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ABSTRACT OF THE DISSERTATION

The impact of cell architecture on activation and output of the p53 stress response

pathway

by

Ee Tsin Wong

Doctor of Philosophy in Biology

University of California, San Diego, 2006

Professor Geoffrey M. Wahl, Chair

Most studies of cell signaling in vitro use cells grown as monolayers on rigid and

non-physiological substrata. However, epithelial cells in vivo are attached on

malleable extracellular matrix (ECM) and are organized into three dimensional (3D)

structures with the aid of cell-cell and cell-ECM interactions. The rigidity of the ECM

and the 3D cellular architecture have a profound influence on cell growth, survival and

differentiation mediated through changes in cell signaling and gene transcription. P53
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is a transcription factor capable of responding to a variety of stresses and signals.

Furthermore, the level of P53 negative regulator Hdm2 is influenced by mitogenic

signalings from the environment. Since the activity of P53 is influenced by the levels

of its upstream regulators, changes in cell architecture may influence Hdm2 level and

P53 activity. To study the modulation of P53 activity by different transgenes, an

improved Cre-loxP recombination system was characterized. The new LoxP site

(designated L3), which when used with the original LoxP site (designated L2), allows

highly efficient and directional replacement of chromosomal DNA at a defined locus

with incoming DNA. When used in combination with a stringent inducible system, the

level of transgene expression can be controlled at physiologically relevant levels in an

in vitro setting. The study of the influence of cell architecture and the impact of

neighboring stromal cells on P53 activity and levels of its upstream regulators were

described in subsequent chapters. We found that cells grown in 3D were more

resistant to apoptosis induced by a combination of doxorubicin and Nutlin. The

sensitivity to apoptosis correlated with the efficiency of Hdmx downregulation.

Lowering Hdmx level by shRNA in 3D cells sensitizes these cells to apoptosis

induced by doxorubicin and Nutlin. Hence, the cell architecture is one factor to

consider in determining the efficacy of chemotherapeutic agents as it can impact on

Hdmx level to reduce P53-dependent apoptosis.
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I

Introduction
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Introduction

P53 and its regulation

P53 is a critical tumor suppressor that maintains genetic stability and inhibits

tumorigenesis. Loss of function through mutations of the p53 gene are found in about

50% of sporadic human cancers (Hollstein et al., 1991; Levine et al., 1991). Although

P53 may induce apoptosis by non-transcriptional mechanisms (Caelles et al., 1994;

Chipuk et al., 2004; Marchenko et al., 2000), the main function of P53 as a

transcriptional regulator is critical for effective tumor suppression (reviewed in (Wahl

et al., 2005)). P53 protein consists of an N-terminal transactivation domain (TAD), a

central DNA binding domain (DBD) and a C-terminal tetramerization domain. The

active DNA binding form of P53 is a tetramer, which recognizes and binds the P53

DNA consensus recognition element (RE) (Friedman et al., 1993; McLure and Lee,

1998). The RE consists of two half-sites separated by 0-13 nucleotides and each half-

site consists of inverted repeats ( ) of pentameric sequence  (AGPuCATGPyCC,

where Pu:Purine and Py:pyrimidine) (revised in (Wei et al., 2006)).

P53 function in tumors that retain the wild-type p53 allele may be

compromised due to overexpression of its negative regulators (Hdm2 and Hdmx,

which designate the human form of mouse proteins, Mdm2 and Mdmx). Upon

exposure to stress, such as DNA damage and oncogene activation, P53 protein is

stabilized and can activate or repress target genes. This can lead to either cell cycle

arrest, apoptosis, senescence or DNA repair, thereby preventing aberrant cells from

proliferating. See figure 1.1 for a summary of P53 regulation in unstressed and

stressed cells.
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Regulation of P53 stability by Hdm2

Due to the detrimental effect of activated P53 on cell cycle progression and

cell survival, P53 activity must be carefully regulated. Hdm2 is a major negative

regulator of P53. Mdm2-null is embryonic lethal and lethality is rescued by

concomitant p53 deficiency (Jones et al., 1995; Montes de Oca Luna et al., 1995). The

N-terminal of Hdm2 binds P53 and inhibits its transactivation function (Momand et

al., 1992). Additionally, Hdm2 has a C-terminal RING-finger domain that is required

for promoting P53 ubiquitination and subsequent degradation by the proteasome

(Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997). Beside Mdm2, other E3

ubiquitin ligases have also been reported to regulate P53 ubiquitination and stability

(see Table 1.1).

The pathways that moderate the level and activity of Hdm2 in a cell can

dramatically affect P53 activation. Hdm2 is overexpressed or amplified in many

human cancers (Momand et al., 1998; Reifenberger et al., 1993) and overexpression

antagonizes P53 function and promotes tumorigenesis (Bond et al., 2004; Jones et al.,

1998; Oliner et al., 1992). Moreover, the presence of single nucleotide polymorphism

in the hdm2 promoter region can increase Hdm2 expression in an estrogen receptor

dependent manner and predisposes some premenopausal women in the population to a

higher risk of breast cancer development (Bond et al., 2004). Conversely, lowering

Mdm2 level potentiates P53 activation and induction of apoptosis and cell cycle arrest

(Mendrysa et al., 2003).

In unstressed cells, the level of Hdm2 is regulated at both the transcriptional

level and at the level of protein stability. Mitogenic signaling via MAPK (Erk)
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promotes hdm2  gene transcription (Ries et al., 2000), while Akt directly

phosphorylates Hdm2 to enhance the protein stability (Ashcroft et al., 2002; Gottlieb

et al., 2002). Hdm2 protein stability is also a balance of self-ubquitination (Stommel

and Wahl, 2004) and deubiquitination by HAUSP (Herpes virus associated ubiquitin

specific protease) (Cummins et al., 2004; Li et al., 2004; Li et al., 2002b). For P53

activation after DNA damage, phosphorylation of Hdm2 mediated by ATM and other

kinases leads to HAUSP dissociation from Hdm2 which leads to further ubiquitination

and destabilization of Hdm2 (Meulmeester et al., 2005; Stommel and Wahl, 2004).

The highly unstable Hdm2 can no longer effectively antagonize P53, leading to P53

accumulation and activation (Stommel and Wahl, 2004). Activated P53 also leads to

increased transcription of downstream genes including Hdm2. The accumulation of

Hdm2 after stress functions in a negative feedback loop to switch off P53 after the

noxious stress is removed.

Induction of apoptosis after DNA damage plays a role in tumor regression in

response to conventional chemotherapy. About 50% of human cancers retain the

wildtype p53 gene, giving rise to the opportunity for activating P53 function in these

cells as a therapeutic approach to selectively kill cancer cells. However, DNA

damaging agents have undesirable side effects, including damage to nonmalignant

cells, and mutagenic effects which create the potential for development of secondary

malignancies. This has fueled the search for less toxic alternatives. Recently, the

development of small molecules that disrupt P53-Hdm2 interactions has created new

opportunities for cancer therapies. The cis-imadazoline compound (Nutlin) binds

Hdm2 and blocks Hdm2 interaction with P53 and can activate P53 in cancers that
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over-express Hdm2 (Vassilev et al., 2004). When used alone (Vassilev et al., 2004) or

in combination with genotoxic agents (Coll-Mulet et al., 2006; Secchiero et al., 2006;

Stuhmer et al., 2005), Nutlin reduces tumor cell survival and blocks tumor

progression. However, not all tumors with wildtype p53 undergo apoptosis in response

to Nutlin, suggesting that pathways downstream of P53 may be defective or that pro-

survival signals dominate in certain contexts. Elucidation of the factors that determine

sensitivity to this novel class of p53 activating drugs may thus provide novel targets

for future chemotherapies.

Regulation of P53 by Hdmx

Mdmx is also a critical negative regulator of P53 as gene ablation is associated

with P53-dependent embryonic lethality in mice (Finch et al., 2002; Migliorini et al.,

2002b; Parant et al., 2001). Human tumors and cancer cell lines with wild-type p53

often overexpress Hdmx (Danovi et al., 2004; Ramos et al., 2001; Riemenschneider et

al., 1999), suggesting that Hdmx overexpression may attenuate P53 activation during

tumorigenesis. Therefore, understanding the mechanisms behind Hdmx function and

regulation is important for the design of therapeutics to reactivate P53 in tumors that

overexpress Hdmx.

Mdmx has a high degree of homology with Mdm2 especially in the P53

binding domain (Shvarts et al., 1996). Mdmx binds P53 at the N-terminal

transactivation domain and inhibits its transactivation function. Embryonic lethality

seen in either Mdm2 or Mdmx ablation suggests the critical function of both proteins

in the negative regulation of P53 and that Mdm2 and Mdmx have non-overlapping
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functions such that neither can substitute for the loss of the other. Furthermore, tissue

specific knockouts in the brain emphasize the non-redundant role of Mdm2 and Mdmx

in the same cell types in the negative regulation of P53 (Francoz et al., 2006; Xiong et

al., 2006). Loss of mdmx by gene knockout results in increased transactivation of

target genes and enhanced cell cycle arrest or apoptosis in some cell types (Finch et

al., 2002; Francoz et al., 2006; Migliorini et al., 2002b; Parant et al., 2001; Xiong et

al., 2006). In contrast to Mdm2, Mdmx expression is not induced by P53 (Shvarts et

al., 1996) and it lacks ubiquitin E3 ligase activity and therefore does not  directly

control P53  stability (Stad et al., 2001). Instead, Hdmx is a critical inhibitor of P53

transcription. In the absence of Mdmx, Mdm2 alone is insufficient to inhibit P53

because it is not an effective inhibitor of P53 transactivation and there may not be

sufficient Mdm2 around as it is an unstable protein. On the other hand, conditional

Mdm2 knockout mouse models indicate a more important role of Mdm2 in the

negative regulation of P53 stability (Francoz et al., 2006; Toledo et al., 2006; Xiong et

al., 2006). In the absence of Mdm2, P53 is stabilized and accumulates to high level,

more than the endogenous level of Mdmx can handle.

The stability of Hdmx is regulated by the balance between Hdm2 (E3 ubiquitin

enzyme) and HAUSP (de-ubiquitinating enzyme) activity. The downregulation of

Hdmx is required for P53 activation following DNA damage, as overexpression of

Hdmx attenuates induction of Hdm2 and P21CIP (Kawai et al., 2003) while

knockdown by shRNA potentiates P53 activation (Chen et al., 2005). Mdmx can

interact with Mdm2 through their respective RING finger domains (Stad et al., 2001).

The destabilization of Mdmx after DNA damage is promoted by Mdm2-dependent
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ubiquitination and requires the RING finger domain of Mdm2 (de Graaf et al., 2003;

Kawai et al., 2003; Pan and Chen, 2003). In unstressed cells, HAUSP also interacts

with and deubiquitinates Hdmx, leading to Hdmx stabilization (Meulmeester et al.,

2005). Upon stress, Hdmx is phosphorylated at positions serine 342, serine 367, and

serine 403 by damage-activated ATM and Chk2 kinases (Chen et al., 2005; Pereg et

al., 2005). Phosphorylation promotes HAUSP dissociation from Hdmx (Meulmeester

et al., 2005), leading to ubiquitination and degradation of Hdmx by the proteasome.

Hdmx phosphorylated at serine 367 promotes 14-3-3 binding and this is associated

with Hdmx degradation, although the mechanism remains unclear (LeBron et al.,

2006; Okamoto et al., 2005).

The efficiency of Hdmx degradation may be affected by its subcellular

localization. Transfection and overexpression studies indicate that Hdmx is mainly

cytoplasmic in unstressed cells (Gu et al., 2002; Li et al., 2002a; Migliorini et al.,

2002a). Endogenous Hdmx also appears to be predominantly cytosolic in some cell

types (Rallapalli et al., 1999). DNA damage promotes entry of Hdmx into the nucleus

and this is dependent on Hdm2 and requires the RING domain of Hdm2 (Li et al.,

2002a; Pan and Chen, 2003). Hdmx protein with a serine-to-alanine mutation at

residue 367 is relatively stable and does not accumulate in the nucleus after DNA

damage as compared to the wildtype protein (LeBron et al., 2006).  Consistent with

this, the phosphorylated form of Hdmx is preferentially localized in the nucleus after

DNA damage (LeBron et al., 2006).  These data suggest that Hdmx is phosphorylated

by damage-induced kinases, interacts with Hdm2 and possibly with other proteins and

is retained in the nucleus where it is rapidly degraded. However, it is presently unclear
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how Hdmx shuttles between the nucleus and the cytoplasm and how phosphorylation

affects shuttling or nuclear retention. More puzzling is why Hdmx is preferentially

brought into the nucleus after DNA damage where P53 is to be activated? Studies

using Hdmx phosphorylation mutants or RING domain mutants that can potentially

interfere with Hdm2 interaction, nuclear entry or its degradation will provide further

insights into the mechanism of Hdmx regulation.

Both genetic and biochemical studies emphasize the critical role of Mdmx in

negative regulation of P53.  A recent large-scale analysis of human tumor samples

indicated overexpression of Hdmx mRNA in a significant percentage of tumor types

(Danovi et al., 2004). Additionally, in tumors with wildtype p53, hdmx and hdm2 gene

amplification are mutually exclusive. Overexpression of Mdmx in mouse embryonic

fibroblasts (MEF) causes cell immortalization and transformation in combination with

H-RasV12 (Danovi et al., 2004). The ability of cells to respond to genotoxic and non-

genotoxic activators of P53 can also be affected by Hdmx level. Lowering Hdmx level

by shRNA enhances P53 activation and cell cycle arrest after IR (Chen et al., 2005).

The efficiency of the Mdm2 antagonist, Nutlin, to inhibit tumor cell growth is also

affected by the level of Hdmx expression since Nutlin does not dissociate Hdmx from

P53 (Patton et al., 2006). These data suggests that downregulation of Hdmx should be

considered as a new chemotherapeutic strategy.

Normal tissue architecture and homeostasis

Most human cancers originate from epithelial cells, and the survival of

epithelial cells and their responses to cancer therapies can be profoundly influenced by
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tissue architecture, cell-cell and cell-extracellular matrix (ECM) attachment (Zahir and

Weaver, 2004). Yet, it is unknown if the activation and output of the P53 pathway is

affected by the three-dimensional (3D) structural organization of the tissue.

Epithelial cells make up the linings of our body surfaces and internal organs.

Epithelial type organs are composed of cells organized to form 3D structures such as

cysts and tubules (reviewed in O’Brien el al (O'Brien et al., 2002)). Cysts (found in

the mammary gland, lung and thyroid) are spherical monolayers of cells that enclose a

central lumen, while tubules are cylindrical tubes with central hollow lumens. The

fundamental property of the epithelial cell architecture is their polarized nature; cells

have lumen facing apical surfaces, lateral surfaces that adhere to neighboring cells and

basal surfaces that adhere to the ECM. With the aid of cell-cell and cell-ECM

adhesion molecules, the intracellular cytoskeleton networks are connected between

cells and with the ECM to form a unifying structural and functional unit. The ECM is

a fibrous network of proteins embedded in a visco-elastic gel consisting of

proteoglycans, glycosaminoglycans and glycoproteins. Collagens and fibronectins that

form part of the fibrous network serve as mechanical platforms for cell attachment and

movement. The cytoskeleton is a network of fibrous proteins (actin, intermediate

filaments and microtubules) found in the cytosol of all mammalian cells. It provides

the mechanical framework and tensile strength for the cell, coordinates cell

movements, facilitates intracellular transport and allows separation of chromosomes

during mitosis. Adhesion molecules are transmembrane proteins, which consist of a

ligand-binding extra-cellular domain and a cytoskeleton-binding intracellular domain.
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Cadherins and integrins are the 2 major families of adhesion molecules. Cadherins are

proteins that mediate cell-cell adhesion while integrins mediate cell-ECM adhesion.

Importance of form and function- tensegrity

The basic concept of the tensegrity model states that the interactions between

various cytoskeleton components influences the behavior of the connected cells

(Discher et al., 2005; Huang and Ingber, 1999; Ingber, 2003) (Figure 1.2). Tensional

forces and mechanical distortions from the environment are sensed via cell surface

receptors, which induce alterations in the cytoskeletal structures and trigger

biochemical responses. Ultimately, this leads to changes in signal transduction and

gene expression and may dictate cell fate (Huang et al., 1998; Lelievre et al., 1998;

Maniotis et al., 1997; Wang et al., 1998). The tensegrity model may in part explain

why a particular stress can have context-dependent effects. An attached cell is in a

state of  “isometric tension” when tensional forces from the cytoskeleton balance the

tensional forces from the ECM. Hence, the cellular response to the same degree of

stress may differ depending on the initial isometric tension in the cell. Integration of

tensional signals with biochemical signals from growth factors and ECM will then

determine cell fate.  A classical example that illustrates the tensegrity model is that

endothelial cells divide when spread on solid surfaces (high tension force from

substratum), will die when given limited adhesion (low tension force) or can

differentiate into hollow capillary tubes when subjected to an intermediate degree of

spreading or tension (Chen et al., 1997; Dike et al., 1999; Folkman and Moscona,

1978; Huang et al., 1998; Ingber, 2003).
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Altered tissue architecture and malignant phenotype

The balance of structural and tensional cues between the cells and their

environment is disrupted in solid tumors. Compared to the soft malleable tissue with

organized and polarized architecture found in the normal organ, a tumor is a stiff mass

(Bercoff et al., 2003; McKnight et al., 2002) composed of cells with disrupted

architecture that exhibit loss of polarity. The rigidity or stiffness of the tumor mass is

attributed to an increased solid pressure from tumor expansion (Padera et al., 2004),

increased interstitial fluid pressure from altered tumor vasculature (Padera et al.,

2004), altered elasticity of cells due to altered cytoskeleton architecture (Beil et al.,

2003), and increased matrix rigidity due to fibrosis (or enhanced ECM deposition)

(Paszek et al., 2005). The solid tumor mass and fibrotic lesions constitute the electron

dense (or high density) areas of mammogram, and high density mammograms are

often associated with increased risk for breast cancer development (Vacek and Geller,

2004). However, the molecular mechanisms linking tumor rigidity or fibrosis with

tumor behavior is less clear. The stiffness of the ECM is likely to influence the

behavior of the attached cells via ECM receptors called integrins.

Tumor/ECM rigidity has a direct impact on growth factor receptors and

integrin signaling to influence the proliferation and morphogenesis of epithelial cells.

