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ABSTRACT

KILLING PRE-INVASIVE BREAST CANCER BY TARGETING AUTOPHAGY: A
NEW VISION FOR CHEMOPREVENTION

Virginia Espina, Ph.D.
George Mason University, 2013

Dissertation Director: Dr. Lance A. Liotta

All invasive breast cancer is thought to be preceded by a pre-invasive state in
which cells accumulate within the breast ductal niche. Breast cancer progression is
thought to be a multi-step process involving a continuum of changes from a normal
phenotype through hyperplastic lesions, carcinoma in situ, invasive carcinoma, to
metastatic disease. Previously it was assumed that the invasive phenotype acquired major
genetic changes during the phenotypic transition from ductal carcinoma in situ (DCIS) to
invasive carcinoma. In direct contradiction to this previous assumption, herein we
demonstrate, for the first time, the pre-existence of genetically abnormal, tumorigenic
carcinoma progenitor cells within human breast DCIS lesions.

Human DCIS cells were cultivated ex vivo without a priori enzymatic treatment or
sorting. The DCIS organoid cultures induced the emergence of neoplastic epithelial cells

exhibiting the following characteristics: a) spontaneous generation of hundreds of



spheroids and duct-like 3-D structures in culture within 2-4 weeks, b) tumorigenicity in
NOD SCID mice, and ¢) in vitro migration and invasion of autologous breast stroma.
Proteomic characterization revealed that DCIS cells up-regulate signaling pathways
directly, and indirectly, linked to cellular autophagy. Cells that proliferate and accumulate
within the non-vascular intraductal space are under severe hypoxic and metabolic stress.
Pre-invasive cells must adapt to hypoxic stress within the duct in order to survive and
proliferate. Autophagy was found to be required for survival and anchorage independent
growth, in the patient’s original DCIS lesion and the mouse xenograft. Molecular
karyotyping demonstrated DCIS cells to be cytogenetically abnormal (copy number loss
or gain in chromosomes including 1, 5, 6, 8, 13, 17) compared to the normal karyotype of
the non-neoplastic cells in the patient’s breast tissue.

To demonstrate the dependence of the cytogenetically abnormal DCIS cells on
autophagy as a survival mechanism, primary human DCIS cell cultures were treated with
chloroquine phosphate, a lysosomotropic inhibitor of autophagy. Chloroquine treatment
completely suppressed the generation of DCIS spheroids/3-D structures, suppressed ex
vivo invasion of autologous stroma, induced apoptosis, suppressed autophagy associated
proteins including Atg5, AKT/PI3 Kinase, and mTOR, eliminated cytogenetically
abnormal spheroid forming cells from the organ culture, and abrogated xenograft tumor
formation.

With the broad goal of arresting all breast cancer at the non-invasive, non-lethal
stage, a phase I/II clinical trial (PINC; Preventing Invasive breast Neoplasia with

Chloroquine) was established for clinical evaluation of the safety and efficacy of



chloroquine phosphate as a strategy to treat human breast Ductal Carcinoma in Situ
(DCIS). Therapy that induces regression, or prevents progression, of occult or overt pre-
invasive lesions could comprise a new treatment strategy for pre-invasive cancers

independent of hormone receptor status.



CHAPTER 1: BIOLOGICAL QUESTIONS IN BREAST CANCER
PROGRESSION

Introduction
The fundamental view of breast cancer progression at the time this project

commenced was thought to be a multi-step process involving a continuum of genetic
and/or proteomic changes from a normal phenotype through hyperplastic lesions,
carcinoma in situ, invasive carcinoma, to metastatic disease'. Breast ductal carcinoma in
situ (DCIS) morphologically appears as an accumulation of proliferating epithelial cells
confined within the lumen of the breast duct. DCIS, by definition, has not invaded
through the basement membrane encircling the duct, and might never invade the
surrounding tissues (Figure 1)°. Even though DCIS is confined to the ductal lumen, there
is clinical and experimental evidence to suggest that DCIS is a precursor lesion to most, if
not all invasive breast cancer, including BRCA 1/2-associated (breast cancer 1/2, early
onset) carcinogenesis® . Nevertheless, the genetic step that transforms DCIS to an
invasive cancer has not been elucidated because, delineated herein, DCIS cells already

possess the capacity to invade but are held in check within the duct®"!

. To decipher the
molecular underpinnings of breast epithelial cells that accumulate within the breast duct

at the DCIS stage, their capacity for invasion, and therapies that will kill pre-malignant

lesions, one must first appreciate the controversies regarding breast cancer, the complex



female breast physiology, morphological heterogeneity of DCIS, and the reasons for the

increased incidence of DCIS.

Neoplastic epithelial cells
confined within the duct

Immune cells

Myoepithelial
cells

:2%6 0%

Figure 1. The breast ductal carcinoma in situ microenvironment.

Breast epithelial cells proliferate within the confines of the duct basement membrane. Myoepithelial cells
(yellow) adhere to the basement membrane. Luminal epithelium (pink) face the duct lumen. DCIS cells (purple)
accumulate within the lumen. The duct is surrounded by adipose tissue, stromal fibroblasts, blood vessels,
lymphatics, immune cells, and extracellular matrix. (Adapted from reference °, Espina V and Liotta LA (2011)
Nature Reviews Cancer).

Current controversies in breast cancer
How and why cells accumulate in the breast duct is unknown. Natural history

studies of DCIS are rare due to historical diagnostic hurdles (prior to routine
mammography/Magnetic Resonance Imaging (MRI)), reclassification of “benign DCIS”
as atypical ductal hyperplasia, the spectrum of DCIS lesions (localized low grade through
diffuse high grade, with/without necrosis), and a long clinical evolution to invasive

carcinoma'”. A follow-up study of 28 women treated for low grade DCIS by biopsy only



revealed that the natural history of localized low grade DCIS can extend over 40 years,
and the risk of invasive cancer persists for 15 years or more following biopsy'Z.

This long clinical evolution fuels the controversy within the breast cancer field
regarding ductal carcinoma in situ on two levels: 1) Is DCIS a carcinoma, implying the
ability to become invasive, or is it a pre-invasive stage that requires accumulation of
additional genetic changes to become invasive? and 2) Are we over-treating DCIS that
may never progress to invasive cancer? Recommendations from the 2009 National
Institutes of Health (NIH) breast ductal carcinoma in situ (DCIS) consensus conference
have highlighted the clinical controversies surrounding the treatment of DCIS and the
need to understand the malignant nature of DCIS'?. While some members of the NIH
DCIS conference proposed that the word ’carcinoma’ should be removed from the term
DCIS because DCIS is non-invasive and has a favorable prognosis, experimental studies
of human and mouse DCIS lesions are showing the opposite: carcinoma precursor cells
exist within human and mouse DCIS lesions, and the aggressive phenotype of breast

. . . . 10,14-1
cancer is pre-determined at the pre-invasive stage' '+’
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Figure 2. Schematic for emergence of invasive cells at the DCIS stage by either clonal evolution or cancer stem
cells.

A) The clonal evolution theory stipulates that mutations accumulate over time allowing natural selection of
competing clones. One cell acquires multiple mutations providing it with a survival advantage in the ductal
niche. B) The cancer stem cell theory postulates that a population of progenitor cells with a stem cell-like
phenotype drives tumor progression and generates tumor heterogeneity due to the existence of multiple stem-
like cells with different mutations.

Beyond the controversy of DCIS as “carcinoma” or “not carcinoma”, even the
origin of carcinoma is arguable. The two competing theories on the evolution of
carcinoma currently are the cancer stem cell theory and the clonal evolution model
(Figure 2). The cancer stem cell theory postulates that a population of progenitor cells
with a stem cell-like phenotype drives tumor progression and generates tumor
heterogeneity due to the existence of multiple stem-like cells with different mutations'’.
Based on the cancer stem cell theory, an efficacious treatment would only need to kill the
tumor stem cells. On the other hand, the clonal evolution model theorizes that mutations
accumulate over time allowing natural selection of competing clones'*’. One cell

acquires multiple mutations providing it with a survival advantage, while other non-



dominant clones may simultaneously exist but not predominate''. A curative therapy
would therefore need to kill the dominant and non-dominant clonal populations. Both
theories have merit, supporting the broad concepts of acquired genetic mutations,
independent of the cell type in which the mutations occur, and the influence of the
microenvironment on the tumor phenotype'’. Regardless of the carcinoma evolution
model, there is a need to identify successful therapies that impose lethal levels of cellular
stress, or eradicate, the genetically abnormal cells capable of proliferating within their

biological niche.

Breast physiology

Breast ductal structure and microenvironment
Human breast ductal tissue contains six distinct structures: 1) Terminal Ductual

Lobulo-alveolar Units (TDLU) — alveoli clusters around a duct and ductal side branches,
2) Intra and Inter-lobular fibroblasts, 3) Ducts — branch-like tubules extending from the
TDLU which empty into larger ducts called lactiferous ducts (Figure 3), 4) Lactiferous
ducts — widen underneath the areola and nipple to become lactiferous sinuses, 5)
Lactiferous sinuses — collect milk from lactiferous ducts and narrow to openings in the
nipple (nipple pore), and 6) Basement membrane — extracellular collagen matrix that
separates parenchymal cells from underlying connective tissue stroma***>*. Fibroblasts
deposit type IV collagen providing a ductal substratum for mammary epithelium
attachment and growth®*. A normal duct is surrounded by an intact basement membrane.
Contractile myoepithelial cells attach to the basement membrane providing tension and

stretch receptors, while the secretory epithelial cells are apically located to the



myoepithelial cells™*=*

(Figure 4). Only the outside perimeter of the basement
membrane interfaces with the connective tissue stroma, immune cells, lymphatics and

vasculature’. Morphometric analysis of human breast tissue indicate that normal ducts are

approximately 90um in diameter, whereas ducts containing intraductal carcinoma have a

mean diameter of 349 um®.

Figure 3. Human cadaver breast ductal tree.

All ducts and their branches viewed en face. Each Roman numeral refers to a different independent duct
system. Some colors are used for more than one duct system: I, VI, and XV (blue); III and XIV (green); IV and
XII, black; V and XI (yellow); VII and X (brown); VIII and IX (red). I (orange) and XIII (purple) do not share
their colors. Copyright © 2004 Pathological Society of Great Britain and Ireland. Published by John Wiley &
Sons, Ltd.



Beginning at puberty, the breast ducts proliferate into an expansive network of
branches (Figure 3). Both the TDLU and duct have been identified as sources of adult
mammary stem cells. The TDLU is composed of luminal cells responsible for milk
production. Based on X-chromosome-linked gene inactivation studies, the TDLU has a
clonal origin and may be the most likely site of adult stem cells responsible for the ductal
proliferation during puberty, pregnancy, and menstrual cycles®’. In contrast to the TDLU
adult stem cell hypothesis, Villadsen ef al showed that “stem cell zones” may be the
source of adult breast stem cells*’. Using enzymatically dissociated breast tissue, they
classified cell populations using Keratin 14 as a myoepithelial marker and Keratin 19 as a
marker of cell plasticity. They attributed stem-like qualities to the cells based on
immunohistochemistry (IHC) of stage-specific embryonal antigen-4, keratins 6a, 15 and
5, Bcl-2, and chondroitin sulfate®. The duct derived cells exhibited clonal growth, self-
renewal, and differentiation®’. Regardless of the location of the mammary stem cell, in
vivo disruption of the TDLU or duct basement membrane can conceivably liberate stem-

like cells capable of invading the surrounding stroma’'’.
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Figure 4. Human breast duct anatomy and model of intra-ductal zones of stress.
A. Cells accumulate within the lumen of the duct in DCIS, which often has areas of central necrosis. B.
Hematoxylin and Eosin (H&E) stained tissue section of DCIS with central necrosis and inflammatory cells
surrounding the duct. C-D. Intraductal zones of stress due to loss of adhesion to the substratum, hypoxia, and
nutrient deprivation. Adapted from reference °.

Five important aspects of breast anatomy related to DCIS are: 1) the ductal tree
consists of multiple branches with minimal anastomoses®', 2) each human breast contains
approximately 5-9 milk ducts that open on the nipple surface, 3) not all ducts have the
same luminal diameter, 4) 10-15% of breast volume is epithelial components, and the
remainder are stromal elements (connective and adipose tissue), and 5) ducts containing
DCIS are 3-4 times the diameter of normal ducts ****~>*. Firstly, each duct is an
individual microcosm, without connections to neighboring ducts. Hence, DCIS can
develop in one duct or many ducts and the genetic lineage and phenotype of the DCIS

cells may be heterogeneous. Secondly, not all ducts open to a nipple pore or have the



same lumen diameter. Therefore ductal lavage and peri-ductal sampling may not
adequately represent all the ducts harboring DCIS. Thirdly, the percentage of adipose
tissue in the breast stroma varies between individuals thus contributing different levels of
adipokines/cytokines to the ductal niche®***. Lastly, the diameter of the duct containing
DCIS influences the intaductal zones of hypoxia and nutrient deprivation. The radius of
the duct is a function of the radius of necrosis and the viable rim of
epithelial/myoepithelial cells® (Figure 4B).

Ultrasound (US) imaging of breasts from healthy women, lactating women, and
women with breast cancer reveal important features of breast anatomy for identifying
potential DCIS. These features, in terms of interpreting US images, are: a) regularity, b)
continuity, ¢) interruption, and d) disorder’>>. Normal mammary ducts appear isoechoic
on US and the regularity and continuity of this pattern can be traced toward the nipple
and toward the boundary with the lobes®. Sites of interruption can indicate pathological
features such as cell accumulation or microcalcifications®>~°. Regional variations in
width may also indicate calcium deposits or abnormal cell accumulation, both of which

are indicative of DCIS**%.

Evolution of the breast
Mammary glands are modified sweat glands that secrete proteins, water, minerals,

and antibacterial enzymes*>*’. The major protein components of human breast milk are
beta-casein, alpha-lactalbumin, lactoferrin, immunoglobulin IgA, xanthine
oxidoreductase, lysozyme, and serum albumin®**’. Breast myoepithelial cells also

transport large quantities of calcium (Ca®") against a eradient from the systemic
Y geq g g Y



circulation into milk, and the cells must manage the large transcellular Ca*" flux to avoid
disruptions in Ca®* signaling, Ca®" toxicity, and apoptosis™". Calcium release post
wounding serves as a second messenger in the inflammatory response, which provides
evidence in favor of calcium as an immune mediator in the breast. Recent studies in
Drosophila demonstrated that sudden bursts of calcium flow through intercellular
junctions, which are equivalent to connexin gap junction proteins in human tissue®’.
These calcium flashes create cellular signaling waves resulting in cytokine (IL-1f and IL-
18) and hydrogen peroxide release, which in turn initiate immune cell recruitment and
activation®®*°, Proteins that mediate inflammation, NF-xB and Jak/Stat, also regulate
lactation*'. Considering that mammary glands are unique to mammals, that their
secretions contain evolutionarily conserved anti-microbial enzymes, and the secretions
are regulated by inflammatory/stress related protein kinases and calcium, there is strong
support for the theory that mammary glands evolved initially as innate immunity tissue*'.
Even if this proposed evolutionary history is not entirely correct, human and
mouse mammary glands undergo mini-evolutions during a female’s life-time and life
cycle®. Breast cell genetic plasticity and clonal expansion provide the molecular basis for
normal breast biological processes™. Differential gene sets are activated during discrete
phases of proliferation, differentiation, and apoptosis during cycles of pregnancy,
lactation, and involution**. For example, histone acetylation and Switch/Sucrose non-
fermentable (SWI/SNF) ATPase chromatin remodeling protein have been associated with
the B-casein (milk protein) promoter in mammary epithelial cells and the ATPase domain

. . . .. 44
is essential for B-casein transcription” .
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Evidence of the importance of cycles of breast expansion/involution for normal
mammary gland function relate to reproductive history as risk factors for invasive breast
cancer. These risk factors include: young age at first menarche, older age at menopause,
nulliparous, or giving birth to a first child after age thirty-five*. This reproductive history
translates into comparatively long periods in which the breast epithelium has not
undergone complete cycles of expansion and involution during lactation. These
observations suggest that the number and frequency of ductal expansion/involution
cycles, and the associated cycles of chromatin remodeling, gene transcription, and protein
translation in the ductal epithelium/myoepithelium, may all be essential in maintaining

normal breast parenchyma.

