS.com and MCF10CA1 lines. The cell lines within
the MCF10 series have a basal-like gene expression signature and
immunohistochemical staining profile (Behbod et al., 2009; Hu et al., 2008), and
thus are proposed to be a good model to study BLBC progression. One caveat of
the model, however, is that it was established by overexpressing a constitutively-
active oncogene that has no reports of being mutated in breast cancer.
Nonetheless, this progression model has been used in numerous studies owing
to the histological similarity between xenografts and their human breast lesion
counterparts, the rarity of other models for DCIS, and due to the ability of the
MCF10A to form polarized, acinar-like structures in 3D IrECM cultures (Aranda et
al., 2006; Debnath et al., 2003; Hu et al., 2008; Miller et al., 2000; Miller et al.,
1993; Muthuswamy et al., 2001).

We have previously described and are actively characterizing another
isogenic culture model of human breast tumorigenesis (called HMT-3522) that
encompasses nonmalignant (S1), premalignant (S2), preinvasive (S3), and
tumorigenic/invasive (T4-2) cell populations (Briand et al., 1996; Briand et al.,
1987; Fournier et al., 2006; Kenny and Bissell, 2007; Liu et al., 2006a; Liu et al.,
2004; Petersen et al., 1992; Rizki et al., 2007; Rizki et al., 2008; Wang et al.,
2002a; Weaver et al., 2002; Weaver et al., 1997). This series has two major
advantages over the MCF10 series, the first being that the series was
established without exogenous oncogene addition, and secondly, cells are
cultured in chemically-defined media lacking serum. Similar to MCF10A, S1 cells
were established from a reduction mammoplasty, are nonmalignant, are
dependent on exogenous growth factors for proliferation, and form polarized,
acinar-like structures when cultured in 3D IrECM (Fournier et al., 2006; Petersen
et al., 1992). One hallmark of cancer is the ability for cells to proliferate in the
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absence of exogenous growth factors (Hanahan and Weinberg, 2000), and in
line with this model, a premalignant population of cells (S2) were selected from
S1 cells by culturing them in the absence of epidermal growth factor (EGF) for
several generations (Briand et al., 1996). These cells are self-sufficient for EGFR
activation, form disorganized, heterogeneously-sized colonies in 3D IrECM, and
a rare small-sized tumor in mice. Clonal isolates from S2 cells (S3) were
expanded into independent lines based on colony size in 3D IrECM
(S3A<S3B<S3C), with S3C in particular having transcriptional and biological
features of a preinvasive cell line (Rizki et al., 2007; Rizki et al., 2008). Lastly,
serial S2 tumor transplantation and expansion in culture yielded a cell population
(T4-2) that forms very large disorganized colonies in 3D IrECM, and is 100%
tumorigenic and invasive in vivo (Briand et al., 1996; Rizki et al., 2008; Weaver et
al., 1997).

As with the MCF10 series, the HMT-3522 series have basal-like molecular
profiles and are thought to best model BLBC progression (Kenny et al., 2007;
Rizki et al., 2007; Rizki et al., 2008). Tumors formed from T4-2 xenografts display
many cardinal features of human BLBCs, including high histological grade,
positivity for cytokeratin (Ck) 5/6, robust EGFR expression, negativity for HER2,
ER, and progesterone receptor (PR), high Ki-67 proliferative index, acellular
central necrotic regions, squamous differentiation, and aggressive invasion into
surrounding soft tissue (Rizki et al., 2008). In addition to modeling tumor
progression, the series has been extensively used to model events related to
pharmacologic response and corresponding phenotypic reversion; by correcting
the elevated signaling observed in T4-2 cells, one can restore the polarity and
growth arrest observed in S1 3D IrECM cultures, and can inhibit tumorigenesis in
mice (ltoh et al., 2007; Kenny and Bissell, 2003; Liu et al., 2004; Park et al.,
2008; Wang et al., 2002a; Wang et al., 1998; Weaver et al., 1997). One caveat to
the HMT-3522 series is that many signaling pathways that are altered during
tumor progression in this model are either directly or indirectly integrated with
EGFR signaling (Kenny and Bissell, 2007; Liu et al., 2004; Rizki et al., 2007;
Wang et al., 1998; Weaver et al., 1997) — there is an inherent bias towards the
EGFR pathway, which is unsurprising given how the cell lines were established.
As one frequent feature of BLBC is elevated EGFR expression (Cheang et al.,
2008; Nielsen et al., 2004), this caveat may actually reinforce the utility of the
HMT-3522 series as a model for BLBC progression. Interestingly, overexpression
of EGFR in S1 cells increases cell proliferation but does not disrupt basal
polarity, suggesting that there is more involved in the malignant progression than
EGFR amplification (Chen et al., 2009; Wang et al., 1998). Given that the HMT-
3522 and the MCF10 series recapitulate many features of basal-like malignant
progression, both models are useful tools to dissect molecular events related to
breast cancer progression in general or to the BLBC subtype specifically.



1.6. 14-3-30 is a protein upregulated during HMT-3522 progression.

In an attempt to discover novel proteins related to tumor progression,
previous unpublished work in the Bissell lab focused on performing 2D gel mass-
spectrometry profiling of the HMT-3522 cells when cultured in 3D IrECM. In this
analysis, 14-3-30 emerged as a protein that is expressed 2.3-fold higher in T4-2
cells relative to their non-malignant counterpart, S1. In an independent study
using an alternative proteomics approach, 14-3-3c levels in T4-2 was similarly
shown to be 2-fold higher than in S1 cells (Yan et al., 2005); however, in this
study, cells were cultured in 2D tissue culture flasks rather than in 3D IrECM. 14-
3-30 belongs to a conserved family of molecular scaffolds comprised of seven
known mammalian isoforms (B, v, €, n, o, 6/1, and {) which regulate pathways
involved in growth regulation and cell cycle progression through binding and
sequestering the subcellular distribution of many ligands (Aitken, 2006;
Mhawech, 2005; Porter et al., 2006). Indeed, well over 200 different 14-3-3
ligands have been documented, implicating 14-3-3 proteins as central regulators
of many cellular functions. 14-3-3 proteins interact with phosphorylated proteins
through consensus phosphoserine motifs that are of sequence RSXpSXP or
RXY/FXpSXP (Yaffe et al., 1997), though many examples of phosphorylation-
independent interactions and those involving nonclassical epitopes have been
documented (Borch et al., 2002; Jin et al., 2004; Ottmann et al., 2007; Petosa et
al., 1998).

The crystal structures of all seven mammalian 14-3-3 isoforms and one
tobacco 14-3-3 isoform has been published (Gardino et al., 2006; Liu et al., 1995;
Ottmann et al., 2009; Wilker et al., 2005; Xiao et al., 1995; Yang et al., 2006c¢)
and reveal a highly conserved molecular blueprint. 14-3-3 functions as a dimer,
and each monomer is comprised of 9 alpha-helices that, as a dimer, form a
horseshoe-shaped unit. Highly conserved domains in the N-terminus are thought
to be involved in dimerization, while the C-terminus helices are implicated in
ligand binding (Gardino et al., 2006; Herron et al., 2005; Li et al., 2005; Wilker et
al., 2005; Yaffe et al., 1997). 14-3-30 is the most divergent of the mammalian
isoforms, based on both sequence alignment data and on its unique biology. It
contains three specific residues facing the ligand binding pocket that are not
present in the other six 14-3-3 isoforms; mutating these residues to their
analogous residues found in other isoforms allows the protein to interact with
cdc25C, normally a ligand for other 14-3-3 isoforms but not 14-3-30 (Wilker et al.,
2005). Additionally, while other 14-3-3 members can heterodimerize, 14-3-30
and gamma exclusively form homodimers (Wilker et al., 2005). In 14-3-30, this
homodimerization is mediated by salt bridges and aromatic stacking interactions
that are only possible between 14-3-30 monomers, and performing mutagenesis
on these residues allows it to form heterdimers with the remaining six 14-3-3
members and perturbs 14-3-30 biological activity (Li et al., 2009; Verdoodt et al.,
2006; Wilker et al., 2005). These structural studies demonstrated that although
14-3-3 isoforms are highly conserved and have essentially superimposable
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crystal structures, there are a sufficient number of subtle differences between the
family members to allow specificity and thus unique biology.

1.7. 14-3-30 and its complicated biology in cancer.

Of the seven isoforms, 14-3-30 and 14-3-3zeta have been implicated the
most in breast and other cancers. Two recent studies link 14-3-3zeta expression
with breast cancer recurrence, tumorigenesis, and progression from DCIS to
invasive carcinoma; interestingly, both studies suggest that the protumorigenic
events are related to signaling through the HERZ2/ErbB2 pathway (Lu et al.,
2009a; Neal et al., 2009), suggesting tumor subtype-specific roles for 14-3-3zeta.
Expression of this isoform has also been implicated in other tumor types,
including the lung (Li et al., 2008), mouth (Matta et al., 2007), head and neck
(Matta et al., 2008; Ralhan et al., 2008), and lymphoma (Maxwell et al., 2009)
among others.

Less clear is the role for 14-3-30 in human cancers. This isoform was
initially characterized in human mammary epithelial cells, and its expression was
shown to be epigenetically regulated in breast tumors through promoter
methylation or estrogen-regulated proteolysis (Ferguson et al., 2000; Prasad et
al., 1992; Umbricht et al., 2001; Urano et al., 2002; Vercoutter-Edouart et al.,
2001). 14-3-30 promoter methylation occurs in as many as 91% of breast
cancers, leading many to predict that 14-3-30 is a tumor suppressor gene. In
further support of this theory, work from the Vogelstein lab has shown that 14-3-
30 functions as an enforcer of the G2/M checkpoint in HCT116 colorectal cancer
cells that is upregulated in response to DNA damage (Chan et al., 1999;
Hermeking et al., 1997), and it has additionally been shown to facilitate mitotic
translation in HeLa and U20S cells (Wilker et al., 2007). Recent studies have
suggested 14-3-30 is involved in regulating mammary epithelial cell polarity (Ling
et al.,, 2010), which together with the earlier studies mentioned above,
compellingly argue that 14-3-30 is a tumor suppressor.

However, there have been other reports in the literature challenging the
dogma of 14-3-30 acting exclusively as a tumor suppressor gene that is silenced
by methylation in cancer. In one such study it was shown that despite the high
frequency of promoter methylation observed in breast tumors, protein silencing is
an infrequent event in breast cancer (Moreira et al.,, 2005). This agrees with
recent data showing that in a panel of 302 vulval squamous cell carcinomas, only
25% of tumors have low 14-3-30 protein levels despite 100% of the tumors
tested (n = 57) having 14-3-30 promoter methylation (Wang et al., 2008). In
another immunohistochemical study, 14-3-3c was found to be expressed highly
in 10 of 12 cases of BLBCs, and its cytoplasmic localization predicts poor clinical
outcome (Simpson et al., 2004). 14-3-30 expression is elevated in pancreatic
(Hustinx et al., 2005; Okada et al., 2006), colorectal (Perathoner et al., 2005),
head and neck (Ralhan et al., 2008), and endometrial carcinomas (Nakayama et
al., 2005), as well as in various epithelial cancers with squamous differentiation
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(Laimer et al., 2009; Mhawech et al., 2005; Nakajima et al., 2003; Wang et al.,
2008), suggesting that 14-3-30 has other (likely tissue-specific) functions related
to cancer progression, rather than suppression.

In support of this, it was found that forced 14-3-30 overexpression in
HCT116 colorectal cancer cells, the very cell line where this protein was first
demonstrated to regulate the G2/M checkpoint, promotes cell motility (Ide et al.,
2007). This observation, in conjunction with that of elevated 14-3-30
immunohistochemical staining at the invasive front of tumors in patients,
suggests a role for 14-3-30 in facilitating colorectal tumor progression to invasive
carcinoma. Forced expression of 14-3-30 in PANC-1 pancreatic cancer cell lines
similarly promotes cell migration and invasion without influencing proliferation
(Neupane and Korc, 2008). These studies provide evidence that this molecule
can regulate tumor cell migration independently from its cell cycle roles, though
there is currently no mechanism to account for this. Intriguingly, there are reports
of 14-3-30 secretion from cells via a non-classical secretion pathway (Ghahary et
al., 2004; Leffers et al., 1993), and the presence of 14-3-30 in interstitial fluid
perfusing the breast tumor microenvironment has been demonstrated (Celis et
al., 2004); in keratinocytes, this extracellular 14-3-3c has been shown to
stimulate matrix metalloproteinase expression in dermal fibroblasts during wound
healing (Ghaffari et al., 2006; Ghahary et al., 2004; Ghahary et al., 2005). These
data suggest that 14-3-30c may modulate cell motility, heterotypic cellular
interactions, and ECM remodeling within the tumor microenvironment to regulate
tumor invasion.

In agreement with these reports, 14-3-30 expression has been shown to
predict poor clinical outcome in breast, lung, head and neck, pancreatic,
colorectal, and oral cancers (Hustinx et al., 2005; Laimer et al., 2009; Matta et
al., 2008; Perathoner et al., 2005; Ramirez et al., 2005; Simpson et al., 2004);
however, in other malignancies such as endometrial and ovarian cancers, 14-3-
30 expression predicts good clinical outcome (Akahira et al., 2004; Ito et al.,
2005). Other studies have shown that 14-3-30 expression confers drug
resistance in breast, pancreatic, and prostate cancer cell lines (Han et al., 2006;
Li et al., 2009; Liu et al., 2006b; Neupane and Korc, 2008; Neve et al., 2006).
While the link between 14-3-30 and drug resistance may explain how expression
of this protein correlates with poor clinical outcome of certain tumors, the
mechanism by which 14-3-3c contributes to pharmacological response is
unclear. What is apparent is that the role for 14-3-30 in cancer progression or
prevention is complicated, highly dependent on tumor type and context, and
warrants further characterization.

1.8. Hypothesis.

In the normal breast, 14-3-30 has been shown to be expressed three-fold
higher in myoepithelial cells than in luminal cells (Moreira et al., 2005; Simpson
et al., 2004). This observation, in conjunction with a pilot study showing high 14-
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3-30 inmmunoreactivity in 10 of 12 BLBCs (Simpson et al., 2004), and previous
proteomic data showing elevated 14-3-30 expression during HMT-3522 BLBC
progression (Yan et al., 2005), led me to hypothesize that 14-3-30 may serve an
important function in breast cancer progression, particularly in the basal-like
subtype. Furthermore, using the two isogenic breast tumor progression series
(HMT-3522 and MCF10) as a model for BLBC progression could provide clues
as to what these functions entail. As such, the goal of my PhD research has been
to characterize the functions of 14-3-30 in breast cancer progression, in
particular within the BLBC subtype.
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CHAPTER 2. MATERIALS AND METHODS
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2.1. Cell Culture
2.1.1. Media, additives, and substrata

All cell culture media, fetal bovine serum (FBS) and trypsin was obtained either
from Gibco or from the UCSF Cell Culture core facility. HMT-3522 cells (S2, S3C,
and T4-2) were maintained on flasks coated with acid extracted collagen type |,
supplied either as Vitrogen (Celtrix Laboratories) or as PureCol (Advanced
BioMatrix). IrECM was obtained either from BD Biosciences (marketed as
Matrigel) or from Trevigen (marketed as Cultrex). Each lot of collagen or IrECM
was carefully validated prior to use in cultures. Additives used to culture the
HMT-3522 cell lines were provided by Sigma (insulin, transferrin, estradiol,
prolactin, soybean trypsin inhibitor) or BD Biosciences (sodium selenite,
hydrocortisone, EGF).

2.1.2. Cell lines

HMT-3522 S1, S2, S3C, and T4-2 were maintained in tissue culture monolayers
as previously described (Lee et al., 2007; Petersen et al., 1992; Rizki et al., 2008;
Weaver et al., 1997). MCF10neoT and MCF10DCIS.com cells were kindly
provided by Dr. Fred Miller (Karmanos Cancer Institute, Detroit, MI) and cultured
in the same manner as MCF10A cells (Debnath et al., 2003), which were
available from ATCC. BT549, HCC1143, and MDA-MB-231 cell lines were
obtained from ATCC and were maintained as previously described (Neve et al.,
2006). 293FT cells were obtained commercially (Invitrogen) and cultured as
recommended.

2.1.3. 3D IrECM cultures

Cells were cultured on top of I'TECM as described (Lee et al., 2007). Briefly, a thin
coat of IrECM (600uL) was evenly spread onto 35mm dishes, allowed to
polymerize, then cells were seeded on top of the gel and cultured for 4-5 days in
the presence of growth media containing 5% IFECM. For stellate morphogenesis
assays, individual wells of a 24-well plate were coated with 200uL of IrECM and
40,000 cells were seeded on top of the polymerized gel. MCF10DCIS.com cells
were cultured in MCF10A 3D assay media (Debnath et al., 2003) for 4 days, then
the number of invasive cellular projections per colony were manually counted in 5
independent fields per well. Results presented are the average number of
projections per colony for 3 independent wells.

2.1.4. Invasion and migration assays

Cell motility was measured as previously described using wound healing or
transwell chemotaxis assays (Liu et al., 2006a). In the scratch assay, cells were
seeded at quadruple the normal seeding density and grown until confluent, at
which point a scratch was made in the monolayer with a p1000 pipet tip. The rate
at which the gap closed was measured after 24 hours, with the experiment
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performed in triplicate. For transwell chemotaxis assays, 100,000 cells in 300ul
media were seeded in 24-well transwell inserts in at least triplicate (8um pore
size), 300pl media was added to the bottom well, and cells were allowed to
adhere overnight. 15yl FBS was then added as a chemoattractant, and cells
were allowed to migrate for 24 hours. Cells which migrated through the insert to
the underside were simultaneously fixed and stained in methanol:water:acetic
acid (9:9:2) containing 0.01% Commassie brilliant blue for 20 minutes, rinsed,
then the upper side scrubbed with a cotton swab, and the number of cells that
passed through to the underside of the membrane were manually counted in 5
independent fields per insert. Alternatively, representative images were collected
at low magnification (4x) to cover the majority of the membrane area, and the
percentage of membrane area occupied by cells was quantified in Imaged by
thresholding images, then using the “Measure” command. Data were presented
relative to control cells in all experiments. Invasion assays were performed the
same as transwell chemotaxis assays, except using membranes precoated with
IrECM according to the manufacturer’s protocol (BD Biosciences). For MDA-MB-
231, cells were starved overnight in 0.2% FBS, then passaged using non-
proteolytic cell dissociation buffer (Sigma). Following dislodgment, cells were
resuspended in Hank’s balanced salt solution (Sigma), pelleted, then
resuspended in media containing 0.2% FBS. 50,000 cells were seeded in the
transwell inserts, and media containing 10% FBS was added to the bottom well
the same day. Transwell migration/invasion was quantified 20 hours later.