A malleable ECM reduces mitogenic signaling and promotes growth arrest and

morphogenesis of the attached cells (Paszek et al., 2005; Wang et al., 1998), which is

consistent with normal differentiation and function of the tissue. Conversely, a rigid

matrix promotes assembly of focal adhesion complexes and triggers mitogenic

signaling and cell proliferation, but prevents morphogenesis of mammary epithelial
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cells (Paszek et al., 2005), consistent with a phenotype associated with malignant

growth. Tumor/ECM rigidity may also influence the efficacy of anti-cancer treatment

(Desoize and Jardillier, 2000). The penetration of therapeutic drugs into the interior of

the tumor mass can be reduced due to increased collagen deposits around the tumor or

compression of intratumoral blood and lymphatic vessels (Netti et al., 2000; Padera et

al., 2004). Cells within spheroids (spherical aggregates of cells) are more resistant to

apoptosis, perhaps due to increased pro-survival or decreased anti-apoptotic signals

(Frankel et al., 1997; Weaver et al., 2002). In addition, cells within spheroids are more

resistant to drugs that perturb DNA replication or transcription due to lower rates of

proliferation and transcription in these structures (Desoize and Jardillier, 2000).

Due to the ease of genetic and biochemical manipulations, in vitro 3D cell

culture has provided many insights into the influence of matrix rigidity on signal

transduction and cell fate. Cells in 3D growth are more representative of the topology

of cells found in vivo than cells grown in monolayers. Hence, evaluation of

chemotherapeutics in 3D cell culture systems may be more representative of the

response in vivo.

Mammary acinus as a tool to study the influence of cell architecture on cellular

functions

The normal human breast is a modified sweat gland consisting of epithelial

cells arranged as a branched ductal network that is surrounded by a “stroma”

consisting of adipose cells, fibroblasts, blood vessels, ECM and proteoglycan. With

the onset of puberty, the ducts extend and branch into the stromal space, and small
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grapelike structures called alveoli (or lobuloalveoli, acini or terminal ductal lobular

units) are formed at the ends of the branching ducts. Each acinus is composed of an

inner monolayer of luminal epithelial cells surrounding a central hollow lumen,

interspersed with myoepithelial cells on the outer layer and rested upon a complex

ECM called basement membrane.

Normal mammary epithelial cells differentiate into functional 3D units

resembling mammary acini when they are cultured in vitro in the presence of

basement membrane-type ECM. The ECM extracted from EHS (Engelbreth-Holm-

Swarm) tumors or the commercially available matrigel, is a complex mixtures of

different ECM including the key ECM component, laminin (Gudjonsson et al., 2002),

which supports the formation of polarized spheres with central lumens (Petersen et al.,

1992). Several experiments confirm that this 3D culture system more closely

recapitulates the situation in vivo compared to studies using cells grown in 2D in vitro.

For example, in the presence of lactogenic hormones, HMECs (Human mammary

epithelial cells) form polarized acini capable of producing and secreting -casein (the

protein found in milk) when cultured in 3D while non-polarized cells in 2D do not

(Roskelley et al., 1994). Cells in 3D also undergo apoptosis and autophagy during

lumen formation, processes that are also observed during organismal development and

tissue remodeling (Jin and El-Deiry, 2005). Cells in 2D and 3D also differ with respect

to mitogenic and cell survival signaling. Even though PI3-K, AKT and ERK pathways

are key signaling events regulating cell survival in 2D, cells in 3D downregulate the

expression and activity of 1-integrin, EGFR (Delcommenne and Streuli, 1995; Wang

et al., 1998), Erk (Wang et al., 1998), AKT and FAK (Paszek et al., 2005). Hence



14

inhibiting AKT signaling only modestly compromises HMEC survival in 3D (Zahir et

al., 2003). Instead, other prosurvival signaling such as NF B signaling plays important

role in protecting 3D cells from apoptosis in response to noxious stresses (Weaver et

al., 2002). Clearly, the 3D culture system has the potential of revealing differences in

signaling and cellular responses that are not observed in the conventional 2D culture

system.

However, we should also be aware that the HMEC 3D culture system is only a

simplified model of the mammary acini. As it lacks myoepithelial cells and the

surrounding stromal cells, more complex co-culture systems are available to enable

ones to probe paracrine and cell-cell signalings in mammary development and cancer

progression (Gudjonsson et al., 2003; Gudjonsson et al., 2002; Parrinello et al., 2005).

Scope of thesis

Work done in fulfillment of the PhD degree is divided into 3 parts. The first

involves the characterization of an improved loxP sequence for the reproducible and

high efficiency integration of a transgene into a defined genomic locus. The second,

which constitutes the main part of the thesis involves the investigation of the impact of

epithelial cell architecture on P53 activation by genotoxic and non-genotoxic agents.

The final part aims to investigate the influence of stromal fibroblasts in co-culture on

epithelial cell morphogenesis and P53 stress response.

Mouse models and in vitro transfection studies show that small changes in the

concentration of factors implicated in P53 regulation can significantly influence its

stability and functional output (Gu et al., 2002; Mendrysa et al., 2003). More
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importantly, the regulation of the activity and abundance of Hdm2 and Hdmx are

crucial for the appropriate and timely regulation of P53 under stressful conditions. The

approach in Chapter 2 describes the characterization of an improved LoxP

recombination system which, when used in combination with the tetracycline-

inducible system allows for the reproducible, uniform and inducible expression of a

transgene in stable clones that were derived at high frequencies through Cre-mediated

integration of transgene at a single chromatin site. Using this system, the mechanisms

whereby Hdm2 and Hdmx regulate P53 can be studied through the expression of

various Hdm2/x mutants at physiologically relevant expression levels.

Epithelial cells in our body are organized into 3D structures. Studies have

shown that the rigidity of the ECM and the 3D structures of the cells can impact on

cell survival signaling. To closely mirror the tissue structure in vivo and drugs

commonly used in breast cancer therapy, we compared immortalized mammary

epithelial cells cultured in 2D and 3D and evaluated the influence of cell architecture

on P53 regulation in response to genotoxic and non-genotoxic activators of P53 in

chapter 3 of the thesis. Cells in 3D exhibited lower Hdmx and higher P53 protein

levels than 2D cells. However, the data show that the DNA damage response and P53

transactivation of p21CIP, Hdm2 and PUMA are similar in cells cultured in 2D and

3D. The ability of cells to undergo cell cycle arrest after IR or apoptosis in response to

doxorubicin are also similar when cultured in 2D and 3D. Nutlin, a Hdm2 antagonist,

also activated most of the P53 downstream genes examined equally well when

cultured in 2D and 3D. However, when doxorubicin is combined with Nutlin, 2D cells

were more sensitive to apoptosis. This raised the important question of which factor(s)
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compromise P53 activation in 3D cells. Further analysis showed that Hdmx is

downregulated more effectively in 2D cells. ECM attachment alone does not confer

resistance to doxorubicin and Nutlin. Lowering Hdmx level by shRNA in 3D cells

sensitizes these cells to apoptosis induced by doxorubicin and Nutlin. Hence, Hdmx

serves as a buffer to prevent P53-dependent apoptosis and signals from the cell

architecture or cell-cell adhesion may impact on the pathways that regulate Hdmx

stability. This study demonstrates the importance of Hdmx level in dictating the

epithelial cells response to P53 activating agents. As approximately 50% of tumors

retain wild-type p53 gene and that most cancers arise in epithelial tissues, such studies

may have significant impact on our understanding of how cancer cells respond to

chemotherapy and how drug resistance may arise.

Epithelial cancers arise and progress as a result of the cooperation between the

cancerous epithelial cells and their microenvironment. Other than the ECM, the

stromal compartment which also includes the fibroblasts, endothelial cells and

immune cells are also altered in the cancer state (Allinen et al., 2004; Hu et al., 2005).

In chapter 4, the role of mammary fibroblasts on epithelial cells’ ability to form acini

and their responses to genotoxic stresses were evaluated in the in vitro coculture

system. Thus far, the data indicates that coculture with mammary fibroblasts or their

conditioned culture media alter the ability of immortalized mammary epithelial cells to

form acini in matrigel but the epithelial cells’ ability to arrest in response to IR is

unaffected.
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Figure 1.1: P53 regulation in unstressed and stressed state

In an unstressed state, P53 is low in abundance and inactive due to negative
regulation by the two major inhibitors, Mdm2 and Mdmx. Mdm2’s main function is
an E3 ubiquitin ligase to promote ubiquitin-dependent proteasomal degradation of
P53. Even though Mdm2 can bind the N-terminal transactivation domain of P53, it
is a weak inhibitor of P53 transactivation. Instead, Mdmx which also binds the
same region of P53 as Mdm2, is the major antagonist of P53 output. Mdm2 can
self-ubiquitinate or ubiquitinate Mdmx, but both proteins are maintained relatively
more stable than in the stressed state due to their binding to and de-ubiquitination
by HAUSP. After DNA damage, P53, Mdm2 and Mdmx undergo a series of post-
translational modifications. HAUSP dissociates from Mdm2 and Mdmx and the
target specificity of Mdm2 is changed so that Mdm2 preferentially targets itself and
Mdmx for degradation, enabling P53 to be stabilized and activated. Activated P53
turns on a number of downstream target genes including Mdm2. Mdm2
accumulation serves two roles, first, it participates in a feed forward loop to
enhance Hdmx degradation and hence P53 activation; second, Hdm2 participates in
a feedback loop to degrade P53 and returns P53 to the basal level after the stress is
removed. HAUSP reassociates with Mdm2 and Mdmx and the stability of Mdm2
and Mdmx reverts back to the unstressed state.
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Figure 1.2: Tensegrity model and how it influences cell behavior

Cells form connections with neighboring cells and ECM through cell adhesion
molecules. The cell adhesion molecules are also connecting points where the
exterior of the cells are connected to the intracellular signaling molecules and
cytoskeletal filaments. Through the cytoskeletal filaments, mechanical tension and
forces are generated upon cell-cell and cell-ECM adhesion. The ECM can transmit
forces to the cell interior via the cell adhesion molecules and cytoskeletal filaments
(outside-in signaling) and vice versa (inside-out signaling). Increasing the rigidity
of the ECM will generate higher tensional forces and greater mechanical distortion
within the attached cells. This in turn can influence intracellular signaling and gene
transcription events to influence the cell fate. TFs: transcription factors.
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II

Reproducible doxycycline-inducible transgene expression at specific loci generated by

Cre-recombinase mediated cassette exchange
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Abstract

Comparative analysis of mutants using transfection is complicated by clones

exhibiting variable levels of gene expression due to copy number differences and

genomic position effects.  Recombinase-mediated cassette exchange (RMCE) can

overcome these problems by introducing the target gene into predetermined

chromosomal loci, but recombination between the available recombinase targeting

sites can reduce the efficiency of targeted integration.  We developed a new LoxP site

(designated L3), which when used with the original LoxP site (designated L2), allows

highly efficient and  directional replacement of chromosomal DNA with incoming

DNA. A total of 6 independent LoxP integration sites introduced either by

homologous recombination or retroviral delivery were analyzed; 70-80% of the clones

analyzed in hamster and human cells were correct recombinants.  We combined the

RMCE strategy with a new, tightly regulated tetracycline induction system to produce

a robust, highly reliable system for inducible transgene expression.  We observed

stable inducible expression for over one month, with uniform expression in the cell

population and between clones derived from the same integration site. This system

described should find significant applications for studies requiring high level and

regulated transgene expression and for determining the effects of various stresses or

oncogenic conditions in vivo and in vitro.

Introduction

Many studies require the ability to compare the functional consequences of

introducing mutations into genes of interest. Rigorous comparative analyses require
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similar gene expression levels in each stable cell clone. Comparison between mutant

genes is difficult using the common strategy of deriving stable cell lines as gene

expression level is unpredictable due to variable copies of integrated DNA combined

with position effects on gene expression. All of these confounding variables can be

eliminated if each transgenic clone is derived by independently introducing the gene

of interest into a pre-determined genomic locus (Feng et al., 1999).

Gene targeting by homologous recombination is widely applied in mouse

embryonic stem cells (ES cells) and occasionally in other cell types to produce

accurately modified loci (Capecchi, 1989).  However, it is a sophisticated and time

consuming procedure that can be compromised by the low recombination efficiency of

some loci. Alternatively, the RMCE strategy uses bacterial and yeast DNA

recombinases to target any DNA sequence into a predetermined genomic locus that

was previously modified to contain the appropriate recombinase recognition sequences

(Baer and Bode, 2001). For example, the widely used bacteriophage P1 Cre/LoxP

recombination system utilizes LoxP sites consisting of two 13-base pair (bp) inverted

repeats and a central 8-bp spacer sequence. The central 8-bp sequence within each

LoxP site determines if a pair of LoxP sites is compatible for recombination by Cre

(Hoess et al., 1986). LoxP sites containing the same 8-bp core sequences recombine,

but LoxP sites differing by one or more base pairs exhibit reduced or no

recombination (Hoess et al., 1986; Kolb, 2001; Lee and Saito, 1998). The success of

RMCE relies on the use of two heterospecific LoxP sites (LoxP sites of different

sequences) that will not recombine with each other. Thus, flanking a donor gene of

interest with heterospecific sites enables it to precisely replace genomic DNA flanked
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by identical sequences upon expression of Cre recombinase. However, the previously

published LoxP sites (L2) and LoxP511 (L1) (Hoess et al., 1986) are not entirely

heterospecific when tested in mammalian cells, and are consequently not ideal for

RMCE (Feng et al., 1999; Kolb, 2001). For example, deletion of the intervening

sequence occurs when L2 and L1 are placed as direct repeats on the same DNA, while

inversion occurs if they are placed as inverted repeats (Feng et al., 1999). Due to the

wide usage of RMCE, the development of new LoxP sites with greater specificity for

directional exchange is clearly needed.

RMCE can also facilitate structure-function analyses by ensuring reproducible

expression of different mutant alleles from the same locus.  However, the biological

significance of such studies can be compromised if the expression level does not

reflect that present physiologically.  For that, a reliable inducible system with low

basal expression and reproducible ligand-dependent induction is required. Tight

regulation of gene expression is particularly important if, for example, the gene of

interest is toxic, or induces cell cycle arrest or apoptosis. The tetracycline (tet)

regulatable system has proven especially valuable as it uses an inexpensive inducer

(doxycycline or dox), has high dynamic range, low background in un-induced state

and can be used in vivo and in vitro (Bockamp et al., 2002). Regulation in this system

involves highly specific interaction between the Tet repressor (TetR) and Tet operator

(tetO) DNA sequence (Tet response element or TRE). In the original Tet-Off system,

the DNA binding domain of TetR was fused with the potent herpes simplex virus

VP16 transactivation domain to form the tetracycline responsive transactivator (tTA)

(Gossen and Bujard, 1992). tTA in the absence of doxycycline (dox) binds tetO to
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initiate transcription. The Tet-On system was later developed due to its wider

application in vivo (e.g. for gene therapy and in transgenic animals) (Bockamp et al.,

2002; Gossen et al., 1995). Random mutagenesis of TetR generated a new

transactivator (rtTA), which binds and transactivates gene expression in the presence

of dox. Improved versions of rtTA have been developed to give tighter gene

expression, increased sensitivity towards the inducer, enhanced stability and

expression in mammalian cells, and more uniform transgene expression in the induced

cells (Baron et al., 1997; Urlinger et al., 2000).

We incorporated the Cre/LoxP and Tet-On systems into one integrated system

to enable tightly regulated induction of gene expression at reproducible levels between

experiments and in different clones of mammalian cells. A new LoxP site (L3) was

developed to minimize unwanted intrachromosomal recombination between

heterospecific LoxP sites. When tested in two different cell lines and at 6 independent

integration sites, incoming DNA was correctly targeted at high efficiencies.

Expression of the reporter gene, luciferase-green fluorescence protein fusion

(LucGFP) was uniformly induced across most of the RMCE clones derived from the

same integration site. Such a highly efficient gene targeting approach in combination

with predictable and reproducible gene expression should find wide application in

vitro and in vivo.

Results

Designing a new LoxP site
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The success of directional RMCE relies on the use of two heterospecific LoxP

sites ideally exhibiting no recombination with each other.  The natural LoxP (L2) site

and the mutant LoxP511 (L1) are commonly used (Bouhassira et al., 1997; Feng et al.,

1999), but they differ by only 1-bp in the central 8-bp spacer region. A plasmid

bearing L1 and L2 sites (pL1L2) can recombine illegitimately when cotransfected with

the Cre recombinase plasmid (compare Lane 1 and Lane 2 in Fig 2.2c). As such

recombination reduces the effectiveness of RMCE, we designed a new LoxP site

(designated LoxP257 or L3; see Fig 2.2a) that differs from the original LoxP site by 3

nucleotides.  A plasmid carrying a pair of L3 sites (pL3L3) recombines efficiently

with itself in the presence of Cre recombinase (compare lanes 3 and 5 in Fig 2.2c).

More importantly, no recombination was detected in a plasmid containing L3 and the

inverse L2 (2L) site (pL32L) in the presence of Cre (compare lanes 4 and 6). Thus, the

newly designed L3 site paired with L2 is more ideal for RMCE than is the pair L1 and

L2.

Highly efficient RMCE by L3-2L after integration into the genome

We next perform a vigorous test for the efficiency of cassette exchange

mediated by L3 and L2. L3 and L2 are integrated into the genome of CHO and HeLa

cells by homologous recombination or retroviral delivery. CHO was chosen because it

is a commonly used cell line for the expression of recombinant proteins of

pharmaceutical value (Fussenegger et al., 1998; Warner, 1999; Zang et al., 1995) and

because of our ongoing studies of DNA replication control in the DHFR locus. HeLa

was chosen because it is commonly used for analyses of a variety of biological
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processes and is readily transfected. We made use of a chimeric hygromycin

phosphotransferase-thymidine kinase (HyTK) gene for both positive and negative

selections (Feng et al., 1999). The HyTK fusion gene, which confers resistance to

hygromycin and sensitivity to ganciclovir, was flanked by L3 and L2 (L3HyTK2L).

This cassette was first inserted into the DHFR locus in CHO cells by homologous

recombination. The DHFR locus was chosen due to our interest in its replication

domain and because it can be amplified to high levels in the presence of methotrexate

(Alt et al., 1978), which may be used to enhance production of proteins of biological

interest (Alt et al., 1978; Kellems, 1991).  Also, robust procedures are available for

homologous recombination between a cosmid carrying the 3’ half of the DHFR coding

sequence with DR-8 (a DHFR-deficient CHO cell line hemizygous for a 3’truncated

DHFR gene) (Jin et al., 1995; Urlaub and Chasin, 1980) (Fig 2.3a).  This reconstructs

the full-length DHFR gene, which is readily identified by growth of cells in medium

lacking thymidine, hypoxanthine and glycine (Kalejta et al., 1998).   We modified the

targeting vector to include the L3HyTK2L cassette downstream of the DHFR gene.