Intraductal microcalcifications record long standing hypoxic stress
Calcium metabolism may have a special relevance to pre-invasive breast cancer

progression. Pathologists and surgeons have long questioned whether intraductal
calcifications, the common radiologic diagnostic feature are a cause, or consequence, of
breast cancer’. Ninety percent of DCIS mammographic diagnoses are based on the
presence of microcalcifications***’. Calcifications due to calcium oxalate are usually
associated with benign lesions, whereas calcium phosphate crystals are associated with
both benign and malignant breast lesions***. Laminar calcifications (psammoma bodies)
are often described in well-differentiated DCIS, whereas granular, amophorous calcium
deposits are noted in poorly differentiated DCIS®.

While microcalcifications of all types are associated with a broad spectrum of

breast lesions, and have a 30-40% overall specificity for malignancy’, the radiologic

11



location, shape, size, and density of the microcalcification can be highly specific to DCIS
>0 Fine linear, occasionally branching, microcalcifications, and pleomorphic small
(<0.5mm) calcifications, are typically found within the ductal tree, and are associated
with necrotic areas of high grade and intermediate grade DCIS. In contrast,
microcalcifications restricted to the lobules, and not the ductal tree, are almost always
associated with benign disease such as microcystic adenosis''.

The chemical composition of most DCIS associated microcalcifications is a
subtype of calcium phosphate, hydroxyapatite, which is easily detectable by conventional
light microscopy®. Upon histopathologic examination, psammoma bodies appear as flat,
smooth pink ovals, while calcium oxalate forms amber colored pyramids'. Calcium
phosphate appears as hematoxyphilic (blue) deposits present within the necrotic center of
the DCIS lesion duct. The individual calcifications often appear concentrically layered,
giving the impression that calcium deposition is accumulating over time*>*. Suspicious
microcalcifications have been associated with the later stages of fat necrosis’, further
supporting the concept that calcium phosphate deposition follows the accumulation of
necrotic cellular material''. As such, microcalcifications provide an important clue about
the age of intermediate and high grade DCIS lesions. Since hypoxia induced necrosis
precedes calcium deposition, and calcium deposition occurs over time, we can conclude
that most intermediate and high grade DCIS lesions are subjected to hypoxic stress for a
long period of time prior to diagnosis. Intraductal microcalcifications record long
standing hypoxic stress. Thus, microcalcifications can be a signature of ongoing

conditions favoring genetic instability’>. While it is unclear if microcalcifications are

12



related to the pathogenesis of DCIS, they may contribute to the persistence of the DCIS
lesions. Insoluble calcium induces autophagy, and may contribute to the local oxidative
or metabolic stress within the duct (Chapter 5: Autophagy as a therapeutic target in

DCIS)*.

Breast cancer progression from atypia to invasive phenotype
Women diagnosed with DCIS remain at high risk for subsequent development of

invasive carcinoma, with lesion size, degree of nuclear atypia, and the presence of
comedo necrosis being histopathological factors of DCIS identified as affecting this risk
of recurrence®™*. Experimental approaches employing nuclear cytometry, loss-of-
heterozygosity (LOH), and comparative genomic hybridization (CGH) provide strong
evidence that DCIS and invasive carcinomas share similar genetic alterations™°.
Additional support for a natural step-wise progression in breast tumorigenesis comes
from studies demonstrating that some similar genetic abnormalities are found between
normal lobular cells and adjacent carcinoma in sifu lesions’’ . One drawback of these
studies, however, is that they provide no information regarding specific molecules
involved in tumorigenesis. More recent gene expression studies of a number of patient-
matched tissues including atypical ductal hyperplasia (ADH), DCIS and invasive
carcinoma revealed that the various stages of disease progression were very similar to
each other at the level of the transcriptome and proteome'®'"*®. These studies also show
that the DCIS lesions at the level of gene expression are more similar to the invasive

cancers in the same patient compared to DCIS lesions in other patients. This data

supports the hypothesis that the invasive phenotype of cancers is already programmed at
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the pre-invasive stages of disease progression. Thus, recent transcriptomic/proteomics
studies challenge the conventional notion that DCIS requires additional genetic “hits” in

order to express the propensity for invasion®® (Figure 5).

Normal Duct Benign Atypical Ductal Carcinoma Invasive
Iumen Hyperpla3|a Hyperpla3|a In Situ Carcmoma
2 e -] ;

New theory: Old theory:
Emergence of Emergence of
invasive cells is an invasive cells is

early event a late event

Figure 5. New theory for emergence of invasive breast cancer.

The old theory states that invasive cancer progresses from an atypical stage, through ductal carcinoma in situ,
with additional genetic mutations occurring along the continuum of morphologic alterations, prior to becoming
an overt invasive tumor. The new theory postulates that cells with invasive potential exist in the early stages of
cancer progression, but have not penetrated the ductal basement membrane.

Breast cancer statistics
One-third of all newly diagnosed breast cancer cases in the US are pre-invasive

cancer'”. According to the SEER 18 (Surveillance, Epidemiology and End Results) data,
the age-adjusted incidence rate of female in situ breast cancer in 2000 was 28.6 (95%
C.1.=28.1-29.1), which increased to 32.9 (95% C.1.=32.4-33.5) by 2009 (Equation 1)*.
Prior to general mammography screening (before 1980), DCIS accounted for only 2% of
treated cancers®'. Between 2002-2008, 60% of all breast cancers were diagnosed at the

localized stage®
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Equation 1. Cancer incidence rate
Incidence rate = (New cancers / Population) x 100,000

Pre-invasive breast neoplasms are non-obligate precursors to invasive and

: 8,12,26,62
metastatic cancer”™'*?%

. Thus a sub-population of women with pre-invasive cancer will
eventually go on to develop invasive carcinoma. Lesion size, degree of nuclear atypia,
and the presence of comedo necrosis (central luminal inflammation interspersed with
apoptotic cells) are histopathological parameters identified as affecting the risk of
recurrence within the heterogeneous spectrum of pre-invasive breast lesions ™%,
Compared to the general population, women harboring atypical ductal hyperplasia
(ADH) and atypical lobular hyperplasia (ALH) have a 3.5 to 5 fold increased risk of
developing invasive cancer'’. A diagnosis of lobular carcinoma in situ (LCIS) increases
the relative risk for invasive cancer by 7 to 9 fold and a diagnosis of DCIS represents a 4-
12 fold increased risk'’. Patients with high grade (comedo type, with necrosis) pre-
invasive lesions have a greater risk of developing invasive cancer compared to patients
with low grade lesions™>>*%%,

The increase in incidence rate of DCIS and diagnosis of localized breast cancer
may be attributed in part to screening programs, patient education, and enhanced imaging
tools such as MRI®'. However, the assumptions that breast MRI screening will prevent
invasive disease have not been fulfilled®®®’. Firstly, MRI screening cannot differentiate
slow growing, indolent lesions from early stage aggressive tumors. Secondly, screening

frequency for early disease detection should be often enough to prevent progression of

localized, yet aggressive disease. Finally, screening fails to prevent the formation of the
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initial DCIS lesion®*’. Consequently, an intervention therapy that directly kills all pre-
invasive carcinoma lesions has the potential to eliminate the subset of precursor lesions
that will become invasive cancer, possibly even before the lesion can be detected. But,
the remaining unanswered questions are: a) at what stage of cell accumulation within the
duct does the invasive potential begin?, b) what are the molecular characteristics of these
precursor lesions?, and ¢) can a low toxicity therapy be found to prevent progression, or
induce regression, of the pre-invasive lesion? Herein we establish the stage of invasive
potential, the molecular pathway promoting cell survival within the duct, genetic and
proteomic signatures of human DCIS, and present a clinical trial studying the safety and

efficacy of a low toxicity therapy for pre-invasive breast lesions.
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CHAPTER 2: ISOLATION AND PROPAGATION OF DCIS PROGENITOR
CELLS

Introduction

Breast stem cells
Broad evidence supports the existence and role of stem cells both in normal

mammary gland development and tumorigenesis®*>"**"°. Adult stem cells are defined as
long-lived, generally quiescent cells capable of the process of self-renewal and the
production of progeny which can differentiate into all the functional cell types of a
particular tissue. Mouse and human breast stem/progenitor cells have been identified and
purified by various means, primarily based on the presence/absence of specific marker

69,71-75

proteins and/or dye-exclusion properties . These isolated cells demonstrated self-

renewal properties and were capable of differentiating into the various mammary cell

types and reconstituting complete mammary structures in vivo "> %7

. While the concept
that cancer arises from a small subpopulation of dysregulated tissue stem cells is not a

. . . 120,68,76,77 : :
new idea, the theory is controversial . On one hand, the longevity properties of
stem cells make them primary targets for mutation and transformation and thus, attractive
candidates for the origins of cancer. Also, a number of commonalities between cancer
cells and normal stem cells lend support to this idea. These include: 1) the capacity for

self-renewal and molecular pathways controlling self-renewal, 2) the ability to

differentiate, 3) activation of anti-apoptotic pathways, 4) increased membrane transport
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protein activity, and 5) the ability to migrate and metastasize®®’’. Large numbers of
tumor cells are often required to transplant both human and rodent tumors, which
supports the concept of a small subpopulation of tumor cells capable of regrowth.
However, much of this evidence is circumstantial. Individual cells have not been
identified in these studies and it could be argued that all tumor cells have a small
probability of being able to recapitulate a tumor, rather than there being a small

population capable of efficient tumor regrowth’®.

Phenotypic classification of putative stem cells
Despite these existing controversies, subpopulations of cancer cells with stem cell

properties have been clearly demonstrated for hematopoetic cancers, and solid tumors,

717882 A]-Hajj and colleagues successfully isolated a

including brain and breast cancers
distinct population of cells from breast tumors capable of serial regrowth in mice’".
Taking advantage of the heterogeneous expression of the cell surface markers CD44 and
CD24 by human breast cells, they were able to isolate a CD44"/CD24/Normal Lineage
population of tumor cells that were able to form tumors in mice from as few as 100 cells.
These tumorigenic cells generated additional CD44/CD24 cells as well as
phenotypically diverse, non-tumorigenic cells, suggesting that these cells exhibited self-
renewal properties’ . However, recent studies of the prevalence of CD447/CD24" cells in
human breast cancer specimens showed that there was no correlation between the
percentage of CD44" /CD24 cells in a lesion and tumor progression, response to therapy,

183

progression-free survival or overall survival™. A correlation with the presence of distant

metastasis and a high percentage of CD44/CD24  cells in the primary tumor
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demonstrated that this subpopulation of cells may have increased invasive or metastatic
potential®.

A key facet of CD44 antigenicity, namely recognizing extracellular matrix
proteins, such as hyaluronic acid, collagen, laminin, and fibronectin, may explain why
CD44" cells are frequently found in tumor metastasis®. Any CD44" cell would be
capable of binding to, and thereby surviving, within the extracellular matrix. Although
CD44 can activate stem cell regulatory genes, evidence supporting a role for CD44 in
pluripotency and self-renewal is still lacking™®.

The phenotypic emergence of normal and neoplastic adult stem cells may be
regulated by the tissue microenvironment. The tissue microenvironment is known to play
an important role in regulating cell proliferation and differentiation. Furthermore
interactions between epithelial cells and the surrounding stroma are critical for
maintaining tissue morphology and cellular function®®®. Just as tissue cells are
influenced or controlled by the cells immediately surrounding them, stem cells are
regulated by their immediate surrounding cells or “niche”. In breast tissue, the
surrounding fibroblasts and myoepithelial cells maintain the stem cell population and also
orient cell divisions in the stem cell “niche” in order to retain stem cells and release
transit progenitor cells for amplification and differentiation™"".

Numerous biochemical and histological markers have been proposed as
prognostic and diagnostic markers of breast cancer. Invasive breast cancers have been
categorized into 5 groups, luminal A, luminal B, basal, Her2-enriched, and claudin-low,

based on gene expression signatures of heterogeneous human breast tissue®”’.
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Luminal/basal designations apply to any secretory epithelial gland, such as prostate,
pancreas, or breast and reflect embryological evolution more than a specific capacity for
self-renewal. Basal cells line the basement membrane, with luminal cells layered on top,
facing the lumen of the gland. Luminal A/B cells are estrogen receptor (ER) positive,
with luminal A cells possessing a higher expression of ER-related genes and a lower
expression of proliferation associated genes’'. Basal like cells are ER negative. Claudin-
low tumors express markers associated with epithelial to mesenchymal transition (EMT).
Despite these classifications, breast tumor cell plasticity has confounded simple

8892 BRCA 1 mutations often lead to breast tumors

categorization of tumor initiating cells
with basal-like phenotypes, thus these tumors were thought to be derived from basal
breast epithelium®®. However, when tumors generated from a Big-Cre-/loxP luminal cell
mouse model (Big-CreBrcal’” p53™"), under Big promoter control, were compared
histologically to tumors from the same genetic model but under control of the basal cell

7 p53™") tumors resembled

Keratin 14 promoter, the luminal genotype (Big-CreBrca
human BRCA 1 tumors™. Another example of mistaken tumor cell classification was
shown using milk mucin as a luminal-like cell lineage marker and CD271 as a basal cell
lineage marker’>. A generally accepted paradigm has been that tumor initiating cells
show basal-like characteristics. Kim ef al demonstrated that luminal-like cells can be
tumorigenic and invasive in a NOD SCID mouse model, whether or not the luminal-like
cells were differentiated or had acquired basal-like characteristics’>.