2.1.5. BrdU proliferation assay

Proliferation in culture was measured by using a BrdU labeling kit (Roche)
following the manufacturer’s protocol. Cells were pulsed with BrdU for 1hr prior to
fixing and immunofluorescence, and nuclei were counterstained with DAPI. The
percentage of BrdU-positive nuclei were quantified using a Zeiss Axiovert 200
fluorescence microscope; a total of >200 nuclei were scored, and each
experiment was performed in triplicate.

2.2. Plasmids
2.2.1. shRNA constructs

For RNA interference, sense and antisense oligonucleotides encoding previously
validated shRNAs targeting 14-3-30 (Wilker et al., 2007) or a scrambled
sequence were synthesized. The oligonucleotides were designed to have Bglll
and Hindlll overhangs once annealed, and are as follows:

sh-scrambled sense: 5- GATCCCC ACGATCGAGTATCGAGGTA TTCAA
GAGA TACCTCGATACTCGATCGT TTTTTGGAAA -3'

sh-scrambled antisense: 5'- AGCTTTTCCAAAAA ACGATCGAGTATCG
AGGTA TCTCTTGAA TACCTCGATACTCGATCGT GGG -3'
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sh-14-3-30 sense: 5'- GATCCCC GTGACCATGTTTCCTCTCA TTCAA GAGA
TGAGAGGAAACATGGTCAC TTTTTGGAAA -3'

sh-14-3-30 antisense: 5'- AGCTTTTCCAAAAA GTGACCATGTTTCC TCTCA
TCTCTTGAA TGAGAGGAAACATGGTCAC GGG -3

(bold text - targeting sequence and its complement, jtalics - loop sequence)

Annealing was performed by diluting sense and antisense oligonucleotides to a
final concentration of 0.25ug/ul in minimal restriction buffer (10mM Tris-Cl, 50mM
NaCl, 10mM MgCl,, 1mM DTT), followed by incubating samples at 95C for 3
minutes then at 37C for one hour. DNA duplexes were directionally subcloned
into pPENTR-pTER™ at a 1:10 molar ratio of vector:duplex using DNA Ligation Kit
version 2.1 (Takara). Once in pENTR-pTER", the shRNAs were recombined into
pLenti-RNAi-Puro-DEST#2 using LR-Clonase (Invitrogen). Both pENTR/pTER”
and pLenti-RNAi-Puro-DEST#2 were kindly provided by Eric Campeau
(Lawrence Berkeley National Laboratory, Berkeley, CA).

2.2.2. 14-3-30, actin, and profilin expression constructs

pFlagCMV2-14-3-3c was kindly provided by Dong-Er Zhang (addgene plasmid
#12453), and was used as a PCR template to amplify full-length or C-terminal
truncated 14-3-30, with and without an N-terminal FLAG epitope. To generate
14-3-30"°, PCR primers were designed to incorporate a premature stop codon at
residue 203. Similarly, human B-actin (wild-type and R62D) and profilin-1 (wild-
type and S137D) constructs were obtained from Virginia Spencer (Life Sciences
Division, Lawrence Berkeley National Laboratory) and Jieya Shao (Department
of Neurology, Washington University School of Medicine), respectively, and were
used as PCR templates. Amplicons were incorporated into pCR2.1 TOPO
vectors following the manufacturer’s protocol (Invitrogen), and then directionally
ligated into pENTR1A (Invitrogen; now discontinued) using BamHI and Notl or
Xhol restriction sites. YFP was amplified from pEYFP-C1 (CIontechTM; now
discontinued) using primers allowing an in-frame N-terminal fusion to 14-3-30,
generating YFP-14-3-30 in pENTR1A. Once in pENTR1A, plasmids were
recombined into either pLenti-CMV/TO-Puro-DEST#2 or pLenti-CMV/TO-Neo-
DEST#2 (both kindly provided by Eric Campeau, Lawrence Berkeley National
Laboratory, Berkeley, CA) depending on the selection marker necessary, using
LR Clonase Il. To generate the CMV/TO-Gus control, pENTR1A-Gus (supplied
as a positive control with LR Clonase Il) was used in the recombination step.

2.2.3. mCherry and LifeAct-mCherry constructs

Wild-type mCherry was PCR amplified from a donor plasmid (pLentiR4R2V5-
DEST UbC-mCherry, kindly provided by Curt Hines, Lawrence Berkeley National
Laboratory, Berkeley, CA) to incorporate a unique N-terminal Nhel site, and was
then incorporated into pCR2.1 TOPO. Sense and antisense oligonucleotides
encoding the  first 17 residues of S. cerevisiae  ABP140
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(MGVADLIKKFESISKEE), a flexible linker (GDPPVAT) (Riedl et al., 2008), and
flanking BamHI and Nhel sites were synthesized and annealed as above (see:
2.2.1. shRNA constructs). The oligos used were as follows:

sense: 5'-GATCCATGGGTGTCGCAGATTTGATCAAGAAATTCGAAAGCA
TCTCAAAGGAAGAAGGCGATCCACCAGTTGCTAC-3'

antisense: 5'-CTAGAAGTAGCAACTGGTGGATCGCCTTCTTCCTTTGAGAT
GCTTTCGAATTTCTTGATCAAATCTGCGACACCCATG-3'

Duplex oligonucleotides were directionally ligated in frame with the mCherry N-
terminus to yield Lifeact-mCherry, which was subsequently cloned into pENTR1A
(Invitrogen). Alternatively, mCherry was subcloned into pENTR1A without the
LifeAct peptide as a control. Once in pENTR1A, the LifeAct-mCherry was
recombined into pLenti as above (see: 2.2.2. 14-3-30, actin, and profilin
expression constructs).

2.2.4. lentivirus production and infection

For lentiviral production, pLenti plasmid obtained as described above (either
expressing shRNAs or transgenes) was cotransfected with pLP1, pLP2, and
pLP-VSVG plasmids (all from Invitrogen) into 293FT host cells using Fugene6
transfection reagent (Roche) at a 3:1 ratio of Fugene6:DNA. Viral supernatants
were collected two days following transfection, 0.45um filtered, and concentrated
by ultracentrifugation at 150,000xg for 2 hours to pellet viral particles, which were
then resuspended in 1/100™ the original volume and aliquoted. Concentrated
virus was diluted 100X in media containing 4ug/mL polybrene, and was added to
cells during log-growth phase for infection. Cell lines were stably selected with
puromycin or G418 (depending on the pLenti used) beginning two days post-
infection.

2.2.5. pGex constructs

For recombinant GST-14-3-3c protein purification, pGEX-2TK 14-3-30 was kindly
provided by Michael Yaffe (Massachusetts Institute of Technology, Cambridge,
MA; Addgene plasmid 11944). The control (GST expressing) plasmid was made
by excising the 14-3-30 gene with BamHI| and EcoRI restriction endonucleases,
then blunt ligating the overhangs of the vector backbone.

2.2.6. plasmid sequencing

Prior to use in experiments and subsequent cloning steps, all plasmids were
sequence verified using commercial services (Quintara Biosciences, Berkeley,
CA; SeqWright Inc, Houston, TX).
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2.3. Protein Analysis and Purification
2.3.1. Antibodies

The antibodies, suppliers, and their dilutions used for western blot analysis are
as follows: From Cell Signaling: cofilin-pSer3 (3313);1:250, FAK (3285);1:500,
FAK-pTyr397 (3283);1:500, Src (2102);1:500, Src-pTyr416 (2101);1:500, LIMK1
(3842);1:500, LIMK1/LIMK2-pThr508/505 (3841);1:250, ERK1/2 (9102);1:1000,
ERK1/2-pThr202/Tyr204 (9101);1:250, GSK3B (9332);1:500, GSK3B-pSer9
(9336);1:500, AKT-pSer473 (9271);1:500, profilin-1 (3237);1:500. From Santa
Cruz: 14-3-30 (C-18);1:500, 14-3-30 (N-14);1:500, vimentin (C-20);1:500, Lamin
A/C (H-110);1:1000. From Sigma-Aldrich: B-actin (AC-15);1:2000, anti-FLAG
(M2);1:500. From BD Biosciences: E-cadherin (36);1:1000, AKT (7);1:1000.
From Abcam: cofilin (Ab42824);1:1000.

2.3.2. Western blot analysis

Cells grown in monolayers were rinsed in PBS, then lysed in RIPA buffer (1%
NP-40, 0.5% deoxycholate, 0.2% SDS, 150mM NaCl, 50mM Tris-HCI pH 7.4;
supplemented with fresh protease and phosphatase inhibitor cocktails
(EMDBiosciences) immediately prior to use) and clarified at 13,200xg. Cells
grown in 3D IrECM were isolated using ice-cold PBS-EDTA (1x PBS, 5mM
EDTA, 50mM NaF, 2mM NaVOs;, supplemented with fresh protease inhibitor
cocktail) (Lee et al., 2007) before lysis as above. Equal amounts of protein
(typically 20pg) were resolved on precast Novex 4-20% Tris-Glycine gels
(Invitrogen), transferred to nitrocellulose membranes, and then immunoblotted
according to recommended durations/temperatures and blocking buffers, at
dilutions specified earlier (see: 2.3.1. antibodies). To ensure uniform protein
loading in gels and no errors/air bubbles occurred during transfer to
nitrocellulose, membranes were stained with Ponceau stain (0.1% Ponceau S in
5% acetic acid) prior to performing western blot analysis. For Triton X-100
soluble and insoluble fractionation, cells were lysed in 10cm? dishes on ice for 5
minutes with 2mL PBS + 1% Triton X-100 and protease inhibitors, the soluble
fraction was removed and clarified, while the insoluble cytoskeleton fraction was
rinsed with PBS then solubilized with 2mL 8M urea. Equal volumes of soluble
and insoluble fractions were loaded, and the ratio of soluble to insoluble actin
was calculated following western blot (see: 2.3.6. Quantification).

2.3.3. GTPase activity assays

Cells were rapidly lysed in GST-Fish buffer (10% glycerol, 1% NP-40, 100mM
NaCl, 2mM MgCl,, 50mM Tris-HCI, pH 7.4, supplemented with fresh protease
and phosphatase inhibitors), and all subsequent work prior to SDS-PAGE was
performed rapidly on ice. Small GTPase activity was detected by affinity capture
assays (Millipore) using agarose beads coated with RBD-GST (for GTP-RhoA) or
PAK1-GST (for GTP-Rac1 and GTP-cdc42) according to suggested protocols.
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Western blot analysis was performed using Rac1, RhoA, and cdc42 antibodies
provided with the respective kits.

2.3.4. FLAG co-immunoprecipitation

For 14-3-30 co-immunoprecipitation, cells expressing FLAG-tagged proteins
(wild type and AC mutant) were lysed in IP buffer (1% Triton X-100, 150mM
NaCl, 1mM EDTA, 50mM Tris-HCI, pH 7.4; supplemented with fresh protease
and phosphatase inhibitor cocktails immediately prior to use). FLAG-tagged
proteins and any binding partners were isolated from cell lysates using anti-FLAG
M2 affinity gel (Sigma-Aldrich) by following the recommended protocol, and then
were resolved by SDS-PAGE for western blot analysis.

2.3.5. Protein purification and bioconjugation

Actin from young rabbit muscle tissue (Pel-Freez) was purified according to
previous methods (Pardee and Spudich, 1982). AlexaFluor488-conjugated actin
was generated by labeling 1mg of F-actin with AlexaFluor488-TFP ester
(Invitrogen) according to the manufacturer’s protocol, followed by subsequent
cycles of depolymerization, polymerization, and depolymerization to ensure
retention of activity following bioconjugation. For purification of recombinant
proteins, pGEX-2TK 14-3-30 (Yaffe et al., 1997) and the GST-expressing control
were used to transform BL21(DE3)pLysS cells (Promega), and while cells were
in log-growth phase, protein production was induced with 0.25mM IPTG for 4
hours. Pelleted cells were lysed in ice-cold PBS containing 1% Triton X-100 and
protease inhibitor cocktail, and recombinant proteins were purified using columns
packed with glutathione sepharose 4B according to the manufacturer’s protocol
(GE Healthcare). Protein purity was assessed by staining gels with SimplyBlue
SafeStain (Invitrogen).

2.3.6. Quantification

Quantification of western blot or SimplyBlue-stained gels was performed using
ImageJ software. Boxes of equal dimensions were drawn around bands, the
band density was measured, and a background spot outside of the region was
measured and subtracted from each sample. Experiments were optimized in
order to prevent saturation of signal.

2.4. In Vivo Studies
2.4.1. Mouse mammary gland sections

Mouse mammary sections from archival formalin-fixed, paraffin-embedded tissue
blocks were kindly provided by Jamie Bascom (Lawrence Berkeley National
Laboratory, Berkeley, CA). CD-1 mice were used in all studies, and all
experiments were approved by the Lawrence Berkeley National Laboratory
Animal Research and Welfare Committee. Hormone ablation was achieved by
surgical removal of ovaries (ovariectomy) at twelve weeks of age. Briefly, mice
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were anesthesized, a vertical incision (4 cm) was made in the skin over the
lumbar region along the dorsal midline, then another incision (2 cm) was made
into the peritoneum on each side of the mouse where the ovaries are located.
Ovaries were surgically removed from the uterine horns by severing the ovarian
ligament, the uteri and adipose tissue were carefully pushed back into the body
cavity, and incisions were closed by either suture with silk thread or staple.
Ovariectomy was followed by one week of postoperative rest before hormone
replacement to assure complete depletion of circulating estrogen and
progesterone. Subcutaneous injections (100 pL) of estrogen (100 ng/ml),
progesterone (100 ug/mL), or vehicle were given to mice in the region between
their two scapular bones. Mammary glands were excised and fixed in neutral
buffered formalin for immunohistochemical analysis.

2.4.2. Xenograft experiments

For xenografts studies, 5 million cells suspended in 100pL of media + 50%
Matrigel were injected subcutaneously into the rear flanks of 8 week old female
BALB/c (nu/nu) mice. Tumor sizes were measured three times a week with a
caliper until mice were sacrificed after 5-6 weeks of tumor growth. Volume was
calculated according to the formula:

V="%LxWxW (Tomayko and Reynolds, 1989)

Where L is the longest dimension and W is the shortest dimension of the tumor.
Tumors were fixed in 4% paraformaldehyde, paraffin embedded, sectioned, and
a subset of slides were stained with hematoxylin and Eosin (UCSF Mouse
Pathology Core) for histological analysis. These experiments were performed
using a protocol approved by the Lawrence Berkeley National Laboratory Animal
Research and Welfare Committee.

2.4.3. Immunohistochemistry

Immunohistochemistry of mammary sections and xenografts was performed as
previously described for 14-3-30 (Simpson et al., 2004), except endogenous
peroxidases were blocked with 0.3% H>O, rather than methanol. Antibody
specificity was confirmed by control staining in the absence of primary antibody,
or by pretreating the antibody with blocking peptide corresponding to the epitope
used to raise the antibody. Ki-67 immunohistochemistry was performed as
described (Rizki et al., 2008). Examples of nuclei scored as positive and negative
for Ki-67 are shown in Figure 10. All sections were counterstained with
hematoxylin. For heat map projection to emphasize staining intensity at the
invasive front of tumors, RGB images of T4-2 xenografts were converted to a 16-
bit image, inverted, and a 16-color LUT was applied using ImageJ software.
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2.5. Clinical Analyses
2.5.1. Tissue microarray staining and scoring

A tissue microarray (TMA) containing a series of 245 patients was constructed
with replicate 0.6 mm cores by a collaborator (Jorge S. Reis-Filho, Institute of
Cancer Research, London, UK) using archived tumor samples. All patients in the
cohort were diagnosed and managed at the Royal Marsden Hospital between
1994 and 2000. Patients received standard anthracycline-based adjuvant
chemotherapy, while endocrine therapy was additionally prescribed for patients
with ER-positive tumors. Complete follow-up was available for 244 patients,
ranging from 0.5 to 125 months (median = 67 months, mean = 67 months).
Tumors were graded according to a modified Bloom-Richardson scoring system
(Ellis et al., 1992) and size was categorized according to the TNM staging criteria
(Singletary and Connolly, 2006). 3um sections from the TMAs were mounted on
polylysine-coated slides and immunohistochemistry was performed with
antibodies raised against the following markers: ER, PR, HER2, EGFR, Ck 5/6,
Ck 14, Ck 17, Cyclin D1, Ki-67, p53, topoisomerase Il a, caveolin 1, caveolin 2,
and FOXA1, as reported elsewhere (Savage et al., 2007; Savage et al., 2008;
Tan et al.,, 2008). TMA sections were also subjected to chromogenic in situ
hybridisation (CISH) with SpotLight probes for CCND1, MYC, HERZ2, and
TOP2A, as previously reported (Arriola et al., 2007; Reis-Filho et al., 2006;
Rodriguez-Pinilla et al., 2007). Immunohistochemistry for 14-3-3c was performed
on the TMA cohort as previously described (see: 2.4.3. immunohistochemistry).
TMA tissue cores were analysed by three observers at the Institute for Cancer
Research (Felipe Geyer, Kay Savage & Jorge S. Reis-Filho) and cytoplasmic
and nuclear expression of 14-3-3c was scored as 0 = negative or weak staining,
1 = core contained no tumour cells or was missing, or + = strong staining
(Simpson et al., 2004). The analysis was performed with observers blinded to the
results of other immunohistochemical markers and patients’ outcome.