Southern blotting using probes spanning different regions of the DHFR locus

confirmed the reconstruction of the DHFR gene and a probe for HyTK confirmed the

integration of the L3HyTK2L cassette (Fig 2.3b), this clone is now named 146-111.

We next used retroviruses to insert single copies of the L3HyTK2L cassette

into HeLa (Fig 2.3c) or CHO cells genome (data not shown).  Southern blotting using

a probe against HyTK demonstrated single copy integration at random sites in the

genome of different clones (Fig 2.3d). Four HeLa clones and one CHO (CHO #4)

clone exhibiting high and stable expression of HyTK (assayed by western blot for TK
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expression, data not shown; polyclonal antibody against TK kindly provided by Ian R

Wickersham) were used for subsequent recombination experiments.

To test the efficiency of recombination at the genomic site, plasmid DNA

containing L3 and L2 sites was electroporated with a Cre-expressing plasmid

(O'Gorman et al., 1997) into the previously constructed CHO and HeLa parental lines

containing L3HyTK2L cassette (L32L parent). LoxP sites, L3 and L2, were placed as

inverted repeats to eliminate the possibility of recombination and deletion of the

selection gene. Recombinants were selected based on resistance to ganciclovir after

the replacement of the TK gene (Fig 2.1). A clone that is resistant to ganciclovir can

either lose the TK gene by RMCE or has retained TK but silenced its expression or

mutationally inactivated it. We identified recombinants that underwent RMCE using

PCR to identify clones that lost the TK gene and gained the predicted recombinant

junctions (Fig 2.1 and Table 2.1). Single copy integration of the incoming DNA was

also confirmed by Southern blot analysis (Supplementary Data).

The overall frequency of correct recombination was 81% for CHO and 69%

for HeLa cells (Table 2.1). The efficiency of recombination does not appear to be

affected by the size of the incoming DNA, as fragments between the lengths of 100-bp

to 4000-bp recombined with similar frequencies (Table 2.1). All clones that were

negative for recombination junctions were positive for HyTK by PCR, suggesting that

they arise due to silencing of the TK gene. No clone was tested positive for inversion

between LoxP sites or illegitimate deletion of the TK sequence (Table 2.1).
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Uniform and stable doxycycline-inducible expression of transgene by RMCE

clones

It has been previously reported that gene expression is uniform between

RMCE clones derived from the same parental line (Feng et al., 1999; Schubeler et al.,

1998). Since it is often essential to regulate the level of gene expression, we further

tested the uniformity and stability in gene expression by comparing gene induction in

RMCE clones containing an integrated copy of L3-TRE-LucGFP-2L.  The Tet-On

system we used has been modified as follows to enable stringent on-off regulation.

The transactivator (rtTA) is a modified bacterial TetR protein fused to VP16

transcriptional activation domain (rtTA2S-M2). It activates gene transcription by

binding to TRE in the presence of dox (Baron et al., 1997; Urlinger et al., 2000); in the

absence of dox, a Tet-transrepressor (tTR), TetR(B/E)-KRAB, binds TRE and actively

represses gene expression (Forster et al., 1999).

We tested two ways of generating rtTA and tTR expressing stable cell lines. In

the first system, rtTA and tTR were linked by an IRES element in a single plasmid

(pWHE134) and were transcriptionally controlled by one promoter (single plasmid

Tet-On system exemplified by the M2PK HeLa and CHO 111-134 in Fig 2.4a). In the

second system, rtTA and tTR genes were on separate plasmids and their expression

were driven from two independent promoters (two plasmid Tet-On system in HeLa

cell line M2K in Fig 5a).

Gene expression was induced at a saturating dose of dox (2 µg/ml) for 72

hours followed by a luciferase assay to determine the maximum induction attained by

each RMCE clone. To compare uniformity in gene expression between clones, cells
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were induced at a non-saturating dose of dox followed by single cell analysis for GFP

fluorescence using flow cytometry. We first tested the dose response to dox by

titrating the concentration of dox and measuring the mean fluorescence units at three

days (Fig 4.4b, c) after induction. Flow cytometric analysis showed uniform GFP

expression in the induced populations and the fluorescence increased in a dose-

dependent manner in CHO 111-134 cells from 12.5 ng/ml to 200 ng/ml. A similar

titration experiment was performed for HeLa cells (data not shown). Dox used at 50

ng/ml and 100 ng/ml for CHO 111-134 and HeLa cells, respectively, fell within the

linear range of induction and was chosen to test the uniformity in gene expression in

the RMCE clones.

The single plasmid Tet-On system in HeLa cells (M2PK in Fig 4.4) generates

low basal luciferase activity in the un-induced state and high level of luciferase

activity at high dox concentration in all the four RMCE clones tested (Fig 2.4d). The

fold increase in luciferase activity ranged from 3x104- to 7x104-fold over the un-

induced state in these clones. Three of four RMCE clones exhibited greater than 90%

GFP expression while one exhibited greater than 70% expression after induction with

sub-maximal dose of dox (Fig 2.4e). Three clones had mean GFP fluorescence

between 90-110 and one clone had a mean GFP fluorescence of about 70. These data

show that within single clones, individual cells exhibited similar expression levels,

though we did detect some inter-clonal variability.

In CHO 111-134, all five clones derived by RMCE at the DHFR locus showed

high luciferase activities upon induction at 2 µg/ml dox whereas the expression of

luciferase was close to background in the absence of dox (Fig 2.4d).  The fold increase
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in luciferase activity range from 6x103 to 4x104. As shown in Fig 2.4e, five out of five

RMCE clones were greater than 92% GFP positive after induction at sub-maximal

dose. Clone 1 had the highest mean GFP fluorescence (236) while clone 3 showed the

lowest mean GFP fluorescence (94).  Other RMCE clones had mean GFP fluorescence

105, 107, and 138 respectively.  These results indicated that the reporter gene

expression in these RMCE clones derived from the L3HyTK2L CHO parental cell line

had substantial inducibility and uniformity.

In the two plasmid Tet-On system (M2K HeLa cells in Fig 2.5), basal

luciferase activity was relatively low and uniform across the four clones analyzed. The

maximum fold induction in luciferase activity ranged from 1x104 to 3x104 in the

clones analyzed (Fig 2.5b). Three of the four RMCE clones tested show greater than

80% green cells after induction and exhibited mean GFP fluorescence between 100 to

110 (Fig 2.5c). One of the clones showed greater than 50% green cells and mean GFP

fluorescence of 86 upon induction.

The RMCE approach enables genes to be independently introduced into a

single genomic locus. Comparison between genes obtained from independent RMCE

experiments is possible if the level of gene expression is preserved in clones obtained

from independent RMCE experiments. Using the same L32L parent (HeLa M2K), we

compared GFP expression in clones obtained from 2 independent RMCE experiments

performed at the same genomic locus (Fig 2.5d). Seven out of ten clones obtained in

the second RMCE experiment had similar mean GFP fluorescence level as 3 out of 4

of the clones obtained in the first RMCE experiment.
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We evaluated whether the inducible phenotype was stable over time using one

representative RMCE clone from M2PK and one from M2K HeLa. These clones were

continuously passaged for one month before analysis. The basal GFP level remained

low, and dox addition produced robust GFP induction when assayed one month later.

Uniformity of expression in M2PK #1 was very high over this time period (i.e., 90%

of cells exhibited GFP fluorescence after one month, compared to 92% originally).

(Fig 2.6). However, the mean GFP fluorescence  and the percentage of GFP

expressing cells  after induction declined slightly in HeLa M2K #3 (Fig 2.6).

Monitoring population doubling by Tet-regulated H2BGFP expression

The highly inducible nature of this system suggested potential applications for

transiently marking individual cells to "pulse label" them.  As one example, we

previously generated a very stable histone H2BGFP fusion protein that is readily

incorporated into chromatin to generate brilliantly fluorescent chromosomes and

nuclei (Kanda et al., 1998). We reasoned that if the H2BGFP gene was induced for

several cell doublings to uniformly label the chromatin in each cell, and it was then

turned off, the fluorescence of the cell would be diminished by a factor of two each

time the cell divided since nucleosomes segregated randomly when DNA is replicated

(Burhans et al., 1991). Thus, fluorescence microscopy or flow cytometry could be

used to determine how many times a cell doubled by merely measuring its

fluorescence intensity relative to that at the beginning of the experiment.

Figure 2.7 shows a flow cytometric analysis of the fluorescence intensity of

HeLa cells followed for seven population doublings.  The decrease in fluorescence per
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population doubling is precisely that expected for a two-fold decrease per cell

division.  Importantly, there was no decrease in fluorescence observed in cells that

were held in quiescence by thymidine block (Fig 2.7a).  This shows that the decreased

fluorescence required entry into and progression through S-phase, and was not the

result of H2BGFP degradation.

Discussion

We have combined the powers of RMCE and regulated gene expression into a

single highly efficient system that should facilitate structure-function studies, enable

production of biopharmaceuticals, or provide a means of tracking cell proliferation in

real time. The Cre/LoxP recombination system is preferred for site-specific

recombination because it exhibits higher efficiency of recombination over the Flp/FRT

system in specific cell types such as mouse embryonic stem cells and primary cells

(Andreas et al., 2002; Ringrose et al., 1998; Seibler et al., 1998; Westerman and

Leboulch, 1996). However, the system we describe could as easily be implemented

using engineered Flp recombination target sequences designed not to recombine with

each other. We first engineered a new LoxP site to minimize intrachromosomal

exchanges that generate deletions, and to maximize exchanges between the

chromosomal and plasmid donor LoxP targets.  To minimize the need for drug

selection markers, we introduced into the chromosomal target a HyTK fusion gene.

This enables positive selection to identify clones containing the LoxP target, and then

counterselection using gancyclovir to select for loss of the chromosomal target and

concomitant replacement with the donor plasmid.  This is especially valuable for
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situations in which introduction of extraneous transcriptional control sequences needs

to be avoided.  We also used an optimized Tet-On system to enable robust controlled

expression of the donated sequences.  This should allow for analyses of phenotypic

effects of the introduced gene when it is expressed at normal, sub- or supraphysiologic

levels.

We tested the system by first analyzing the stringency of recombination with

the newly characterized L3 LoxP site. A pair of heterospecific recombination sites that

do not recombine with each other is necessary for efficient RMCE (Kolb, 2001).

When used with the original LoxP site (L2), the first LoxP variant (LoxP511 or L1)

that was generated greatly enhanced the frequencies of exogenous gene integration

when coupled with positive selection (Bouhassira et al., 1997). However, using

negative selection as a means to enrich for recombinants, the efficiencies were

markedly different (Feng et al., 1999; Kolb, 2001). Deletion of intervening sequences

without replacement occurred when L2 and L1 were placed as direct repeats,

suggesting  interaction between L1 and L2 (Kolb, 2001). When placed as inverted

repeats, inversion of the intervening sequence resulted in an equal proportion of clones

in either direction (Feng et al., 1999). This is not desirable, especially when

directionality of the integrant is important. We solved the problem of recombination

between L2 and L1 by generating a new LoxP site, LoxP257 (L3), which was

designed based on findings from in vitro recombination assays (Lee and Saito, 1998).

L3 differs from L2 by three bases within the 8-bp spacer sequence. When used in

combination with L2, L3 generated recombinants at high frequency, suggesting the

feasibility of using L3 and L2 for RMCE. The finding was consistent with a previous
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study showing that a modified LoxP sequence (LoxP2272) with two base changes

from L2 also enabled high efficiency exchange (Kolb, 2001). Other than having a high

inter-molecular recombination efficiency, the probability of selecting a recombinant

clone among the ganciclovir resistant clones is increased when TK expression from

the L3HyTK2L parent line is high and stable. Using this criterion for the selection of

the L3HyTK2L cell line, we observed high efficiency, accurate RMCE in two

different mammalian cell lines at six independent genomic loci. We also observed

little size dependence on RMCE frequency or accuracy.  The high frequency of

correctly recombined clones expedites screening for desirable clones.

We used homologous recombination to introduce L3HyTK2L into several

single copy loci, including the intergenic region of the CHO DHFR locus. Our data

demonstrate that the DHFR locus was favorable for RMCE and for tightly regulated

gene induction.  Recombination occurred at very high efficiency (50-100%) and we

readily obtained clones exhibiting robust inducible expression (up to 104-fold by

luciferase, and >100 fold by GFP analyses).  This locus offers a number of advantages

for other studies.  For example, it can be readily amplified using selection for

methotrexate-resistance (Alt et al., 1978). As CHO cells are often used to produce

biopharmaceuticals, the combination of amplification and highly regulated expression

could provide substantial advantages for reducing production costs, enabling stable

maintenance of transgenes, and obtaining very high level expression of potentially

toxic proteins.  In studies to be presented elsewhere, we found the L2 and L3 sites to

be useful for generating genetically engineered ES cells, mouse embryo fibroblasts,
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and mice with different p53 point mutations or fusion genes with high efficiency (F.

Toledo, C. Lee, and G.M. Wahl, manuscript in preparation).

Using a strategy similar to that employed for the delivery of Flp/FRT tagged

sites into the genome of mammalian cells (Schubeler et al., 1998; Wirth and Hauser,

2004), we integrated the LoxP sites at single copy into random positions in the

genome of HeLa and CHO cells by retroviral delivery (Fig 2.3c). An advantage of the

retroviral system is that it ensures delivery of the entire transgene at high efficiency

and at single copy (Fig 2.3d) into the genome. Active transcription sites are the

preferred retroviral integration sites (Scherdin et al., 1990; Schroder et al., 2002).

Consistent with this, we were able to select retroviral integrations at high efficiency,

an advantage over gene targeting by homologous recombination.

An important advantage of RMCE approach that is valuable for structure-

function studies and production of recombinant proteins of pharmaceutical value is the

ability to repeatedly obtain clones exhibiting predictable and uniform gene expression

at high frequencies (Feng et al., 1999; Fukushige and Sauer, 1992; Schubeler et al.,

1998). We combined that with the improved version of the Tet-On inducible system to

evaluate the reproducibility of gene induction at each locus (Urlinger et al., 2000). By

single cell analysis, GFP was uniformly expressed within the population and it was

induced in a dose-responsive manner. The improved rtTA (rtTA2s-M2) demonstrated

many superior properties over the original rtTA. Beside the ability to induce graded

transgene expression, induction exhibited a greater dynamic range, higher sensitivity

to dox and faster induction rate (within 24 hours, data not shown) compared to the

original rtTA system (Fig 2.4b, c) (Kringstein et al., 1998; Urlinger et al., 2000).
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Recombinants derived from the same L32L parental line have the reporter gene

inserted at the same genomic locus. As expected, the majority of the RMCE clones

obtained in one experiment showed similar levels of expression upon induction (Fig

2.4 & 2.5). The uniformity in gene expression was also found between clones obtained

from independent RMCE experiments (Fig 2.5d). Hence, clones that reproducibly

induce different transgenes can be readily obtained through multiple rounds of RMCE.

Maintaining stable transgene expression is as important as high transgene

expression. Since transgene expression may be subjected to silencing, especially when

viral promoter is used to drive gene expression (Paterna et al., 2000; Teschendorf et

al., 2002) and when expression is not maintained under selective pressure (Barnes et

al., 2003). We measured the stability of expression in HeLa cells after at least 30 PD

in culture. We observed that the level of inducibility, and the fraction of cells

expressing the transgene, was stable over the time period studied when transcription of

rtTA and tTR were coupled to that of the neomycin resistance gene by the IRES

elements and by maintaining the culture under G418 selection. Hence, the use of IRES

to mediate coexpression of multiple genes will gain popularity in both in vitro and in

vivo applications (Salucci et al., 2002; Wong et al., 2002).

The tight and reversible gene expression regulated by the Tet-On system was

further demonstrated by switching H2BGFP expression on and then off to monitor cell

doubling  (Fig 2.7) as a function of fluorescence units. H2BGFP is incorporated into

the chromatin after synthesis, and tracks with nucleosomes that are segregated

randomly to daughter cells during each division (Burhans et al., 1991). Being a stable

protein, H2BGFP fluorescence should approximately halve with each division if its
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expression is prevented. Consistent with this prediction, after H2BGFP expression was

turned off for different numbers of population doublings, flow cytometric analysis

revealed the expected twofold decay per population doubling (Fig 2.7). Hence, the

inducible expression of H2BGFP can be used to measure population doublings within

a defined time frame. For example, as stem cells are expected to divide fewer times

than transit amplifying cells, the retention of H2BGFP fluorescence should be able to

be used as a marker to localize putative stem cells in situ and as a means to isolate

them by fluorescence based cell sorting (Clarke et al., 2005; Tumbar et al., 2004;

Welm et al., 2002).

In conclusion, the LoxP/Cre recombination system offers reproducible and

directional DNA integration into specific loci in the genome at high frequency. The

single plasmid Tet-On system, which ensures stable expression of the transactivator

and transrepressor, allows reproducible and graded induction of transgenes to a similar

level in the RMCE clones derived from single and independent recombination

experiments.

Materials and Methods

Construction of L3

L3 was made from two oligonucleotides that contained 16 complementary

(bold) 3-prime residues (5’-GGA CTC GAG ATA ACT TCG TAT AAA GTC TCC

TAT A and 5’-CCT ATC GAT ATA ACT TCG TAT AGG AGA CTT TAT A). The

oligos were made duplex by 10 cycles of PCR at an annealing temperature of 42 oC.
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The result was cloned into pCR2.1 using TOPO cloning (Invitrogen) and confirmed by

sequencing. The specificity of L3 derives from an internal non-repetitive eight

basepair sequence (underlined) that deviates from wild-type at three positions

(ATGTATGC).

Plasmids construction

Naming of the wild-type and LoxP511 sites are according to previously

published (Bouhassira et al., 1997). pL1L2 and L1HyTK2L were gifts of S. Fiering

(Feng et al., 1999). pL32L was made by substituting L1, bounded by Xho I and Nco I

in plasmid L1HyTK2L with L3 from pCR2.1-L3, bounded by Xho I (oligonucleotide

restriction site in italics above) and BspLU11 I within pCR2.1. pL3L3 was made from

pL32L. L3 was removed with Xho I and Pvu II and re-inserted in the position of 2L

using Sal I and Sbf I blunted with T4 DNA polymerase.

L3HyTK2L was constructed by replacing L1 in L1HyTK2L with L3 from

pL32L by Ahd I and Cla I digestion. The L3HyTK2L cassette was cloned into a

retrovirus backbone by inserting L3HyTK2L restricted with Not I and Xba I into

pCFB-EGSH (Stratagene) digested with the same enzymes, generating RV-

L3HyTK2L.