Immunohistochemical analysis of pure DCIS, DCIS with invasion, and invasive

ductal carcinoma has clearly demonstrated that the frequency of putative stem cell-like
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markers, including CD44, ALDHI, and Claudin-7, vary based on tumor subtype and
stage’'”*. Immunohistochemical characterization of both breast tumor and stromal cell

. . .. . . 91.94
populations has revealed extensive heterogeneity in antigenic markers®"

. Using 6
markers (ER, Progesterone Receptor (PR), Androgen Receptor (AR), Bel-2, p53, Her2),
Meijnen et al classified DCIS into two groups and five subgroups’' . However sub-
classification of DCIS into molecular groups failed to provide additional information
beyond the degree of cellular differentiation’'”>. Gonzalez et al analyzed Matrix
Metalloproteases (MMP) in tissue microarrays of pure DCIS or DCIS admixed with
invasive ductal carcinoma to assess the proclivity for invasion based on the expression of
degradative enzymes’*. MMP are a class of proteins that degrade connective tissue
stroma allowing invasion across basement membranes”. Fibroblasts, immune cells, and

tumor cells exhibited overlapping MMP class activity, with the cell type being the

dominant factor in the staining pattern’*.

Transition from in situ to invasive phenotype
Regardless of the molecular classification of the cell, DCIS cells accumulating

within the duct may have already lost the requirement for basement membrane anchorage
and are subjected to a non-vascular hypoxic environment®’. In addition, myoepithelial
cells may constitute a cellular suppressor of DCIS®. Therefore, in addition to physical
confinement behind an intact basement membrane, other microenvironment cues may
hold the invasive potential of DCIS cells in check. Adult stem cells have the capability to
migrate from a site of clonal expansion, enter the circulation, and extravasate at a locus of

tissue injury and repair. Thus adult stem cells possess the entire phenotype of invasive
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cancer cells. The difference between DCIS, cancer stem cells, and normal adult stem cells
may not be the physiologic program for invasion and migration, but instead may reside in
a defect of the regulation of this program within the tissue microenvironment. Candidate
cancer stem cells have been derived from human breast cancer and are thought to
promote the unrestrained growth and invasion of breast cancer®’®. Clinical and
experimental evidence suggests that DCIS is a precursor lesion to most, if not all,
invasive carcinoma. It is generally accepted that women diagnosed with DCIS remain at
high risk for subsequent development of invasive carcinoma'™'®.

However, no information exists concerning the presence of cancer stem cells
within human pre-invasive lesions such as DCIS, the time of onset of the malignant
phenotype, or the triggering mechanism that switches in situ lesions to overt invasive
breast carcinoma. The critical biologic questions, addressed in this study, are: Do
invasive, cytogenetically abnormal neoplastic cells pre-exist in the pure intraductal DCIS
lesion prior to the overt histologic transition to invasive carcinoma? If such precursor
carcinoma cells pre-exist in DCIS, which biological processes support their survival in
the face of nutrient deprivation and hypoxia?

Therefore, a wholly new system for culturing fresh, human DCIS tissue was
devised to test the hypothesis that neoplastic cells pre-exist in pure intraductal DCIS

lesions and to provide previously unobtainable information about the earliest breast

cancer genetic/proteomic phenotypes that drive invasion.
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Materials and methods

Female human breast tissue
Leftover breast tissue, not required for diagnosis, was obtained at the time of

standard of care surgery (lumpectomy or mastectomy) for a suspicious breast lesion
following institutional review board approved protocols with written informed patient
consent. Inclusion criteria were: 1) Female; 2) Diagnosis of pure DCIS or DCIS admixed
with Invasive Breast Cancer; 3) A signed consent and adequate sample of primary fresh
or frozen tissue; 4) No history of an invasive cancer in the last 5 years with the exception
of minimally invasive non-melanoma skin cancer; 5) At least 18 years of age; and 6)
Non-pregnant/non-lactating. Exclusion criteria included: 1) Prior history of
chemotherapy, hormonal therapy and/or radiation therapy; and 2) History of previous
breast surgery in the immediately adjacent area.

Tissue sample sterility was maintained during the initial morphological
assessment by the diagnostic pathologist. Areas of DCIS were identified by gross visual
inspection of the tissue. Comedo DCIS lesions could be recognized in the gross specimen
by their circular shape and characteristic pale friable center. Areas of tissue harboring
discernible DCIS lesions were dissected into organoids approximately 3 mm?, containing

one or more visible duct segments with associated stroma.

EXx vivo organoid culture
Without collagenase or dispase enzymatic treatment, the intact organoids,

containing one or more discernable duct segments with associated stroma, were grown in
115cm® TPP reclosable flasks (MidSci, St. Louis, MO) or 10cm? culture tubes (MidSci)

in serum free DMEM/F12 medium supplemented with human recombinant EGF
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(10ng/mL; Cell Signaling Technology, Danvers, MA), insulin (10pg/mL; Roche,
Indianapolis, IN), streptomycin sulfate (100pg/mL; Sigma, St. Louis, MO) and
gentamicin sulfate (20pg/mL; Sigma) (hereafter referred to as DMEM/F12+factors), with
or without 0.36% (v/v) murine Engelbreth-Holm-Swarm (EHS) derived, growth factor
reduced, basement membrane extract (Trevigen, Gaithersburg, MD) at 37°C in a
humidified 5.0% CO, atmosphere. Medium was replaced three times per week. Non-
adherent organoids were removed from the culture flask and fixed immediately in
Biomarker and Histology Preservative (BHP) to preserve histomorphology and
phosphoproteins”. Biomarker and Histology Preservative was created as a separate
project to meet the unmet need of one-step, room temperature preservation of tissue and
cellular histomorphology, and simultaneous stabilization of proteins and their post-

translational modifications’®.

Xenograft Tumor Generation
Human DCIS tumor tissue, propagated organoid tissue, or spheroids generated

from primary DCIS organoid cultures were transplanted transdermally into the mammary
fat pad of female NOD SCID mice (NOD.CB17-Prkdc*“/NCrHsd; Harlan or The
Jackson Laboratory) with or without a 17 Estradiol pellet (Innovative Research of
America, Sarasota, FL; 60 day release, 1.7mg/pellet). Immunodeficient mice were
maintained in sterile housing and all manipulations were performed under aseptic
techniques. The DCIS organoids, prior to transplantation into the murine mammary fat

pad, were incubated in serum-free DMEM/F12 medium supplemented with EGF, insulin,
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streptomycin, gentamicin, or estrogen (Sigma) for 6 to 18 hours. The study was
conducted under a contract with Biocon Inc., Rockville, MD'’.

Survival, weight, and condition of all mice were monitored daily and palpable
tumor masses were measured with calipers (length/width) twice weekly. Mice exhibiting
evidence of tumor growth were sacrificed as necessary or after 120 days. Complete
necropsies were performed for evidence of metastasis. Clinical evidence of tumor
metastasis was based on the following criteria a) visible secondary tumor growths distinct
from the primary transplant, or b) shortness of breath or neurologic symptoms (e.g.
circling, tremors, seizures) suspected as being due to pulmonary metastasis or brain
metastasis. Tumor tissue, when present, was either excised for immunohistochemical

analysis or injected into a different NOD SCID mouse for propagation of the tumor.

Immunofluorescence
Spheroids were aspirated directly from the culture flask under direct microscopic

visualization, mounted on positively charged glass microscope slides, fixed in 16%
paraformaldehyde (Fisher Scientific), and stored with desiccant at 4°C. FFPE murine
xenograft tissue sections were deparaffinized in xylene (2 x 15min), and rehydrated in
graded alcohols (100%, 95%, 70% ethanol). Spheroids and FFPE sections were incubated
at room temperature with anti-human specific epithelial cell adhesion molecule (EpCAM)
conjugated to FITC (EpCAM-FITC, 5 ug/mL) (Abcam, Cambridge, MA), or mouse
immunoglobulin IgG1 as a negative control (Dako). Slides were rinsed in borate buffer
pH 8, then nuclear counterstained with ProLong Gold+DAPI (Invitrogen). Images were

captured with a Nikon Eclipse C1si confocal microscope in different channels for
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EpCAM-FITC (pseudo-colored green, 488nm) and DAPI (psuedo-colored blue, 408nm)

using the 20x objective.

Results

Ex vivo organoid culture system for breast DCIS
Originally, we followed established protocols for mammosphere generation and

culture using collagenase and dispase disruption of breast tissue followed by subsequent
culture in chemically defined medium’"**'%°. These initial attempts were unsuccessful in
generating any cellular growth or spheroids from DCIS containing tissue, therefore we
devised a new system based on the principle of cell streaming/migration. The discernible
breast ducts, and surrounding stroma were submerged in a minimum volume of serum-
free medium (just enough to cover the duct fragments) to maximize gas exchange, with
the cut surface of the duct exposed to the culture medium, but in no specific orientation in
the flask (Figure 6). This culture system allowed cells to migrate out of the duct and
into/onto the autologous stroma. Submerging the duct segments in a larger volume of
media (more than 3 times the height of the fragments) did not yield epithelial or

fibroblast outgrowth.
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Organoid is not completely
submerged in medium

Figure 6. Culture system for DCIS organoids.

Human DCIS tissue was cultured in tissue culture flasks or dishes without prior enzymatic digestion of the
tissue. A minimal amount of serum-free culture medium supported cellular growth while maintaining an air-
liquid interface around the organoid.

Seven organoid cultures generated from non-invasive primary human breast
lesions were maintained for more than 12 months (Table 1). The culture conditions
consistently generated a high yield of DCIS epithelial cell outgrowths for each patient,

even with small volumes of starting tissue (Figure 7).
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Figure 7. Human DCIS tissue generates pseudoductal structures and spheroids in ex vivo culture.

A & B) Organoid culture of human DCIS lesions in serum free conditions spontaneously form pseudoductal
structures with lumen formation (case 08-352, 20x), and C & D) epithelial monolayers with spheroids (case 09-
148).

Table 1. Patient characteristics for generation of ex vivo organoid cultures.

Time in culture

Sample | Age | Diagnosis | Histology Grade | ER | PR | as of Dec. 2010
08-183 147 |pcIs CN/CR 3 30% | Neg | 6 months
08352 14 | pis CR extended | 3 50% | 50% | 12 months
09091 168 | pcis/aph | cr 23 | Pos | Pos | 8months
09118 Stromal

) 49 ADH* fibrosis AH 2 Pos | N/A | 8 months
09-148 |45 | bcis Solid and CR | 3 90% | 90% | 7 months
09301134 | pcis Solid and CR | 2 90% | 90% | 4 months

Cribriform

09-327 57 | DCIS with IP 2 Pos | Neg | 2 months
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* Previous history of DCIS, patient treated with Tamoxifen citrate.

DCIS - ductal carcinoma in situ; ADH - Atypical ductal hyperplasia; ER - Estrogen Receptor;

PR - Progesterone Receptor; + indicates positive result, no cell percentage specified; CN - Comedo necrosis; CR
— Cribriform; CR-extended = extension into lobules with no evidence of invasion; AH - Pseudoangiomatoid
hyperplasia; IP - Intraductal papilloma

Anchorage independent neoplastic epithelial cells spontaneously emerge in organoid
culture of human DCIS

Proliferative cells were observed to migrate out of the DCIS organoids grown in
culture for as little as 2 weeks (within 2-4 weeks). Hematoxylin and eosin (H&E) staining
of formalin fixed paraffin embedded (FFPE) organoid sections indicated that the
organoids contained ducts harboring DCIS, stroma, normal appearing ducts or lobules,
and some adipose elements (Figure 8). DCIS cultured neoplastic epithelial cells migrated
over the surface of autologous stroma and formed multilayered colonies with clear
epithelial morphology (Figure 1C). Invasive foci beneath these outgrowths within
autologous stroma were verified by absence of type IV collagen basement membrane
(Figure 9). Sub-passage of DCIS organoids reconstituted the 3-D ductal and spheroid
phenotypes, which reproducibly invaded inward from the surface of autologous stroma in
organoid culture. Histomorphology of the duct fragments revealed, by type IV collagen
immunohistochemistry, that intact basement membrane, epithelium and myoepithelium

were retained for at least 12 weeks under the serum-free culture conditions employed

(Figure 9).

29



Figure 8. Hematoxylin & Eosin stain of cultured human DCIS organoids.

A & B) Multi-layered pleomorphic epithelial cells consistently grow on the surface of autologous breast stroma
after 12 weeks in culture (20x). C) DCIS cultured neoplastic cell exhibit autologous stromal invasion (20x). D)
Ductal architecture remains intact with viable cells in the organoid culture.
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Figure 9. Collagen type IV delineates intact basement membranes in pure DCIS lesions.

A) Collagen type IV immunohistochemistry demonstrates intact basement membrane surrounding breast ducts
(brown staining) in the primary sample prior to culture (case 08-352 FFPE scale bar 100pm, magnification
10x.). B) The basement membrane surrounding the duct remains intact during breast organoid culture for 12
weeks (case 09-148, magnification 20x).

Continued in vitro organoid cultivation successfully propagated DCIS derived
epithelial cells with anchorage independent growth, defined as upward growing and
expanding spheroids, and lobulated, duct-like 3-D formations with pseudo lumens, in

serum free medium supplemented with EGF and insulin (Figure 10).
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Figure 10. Human DCIS tissue generates spheroid and pseudoductal structures in ex vivo culture and forms
xenograft tumors.

A) H&E stain of human breast tissue, DCIS, high grade with comedo necrosis (case 08-352) that represent the
primary surgical source material for our DCIS organoid culture system. B) Epithelial spheroids (10x). C) A
single large spheroid (40x). D) Pseudoductal structures with lumen formation. E) H&E stain of human breast
tissue following organoid culture (case 08-352, 100x). F) Example xenograft tumor induced by DCIS epithelial
cells or spheroids in a NOD SCID mouse mammary fat pad. G & H) H&E stain of murine xenograft tumor (20x
and 100x respectively) with pleomorphic epithelial cells with prominent nucleoli, stromal invasion, and partial
glandular differentiation. I) Murine xenograft tumors derived from human DCIS were shown to be of human
origin by the presence of human specific epithelial cell adhesion molecule (EpCAM) in formalin fixed paraffin
embedded tissue sections. EpCAM-FITC (pseudo-colored green, 488nm) and DAPI nuclear counterstain
(pseudo-colored blue, 408nm) (20x) (Adapted from reference'’).

Generation of mouse mammary tumor xenografts from human DCIS
The existence of tumorigenic cells within fresh human DCIS involved duct

segments was tested using xenotransplantation'”'. Multiple independent xenograft
transplants of human DCIS organoids, with no histological evidence of invasive

carcinoma, generated tumors within 1 to 2 months in NOD SCID mice (Figure 10).
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Xenograft tumors arising from pure DCIS tissue contained partially formed ductal
structures with stromal infiltration'®. The xenograft tumors were confirmed to be of
human origin by the presence of human specific epithelial cell adhesion molecule
EpCAM within the xenograft tumor (Figure 10 I). Xenograft tumors were greater than

16mm? (length x width) as measured with calipers (Figure 11).
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Figure 11. Representative tumor volume measurements for murine xenograft tumors from pure human DCIS
cells.

The apparent decrease in tumor volume for mouse 395 (purple square) may have been due to inter-observer
variation.