2.5.2. Microarray data and clinical information sources

Microarray expression data for patients comprising the Netherlands Cancer
Institute (NKI) cohort (van de Vijver et al., 2002) were publically available on the
Rosetta Inpharmatics server (http://www.rii.com/publications/2002/nejm.html),
and updated clinical data for the NKI patients was obtained from a more recent
publication (West et al., 2005). Clinical data and microarray data for patients
comprising the UCSF cohort (Chin et al., 2006) were kindly provided by Joe
Gray. Expression data and available clinical information for the Rotterdam cohort
(Wang et al.,, 2005b) were obtained from the NCBI GEO server (accession
number GSE2034). Details outlining the patient selection criteria, age, treatment
course, and other information for each cohort can be found in the respective
publications.
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2.5.3. Correlations between 14-3-30 and clinicopathological parameters

For gene expression data, patients were grouped based on ER status,
MammaPrint signature, and molecular subtype using the available clinical
information for each patient, and the mean 14-3-30 expression for patients within
each group was calculated. Given the binary nature by which
immunohistochemical staining is summarized (present versus absent),
correlations between 14-3-3c protein expression (and subcellular distribution)
and other immunohistochemical and histological markers assessed in the tissue
microarray analysis were determined using contingency analyses (Fisher's exact
test or x? test) as indicated, and were summarized in tabular form (Table 1 and
2). Tumors were classified into molecular subtypes wusing the
immunohistochemical surrogate of Nielsen and colleagues (Nielsen et al., 2004).

2.5.4. Kaplan-Meier analysis

Patients were sorted based on 14-3-30 expression into 14-3-30 high (above
median) and 14-3-30 low (below median) groups for Kaplan-Meier survival
analysis. Recurrence-free survival was considered the duration from diagnosis to
recurrence of any kind (including DCIS, invasive carcinoma, or distant
recurrence). For the UCSF cohort, the two probes having the highest Pearson
correlation (33322_i_at and 33323 _r_at; r = 0.961) were used to categorize 14-3-
30 expression groups. Statistics were calculated using the log-rank method.

2.6. Imaging and Analysis
2.6.1. Confocal microscopes

Live and fixed cells were imaged using a custom made spinning disk confocal
microscope (Solamere) based on a Zeiss Axiovert 200 microscope fitted with a
CSU10 confocal scanhead (Yokogawa) and a cell incubator. Images were
captured with a XR Mega 10 Intensified CCD camera (Stanford Photonics) under
63x Plan Apochromat (1.4 numeric aperture) oil immersion lens using QED
InVivo imaging software (Media Cybernetics). For colocalization and
fluorescence recovery after photobleaching experiments, a Zeiss 710 laser
scanning confocal microscope was used. Images were captured under 63x Plan
Apochromat (1.4 numeric aperture) oil immersion lens using Zen 2008 imaging
software (Zeiss).

2.6.2 Immunofluorescence

Immunofluorescence on formalin-fixed cells was performed according to
standard protocols. Antibodies/probes used and their dilution include 14-3-3c
(Santa Cruz, C-18; 1:50), B-catenin (Santa Cruz, H-102; 1:50), p-actin (Sigma,
AC-15; 1:100), profilin-1 (Cell Signaling, 3237; 1:100), phalloidin (AlexaFluor488-,
594-, or 633-conjugated, all from Invitrogen; 1:300), AlexaFluor488-, 568-, 594-,
or 633-conjugated secondary antibodies (all from Invitrogen; 1:300) ,and 4°,6-
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diamidino-2-phenylindole (DAPI; Invitrogen; 1:2000 of 10mg/mL stock). Briefly,
cells were fixed in neutral buffered formalin or 4% paraformaldehyde for 30
minutes at room temperature, permeabilized with 0.5% Triton X-100 for 5
minutes at room temperature, then blocked with blocking buffer (PBS + 0.2%
Triton X-100 + 5% BSA) for 1 hour. Primary antibodies were diluted in blocking
buffer, and cells were incubated with antibodies overnight at 4 C. Cells were
rinsed and stained with fluorescently-conjugated secondary antibodies and/or
fluorescently-conjugated phalloidin, then nuclei were counterstained with DAPI
and mounted with Vectrashield (Vector Labs). For F-actin quantification (Figure
18), the average pixel intensity of the phalloidin channel within a mask
encompassing the cell area was calculated using ImageJ software. For 3D image
projections (Figure 21), data from confocal stacks (50 z-sections, each < 0.1um
pixel depth) spanning the entire cell volume were used to build a 3D rendering in
Imaris software (Bitplane).

2.6.3. Live cell F-actin and 14-3-30 imaging

For live-cell imaging, cells were seeded onto 1.0 chamber coverslips (VWR)
previously coated overnight with type | collagen (PureCol; Advanced BioMatrix),
and only cells with marginal expression of fluorophores were selected for
analysis to minimize artifacts resulting from disrupted endogenous actin
dynamics. YFP-14-3-3c and LifeAct-mCherry transduced cells were grown to a
monolayer and scratched with a pipet tip to stimulate directional motility, and the
distributions of 14-3-3 and F-actin during cell migration was measured in 4
minute intervals using a spinning disk confocal microscope. Temperature, CO,,
and humidity were maintained constant throughout the experiments. Cells which
were not viable after the imaging were excluded from analysis. To generate
semi-quantitative heat maps, the pixel intensity of the mCherry fluorescence was
subtracted from that of the YFP channel for every frame of the movie using
ImagedJ software, generating a 32-bit differential map to which a 16-color LUT
was applied. The maxima and minima were adjusted equally in every frame to
compensate for differences in background intensity and fluorophore intensity per
cell while avoiding saturation in either channel, giving a positive value where
there is higher 14-3-30 intensity, a negative value where there is higher F-actin
intensity, and a neutral value where the intensities are equal.

2.6.4. Fluorescence recovery after photobleaching (FRAP)

LifeAct-mCherry, which was previously validated as a useful tool to measure F-
actin dynamics by FRAP (Riedl et al., 2008), was introduced into cells by
lentiviral transduction as described earlier. FRAP analysis and quantification was
performed with the Zeiss LSM 710 confocal microscope, using the bleaching
macro within Zen 2008 software. Regions were drawn to measure fluorescence
recovery, background intensity, and intensity changes within an unbleached
region over time subsequent to bleach cycles. >75% mCherry bleaching was
obtained following 30 iterations with 561nm laser at 100% intensity and a
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scanning speed of 3; recovery was typically >80% of original intensity.
Additionally, a channel for transmitted light was simultaneously collected and
analyzed for all the regions of interest, and if drift in focal plan or cell movement
was detected by the software, cells were eliminated from further analysis.
Recovery kinetics were fitted to an exponential curve, and the kinetic parameter
t12 (the time required for half the bleach recovery) was determined using Zeiss
Zen 2008 software.

2.6.5. Colocalization analysis

Cells stained for 14-3-30, F-actin, DAPI, and either profilin-1 or -actin were
imaged using a Zeiss 710 LSM with 63x Plan Apochromat (1.4 numeric aperture)
oil immersion lens, and colocalization analysis was performed using Imaris
software (Bitplane). Briefly, 14-3-30 immunofluorescence was used to generate a
surface mask by automatic threshold detection as previously described (Costes
et al., 2004) to exclude sites with a diameter of less than 0.2um. The Costes
colocalization coefficients (Costes et al., 2004) were measured using Imaris and
used to assess the non-random staining intensity levels of B-actin, profilin-1, and
F-actin with respect to areas occupied by 14-3-30 within the mask. All pixels
contributing to a positive correlation between channels were automatically
identified within each cell. To estimate random overlap, one channel was
spatially randomized and the resulting correlation between the two channels re-
evaluated. By repeating randomization a sufficient number of iterations, the
probability of having random overlap for a given amount of correlation could be
estimated (Costes et al., 2004). Using this method, all reported colocalizations in
this study are statistically significant (i.e. p<0.05). Comparable colocalization (or
anticolocalization) coefficients were obtained if other cytosolic proteins (such as
profilin-1 or B-actin) were used to build the surface mask, and a mask built with
the F-actin or DAPI channel resulted in no measurable colocalization. Reported
values are the smallest colocalization coefficients measured for n=10 cells; 14-3-
30, profilin-1, and the B-actin antibody showed no colocalization with F-actin
(phalloidin) staining, but significant colocalization to each other.

2.7. In Vitro Actin Assays
2.7.1. Actin binding and cosedimentation assays

For GST pull-down actin binding assays, purified actin was diluted to a
concentration of 0.1mg/mL (2.38 uM) in GST-Fish buffer and incubated with
either GST or GST-14-3-30 at a 1:1 molar ratio for 1hr at 4C. Recombinant
proteins and bound actin (if any) were pulled out of solution using glutathione
sepharose 4B (GE Healthcare), resolved by SDS-PAGE, and visualized using
SimplyBlue SafeStain (Invitrogen). For cosedimentation assays, actin was
incubated in a 8:1 ratio of G-actin:14-3-30 for 1 hour in G-buffer (2 mM Tris-Cl,
0.2 mM NaxATP, 0.5 mM 2-mercaptoethanol, 0.2 mM CaCl,, 0.005% azide, pH
8.0), then was polymerized by adding KCI to 50mM, Mg?* to 2mM, and ATP to
1mM. F-actin was pelleted by ultracentrifugation at 150,000xg for 1.5 hours
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(Pardee and Spudich, 1982), and the presence or absence of 14-3-3c which
cosedimented with F-actin was assessed by western blot. As a control, actin that
was not polymerized was included in the experiment.

2.7.2. Actin polymerization assays

For polymerization assays, 0.1 mg/mL actin was depolymerized into G-actin by
dialysis against G-buffer (Pardee and Spudich, 1982), then was incubated for 1
hour with recombinant proteins (1:1 molar ratio), and polymerized by addition of
KCl to 50mM, Mg* to 2mM, and ATP to 1mM concentrations. F-actin was
separated from residual G-actin by fractionation at 150,000g for 1.5 hours
(Pardee and Spudich, 1982), and the F- and G-actin pools were resolved by
SDS-PAGE and quantified by SimplyBlue staining as above. For fluorescent
actin polymerization assays, 1uM of AlexaFluor488-conjugated-G-actin (488-G-
actin; prepared as described earlier) was pretreated with 4uM of recombinant
protein, then polymerized and imaged by confocal microscopy. Alternatively,
pretreated 488-G-actin was introduced into cells permeabilized with 0.2mg/mL
saponin to measure in situ actin polymerization in the presence of ATP (Symons
and Mitchison, 1991). Following 488-G-actin incorporation, cells were fixed and
the endogenous F-actin cytoskeleton was counterstained with phalloidin.
Background intensity was adjusted by applying a threshold uniformly across all
cell fields, and actin incorporation, quantified as the ratio of the 488-actin
intensity divided by the phalloidin intensity, was calculated for at least 20
independent cell fields using ImagedJ software. To measure the kinetics of actin
polymerization from nucleation through steady-state polymerization and up to
equilibria, actin conjugated with pyrene was used in polymerization assays and
was purchased from Cytoskeleton. 0.05mg/mL of pyrene G-actin was pretreated
with GST or GST-14-3-30 in a 4:1 molar ratio of recombinant proteins:actin, then
actin was polymerized following the manufacturer’s protocol. Polymerization was
monitored in 30s intervals using a GENios fluorescence plate reader (TECAN)
with a custom emission filter (410nm bandpass 20, Omega Optics) and 365nm
excitation. Unpolymerized G-actin was measured over the time course to correct
for photobleaching.

2.8. Statistical Analysis

All graphs, including Kaplan-Meier survival curves, were constructed using
GraphPad Prism software (version 5.01). All statistics reported are the two-tailed,
95% confidence interval p-values for the statistical test indicated in the respective
figure legends.
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CHAPTER 3. RESULTS
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3.1. 14-3-30 is a marker of basal-like breast cancer
3.1.1. Rationale

BLBC represents the breast cancer subtype having the fewest clinical
management options, as this form of breast cancer does not express therapeutic
targets found in other subtypes, and tends to frequently occur as an “interval”
cancer that firmly establishes between mammograms and in younger women
(Banerjee et al., 2006; Nielsen et al.,, 2004; Rakha et al., 2006; Rakha et al.,
2008). As such, a priority in the breast cancer field is to establish novel methods
to improve the detection and treatment of basal-like breast cancers in a manner
more readily available to other breast cancer subtypes. BLBC patients have
among the worst 5-year clinical outcome of the breast cancer molecular subtypes
(Parker et al., 2009; Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003;
Sotiriou et al., 2003).

Using the HMT-3522 BLBC progression series, the Bissell lab and others
(Yan et al., 2005) have previously demonstrated that 14-3-30 is expressed highly
in malignant T4-2 cells relative to their non-malignant counterpart, S1. The
finding that 14-3-30 expression followed HMT-3522 malignant progression was
surprising, given that this molecule is widely described as a tumor suppressor: it
is frequently downmodulated in some breast tumors through promoter
methylation or proteolysis (Ferguson et al., 2000; Prasad et al., 1992; Umbricht
et al., 2001; Urano et al., 2002; Vercoutter-Edouart et al., 2001), and it functions
as an enforcer of the G2/M checkpoint in HCT116 colorectal cancer cells (Chan
et al.,, 1999; Hermeking et al., 1997). However, in a pilot immunohistochemical
study, 14-3-30 was found to be expressed highly in 10 of 12 confirmed cases of
BLBC and correlated with ER-negative tumors in the rest of the cohort (Simpson
et al.,, 2004). Expression was also reported in the myoepithelial cells of the
normal breast (Moreira et al., 2005; Simpson et al., 2004). As BLBC’s often
express myoepithelial cell markers, | hypothesized that 14-3-3c expression and
function in breast cancer may be contingent on the molecular subtype;
specifically, it remains expressed in the BLBC subtype of breast cancer, and thus
may serve to identify these tumors. Furthermore, by confirming that 14-3-30
expression identifies basal tumors in patients, the functions observed for this
protein in the HMT-3522 and MCF 10 series (if any) may have clinical implications
for the eventual therapeutic targeting of these tumors.

3.1.2. 14-3-30 expression follows malignancy in the HMT-3522 and
MCF10 models of BLBC progression.

| confirmed the proteomics data by western blot analysis, and found that
14-3-30 protein levels correlated well with HMT-3522 progression (Briand et al.,
1996; Briand et al., 1987) from S1 (non-malignant), to S2 (pre-malignant and
EGF independent), to S3C (pre-invasive and highly proliferative; Rizki et al.,
2008), and was highest in T4-2 (tumorigenic and invasive; Figure 1A). Similarly,
in the MCF-10 series, 14-3-30 expression was found to follow tumor progression
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(Miller et al., 2000; Miller et al., 1993) from MCF10A (non-malignant), to
MCF10neoT (premalignant and hyperproliferative), and to MCF10DCIS.com
(which form comedo-type DCIS in vivo) (Figure 1B). These data indicate that 14-
3-30 levels correlate with malignant progression in two independent, isogenic
models of BLBC, suggesting that 14-3-30 expression may be involved in BLBC
progression in patients and, if true, that the protein does not function as a tumor
suppressor in these tumors.

3.1.3. 14-3-30 expression is regulated by estrogen

One hallmark feature of BLBCs is their expression of proteins normally
restricted to nonmalignant myoepithelial cells, and similar to myoepithelial cells in
vivo (Giri et al., 1989; Petersen et al., 1987), their inability to respond to
estrogenic stimuli due to the lack of estrogen receptor expression. As mentioned
earlier, previous studies have shown that 14-3-3c expression is predominantly
restricted to myoepithelial cells in the normal human breast, a result | confirmed
and showed to be the case also in the mouse mammary gland (Figure 2). To
investigate whether 14-3-30 expression in myoepithelial cells of the normal
mammary gland is due to differences in hormone responsiveness between the
epithelial cell lineages of the mammary gland, 14-3-30 immunohistochemistry
was performed on sections obtained from ovariectomized mice (Figure 3). Upon
disruption of estrogenic signaling, a striking increase in the 14-3-30
immunohistochemical staining was observed in the entire mammary epithelium;
in particular, strong expression was no longer restricted to myoepithelial cells.
This phenotype could be rescued by exogenous injection of either estrogen or
progesterone into ovariectomized mice, indicating the regulation was directly
related to estrogenic signaling rather than another systemic event resulting from
ovariectomy (Figure 3).

It has previously been shown that 14-3-30 protein stability may be
modulated by Efp, an E3-ligase that is regulated by ER-mediated transcription
(Urano et al., 2002). However, whether 14-3-30 mRNA expression correlates
with ER activity independently from its regulation at the protein level has not
been previously investigated. To ascertain whether 14-3-30 mRNA could be
shown to inversely correlate with ER, microarray data from three independent
breast cancer patient molecular profiling studies (Chin et al., 2006; van de Vijver
et al., 2002; Wang et al., 2005b) were downloaded for analysis. In all three
patient cohorts, 14-3-30 mMRNA levels were significantly lower in ER-positive
tumors in comparison to ER-negative tumors (Figure 4A), indicating that 14-3-30
mRNA and protein both inversely correlate with estrogen receptor function.
These data, in conjunction with the ovariectomy data, indicate that the
distribution and expression of 14-3-30 protein and mRNA in the mammary gland
is linked with hormone receptor signaling, and further, provides evidence that
once estrogen receptor signaling is compromised as is the case for BLBC, 14-3-
30 expression becomes elevated and no longer restricted to the myoepithelium.
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3.1.4. 14-3-30 expression preferentially identifies the BLBC subtype

The finding that 14-3-30 expression is highest in ER-negative tumors led
me to further speculate that it may be a marker of BLBCs. Intriguingly, higher 14-
3-30 expression was observed in tumors that are categorized as poor prognosis
by the 70-gene MammaPrint signature, are high grade, or which have p53 or
BRCA1 mutation (Figure 4B, and data not shown), clinical features associated
with BLBC tumors. To address whether 14-3-30 expression is higher in BLBC
tumors, patients in the Netherlands Cancer Institute cohort (NKI-295) were
grouped based on their molecular subtype (West et al., 2005) and the average
14-3-30 expression for each subtype was measured (Figure 4C). 14-3-30
expression was significantly higher in BLBC tumors in comparison to other
molecular subtypes, and a similar trend was observed for the UCSF-130 breast
cancer patient cohort (data not shown). The microarray data provide evidence
consistent with the hypothesis that 14-3-30 expression is a marker of basal
tumors — its expression is highest in the basal subtype and in tumors with clinical
features of basal tumors.