To facilitate insertion of genes into the inducible L32L exchange vector, we

constructed L3-TRE-MCSpolyA-2L by cloning the fragment containing seven tetO

sites, multiple cloning sites and a polyadenylation signal derived from Xho I and Sap

I/Klenow treated pTRE2 (BD Bioscience) into L3HyTK2L previously digested with

Xho I and PshA I. The exchange plasmid, L3-TRE-LucGFP-2L (pLi028), was derived
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by cloning a Bgl II-Not I fragment containing LucGFP from pLuciferase-EGFP (gift

from D. Buscher) into BamH I-Not I sites of L3-TRE-MCSpolyA-2L.

A bicistronic transregulator-expressing cassette was obtained by amplifying

the TetR(B/E)-KRAB (tTR or Tet-transrepressor) gene by standard PCR using the

primers 5'-(B/E)-BamH I and 3'-(B/E)-Bgl II, followed by restriction with BamH I and

Bgl II and ligation with BamH I-restricted and dephosphorylated pWHE120(sM2),

yielding pWHE124. The polio-virus IRES element was amplified with 5'-P-IRES-Sma

I and 3'-P-IRES-Sma I from pCMV-KRAB-rtTA (Forster et al., 1999), restricted with

Sma I and inserted into likewise-digested and dephosphorylated pWHE124, yielding

pWHE125-P. The plasmid pWHE134 containing the tricistronic transregulator-

cassette with rtTA2S-M2, tTR and a neomycin selection marker separated by two

IRES elements was constructed by restricting pWHE125-P with EcoR I and Hpa I and

ligating the fragment encoding the regulatory cassette with pIRESneo (BD

Bioscience) containing the selection marker. pIRESneo had previously been restricted

with BamH I, the 5' overhangs filled-in with T4 DNA polymerase, and then restricted

with EcoR I. All primer and plasmid sequences are available upon request.

Recombination assay by transient transfection

293 HEK cells were cotransfected by electroporation with 2 µg of LoxP test

plasmid and either 18 µg of GFP expressing plasmid or 18 µg of Cre expressing

plasmid, pOG231 (O'Gorman et al., 1997).  Extra-chromosomal DNA was harvested

by Hirt extraction (Hirt, 1967) 48 hours post-transfection and examined by Southern

hybridization after digestion with Ssp I or Nde I.  The probe used was a 426-bp Nco I-
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Sac II fragment corresponding to the hygromycin resistance gene common to all the

LoxP plasmids.

Cell culture and construction of stable cell lines

Both HeLa and chinese hamster ovary (CHO) cells were cultured in

Dulbecco’s modified Eagle’s medium (Cellgro) supplemented with 5% fetal bovine

serum (Atlanta biologicals) and 1x non-essential amino acids (Invitrogen) in a

humidified atmosphere containing 7% CO2 at 37 oC.

The HeLa cell line M2K was generated by stably transfecting the cell line

HRM2 (Knott et al., 2002) with pCMV-TetR(B/E)-KRAB (Forster et al., 1999) and

pPUR (BD Bioscience). Details will be published elsewhere (Schätz, Knott, Hillen &

Berens; manuscript in preparation). To generate the cell line M2PK, approximately

5_105 cells were transfected with 2 µg Pvu II-linearized pWHE134 using

Lipofectamine (Invitrogen). Twenty-four hours later, cells were seeded into 15 cm

plates and selected with 800 µg/ml G418 (Invitrogen) for at least two weeks. Positive

clones stably producing the transfected regulators were identified by transient

transfection of 0.1 µg pUHC13-3 (Gossen and Bujard, 1992), 0.6 µg pUHD16-1 for

normalization of transfection efficiency, and 1.3 µg pWH802 as non-specific DNA.

Clone with the highest induction of luciferase activity after incubation with 1 µg/ml

dox for 24 hours was chosen. Cells were routinely maintained in medium containing

400 µg/ml G418.

For retroviral delivery of L3HyTK2L into CHO, HeLa M2K and M2PK cells,

approximately 5x105 cells were infected with culture supernatant containing RV-
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L3HyTK2L (as described by manufacturer). Resistant clones were selected in 400

µg/ml hygromycin B (Calbiochem) for CHO and 100 µg/ml for HeLa cells.

L3HyTK2L was also integrated into the dihydrofolate reductase gene (DHFR)

locus of  DR-8 (a derivative of CHOK1) by homologous recombination using the

strategy previously described, generating the stable clone 146-111 (Kalejta et al.,

1998). For dox inducibility, pWHE134 was stably integrated into 146-111 by an

approach described above, generating stable line 111-134.

Cre recombination and selection for RMCE derivatives

30 µg of exchange plasmid and 3 µg of pOG231 were electroporated into

approximately 4x106 cells at 250V 1500 µF (Hybaid). Approximately 1x105 cells were

re-plated onto 15 cm tissue culture plate 4 days after electroporation. Ganciclovir

(Moravek Biochemicals) was added the next day to a final concentration of 2 µM. The

drug-containing medium was washed off and replaced with fresh medium after 3 days.

Colonies were picked between 7 to 10 days after transferring into fresh medium.

PCR screening

Clones isolated from ganciclovir selection were screened for recombinants by

PCR for loss of HyTK gene and gain of specific recombination junctions. 5 ng of total

genomic DNA was added to a PCR reaction mix containing 0.2 µM primers, 0.2 mM

dNTP mix, 1.5 mM MgCl2 and 0.05 U/µl AmpliTaq Gold polymerase (Applied

Biosystems). Amplification was performed once at 94 oC for 10 minutes, followed by

40 cycles at 94 oC for 30 seconds, 57 oC for 30 seconds and 72 oC for 30 seconds,
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followed by a final extension step at 72 oC for 10 minutes. Refer to Figure 2.1 in

Results section for the position of primer pairs used. The same strategy was employed

for HeLa and CHO cells. Primer sequences are available upon request.

Reporter Assays

Cells grown on 35-mm dishes were washed once with phosphate-buffered

saline (PBS) and lysed in 200 µl lysis buffer (50 mM Tris-HCl (pH 8.0), 5 mM

EDTA, 150 mM NaCl, 0.5% NP-40, 1x complete protease inhibitor mix (Roche

Diagnostics)) and incubated for 30 minutes at 4 oC. 20 µl of cell lysate was then mixed

with 100 µl of luciferase reagent (20 mM Tricine, 1.07 mM MgCO3, 2.67 mM MgSO4,

0.1 mM EDTA, 33.3 mM DTT, 270 µM coenzyme A (USBiological), 530 µM ATP

and 470 µM luciferin (Molecular Probes)) before reading on the luminometer (Lumat

LB9507). Luciferase activity was normalized to total protein content (Biorad

Laboratories). GFP fluorescence was analyzed by passing single cell suspensions in

PBS through the FACScan (Becton Dickenson).

Determination of population doublings

The population doubling is calculated based on the formula 3.34 (logNi-logNf),

where Ni is the initial cell count and Nf is the final cell count.
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Figure 2.1: Principle of RMCE and screening strategy for recombinants

The positive-negative selection marker HyTK that confers resistance to
hygromycin (HygR) and sensitivity to ganciclovir (GanS) is flanked by a pair of
heterospecific LoxP sites placed in inverted orientation (inverted triangles) and
integrated as a single copy into a genomic site. In the presence of Cre recombinase
and incoming DNA harboring the same pair of LoxP sites, exchange will replace
the existing HyTK with DNA on the exchange plasmid. Cells that have
successfully undergone RMCE can be selected based on resistance to ganciclovir.
The tetracycline inducible LucGFP (TRE-LucGFP) is used as the reporter to
characterize uniformity of gene expression between clones after integration into
the genome. Also shown are the positions of BamH I site and Luc probe used for
Southern blot and primer pairs (P1-P6) used for screening of recombinants.
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Figure 2.2: Construction and characterization of new LoxP site for RMCE

a. Sequence of the 8-bp spacer found within the LoxP site. LoxP and LoxP511
are named according to previously published (Bouhassira et al., 1997).
Recombination occurs efficiently between LoxP sites with identical spacer
sequence. Changes to the sequence within the 8-bp spacer generates LoxP sites
that recombine with themselves but not with other LoxP sites. Underlined
base(s) represents the base change that differs from the original L2 sequence.

b. A schematic of the three test plasmids (or I=input DNA), pL1L2, pL3L3 and
pL32L and the possible products of RMCE (R=recombinant). Shown are the
positions of the LoxP sites, the restriction sites used for the Southern (S = Ssp
I, N = Nde I), and the target sequence for the probe (black box).  The sizes of
the predicted restriction fragments are listed below.  The boxed fragment
corresponds to that detected by the probe.  Note that only the L3L3
intramolecular recombination would be predicted to occur if L1, L2 and L3 do
not recombine with each other.

c. Southern analysis of test plasmids transfected into 293 cells in the absence or
presence of a Cre-expressing plasmid (pOG231, (O'Gorman et al., 1997)).
Bands were detected using a probe to the hygromycin sequence common to the
test plasmids. Unrecombined, input plasmids are marked with “I”; products of
Cre recombination are marked with “R”. Note the presence of a non-specific
band in lanes 3 and 5 marked with an asterisk.
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Figure 2.3: Integration and analysis of L32L introduced into the genomes of CHO and
HeLa cells

a. Engineering L32L into DR-8 cell line by homologous recombination using the
strategy described by Kalejta et al (Kalejta et al., 1998). The diagram shows
the genomic structure at the DHFR locus (wt), sizes of the fragments generated
by  EcoR I digestion and the positions of the probes used for Southern blot.
Targeting cosmid DNA containing the 3’ half of the DHFR gene is used to
reconstruct the entire gene in DR-8 cell line that contains truncation at the 3’
end of the DHFR gene. The L3 and L2 sites are placed in inverted orientation
and flanking the HyTK positive-negative selectable marker gene. The entire
cassette was inserted downstream of DHFR gene after homologous
recombination.

b. Southern blot of genomic DNA derived from CHO cells hemizygous for
wildtype DHFR (WT/- or UA21 (Kalejta et al., 1998)), 3’ truncated DHFR
(delta/- or DR-8 (Kalejta et al., 1998)) and HyTK reconstituted cells (HyTK/-
or 146-111). DNA was restricted with EcoR I before blotting and the positions
of the bands generated by each probe are indicated with an arrow. Probe 121
marks the 5’ flank of the cosmid DNA, probe 100 tests for reconstruction at the
3’ end of the DHFR gene, probe 12/38 indicates the presence of ori-beta ( ),
probe 8 marks the 3’ flank of the cosmid DNA, and probe HyTK indicates the
insertion of HyTK  into the genome. M, molecular weight marker.

c. Schematic diagram of retrovirus RV-L3HyTK2L. L3 and L2 are placed in
inverted orientation flanking HyTK gene. Also shown is the position of the
BamH I site and the probe used for Southern. Upon integration into the
genome, the expected size of the fragment generated by BamH I is 4 + x kb.

d. Southern analysis to determine the copy number of integrated HyTK gene in
the HeLa cell clones (1 to 10) derived after infection with RV-L3HyTK2L.
Genomic DNA was restricted with BamH I and probed against HyTK gene.
Positive control (+) is original retrovirus DNA used to generate the stable line.
P, parental HeLa.
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Figure 2.4: GFP induction by single plasmid Tet-On CHO 111-134 and HeLa M2PK
RMCE clones. The RMCE clones were named after the L32L parent that they were
derived from.

a. Schematic diagram showing the various genes that were incorporated to make
up the RMCE clones. In CHO 111-134 and HeLa M2PK, rtTA and tTR genes
are linked by IRES and transcriptionally driven by one promoter. NeoR codes
for neomycin/G418 resistance gene. The L3-TRE-LucGFP-2L cassette is
inserted as single copy into the genome by RMCE as described in Fig 2.1.

b. Histogram plot showing green fluorescence exhibited by CHO 111-134 after
induction with increasing concentration of dox for 72 hours.

c. Graph shows the mean fluorescence units exhibited by CHO 111-134 after
induction with increasing dox concentrations for 72 hours. Data are obtained
from two independent  experiments.

d. Normalized luciferase activity to show maximum gene induction in cells
before and after incubation with 2 µg/ml dox for 72 hours. Data represents
mean and standard error of three independent experiments. Parental lines (P)
do not have luciferase gene inserted into their genomes.

e. Histogram plots of GFP expression by RMCE derivatives before (-) and after
(+) dox induction in one representative experiment. HeLa and CHO cells were
induced with 0.1 µg/ml and 0.05 µg/ml dox respectively for 72 hours before
harvesting for flow cytometry. Each population was gated and the percentage
of the gated cells and their corresponding mean GFP fluorescence are indicated
in each plot.
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Figure 2.5: Reporter gene induction by two plasmids Tet-On stable HeLa M2K RMCE
clones.

a. Schematic diagram showing the various genes that were incorporated to make
up M2K RMCE clones. Two independent promoters are used to drive the rtTA
and tTR genes. The reporter gene LucGFP is inserted into the genome by
RMCE.

b. Normalized luciferase activity to show maximum gene induction in cells
before and after incubation with 2 µg/ml dox for 72 hours. Data shown are
mean with standard error obtained from three independent experiments.

c. Histogram plots of GFP expression by M2K RMCE derivatives before (-) and
after (+) dox induction at 0.1 µg/ml for 72 hours. Cells were harvested for flow
cytometry amd each population was gated with the corresponding percentage
of gated cells and mean GFP fluorescence shown in each plot.

d. Graph shows mean GFP fluorescence of RMCE clones obtained from two
independent RMCE experiments. Cells were either uninduced (-) or treated
with 0.1 µg/ml dox for 72 hours.
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Figure 2.6: Stability of gene induction at the LoxP loci

Histogram plots showing GFP induction in M2K #3 and M2PK #1 before and after
1 month (mth) of continuous passage. Experiments were performed twice and data
shown are from one experiment.
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Figure 2.7: Monitoring cell doubling using inducible H2BGFP.

HeLa cells stably expressing TRE-H2BGFP were generated by L32L mediated
RMCE. Cells were either not induced (- dox) or induced with 2 µg/ml dox (+ dox)
for three days to achieve maximum expression before washing out the dox in the
presence or absence of 2 mM thymidine. Cells were harvested each day after the
removal of dox and their fluorescence monitored by flow cytometry (Actual
fluorescence). The expected fluorescence is the theoretical fluorescence value
assuming 50% decay after each population doubling. Experiments were performed
twice and data from one experiment are shown as a histogram in (a) and as a graph
in (b).
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Table 2.1: RMCE efficiency in cell lines tested.

Two different loci were tested in CHO and 4 independent sites were tested in
HeLa. The L32L site in CHO #4 was generated by retrovirus integration. LoxP
sites in CHO 146-111 were introduced by homologous recombination into the
DHFR locus. All RMCE clones were screened by PCR and scored for positive
RMCE junctions (P3+P4 and P5+P6) and positive for TK (P1+P2) using primer
pairs indicated in Fig 2.1. The percentage of successful recombinants is expressed
as the number of positive junctions over the total number of clones tested.
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Figure S2.1: Southern analysis of CHO 111-134 clones after RMCE to confirm single
copy integration of TRE-LucGFP.

Genomic DNA were digested with BamH I and probed with Luc probe (upper
panel) according to the schematic in Fig 2.1. Lower panel is ethidium bromide
(EtBr) stain of the digested DNA before Southern blotting.
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III

Cell architecture can affect the biologic outcome of the P53 stress response pathway

through Hdmx regulation.
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Summary

Extracellular matrix (ECM) and tissue architecture provide cell survival signals

that can influence therapeutic efficacy. We therefore analyzed the responses of human

mammary epithelial cells grown either as two dimensional (2D) monolayers or three

dimensional (3D) acini to genotoxic and non-genotoxic P53 activators. Activation

kinetics were similar in both growth states, but acinar structures were more resistant to

apoptosis induced by a combination of genotoxic and non-genotoxic agents.  This

correlated with decreased down-regulation of Hdmx, a negative regulator of P53

transactivation.  shRNA knockdown of Hdmx sensitized cells to apoptosis, indicating

that Hdmx contributes to a threshold for P53 biological output.  The data indicate that

signals derived from tissue architecture influence Hdmx levels, which affects P53

activation and cell survival.

Significance

Most studies on P53 regulation are performed in fibroblasts and cancer cell

lines growing as 2D sheets on non-physiological matrices. However, most cancers

arise from the transformation of epithelial cells and normal epithelial cells are

naturally attached on ECM and are organized into 3D structures in vivo. We found that

a critical negative regulator of P53, Hdmx, is downregulated to a lesser extent in cells

that exhibit normal cell architecture.  This correlates with lower sensitivity to

apoptosis. Reducing Hdmx expression sensitized cells to apoptosis. This study

identifies a previously unrecognized link between cell architecture and Hdmx
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regulation and supports the importance of cell architecture and Hdmx level in the

influence of cell response to P53 activation during cancer therapy.

Introduction

Approaches to cancer treatment have broadened significantly over the past

decade. Conventional therapy typically involves the use of clastogenic agents such as

irradiation and DNA damaging drugs. However, the major drawbacks such as toxic

side effects, mutagenic effects and the emergence of multi-drug resistance have fueled

the search for less toxic alternatives. The enhanced understanding of the genetic and

biochemical mechanisms by which cancers arise is enabling the development of

target-selective agents exhibiting remarkable specificity for cancer cells (Hanahan and

Weinberg, 2000; Vogelstein and Kinzler, 2004). One attractive approach is to re-

activate the tumor suppressor P53 with the cis-imadazoline compound (Nutlin) in the

numerous cancers that over-express the P53 negative regulator Hdm2 (Vassilev et al.,

2004).

P53 is one determinant of the response to classical cancer therapies. P53

induces cell cycle arrest, apoptosis or DNA repair upon activation (Vogelstein et al.,

2000). It is inactive under basal unstressed conditions, and is activated by diverse

stresses including DNA damage, oncogene activation and metabolic stresses (Wahl,

2006). Thus, P53 activation limits the proliferation of cells with unrepaired DNA

damage, and cells experiencing metabolic challenges or supra-physiological oncogene

expression. Consequently, strong selective pressures exist for the outgrowth of cells

that have p53 inactivated by one of several mechanisms. For example, p53 gene
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mutations occur in about 50% of sporadic human cancers (Hollstein et al., 1991;

Levine et al., 1991).  Alternatively, wildtype P53 is functionally disabled in the

remaining 50% of tumors by overexpression of its negative regulators, Hdm2 and

Hdmx (the human orthologs of mouse Mdm2 and Mdm4), or loss of the Hdm2

antagonist P14Arf (Danovi et al., 2004; Kamijo et al., 1997; Momand et al., 1998;

Riemenschneider et al., 1999).