Xenograft transplants generated from invasive breast carcinoma or DCIS with
invasive components were used as positive controls under the assumption that invasive
tumors manifested a more aggressive phenotype compared to pure DCIS and thus were
more likely to generate a tumor xenograft. The number of positive control tumors
observed for mixed DCIS or invasive breast carcinoma tissue was 9 of 20 transplanted

(45%).
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58 mice were transplanted with either freshly procured DCIS duct segments,
propagated xenograft tumors, or organoids and/or human primary cultured cells
generated from the DCIS tissue (Figure 10). The number of tumors generated within 3
months of injection was 44/58. The number of tumors observed for pure DCIS tissue,
which included cribriform DCIS as well as DCIS intermediate and high grades, was 18 of
22 transplanted (81%). The number of tumors observed from cultured primary cells
and/or spheroids was 20 of 29 transplanted (68.9%). No evidence of organ metastasis was
noted at necropsy. Xenograft propagated tumors, which were derived initially from pure
DCIS tissue, produced tumors in 6 out of 7 mice for 2 generations (Table 2).

These data clearly demonstrate that both DCIS tissue and cultured DCIS spheroid

structures were capable of inducing tumors with comparable tumorigenic potential.

Table 2. Mouse xenograft efficacy for lobular, invasive and pure DCIS breast tissue.

NOD
SCID Xenograft
Mouse Mouse Date of | Mouse | Tissue Type/Histology of transplanted Tumor
DOB Vendor | Implant ID tissue Formation

12/25/07 Jackson | 2/14/08 963 Lobular breast carcinoma No
12/25/07 Jackson | 2/14/08 962 Lobular breast carcinoma Yes
12/25/07 Jackson | 2/21/08 964 infiltrating DCIS Yes
12/25/07 Jackson | 2/21/08 965 infiltrating DCIS No
12/25/07 Jackson | 3/5/08 961 Lobular invasive carcinoma N/A
1/22/08 Jackson | 3/5/08 301 Lobular breast carcinoma No
1/22/08 Jackson | 4/2/08 102 infiltrating DCIS Yes
1/22/08 Jackson | 4/2/08 103 infiltrating DCIS Yes
1/22/08 Jackson | 4/2/08 104 infiltrating DCIS N/A
1/22/08 Jackson | 4/2/08 105 infiltrating DCIS No
1/22/08 Jackson | 4/17/08 104 DCIS No
1/22/08 Jackson | 4/17/08 105 DCIS No
3/10/08 Harlan | 4/30/08 306 infiltrating DCIS No
3/10/08 Harlan 4/22/08 307 propagated xenograft infiltrating DCIS Yes
3/10/08 Harlan | 5/22/08 308 infiltrating DCIS No
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3/10/08 Harlan 5/22/08 309 infiltrating DCIS No
3/10/08 Harlan | 4/30/08 310 infiltrating DCIS No
3/10/08 Harlan 4/30/08 311 cultured xenograft cells No
3/31/08 Harlan 6/18/08 395 DCIS Yes
3/31/08 Harlan 6/18/08 398 DCIS Yes
3/31/08 Harlan 6/27/08 400 invasive ductal carcinoma with DCIS Yes
3/31/08 Harlan 6/27/08 396 invasive ductal carcinoma with DCIS Yes
3/31/08 Harlan 6/27/08 399 infiltrating DCIS, Her2+, cribriform No
variant
3/31/08 Harlan 6/27/08 397 infiltrating DCIS, Her2+, cribriform Yes
variant
3/31/08 Harlan 7/1/08 397 DCIS Yes
3/31/08 Harlan 7/1/08 400 DCIS Yes
1/22/08 Jackson | 7/1/08 101 DCIS Yes
5/26/08 Harlan 7/23/08 876 DCIS, grade 2, can't rule out invasion Yes
5/26/08 Harlan 7/23/08 581 DCIS+adipose tissue Yes
5/26/08 Harlan 7/23/08 379/579 | DCIS Yes
5/26/08 Harlan 8/7/08 877 propogated from mouse 102 Yes
6/16/08 Harlan 8/14/08 054 DCIS Yes
6/16/08 Harlan 8/29/08 051 propogated from mouse 399 Yes
6/16/08 Harlan 9/16/08 055 DCIS Yes
7/7/08 Harlan 10/22/08 | 392 proagated from mouse J4395 Yes
7/7/08 Harlan 10/22/08 | 393 proagated from mouse J4397 No
7/7/08 Harlan 10/22/08 | 391 proagated from mouse 055 Yes
7/7/08 Harlan 10/22/08 | 394 proagated from mouse 054 Yes
7/7/08 Harlan 10/22/08 | 395 proagated from mouse J4397 Yes
7/7/08 Harlan 11/19/08 | 396 DCIS Yes
9/19/08 Harlan 11/19/08 | 795 DCIS No
9/19/08 Harlan 11/19/08 | 791 DCIS Yes
9/19/08 Harlan 11/19/08 | 794 DCIS No
9/19/08 Harlan 11/19/08 | 793 Normal breast tissue No
9/19/08 Harlan 11/19/08 | 792 DCIS Yes
11/4/08 Jackson | 12/18/08 | 080 DCIS, extension into lobules, no invasive Yes
component
11/4/08 Jackson | 12/18/08 | 081 DCIS, extension into lobules, no invasive Yes
component
11/4/08 Jackson | 12/18/08 | 082 DCIS, extension into lobules, no invasive Yes
component
11/4/08 Jackson | 12/18/08 | 783/763 | DCIS,extension into lobules, no invasive Yes
component
11/4/08 Jackson | 12/18/08 | 079 DCIS,extension into lobules, no invasive Yes
component
12/8/08 Harlan 1/16/09 687 08-352 cell culture No
12/8/08 Harlan 1/16/09 686 08-352 cell culture + organoid No
12/8/08 Harlan 1/16/09 684 08-352 organoid Yes
12/26/08 Harlan 2/5/09 634 08-352 organoid in gel foam Yes
12/26/08 Harlan 2/5/09 632 08-352 organoid in gel foam Yes
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12/26/08 Harlan 2/17/09 633 08-352 cell culture Yes
12/26/08 Harlan 2/27/09 631 08-352 cell culture in gel foam Yes
12/26/08 Harlan 2/27/09 635 08-352 cell culture in gel foam Yes
2/6/2009 Harlan | 3/23/09 530 08-352 cell culture in gel foam Yes
2/6/2009 Harlan 3/23/09 528 08-352 cell culture in gel foam Yes
2/6/2009 Harlan 04/17/09 | 526 08-352 spheroids and epithelial cells Yes
2/6/2009 Harlan | 04/17/09 | 527 08-352 spheroids and epithelial cells Yes
2/6/2009 Harlan | 04/17/09 | 529 08-352 spheroids and epithelial cells Yes
12/5/2008 | Harlan 04/17/09 | 683 08-352 spheroids and epithelial cells Yes
3/16/2009 | Harlan 05/04/09 | 171 08-352 cell culture Yes
3/16/2009 | Harlan 05/13/09 | 170 08-352 cell culture No

3/16/2009 | Harlan | 05/13/09 | 170 08-352 organoid, not attached to flask Yes
4/13/2009 | Harlan | 06/08/09 | 580 09-118 spheroids+epithelial cells No

4/13/2009 | Harlan 06/08/09 | 583 09-118 spheroids+epithelial cells No

4/13/2009 | Harlan 06/08/09 | 582 09-148 organoid Yes
4/13/2009 | Harlan 07/02/09 | 581 09-118 spheroids Yes
4/13/2009 | Harlan 07/02/09 | 579 09-091 spheroids Yes
7/10/2009 | Harlan | 08/26/09 | K4635 | 09-118 cell culture No

7/10/2009 | Harlan 08/26/09 | 650 09-148 cell culture N/A
10/9/2009 | Harlan 12/01/09 | 473 09-118 cell culture Yes
10/9/2009 | Harlan 12/01/09 | 473 09-118 cell culture No

10/9/2009 | Harlan 12/01/09 | 471 09-148 cell culture No

10/9/2009 | Harlan 12/01/09 | 471 09-148 cell culture Yes
10/10/2009 | Harlan 12/18/09 | 472 09-301 cell culture N/A
10/10/2009 | Harlan 12/18/09 | 470 09-148 propagated culture, single large Yes

spheroid

In some cases, the same mouse was injected with more than one sample, from
different patient source material, because either the initial injection did not produce a
measurable tumor, or different patient samples were injected on the right, compared to
the left, mammary fat pad. Therefore, in Table 2, identical mouse identification numbers

may be listed as both affirmative and negative for xenograft tumor formation.

Discussion
Breast cancer progression has previously been theorized to be a multi-step process

involving a continuum of changes from the normal phenotype to hyperplastic lesions,
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carcinomas in situ, invasive carcinoma, and finally to metastatic disease *. Under this
model additional genetic alterations are required before neoplastic cells in a DCIS lesion
can progress to an invasive and metastatic carcinoma. However, more recent refinements
of this model indicate that the aggressive phenotype of breast cancer is determined at the
premalignant stage, much earlier than previously thought. Experimental approaches
employing loss-of-heterozygosity (LOH), and comparative genomic hybridization (CGH)
provide strong evidence that DCIS and invasive carcinomas in the same patient share
similar genetic alterations'*"”. Damonte et al, employing the 'MINO' (mammary
intraepithelial neoplasia outgrowth) mouse model of DCIS, concluded that malignant
aggressiveness is pre-programmed in the pre-cancer stem cell °. Taken together, these
data support the hypothesis that the invasive phenotype of human breast cancer is already

programmed at the pre-invasive stages of disease progression.

Human Ductal Carcinoma In Situ contains malignant progenitor cells
We have successfully developed a novel ex vivo breast organoid culture system to

isolate, propagate and enrich spheroid-forming, invasive, carcinoma stem cells from fresh
human breast ductal tissue prior to the overt in vivo emergence of stromal invasion,
and/or lymphatic and vascular dissemination. This is the first study to establish the
existence of human DCIS derived progenitor cell lines'”.

Fresh human DCIS lesions reproducibly generate in vitro anchorage independent,
neoplastic epithelial cells that generate 3-D structures including spheroids and duct-like
structures. Neoplastic cells with this phenotype can emerge from a high proportion of

replicate DCIS lesion samples from the same patient, and can be serially propagated for

37



at least one year. No anchorage independent cells arose from tissue containing
histologically verified normal appearing glands and adipose tissue. The anchorage
independent epithelial cells were observed to arise from all grades of DCIS including
ADH (Table 1).

It is unlikely that the invasive cell strains propagated from fresh human DCIS
ducts are isolates of micro-invasion areas or invasive cancer in the original
histopathology. The patient source material was verified histologically to be devoid of
microinvasion or invasive cancer before and after DCIS lesion tissue procurement.
Verification was assessed by an independent pathologist with no knowledge of the
research findings for the individual specimen. The DCIS lesion source material was
evaluated by IHC for type IV collagen and was found to contain an intact basement
membrane (Figure 9). If the neoplastic, cytogenetically abnormal cells isolated in this
study represented areas of microinvasion, this would be expected to be a rare event, but
this was not the case.

Evaluation of nodules/tumors in xenograft models requires confirmatory studies
to verify that the observed palpable mass is actually a tumor and not a granuloma or

102
abcess!”

. Palpable nodules may grow quickly or slowly in immune compromised
xenograft mouse models. To verify that the nodules present in our xenografts
recapitulated characteristic features of the primary DCIS tissue, we performed H&E and
EpCAM stains on the xenograft tissue sections. EpCAM is a transmembrane glycoprotein

whose expression pattern changes from basolateral membrane to uniform membranous

expression in carcinoma'”. EpCAM has been associated with less differentiated breast
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tumors, and recently was shown to exhibit differential ability to support tumor growth in
epithelial versus mesenchymal cell phenotypes'®. Knock-down of EpCAM in MCF7 and
T47D breast cell lines produced smaller, less invasive tumors, compared to mesenchymal
MDA-MD-231 cell lines, suggesting that cells with a mesenchymal phenotype may be
independent of EpCAM during invasion'®.

The non-obese diabetic severe combined immunodeficient (NOD SCID) mouse
model does not appear to contribute diabetic-mediated metabolic factors that could
positively influence tumor growth'®*!®®>. The SCID model lacks T cells and B cells and
has impaired natural killer cells, with normal/low glucose levels and elevated insulin

1% 'NOD SCID mice do not develop diabetes because they lack immune cells that

levels
cause autoimmune destruction of the B cells in the pancreas'®*'?®. However, diabetes can
be induced in the NOD SCID mouse by adoptive transfer of pancreatic 3 cells from
immune competent mice'*.

Generation of spheroids and 3-D structures arose spontaneously from multiple,
independent human DCIS duct tissue fragments from the same patient and from different
patients. These results demonstrate that progenitor cells with invasive potential pre-exist
within the human breast DCIS duct but are apparently held in check by the ductal niche
and can be coaxed to emerge in organoid culture. These cells constitute a new category of

breast stem-like cells that exist prior to the overt manifestation of the malignant

phenotype] 0
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existence of invasive cells

Progenitor Cell Spheroid

Figure 12. Continuum of human breast cancer progression.
Cells capable of invasion exist within the breast duct at the atypical hyperplasia and DICS stages.
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CHAPTER 3: PROTEOMIC ANALYSIS OF DCIS CELLS

Introduction

Protein signaling cascades
Proteins are the verbs of the cell, translating the DNA template into functional

molecules. Network maps of cell signaling proteins, and their post-translational
modifications, permit recreation of cellular networks that reflect the state of the cells at
the time of harvesting/preservation. Numerous proteins known to function as tumor
suppressors or drivers, such as BRCA1, Forkhead box proteins (FOXO1/03), Homeobox
(Hox) family, Polycomb Group Complex 2 (PRC2), which mediate cell function by

modulating chromatin binding'**'"!

. Mutations in BRCA 1 contribute to hereditary breast
cancer due to defects in DNA repair and recent evidence shows that BRCA1 loss results
in deubiquitylation of histone H2A and opening of heterochromatin, but it is unknown at
what stage of tumor progression each of these factors has the greatest effect''.
Chromatin structure, gene transcription, and transcription factor binding events
modulate gene expression in an interdependent manner. Hox genes provide control of
cellular patterning in vertebrate bodies and a high ratio of HoxB13:1IL17 gene expression
is a prognostic indicator for ER positive, lymph node negative breast cancer patients' >
1% Upon activation, Hox gene clusters are enriched with repressive Polycomb group

proteins and methylated histone H3 on lysine 27 (H3K27me3). Methylation on lysine 27

is an epigentic marker of gene silencing. On the other hand, recruitment of a Ubiquitously
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Transcribed Tetratricopeptide Repeat X (UTX) protein complex causes H3K27
demethylation with methylation of H3K4, an activation mark'”’. This illustrates the
complex interplay between gene expression and protein function in either promoting or
inhibiting cell growth and differentiation and highlights the importance of quantifying
proteins and post-translational modification for deciphering cellular biology.

In addition to HOX and polycomb group proteins, FOXA1 and Pre-B-cell
leukemia transcription factor 1 (PBX1) are pioneer factors that remodel chromatin
allowing recruitment of ERa to specific regions of the cistrome within the nucleus'".
Many PBX1 proteins are cofactors for Hox transcription factors. Although FOXA1 and
PBX1 have overlapping binding sites, PBX1 was shown to be essential for MCF7 breast
cell line proliferation and as a marker of functional ERa binding sites. Functionally,
PBX1 was found to open chromatin at H3K4me2 regulatory elements' . These insights
suggest that Hox genes may play a role in gene activation state changes during cycles of
breast ductal involution. An absence of involution cycles may alter the normal patterning
events in breast epithelium, creating a cascade of signals that either inappropriately
stalls/activates gene transcription, or activates/represses inappropriate gene sets, which
could be evident by levels of protein cell signaling kinases.