While the microarray data provide good evidence of a connection between
14-3-30 expression and BLBCs, they do not indicate whether 14-3-3c could be
used to identify BLBCs in routine clinical samples, such as paraffin-embedded
tissue sections. To evaluate the potential for 14-3-30 as a marker for BLBC in
clinical samples, immunohistochemical analysis was performed on a tissue
microarray (TMA) spotted with tumor cores from 245 patients to correlate the
expression of 14-3-30 with breast cancer subtypes and clinical outcome. Scoring
was performed by a pathologist (Jorge Reis-Filho) and members of his group.
This series had been extensively characterized for expression of breast cancer-
specific markers in prior studies (Arriola et al.,, 2007; Reis-Filho et al., 2006;
Rodriguez-Pinilla et al., 2007; Savage et al., 2007; Savage et al., 2008; Tan et
al., 2008; Thorat et al., 2008).

Strong 14-3-30 cytoplasmic staining comparable to that of normal breast
myoepithelial cells was observed in 16.2% of cases (Table 1). Immunoreactivity
correlated positively with high histological grade, with high Ki-67 proliferative
index, as well as with expression of several BLBC markers (Ck 5/6, Ck 14, Ck
17, EGFR, and caveolins 1 and 2). In contrast, 14-3-30 immunoreactivity
correlated inversely with luminal tumor markers (ER, PR, and FOXA1). When
tumors were subclassified into luminal, basal-like, and HER2-positive subtypes
using the immunohistochemical surrogate of Nielsen et al (Nielsen et al., 2004),
strong 14-3-30 cytoplasmic staining was observed in 70% (16/23) of BLBC
tumors and in only 9% (15/164) of non-basal tumors. Importantly, 94% (16/17) of
tumors that are ER-negative and 14-3-30-positive were of BLBC subtype. These
data demonstrate that 14-3-30 immunohistochemical staining preferentially
identifies BLBC, particularly when used in conjunction with ER status, and
suggest that it may be employed among a panel of markers to classify breast
tumor subtypes.
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It has previously been shown that cytoplasmic 14-3-30 immunoreactivity
within tumors is correlated with poor clinical outcome (Simpson et al., 2004). In
this study, | found that 14-3-30 subcellular distribution correlated well with
molecular subtype, with cytoplasmic localization occurring most frequently in
basal tumors, whereas HER2+ or luminal tumors tend to either not express this
protein or only express it in the nucleus (Table 2, Figure 5A). Similar to the
previous report, | further show by Kaplan-Meier analysis that patients having
cytoplasmic 14-3-30 localization have a shorter 5-year survival than patients with
nuclear staining (Figure 5B). These data suggest that 14-3-30 subcellular
distribution, and hence function, is linked with breast cancer molecular subtype
and most likely clinical outcome.

3.1.5. 14-3-30 expression is correlated with poor clinical outcome

Evidence was presented earlier that 14-3-30 is a marker of BLBC, and
that its expression may have prognostic significance. To further support that 14-
3-30 expression correlates with poor clinical outcome and that it cannot be
generalized as a breast tumor suppressor, | performed Kaplan-Meier analysis on
the NKI-295 and UCSF-130 cohorts (Chin et al., 2006; van de Vijver et al., 2002)
to correlate 14-3-30 expression levels with clinical outcome. These were the only
microarray datasets with available clinical follow-up available for analysis. In the
NKI-295 cohort (van de Vijver et al., 2002), 14-3-30c mRNA expression correlated
with shortened overall, recurrence-free, and metastasis-free survival in patients
(Figure 6). A similar trend was observed in the UCSF-130 patient cohort (Chin et
al., 2006), robustly indicating that 14-3-30 expression is linked with poor clinical
outcome, and should not be described entirely as a breast tumor suppressor. |
have thus validated 14-3-30 to be a BLBC immunohistochemical marker
correlating with poor patient outcome, tumor recurrence, and tumor metastasis in
independent cohorts, and concurrently validated the HMT-3522 and MCF10
BLBC progression models as useful surrogates for investigating how 14-3-3c0
may be linked to the aggressive clinical features of BLBCs.

3.2. 14-3-30 regulates BLBC tumor invasion
3.2.1. Rationale

The findings that 14-3-30 expression correlates with malignancy in two
models of BLBC progression, that its expression identifies BLBC tumors in
patients, and that it correlates with poor clinical outcome, strongly suggest this
protein may have pro-tumorigenic functions at least in this subtype of breast
cancer. Indeed, recent studies have suggested that this protein may promote
invasion and migration of pancreatic, colorectal, and vulval cancer cells (Ide et
al., 2007; Li et al.,, 2009; Neupane and Korc, 2008; Wang et al.,, 2008) —
important prerequisites to metastasis - though there is limited knowledge of the
mechanism to account for this. Understanding how 14-3-3c functions in BLBC
progression may allow the development of novel therapeutics targeting
progression of this breast cancer subtype. As “function biomarkers” that both
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identify a tumor subtype and contributes to its pathology are well known for
luminal and HER2+ subtypes, and are presently being targeted by therapeutics
in the clinic (tamoxifen and Traustuzumab, respectively), this knowledge may
represent an important advance for the BLBC subtype.

During HMT-3522 progression, the cell lines progressively increase their
proliferation rate, invasiveness, tumorigenicity, metabolic activity, and growth
factor self-sufficiency (Briand et al., 1996; Briand et al., 1987; Petersen et al.,
1992; Rizki et al., 2008; Wang et al., 1998; Weaver et al., 1997), though many of
these processes are interrelated. In order to understand what function(s) 14-3-30
may be regulating during these events, | generated lentiviruses expressing
shRNA hairpins targeting its expression, and aimed to stably infect T4-2 cells and
assess what aspects of malignancy become altered as a consequence of gene
knockdown. Based on the previous 14-3-30 literature and on the changes in cell
behavior during progression in the HMT-3522 model, | hypothesized that 14-3-30
may contribute to BLBC progression either by regulating tumor cell motility and
invasion, or by influencing proliferation.

3.2.2. 14-3-30 regulates T4-2 cell migration and invasion

A previous immunohistochemical study in colorectal cancer has shown
that 14-3-30 staining intensity is highest at the invasive front of the tumors and
further, that its expression correlates with tumor invasion in patients (Ide et al.,
2007). Given the previous data implicating 14-3-30 subcellular distribution
correlates with tumor subtype and clinical outcome (Figure 5), | performed
immunohistochemical analysis on slides prepared from T4-2 xenografts to
measure its subcellular distribution and whether increased staining intensity
could be observed within specific regions of the tumors. The majority of the tumor
displayed homogenous 14-3-30 cytoplasmic staining and an absence of nuclear
staining. Importantly however, increased staining intensity was observed at the
invasive front where soft tissue infiltration occurs (Figure 7), suggesting that 14-
3-30 may somehow promote tumor invasion into the surrounding stroma.

To evaluate whether 14-3-30 may have as yet uncharacterized functions
in coordinating invasion and migration of BLBC cells, | generated T4-2 sub-lines
stably expressed shRNAs targeting 14-3-30 (sh-14-3-30) or a non-specific
sequence (sh-scr). The shRNA targeting 14-3-30 consistently knocked down
protein expression by >80%, which resulted in knockdown cells having
decreased migration in scratch assays, decreased transwell migration towards
an FBS chemoattractant, and decreased invasion through IrECM-coated
transwell inserts (Figure 8).

To assess whether the decreased motility and invasion of cells in culture
would hold true in vivo, T4-2 sh-scr and sh-14-3-30 cells were injected
subcutaneously into the rear flanks of immunocompromised mice, and the
histology of their tumors was evaluated by hematoxylin and eosin staining.
Control cell (T4-2 sh-scr) xenografts show a high degree of invasion into the
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surrounding mouse stroma and poor demarcation at the tumor periphery, as well
as central necrosis typically associated with proliferative tumors (Figure 9). In
contrast, tumors formed from T4-2 sh-14-3-30 xenografts are characterized by
more distinct margins and less perturbation to the adjacent normal mouse tissue
in comparison to control xenografts; this was consistently observed in all seven
tumors generated in the experiment. The in culture and in vivo data demonstrate
that 14-3-30 indeed has an uncharacterized role in regulating BLBC migration
and tumor invasion, emphasizing the importance this protein may play in BLBC
progression in patients.

3.2.3. 14-3-30 knockdown does not influence T4-2 proliferation

One possible explanation for the decrease in cell migration and invasion
observed in 14-3-30 knockdown cells is that proliferation is influenced by 14-3-
30. In other words, impaired motility and invasion are secondary, nonspecific
effects resulting from a decrease in cell proliferation. This is an important
consideration, given the well-established role for 14-3-3c in cell cycle regulation
(Chan et al., 1999; Hermeking et al., 1997; Wilker et al., 2007). However, it has
more recently been shown that 14-3-30 loss does not result in uncontrolled cell
cycle or mistimed G2/M progression in breast tumors relative to tumors having
moderate to robust 14-3-30 expression (Moreira et al., 2005), casting doubt on
whether the function for 14-3-30 in cell cycle regulation can be generalized.

Using BrdU incorporation as a measure of cell cycle progression through
S-phase, | observed no significant difference in the proliferation of sh-14-3-3c
cells relative to control cells (Figure 10A). Similarly, no shifts in cell cycle
distribution were observed by DNA ploidy flow cytometry analysis (data not
shown). One observation from the histological analysis of the xenografts (see
Figure 9) was that the degree of central necrosis was comparable in knockdown
and control tumors, providing circumstantial evidence that proliferation was not
influenced. To directly test whether tumor proliferation was influenced by 14-3-3c0
knockdown, | performed Ki-67 immunohistochemical staining on slides obtained
from the T4-2 xenografts, and also measured tumor volumes over time. Both
measurements demonstrated that T4-2 tumor proliferation in vivo was not
influenced by 14-3-30 knockdown, and neither was tumorigenic frequency
(Figure 10B and C). These data indicate that the role for 14-3-30 in regulating
cell migration and tumor invasion described above (section 3.2.2.) occurs
independent from cell cycle regulation.

3.2.4. 14-3-30 influences migration and invasion in other BLBC cells

The data showing that 14-3-30 regulates T4-2 migration and invasion in
vivo are in good agreement with the clinical data linking 14-3-3c expression with
poor clinical outcome and metastasis (see Figure 6). However, the data obtained
from T4-2 cells alone provides no evidence that this novel role for 14-3-30 in
BLBC can be generalized — it may be an observation limited to the T4-2 cell line,
which is why it is important to test whether the same phenotype can be observed
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in other cell lines. To test this, | generated sub-lines of MDA-MB-231 (which has
basal-like molecular profile; Neve et al., 2006) and MCF10DCIS.com (from the
MCF10 series) cells which stably express shRNA hairpins targeting 14-3-3c or a
scrambled sequence, and measured motility and invasion in these cells.

Similar to T4-2 cells, MCF10DCIS.com cells expressing shRNAs targeting
14-3-30 have decreased motility relative to control cells (Figure 11). However,
unlike T4-2 cells, | was not able to test whether invasion through IrECM-coated
transwell inserts was influenced by 14-3-30 knockdown, as even parental
MCF10DCIS.com cells were not invasive in this assay (data not shown) perhaps
reflecting their propensity to form non-invasive DCIS lesions in xenografts.
However, the cells form colonies in 3D IrECM with a “stellate” morphology
characterized by multiple invasive projections, and we previously show that
stellate morphology correlates with invasiveness (Kenny et al., 2007).
Interestingly, MCF10DCIS.com sh-14-3-30 cells have fewer invasive projections
per colony than control cells (Figure 11), suggesting invasiveness is reduced in
these cells. In addition, MDA-MB-231 cells expressing shRNA'’s targeting 14-3-
30 fully recapitulate what was observed in T4-2 cells - knockdown cells have
significantly decreased migration and invasion, but do not have altered
proliferation (Figure 12). Together, these data indicate that 14-3-30 regulates
invasion and migration independent from proliferation in multiple basal-like cell
lines from different clinical origins, suggesting this previously undescribed
function may be a fundamental property of BLBC.

In summary, | have shown that 14-3-30 immunohistochemical staining is
most intense at the invasive front of T4-2 tumors, that this protein regulates
BLBC cell migration and tumor invasion in vivo, that this function is independent
of its previously described roles as a regulator of the cell cycle, and that similar
results were observed in other BLBC cell lines. These data are in good
agreement with earlier data showing that 14-3-3c expression correlates with poor
clinical outcome and metastasis in patients, and implicate 14-3-30 as a
“functional biomarker” that contributes to BLBC clinical features.

3.3. 14-3-30 is a regulator of actin dynamics
3.3.1. Introduction and rationale

Cell migration is a process of fundamental importance in both normal
biology and in cancer (Friedl and Brocker, 2000; Friedl and Wolf, 2003; Kumar
and Weaver, 2009; Lauffenburger and Horwitz, 1996; Solnica-Krezel, 2005;
Wang et al., 2007; Wang et al., 2005a; Wang and Steinbeisser, 2009; Weijer,
2009). Examples of cell migration in healthy adults occurs during wound repair,
burn recovery, and immune response, though perhaps the most dramatic
example of cell migration and its importance can be observed in development.
Gastrulation defines the interval at which specification of the main germ layers
(ectoderm, endoderm, mesoderm, and neural crest cells) occurs, and this
specification results largely from collective cell migration and invaginations as
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sheets, as well as through epithelial-to-mesechymal transition (EMT) (Acloque et
al., 2009; Kalluri and Weinberg, 2009; Micalizzi et al., 2010; Nieto et al., 1994;
Solnica-Krezel, 2005; Wang and Steinbeisser, 2009; Weijer, 2009). During EMT,
epithelial cells loosen their connection with adjacent cells through deregulation of
cadherin-based adhesions, delaminate from the sheet as single cells, and
transdifferentiate into mesenchymal cells as measured by expression of specific
markers, such as E-cadherin loss and acquisition of vimentin expression. The
opposite process, a mesenchymal to epithelial transition (MET) also occurs,
illustrating the plasticity of the embryo during development and of cells in
general. In cancer, EMT is thought to be a major force driving malignant cell
migration and eventual metastasis, and has gained much attention in recent
years (Evdokimova et al., 2009; Kalluri and Weinberg, 2009; Moody et al., 2005;
Radisky et al., 2005; Wu et al., 2009a; Yang et al., 2004). However, cells can
also migrate collectively due to retention of cellular junctions, and several modes
of tumor cell migration as single cells and as sheets have been characterized
(Bell and Waizbard, 1986; Davidson and Keller, 1999; Enterline and Coman,
1950; Friedl and Wolf, 2003; Jacques et al., 1998; Wolf et al., 2003).

One feature is common to all forms of cell migration — motility requires
dramatic deformation and rearrangement of the cytoskeleton in a manner that
invokes directionality, and by far the most extensively studied cytoskeletal
molecule in this context is actin and its numerous regulatory molecules (Chhabra
and Higgs, 2007; Fletcher and Mullins, 2010; Goley and Welch, 2006; Paul and
Pollard, 2009; Pellegrin and Mellor, 2007; Wang et al., 2005a). Actins exist as
two major forms within the cell — in a globular, unpolymerized form (G-actin) or as
organized filaments of polymerized protein (F-actin). Purified actin will undergo
self-assembly in the presence of ATP, divalent magnesium, and moderate ionic
strength once it is above a critical concentration (Pardee and Spudich, 1982).
Interestingly however, biochemical studies have consistently shown that the
amount of G-actin found within cells is several orders of magnitude higher than
the critical concentration observed in vitro, and G-actin nucleation is a large
kinetic hurdle, suggesting that the regulation of actin polymerization and G-actin
bioavailability are very tightly regulated (Cooper et al., 1983; Koffer and Daridan,
1985; Sept and McCammon, 2001; Theriot and Mitchison, 1993). Indeed,
hundreds of actin binding proteins which regulate actin polymerization and
depolymerization in many different ways have been characterized, with the list
continuously growing (Carlsson et al., 1977; Hall, 2009; Insall and Machesky,
2009; Narumiya et al., 2009; Paul and Pollard, 2009; Theriot and Mitchison,
1993).

Actin polymerization and assembly into macromolecular structures is a
major driving force of cell migration (Chhabra and Higgs, 2007; Higgs and
Pollard, 2001; Insall and Machesky, 2009; Pellegrin and Mellor, 2007; Ponti et
al., 2004; Theriot and Mitchison, 1991; Theriot et al., 1992; Wang et al., 2007).
Several different F-actin structures exist within cells as defined by their
localization, associated proteins, and function, though they can broadly be
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classified as either branched, such as lammellipodia and ruffles, or linear, such
as filopodia and stress fibers (Abercrombie and Ambrose, 1958; Chhabra and
Higgs, 2007; Fletcher and Mullins, 2010; Ingram, 1969; Insall and Machesky,
2009; Pellegrin and Mellor, 2007). Some of these structures contribute directly to
polarized cell migration by pushing the plasma membrane forward as a sheet
(lammellipod) or protrusion (filopod), while other structures are linked to myosin-
mediated contractility or maintenance of cell shape (stress fibers). Forward
propulsion of the cell requires disassembly and turnover of actin-based structures
at the rear of the cell where they are not needed, recycling of monomeric G-actin
into the growing ends of F-actin present at the cell’s leading edge, and myosin-
mediated contractility to result in cell body translocation (Cramer et al., 1997;
Lauffenburger and Horwitz, 1996; Ridley et al., 2003; Theriot and Mitchison,
1991; Xu et al.,, 2003). As one can imagine, a complex, tightly regulated, and
multidimensional series of signaling networks for the specification of discreet F-
actin structures and their turnover have been elucidated and discussing all of
them in detail is well beyond the scope of this work. However, several important
core components of actin regulation have been characterized, and are briefly
discussed here.