Mdm2 and Mdm4 are essential negative regulators of P53, as deletion of either

leads to early embryonic lethality, rescuable by P53 deficiency (Jones et al., 1995;

Montes de Oca Luna et al., 1995). Mdm4 is a major antagonist of P53 transcriptional

output. Mdm2 seems less able to antagonize P53 transactivation, but is the major

determinant of P53 abundance and stability (Francoz et al., 2006; Toledo et al., 2006;

Xiong et al., 2006). The contemporary view of P53 activation emphasizes that

pathways that modulate the level and activity of Hdm2 and Hdmx should influence

P53 downstream biological responses. In unstressed cells, Hdm2 stability depends on

its interaction with the ubiquitin-specific protease HAUSP (herpes virus associated

ubiquitin specific protease) (Cummins et al., 2004; Li et al., 2004) and

phosphorylation by AKT (Ashcroft et al., 2002; Gottlieb et al., 2002), while mitogenic

signals (eg Erk) and P53 modulate Hdm2 gene transcription (Ries et al., 2000a)  Less

is known about Hdmx regulation other than its stability is controlled by the balance of

ubiquitination and deubiquitination by interaction with Hdm2 and HAUSP, which can

be affected by phosphorylations introduced by damage activated kinases (Li et al.,

2004; Meulmeester et al., 2005; Pereg et al., 2005).
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The majority of studies on P53 regulation have employed fibroblasts or cancer

cell lines growing on non-physiological matrices (e.g., coated plastic). However,

cancers typically originate from epithelial cells, and the survival of epithelial cells and

their responses to cancer therapies can be profoundly influenced by tissue architecture,

cell-cell and cell-ECM attachment (Zahir and Weaver, 2004). Yet, it is unknown if the

activation and output of the P53 pathway is affected by 3D structural organization.

Interestingly, some reports have suggested that P53 activation can be affected by cell

adhesion (Ilic et al., 1998; Lewis et al., 2002; Nigro et al., 1997; Seewaldt et al., 2001;

Stromblad et al., 2002; Truong et al., 2003). The functional significance of cellular

architecture on P53 functional output remain unclear as previous studies employed

non-physiological rigid substrata or showed conflicting results in different cell types

used.

This report describes the influence of 3D architecture and ECM adhesion on

the ability of P53 to activate the cell cycle and apoptotic programs. We compared the

responses of p53 wildtype human mammary epithelial cells to genotoxic and non-

genotoxic activators of P53 when grown in 2D and 3D. We show that cell architecture

can affect the relative abundance of P53 and its key regulators.  Interestingly, although

P53 levels were higher, and Hdmx level was lower in 3D, the functional output of the

pathway was similar in 2D and 3D cells.  This implies the existence of factors beyond

Hdm2 and Hdmx that are affected by cellular architecture to modulate P53 output.

Nutlin did not induce apoptosis, while the commonly used chemotherapeutic agent

doxorubicin (Dox) induced apoptosis in both 2D and 3D cells.  Importantly, Nutlin

and doxorubicin showed enhanced apoptotic activity in cells cultured in 2D, while
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cells in 3D responded as if treated with doxorubicin alone.  We show that the Hdmx

level underlies the relative resistance of 3D cells to combined doxorubicin and Nutlin

therapy. Thus, Hdmx is an important determinant of the biological outcome of the P53

pathway in cells growing in 3D, and signals from cell architecture appear to regulate

Hdmx levels.

Results

The kinetics of ATM signaling to P53 and P53 activation are similar in 2D and

3D mammary epithelial cells

IR and doxorubicin are commonly used as adjuvant therapies in breast cancer

patients. A comprehensive sequencing study revealed approximately 80% of all breast

cancers express wildtype p53 (Pharoah et al., 1999), suggesting that P53 function may

be attenuated by mechanisms other than gene mutation. Since DNA damage activates

P53, and the level and activity of P53 can be affected by ECM attachment (Lewis et

al., 2002; Nigro et al., 1997; Truong et al., 2003), we used MCF10A cells to provide

an in vitro model for evaluating the impact of cellular architecture on the kinetics of

damage signaling and P53 activation.

MCF10A cells are an immortalized mammary epithelial cell line that retains

wildtype p53 but showed genetic alterations (eg. loss of p14ARF and p16INK4a and

overexpression of c-myc) often seen in cells at the early stages of carcinogenesis

(Crawford et al., 2004; Shimada et al., 2005; Silva et al., 2001). Through the use of

MCF10A cells in 2D and 3D, we investigated the influence of cell architecture on P53

activation in these early initiated cells. The cells form polarized 3D structures when
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grown on a commercially available basement membrane-like ECM extracted from

Engelbreth-Holm-Swarm tumors (matrigel) (Debnath et al., 2003). By contrast, cells

in 2D exhibit no cellular polarity (Figure S3.1A). Cells in 2D and 3D were

predominantly in GO/G1 prior to analysis (Figure S3.1B).  This controls for mitogenic

signaling that can influence Hdm2 and P53 activity (Ashcroft et al., 2002; Gottlieb et

al., 2002; Ries et al., 2000a), and for cell cycle phase that can influence cell survival

(Dikomey and Brammer, 2000; Pawlik and Keyomarsi, 2004; Sak et al., 2000).

We first determined the kinetics of DNA damage induction and transmission of

the damage signal to P53 (Figure 3.1A).  Erk is used as loading control instead of actin

as it is constant in 2D and 3D cells as shown in multiple western blots (see subsequent

blots). ATM phosphorylation at Ser1981 is a surrogate marker for induction of DNA

double strand breaks as it occurs very soon after their generation (Bakkenist and

Kastan, 2003). ATM protein was more abundant in 2D cells, but as judged by S1981

phosphorylation, ATM was activated rapidly and with similar kinetics in cells growing

in 2D and 3D after exposure to 6 Gy IR. Even though it appears that a greater

proportion of ATM is phosphorylated in 3D cells, it is unclear if ATM is more active

in 3D cells since phosphorylation of S1981 is not sufficient for ATM activation (Lee

and Paull, 2005). Despite the significant difference in ATM level, there is

paradoxically more S15-phosphorylated P53 in 3D cells. P53 was phosphorylated with

similar kinetics in 2D and 3D cultures. We also measured ATM phosphorylation at

lower IR doses (0.1 - 0.5 Gy) to determine if 2D and 3D cells exhibit a difference in

their activation thresholds. The extent of ATM phosphorylation induced by low dose
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IR was similar between the two growth states (data not shown), indicating that 2D and

3D cells are equally sensitive to activation by low amounts of DNA damage.

We next evaluated the levels of P53 and several proteins known to play key

roles in P53 activation (Figure 3.1B). Hdm2 levels were similar, or somewhat higher

in 2D cells, while Hdmx levels were consistently greater in 2D cells. P53 levels were

higher in 3D cells, perhaps because the lower HAUSP levels destabilize Hdm2 to

reduce its abundance.  HAUSP levels did not change after DNA damage. Given higher

level of P53 and S15-P53 in 3D cells, we predict stronger P53 activation in these cells.

Since phosphorylation of P53 alone is not sufficient for activation, we further analyzed

P53 activity by measuring the induction of P53 target gene products. Kinetic analysis

showed that at early time points following IR (0-2 hours), levels of P53 increased,

while Hdm2 declined in both 2D and 3D cultures, consistent with accelerated Hdm2

auto-degradation as an early step in P53 activation (Meulmeester et al., 2005;

Stommel and Wahl, 2004). At later times, increases Hdm2 and P21CIP protein

abundance occurred with similar kinetics in 2D and 3D cultures, though 2D cells

accumulated more Hdm2 and P21CIP protein. Hdmx levels decreased after IR in cells

growing in both 2D and 3D, and correlated with a time at which Hdm2 levels

increased most significantly.  This is consistent with recent studies reporting DNA

damage induced degradation of Hdmx as an important contributor to P53 activation

(Kawai et al., 2003; Meulmeester et al., 2005; Pan and Chen, 2003; Pereg et al., 2005).

The architectural differences created in cells growing in 3D can impact on

nuclear processes such as transcription to influence the structure and function of the

acini formed (Myers et al., 1998; Plachot and Lelievre, 2004; Roskelley et al., 1994).
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Since P21CIP and Hdm2 can be regulated post-transcriptionally, we performed dose

and kinetic analyses of the transactivation of one gene in each class of P53 target

genes involved in cell cycle arrest, auto-regulation and apoptosis (Figure 3.1C).  The

transactivation of p21CIP in 2D and 3D cells and hdm2 induction in 2D cells occurred

in an IR dose-dependent manner. The fold accumulation of p21CIP and hdm2

transcripts was similar in 2D and 3D cells following 3 and 6 Gy IR.  However at 12

Gy, hdm2 increase was weaker while p21CIP was higher and more sustained in 3D

cells. The apoptotic gene puma, which is important for IR-induced apoptosis (Jeffers

et al., 2003), was weakly transcribed and did not show significant differences in 2D

and 3D cells (data not shown).

These data show that relative to 2D cells, despite higher proportion of

phosphorylated ATM, more P53 and similar or lower levels of Hdm2 and Hdmx,  P53

did not induce the examined target genes more efficiently in 3D cells.  This reveals a

lack of concordance between P53 abundance and activity, and suggests that factors

beyond Hdm2 and Hdmx levels are regulated by growth conditions to affect P53

output.

The contribution of cell architecture to P53 activation induced by genotoxic agent

and a direct P53 activator

In approximately 25% of breast cancers retaining wildtype p53, increased

Hdm2 and Hdmx levels could compromise P53 function (Al-Kuraya et al., 2004;

Danovi et al., 2004; Ho et al., 2001; Marchetti et al., 1995). Recently, small molecules

that activate P53 in the absence of DNA damage have become available (Chen et al.,
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2005; Galatin and Abraham, 2004; Issaeva et al., 2004; Vassilev et al., 2004). One

such molecule, Nutlin, activates P53 by specifically preventing Hdm2-P53 interaction

(Patton et al., 2006; Vassilev et al., 2004), Wade et al, in press). We therefore

evaluated the impact of 3D architecture in regulating Hdm2 and Hdmx levels and the

response of cells growing in 2D and 3D to Nutlin alone, and combination treatments

with Nutlin and DNA damaging agent.

We assessed apoptosis induction in 3D cells by staining for active caspase 3.

Only positively stained cells found in the periphery of the acini were counted (Figure

3.2A, white arrow heads).  We excluded apoptotic cells in the center of the lumen as

they result from a P53-independent process associated with lumen formation (Debnath

et al., 2002; Muthuswamy et al., 2001) (Figure 3.2A, yellow arrow heads). No

significant increase in the apoptotic population in the lumen was observed after the

drug treatments. The predominant phenotype after Nutlin treatment in MCF10A cells

is cell cycle arrest or senescence in the short or long-term, respectively (Figure S3.2).

The topoisomerase II-dependent DNA damaging agent doxorubicin is frequently used

in human breast cancer therapy, but serious side effects limit its use at high

concentrations in humans. As doxorubicin and Nutlin activate P53 by different

mechanisms, we determined whether their combined use might enable doxorubicin to

be used at lower doses to elicit greater toxicity. At the stated concentration,

doxorubicin-induced death in 2D cells is largely P53-dependent as apoptosis was

significantly inhibited by a dominant negative C-terminal P53 fragment referred to as

“DD” (Shaulian et al., 1992) (Figure 3.2B). When doxorubicin and Nutlin were used

simultaneously on 2D cells, enhanced killing was observed as measured by caspase 3
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positivity and confirmed by TUNEL and sub-G1 content (data not shown). By

contrast, cell death induced by doxorubicin is P53-independent in 3D cells and the

doxorubicin-Nutlin combination did not exhibit increased toxicity in 3D cultures.

Hence, cells in 3D appear to be protected from apoptosis induced by this drug

combination.

Attachment to the ECM induces changes in cell polarity, tissue architecture

and downstream signal transduction to protect cells against cell death induced by

diverse stresses (Weaver et al., 2002). We therefore determined whether ECM

attachment per se, rather than generation of 3D architecture, generates survival signals

that attenuate cell death induced by doxorubicin and Nutlin. We confirmed that

communication with the ECM had taken place by determining the extent of activation

of the focal adhesion kinase (FAK), which was higher in cells attached on plastic than

matrigel (Figure 3.2C), as expected from previous reports (Paszek et al., 2005). We

then evaluated the effects of doxorubicin and/or Nutlin applied soon after cell

attachment to either matrix, and before formation of acini in the matrigel culture. Cells

grown on tissue culture plastic or matrigel were equally sensitive to apoptosis induced

by doxorubicin and Nutlin (Figure 3.2D). This indicates that ECM attachment and the

cell shape change associated with attachment (Figure 3.2C) are not sufficient to confer

protection against apoptosis induced by P53 activation. Instead, as suggested

previously, 3D organization may play a more important role in determining cell

survival after stress (Weaver et al., 2002).
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P53-dependent transactivation of most target genes is similar between 2D and 3D

cells

We next evaluated whether the difference in cell death induced by combined

doxorubicin and Nutlin treatment derives from changes in P53, its upstream regulators

and its transcriptional output. We first analyzed the P53 pathway in unstressed cells.

The levels of P53 were higher, while HAUSP and Hdmx were lower in 3D cells

compared to 2D cells (Figures 3.1, 3.3A). HAUSP is a relatively stable protein, as it

did not increase after proteasome inhibitor (MG132) treatment. Lower HAUSP

expression likely derives from decreased HAUSP transcription in 3D cells (Figure

3.3B). The increase in P53 is likely post-transcriptional as no significant increase in its

mRNA was observed (data not shown). p21CIP mRNA was higher in unstressed 3D

cells, but the increase is likely P53-independent as DD expressing 3D cells had a

similar 2-fold increase in p21CIP transcript level. However, P21CIP protein level was

similar or increased in 3D cells compared to 2D cells (Figures 3.1B, 3.3A, 3.3C).

Hdm2 protein levels were similar or marginally reduced in 3D cells (Figures 3.1B,

3.3A). Hence, even though there are changes in the levels of P53 and its upstream

regulators, P53 activity is similar in unstressed 2D and 3D cells.

Hdm2 negatively regulates P53 stability and its transcription function. We used

Nutlin to specifically evaluate the extent to which Hdm2 controls P53 activation in 2D

and 3D cells as it prevents Hdm2-P53, but not Hdmx-P53 interactions (Patton et al.,

2006), Wade et al, in press). Nutlin activated P53 similarly in 2D and 3D cells, as

determined by the increase in Hdm2 and P21CIP protein levels (Figure 3.3C). We

investigated by immunostaining the possibility that heterogeneity in the 3D population
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and differences in drug penetration could have led us to underestimate P53 activation

in 3D cells (Figures S3.4A, B). There were slightly more P53-positive cells in 3D

under basal conditions, while most of the cells were positive for P53 in 2D and 3D

cultures after Nutlin treatment. The percentages of P21CIP and Hdm2 positive cells

were similar in untreated and Nutlin-treated cells growing in both 2D and 3D.

We next extended the QPCR analysis to additional P53 target genes, as cell

type and stress can affect the kinetics and spectrum of P53 target genes activated

(Espinosa et al., 2003; Fei et al., 2002; Szak et al., 2001) (Figures 3.4A, S3.4C, D).

The non-apoptotic genes (p21CIP, hdm2) and a gene coding for a secreted protein

(MIC-1) generally exhibited greater induction than apoptotic genes (bax, pig3, puma)

by Nutlin treatment. Interestingly, Nutlin induced other P53 pro-apoptotic target genes

noxa and bid very poorly.  Kinetics and dose response studies indicated that the

induction of most target genes was similar between 2D and 3D cells with the

exception of MIC-1, which was induced better in 2D cells at a late time point (24

hour).  Taken together, these data demonstrate that P53 transcriptional output after

Nutlin treatment is similar in 2D and 3D cells and is not sufficient for apoptosis

induction. Therefore, Nutlin antagonizes Hdm2-P53 interaction similarly regardless of

cellular architecture, with similar effects on P53 transcriptional output.

Since Nutlin synergizes with doxorubicin to induce cell death in 2D but not in

3D cells, and both drugs are P53 activators, we next determined if the transcriptional

output of P53 differs between 2D and 3D cells after combined drug treatment (Figure

3.4B). Like Nutlin, doxorubicin turned on all the P53 target genes examined except

with differences in the efficiency for hdm2 and MIC-1. Combined drug treatments did
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not lead to further P53 transactivation of target genes in 2D or 3D cells when

compared to Nutlin treatment alone. This suggests that Nutlin-induced P53 target gene

activation is saturated under the conditions we used. Among the target genes analyzed,

p21CIP, MIC-1 and PUMA induction were similar between 2D and 3D cells while

hdm2 and bax genes were induced better in 3D cells after doxorubicin and Nutlin

treatment. Consistent with the mRNA data, the level of Hdm2 and P21CIP proteins

did not further increase using a combination of two drugs compared to each drug

singly (Figures 3.5A, B). We have not observed a direct correlation between the

induction of the P53-target genes examined and sensitivity to apoptosis.

Cell survival signaling in 2D and 3D cells

Figure 3.2 indicates that cells growing in 3D are significantly more resistant to

death induced by doxorubicin and Nutlin than cells growing in monolayer.

Engagement of appropriate cell-ECM and cell-cell adhesion molecules can generate

pro-survival signaling (Bates et al., 1994; Frisch and Screaton, 2001; Meredith et al.,

1993). We therefore tested whether differences in the response of 2D and 3D cells to

P53 activation may be attributed to alterations in cell survival signaling.

Akt and NF B are two important pro-survival pathways that either work in

conjunction with, or moderate the P53 pathway (Ashcroft et al., 2002; Gottlieb et al.,

2002; Tergaonkar et al., 2002). We therefore determined whether their regulation is

affected in 2D and 3D cells (Figure S3.3). The Akt pathway is commonly activated

upon engagement of integrin and growth factor receptors (Kumar, 1998). However,

growth-arrested 2D and 3D cells exhibited low mitogenic signaling through Erk and
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Akt as demonstrated by the low abundance of P-Akt and P-Erk relative to an

asynchronous population of dividing cells. The NF B pathway may also be activated

by 3D cell architecture-dependent signaling to protect cells in 3D against apoptosis

(Weaver et al., 2002). We evaluated NF B activation by determining the degradation

of NF B negative regulator I B  and the activity of NF B-responsive luciferase

reporter. Doxorubicin, but not Nutlin, activated NF B. Combined doxorubicin and

Nutlin treatment did not further enhance NF B activity, and NF B activity was not

significantly different between 2D and 3D cells. Hence, even though 3D cells were

more resistant to apoptosis induced by combined doxorubicin and Nutlin treatment,

cells growing in 3D did not manifest increased survival signaling through the Akt or

NF B pathways.