Within the organoid cultures we sought to characterize the functional signal
pathways that may be involved in the phenotype of these cells. It would not be possible to
measure a large number of protein signal pathway endpoints and post-translational
modifications by conventional flow cytometry following enzymatic dissociation, even

within hundreds of spheroids. Consequently we used Reverse Phase Protein Microarray
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(RPMA) analysis of 59 cell signaling kinase endpoints, representing stem cell markers,
autophagy, adhesion, invasion, and pro-survival pathways. RPMA technology has the
required sensitivity and precision for small numbers of cells and provides a means of
quantifying protein post-translational modifications indicative of activated signal

pathways''®!18,

Materials and methods

Reverse Phase Protein Microarray (RPMA)
Cellular outgrowths were removed from the culture flask by scraping or aspiration

with a pipette and were spun briefly to pellet the cells. Medium was removed by
aspiration and the cell pellet was subjected to lysis with a 10% (v/v) solution of Tris(2-
carboxyethyl)phosphine (TCEP; Pierce, Rockford, IL) in Tissue Protein Extraction
Reagent (T-PER™, Pierce)/ Tris-glycine 2X SDS buffer (Invitrogen). Cell lysates were
stored at —80°C prior to microarray construction. Cellular lysates were printed on glass
backed nitrocellulose array slides (FAST Slides, Whatman, Florham Park, NJ) using an
Aushon 2470 arrayer (Aushon BioSystems, Burlington, MA) equipped with 350pm pins
as previously described''®''*. Immunostaining was performed on a Dako Autostainer per
manufacturer’s instructions (CSA kit, Dako)''®. Each slide was incubated with a single
primary antibody at room temperature for 30 minutes. Polyclonal and monoclonal
antibodies are listed in Table 3. Antibodies were validated by western blotting as
previously described''®. The negative control slide was incubated with antibody diluent.
Secondary antibody was goat anti-rabbit IgG H+L (1:7,500) (Vector Labs, Burlingame,

CA) or rabbit anti-mouse IgG (1:10) (Dako). Subsequent signal detection was amplified
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via horseradish peroxidase mediated biotinyl tyramide deposition with chromogenic
detection (Diaminobenzidine) per manufacturer’s instructions (Dako).

Total protein per microarray spot was determined with a Sypro Ruby protein stain
(Invitrogen/Molecular Probes) per manufacturer’s directions and imaged with a CCD
camera (NovaRay; Alpha Innotech, San Leandro, CA). Signal intensity of each RPMA
spot was quantified with ImageQuant ver5.2 (GE Healthcare), with mean local area
background subtraction. Data was compiled using a VBA Excel macro for non-specific

antibody staining subtraction, and normalization to B-Actin.

Table 3. Validated antibodies used with Reverse Phase Protein Microarrays.

Polyclonal/

Antibody Vendor Monoclonal Function
Beta Actin CST Polyclonal | Cytoskeletal
AKT CST Polyclonal | Growth/Prosurvival
AKT Ser473 CST Polyclonal | Growth/Prosurvival
AKT Thr308 CST Polyclonal | Growth/Prosurvival
AMPK alphal CST Polyclonal | Hypoxia/Stress
Ser485
AMPK betal Ser108 | CST Polyclonal | Hypoxia/Stress
Atg5 CST Polyclonal | Autophagy
Bak CST Polyclonal | Apoptosis
Bad Ser136 CST Polyclonal | Apoptosis
BCL-XL CST Polyclonal | Apoptosis
Bcl-2 Ser70 CST Polyclonal | Apoptosis
Bcl-2 Thr56 CST Polyclonal | Apoptosis
Beclinl CST Polyclonal | Autophagy
B-Raf Ser445 CST Polyclonal | Growth/Prosurvival
c-Raf Ser338 CST Polyclonal | Growth/Prosurvival
Caspase-9, cleaved CST Polyclonal | Apoptosis
Asp330
Beta Catenin CST Polyclonal | Adhesion/Differentitation
Ser33/37/Thr41)
CD133 (W6B3C1) Miltenyi Monoclonal | Stem cell marker
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CD24 (FL-80)

Santa Cruz Bio.

Polyclonal

Stem cell marker

CD44 (156-3C11) CST Monoclonal | Stem cell marker

Cox-2 BD Biosciences | Monoclonal | Stress/inflammation

E-Cadherin CST Polyclonal | Adhesion

EGFR Tyr992 CST Polyclonal | Growth factor receptor

EGFR Tyr1045 CST Polyclonal | Growth factor receptor

EGFR Tyr1068 CST Polyclonal | Growth factor receptor

EGFR Tyr1148 Invitrogen Polyclonal | Growth factor receptor

EGFR Tyr1173 CST Polyclonal | Growth factor receptor

EGFR CST Polyclonal | Growth factor receptor

ErbB2/HER2 CST Polyclonal | Growth factor receptor

ErbB2/HER2 Millipore Polyclonal | Growth factor receptor

(Y1248)

ErbB3/HER3 CST Polyclonal | Growth factor receptor

(Y1289) (21D3)

ERK 1/2 CST Polyclonal | Growth/Prosurvival

Thr202/Tyr204)

FAK Tyr576/577 CST Polyclonal | Adhesion

Fibronectin Abcam Monoclonal | Adhesion

FOXO01 CST Polyclonal | Cycle cell arrest/Apoptosis

Thr24/FOX03a

Thr32

Gabl Tyr627 CST Polyclonal | Adaptor protein/signal
transduction

Grb2 CST Polyclonal | Adaptor protein/signal
transduction

GSK-3alpha Invitrogen Polyclonal | Glucose Metabolism

Tyr279/beta Tyr216

GSK-3alpha/beta CST Polyclonal | Glucose Metabolism

Ser21/9

Integrin alphaV Millipore Monoclonal | Adhesion

betas

IGF-1R Tyr1131/IR | CST Polyclonal | Insulin Receptor

Tyr1146

IRS-1 Ser612 CST Polyclonal | Glucose Metabolism

LC3B CST Polyclonal | Autophagy

MAPK pTEpY Promega Polyclonal | Growth/Differentiation

MEK1/2 Ser217/221 | CST Polyclonal | Growth/Prosurvival

Met Tyr1234/1235 CST Polyclonal Epithelial/Mesenchymal
Transition

MMP-14 Abcam Monoclonal | Invasion

MMP-9 CST Polyclonal | Invasion

mTOR Ser2448 CST Polyclonal | Growth/Prosurvival
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Musashi CST Polyclonal | Stem cell marker

Nanog CST Stem cell marker

N-Cadherin CST Polyclonal | Adhesion

NF-kappaB Ser536 CST Polyclonal | Proteasome

Degradation/Inflammation

Nodal Millipore Monoclonal | Stem cell marker

p38 Thr180/Tyr182 | CST Polyclonal Stress/inflammation

p70 S6 Kinase CST Polyclonal | Growth/Prosurvival

Thr389

PARP, cleaved CST Polyclonal | Apoptosis

(D214)

PI3 Kinase BD Biosciences | Monoclonal | Growth/Prosurvival

PTEN CST Polyclonal | Tumor suppressor

PTEN Ser380 CST Polyclonal | Tumor suppressor

Smad?2 Ser465/467 CST Polyclonal | Growth/Differentiation

Src Tyr416 CST Polyclonal | Growth/Differentiation

STAT3 Ser727 CST Polyclonal | Stress/Inflammation

STAT3 Tyr705 CST Polyclonal | Stress/Inflammation

(9E12)

STATS Tyr694 CST Polyclonal | Stress/Inflammation

SUPT3H Abnova Monoclonal | Transcription

Survivin CST Polyclonal | Apoptosis

TIMP2 Abcam Monoclonal | Invasion
Immunohistochemistry

Formalin fixed murine tissue or DCIS organoids were processed and paraffin

embedded by commercial laboratories (AML Laboratories, Inc, Baltimore, MD or Bi-

Biomics, Nampa, ID). Formalin fixed paraffin embedded (FFPE) tissue sections (Sum

thickness) mounted on positively charged glass slides were baked at 56°C for 20 min.,

deparaffinized in xylene and rehydrated in a series of graded alcohols (100%, 95%, and

70%) with a final rinse in wash buffer (Dako, Carpinteria, CA). Antigen retrieval, when

necessary, was performed with proteinase K or heat induced epitope retrieval (HIER).

HIER was performed for 20 minutes at 95°C in a water bath. Immunostaining was
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performed on a Dako Autostainer with an Envision+HRP staining kit (Dako) per
manufacturer’s instructions. Primary antibodies are listed in Table 4. Stained tissue
sections were counterstained with Hematoxylin (Dako), rinsed in distilled water and
developed in Scott’s Tap Water Substitute solution. Coverslips were applied using
aqueous mounting medium (Faramount, Dako). Images were captured with an Olympus

BX51 microscope using 4x, 10x, 20x, or 100x objectives.

Table 4. Primary antibodies and heat induced epitope retrieval (HIER) conditions for immunohistochemistry.

Antibody Vendor Species Dilution | Proteinase K | HIER
Atg5 Abcam Rabbit 1:300 None pH6
Atg7 Sigma Rabbit 1:25 5 min None
Beclin-1 Sigma Rabbit 1:750 5 min None
CD44 CST Mouse 1:50 5 min None
Collagen IV | Dako Mouse 1:25 5 min pH6
LC3B CST Rabbit 1:25 None pH9
SUPT3H Abnova Mouse 1:50 5 min None
CD68 (clone | Fisher Mouse 1:50 None pH6
PG-M1)

Immunofluorescence

LysoTracker Red (Invitrogen; 75 nM) and nuclear counterstain Hoechst 33258
pentahydrate (Invitrogen; 5 ng/mL) were added to serum-free DMEM/F12 culture
medium as described in Chapter 2 and incubated with live human DCIS organoid cell
cultures for 0.5 hour. Medium containing dye was removed and replaced with fresh
medium. Images were captured with either a Nikon Eclipse C1si confocal or a Nikon

Eclipse TE200 microscope in different channels for LysoTracker Red (psuedo-colored
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red, 561nm) and Hoechst 33258 (pseudo-colored blue) using either the 10x or 20x

objective.

Statistics
Standard deviation (SD) or standard error of the mean (SEM) was calculated for

small group comparisons. The Student t-test, two tailed with Welch’s correction, was
used to calculate the p-value. p values <0.05 were considered significant (GraphPad

Prism ver 5.03, GraphPad Software).

Results
Signal pathway proteomic analysis reveals augmentation of survival related
pathways

The activation state of signaling pathways in the DCIS spheroids was compared to
the anchorage dependent cells in organoid culture to functionally characterize the two cell
populations'®. The mixed cell culture model we devised provided an advantage over
standard single cell or 3-D co-culture systems because we did not need to introduce
foreign cells, such as irradiated fibroblasts. Our system supported growth of epithelial
and fibroblasts from the same patient, thus providing a spatial and temporal context for
orchestrating cellular organization and function, similar to the extracellular matrix.

48 endpoints were analyzed representing total or post-translationally modified
proteins. Spheroids, the epithelial monolayer, and distinct cuboidal monolayer cells from
the same DCIS organoid culture were procured using sterile technique, under direct
microscopic visualization. Approximately 25 spheroids were analyzed and each sample
was analyzed in duplicate. Data was normalized to B-Actin per microarray spot as

described in VanMeter et al''®,
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Comparison of the spheroids to the flat, single layer epithelial cells in the same
culture revealed a set of activated signaling pathways in the spheroids consistent with a
progenitor-type classification. Macroautophagy, herein termed autophagy, is a dynamic,
catabolic process of cellular self-cannibalization in which the cell sequesters organelles,
such as mitochondria, or cytoplasmic proteins in double-membrane vesicles, to generate

ATP during periods of nutrient limitation' "'

. First coined by de Duve, autophagy
(auto- “self”, -phagy “eating”) is an evolutionarily conserved endoplasmic reticulum-
lysosomal pathway response for degrading protein aggregates, and recycling non-
essential intracellular organelles and cytoplasmic proteins'** 2.

Autophagy markers (Atg5 and LC3B) were elevated in the spheroids in
comparison to the epithelial and cuboidal monolayer cells. p38 MAPK Thr180/Tyr182
and SMAD2 Serd65/467, cell signaling proteins associated with survival and stress, were
elevated in the spheroids in comparison to the epithelial and cuboidal monolayers. The
spheroids exhibited progenitor cell characteristics as evidenced by up-regulation of stem
cell markers (CD44), down-regulation of cell adhesion markers (E-Cadherin), up-

regulation of invasion related matrix metalloproteinases (MMP14), and up-regulation of

COX-2 (Figure 13).
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Figure 13. Signal pathway mapping by reverse phase protein microarray of DCIS organoid outgrowths.

A) Comprehensive depiction of cell signaling kinase activity for spheroids (green), epithelial (blue) and cuboidal
(red) cell populations reveal differential up-regulation of proteins involved in autophagy, stress, pro-survival
and invasion. B) The spheroids exhibited progenitor cell characteristics as evidenced by augmentation of CD44,
COX-2, and matrix metalloproteinase (MMP-14), with associated reduction of E-Cadherin (relative mean
intensity, n=2, £SEM).

To test whether these differences in cell signaling proteins were a stable
characteristic of the observed phenotype, we conducted an independent verification
analysis. RPMA was performed on a different set of harvested cultured spheroids,
epithelial cells, and stromal fibroblasts from the same patient derived cultures that were

propagated over several months (Table 1). Autophagy, adhesion, and pro-survival
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signaling proteins remained elevated in the spheroids compared to the epithelial and
fibroblast cells (Table 5). Levels of putative stem cell markers, CD44 and CD133, and
MMPs were also elevated in the spheroids indicating potential proliferative and invasive

capacity.

Table 5. Verification of DCIS stem-like cell phenotype.