Profilin is a protein that binds to monomeric G-actin, and through this
interaction, was previously thought to actively sequester it from the growing ends
of F-actin and exclusively function as an inhibitor of actin polymerization
(Carlsson et al., 1977; Pollard and Cooper, 1984; Theriot and Mitchison, 1993).
More recently, it has been shown that profilin in association with G-actin can bind
to FH1-domain containing proteins present at the ends of actin filaments (called
formins, which are discussed below), which increases the local concentration of
G-actin to the filament ends, resulting in actin polymerization (Kovar et al., 2006;
Kovar and Pollard, 2004; Paul and Pollard, 2009; Romero et al., 2004; Shimada
et al., 2004; Watanabe et al., 1997; Xu et al., 2004). Cofilin is another actin
regulatory protein that binds to F-actin and induces strain on filaments, leading to
their disassembly (Andrianantoandro and Pollard, 2006; Hotulainen et al., 2005;
Ichetovkin et al., 2000; Wang et al., 2007). One can imagine that if F-actin
turnover by cofilin occurs in a deregulated fashion, this disassembly can be
counterproductive to directional cell migration; however, filament turnover can
also promote de novo actin assembly in sub-regions of cells by concurrently
removing capping proteins that bind to the ends of actin filaments and inhibit
actin polymerization (DesMarais et al., 2004; Ghosh et al., 2004; Ichetovkin et al.,
2002). Cofilin is inactive when phosphorylated at serine 3, and the activation is
determined by the balance of kinases (such as LIMK) and phosphatases (such
as slingshot) which target the phosphorylation site (Arber et al., 1998;
Mouneimne et al., 2006; Niwa et al., 2002; Soosairajah et al., 2005; Yang et al.,
1998; Zebda et al., 2000). This is one mechanism by which chemotaxis is
thought to occur — chemoattractants activate signaling through growth factor
receptors leading to localized activation of slingshot at the cell’s leading edge,
where it activates cofilin to allow de novo actin assembly and forward protrusion
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(Chan et al., 2000; Ghosh et al., 2004; Mouneimne et al., 2006; Wang et al.,
2007; Zebda et al., 2000). Cofilin and profilin isoforms are present in all cells, and
are thought to exert the most direct influence on the balance of F-actin to G-actin
of any protein.

Another core component regulating actin architecture is the Arp2/3
complex. This structure is comprised of at least 7 known proteins that bind to the
side of filaments and initiate actin polymerization, leading to formation of side
branches at a 70 degree angle with respect to the preexisting filament (Higgs and
Pollard, 2001; Insall and Machesky, 2009; Mullins et al., 1998; Pollard and
Beltzner, 2002). By itself, the Arp2/3 complex does not form an interaction with F-
actin that is strong enough for side branch formation, however the stability of this
interaction increases by several orders of magnitude in the presence of active N-
WASP or related WASP family members such as SCAR/WAVE (Eden et al.,
2002; Goley and Welch, 2006; Hufner et al., 2001; Marchand et al., 2001;
Rohatgi et al., 1999). In turn, WASP family members are activated by the small
GTPases Rac and cdc42, which are thought to bind to WASP family members
and alter their conformation from an autoinhibited state to an active form (Ho et
al., 2004; Ishiguro et al., 2004; Jaffe and Hall, 2005; Miki et al., 1998; Nakagawa
et al., 2001). Rac and cdc42 similarly undergo an allosteric shift in conformation
and are able to regulate target proteins once bound to GTP; the exchange of
GDP for GTP is catalyzed by numerous guanine exchange factors (GEFs) and is
antagonized by GTPase activating proteins (GAPs), which trigger intrinsic
GTPase activity Rac and cdc42 and thus conversion of GTP into GDP (Bernards,
2003; Hall, 2009; Nobes and Hall, 1995; Ridley et al., 1992; Schmidt and Hall,
2002). The balance of GEF to GAP is determined by the activity of growth factor
and G-protein coupled receptors, providing another mechanism by which
chemoattraction occurs — local activation of receptors by chemoattractants
initiates GTPase activation and signaling which culminates in the stabilization of
the Arp2/3 complex to F-actin, and subsequent formation of branched actin
structures (such as lamellipodia) that promote migration (DesMarais et al., 2004;
Insall and Machesky, 2009; Mouneimne et al., 2006; Wang et al., 2007).

Linear actin structures are formed by an alternative signaling pathway
that, despite the differences in the end result, shares many parallels with the
formation of branched actin structures. Localized activation of growth factor
receptors relays signals through adaptor molecules and GEFs/GAPs, which in
the correct ratio, leads to the activation (GTP-bound) form of the small GTPase
RhoA (Bernards, 2003; Insall and Machesky, 2009; Jaffe and Hall, 2005; Ridley
and Hall, 1992; Schmidt and Hall, 2002). However, in contrast to Rac and cdc42,
RhoA activates another class of actin-binding proteins called formins (such as
mDia1) by alleviating its autoinhibition (Higashida et al., 2004; Li and Higgs,
2003; Watanabe et al., 1997; Zigmond, 2004). Formins promote linear filament
extension by several different mechanisms depending on the protein - by
competing with capping proteins, by stabilizing the filament structure and protect
it from cofilin, or by actively recruiting a profilin:G-actin dimer to the filament ends
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(Harris et al., 2004; Higashida et al., 2004; Kovar et al., 2006; Kovar et al., 2003;
Kovar and Pollard, 2004; Kovar et al., 2005; Pruyne et al., 2002; Romero et al.,
2004; Watanabe et al., 1997; Zigmond et al., 2003). Thus, albeit by different
mechanisms, formation of linear actin structures and their regulation during
chemoattraction in many ways parallels the formation of branched actin
structures. However, there is also growing evidence that the linear and branched
actin signaling networks can regulate one another — for instance, RhoA and Rac
are mutually inhibitory, while SCAR/WAVE can bind and retain mDia2 in an
inactive state to inhibit linear filopodia formation (Beli et al., 2008; El-Sibai et al.,
2008; Machacek et al., 2009; Rottner et al., 1999; Wu et al., 2009b).

Given the fundamental importance of actin dynamics in cell migration and
that 14-3-30 is known to regulate many signaling cascades by binding and
sequestering phosphorylated proteins, | hypothesized that the decreased
migration and invasion observed in 14-3-30 knockdown cells (see section 3.2)
may be due to deregulation in one or more actin signaling pathways. As another
14-3-3 isoform has been recently implicated in EMT (Lu et al., 2009a), |
additionally hypothesized that the motility phenotype may be due to reversion of
EMT (in other words, MET). As such, | investigated whether cytoskeletal
dynamics and cellular adhesion were influenced by 14-3-30 knockdown, in order
to provide a mechanism to explain the motility and invasion phenotypes observed
in these cells.

3.3.2. 14-3-30 knockdown does not increase cellular adhesion

As mentioned earlier, one mechanism by which cancer cells are thought to
disseminate from tumors and eventually metastasize is through EMT, a process
involving decreased association with neighboring cells through disassembly of
adherens junctions, and increased motility as a single cell. As the transwell
assays measure migration through 8um pores, the motility and invasive
phenotypes quantified by these assays may reflect an increase in cellular
adhesion rather than differences in motility rate per se. This would provide
evidence that 14-3-30 regulates EMT, and once absent from cells, the program is
reversed.

To assess whether 14-3-30 regulates adhesion between BLBC cells, T4-2
sh-14-3-30 and control cells were fixed and stained to measure colocalization of
beta-catenin and cortical F-actin at cell-cell contacts (Figure 13). 14-3-30
knockdown cells display no increased association with neighboring cells; if
anything, the adherens junctions in knockdown cells appear more discontinuous
and diffuse. Similar data were observed in cells stained with E-cadherin and F-
actin, and in live cultures, which had comparable numbers of single cells and
showed no obvious increase in cellular adhesion (data not shown). These
observations suggest that the motility and invasion phenotypes observed in 14-3-
30 knockdown cells cannot be explained by an increase in cellular adhesion, and
most likely not by an induction of MET.
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3.3.3. 14-3-30 regulates actin architecture through ligand binding

Cell migration requires dynamic remodeling of the actin cytoskeleton at
both the leading and the trailing edges of a cell or a group of cells in response to
biochemical and/or mechanical stimuli (Fletcher and Mullins, 2010; Hall, 2009;
Kumar and Weaver, 2009; Ridley et al., 2003; Wang et al., 2005a). Given that
14-3-30 influences motility without affecting cellular adhesion, | next tested
whether 14-3-30 knockdown cells have deregulated actin cytoskeletal
architecture. Cells were fixed and stained with fluorescently conjugated
phalloidin, a small molecule that binds specifically to F-actin but not G-actin, and
were subsequently imaged by confocal microscopy (Figure 14). | observed that
14-3-30 knockdown cells have a 2-fold higher F-actin content than control cells,
suggesting that 14-3-30 influences cytoskeletal dynamics directly or indirectly.

To address whether 14-3-30 influences the architecture of microfilaments
in a ligand binding mechanism and to eliminate the possibility that the actin
phenotype is an off-target effect of shRNA silencing, constructs were generated
that enable forced expression of wild-type 14-3-30 (14-3-306"'") or a C-terminal
truncated 14-3-30 (14-3-30°C; Figure 15A). 14-3-30“¢ is the human equivalent of
the 14-3-30 mutation responsible for the repeated-epilation mouse phenotype
(Herron et al., 2005; Li et al., 2005), and the truncation eliminates two helices
and an acidic region thought to be important for ligand binding to 14-3-3 (Gardino
et al., 2006; Wilker et al., 2005; Yaffe et al., 1997). Based on structural analysis,
the truncated mutant is proposed to act as a dominant-negative 14-3-30, though
this has never been demonstrated in the literature and | observed no significant
differences in either the motility or invasion of cells expressing the mutant
compared to wild-type 14-3-30 (Figure 16), suggesting it may not function in this
way. However, when introduced into sh-14-3-3c cells, only 14-3-36"T was able
to rescue the deregulated F-actin content in comparison to an unrelated gene
(Gus) and to 14-3-30%° (Figure 15B,C). These data indicate that 14-3-3c
regulates F-actin homeostasis in cells, that this occurs in a ligand binding
mechanism, and that the actin phenotype is not an off-target effect of shRNA
expression. Given the importance of actin remodeling to cell motility, this
observation may account for the migratory and invasive phenotypes described
earlier, and was selected for further characterization.

3.3.4. 14-3-30 inhibits actin polymerization downstream of GTPases and
other canonical migration signaling pathways.

During cell migration, stimuli from the cell microenvironment promote the
localized activation of Rho family GTPases, Rac, Rho, and cdc42, which
depending on the stoichiometry of their activity and the activity of other factors
such as cofilin, Src, Erk, and LIMK among others, can stimulate the formation of
discreet actin structures which drive polarized, directional cell migration (Chhabra
and Higgs, 2007; EI-Sibai et al., 2008; Hall, 2009; Machacek et al., 2009;
Narumiya et al., 2009; Wang et al., 2002b; Wang et al., 2007; Wang et al.,
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2005a; Wu et al., 2009b). Considering canonical migration and actin signaling
pathways as a starting point, | performed western blot analysis to measure the
activation status of these proteins, and was surprised to find that 14-3-3c0
knockdown did not influence the level and activation of any of the above
signaling molecules nor influence EMT, as E-cadherin and vimentin levels also
remain unchanged (Figure 17). These data indicate that 14-3-30 regulates F-
actin homeostasis and cell migration in a ligand-binding manner, though acting
most probably downstream of the above canonical signaling pathways in BLBC
cells.

3.3.5. 14-3-30 polarizes away from the leading edge of a cell during
migration

During chemotaxis, cells polarize such that factors involved in the
formation of actin-dependent protrusions localize to the leading edge of the cell,
whereas antagonizing factors or those involved in actinomyosin-based
contractility localize to the trailing edge of a cell (Cain and Ridley, 2009; Hall,
2009; Higgs and Pollard, 2001; Machacek et al., 2009; Wang et al., 2002b; Wang
et al.,, 2007; Wu et al.,, 2009b; Yamana et al., 2006). Understanding how the
subcellular distribution of an actin-regulatory protein is regulated in living cells,
particularly during migration, can provide additional insight into its function. As
such, | developed genetically-encoded probes to monitor the subcellular
distribution of 14-3-30 (YFP-14-3-30) and F-actin (Lifeact-mCherry) in living cells.
Lifeact is a 17-mer peptide from the actin-binding domain of S. cerevisiae
Abp140, which preferentially decorates F-actin to act much like a live-cell
phalloidin (Riedl et al., 2008). To minimize the chance of disrupting endogenous
F-actin dynamics, | only included T4-2 cells weakly expressing each fluorophore
for live cell imaging. | found mutually-exclusive subcellular distributions of YFP-
14-3-30 and Lifeact-mCherry comparable to endogenous F-actin and 14-3-30
(Figure 18), validating the constructs behave as their endogenous counterparts.

Using a spinning-disc confocal microscope fitted with a cell incubator, |
were able to visualize 14-3-30 and F-actin distributions in living cells for time
intervals exceeding 24 hours. | found that during cell migration, 14-3-30 polarizes
away from the leading edge of a cell where the most dynamic F-actin remodeling
occurs (Figure 19); even 24 hours later, cells that are actively migrating remain
polarized (Figure 20), indicating that this gradient is not transient. Similarly,
endogenous 14-3-30 polarizes away from the F-actin-rich leading edge in
parental T4-2 cells during migration, but no polarization occurs in stationary cells
(Figure 21). These experiments, in conjunction with the increased F-actin content
observed in T4-2 sh-14-3-30 and the mutually-exclusive staining of 14-3-30 and
F-actin, provide additional evidence that this protein may somehow antagonize F-
actin, as 14-3-30 localizes away from regions of the cell where actin remodeling
becomes most dramatic in a manner analogous to other actin regulatory proteins.
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3.3.6. 14-3-30 knockdown cells have more rapid actin polymerization, thus
depleting the pool of available actin necessary for migration and invasion

The increased F-actin content observed in 14-3-30 knockdown cells (see
Figure 14) and the polarization of 14-3-30 away from the F-actin rich leading
edge of the cell (see Figures 19-21) can be explained by two different models. In
the first model, 14-3-30 in some way inhibits actin polymerization, and to allow
the regulated formation of actin-rich protrusions during migration, it becomes
polarized away from the leading edge of the cell. In the second model, 14-3-30
somehow promotes depolymerization of F-actin, and 14-3-30 polarizes to the
rear of the cell during migration in order to promote F-actin disassembly and
turnover. The increase in F-actin content and the compromised migration
observed in 14-3-30 knockdown cells can equally be explained by both scenarios
- either the polymerization rate is elevated and lacks subcellular specificity and
polarity, or there is suppressed depolymerization effectively stalling the cell by
preventing filament turnover at the trailing end of the cell. Concluding which of
the two models is most likely valid requires the kinetics of actin turnover to be
measured in living cells. To do this, | performed fluorescence recovery after
photobleaching (FRAP) analysis in cells expressing LifeAct-mCherry, which has
been previously validated as an effective probe to measure F-actin dynamics by
FRAP (Riedl et al., 2008), and which also effectively measures F-actin
treadmilling in my cells (Figure 22A, B). Briefly, FRAP involves selectively
photobleaching a subcellular region, then monitoring the time required for
uniform staining intensity to be restored as unbleached molecules diffuse or are
actively transported into the region (Day and Davidson, 2009; Wu et al., 1977).
An increase in actin polymerization would be indicated by a more rapid FRAP,
whereas a suppression of actin depolymerization would result in slower FRAP.

On average, | observed that 14-3-30 knockdown cells showed twice the
fluorescence recovery rate than control cells, as indicated by a smaller ty, rate
constant (Figure 22C). This rate constant is defined as the time required for
fluorescence intensity to reach half the intensity observed once uniform staining
is attained. In other words, a smaller t4; indicates a shorter time for fluorescence
recovery, and as smaller ty, values were observed for LifeAct-mCherry FRAP in
sh-14-3-30 cells, it can be concluded that 14-3-3c knockdown cells have an
increased rate of actin polymerization compared to control cells rather than a
suppressed depolymerization. This explains why an increase in F-actin staining
was observed in the sh-14-3-30 cells (see figure 14) — 14-3-30 directly or
indirectly inhibits actin polymerization.

In order for actin polymerization to occur when and where it is necessary,
such as at the leading edge of a cell during migration, pools of soluble,
unpolymerized actin must be available when needed. Depletion of the available
pool of actin would intuitively inhibit cell motility; actin would no longer be
available to be incorporated into filaments in response to extracellular cues, as it
is already assimilated into the cytoskeleton, and the rate-limiting factor of motility
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in the extreme case may be availability of soluble actin. To measure the amount
of soluble actin present within the shRNA-expressing cells, cells were lysed and
lysates were fractionated into 1% Triton X-100 soluble and insoluble pools, which
can differentiate between bioavailable forms of actin versus actin that is
associated with the (insoluble) cytoskeleton. In this analysis, | found that T4-2 sh-
14-3-30 cells have a two-fold lower ratio of soluble to insoluble actin in
comparison to control cells (Figure 23). This indicates that the increased
polymerization observed in knockdown cells severely depletes their pool of
soluble, bioavailable actin, suggesting that 14-3-30 regulates motility and
invasion by ensuring a pool of soluble actin exists within cells — once 14-3-30 is
depleted from cells, actin polymerization becomes deregulated, and cells are
unable to form actin-rich migratory protrusions in response to extracellular cues.

3.3.7. Actin overexpression rescues the invasion and migration phenotype

One prediction of this model is that by forcing the expression of actin in
T4-2 sh-14-3-30 cells, one should restore the pool of bioavailable actin, and thus
be able to rescue the motility and invasive phenotypes. To test this prediction,
constructs were generated that enable forced expression of either wild-type B-
actin, or a mutant B-actin (R62D) that is unable to polymerize (Posern et al.,
2002). In agreement with the prediction of the model, | found that migration and
invasion of T4-2 sh-14-3-30 cells could both be rescued by forced expression of
wild-type actin, but not the polymerization-dead mutant (Figure 24). This
indicates that the availability of freely soluble actin is a rate limiting factor for
motility and invasion of sh-14-3-30 cells, supporting the model that 14-3-3c
regulates these processes by ensuring a pool of soluble actin is available.