Hdmx is preferentially down regulated in 2D cells after doxorubicin and Nutlin

treatment

The following studies were done to determine whether Hdmx could be a

determinant of the relative resistance of 3D cells to apoptosis induced by doxorubicin

and Nutlin. Hdmx levels remained unchanged following Nutlin treatment in both 2D

and 3D MCF10A cells, but decreased in both growth conditions following

doxorubicin treatment (Figures 3.5A, B). Interestingly, the Hdmx level was further

reduced after combination treatment in 2D, but the extent of Hdmx decrease was

significantly less in 3D cells.

We then tested whether Hdmx levels could affect the outcome of P53

activation.  We used an shRNA against Hdmx to determine if decreasing Hdmx
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abundance sensitizes 3D cells to doxorubicin and Nutlin-induced cell death. Following

lentiviral delivery of Hdmx-specific shRNA into MCF10A cells, the Hdmx protein

level was reduced to approximately 20% of basal level in the pooled and GFP sorted

population as demonstrated by western analysis (Figure 3.5B). The reduction in Hdmx

level by shRNA is uniform in the population as demonstrated by immunofluorescence

analysis (data not shown). The basal levels of P21CIP and Hdm2 were slightly

increased when Hdmx levels were reduced, consistent with Hdmx being a

transcriptional antagonist of P53. Since cell architecture can influence the sensitivity

of 3D cells to doxorubicin and Nutlin induced cell death, we first evaluated if Hdmx

knockdown affected the cells ability to form polarized acini by staining 3D cells for

protein markers indicative of polarized structures. Cells expressing control and Hdmx

shRNA in matrigel culture localized 6-integrin to the basal side of the acini and -

catenin at cell-cell junctions as indicated by IF staining (Figure 3.5C). Therefore,

lowering Hdmx level does not influence organization into acini. Hdmx knockdown did

not sensitize cells to Nutlin-induced cell death, but increased cell death by

approximately 2-fold in 2D cells in response to doxorubicin and combined

doxorubicin-Nutlin treatment (Figure 3.5D). In contrast to control shRNA, Hdmx

shRNA significantly sensitized 3D cells to apoptosis induced by the combination of

doxorubicin and Nutlin. Reducing Hdmx levels made the cells so sensitive to

apoptosis that they were harvested 24 hours post-treatment instead of 48 hours as used

previously. Hence, the differential sensitivity of 2D and 3D cells to doxorubicin and

Nutlin-induced apoptosis is significantly affected by the endogenous level of Hdmx.
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Since Hdmx is a transcriptional antagonist of P53, we next evaluated the

transcriptional output of P53 after Hdmx knock down. The influence of Hdmx

reduction on P53 target gene induction appeared to be target gene and stress specific

(Figure S3.5). Relative to control shRNA treated cells, shRNA-Hdmx treated cells in

2D and 3D exhibited higher levels of p21CIP and MIC-1 but bax was not affected.

Importantly, the increased apoptosis exhibited by shRNA-Hdmx expressing 3D cells

did not correlate with increased transactivation of the pro-apoptotic target analysed. In

summary, while P53-dependent transcriptional output can be increased by Hdmx

knockdown, we did not observe a difference in the genes analyzed sufficient to

explain the substantial increase in apoptotic sensitivity of 3D cells.

Discussion

P53 has recently been implicated in responding to, as well as modulating,

cellular energy balance and metabolism (Bensaad et al., 2006; Crighton et al., 2006;

Jones et al., 2005; Matoba et al., 2006).  Consistent with these observations, P53

activation can be affected by mitogenic signaling through effects on Hdm2 (Ashcroft

et al., 2002; Gottlieb et al., 2002; Ries et al., 2000b).  It is reasonable to conjecture,

therefore, that the rigidity of the ECM and effects of 3D cellular architecture might

also affect the kinetics or consequences of P53 activation since they profoundly

influence signaling pathways affecting cell growth and survival (Bissell et al., 1999;

Boudreau and Bissell, 1998; Ingber, 2003; Weaver et al., 2002). Here, we show that

the signals generated from DNA damage to activate P53 are dominant to potential

mitigating influences of 3D cellular architecture and ECM engagement in a mammary
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epithelial cell model.  Importantly, we also show that organization within a 3D acinar

structure can significantly attenuate death signaling mediated by a combination of a

genotoxic agent and Nutlin.  The data reveal that Hdmx is one important determinant

of the consequences of P53 activation in cells growing as a 3D structure, and they

emphasize the importance of cell architecture in influencing the outcome of

therapeutic regimens.

DNA damage signaling and P53 transcriptional output are dominant to signals

from cell architecture

ECM adhesion and cell architecture can significantly alter intracellular signal

transduction, nuclear organization and gene transcription profiles (Bissell et al., 1999;

Ingber, 2003; Ingber, 2006; Lelievre et al., 1998; Maniotis et al., 1997). Like other

epithelial and endothelial cells, MCF10A requires ECM attachment for survival

(Reginato et al., 2003). However, unlike endothelial cells (Ilic et al., 1998; Stromblad

et al., 2002), death from detachment is P53-independent as DD expressing cells

cleared the lumens of acini as effectively as parental cells (data not shown).

Attachment of MCF10A cells onto various ECMs stimulated mitogenic signaling and

Hdm2 accumulation to different extent. However, attachment on plastic or matrigel

does not impact on the ability of P53 to transactivate p21CIP or induce cell cycle

arrest after IR (data not shown). This emphasizes that DNA damage induced P53

activation is dominant to potential mitigating mitogenic signals from the ECM

(Hosokawa et al., 1998).
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Molecular connections between cell adhesion molecules, cytoskeletal

filaments, and nuclear scaffolds generate the 3D cellular superstructures that comprise

functional units within organs. The question of whether 3D organization also impacts

DNA damage signaling to P53 has not been addressed. Our analyses (in MCF10A and

184A1, data not shown) reveal a striking similarity of P53 activation in cells growing

in 2D or 3D. Thus, the early events triggered upon DNA damage such as ATM

activation, transduction of the damage signal to P53, and P53 transcriptional activation

were not detectably affected by signals from cell organization.

Previous studies showed a strong correlation between the stabilization and

accumulation of P53 after stress with increased transactivation of P53 target genes in

cells growing in 2D (Kubbutat et al., 1997; Li et al., 2002b; Stommel and Wahl,

2005).  Interestingly, P53 levels were substantially higher, while Hdmx were

significantly lower in 3D cells.  Yet, transcriptional activation of the six P53 target

genes analyzed was remarkably similar in DNA damaged or Nutlin treated 2D and 3D

cells.  Furthermore, there was no correlation between target gene activation of bax,

PIG3 or PUMA and apoptosis, suggesting that activation of these three classic

apoptotic activators identified in 2D cells do not determine apoptotic sensitivity in 3D

cells.  A more comprehensive analysis by microarray will be required to identify P53

target gene targets that determine the differing sensitivity to Nutlin and doxorubicin in

cells growing with correct architecture in 3D.

Our data indicate that P53 is far less efficient transcriptional regulator in 3D

acini than in 2D monolayers. In vitro footprinting and chromatin immunoprecipitation

(ChIP) assays demonstrate that P53 binds chromatin constitutively even without stress
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(Espinosa and Emerson, 2001; Kaeser and Iggo, 2002; Szak et al., 2001). The lower

amount of acetylated histone H4, and increased amount of heterochromatin protein

HP1  and chromatin associated methyl binding proteins (MeCP2) are indicative of a

more repressed chromatin state in 3D cells (Plachot and Lelievre, 2004). Since P53

exhibited similar nuclear localization in cells growing in both conditions, it is

conceivable that a smaller fraction of P53 is chromatin associated in 3D cells.

Although this possibility can be addressed by ChIP, the limited material available

from 3D cultures has thus far prevented such studies. Alternatively, the efficiency of

transcription by P53 may be lower in 3D cells due to their repressive chromatin

structure.

3D cell architecture promotes cell survival in response to P53 activation and

cytotoxic stress by a mechanism involving Hdmx

The tissue microenvironment has been implicated in tumor resistance to

therapy (Paszek et al., 2005).  The experimental model we used offered a route to

examining strategies to preferentially kill tumor cells in specific microenvironmental

contexts as well as the  potential mechanisms underlying therapy resistance.

Consistent with previous studies using normal skin cells, fibroblasts and

hematopoietic cells (Secchiero et al., 2006; Vassilev et al., 2004), Nutlin alone did not

kill MCF10A cells growing in 2D or 3D. However, the commonly used

chemotherapeutic agent doxorubicin and an inducer of the extrinsic apoptotic pathway

(TRAIL, Figure S3.6) were equally effective in killing MCF10A cells growing in both

conditions. The sensitivity of 3D cells to TRAIL- or doxorubicin-induced apoptosis
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contrasts with a previous study showing that 3D tissue organization enhanced survival

signaling to counteract death signals induced by death receptor ligation and etoposide

treatment (Weaver et al., 2002). This discrepancy may be explained by the use of

different cell lines (the cell line used in this study is wildtype for p53) and different

classes of drugs used in the two studies.

Combination drug therapy is often employed to increase tumor cell killing and

decrease resistance. Consistent with previous observations, doxorubicin and Nutlin

treatment enhanced cell death compared to drugs used singly in 2D cells (Patton et al.,

2006).  By contrast, such additive cytotoxicity was not observed in 3D cells. The

difference in drug sensitivity is not likely due to differences in drug penetration or

variation in responses within a sub-population of cells in 3D since

immunofluorescence analysis revealed equal proportions of cells exhibiting P53

activation. Tumors grow as 3D cluster of cells that exhibit no cell polarity. Tumor

cells grown as 3D mass are more resistant to therapy compared to monolayer cultures

(Desoize and Jardillier, 2000; Durand and Sutherland, 1972; Frank et al., 1993; Kwok

and Sutherland, 1991; Rodriguez et al., 1988). Our findings suggest the importance of

cellular context and tissue organization in influencing chemotherapeutic responses.

Hence it is important to extent the finding to determine if 3D per se affects P53

activity in p53 wildtype cancer cells.

Hdmx has emerged as an important regulator of P53 transactivation in both

unstressed and stressed cells, but Hdmx has not previously been linked to regulating

P53 output in response to architectural cues.  Our data show that Hdmx is an important

contributor to the relative resistance of 3D cells to apoptosis induced by doxorubicin
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and Nutlin.  Cells in 3D degraded Hdmx with lower efficiency than cells in 2D when

exposed to this drug combination. Full P53 activation by Nutlin requires that the P53

abundance must increase to exceed that of Hdmx.  In normal cells and many tumor

cell lines, DNA damage induces Hdmx degradation, which contributes to P53

activation.  Thus, lack of Hdmx degradation in 3D cells should attenuate P53

activation.  Strikingly, shRNA against Hdmx reduced Hdmx levels by 70-80% and

stimulated cell death induced by doxorubicin and Nutlin more in 3D than in 2D cells.

These data are consistent with other recent studies showing that lowering Hdmx levels

sensitizes cells to Nutlin-induced cell killing (Patton et al., 2006), Wade et al, in

press).

Based on the above information, it would be reasonable to infer that the

mechanism by which reduced Hdmx levels augment the P53 response is through

increased P53 transactivation. However, the transcriptional effects on the genes

analysed was surprisingly modest. Interestingly, we also observed P53 transactivation

following Hdmx knockdown, but in a stress- and target gene-specific manner, with the

most significant increases being in p21CIP and MIC-1.  Importantly, none of the

apoptotic target genes analyzed increased after Hdmx knockdown, and their levels did

not correlate with sensitivity of 2D and 3D cells to apoptosis. Hence, it remains

possible that Hdmx regulates a specific subset of pro-apoptotic genes that remains to

be identified to differentially regulate the sensitivity of 2D and 3D cells to apoptosis.

Another intriguing possibility is that Hdmx has effects in both the nucleus and the

cytoplasm since it is far more abundant in the cytoplasm of 2D and 3D cells (E-t

Wong, unpublished observations and (Li et al., 2002a; Pan and Chen, 2003).
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Our data show that Hdmx functions as a buffer against P53-dependent cell

death, and they reveal the importance of cell architecture in influencing the survival

outcome of cells upon P53 activation.  Differential regulation of Hdmx degradation by

changes in tissue organization clearly influences the functional output of P53

activation, and suggests that genetically similar cells in different architectural contexts

may respond very differently to drug treatment.  This could constitute a novel

mechanism of resistance to cytotoxic and biologically targeted therapies. On the other

hand, strategies that induce Hdmx degradation or down-regulation in cancer cells

expressing wild type p53 may be able to achieve a favorable therapeutic index when

used in combination with drugs such as Nutlin that appear to exhibit remarkably little

toxicity towards normal cells in vivo (Vassilev et al., 2004).

Experimental Procedures

Cell culture

MCF10A cells were from ATCC and MatrigelTM was from Trevigen. The

media and culture conditions used for regular maintenance and acini culture were as

described (Debnath et al., 2003) and supplementary data). 2D cells were allowed to

grow to 80-90 % confluence in growth medium before growth arrest in assay medium

for two days prior to drug treatment. 3D cells grown on matrigel in differentiation

medium for 5-6 days were transferred to assay medium containing 2 % matrigel for 2

days prior to drug treatment. For acute attachment, MCF10A cells were resuspended

in assay medium containing a final concentration of 5 ng/ml EGF and replated onto

tissue culture plates that were either uncoated or pre-coated with 300 µl matrigel at a
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density of 1x105/35 mm dish. Cells were allowed to attach for 3-4 hours prior to drug

treatments.

Drug treatments

Nutlin was a kind gift of Dr Lyubomir Vassilev (Hoffman-La Roche) and was

used at a final concentration of 2.5 µM unless otherwise stated. Doxorubicin and

MG132 (Calbiochem) were used at final concentrations of 0.6 µg/ml and 10 µM

respectively. TRAIL (Peprotech) was used at final concentration of 50 ng/ml.

-irradiation

Growth medium was removed and cells were irradiated using a Co-60 source

at 500 Rad/min. Growth medium was replaced and cells were returned to 37oC.

Lentiviral-mediated gene delivery

The construction of lentivirus expressing shRNA against Hdmx or MKP

(chicken MAPK phosphatase) was described elsewhere (Wade et al, in press). The

lentivirus construct containing the NF B responsive luciferase reporter was provided

by Dr Inder M. Verma (Tergaonkar et al., 2003). Virus production and titering were

performed as described (Wade et al, in press). Virus particles were concentrated by

pelleting culture supernatant at 50, 000 g for 2 hours. Cells were infected overnight at

multiplicity of infection of 10 and cultured for one week before performing all other

experiments. Cells were sorted for GFP using the Becton-Dickinson FACS Vantage
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SE DiVa cell sorter to isolate cells expressing high level of shRNA against Hdmx or

MKP.

Indirect IF and image acquisition

Cells in 3D culture were processed into 7 µM thick cryosections before

immunostaining (Gudjonsson et al., 2003). Immunostaining was performed using

procedures as previously described (Debnath et al., 2003). Images were captured using

the Leica TCS SP2 AOBS Confocal microscope.

Western blot

Proteins were extracted from 3D cells as previously described (Debnath et al.,

2003). Western blot procedure and antibodies used were as described (Stommel and

Wahl, 2004). Antibody against I B  was a kind gift from Dr Inder M. Verma. For

quantitation of band intensity using the Odyssey infrared imaging system (LiCor

system), PVDF membrane (Immobilon-FL, Millipore), Odyssey blocking solution at

1:1 mix with PBS, IRDyeTM800 (Rockland Immunochemicals) and AlexaFluor 680

(Molecular Probes) conjugated secondary antibodies (1:20000) were used. Bands were

scanned and analyzed using the Odyssey imaging software provided.

Real time quantitative PCR

Total RNA extraction (Qiagen RNeasy Kit), reverse transcription (Invitrogen

SuperScript III) and QPCR (SYBR green or Taqman (for PUMA), Invitrogen) were

performed as described (Stommel and Wahl, 2004). With the exception of RNA
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isolated from doxorubicin-treated samples, transcript levels obtained from all other

samples were normalized to 18S rRNA. As the level of 18S rRNA was repressed in

doxorubicin treated samples, transcript levels were normalized to -glucuronidase

instead.

Luciferase assay

Luciferase assay was performed as described previously (Wong et al., 2002).

Cell Cycle and flow cytometry

Cells were labeled with 10 µM bromodeoxyuridine (BrdU) for 1 hour before

harvesting. Briefly, cells were harvested from matrigel by treating with dispase for 10-

15 minutes (Roche) before dissociation into single cells by trypsinization. Cells were

fixed at 4oC overnight in 70% ethanol. Cells were stained with fluorescein

isothiocyanate-conjugated anti-BrdU antibody according to the manufacturer’s

protocol (Discovery labware) and propidium iodide and analysis was performed using

FACScan flow cytometer (Discovery labware).

Detection of senescent cells

Cells were stained for acidic -galactosidase according to (Dimri et al., 1995).