Epithelial Cells (n=6) Spheroids (n=2) Fibroblasts (n=2)

Protein Mean SD SEM Mean SD SEM Mean SD SEM
AMPKal 2245 6.69 2.73 65.15 24.73 17.49 12.72 0.10 0.07
Ser485
Atg5 85.64 63.55 25.94 474.40 277.66 196.34 224.17 82.82 58.56
Beclin-1 17.92 5.98 2.44 42.33 3591 25.39 2.63 3.72 2.63
Nanog 46.67 14.44 5.89 223.97 11.73 8.30 75.05 19.71 13.93
LC3B 79.35 30.13 12.30 384.78 91.57 64.75 267.72 14.68 10.38
N-Cadherin 2547 6.15 2.51 152.13 2091 14.79 27.92 17.45 12.34
pS3 Serl5S 27.87 9.84 4.02 188.05 114.83 81.20 66.33 27.00 19.09
TLR3 93.45 27.22 11.11 1693.65 1559.64 1102.83 | 4.49 ND ND
SUPT3H 50.11 591 241 161.95 62.96 44.52 15.45 0.27 0.19
LAMP2 59.95 15.43 6.30 406.00 292.15 206.58 59.13 ND ND
Fibronectin 121.74 107.31 | 43.81 165.32 11.04 7.81 562.55 22445 | 158.71
Laminin5, 89.82 68.59 28.00 512.06 214.00 151.32 175.99 95.61 67.61
gamma-2
chain
CD44 71.61 8.54 3.48 220.39 113.82 80.49 68.95 ND ND
CD133 27.78 4.78 1.95 137.60 1.14 0.81 26.40 ND ND
AKT Serd73 49.55 53.56 21.87 78.41 58.06 41.05 62.48 0.88 0.62
AKT Thr308 35.27 7.82 3.19 282.85 106.47 75.29 120.72 13.56 9.59
BetaCatenin 43.38 14.46 5.90 257.14 64.63 45.70 62.61 16.18 11.44
Ser33
EGFR 87.51 21.35 8.72 335.33 46.13 32.62 102.48 10.01 7.08
FOXO01/03a 77.47 39.10 15.96 311.64 53.66 37.95 83.74 6.33 4.47
Thr24/Thr32
Her2 4.44 3.92 1.60 13.35 13.80 9.76 ND ND ND
IRS-1 Ser612 54.10 43.00 17.56 236.34 56.47 39.93 147.73 48.01 33.95
MEK1/2 132.24 109.07 | 44.53 637.07 125.06 88.43 341.91 11.55 8.17
Ser217
Met 42.76 8.91 3.64 228.73 2.94 2.08 44.70 7.31 5.17
Y1234/1235
MMP-9 15.40 3.06 1.25 58.18 17.62 12.46 27.55 10.42 7.37
MMP-14 42.06 8.73 3.56 217.25 7.73 5.46 82.60 11.10 7.85
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mTOR 67.05 24.14 | 9.86 272.57 88.76 62.76 89.77 0.50 0.35
Ser2448

p38 80.13 6331 | 25.85 409.66 142.67 100.88 | 286.35 17.65 12.48
Thr180/Tyr18

2

PTEN Ser380 | 80.71 61.82 | 2524 227.33 136.84 96.76 133.70 | 3.81 2.70
PTEN 242.38 | 307.58 | 125.57 | 843.56 292.85 207.08 | 857.90 166.71 | 117.88
Integrin 31.97 8.54 3.49 244.21 99.29 70.21 100.61 | 53.00 | 37.48
alphaSbetal

Protein pathways intersecting with autophagy

Based on RPMA phenotype characterization, we noted that cell signaling

pathways intersecting with autophagy were up-regulated in the cultured spheroids and 3-

D structures. To determine if autophagy was activated in vivo, we performed

immunohistochemical staining for proteins involved in autophagic flux (LC3B) and

initiation of autophagasome formation (Beclinl and Atg5). CD44 immunohistochemical

analysis was performed to determine the prevalence of a stem-cell like marker in our

sample cohort (Table 6). Inmunohistochemical markers of autophagy were examined in

primary DCIS lesions, mouse xenograft tumors, and DCIS ex vivo generated

spheroids/pseudoductal structures'.

Table 6. Imnmunohistochemical characterization of the primary human breast tissue (diagnostic specimen).

Sample ID | Diagnosis LC3B Beclinl AtgS CD44
08-183 DCIS 1+ 3+ 3+ Positive
08-352 DCIS 1+ 3+ 3+ Positive
09-091 DCIS/ADH | 0 1+ 1+ Negative
09-118 ADH N/A 1+ 1+ Positive
09-148 DCIS 0 2+ 1+ Positive
09-301 DCIS 0 2+ 1+ Positive
09-327 DCIS 0 2+ 1+ Negative
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Intermediate and high-grade DCIS lesions were positive by
immunohistochemistry for autophagy pathway proteins Atg5, Beclin-1 and LC3B, which
are involved in the nucleation of autophagosomes. CD44 positivity was not associated
with autophagy up-regulation, nor was it a consistent characteristic of the ADH/DCIS
samples. Autophagosome accumulation, as demonstrated by fluorescence microscopy
and immunohistochemistry of endogenous LC3B, showed an increase in punctate LC3B
staining'® (Figure 14). LC3B is a hallmark of autophagy induction because following
lipidation of LC3-I, LC3-II (LC3B) co-localizes on the inner and outer membranes of the

autophagosomes (Figure 16)>>'%.
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Figure 14. Autophagy is activated in human DCIS lesions, spheroids, 3D structures, and xenograft tumors.

A) IHC of a primary DCIS lesion showing punctate staining within the cytoplasm for LC3B (anti-LC3B, 100x).
B) Beclinl positive human DCIS derived mouse xenograft tissue (100x). C) Case 08-352 surgical specimen is
positive for AtgS staining in comedo DCIS human breast glands (DCIS) compared to adjacent non-neoplastic
ductal elements (NL) (10x). D) Positive Atg5 staining of a DCIS organoid after 12 weeks in culture (20x). E) A
bright field image of a multi-cellular pseudoductal structure (20x). (F) Fluorescence microscopy shows
accumulation of LysoTracker Red dye within the organelles of the inner cell mass of the structure shown in
panel E (20x). (G) LysoTracker Red dye accumulation within the central cell mass of a spheroid
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(red=LysoTracker Red; blue=DAPI nuclear counterstain, 20x) demonstrates enhanced phagosome and
lysosomal activity in the region of the aggregate expected to be most hypoxic. H) Chloroquine inhibits autophagy
by preventing the fusion of autophagosomes and lysosomes in the dynamic, multi-step autophagy cascade. An
organoid culture was maintained in medium supplemented with chloroquine phosphate (50 pM) for 2 weeks.
Dissociation of the spheroid, and diffuse accumulation of LysoTracker Red in autophagic compartments and
lysosomes were observed (red=LysoTracker Red; blue=DAPI nuclear counterstain, 20x, Nikon Eclipse TE200
microscope)'’.

Immune cells in the DCIS microenvironment
In mouse models of DCIS, mammary macrophages support stem cell activity in

reconstituting mammary ducts and provide essential tissue remodeling during

128129 nfiltrating leukocytes on the periphery of breast ducts are often seen

involution
during pathologic examination of H&E stained breast tissue sections'". The
immunophenotypic profile of immune cells in 53 mastectomy samples representing
normal breast, benign breast disease, DCIS and infiltrating DCIS has shown that invasion
may be a common immune-mediated response'*’. To determine if macrophages were
present in the immune cell milieu of our DCIS patient cohort, FFPE and/or BHP fixed
tissue sections of DCIS lesions were immunostained for CD68, a 110kDa transmembrane
glycoprotein. A macrophage —specific antibody clone, PG-M1, was used to prevent cross-
reactivity with neutrophils. CD68 positive macrophages were localized in the duct
periphery, outside the basement membrane, of duct alveoli (Figure 15). Numerous
macrophages were found in the infiltrating lymphocyte populations surrounding ducts
with DCIS and were present in the surrounding adipose tissue. Intraluminal macrophages
were observed as well as macrophages interspersed between the luminal epithelium. The

presence of CD68+ macrophages in the DCIS microenvironment could contribute to

autophagy activation via chemokine release.
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Figure 15. CD68 positive macrophages are located in the lumen and surrounding the periphery of the duct in
DCIS lesions.

A &B) Macrophages (brown staining) are localized on the periphery of duct alveoli and are scattered among the
luminal epithelial cells (20x and 40x magnification). C & D) Infiltrating lymphocytes (case 10-134) harbor
numerous macrophages (20x and 40x magnification). E & F) Intra-luminal macrophages (40x and 100x
magnification).

Disruption of autophagy in DCIS-derived spheroids
Autophagy activation increases the number of autophagosomes within a cell.

Acidotropic dyes can be used to qualitatively assess autophagy activation. The
acidotropic dye, LysoTracker Red (Invitrogen), which accumulates in intracellular

autophagosomoses/lysosomes was used to image live DCIS organoid culture cell

56



outgrowths, including spheroids and 3-D structures (Figure 14). In the spheroids
generated from DCIS lesions, lysosomal and/or autophagosome activity was up-regulated
in the central region of the spheroid as shown by strong fluorescence intensity with
LysoTracker Red (Figure 14 F&G) and by distinct immunohistochemical staining of
LC3B and Atg5 in FFPE tissue sections (Figure 14 A & C).

Chloroquine inhibits autophagy by preventing the fusion of autophagosomes and
lysosomes in the dynamic, multi-step autophagy cascade. An organoid culture was
maintained in medium supplemented with chloroquine phosphate (50 pM) for 2 weeks.
Dissociation of the spheroid, and diffuse accumulation of LysoTracker Red in autophagic
compartments and lysosomes were observed (Figure 14 H). Accumulation of
autophasasomes and lysosomes is consistent with altered autophagic flux, either due to
lack of fusion with the lysosome or decreased lysosomal degradation'?’. Regardless of
the mechanism disrupting autophagic flux, accumulation of autophagasomes/lysosomes
indicated that autophagy was activated in the spheroids. Up-regulation of autophagy
promotes survival in the hypoxic and nutrient deprived center of the spheroid in culture

and the intraductal DCIS microenvironment'°.

Discussion

Proteomic biomarkers in DCIS
Extensive studies characterizing breast mammary cells both functionally and

structurally have yielded many putative prognostic and diagnostic markers of breast
cancer, including cytokeratin profiling’>''>"'*131"13% For clinical diagnosis of invasive

breast cancer, Ki-67, ER, PR, and Her2 status are commonly evaluated, but considerable
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debate remains surrounding the most appropriate biomarkers for DCIS"**. Several
classification schemes for pre-invasive breast lesions arose in an attempt to distinguish
indolent precursor lesions from those lesions likely to progress to invasive cancer *"*'.
The Van Nuys Prognostic Index utilizes tumor size, nuclear grade, comedo-necrosis and
surgical margin width to classify samples as low, intermediate, or high risk of local
recurrence'**"*”. An enhanced DCIS prognostic classification that includes the DCIS
lesion architecture has been proposed'®. Despite the plethora of putative biomarkers and
classification schemes, we analyzed the underlying cell signaling pathways within the
DCIS microenvironment without any pre-conceived hypotheses as to which proteins were
the most reliable biomarker.

Functional characterization of the DCIS cells using reverse phase protein
microarrays provided quantitative comparison of the proteins supporting the growth and
proliferation of the DCIS cells in vivo as well as in culture. Reverse phase protein
microarrays provide clinical grade assay sensitivity and precision for quantifying proteins
and their post-translational modifications from a small number of cells”*'™.

When and why human DICS cells with pre-existing invasive potential eventually
breach the ductal basement membrane is a central question. The absence of suppressive
factors produced by the duct myoepithelial cells, the basement membrane, or the stromal
cells are likely to have a role'**'*!. Suppressive factors may include myoepithelial cell --
glandular epithelial cell interactions, soluble factors secreted by reactive or activated

stromal cells, mesenchymal cells, or immune cells, loss or enhancement of ECM tropic

factors, or composition of the ECM*"020140-1% ‘However, autophagy was up-regulated in
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diagnostic specimens, ex vivo cultured organoids, and mouse xenograft tumors. Thus we
have shown, for the first time, that activation of autophagy in the neoplastic epithelial
cells has a central role as a cell survival strategy within human DCIS lesions'®. Gong et al
recently reported similar requirements for autophagy in maintaining mammospheres
derived from MCF7 and BT474 (Lapatinib resistant) human breast cancer cell lines'**.
Substantiation of our findings support the concept of generalized cell signaling pathway
alterations in pre-malignant lesions and cells under stress, rather than a single dominant
protein.

Autophagy optimizes nutrient utilization in growing cells faced with hypoxic or
metabolic stresses (Figure 16). During autophagy, macroautophagosomes (also referred
as autophagosomes) are formed as double membrane-bound vesicles that engulf
cytoplasic constituents and/or cytoplasmic organelles. Autophagosomes fuse with
lysosomes to degrade the contents of the autophagic vesicle and provide molecular break
down products to either feed the cell or enable cell death. Accumulation of
autophagosomes can be due to reduced turnover of autophagosomes or increased
autophagic activity (autophagic flux)'?’. Cancer cells may undergo autophagic cell death
associated with extreme autophagic degradation after exposure to several cancer therapies

14> While some initial studies described autophagy as a tumor suppressor mechanism'*®

148 the autophagic response can also function as a protective mechanism allowing the

recycling of proteins and cellular components to facilitate cell survival during the severe

149

cellular stress of cytotoxic therapy . We have shown that ‘“protective autophagy’” might

also sustain the survival of pre-invasive or invasive stem-like cells within the intraductal
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environment of the DCIS lesion. High grade DCIS is associated with central necrosis in
the duct, and the accumulation of cellular degradation products such as lipofuschin.
Autophagy is a plausible means for DCIS neoplastic cells, accumulating in the duct, to
survive in the face of severe metabolic, oxidative, and hypoxic stress.

In the breast microenvironment, macrophages perform vital tissue repair and

150,151

remodeling functions . Macrophages degrade and deposit extracellular matrix,

stimulate angiogenesis and lymphangiogenesis, and remove necrotic cell debris'*"'>".
Macrophages can be alternately activated to either M1 or M2 phenotypes by interferon

1 151
0151 Immune

gamma/tumor necrosis factor or IL-33/IL-1/IL21 cytokines, respectively
cells and cytokines can create cellular stress which in turn induces autophagy'*>">*. IL-2
activates autophagy through classic autophagy/stress related cell signaling cascades -
Ras, PI-3K, AKT, the Janus associated kinases (JAK1-JAK3), and STATS (a
transcription factor). IL-2 activates natural killer (NK) cells and promotes maturation of
T-reg cells. This global stress response promotes “immune cell-mediated autophagy”,
which is cell contact dependent and contributes to vascular leak and organ dysfunction
132153 1 hypoxic conditions, HIF-1induces expression of chemokines and chemokine
receptors (CXCR4 and CXCL12), further promoting macrophage tissue remodeling'**'*°.
In addition to their role in breast organogenesis and involution, macrophages help to
sustain autophagy activation.

Chloroquine, a lysosomotropic inhibitor, was shown in our in vitro model to

disrupt autophagic flux in the DCIS-derived spheroid culture. Chloroquine inhibits both

the fusion of autophagosomes to the lysosome and enzymatic degradation of lysosomal
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contents, providing dual avenues for disrupting cellular homeostasis in cells dependent on

autophagy for survival (Figure 16).