In summary, the data presented support a mechanism by which 14-3-3c0
regulates cell motility and invasion by inhibiting actin polymerization and ensuring
a pool of soluble actin exists within cells, thus allowing cells to respond to
extracellular cues and undergo directional migration and invasion. However,
once 14-3-30 is depleted from cells, the pool of soluble actin is diminished, and
as a consequence, de novo F-actin assembly to allow cell migration and invasion
cannot occur. While this mechanism can account for all the phenotypes observed
in BLBC cells expressing shRNA hairpins targeting 14-3-30, it is missing one key
component — whether 14-3-30 inhibits actin polymerization directly or indirectly.

3.4. 14-3-30 interacts directly with G-actin and inhibits its polymerization
3.4.1. Rationale

In the previous sections, evidence was presented that 14-3-30 inhibits
actin polymerization and regulates directional cell migration and invasion by
increasing the pool of available, soluble actin for incorporation into actin
filaments. However, one compelling observation was that this occurs
downstream or in parallel to several signaling pathways that are central
regulators of actin homeostasis (see Figure 17). Furthermore, it has previously
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been shown that actin is one of many ligands known to interact with 14-3-30 by
mass spectrometry-based analysis (Wilker et al., 2007). Based on these data, |
hypothesized that 14-3-30 may interact directly with actin in BLBC cells to inhibit
its polymerization, and chose to investigate whether these proteins interact in
cells using coimmunoprecipitation assays, whether purified 14-3-30 and actin
can interact in vitro, and whether this interaction ultimately regulates actin
polymerization.

3.4.2. 14-3-30 interacts directly with actin in BLBC cells and in vitro

To investigate whether 14-3-30 interacts with actin in cells, | generated
constructs allowing the forced expression of FLAG-tagged 14-3-30, as well as a
C-terminal truncated mutant that is able to dimerize but unable to bind to ligands
(see Figure 15A). Cell lines stably expressing FLAG-tagged proteins were lysed,
and lysates were used for immunoprecipitation studies. Interestingly, both FLAG-
14-3-30"" and FLAG-14-3-30"° were able to dimerize with endogenous 14-3-30,
though only the full-length protein was able to form a stable complex with actin
(Figure 25A). This indicates that 14-3-3c and actin interact in cells, and
furthermore, that this interaction requires two full-length 14-3-30c monomers. To
test whether the interaction between 14-3-30 and actin could additionally be
observed in vitro using purified proteins, and by extension, whether the
interaction is direct versus as a protein complex, | performed GST pull-down
experiments using recombinant GST-14-3-30 and actin purified from rabbit
muscle. Using this assay, | found that recombinant GST-14-3-30, but not GST
alone, was able to interact with actin in vitro (Figure 25B), indicating that the
interaction between 14-3-30 and actin is direct.

3.4.3. 14-3-30 inhibits actin polymerization in vitro and in situ

While the interaction between actin and 14-3-30 is compelling, it does not
demonstrate that 14-3-3c plays any role in regulating actin polymerization
through this interaction. To test whether interaction with 14-3-30 is sufficient to
inhibit actin polymerization in vitro, purified G-actin was pretreated with an
equimolar ratio of either GST or GST-14-3-30, then polymerized into F-actin
(Pardee and Spudich, 1982) by adding KCI, Mg?*, and ATP. Pretreating G-actin
with GST-14-3-30 significantly inhibited actin polymerization, as there was a 2-
fold increase in the amount of G-actin remaining in solution following
polymerization relative to pretreatment with GST alone (Figure 26A,B). A similar
conclusion was reached using AlexaFluor488-conjugated actin (488-actin),
where fewer actin fibers were visible following 488-G-actin polymerization when
pretreated with GST-14-3-30 (Figure 26C). These data demonstrate that 14-3-3c0
interacts directly with actin in vitro, and that this interaction is sufficient to inhibit
the polymerization of G-actin to F-actin in the absence of other cofactors.

To test whether 14-3-30 antagonizes actin polymerization also in situ,
488-G-actin pretreated with either GST or GST-14-3-30 was introduced into cells
that were gently permeabilized with saponin (Symons and Mitchison, 1991), and
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the ratio of actin incorporation into the endogenous F-actin cytoskeleton was
measured by counterstaining fixed cells with phalloidin (Figure 27). To do this
experiment, | chose two breast cancer cell lines having high and low endogenous
14-3-30 expression, BT549 and HCC1143, respectively. In BT549, 488-G-actin
pretreated with GST-14-3-30 was incorporated significantly less into the
endogenous actin cytoskeleton relative to when 488-G-actin was pretreated with
GST alone; this was not observed in HCC1143 cells which have high
endogenous 14-3-30. The finding suggests that endogenous 14-3-30 is sufficient
to inhibit 488-G-actin incorporation in situ, in agreement with the in Vvitro
experiments.

Actin polymerization in vitro occurs in several distinct stages. There is an
initial delay due to the kinetic barrier required for nucleation of actin monomers,
followed by a linear growth phase where the concentration of G-actin is in excess
and the polymerization occurs at a maximum rate, and then a plateau phase
where the rates of actin polymerization and turnover are in equilibrium (Cooper et
al., 1983; Sept and McCammon, 2001). The kinetics of actin assembly have
been characterized chiefly by measuring the rate of pyrene-conjugated actin
polymerization, a technique that is very sensitive and can reproducibly quantify
the influence of proteins and drugs on actin polymerization (Kouyama and
Mihashi, 1981). Using pyrene-conjugated actin, | found that 14-3-30 influences
actin polymerization kinetics in several ways (Figure 28): by decreasing the
maximum rate of polymerization (compare the slopes of the linear region
between 1000s and 2500s), by shifting the equilibrium towards less F-actin and
more G-actin (compare the plateau heights of the curves), and by increasing the
length of time necessary to reach equilibrium (a delay in the plateau phase). The
combined in vitro and in situ experiments (Figures 26-28) provide evidence
supporting a previously unknown mechanism through which 14-3-30 regulates
actin polymerization directly in cells, leading to coordination of cell migration and
invasion by retaining a soluble pool of actin for polymerization.

3.4.4. 14-3-30 inhibits actin polymerization by sequestering G-actin

Several lines of evidence in cells and in vitro indicate that 14-3-30
interacts directly with actin and inhibits its polymerization. However, one
outstanding question remains — does 14-3-30 inhibit actin polymerization by
sequestering G-actin, or by capping actin filaments? To test whether 14-3-30
interacts with F-actin, | performed an F-actin co-sedimentation assay in which
actin was polymerized in the presence of GST-14-3-30 at an 8:1 molar ratio of
actin:14-3-30, fractionated into F- and G-actin populations, then tested whether
14-3-30 would co-sediment with the F-actin pellet following polymerization. Using
this assay, | found that 14-3-30 did not interact with F-actin, as there was no
enrichment of 14-3-30 in the F-actin pellet, nor was there depletion of 14-3-30
from the supernatant (Figure 29). This experiment indicates that 14-3-30 most
likely does not inhibit actin polymerization by capping F-actin filaments.
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Further evidence that 14-3-30 does not cap actin filaments can be
observed by immunofluorescence data, which consistently show that 14-3-3c
and F-actin do not colocalize in cells (Figures 30 and 31, see also Figure 18).
Interestingly however, 14-3-30 shows significant colocalization with a monoclonal
antibody against B-actin; this antibody recognizes a non-filamentous form of actin
that is most likely G-actin, as it shows no colocalization with phalloidin (Figure
30), and its epitope is lost if cells are extracted with 1% Triton X-100 prior to
fixing (data not shown). In addition, 14-3-3c shows dramatic colocalization with
profilin, a G-actin interacting protein that, similar to 14-3-30, shows no
colocalization with F-actin (Figure 31). Although | cannot definitively conclude
that 14-3-30 preferentially interacts with G-actin in the absence of known binding
constants, the co-sedimentation and immunofluorescence data suggest that 14-
3-30 inhibits actin polymerization most likely by binding and sequestering G-
actin.

3.4.5. Overexpressing profilin, a G-actin binding protein, phenocopies 14-
3-30 knockdown

To further support the proposed mechanism that 14-3-30 regulates actin
dynamics and migration by binding and sequestering G-actin, | tested whether
the phenotypes observed following 14-3-30 knockdown could be recapitulated by
altering the levels of known G-actin binding proteins, such as profilin. To do this
experiment, | generated constructs that forced the expression of either wild-type
profilin-1 or a mutant (S137D) that is unable to bind to G-actin (Shao et al.,
2008), and measured whether motility and actin architecture in the transgenic
cells could be influenced in a manner comparable to 14-3-3c knockdown. Forced
expression of profilin-1 increased the polymerization of F-actin in cells, and
concomitantly decreased cell motility in chemoattraction assays (Figure 32); this
was not observed in cells expressing profilin-1 (S137D), indicating that the
phenotypes require interaction with G-actin. These data recapitulate the
phenotype observed in 14-3-3c knockdown cells, providing further evidence to
suggest that 14-3-30 inhibits actin polymerization by sequestering G-actin.

In summary, several lines of evidence are presented which suggest that
14-3-30 facilitates cell motility by regulating the balance of actin polymerization in
cells. Specifically, | demonstrate that 14-3-3c interacts directly with actin and
inhibits its polymerization in vitro, in situ, and in culture, most likely by binding
and sequestering G-actin. Several of the phenotypes observed in 14-3-30
knockdown cells can be recapitulated by overexpressing profilin, which is known
to bind G-actin and promote its recruitment to the end of F-actin filaments,
providing further evidence that 14-3-3c regulates actin polymerization through
interaction with G-actin.

3.5. Future experiments

Due to time constraints, there are several experiments | wish | could have
completed in this study, but that are currently being investigated. These include:
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measuring the proteome of 14-3-30 interacting proteins in BLBCs versus
normal myoepithelial cells by mass spectrometry

measuring the binding constants of 14-3-30 and G-actin versus F-actin
using surface plasmon resonance (Jason-Moller et al., 2006)

investigating whether 14-3-30 antagonizes profilin, or vice-versa
investigate whether the role for 14-3-30 in BLBCs described here are
applicable to other tumors with elevated 14-3-30 (such as pancreatic
cancer)

assess whether 14-3-30 influences metastasis in animal models
understand the role of 14-3-30 in myoepithelial cells of the normal gland
define regions of actin that are required for 14-3-30 interaction
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CHAPTER 4. DISCUSSION
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4.1. A previously undescribed role for 14-3-30 in directly inhibiting actin
polymerization.

There is a wide body of literature linking actin-regulatory proteins with
tumor cell invasion and metastasis (Hall, 2009; Narumiya et al., 2009; Wang et
al.,, 2007; Wang et al., 2005a; see also section 3.3.1). Previous studies
describing 14-3-3-mediated actin reorganization have highlighted a number of
actin cytoskeletal signaling pathways under regulation by various 14-3-3 family
members. 14-3-3zeta can bind to the F-actin severing protein cofilin when
phosphorylated at serine-3, protecting cofilin from dephosphorylation by PP2A in
vitro (Gohla and Bokoch, 2002). Alternatively, several 14-3-3 isoforms, including
gamma, zeta and beta, interact with and sequester the cofilin phosphatase
slingshot, leading to stabilization of serine-3 phosphorylated cofilin and
establishment of polarized cell movement (Kligys et al., 2007; Nagata-Ohashi et
al., 2004; Soosairajah et al., 2005). 14-3-3zeta and 14-3-3beta have also been
shown to interact with LIMK1 and TESK1, respectively; kinases responsible for
phosphorylating cofilin at serine-3 (Birkenfeld et al., 2003; Toshima et al., 2001).
These studies highlight a common theme of 14-3-3-dependent regulation of
cofilin phosphorylation, and thus activity, during cell migration.

In addition to the cofilin pathway, a recent study found several 14-3-3
isoforms bind to the AKT substrate Kank, and that Kank inhibits the insulin- and
AKT-dependent activation of RhoA and subsequent actin cytoskeletal dynamics
through interaction with 14-3-3 (Kakinuma et al., 2008). Activated AKT can
interact with both actin and with 14-3-3c (Vandermoere et al., 2007), and 14-3-30
has been shown to negatively regulate AKT in MCF-7 cells and to inversely
correlate with AKT activity in tumors (Yang et al., 2006a; Yang et al., 2006b).
These studies suggest the existence of an alternative 14-3-3-dependent actin
regulatory pathway by which AKT activated during chemotaxis is recruited to
actin and may locally activate RhoA, but excessive AKT activity is suppressed
directly by 14-3-30 or through AKT-dependent phosphorylation and activation of
Kank, which downmodulates RhoA activity via 14-3-3 interaction.

In the course of my research | have unraveled another aspect of how the
14-3-3 family regulates actin architecture. | found the overall activity of LIMK,
AKT, cofilin, RhoA, Rac1, cdc42, and other actin cytoskeletal signaling
participants were unaffected in T4-2 sh-14-3-30 cells (Figure 17). However,
looking downstream of these signaling pathways, | observed a direct interaction
between 14-3-30 and actin (Figure 25). | show that regions of 14-3-3c known to
be involved in binding to other ligands are also involved in binding actin (Figure
15, 25), and interestingly, despite the fact that the 14-3-30“C mutant is able to
interact with endogenous 14-3-30, the heterodimer was unable to interact with
actin suggesting that two functional monomers are required for stable actin
interactions. Using purified molecules, | show 14-3-30 inhibits actin
polymerization in vitro by perturbing the kinetics of polymerization and shifting the
quilibrium levels of G- and F-actin (Figure 26, 28). By introducing fluorescently
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labeled G-actin into permeabilized cells, | found that 14-3-3c inhibits actin
polymerization also in situ (Figure 27).

Using live cell imaging and FRAP analysis, | show that during cell
migration, 14-3-30 polarizes away from the migratory front where actin
remodeling is most dramatic (Figure 19-21), and that the actin polymerization
rate increases in cells deficient for 14-3-30 (Figure 22). This depletes the pool of
soluble, bioavailable actin required for polarized motility (Figure 23), and
overexpressing actin in 14-3-30 knockdown cells rescues their impaired motility
and invasion (Figure 24). Based on the observed lack of interaction and
colocalization with F-actin, and conversely, the strong colocalization with G-actin
and profilin (Figure 29-31), | propose that 14-3-3c directly inhibits actin
polymerization by sequestering G-actin and competing with profilin. To my
knowledge, this is the first biochemical and functional demonstration of any 14-3-
3 family member regulating actin dynamics independent of other actin-regulatory
factors. Actin remodeling and contractility is necessary for cell migration both
during development and metastasis (see section 3.3.1), and | propose that 14-3-
3 regulation of actin dynamics may play a fundamental role in cell migration both
during development and cancer progression. Intriguingly, S. cerevisiae strains
with dominant-negative or temperature-sensitive mutations to BMH1 or BMH2,
genes encoding yeast 14-3-3 homologues, have disrupted actin cytoskeletal
integrity and polarity (Lottersberger et al., 2006; Roth et al., 1999), suggesting
that F-actin regulation by 14-3-3 is conserved during evolution.

4.2. 14-3-30 and basal-like breast cancer.

Several reports have suggested that in primary breast cancers and cell
lines, 14-3-30 function is silenced either through proteolysis via an estrogen-
responsive E3 ligase, or through promoter methylation which is observable in as
high as 91% of breast tumors (Ferguson et al., 2000; Prasad et al., 1992;
Umbricht et al.,, 2001; Urano et al., 2002; Vercoutter-Edouart et al., 2001).
However, more recent studies have shown that the methylation status of 14-3-30
promoter does not accurately assess protein silencing. Immunohistochemical
analysis has shown that despite the high frequency of 14-3-3c promoter
methylation in breast cancer, silencing on the protein level is an infrequent event
occurring in only 3 of 68 tumors (Moreira et al., 2005). Similar data were also
shown in vulval epithelial carcinomas (Wang et al., 2008), questioning whether
14-3-30 promoter methylation can be used as evidence that the protein functions
as a tumor suppressor. Other frequently cited evidence that 14-3-3c¢ is a tumor
suppressor is its role as a regulator of the cell cycle in HCT116 colorectal cancer
cells (Chan et al., 1999; Hermeking et al., 1997), though | see no evidence that
14-3-30 regulates BLBC cell cycle (Figure 10) which has also been observed in
clinical samples (Moreira et al., 2005). Despite the considerable literature
suggesting 14-3-30 is a tumor suppressor, it is surprising that to my knowledge,
there are no reports of its overexpression resulting in the suppression of tumors
in vivo.
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One caveat to early papers describing declined 14-3-30 expression in
breast cancer is that expression was normalized to non-malignant cell lines
derived from reduction mammoplasty (primary HMECs, MCF-10A, and 184)
(Ferguson et al., 2000; Prasad et al., 1992; Vercoutter-Edouart et al., 2001).
Primary mammary epithelial cells rapidly adopt myoepithelial/basal-like gene
expression profiles when cultured on tissue culture plastic in the absence of
selective growth media (Dairkee et al., 1986; DiRenzo et al., 2002; O'Hare et al.,
1991), and 14-3-30 has at least three-fold higher expression in myoepithelial
cells than luminal epithelial cells — a trend consistent in pathologically normal
tissue, in premalignant lesions, and in normal tissue adjacent to primary breast
tumors (Figure 2; Moreira et al., 2005; Simpson et al., 2004). Indeed, primary
cultures derived from the tissue of a breast cancer patient with weak 14-3-3c
tumor immunoreactivity have robust 14-3-30 expression after 6 passages in
culture, indicating rapid population drift towards myoepithelial gene expression
profile (Moreira et al., 2005). Given that tumors stain relatively homogenous for
14-3-30 (Moreira et al., 2005) and that >80% of tumors lack basal/myoepithelial-
like differentiation (Cheang et al., 2008; Lakhani and O'Hare, 2001; Nielsen et al.,
2004; Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003), comparing gene
expression profiles between a homogenous “non-myoepithelial” population and a
homogenous “myoepithelial” population would artificially identify several lineage-
specific markers, including 14-3-30.