Statistical analysis

Paired t-test using Microsoft Excel was performed on QPCR and IF data.
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Figure 3.1: The kinetics of DNA damage signaling to and P53 activation are similar
between growth arrested 2D and 3D cells

a. Cells were subjected to 6 Gy IR before harvest at the indicated time points for
western analysis. “L” and “H” represent lower and higher exposures,
respectively. The corresponding exposures in 3D were omitted, as they were
either too faint or too dark to be suitable for display.

b. Western blot to demonstrate changes in the level of P53 upstream regulators
and induction of downstream targets following 6 Gy IR.

c. p21CIP/KIP and hdm2 mRNA induction following 3, 6 and 12 Gy IR. Transcripts
were quantified by QPCR and fold inductions relative to the untreated were
expressed as mean ± SEM.
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Figure 3.2: P53-dependent apoptosis induced by a combination of Nutlin and
doxorubicin is attenuated in 3D cells.

a. IF demonstrating active caspase 3 (casp 3) staining in growth arrested
MCF10A cells in 3D following Nutlin (Nut), doxorubicin (Dox) or
combination of doxorubicin and Nutlin (Dox+Nut) treatment. Cells were
harvested 48 hours after treatment and processed as 7 µm thick frozen sections
for immunostaining. Casp 3 positive cells that are located at the periphery of
an acinus (white arrow heads) were counted while casp 3 positive cells located
within the central lumen of an acinus (yellow arrow heads) were not counted
for experiments described in (b).

b. Cell death in P53 wild-type and P53 dominant negative (DD) expressing
MCF10A cells 48 hours after drug treatment. A minimum of at least 100 cells
were counted and expressed as a percentage of total cell count before plotting
the mean ± SEM from 3 independent experiments.

c. MCF10A cells were trypsinized and replated at low density onto either tissue
culture plastic (plastic) or matrigel-coated plate (matrigel). Top panel: phase
contrast picture to demonstrate cell shape change at 2 and 10 hours following
attachment. Bottom panel: IF staining to demonstrate signaling to FAK at 2
hours post-attachment.

d. Growing MCF10A cells were seeded at low density onto plastic or matrigel
and allowed to attach for 3 hours before addition of drugs. Cell death was
assessed by casp 3 staining 24 hours after drug treatment.
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Figure 3.3: Transactivation of most P53-dependent target genes is similar between
growth arrested 2D and 3D cells.

a. 2D and 3D cells were either left untreated (-) or treated with MG132 (+) for 8
hours before harvesting for western blot. Erk is used as the loading control.

b. Steady state transcript levels in 3D relative to 2D cells. Transcripts were
quantified by QPCR and are mean ± SEM obtained from at least 3 independent
experiments.

c. Western analysis to show the time course of P53 stabilization and Hdm2 and
P21CIP induction after Nutlin treatment in 2D and 3D cells
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Figure 3.4: P53 activation of target genes after Nutlin and doxorubicin treatment

a. QPCR data demonstrating the time course of P53-responsive transcripts
induction after Nutlin treatment. The data were mean ± SEM of the fold
induction expressed relative to 2D untreated cells obtained from 3 independent
experiments.

b. P53-responsive transcripts induction 24 hours after drug treatment. The data
were mean ±  SEM of the fold induction expressed relative to 2D untreated
cells obtained from 3 independent experiments.
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Figure 3.5: Hdmx is preferentially down regulated by doxorubicin and Nutlin
treatment in 2D cells

a. P53 activation and decrease in Hdmx level in growth arrested 2D and 3D cells
24 hours post drug treatment as analyzed by western blot. Band intensities
were quantified by LiCor and normalized to loading control (Erk) and
expressed as fold induction relative to the untreated.

b. Western blot to demonstrate the efficiency of Hdmx knockdown by shRNA.
Cells were infected with lentivirus expressing control shRNA (against MKP)
or Hdmx specific shRNA and harvested for western analysis 5 days post
infection.

c. IF staining of control and Hdmx shRNA expressing MCF10A cells in 3D
culture.  Cells were stained for basal marker 6-integrin and cell junction
marker -catenin. The ruler represents 50 µm in length.

d. Cell death in MKP and Hdmx shRNA expressing 2D and 3D MCF10A cells at
24 hours post drug treatment.
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Supplemental procedure

MCF10A culture media

The media used were as follows: growth medium (20 ng/ml EGF, 100 ng/ml

cholera, 10 µg/ml insulin, 0.5 µg/ml hydrocortisone, 5% horse serum); assay medium

(100 ng/ml cholera, 10 µg/ml insulin, 0.5 µg/ml hydrocortisone, 5% horse serum);

differentiation medium (5 ng/ml EGF, 100 ng/ml cholera, 10 µg/ml insulin, 0.5 µg/ml

hydrocortisone, 2% horse serum, 2% matrigel).

Antibody dilutions for IF

Antibodies used were P53 (FL393, 1:1000, Santa Cruz), P21CIP (Clone 70,

1:400, Transduction Lab), -catenin (1:1000, USBiological), Hdm2 (2A9, 5B10 at

1:500, Oncogene Science), active caspase 3 (1:500, Cell Signaling Technology),

phosphoY397-FAK (1:1000, Biosource International) and 6-integrin (1:2000,

Cymbus).

Primers and probe sequences used in QPCR

-glucuronidase: sense: GAA CGC CCT GCC TAT CTG TAT T, antisense:

CAG ACA CAG GCC CCA GTG A; BID: sense: GCT TGG GAA GAA TAG AGG

CAG AT, antisense: GCG AGG TGC CTG GCA AT; GADD45a: sense: GAA GAC

CGA AAG GAT GGA TAA GG, antisense: CAG GGC TTT GCT GAG CAC TT;

Noxa: sense: GCA AGT AGC TGG AAG TCG AGT GT, antisense: TTC TGC CGG

AAG TTC AGT TTG; PUMA: sense: TGC ACT GAC GGA GAT GCG, antisense:
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TTC CGA TGC TGA GTC CAT CA, PUMA probe: FAM CGT CCC TCT CCT GGC

TTC TTG GC TAMRA and MIC-1 (Yang et al., 2003).

Supplemental figures

Figure S3.1: Cells in matrigel culture are polar and growth arrested.

a. Immunofluorescence images showing 6-integrin expression across the middle
of an acinus structure in 3D cells and across the Y-Z-plane of 2D cells. Ruler
represents 10 µm.

b. FACS profile and BrdU incorporation by cells in 2D and 3D. Cells were
cultured in the absence of EGF for 2 days, pulsed with BrdU for 1 hour before
harvesting for analysis. PI: propidium iodide stain for DNA content
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Figure S3.2: Nutlin induces cell cycle arrest or senescence in MCF10A.

a. Phase contrast pictures demonstrating the cell density of parental or DD-
expressing MCF10A that were either left untreated (-) or treated with Nutlin
(+) for 2 days.

b. Phase contrast pictures demonstrating acidic -galactosidase staining in growth
arrested MCF10A (-) and cells treated with Nutlin (+) for 16 days.
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Figure S3.3: Cell survival signaling in 2D and 3D cells

a. Western blot showing signaling through Erk and Akt in asynchronously
dividing (Asy) 2D culture and growth arrested 2D and 3D cells.

b. I B  degradation after drug treatment. Growth arrested cells in 2D and 3D
were harvested 24 hours after drug treatment and processed for western blot.
Band intensities were quantified by LiCor and normalized to that of actin and
expressed as fold changes relative to the untreated.

c. NF B activation after drug treatment. MCF10A cells were stably infected with
lentivirus expressing luciferase reporter gene linked either to NF B responsive
promoter ( B-Luc) or mutated NF B promoter (mut- B-Luc). Cells were
plated as 2D or 3D, growth arrested before drug treatment and harvested for
luciferase assay 24 hours after drug treatment. NF B activation is expressed as

B-Luc activity normalized to mut- B-Luc activity and total protein content
before expressing it as fold induction relative to the untreated samples. Data
are mean ± SEM obtained from 3 independent experiments.
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Figure S3.4: P53 is activated similarly in 2D and 3D cells after Nutlin treatment

a. Plot tabulating the average ± SEM of the percentage of cells positively stained
for P53, Hdm2 and P21CIP obtained from 3 independent experiments before
and after Nutlin treatment for 24 hours. The staining intensity in the untreated
samples was arbitrally set as the background value and all cells exhibiting a
signal above the background were counted. A minimum of at least 100 cells
were counted and expressed as a percentage of the total count.

b. IF demonstrating P53, P21CIP and Hdm2 accumulation before and 24 hours
after Nutlin treatment in 2D (top panel) and 3D (bottom panel) cells. Staining
for 6-integrin indicates the polarized nature of acini in 3D culture. Ruler
represents 50 µm.

c. Induction of P53 target genes after 8 hours of Nutlin treatment in P53 wild
type and DD-expressing MCF10A. Transcripts were normalized to 18S rRNA
and expressed as fold induction relative to the untreated.

d. P53 target genes induction after treatment with increasing concentration of
Nutlin for 8 hours. Transcripts were quantified by QPCR and normalized to the
level of 18S rRNA housekeeping gene and expressed as fold induction relative
to the untreated 2D cells.
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Figure S3.5: Influence of Hdmx knockdown on P53 target gene expression

Tabulation of P53 target genes induction in control shRNA and Hdmx specific
shRNA expressing 2D and 3D cells at 8 hours post drug treatment. Transcripts
were normalized to housekeeping gene and expressed as fold induction relative to
2D untreated cells.

Figure S3.6: Induction of apoptosis by TRAIL and Nutlin in 2D and 3D cells

Graph shows the tabulation of caspase 3 positive cells induced by Nutlin alone,
TRAIL alone or combination of TRAIL and Nutlin 48 hours after treatment in 2D
and 3D cells.
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Influence of stromal fibroblasts on epithelial cell morphogenesis and P53 activation
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Abstract

Crosstalk between multiple cell types occurs frequently during carcinogenesis.

For example, while luminal epithelial cells are the target of transformation and

constitute the main component in breast cancer, neighboring cells such as fibroblasts,

endothelial cells and immune cells facilitate epithelial cell proliferation, survival and

metastasis. Data presented in this chapter demonstrate that mammary fibroblasts

isolated from breast cancer patients and their conditioned culture media disrupt acini

formation by MCF10A cells in matrigel culture but P53 activation by DNA damage is

unaffected. Hence, paracrine signaling from fibroblasts can disrupt the normal tissue

architecture of epithelial cells in culture. Targeting stromal fibroblasts with the aim of

normalizing the aberrant paracrine signaling holds great potential to enhance the

efficacy of existing anti-cancer therapies.

Introduction

Histological view of breast Cancer

Breast cancer is the most common cancer type among women and is also the

leading cause of cancer related deaths worldwide (refer to American Cancer Society

website). Improved diagnostic tools and treatments have significantly reduced the

mortality rates in recent years. However, due to heterogeneity of the disease, each sub-

type of breast cancer differs in their recurrence rates, their tendencies for metastasis

and their response to therapy. Hence, approximately a quarter of the breast cancer

patients still die of the disease. Therefore, new and effective molecular based therapies

are needed to improve the prognosis.
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Breast cancer progresses through histologically distinct stages starting with

atypical hyperproliferation,  followed by ductal carcinoma in situ (DCIS), then an

invasive phase and finally metastatic disease (Beckmann et al., 1997). Cancer is a

multi-step process characterized by the progressive accumulation of genetic and

epigenetic changes in the tumor compartment. Advances in diagnostic tools have

made it possible to detect breast cancers at the hyperplastic preinvasive DCIS stage.

An understanding of the underlying deregulated processes during the hyperplastic

phase may provide new drug targets that promote tumor regression prior to onset of

fatal metastases.

DCIS can be subdivided into 3 categories based on its nuclear grade. The

nuclear grade of hyperplastic cells is correlated to the clinical outcome and tumor

recurrence rate (Badve et al., 1998). High-grade DCIS (cells are variable in size and

have high mitotic counts) has the highest rate of local recurrence (25-30%),

intermediate-grade tumors have a recurrence rate of 10-15% while low-grade DCIS

(small and uniform sized cells with low mitotic counts) has a recurrence rate of 0-5%.

Low-grade DCIS is more frequently well differentiated, estrogen receptor (ER) and

progesterone receptor (PR) positive, has no her2 (Epidermal growth factor receptor 2)

amplification and has wild-type p53. On the other hand, high-grade DCIS is frequently

poorly differentiated, exhibits collagen and fibroblast rich stroma, is ER and PR

negative, and often has her2 amplification and p53 gene mutation.

An emerging perspective of tumorigenesis
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Other than progressive changes in the epithelial compartment, the

microenvironment also undergoes progressive and dynamic changes. There is

degradation of basement membrane and deposition of new types of ECM not typically

seen in normal tissues. Immune cells are recruited and new blood vessels are formed.

Surrounding fibroblasts are activated and a myriad of growth factors, and  cytokines

and proteolytic enzymes participate in paracrine and autocrine signaling between the

tumor and its microenvironment. As a reciprocal and dynamic communication exists

between the tumor and its environment, cancer is now being viewed as a “disease of

the organ” (Mueller and Fusenig, 2004; Radisky et al., 2001; Wiseman and Werb,

2002).

Many findings are consistent with the emerging theme that “normal stroma”

restrains tumor progression by acting as a natural barrier while “activated” stroma is

associated with higher risk for cancer development and can stimulate and support the

progression of initiated and tumor cells (Bissell and Radisky, 2001; Elenbaas and

Weinberg, 2001; Mueller and Fusenig, 2004). For example, high mammographic

breast density in humans is associated with increased breast cancer risk (Boyd et al.,

2005). Women with high density in more than 75% of the breast are at four to five

times greater risk of getting breast cancer than women with little or no density in their

breast. While fat appears radiolucent or dark on a mammogram, epithelial cells,

fibroblasts and ECM (such as collagen deposits) constitute the mammographic dense

areas. Furthermore, extensive gene expression and epigenetic changes are observed in

both the epithelial and stromal compartments of normal mammary tissue and in in situ

and invasive breast carcinomas (Allinen et al., 2004; Hu et al., 2005).  Patients whose
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tumors exhibit a gene expression profile consistent with activated stroma or a wound-

response signature have shorter overall and disease-free survival (Chang et al., 2005;

Chang et al., 2004). In addition, pregnancy is thought to provide long-term protection

against breast cancers in young women. However, recent studies indicate an

association between pregnancy, increased breast cancer risk and poor prognosis. The

post-lactational involuting mammary gland exhibits higher matrix metalloproteinase

activity, increased fibrillar collagen and bioactive fibronectin and increased laminin

fragment deposition. Compared to nulliporous glands, ECM isolated from involuting

glands fails to support normal ductal development but supports the invasion and

metastasis of tumor cells (McDaniel et al., 2006). Lastly, changes in the

microenvironment associated with wound healing and inflammation (eg, Helicobacter

pylori infection or Crohn’s disease) are correlated with increased risk of developing

stomach and colon cancer (Mueller and Fusenig, 2004). Activated cells in the

proinflammatory environment secrete cytokines, growth factors, matrix

metalloproteinases (MMP) and ECM molecules that facilitate the growth and invasion

of the tumor cells.

In vitro coculture and in vivo mouse models have helped us identify key

signaling molecules involved in the epithelial-fibroblast crosstalk. Senescent

fibroblasts secrete MMPs and disrupt the normal morphogenesis of epithelial cells in

coculture and induces matrix invasion of breast cancer cells (Parrinello et al., 2005;

Tsai et al., 2005). Stromal cell-derived factor-1 (SDF-1), a chemokine overexpressed

in cancer associated fibroblasts (CAF) promote tumor cell growth and metastasis

(Orimo et al., 2005). In mouse models, mammary stroma activated by irradiation
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(Barcellos-Hoff and Ravani, 2000) or chemical carcinogen (Maffini et al., 2004)

promotes tumor formation by implanted nontumorigenic mammary epithelial cells in

part through activated transforming growth factor-  (TGF- ). Consistent with the role

of paracrine signalings in the promoting of tumor formation, human mammary

fibroblasts overexpressing TGF-  or hepatocyte growth factor (HGF) promote tumor

formation when co-implanted with human mammary epithelial cells into nude mice

(Kuperwasser et al., 2004). Interestingly, conditional inactivation of TGF -Type II

receptor in murine fibroblasts leads to the expansion of the fibroblast population and

development of intraepithelial neoplasia of the prostate and invasive carcinoma of the

forestomach (Bhowmick et al., 2004). Excessive paracrine signaling in part through

HGF is implicated in the promotion of epithelial cell proliferation. Other than the role

of an altered microenvironment in the promotion of cancer development, a transgenic

mouse model overexpressing MMP3 in the mammary gland suggests the role of

aberrant ECM remodeling and signaling in tumor initiation and induction of genetic

instability (Radisky and Bissell, 2006; Sternlicht et al., 1999). Furthermore, increased

deposition of collagen I by the fibroblasts and an increase in interstitial fluid pressure

as a result of contractive forces from the fibroblasts contribute to the impediment of

drug uptake and hence reduce the efficacies of chemotherapeutic agents (Gabbiani,

2003; Heldin et al., 2004).

Loss of P53 function fuels genetic instability and resistance to chemotherapy.

Consistent with this, mutation of p53 or overexpression of its negative regulators

Hdm2 and Hdmx are frequently found in human cancers. The level of Hdm2 is

affected by mitogenic signaling (Feng et al., 2004; Mayo et al., 2002; Ries et al., 2000)
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and the results in Chapter 2 show that cell architecture can influence Hdmx

degradation. Therefore, we investigated whether paracrine signaling from stromal

fibroblasts could also influence mammary epithelial cell acini formation and if

changes in the morphology of acini formed impact on P53 activation upon DNA

damage. We co-cultured MCF10A cells on matrigel with normal fibroblasts from

healthy individuals (NF), senescent fibroblasts (SF), cancer-associated fibroblasts

(CAF) or their normal counterparts (NCF, from cancer patients) or with the

corresponding conditioned culture media. We found that CAF or their conditioned

media disrupted acini formation most efficiently. Senescent and normal fibroblasts

affected acini formation only after a longer period of co-culture. We also evaluated the

impact of conditioned media isolated from these stromal cells on P53-dependent cell

cycle arrest in response to ionizing radiation (IR). These studies revealed that

epithelial cells cultured alone or with conditioned media from stromal fibroblasts

arrested with equal efficiencies, indicating that paracrine signaling from neighboring

fibroblasts does not influence P53 activation by IR. Clearly, stromal fibroblasts can

influence some cellular processes to promote progression of epithelial cells and may

be an important target for inhibition to achieve maximal regression of the tumor.

Results

Normal mammary fibroblasts (NF) were isolated from individuals undergoing

reduction mammoplasty. We also obtained fibroblasts isolated from human breast

tumor samples (cancer associated fibroblast or CAF) and fibroblasts isolated from the

same patient but from an area away from the cancerous area (normal counterpart
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fibroblasts or NCF). CAFs were distinguished from NF by smooth muscle actin

expression (SMA) and epithelial cells were identified based on their cytokeratin

expression (Fig 4.1A). NF were induced to undergo senescence in vitro by subjecting

them to high dose IR. The senescent fibroblasts (SF) displayed the classical feature of

acidic -galactosidase staining (Dimri et al., 1995) while serum-deprived fibroblasts

(quiescent fibroblasts) do not (Fig 4.1B).

 MCF10A cells form spherical balls when cultured on matrigel. However, co-

culture with NCF or CAF disrupts spheroid formation. There were no spherical balls

formed in the CAF co-culture; instead, flat sheets or “rods” of cells were observed

(Fig 4.2A). The ability of NCF to disrupt epithelial morphogenesis is surprising since

NCF were removed from an area away from the tumor, an area not suppose to contain

activated fibroblasts. To determine if the effect observed is mediated by soluble

factors secreted by the fibroblasts, MCF10A cells were cultured with conditioned

media from these fibroblasts. The disruption of epithelial structures was observed but

was not as effective as the co-culture, since some spheroids were formed (Fig 4.2A).