Beclin-1 ) ) |
HMGB Fatty acids, amino acids
Chloroquine elevates _| 0N
lysosomal pH
Ml T c"'slr:c':;i“ Autophagosome fusion
C Atg5 Atgd fasion with with lysosome
Atg7 Atg10 lysosome

Figure 16. Autophagy pathway overview (Modified from reference '%7).
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CHAPTER 4: MOLECULAR CYTOGENETIC CHARACTERIZATION OF DCIS
CELLS

Introduction

Gene expression studies of human breast cancer
Gene expression studies of human breast cancer progression found similarities at

the gene transcript level for ductal hyperplasia, ductal carcinoma in situ, and invasive
breast tumors, whereas different grades of breast tumors were found to have distinct
transcriptome signatures'’. In the clonal evolution model, multiple, genetically abnormal,
malignant progenitor cells arise within an individual patient’s intraductal
microenvironment. Each of these clones is different depending on the stage of
differentiation they were in when the founding oncogenic genetic event took

121,158,159
place ™"

. The malignant progenitor clones compete for dominance before and after
overt basement membrane and stromal invasion. During the course of disease, and during
therapy induced regression and recurrence, the relative dominance of pre-existing

malignant clones changes, giving rise to drug resistance and recurrence'>"'**'>* Th

e
aggressive phenotype of a patient’s tumor, and treatment susceptibility, is therefore pre-
destined very early as a product of the genetic changes first created within the ductal
niche. Support for this model stems from the apparent clinical success of predictive gene

signatures of invasive breast cancer recurrence, such as the 21-gene score used in

Oncotype DX,
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Genetic instability
Genetic instability (chromosomal instability) is thought to be caused by

chromosome missegregation during mitosis (non-homologous recombination),
chromosome breaks, and inadequate or inefficient repair of DNA damage'®*'*.
Chromosomal instability exists in pre-malignant breast and prostate lesions and is not
associated with loss of p53 tumor suppressor function'®*. Inmunohistochemical analysis
of centrosomes in premalignant lesions of breast and prostate tissue has shown
abnormally large centrosomes, increased numbers of centrosomes, plus mitotic spindle

164

abnormalities . The number of defects correlated with increasing histological grade of

in situ carcinomas'®*.
A cell’s ability to modulate chromatin structure and function via epigenetic marks
and ATP-dependent remodeling proteins depends on an abundant energy supply (ATP)

and amino acid/nucleotide pool'®

. Autophagy (‘auto’ — ‘self’, ‘phagy’ — ‘eating’)
maintains cellular homeostasis during nutrient starvation, hypoxia, or cellular stress, such
as during chemotherapy166'169. One can hypothesize that prolonged autophagy could
potentially increase genetic instability by altering chromatin remodeling and gene
transcriptional states due to a lack of abundant ATP, selective degradation of cytoplasmic
proteins, free radical accumulation, and a decreased amino acid/nucleotide pool. Surges
in ATP production due to autophagy may indirectly increase reactive oxygen species,
contributing to genetic instability' "', ATP level fluctuations could have many
implications regarding epigenetic modifications such as altering nuclear pore transport of

trans-acting transcription factors, reducing nucleosome mobility, inhibiting ATP-

dependent chromatin remodeling enzymes, and altering the cytoplasmic/nuclear
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distribution of transcription factors. Furthermore, the stressful DCIS microenvironment
could promote genetic instability through deregulation at various cellular levels including
gene specific mutational events, alterations in signal transduction to avoid hypoxia
induced apoptosis and oxidative damage, or dysfunctional DNA synthesis and repair

mechanisms'’.

Molecular karyotyping
Stephens et al mapped chromosomal abnormalities in cell lines and primary

breast tumors using paired-end sequencing methods to identify somatic
rearrangements' ~. The advantage of sequence-based mapping is the fact that actual
chromosome fusion points can be identified and characterized, however the cost of
sequencing each sample is tremendously expensive. Since many chromosomal alterations
manifest themselves as changes in copy number, such as amplifications, duplications, and
deletions, the single nucleotide polymorphism (SNP) array is a cost effective technology
for detecting copy number variation' >, SNPs are stable polymorphisms that occur in
1% or more of the population. The prevalence of copy number variation and SNPs in the
healthy population, and the importance of LOH in tumor suppressor genes, indicate that
these genetic alterations have a role in carcinogenesis' *"'’®. SNP arrays measure allele-
specific copy number by comparing signal intensity from SNP probes designated as SNP
A and SNP B. Variations in the signal intensity between the two probes allows detection
of copy number alterations and allelic imbalance'”.

To detect cytogenetic abnormalities within the DCIS organoid outgrowths, we

performed molecular karyotyping with CytoSNP arrays (Illumina, Inc.).
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Materials and methods

Samples
Human breast tissue and/or cellular outgrowths from ex vivo cultures, including

spheroids, epithelial cell monolayers, 3-D structures and fibroblasts, were harvested by
either aspirating cells with a manual pipette or by scraping the desired cell population
with a tissue scraper from the tissue culture flask. Conditioned medium in the vicinity of
the cells was removed concurrently with the cells. The samples were spun at 14,000rpm
for 20 seconds, the majority of media was removed and discarded. The cell pellet plus a
small volume of residual conditioned medium was frozen at -80°C prior to nucleic acid

1solation.

Molecular karyotyping via Single Nucleotide Polymorphism analysis
Nucleic acid preparations derived from human breast tissue and/or cell culture out

growths were tested using quantitative PCR (qQPCR), PicoGreen (Invitrogen) staining and
fluorometry (FLx800 fluorescence plate reader, BioTek, Winooski, VT). Microarray-
based genomic analysis was performed using CytoSNP-12 beadchips (Illumina, Inc.) and

analyzed on an Illumina BeadStation 500 GX laser scanner'’’ "

. Briefly, the microarray
process involved sample DNA amplification, followed by DNA fragmentation,
hybridization of samples to beadchips, single-nucleotide extension, antibody-based
labeling, and finally two-color fluorescence scanning and computer-based raw data
collection.

The DNA extraction and purification was performed using a DNA purification

column (QIAmp DNA Mini Kit, Qiagen, Valencia, CA). Approximately 200 ng of DNA

at a concentration of 50 ng/uL. was amplified, fragmented, precipitated, re-suspended, and
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hybridized to the Illumina CytoSNP-12 beadchips. After single-base extension, sample
DNA was stained and the chip was washed, dried, and scanned for the resulting 300,000
SNP calls and copy number values.

Raw fluorescence data was converted to genotypic data using the Illumina
GenomeStudio software program. Data analysis was performed using the Illumina
KaryoStudio software program that converts genotypic and signal intensity data into a
“molecular karyotype” showing B allele frequency, Log R ratio, LOH score and Copy
Number Score. Log R ratio, which is the log (base 2) ratio of the normalized R value, was
used for comparisons. A Log R Ratio\2 was considered to represent a true amplification
and Log R Ratio\-1.5 was considered to represent a probable homozygous deletion. B
allele frequency data were used to identify regions of copy-neutral and hemizygous

LOH'!.

Immunohistochemistry
SUPT3H antigen retrieval was performed with ProteinaseK treatment for 5

minutes at room temperature. Immunostaining was performed for on a Dako Autostainer
with an Envision+HRP staining kit (Dako) per manufacturer’s instructions. Primary
antibody (Abnova) dilution was 1:50, 60 minutes incubation. Tissue was counterstained
with Hematoxylin and a cover slip was applied with aqueous mounting medium

(Faramount, Dako).

Results

DCIS derived tumorigenic spheroid forming cells are cytogenetically abnormal
The molecular karyotype of the isolated DCIS spheroid forming cells was

evaluated and compared to the non-neoplastic tissue from the same patient. The spheroid
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forming DCIS epithelial cells were found to be cytogenetically abnormal compared to the
normal karyotype of the anchorage dependent monolayer cells cultured from the same
patient’s breast tissue lesion'’. Full genotypic data output included allele calls from
“tagged” single nucleotide polymorphism (SNP) sites and signal intensity values from
non-polymorphic sites to determine DNA copy number values (CytoSNP-12 beadchips
(Illumina, Inc.). Molecular cytogenetic profiles demonstrated cytogenetic alterations in
the isolated DCIS spheroids (3-5 spheroids per prep) and isolated pseudoductal structures
compared to the non-neoplastic, normal karyotype cells in the same patient’s DCIS breast
tissue. The abnormal karyotype signature of the spheroids included loss of copy number
on chromosomes 5, 6, 8, and 13, and gain of copy number on chromosomes 1, 5, and
17'°. Abnormalities were present in all DCIS cell spheroids and 3-D cell complexes
(Table 7) and arose in a background of cells with a normal karyotype from the same
patient.

Table 7 summarizes gain (3 or more copies) or loss (0 or 1 copy) of DNA >3
million base pairs. If gains or losses greater than 1 million base pairs were used as the
cutoff, then, at this higher resolution, anchorage independent spheroid cells from 3
different patient DCIS lesions all showed narrow copy number loss of chromosome 6
(p21.1/p12.3). This region includes the transcription factor SUPT3H (protein coding
GIFtS:59, GC06M044904, UniProtKB/Swiss-Prot: SUPT3 HUMAN, O75486) (Figure
17)'°. SUPT3H is a component of the STAGA transcription factor complex and has a
putative tumor suppressor function. RUNX2 regulates cell fate and has been implicated

. 180-1
as either an oncogene or a tumor suppressor'*0 .
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A second region of aberration was observed in a single patient on the p-arm of
chromosome 5 entailing extended regions of gain and loss of chromosomal content.
Chromosomal bands from 5p12 to 5p13.3 were present in 3 copies and a distal segment
of 5p13.3 included 4 copies. Bands 5p14.1 and 5p14.3 on the same chromosome however
showed loss of DNA content as represented by homozygous and hemizygous deletions,
respectively (Table 7). This same patient’s cultured DCIS cells showed a 14 Megabase
(Mb) region of trisomy on chromosome 17, extending from 17q22 to 17g25.1 (Figure
18)".

The SNP data indicated, for all matched samples, that the DCIS cultured cells
were derived from the donor patient tissue and were not a contaminating cell line. The
normal epithelial and stromal cells of the donor tissue grown for the same length of time
in culture possessed a fully normal karyotype. In all cases the propagated DCIS cells
forming 3-D structures and exhibiting invasion, showed copy number gain or loss in one
or more genetic loci indicative of a neoplastic mutational event (Table 7). Multiple
isolates from different regions of the DCIS lesion, for the same patient, yielded spheroids
with the same abnormal molecular karyotype. Thus, cytogenetically abnormal, DCIS
derived, spheroid forming epithelial cells emerged spontaneously from organoids in
culture and were responsible for the tumorigenic and invasive phenotype observed

(Figure 10).
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Figure 17. Three independent patient’s DCIS spheroids exhibited the same Chromosome 6p21.1-p12.3 copy
number loss (deletion)'.

The upper panels show the log R ratio plots from 3 different patients (top: 09-148
spheroids/3-D structure; middle: 08-352 3-D structure; bottom: 09-091 spheroids/3-D
structure). The region of deletion for these 3 patients (orange) corresponds to the
transcript for suppressor of Ty 3 homolog (SUPT3H)'’. The center panel shows the
chromosomal ideogram indicating cytological bands with the centromere in red. The
small window shows the region expanded in the figure and the nucleotide positions for
this region are shown below the ideogram. The lower panel shows the cytogenetic bands
and genetic map for genes located in the expanded region.

The log R ratio plots represent DNA ploidy, or copy number, for the displayed

chromosomal region with the red line indicating the statistical average value. A log R
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ratio of 0.0 equals a DNA copy number of 2 (diploid). Deflection downward of the red
line indicates loss of DNA copy number. Each blue dot represents the log R ratio value
for each SNP. The shaded regions represent segments of DNA deviating from a copy
number of 2 as determined by the Illumina GenomeStudio 2.0 software. The software
uses both quantitative fluorescence intensity and qualitative genotypic data for
determining copy number values. The color code is as follows: orange indicates a region
of 1 copy; red = 0 copies; blue = 3 copies; purple =4 or more copies; and green = copy-

neutral LOH (2 copies)'’.
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Figure 18. Chromosome 17q shows extensive regions of copy number variation (gain) for spheroids from case
09-148.

Deflection of the red line in the top plot indicates a gain in copy number spanning ~14Mb. The B-allele
frequency for heterogeneous SNPs is split into 2 lines above and below 0.5, indicating the presence of 3 copies of
DNA in this region'.

Table 7. Molecular karyotype of cultured human DCIS spheroid showing cytological location of chromosome
aberrations (Corrected from reference'’).

Sample
1D Gain* of DNA Loss* of DNA Copy-neutral LOH
08-352 | 1p36.31p13.2 2q31.1q32.1 6p21.1.p12.32
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1921.1g41 4pterpl5.2 12pterpl2.1
2(triploid) 8pterpl2 12q11.22
3ql1.2 11q14.1g22.1 13q11qg33.1
6q22.31q25.1 14° 17pterp13.1
8q22.3q24.3 17° Xql3.1923
9p22.3p22.1 19°
11922.1g23.1 Xq25
12p11.21q12
13g33.2qter
14°
15q25.2qter
17
18(triploid)
19°
20q13.13q13.2
Xq23q26.2
09-091 | 8(triploid) 6921, 6q16.1 22q11.21q11.22
10q22.3 13921.31g21.33
22q11.23q12.1 21g21.1q21.2
09-118 5pl5.2, 5p15.1p13.3 3928929
10921.3 5p15.32, 5p15.2p15.1, 5p13.3
11p11.2p11.12 5ql4.1
12p13.1p12.3 6p21.1.p12.3
10921.1¢21.2, 10g22.1q22.3,
10q24.1¢26.3
12p12.1p11.22
12q12q13.11 12°
14q31.1-q32.11, 14q32.13q32.2
15921.1921.3
18p11.32 15q14q21.1, 15q22.1q22.2
16p13.3p13.2
17925.3
22q11.23q13.31
Xp22.33p22.11
Xq22.1928
09-148 | 1q21.1,1g21.3 5pl4.3, 5pl4.1 6p21.1
1q32.1932.3 6ql4.1, 6g24.1 22q13.31qter
5pl5.2, 5p13.3p12 8g2.3, 8q22.3 Xq22.1¢22.3, Xq22.3, Xq23
17q12, 17q21.32g21.33 8p23.2p23.3
17q22q23.3 13g21.1
20q13.31qter
09-301 2q21.3q22.1

4q31.21q31.22

5q21.3q22.1, 5q23.331.1

8q23.2

1492329233
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Cytological locations are listed as chromosome:arm:band(s)

* Gain (3 or more copies) or Loss (0 or 1 copy) of DNA > 3 million base pairs
* multiple regions of DNA gain

" multiple regions of DNA loss

¢ multiple regions of copy neutral (diploid) loss of heterozygosity

At the chromosomal level, some degree of copy number variation and copy-
neutral loss of heterozygosity exists in the normal karyotype'®”'®. To demonstrate that
our mixed cell culture model was not inducing genetic instability in any of the cell
populations, we analyzed fibroblasts from the same culture flasks as those containing the
epithelial cell monolayers with spheroids and 3-D pseudoductal structures. Molecular
karyotyping, represented in a low resolution copy number variation map for
chromosomes 1-22, X and Y, showed copy-neutral LOH with only one area of
hemizygous deletion in one sample (Figure 19). Deletion of the Y chromosome

confirmed that the fibroblasts were of female origin.

09-148 Fibroblast | Il 11
08-352 Epithelial | I
09-301 Fibroblast | |
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Figure 19. Cell culture conditions did not induce genetic instability.

Fibroblasts in the DCIS culture showed copy-neutral loss of heterozygosity (green) with minimal copy number
variations.