By staining a tissue microarray derived from 245 cases of invasive breast
carcinoma, | show clearly that 14-3-30 cytoplasmic expression is highest in
patients with basal-like breast cancers, with expression having positive
correlation with all markers of basal-like breast cancers and inverse correlation
with the markers of luminal tumors that were tested (Table 1). | found strong 14-
3-30 staining detected 16 of 23 (70%) basal tumors and 15 of 164 (9%) non-
basal tumors. Whereas the presence of 14-3-30 in a subset of non-basal tumors
limits the utility of 14-3-30 as a single marker to identify BLBCs, | found that 16 of
17 tumors that are 14-3-30-positive and ER-negative were of basal-like subtype.
When used in conjunction with ER negativity, cytoplasmic 14-3-30 staining may
thus be employed as an immunohistochemical surrogate for BLBCs.
Interestingly, 14-3-30 cytoplasmic expression in ER-positive tumors is associated
with poorer clinical outcome than nuclear expression (Simpson et al., 2004); |
obtained similar data in this cohort by showing that cytoplasmic staining
correlates with poorer clinical outcome than nuclear staining, and furthermore,
that subcellular distribution is linked with tumor molecular subtype (Figure 5).

During the transition to invasive breast carcinoma, the myoepithelium,
itself thought to act as a natural “tumor suppressor, becomes discontinuous or is
lost entirely, and in the maijority of cases, tumor cells of luminal epithelial gene
expression predominate (Barsky and Karlin, 2005; Hu et al., 2008; Lakhani and
Bissell, 2005; Lakhani and O'Hare, 2001; Perou et al., 2000). As mentioned
earlier, 14-3-30 expression is approximately 3-fold lower in the luminal epithelium
versus myoepithelial cells of the normal breast (Moreira et al., 2005; Simpson et
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al., 2004), and furthermore, genes that are expressed at low levels in tissues
become sensitive to step-wise epigenetic modifications culminating in promoter
methylation (Leu et al., 2004; Oyer et al., 2009). Thus, it is plausible that the 14-
3-30 ‘downmodulation’ and promoter methylation frequently observed in breast
cancers may be due to a combination of myoepithelium loss, clonal expansion of
a cell lineage with low expression prior to malignancy, progressive epigenetic
silencing, and proteolysis in the case of non-basal breast cancer subtypes.
Alternatively, it has recently been proposed that basal-like tumors originate from
aberrant luminal epithelial precursor cells (Lim et al., 2009), and the expression
of 14-3-30 both in myoepithelial cells and in basal-like tumors suggests that this
protein may be expressed in a common progenitor cell type, with 14-3-30
expression diminishing during the differentiation of precursor cells into ductal and
alveolar luminal epithelia. In either case, it follows that 14-3-30 expression and
function in breast cancer would correlate with breast cancer subtype, and my
data strongly suggest this to be the case.

4.3. 14-3-30 and poor clinical outcome.

In three independent patient cohorts, | observed that 14-3-3c correlates
with poor patient outcome (Figure 5, 6). Of the seven mammalian 14-3-3
isoforms, only 14-3-3c and 14-3-3( expression correlated with shortened overall,
metastasis-free, and recurrence-free survival in the NKI cohort (data not shown),
and 14-3-3¢ has recently been implicated in the progression from HER2-positive
ductal carcinoma in situ to invasive carcinoma by promoting epithelial to
mesenchymal transition (Lu et al., 2009a). The correlation between 14-3-30 and
poor clinical outcome is supported most strongly by the NKI cohort, although it
should be noted that the UCSF cohort have both fewer patients and decreased
metastasis frequency in these patients in comparison to the NKI cohort (data not
shown), the combination of which could explain why the metastasis-free survival
in the UCSF cohort failed to reach statistical significance. The correlation
between 14-3-30 and poor outcome may stem from this protein being a marker
of a breast cancer subtype that inherently has aggressive clinical behavior.
Nevertheless, | show that 14-3-30 is directly linked to cell migration and invasion
in culture and in vivo independent of proliferation, and that its expression in
tumors is highest at the invasive front where soft tissue infiltration occurs.
(Figures 7-12). Similar results have recently been reported for colorectal cancer
where forced expression of 14-3-3c in HCT116 cells increases their motility (Ide
et al., 2007), despite this being the very cell line in which 14-3-3c was previously
shown to regulate the G2/M checkpoint and potentially be a tumor suppressor
(Chan et al., 1999; Hermeking et al., 1997). This study also showed an increased
14-3-30 staining intensity at the invasive front of colorectal cancers, analogous to
my observations in T4-2 tumors (Figure 7). | further provide a mechanism by
which 14-3-30 promotes cell migration and tumor invasion in vivo by directly
regulating actin polymerization (Figures 22-28).
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4.4. Conclusions.

The finding that 14-3-30 expression is highest in basal-like breast tumors,
a breast cancer subtype that inherently has an aggressive clinical behavior, and
that 14-3-30 mechanistically regulates actin dynamics, suggests that this
molecule could be an important element of basal-like tumor progression. My data
showing that 14-3-30 is a marker of basal-like breast tumors does not dispute,
but rather reconciles, the literature of whether 14-3-30 is silenced in breast
cancer or not: | propose that “silencing” of 14-3-30 in breast cancer is contingent
on whether tumors show basal-like differentiation or luminal differentiation, and
the previously described 14-3-30 downregulation frequency in breast cancer is in
good agreement with the frequency of non-basal tumors. | show that 14-3-3c0
directly interacts with actin and inhibits its polymerization in vitro and in situ to
regulate motility and tumor invasion in vivo, thus providing a molecular basis by
which 14-3-30 may contribute to basal tumor progression to invasive carcinoma.
These data implicate 14-3-30 as a potential therapeutic target, prognostic
indicator, and “functional biomarker” of BLBC, which may be of clinical
importance following further validation studies.
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CHAPTER 6. FIGURES AND FIGURE LEGENDS
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Figure 1: 14-3-30 expression follows malignancy in the HMT-3522 model of
basal-like breast cancer (BLBC) progression. (A) Lysates from cells grown for
4 days in tissue culture polystyrene (2D) or on top of basement membrane
extract (3D Matrigel) were resolved by SDS-PAGE and analyzed for 14-3-30
expression by western blot analysis. Actin and E-cadherin are provided as
loading controls. (B) Western blot analysis of lysates from the MCF10 series
following growth for 4 days in tissue culture polystyrene. Actin and E-cadherin
are provided as loading controls.
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FIGURE 1: 14-3-3c expression follows malignancy in the HMT-
3522 model of basal-like breast cancer (BLBC) progression.
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FIGURE 2: 14-3-30 expression identifies myoepithelial cells in normal
human breast and mouse mammary glands. Archival formalin-fixed and
paraffin-embedded mammary gland sections from an 8 week old mouse (CD1
strain) and tissue sections from a nonmalignant breast reduction (obtained
commercially) were dewaxed, stained with 14-3-30 antibody (clone C-18), and
nuclei were counterstained with hematoxylin. Myoepithelial cells were stained ~3-
fold more intense than luminal epithelial cells as previously reported in the
normal human breast (Moreira et al., 2005; Simpson et al., 2004). Specificity of
the staining was verified by excluding the primary antibody (no 19G). Scale bar:
100um.
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FIGURE 2: 14-3-3c expression identifies myoepithelial cells n
normal human breast and mouse mammary glands.
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FIGURE 3: 14-3-30 expression and distribution is regulated by estrogen
signaling. 16 week old CD1 mice were ovariectomized and administered either
estrogen or progesterone (or vehicle) as described in the Materials and Methods.
Formalin-fixed, paraffin-embedded tissue sections were dewaxed and stained
with 14-3-30 antibody and counterstained with hematoxylin. 14-3-30 staining
intensity is dramatically higher in both luminal and myoepithelial cells of
ovariectomized mice; this is rescued in mice supplemented with estrogen or
progesterone. Sham-treated: mice were incised, but ovaries were left intact.
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FIGURE 3: 14-3-3c expression and distribution 1s regulated by

estrogen signaling.
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FIGURE 4: 14-3-30 expression correlates with ER negative tumors, poor
MammaPrint signature, and BLBC molecular subtype. Microarray data and
available clinical information for three breast cancer patient cohorts (Chin et al.,
2006; van de Vijver et al., 2002; Wang et al., 2005b) were obtained from public
sources as described in the Materials and Methods. Patients were grouped
based on ER status (A), MammaPrint signature (B), and molecular subtype (C),
and the mean 14-3-30 expression for each group was calculated. Error bars
represent the standard error of the mean, statistical significance was measured
using either a two-tailed Mann-Whitney test (A,B), or a one-way analysis of
variance (C) with Bonferroni post-test (* p < 0.05, ** p< 0.01, *** p < 0.001).
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FIGURE 5: 14-3-30 nuclear expression correlates with luminal subtype and
good clinical outcome in the ICR cohort. (A) 14-3-30 immunoreactivity and
subcellular distribution (from Table 1 and 2) by tumor subtype. 14-3-3c0
cytoplasmic staining correlates with basal subtype, while nuclear or absent
staining correlates with luminal subtype. (B) Kaplan-Meier survival analysis of the
ICR cohort for patients grouped by 14-3-30 subcellular distribution. The presence
of cytoplasmic 14-3-30 staining is correlated with poor 5-year clinical outcome. P
values were calculated using the log-rank test.
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FIGURE 5: 14-3-3c nuclear expression correlates with lumimal
subtype and good clinical outcome m the ICR cohort.
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FIGURE 6: 14-3-30 expression correlates with decreased overall,
recurrence-free, and metastasis-free survival. (A) Kaplan-Meier survival
analysis of the Netherlands Cancer Institute (NKI) and the USCF cohorts for
patients grouped by 14-3-3c expression. (B) Kaplan-Meier recurrence-free
survival analysis of the NKI and the USCF patient cohorts for patients grouped by
14-3-30 expression. (C) Kaplan-Meier metastasis-free survival analysis of the
Netherlands NKI and the USCF patient cohorts for patients grouped by 14-3-30
expression. P values for all survival curves were calculated using the log-rank
test. 14-3-3 low: 14-3-30 mRNA expression levels lower than the median
expression of 14-3-30 in the whole cohort; 14-3-30 high: 14-3-30 mRNA
expression levels higher than the median expression of 14-3-30 in the whole
cohort.
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FIGURE 6: 14-3-3c expression correlates with decreased
overall, recuirence-free, and metastasis-free survival.
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FIGURE 7: 14-3-30c immunohistochemical staining is most intense at the
invasive front of the tumor in T4-2 xenografts. T4-2 cells were injected
subcutaneously into rear flanks of nu/nu mice and allowed to form tumors for a
period of 28 days. The tumors were then were excised and fixed in formalin for
immunohistochemical analysis. The surrounding mouse stroma is negative for
14-3-30 staining (left). A heat map representation of the same tumor section
emphasizes the 14-3-30 distribution at the tumor invasive front (right). Scale bar:
100um.
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FIGURE 7: 14-3-36 immunohistochemical staining 1s most
intense at the mvasive front of the tumor in T4-2 xenografis.
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FIGURE 8: shRNA hairpins targeting 14-3-30 decrease T4-2 cell motility and
invasiveness in culture. T4-2 cells expressing shRNA hairpins targeting 14-3-
30 (sh-14-3-30) have greater than 80% reduction on the protein level (A) relative
to cells expressing scrambled shRNAs (sh-scr), have decreased motility in
scratch assays (B), and have decreased invasiveness through Matrigel-coated
transwell inserts (C). Error bars represent the standard error of the mean (SEM),
statistical significance was calculated using a two-tailed Student’s t test (* p <
0.05, ** p< 0.01).
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FIGURE 8: shRNA haiurpins targeting 14-3-36 decrease T4-2

cell motility and invasiveness m culture.
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FIGURE 9: shRNA hairpins targeting 14-3-30 decrease T4-2 tumor invasion
in vivo. Representative H&E stains of tumors derived from T4-2 sh-scr and sh-
14-3-30 subcutaneous injection, showing the morphology of the tumor and
surrounding mouse stroma. Tumors formed by injecting T4-2 sh-scr cells have
poor demarcation and frequently disrupt adjacent normal tissues, whereas T4-2
sh-14-3-3c tumors have much clearer margins and do not disrupt surrounding
normal tissue architecture as frequently. Scale bar: 100 pm.
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T4-2 sh-scr tumor histology

FIGURE 9: shRNA haurpins targeting 14-3-3G decrease T4-2
tumor invasion in vivo.
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FIGURE 10: 14-3-30 knockdown does not influence proliferation in culture
or in vivo. Proliferation of cells in culture (A) and in vivo (B) was not significantly
different in the T4-2 sh-14-3-30 cells relative to the control T4-2 sh-scr cells, as
shown by BrdU incorporation and Ki-67 immunohistochemistry, respectively.
Examples of nuclei scored as Ki-67 positive (black arrows) and negative (white
arrows) are indicated. Error bars represent the standard error of the mean
(SEM). (C) T4-2 sh-14-3-30 cells do not have altered tumor volume in vivo.
Tumor growth was measured three times a week. Solid lines represent the best
fit exponential growth curve, error bars represent the SEM.
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FIGURE 10: 14-3-3¢ knockdown does not influence
proliferation in culture or in vivo.
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FIGURE 11: 14-3-30 contributes to MCF10DCIS cell motility and stellate
morphogenesis. (A) MCF10DCIS.com cells espressing shRNA hairpins (sh-14-
3-30) targeting 14-3-30 have greater than 80% reduction on the protein level
relative to a scrambled shRNA (sh-scr), have decreased motility in scratch
assays (B), and have decreased numbers of invasive and migratory projections
per colony when cultured on 3D reconstituted basement membrane (C). Error
bars represent the standard error of the mean (SEM), statistical significance was
calculated using a two-tailed Student’s t test (** p < 0.01, *** p< 0.001).
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FIGURE 11: 14-3-3¢ contributes to MCF10DCIS motility and
stellate morphogenesis.
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FIGURE 12: 14-3-30c shRNA decreases MDA-MB-231 cell migration and
invasion without influencing proliferation. MDA-MB-231 cells espressing
shRNA hairpins (sh-14-3-30) targeting 14-3-30 have decreased invasion through
Matrigel-coated transwell inserts (A) and decreased chemotaxis towards serum
(B) than control cells, but show no differences in proliferation as measured by
BrdU incorporation (C). Error bars represent the standard error of the mean
(SEM), statistical significance was calculated using a two-tailed Student’s t test (*
p <0.05, ** p< 0.01).
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FIGURE 12: 14-3-36 shRNA decreases MDA-MB-231 cell
migration and invasion without influencing proliferation.

A MDA-231 Invasion B MDA-231 Migration C MDA-231 Proliferation

6007 _ 1 g 129
= 5004 S 104 = 104
S = * % g
= 4004 gL 0.8+ = (.54
] -3 | =
= 3004 = 0.5 = 064
J —
5 2004 Z 044 2 044
E = e
E 1001 S 0.2 = 024
z - >
04 0.04 = g0
£ £
'.,,\.- :)6 '-f., "h’ﬂ? c-.é "‘:P
SR SR ¥ o2
& S ¥