Hence, soluble factors secreted by fibroblasts are partially responsible for the

disruption of normal morphogenesis of epithelial cells. Senescent fibroblasts were

weaker in their ability to inhibit epithelial spheroid formation as clear disruption of

structures was only observed on day 8 of the co-culture (Fig 4.2B). Together, these

results indicate that epithelial morphogenesis can be modulated by certain types of

stromal fibroblasts in a time-dependent manner.

In order to disrupt spheroid formation, fibroblasts may secrete factors that

stimulate excessive proliferation of the epithelial cells. However, the percentage of
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proliferating cells was not significantly higher in the fibroblast co-cultures or

conditioned media culture compared to MCF10A grown alone (Fig 4.3). Dividing

epithelial cultures growing in fresh media or fibroblast-conditioned media were

subjected to IR to evaluate the influence of stromal fibroblasts on the efficiency of

DNA damage-induced cell cycle arrest, which is a P53-dependent process. The

percentage of BrdU incorporation by the epithelial cells was reduced upon IR

treatment (Fig 4.3). The efficiency of cell cycle arrest also appears similar in MCF10A

cultured in fibroblast-conditioned media (Fig 4.3). Hence, DNA damage signaling to

P53, and P53-dependent cell cycle arrest in epithelial cells, are unaffected by soluble

factors secreted from the various stromal fibroblasts tested.

Discussion

The microenvironment of a tumor plays an active role in the development of

the cancer (Bissell and Radisky, 2001; Elenbaas and Weinberg, 2001; Mueller and

Fusenig, 2004). Stromal fibroblasts constitute the predominant cell type in the tumor

microenvironment and can participate in the generation of “reactive” stroma via

excessive secretion of collagen and other ECM, soluble factors and matrix

metalloproteinases. CAF can promote the growth of an immortalized, non-tumorigenic

epithelial cell line when co-injected into nude mice (Olumi et al., 1999). Consistent

with  this, in vitro co-culture of CAF with MCF10A lead to the disruption of normal

acini formation. Surprisingly, NCF also produced the same effect when co-cultured

with MCF10A. Fibroblasts-conditioned media produced a weaker effect on epithelial
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cell morphogenesis than co-culture, indicating that soluble and insoluble factors are

likely to act cooperatively to inhibit the normal morphogenesis of epithelial cells.

Senescent cells are those which have permanently growth arrested after

sustaining noxious stresses such as DNA damage. Naturally, the proportion of these

cells accumulates with age. Despite the role of senescence in tumor suppression,

senescent cells can secrete high levels of matrix metalloproteinases, growth factors

and inflammatory cytokines to alter the normal epithelial tissue structure and function

to produce the effects of aging (Campisi, 2005). Consistent with this and previous

reports (Parrinello et al., 2005; Tsai et al., 2005), we found that co-culture of SF with

MCF10A disrupts normal acini formation in matrigel culture. Hence, the in vitro co-

culture system when used in combination with chemical inhibitors or neutralizing

antibodies is a very useful system to study the role and mechanism of paracrine

signaling in cancer development.

Our preliminary experiments using conditioned media from fibroblasts did not

show a significant effect on epithelial cell cycle arrest compared to normal media

following IR. However, stromal fibroblasts play an active role in promoting cancer

progression, and our data indicate that co-culture produces a more pronounced effect

on acini formation than conditioned media. Therefore, it will be informative to repeat

the IR experiment with epithelial cells co-cultured with fibroblasts. Results in chapter

3 suggest that combination of Nutlin and adriamycin treatment may work better on

cancerous cells due to their loss of normal 3D architecture. Due to their ability to

disrupt normal acini formation, the impact of stromal cells on P53-dependent

apoptosis such as that induced by adriamycin and Nutlin needs to be investigated since
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changes in epithelial tissue architecture may impact on the cell’s decision to die or

live. Data from such experiments will help determine whether stromal fibroblasts have

a negative impact on epithelial cell genetic stability or P53 function.

In general, the stromal fibroblasts play an active role in various aspects of

tumor development and progression. Being genetically more stable than the cancer

cells, the stromal cells are attractive candidates for therapies to block tumor-stroma

interaction and when used in combination with standard cancer therapies to enhance

the efficiency and killing of the tumor cells.

Materials and Methods

Cell culture and conditioned media

NF, NCF, CAF were kind gifts from Robert Weinberg. Cells were cultured in

DMEM containing 10% calf serum. Fibroblasts were induced to undergo senescence

by treatment with 15 Gy IR. Conditioned media was MCF10A differentiation media (5

ng/ml EGF, 100 ng/ml cholera, 10 µg/ml insulin, 0.5 µg/ml hydrocortisone, 2% horse

serum) that had been placed over a confluent plate of fibroblasts for 48 hours.

For coculture, 1.3x104 NF /CAF or 1.8x104 SF were seeded with 1x104

MCF10A in differentiation media containing 2% matrigel on 4-wells chamber slide

that was previously coated with 100 µl of 3:1 mix of matrigel and collagen I (final

concentration of collagen I is 2 mg/ml). Cells were harvested at regular days interval

for morphogensis check.
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Indirect immunofluorescence

Antibodies against smooth muscle actin (1A4) and pan-cytokeratin (C-11)

were from Sigma. In situ BrdU staining was performed according to manufacturer’s

instructions (Amersham Biosciences). Immunostaining was performed using

procedures as previously described (Debnath et al., 2003).
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Figure 4.1: Characterization of mammary fibroblasts

a. Immunofluorescence staining of MCF10A, normal mammary fibroblasts (NF)
and mammary cancer-associated fibroblasts (CAF) for smooth-muscle actin
(SMA) and general cytokeratin (pan-CK) expression.

b. Distinction of serum starved fibroblasts (quiescent fibroblasts) from senescent
fibroblasts by staining for acidic -galactosidase ( -gal). Senescence in
mammary fibroblasts was induced by exposing cells to 12Gy IR.
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Figure 4.2: Influence of epithelial cell morphogenesis by mammary fibroblasts in
matrigel culture

a. MCF10A cells were cultured on matrigel alone or co-cultured with NCF, CAF
or cultured in conditioned media from NCF and CAF. Immunofluorescence
staining shows epithelial cells stained for pan-CK (epithelial cells) or BrdU
after 3 days in culture. Two different epithelial morphologies were shown for
the fibroblast-epithelial co-cultures.

b. Fluorescence picture shows progressive changes in the morphology of
H2BGFP-expressing MCF10A cells cultured alone or with NF or SF in
matrigel culture.
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Figure 4.3: IR-induced cell cycle arrest is similar in MCF10A cells cultured in
fibroblast-conditioned media.

MCF10A were cultured in normal differentiation media or in media conditioned
by mammary fibroblasts (NCF, SF, CAF) for 24 hours in 2D before plating onto
matrigel. Cells were irradiated with 5 Gy IR 3 hours after plating and harvested for
BrdU analysis 48 hours after IR treatment. Graph shows the percentage of BrdU
incorporation in MCF10A before and after IR.
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V

Summary and Perspectives
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The work in this thesis was undertaken to obtain a better understanding of the

parameters that affect P53 regulation with the intention of developing systems to

enable analyses to improve therapy based on the stress-response pathway it controls.

Though the P53 system is among the best studied in cancer biology, there is much

debate on the mechanisms that keep it off, and those that activate it under stress.

During the course of my work, as analyses with mouse mutants were done in this and

other labs, it became clear that inferences drawn from in vitro transfection studies that

did not rigorously maintain the stoichiometric relationships between P53 and its

negative regulators, Mdm2 and Mdmx, did not give the same results compared with

the more biologically faithful studies performed with mouse models. Therefore, my

first goal was to develop a system that would enable one to avoid such complications

through use of the rigorous inducible system described in Chapter 2.  It has also

become apparent that propagation of cells on an artificial plastic matrix in two

dimensions, the standard approach for mammalian cells, also does not faithfully mirror

the complex matrix, tissue, and geometric relations that occur in vivo.  Given the

increasingly complex interactions the P53 system exhibits with other signaling

mechanisms that could be affected by such parameters, it became essential to evaluate

the impact of tissue architecture and cell-matrix and cell-cell associations on P53

regulation and output.  Below, I provide a perspective on these studies which were

described in detail in Chapters 3 and 4.

A system to study the influence of change in Hdm2-Hdmx-P53 stoichiometry on

P53 activation
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It is clear that Hdmx is a major negative inhibitor of P53 transactivation

(Francoz et al., 2006; Toledo et al., 2006; Xiong et al., 2006). A good understanding

of how Hdm2 regulates Hdmx and how both proteins negatively regulate P53 are

valuable for the design of specific therapeutics to reactivate P53 in tumors that

overexpress Hdm2 or Hdmx. As the stoichiometry of Hdm2-Hdmx-P53 is tightly

regulated and to avoid false conclusions that result from over expression of these

components, careful titration of gene expression is necessary. Making mouse models

with each mutant gene introduced into its endogenous locus by homologous

recombination is the gold standard; however the high cost and length of time required

to generate a knock-in mouse prevents the rapid screening and analysis of potentially

interesting mutants of Hdm2, Hdmx or P53. An improved Cre-LoxP RMCE system

was developed and when used in combination with the Tet-On inducible system

generates stable clones with single integration sites and where transgene expression

occurs uniformly in a dose-dependent manner.

Since the development of the improved LoxP3/2 system, we have inserted the

LoxP-RMCE system into cell lines at random genomic loci and into the endogenous

p53 locus in ES cells and MEF (Toledo, In Press). In this way, any variant/mutant of

p53 gene can be rapidly analyzed in MEFs and eventually in mice should there be

interesting phenotypes seen in the MEFs. Given the importance of Mdm2/x in P53

regulation, the LoxP recombination approach can also be applied to the Mdm2/x loci

to study variants of Mdm2/x to gain better understanding of their regulation and

impact on P53 function. The LoxP sites have also been targeted to the Rosa26 locus

for uniform expression of transgenes in mice. Other than gene induction, the
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feasibility of DNA polymerase II regulated promoters to drive shRNA expression

enables the inducible knockdown of gene expression in cell lines and in the mouse

(Dickins et al., 2005; Silva et al., 2005; Stegmeier et al., 2005).  Hence, the RMCE

system offers enormous applicability for the tightly regulated and reproducible

expression of oncogenes and knockdown of tumor suppressor expression in the field

of cancer research.

P53 activation in epithelial cells growing in 3D

For tumorigenic progression, a cell must inactivate an activator or overexpress

an inhibitor of the P53 pathway. Hence, cancer cell lines are unlikely to yield a true

picture of the mechanisms of P53 regulation. Most cancers arise from transformation

of epithelial cells. Since epithelial cells are organized into 3D structures in vivo, the

use of non-tumorigenic epithelial cell cultured in vitro as acini to study P53 regulation

should more closely approximate the in vivo conditions. However, our studies to

evaluate the sensitivity of MCF10A towards apoptotic stimuli yield results that differ

from a previous study that uses another immortalized but non-tumorigenic mammary

epithelial cell line. Since genetic alterations are common during the immortalization

process, other than p14Arf and p53 mutation, it is difficult to predict how common or

how different the two cell lines are that may explain the differences in their drug

responses. Loss of cell polarity is a hallmark of cancer cells. Since MCF10A is an

immortalized cell line adopted to grow in vitro on tissue culture plate, pathway(s)

linking cell architecture and P53 regulation may be attenuated, thus preventing us to

see the true differences in P53 regulation in 2D and 3D cells. A number of
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immortalized HMEC with wildtype p53 and p14Arf are available to further verify the

MCF10A studies (refer to: http:// www.lbl.gov/ LBL-Programs /mrgs /review. Html).

A few primary HMEC with (pre-stasis) or without (post-stasis) p16INK4a are also

available (above web site and (Petersen and van Deurs, 1987). However, care has to be

taken to verify the lineage (luminal versus basal) and the purity of the preparation. As

primary human cells are limited in availability, the mouse offers an easily

manipulatable and available system (see next section).

In response to therapeutic agents, a number of processes such as apoptosis,

senescence and autophagy are activated to contribute to the final outcome of the

therapy (Brown and Attardi, 2005; Kondo et al., 2005). From a therapeutic point of

view, the sum of all these processes that negatively regulate cell survival should be

reflected by a long-term survival assay such as colony outgrowth. Therefore,

assessment of colony outgrowth should more accurately reflect the sensitivity or

resistance of cells to a therapeutic agent. We observed a two-fold difference in colony

outgrowth in 2D and 3D cells in response to IR, the responses to adriamycin and

Nutlin are to be further evaluated. IR does not induce significant apoptosis in

MCF10A, we are beginning to evaluate senescence in 2D and 3D cells in response to

P53 activation. Recent papers also link P53 activation to the induction of autophagy, a

process that involves digestion of intracellular contents by the lysosome (Crighton et

al., 2006; Feng et al., 2005). Autophagy is also involved in the lumen clearing process

within the acini (Debnath et al., 2002; Mills et al., 2004). It should be interesting to

evaluate the role of autophagy in response to P53 activation and further determine if

one form of death is preferentially activated over the others in 2D and 3D cells.
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 Our studies point to the importance of Hdmx regulation in influencing the

outcome of P53 activation in 3D cells. Exactly how Hdmx negatively regulates P53

transcription is unknown. Whether it affects P53’s promoter choice or if it binds to and

regulates a subset of P53 binding sites in the genome or if it affects the binding of

other co-activators/ repressors are presently not known. Microarray and ChIP

experiments should be helpful to address these questions. It is also unclear how Hdmx

is regulated under conditions of P53 activation. Hdmx is phosphorylated by damage-

activated kinases and is ubiquitinated by Hdm2 before being targeted for degradation

by the proteosome. Mutation of Mdmx at the phosphorylation sites, or at the RING

domain to disrupt interaction with Mdm2 should address the importance of Mdmx

degradation in P53 activation. As transcription of Hdmx is lower in 3D cells, promoter

analyses may reveal transcription factors that respond to changes in cell architecture.

Finally, the subcellular localization of Hdmx poses some interesting questions

regarding its regulation and function. In unstressed cells, the majority of Hdmx is

found in the cytoplasm while post-translational modifications induced by DNA

damage promote Hdmx nuclear retention or entry and subsequent degradation

(LeBron et al., 2006). It is puzzling how DNA damage activated kinases such as ATM

can phosphorylate Hdmx in the cytosol. Either a downstream kinase such as Chk2

shuttles between the nucleus and cytoplasm to phosphorylate Hdmx in the cytoplasm,

or Hdmx can shuttle between the two compartments but only the phosphorylated form

is preferentially retained in the nucleus. Cytosolic Hdmx that is brought into the

nucleus for degradation also suggests the intriguing possibility that the cytoplasmic

pool of Hdmx may perform a function distinct from the nuclear Hdmx to suppress cell
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death. The staining pattern of Hdmx colocalizes with cytochrome c and mitoTracker

dye (Wade, in preparation), suggesting that Hdmx is localized to the mitochondria and

may inhibit the function of pro-apoptotic factor(s) at the mitochondria. Identification

of Hdmx binding partner in the mitochondria may reveal potential target for inhibition

that will synergize with Hdm2 antagonist (eg Nutlin) to effectively eliminate tumors

with wildtype p53.

The role of tumor microenvironment on epithelial cell morphogenesis and

response to stress in vitro

The initiation and progression of a carcinoma is influenced by the tumor

microenvironment that includes non-cellular (eg ECM) and cellular components (eg

fibroblasts, endothelial and immune cells). Two key experiments elegantly

demonstrate that paracrine signals from stromal cells can modulate the oncogenic

potential of the adjacent epithelia. Both studies used cell-type specific promoters to

disrupt TGF-  signaling in either the fibroblasts or the T cells compartment and lead

to an abnormal paracrine signaling loop with eventual carcinoma development in the

gastric and colon respectively (Bhowmick et al., 2004; Kim et al., 2006). The role of

fibroblasts in the promotion of breast and prostate cancers development is widely

studied (Elenbaas and Weinberg, 2001). Consistent with the ability of fibroblasts to

promote tumorigenesis, we found that mammary CAF, SF and NF can disrupt the

normal morphogenesis of immortalized HMEC in part through paracrine signaling to

the epithelial cells. The role of immune cells in breast cancer development is less

studied. Inflammation may play a role in breast cancer development as long term
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administration of anti-inflammatory agents resulted in 20% reduction in the risk for

breast cancer development (Cotterchio et al., 2001). Hence, there are potential

interests in the investigation of the roles played by immune cells in breast cancer

development.

During the course of the experiments, it also became clear that despite the

rapidity and economy of the in vitro co-culture system, due to the complexity of tissue

microenvironment, further optimization is required to mirror the in vivo situation. One

approach to study cell-cell crosstalk is transplantation of human fibroblasts and

epithelial cells into immune-compromised animals. One advantage is the flexibility to

implant any genetically modified cells to decipher pathways and signaling molecules

involved in the crosstalk. Additionally, most of the other components of the

microenvironment are present unaltered in the mouse. A disadvantage is the lack of

the immune system, which plays an important role in the development of cancer.

Alternatively, the stromal environment of the cleared fat pad may be activated by

chemical or physical means before implantation of the epithelial components

(Barcellos-Hoff and Ravani, 2000; Maffini et al., 2004). Another approach is the use

of the normal mouse in which the microenvironment is modified by overexpression or

gene knockout through the use of cell-type specific promoters (Bhowmick et al., 2004;

Kim et al., 2006). For example, the fibroblast-specific protein’s (FSP) promoter can be

use to evaluate the role of specific genetic alterations in the fibroblast compartment in

the course of mouse development and cancer progression (Bhowmick et al., 2004).

Many studies point to the important roles played by the microenvironment in cancer
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development. The identification of key signaling molecules should yield relevant

therapeutic targets for the effective elimination of the cancers.

Approaches to cancer treatment have broadened significantly over the past

decade. Conventional therapy typically involves the use of clastogenic agents such as

irradiation and DNA damaging drugs. Advances in our understanding of the genetic

and biochemical mechanisms by which cancers arise (Hanahan and Weinberg, 2000;

Vogelstein and Kinzler, 1993; Vogelstein and Kinzler, 2004) is enabling the

development of target-selective agents that exhibit higher specificity for cancer cells.

Studies described in the thesis have shown that changes in cell architecture do not

impact on P53 activation by DNA damaging agents but affected cell survival in

response to a combination of DNA damage and Nutlin treatment. Other molecularly

targeted therapies designed to interfere with intracellular signaling (such as Ras, Her2,

EGFR, estrogen receptor) are used as adjuvant therapy for breast cancers. The in vitro

3D culture system is valuable for testing the responses of oncogene-expressing

HMECs to these molecularly based therapies.
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