106



FIGURE 13: 14-3-30 knockdown influences motility and invasion without
influencing cellular adhesion. Knockdown and control cells were cultured until
40% confluent, fixed, and stained for the presence of F-actin and beta-catenin at
cellular junctions as a measure of cellular adhesion. Junctions were slightly more
discontinuous in knockdown cells than control, suggesting the decreased maoitility
and invasion in knockdown cells is not due to increased cellular adhesion.
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FIGURE 13: 14-3-36 knockdown influences motility and
invasion without influencing cellular adhesion.
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FIGURE 14: 14-3-30 knockdown deregulates actin polymerization. Phalloidin
immunofluorescence, showing T4-2 cells with reduced 14-3-30 (sh-14-3-30)
have more polymerized actin than cells expressing scrambled hairpins (sh-scr)
independent of changes in actin protein levels (see Figure 8). Scale bar: 20pm.
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FIGURE 14: 14-3-3¢ knockdown deregulates actin
polymerization.
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FIGURE 15: Wild-type 14-3-30 expression rescues the actin phenotype,
while a C-terminal truncation does not. (A) Schematic depicting the structure
of the 14-3-30 expression constructs, as well as regions influenced in the 14-3-
30%° mutant which is able to dimerize but predicted to be deficient in ligand
binding. (B) Phalloidin immunofluorescence depicting the amount of polymeric
actin present in the knockdown cells overexpressing an irrelevant gene (Gus) or
the 14-3-30 constructs. Only the wild-type 14-3-30 is able to rescue the
deregulation of actin. Scale bar: 20um. (C) Quantification of the phalloidin
intensity in >20 cells for shRNA and rescue cell lines. Error bars represent the
standard error of the mean, statistical significance was measured using a one-
way analysis of variance with Bonferroni post-test (* p < 0.05, ** p< 0.01). Note
that the difference in phalloidin intensity between sh-scr versus sh-14-3-30 + 14-
3-30 was not statistically significant.
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FIGURE 15: Wild-type 14-3-3G expression rescues the actin
phenotype, while a C-terminal truncation does not.
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FIGURE 16: The truncated 14-3-30 does not act as a dominant negative 14-
3-3 with respect to migration and invasion. (A) Lysates from cell lines
expressing the 14-3-30 constructs were resolved by SDS-PAGE and analyzed
for transgene expression using an antibody specifically recognizing the N-
terminus of 14-3-30 (clone N-14; Santa Cruz). Cell lines had transgene
expression comparable to endogenous 14-3-30 levels, but showed no
statistically significant differences in transwell migration (B) or Matrigel invasion
(C) assays.
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FIGURE 16: The truncated 14-3-36 does not act as a dominant
negative 14-3-3 with respect to migration and invasion.
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FIGURE 17: 14-3-30 regulates actin dynamics downstream of canonical
cytoskeletal signaling pathways. Lysates from sh-14-3-3c and control cells
were resolved by SDS-PAGE and the activity of various signaling molecules
implicated in actin dynamics and epithelial to mesenchymal transition were
assessed by western blot analysis. Alternatively, the activity of small GTPases
(Rac1, RhoA, and cdc42) was assessed as described in the Materials and
Methods by performing pull-down assays with GST-PAK1 (Rac1 and cdc42) or
GST-RBD (RhoA) prior to SDS-PAGE. No dramatic differences in the activity of
any of the biomolecules measured were noted in the knockdown cells.
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FIGURE 17: 14-3-3c regulates actin dynamics downstream of
canonical cytoskeletal signaling pathways.
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FIGURE 18: LifeAct decorates F-actin and is mutually exclusive from YFP-
14-3-30, similar to endogenous F-actin and 14-3-30. (A) Merged green (YFP-
14-3-30) and red (mCherry) channels in live cells, showing the localization of
untagged mCherry (upper panel) versus Lifeact-mCherry (lower panel).
Untagged mCherry localizes throughout the cell, whereas LifeAct-mCherry
preferentially localizes to actin filaments and is mutually-exclusive from YFP-14-
3-30 similar to the distribution of endogenous 14-3-30 and F-actin (B). Scale bar:
10um.
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FIGURE 18: Life Act decorates F-actin and is mutually exclusive
from YFP-14-3-3c, sunilar to endogenous F-actin and 14-3-3c.
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FIGURE 19: YFP-14-3-30 localizes away from the F-actin-rich leading edge
of a cell during migration. Representative live cell imaging of a cell expressing
LifeAct-mCherry and YFP-14-3-3c as it migrates over time. Most 14-3-30
localizes away from the migratory front of the cell, while rapid F-actin remodeling
occurs either as lamellipod extension and retraction at the leading edge or as
actin turnover at the trailing edge of the cell (A). The 14-3-30 and F-actin
subcellular polarity is emphasized by converting the channels into a differential
heat map (B). Black arrows: cell trajectory. Scale Bar: 10um.
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FIGURE 20: YFP-14-3-30 subcellular polarity persists throughout cell
migration. Representative pictures of cells expressing YFP-14-3-30 and LifeAct-
mCherry and which are actively migrating after 24 hours. The F-actin and 14-3-
30 distributions remain polarized, suggesting that continual (rather than transient)
14-3-30 polarization occurs throughout cell migration. Black arrows: trajectory of
cells. Scale bar: 20pm.
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FIGURE 20: YFP-14-3-3G subcellular polarity persists
throughout cell migration.
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FIGURE 21: Endogenous 14-3-30 similarly polarizes away from F-actin
during cell migration. T4-2 cells were grown to a confluent monolayer,
scratched with a pipet tip, and migratory cells were fixed and stained 16 hours
later to measure endogenous F-actin and 14-3-30 distributions. Migratory cells
facing the scratch area are polarized such that 14-3-30 is away from the leading
edge of cell migration, whereas stationary cells far from the scratch area show no
14-3-30 polarization. Black arrows: trajectory of cells. Scale bar: 20um.
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FIGURE 21: Endogenous 14-3-3c similarly polarizes away from F-

actin during cell migration.
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FIGURE 22: Actin filaments in sh-14-3-30 cells are more dynamic than in
control cells. (A) Photobleach and fluorescence recovery in a peripheral actin
fiber decorated with LifeAct-mCherry, a live cell phalloidin (Riedl et al., 2008).
Recovery to equilibrium was reached within ~3 seconds. (B) An example
fluorescence recovery curve of the boxed region from (A), in comparison to the
lack of recovery observed in a fixed cell (inset). (C) FRAP kinetic constants in
cells expressing shRNAs targeting 14-3-30 versus scrambled control as
measured in >20 cells. Knockdown cells show ~2-fold more rapid fluorescence
recovery, indicating the F-actin turnover is much more rapid in these cells and
supporting that the actin phenotype (Figure 14) is most likely an increased
polymerization rate rather than suppressed depolymerization.
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FIGURE 22: Actin filaments in sh-14-3-36 cells are more
dynamic than in control cells.
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FIGURE 23: The increased actin filament turnover observed in sh-14-3-3o0
cells decreases the pool of soluble actin. (A) T4-2 sh-14-3-30 and control
cells were grown to 70% confluence, lysed in buffer containing 1% Triton X-100,
and the Triton-soluble and insoluble cell fractions were resolved by SDS-PAGE
and analyzed for actin expression by western blot. The ratio of soluble to
insoluble actin for three independent experiments is shown (B), with knockdown
cells having over 2-fold less soluble actin. Error bars represent the standard error
of the mean (SEM), statistical significance was calculated using a two-tailed
Student’s t test (* p < 0.05).
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FIGURE 23: The increased actin filament turnover observed in
sh-14-3-3c cells decreases the pool of soluble actin.
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FIGURE 24: Overexpression of actin, but not a mutant unable to
polymerize, rescues migration and invasion in sh-14-3-30 cells. 14-3-30
knockdown cells were stably infected with lentiviruses encoding Gus, wild-type
actin, or an actin mutant (R62D) that is unable to polymerize into F-actin (Posern
et al., 2002). Expression of wild-type actin restores the pool of polymerization-
competent G-actin in knockdown cells and thus rescues the motility (A) and
invasion (B) of the cells, whereas the mutant (R62D) protein is unable to. Error
bars represent the standard error of the mean, statistical significance was
measured using a one-way analysis of variance with Bonferroni post-test (* p <
0.05, ** p< 0.01). Note that the differences in migration and invasion between
cells expressing Gus versus actin (R62D) were not statistically significant.
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FIGURE 24: Overexpression of actin, but not a mutant unable to
polymerize, rescues migration and invasion in sh-14-3-3c cells.
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FIGURE 25: 14-3-30 interacts directly with actin in cells and in vitro. (A) T4-
2 cells expressing FLAG-14-3-30 and FLAG-14-3-30"° were lyzed, and FLAG-
tagged proteins and their interacting partners were affinity purified then resolved
by SDS-PAGE. Only wild-type 14-3-30 formed stable complexes with actin
despite both the wild-type and the truncated mutant being able to interact with
endogenous 14-3-30 (shown by the asterisk), suggesting that two functional 14-
3-30 monomers are required for stable actin interaction. IP: immunoprecipitation.
IB: western blot. (B) A GST pull-down experiment, showing that recombinant
GST-14-3-30, but not GST tag, interacts directly with purified actin in vitro.
Proteins were resolved by SDS-PAGE and visualized by silver staining.
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FIGURE 26: 14-3-30 inhibits actin polymerization in vitro. Pretreating G-actin
with GST-14-3-30 inhibits subsequent polymerization into F-actin. This was
observed by (A) fractionating the residual G-actin from F-actin following
polymerization by ultracentrifugation, and by (B) polymerizing AlexaFluor488-
conjugated G-actin (488-G-actin) and imaging F-actin fibrils by confocal
microscopy. Depicted is the maximum intensity projection of 20 superimposed
fields. The quantification shown (C) is the residual G-actin pool remaining
following polymerization of unconjugated actin from (A). Error bars represent the
standard error of the mean (SEM), statistical significance was calculated using a
two-tailed Student’s t test (*** p < 0.001).
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FIGURE 26: 14-3-3c mhibits actin polymerization in vitro.
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FIGURE 27: 14-3-30 inhibits actin polymerization in situ. De novo actin
polymerization was measured by permeabilizing cells with saponin, introducing
488-G-actin in the presence of ATP, fixing the cells, then counterstaining
endogenous F-actin with phalloidin. Pretreatment with GST-14-3-30 significantly
inhibits 488-G-actin incorporation in cells with low endogenous 14-3-3c (BT549).
The quantification shown is the ratio of incorporated 488-G-actin to endogenous
F-actin, relative to values obtained by pretreating 488-G-actin with GST in the
respective cell lines. Error bars represent the standard error of the mean (SEM),
statistical significance was calculated using a two-tailed Student’s t test (*** p <
0.001).

135



FIGURE 27: 14-3-3c mhibits actin polymerization in situ.
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FIGURE 28: 14-3-30 decreases the maximum rate of pyrene actin
polymerization and shifts the equilibrium towards G-actin. The pyrene actin
polymerization kinetics are markedly different in the presence of GST versus
GST-14-3-30. GST-14-3-30 decreases the maximum rate of polymerization
(apparent by the decreased slope of the linear region prior to the plateau in the
curves) and shifts the equilibrium towards more G-actin (decreased height of the
plateau in the GST-14-3-30 curve). Fluorescence (As10) measurements were
conducted in 30s intervals in triplicate. Error bars represent the standard error of
the mean (SEM), statistical significance was calculated using a two-tailed
Student’s t test for every time point (* p < 0.05, ** p < 0.01, *** p < 0.001).
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FIGURE 28: 14-3-3c decreases the maximum rate of pyrene actin
polymerization and shifts the equilibrium towards G-actin.
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FIGURE 29: 14-3-30 does not inhibit actin polymerization by capping F-
actin, as it does not co-sedimentation with filaments. An actin sedimentation
assay, in which actin is polymerized into F-actin (Polymerization) or left as G-
actin (No polymerization), is subsequently incubated with GST-14-3-30, and
lastly fractionated by centrifugation. The localization of 14-3-30 to the
supernatant was unchanged in the presence of F-actin (there was no co-
sedimentation with actin filaments), indicating that 14-3-30 does not interact with
F-actin and thus does not inhibit actin polymerization by capping F-actin.
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FIGURE 29: 14-3-36 does not mhibit actin polymerization by
capping F-acti, as it does not co-sedimentation with filaments.
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FIGURE 30: 14-3-30 and F-actin are mutually-exclusive, while 14-3-30 has
significant cytoplasmic colocalization with G-actin. Cells were fixed and
stained using an antibody recognizing 14-3-30 (clone C18), a monoclonal
antibody against beta-actin, and phalloidin to decorate F-actin. Both antibodies
showed negligible colocalization with F-actin, validating earlier data showing that
14-3-30 and F-actin are mutually-exclusive (Figure 18), and demonstrating that
the actin mAb specifically recognizes non-filamentous actin (ie soluble actin) by
immunofluorescence. In contrast, both antibodies showed a high degree of
cytoplasmic colocalization (>75% for n = 10 independent cells), suggesting that
14-3-30 colocalizes with G-actin in cells and likely inhibits actin polymerization by
sequestering G-actin rather than capping actin filaments (Figures 25-29).
Colocalization analysis was performed using automated thresholds detection as
described in the Materials and Methods.
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FIGURE 30: 14-3-3¢ and F-actin are mutuallv-exclusive, while 14-3-
36 has significant cvtoplasmic colocalization with G-actin.
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FIGURE 31: Profilin and F-actin are mutually-exclusive, while 14-3-3c has
significant cytoplasmic colocalization with profilin. Cells were fixed and
stained using antibodies recognizing 14-3-30 (clone C18), the G-actin binding
protein, profilin, as well as phalloidin to decorate F-actin. Profilin distribution
mirrors that of 14-3-30, as profilin and F-actin are mutually-exclusive and show
no statistically significant colocalization. However, both antibodies showed a high
degree of cytoplasmic colocalization (>80% for n = 10 independent cells),
providing further evidence that 14-3-30 colocalizes with G-actin and suggesting
that 14-3-30 may interact with both G-actin and profilin as a complex.
Colocalization analysis was performed using automated thresholds detection as
described in the Materials and Methods.
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FIGURE 31: Profilin and F-actin are mutually-exclusive, while 14-3-
36 has significant cytoplasmic colocalization with profilin.
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FIGURE 32: Overexpression of profilin, but not a mutant unable to bind
actin, decreases cell motility and deregulates actin polymerization. (A)
Western blot analysis of lysates from cells stably overexpressing Gus, profilin, or
a mutant profilin that is unable to bind to actin (S137D) (Shao et al., 2008),
showing a ~two-fold overexpression of profilin compared to endogenous levels.
(B) Profilin overexpression suppresses cell migration, whereas cells expressing
the mutant profilin show no statistically significant difference in migration versus
cells overexpressing Gus. Error bars represent the standard error of the mean,
statistical significance was measured using a one-way analysis of variance with
Bonferroni post-test (* p < 0.05, ** p< 0.01). (C) Immunofluorescence of cells
stained with phalloidin and an antibody recognizing profilin. Cells overexpressing
profilin (top panels) have deregulated actin polymerization (similar to 14-3-3c0
knockdown cells) in comparison to neighboring cells that do not overexpress
profilin; this was not observed in cells expressing profilin S137D (bottom panels).
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FIGURE 32: Overexpression of profilim, but not a mutant unable to bind
actin, decreases cell motility and deregulates actin polymerization.
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Table 1: Correlations between 14-3-30 staining intensity, clinicopathological
parameters, and other immunohistochemical markers in 245 cases of
invasive breast carcinoma.

Parameter N 14-3-3¢ 14-3-3c strong P value
negative
Size — TNM 198 NS *
T 84 17
T2 70 13
T3 12 2
Grade 194 0.0010 **
1 18 0
2 53 3
3 91 29
Type 197 NS *
IDC 118 26
ILC 29 1
Mixed 12 3
Other 6 2
LVI 197 NS **
- 53 11
+ 112 21
LN mets 192 NS **
- 53 12
+ 107 20
ER 195 <0.0001 **
- 19 17
+ 144 15
PgR 195 <0.0001 **
- 33 19
+ 130 13
HER2 193 NS **
- 135 30
+ 26 2
HER2 CISH 188 NS **
Not amp 131 29
Amp 27 1
EGFR 198 <0.0001 **
- 160 21
+ 6 11
Ck 14 197 <0.0001 **
- 160 22
+ 5 10
Ck 5/6 191 <0.0001 **
- 155 17
+ 7 12
Ck 17 195 <0.0001 **
- 153 20
+ 10 12
Basal cytokeratins 197 <0.0001 **
- 153 16
+ 12 16
Basal cytokeratins 197 <0.0001 **
or EGFR
- 152 13
+ 13 19
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Parameter N 14-3-3¢ 14-3-3c strong P value

negative

Nielsen groups 187 <0.0001 *
Basal 7 16
Luminal 122 14
HER2 27 1

Triple negative 195 <0.0001 **
No 152 19
Yes 11 13

P53 186 0.0275 **
- 117 17
+ 38 14

Ki-67 186 0.0001 *
<10% 69 8
10-30% 71 11
>30% 15 12

Topoisomerase lla. 178 0.0017 **
Low 82 6
High 68 22

TOP2A CISH 190 NS **
Not amp 141 32
Amp 17 0

Cyclin D1 186 <0.0001 *
Low 11 10
Intermediate 32 7
High 113 13

CCND1 CISH 168 NS **
Not amp 114 26
Amp 26 2

MYcC CISH 165 NS **
Not amp 124 24
Amp 14 3

Caveolin 1 198 <0.0001 **
- 158 22
+ 8 10

Caveolin 2 179 0.0023 **
- 146 22
+ 5 6

FOXA1 158 0.0318 **
- 28 10
+ 107 13

Ck: cytokeratin; ER: estrogen receptor; IDC: invasive ductal carcinoma; ILC: invasive
lobular carcinoma; LN mets: lymph node metastasis; LVI: lympho-vascular invasion;
Nielsen groups: immunophenotypic groups defined based upon the expression of
ER, HER2, Ck 5/6 and EGFR; PgR: progesterone receptor

*: v? p values (two-tailed, 95% confidence interval)

**: Fisher’s exact test p values (two-tailed, 95% confidence interval)
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Table 2: Correlations between 14-3-30 nuclear staining, clinicopathological
parameters, and other immunohistochemical markers in 245 cases of
invasive breast carcinoma.

Parameter N 14-3-3¢ 14-3-3¢ P value
negative (nucleus)

Size - TNM 198 NS *
T1 64 37
T2 41 42
T3 11 3

Grade 194 NS *
1 12 6
2 37 19
3 64 56

Type 197 NS *
IDC 89 55
ILC 17 13
Mixed 6 9
Other 4 4

LVI 197 NS **
- 42 22
+ 73 60

LN mets 192 NS **
- 33 32
+ 80 47

ER 195 0.0229 **
- 15 21
+ 98 61

PgR 195 NS **
- 30 22
+ 83 60

HER2 193 NS **
- 96 69
+ 16 12

HER2 CISH 188 NS **
Not amp 96 64
Amp 14 14

EGFR 198 NS **
- 109 72
+ 7 10

Ck 14 197 NS **
- 108 74
+ 7 8

Ck 5/6 191 0.0378 **
- 105 67
+ 7 12

Ck 17 195 0.00151 **
- 109 64
+ 6 16

Basal cytokeratins 197 NS **
- 103 66
+ 12 16

Basal cytokeratins 197 0.0080 **

or EGFR
- 103 62
+ 12 20
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Parameter N 14-3-3c 14-3-3¢ P value

negative (nucleus)

Nielsen groups 187 NS *
Basal 10 13
Luminal 87 49
HER2 14 14

Triple negative 198 NS **
No 109 71
Yes 7 11

P53 186 NS **
- 85 49
+ 26 26

Ki-67 186 NS *
<10% 50 27
10-30% 42 40
>30% 17 10

Topoisomerase lla 178 NS **
Low 46 42
High 58 32

TOP2A CISH 190 NS **
Not amp 101 72
Amp 9 8

Cyclin D1 186 0.0322 **
Low 7 14
Intermediate 24 15
High 80 46

CCND1 CISH 168 NS **
Not amp 79 61
Amp 20 8

MYcC CISH 165 NS **
Not amp 88 60
Amp 1 6

Caveolin 1 198 NS **
- 109 71
+ 7 11

Caveolin 2 179 NS **
- 100 68
+ 5 6

FOXA1 158 NS **
- 21 17
+ 78 42

Ck: cytokeratin; ER: estrogen receptor; IDC: invasive ductal carcinoma; ILC: invasive
lobular carcinoma; LN mets: lymph node metastasis; LVI: lympho-vascular invasion;
Nielsen groups: immunophenotypic groups defined based upon the expression of
ER, HER2, Ck 5/6 and EGFR; PgR: progesterone receptor

*: v? p values (two-tailed, 95% confidence interval)

**: Fisher’s exact test p values (two-tailed, 95% confidence interval)
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