Temporal comparison of molecular karyotyping
Temporal aspects of cell harvesting such as growth phase, time in culture, ratio of

cell types in the culture, etc. could affect the observed cell population and hence the
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molecular karyotype. To demonstrate the heterogeneity between and within patient
samples in culture, DCIS epithelial cells were harvested from the same patient culture on
different days and copy number variation was analyzed with the Illumina CytoSNP chip
(Figure 20). The CNV pattern within patients at different time points is more similar than
the CNV pattern between patients. In addition, this lack of temporal effect supports the
use of the ex vivo organoid model as a biosimilar environment to a human breast acinus
and will allow comparisons between spheroids and 3-D structures over time. Such
comparisons could potentially elucidate the evolution of dominant clones during long-
term culture as well as provide evidence either supporting or refuting the clonal evolution

model of carcinogenesis.
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Figure 20. Copy Number Variation (CNV) summary of DCIS organoid cell cultures reflecting temporal aspects

of ex vivo culture.

DCIS organoids were maintained in culture over a period of months. Copy number variation in organoids from
the same patient showed subtle differences, while CNV between patients was much more variable. (Green - copy
neutral loss, Blue — gain or amplification, Red — homozygous deletion, Orange — hemizygous deletion).
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Abrogation of genetically unstable cells
On proteomic data indicated that autophagy pathway proteins were up-regulated

in the DCIS derived spheroids and that treatment with chloroquine interrupted the
autophagic flux in these cells. Chloroquine weakly intercalates with DNA'®*'*°. This
DNA interaction may potentially increase apoptosis in normal cells and contribute further
genetic alterations, although this seems unlikely based on the long-term use of
chloroquine as anti-malarial and anti-rheumatic agents'”".

To determine if chloroquine affected the molecular karyotype of the DCIS
organoid cultures, we compared the untreated spheroids and chloroquine (50uM) treated
epithelial monolayer from case 09-148. The top plot shows the log R ratio for
Chromosome 6 from cell cultures treated with chloroquine phosphate showing normal

ploidy, while the lower plot shows a hemizygous deletion (orange) of the SUPT3H locus

in cultures displaying spheroid and 3-D structures. (Figure 21).
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Figure 21. Copy number variation is not induced by chloroquine treatment in DCIS derived spheroids.

The molecular karyotype of chromosome 5 from chloroquine treated cultured
DCIS epithelial monolayer and untreated spheroids is shown in Figure 22. The upper
panel shows log 2 ratio plots of 2 different samples from the same patient (top: 09-148
chloroquine treated epithelial monolayer; bottom: 09-148 untreated spheroids/3-D
structure). In the upper panel, the top plot shows the log R ratio from chloroquine treated
human DCIS cell cultures showing normal ploidy, while the lower plot shows a number
of extended regions of gain and loss of content on chromosome 5. Blue and purple
regions in the spheroids/3-D structures show an increase of copy number extending from
nucleotide position ~31 Mb to ~43 Mb (12 Mb in total) affecting the dosage of numerous
genes. Additional regions of copy number gain are present distally, including
subtelomeric regions. Extended regions of copy number loss are indicated in orange (one
copy) and red (0 copy). The lower panel shows the cytogenetic banding pattern and the

corresponding nucleotide positions beginning with the p-telomere'®.
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Figure 22. Molecular karyotype of chromosome 5 from chloroquine treated monolayer or untreated spheroids/3-
D structures derived from human DCIS".

Localization of SUPT3H in DCIS lesions
Immunohistochemistry of SUPT3H was performed to determine the subcellular

location and presence/absence of SUPT3H in the DCIS microenvironment. As a
transcription factor, SUPT3H would be expected to be localized to the nucleus. However,
some transcription factors shuttle between the cytoplasm and the nucleus'”?. We found
abundant cytoplasmic staining in numerous cells with only rare cells showing nuclear
staining in a DCIS organoid that had been in culture for more than 2 weeks (Figure 23).
SUPT3H predominantly was localized to the ductal cells and staining was apparent in the

DCIS cells that grew on the surface of the organoid in culture.
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Figure 23. SUPT3H immunohistochemistry of case 09-148 shows rare cells with nuclear staining (black arrows)
and numerous cells with cytoplasmic staining.
A) SUPT3H positive cells within areas of DCIS and on the surface of the organoid. B) Rare SUPT3H nuclear
staining within the ducts.

Discussion

Autophagy and genetic instability

Early studies of autophagic flux were conducted with rat hepatocytes '¢"'*>!%,

Seglen and colleagues found that rat hepatocytes treated with carcinogens unexpectedly
contained diploid nuclei rather than the normal tetraploid hepatocyte nuclei and survived

longer in culture with less response to amino acid starvation than normal hepatocytes
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193,196 " At the time, autophagy was viewed as a cell death pathway and their conclusions
suggested that resistance to autophagy could prolong survival of cancerous cells. Today,
we know that autophagy is a bivalent process, either promoting cell survival in times of
intracellular stress or as an alternative death pathway'®”.

A mismatch between mitochondrial DNA mutations and nuclear DNA in the
same cancer cell may be another route to genetic instability during prolonged periods of
autophagy'’"'*"'*® Mitochondrial/nuclear DNA mismatch can alter reactive oxygen
species and impair ATP generation thereby reducing ATPase function. A third route to
genetic instability may be due to insufficient protein production and/or a lack of
ribosomes/rRNA if ATP levels are inadequate'””. ATP requirements for rRNA, mRNA
and mitochondrial DNA in isolated human mitochondria showed that rRNA synthesis
and lagging strand transcription required more ATP than mRNA synthesis'”’. At low
ATP levels, similar to those seen in anaerobic glycolysis, mRNA synthesis was adequate
while rRNA synthesis was marginal >’

The consequences of autophagy up-regulation are hypothesized to show gene
specific patterns of transcription regulation by different proteins depending on which
proteins have been degraded. As an example, hypoxia inducible factor 1o (HIF-1a)
promoters associate with SWI/SNF chromatin remodeling complexes and inhibition of
SWI/SNF binding to the HIF-1o promoter allows cells to resist cell cycle arrest during
hypoxia®®. Generalized dysregulation of transcription appears unlikely because
homoeostasis would be disrupted to such an extent that the cell would die, either by

apoptosis or via the autophagic death pathway. Recent chromatin profiling studies could
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provide a ‘tissue population’ data set for comparing cell-type specific promoter and
enhancer states with cells possessing altered metabolic states®".

We have shown that breast ductal carcinoma in situ (DCIS) cells up-regulate
autophagy while expanding in the breast duct lumen prior to becoming invasive”'’. In
addition, these DCIS cells possess a progenitor cell phenotype capable of inducing
xenograft tumors, and are genetically unstable in the context of single nucleotide
polymorphisms and copy number variations compared to patient-matched breast ductal
tissue'". Factors contributing to our observed genetic instability could be due to

inflammation, free radical formation, mutations in mitochondrial DNA (mtDNA), or

inefficient base/nucleotide excision repair due to reduced nucleotide pools and/or ATP.

Energy consumption for transcription, translation, remodeling, and DNA repair
Higher order eukaryotes, such as mammals and birds, require ATP for replication

and maintenance of the genome'””**>. Chromatin remodeling and epigenetic marking are
essential processes to ensure that genes are maintained in the desired transcription status
for the cell type, function, lineage, and differentiation state *°'*°*?%_ Chromatin
remodeling enzymes are multi-subunit protein complexes containing ATPase subunits
that utilize ATP hydrolysis to reposition nucleosomes, insert histones, and condense or
open chromatin'®. SWI/SNF complexes randomize nucleosome position within
chromatin by sliding nucleosomes or ejecting nucleosomes via a translocase domain.

An unexplored source of genetic instability in pre-malignant lesions could be
alterations in chromatin structure, occupancy, or nucleosome positioning during

prolonged autophagy. Basal levels of autophagy ensure removal of damaged organelles
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and cell survival"*®*2'**!!_ Cell viability requires a continual source of nutrients and
oxidizable substrates to maintain homeostasis. Single cell and multi-cellular organisms
have developed autophagy as a mechanism to generate energy (ATP) under stress
conditions such as starvation, hypoxia, or chemical/toxic environments. The survival of
DCIS cells in the hypoxic, nutrient-deprived intraductal niche could promote genetic
instability and the de-repression of the invasive phenotype.

The copy number variations we noted in breast DCIS could be due to genetic
changes that precede autophagy or alternatively are a consequence of autophagy. The
overall working hypothesis is that autophagy creates a microenvironment that promotes
survival but as a consequence may induce ATP insufficiency or surges that alter the
homeostasis of DNA repair, chromatin remodeling, nucleotide pool levels, transcription

factor subcellular localization, and cell cycle checkpoints®'°.

Temporal variation in SNP microarray data
Variation between patients may be related to temporal conditions such as the time

at which spheroids were harvested, the size of the DCIS organoid, the number of
organoids in culture, as well as the cellular composition of the culture, e.g. ratio of
epithelial cells to fibroblasts, and the size of the spheroid mass. DCIS cells emerging
from the duct in culture experience a transition from overcrowding, hypoxia, and nutrient
deprivation to one of abundant oxygen, nutrients, and substratum. During this transition
time cells may be undergoing different responses to the stresses on DNA replication and
repair relating to conditions imposed by autophagy. Preexisting genetically “unstable”

cells in situ may have an advantage emerging from this stress, since their preexisting
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plasticity can lead to more genetic change and selection during culture outgrowth, before
the genomes of the long term population stabilize”'°. Illumina CytoSNP data shows a
sum-total (average) of all the genotypes present in the population, thus we cannot rule out
the possibility that some temporal variation may exist in the organoid culture. If the
clonal evolution model of stem cell population growth is correct, we could be missing
sub-populations of cells that harbor significant genetic alterations but which don’t
contribute significantly to the overall SNP intensity signal. This effect can be evaluated
by DNA sequencing using spheroids that are harvested from multiple organoid

outgrowths from the same patient over time.

Chromosome 6 genes implicated in cancer
Chromosome 6 encompasses 6% of the human genome and contains the major

histocompatibility complex (MHC)*'?

. MHC comprises a region of 3.6 megabases on
band 6p21.3 (33-36 megabases) which typically shows in a low sex-averaged
recombination rate*'?. Three hotspots of recombination were observed in the sequencing
data, representing segmental duplications, one of which was a pseudogene in the
extended MHC region at 6p21.31 *'*. Chromosome 6p21.3 is, on a genetic scale, in close
proximity to the Chromosome 6p21.1 (44.4-48.6 megabases) area of copy number loss
seen in 3/7 of our pre-invasive breast lesion samples. Mutations in the MHC hotspot
region could potentially disrupt adjacent areas of the chromosome, although this has not
been shown for our genes of interest due to the limitations of our SNP microarrays. The

disadvantage of our SNP microarray plots is that for large duplications of a chromosomal

region, such as translocations, the region maps back to the donor chromosome. Also, for
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a chromosome that appears structurally normal on our plots, it could have insertions or
translocations from other genomic regions, but these regions will map back to the donor
chromosomes, not the acceptor chromosomes. Thus the acceptor chromosome may
appear on the SNP molecular karyotype as normal, as long as none of their material has
been duplicated or lost.

From the chromosome 6 sequencing data, several genes implicated in cancer
within the 6p21.1 region were: VEGF, HSP 90, NFKBIE, RUNX2, and SUPT3H*"2,
RUNX2 is a transcription factor involved in osteoblast differentiation and skeletal
morphogenesis, with expression in breast cancer metastatic to bone**2'>. All RUNX
family members bind core binding factor B, which stabilizes RUNX-DNA interactions”'°.
Elevated RUNX?2 expression is associated with increased levels of MMP-9, MMP-13,
Vascular Endothelial Growth Factor, and Osteopontin®'>. A RUNX2 knock-out mouse
model exhibited absence of bone formation in newborn mice and a lack of differentiated

osteoblasts'®!

. RUNX2 mediates expression of bone sialoprotein in human metastatic
breast cancer cells (MDA-MB-231 and LCC15-MB), acting as a positive regulator, but
not in normal human mammary epithelial cell lines'**'®'. RUNX2 lies within the region
of Chromosome 6 exhibiting LOH. Although we don’t know the mutation status of the
second allele in this region, we can hypothesize that the expression of RUNX2 may be

elevated to compensate for the LOH. Elevated RUNX2 levels could initiate invasion via

modulation of MMPs within the breast niche.
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SUPT3H, chromatin modifications, epigenetic marks
Chromatin is lavishly decorated with epigenetic marks including acetylation,

methylation, and phosphorylation of histone tails®"'®. The importance of subtle histone
modifications to create diverse chromatin structure and gene transcription states was
introduced by Allfrey ef al in 1964 and 11 years ago the “histone code hypothesis” was
postulated to describe the vast effects chromatin epigenetic marks on gene function' '
221 These cis-acting marks provide a plethora of functionality to the chromatin package
by: a) controlling access to DNA transcription complexes, b) mediating long-range
interactions between promoters, enhancers, insulators, ¢) modulating receptor binding,
and d) providing templates for active repositioning of nucleosomes and histones®"".

The power of epigenetic modifications such as histone methylation and
acetylation to alter cell fate and function is much greater than single gene mutations
because epigenetic changes silence or activate not just single genes, but multiple genes in
various pathways'®***. Actively transcribed genes are associated with acetylation of
promoter and enhancer regions, whereas inactive genes are associated with
deace'[ylation223 . The concept of bivalency, in which a promoter can possess both
repressive and active methylation marks, has been shown to be an important regulator of

pluripotency in embryonic stem cells**?

. We identified 3/7 patients with the same LOH in
the region of SUPT3H, a subunit of a histone acetylase complex, that could modulate the
chromatin structure and activityg’lo.

SUPT3H was identified via molecular cloning as a histone acetyltransferase'™.

Further work revealed SUPT3H to be part of the nuclear STAGA complex which is a

transcription co-activator that associates with splicesome-associated proteins and DNA
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UV-damage binding proteins and nucleotide excision repair proteins'*’. The SWISS-
MODEL of SUPT3H for residues 107-151 reveals a histone association domain®*2%.
Crystallization structure studies of TAF;28- TAF;18 complex identified two histone fold
motifs with a 120 residue linker that allows creation of a histone pair via intramolecular
interactions rather than intermolecular pairing'®*. This atypical histone fold motif was
also found in the SPT3 family. This motif presumably forms compact and tight protein-
protein-interactions'**.

Similar to our rate of LOH, LOH at Chromosome 6p21.2 was also found by
polymerase chain reaction analysis in 46.8% (29 of 62) of cervical cancer patients®*’. The
tumor size and stage was not correlated with the LOH. However, in this patient cohort
that was also treated with radiation therapy, LOH at Chromosome 6p21.2 was correlated
with cervical cancer recurrence®’. Further evidence of the role of SUPT3H and STAGA
complexes in tumorigenesis was shown in studies of c-Myc association studies in HeLa
and HEK293 cells'®. c-Myc has been shown to promote mammary epithelial
differentiation and is a well-characterized proto-oncogene'****. Myc recruits
transformation-transactivation domain associated protein and the human histone
acetyltransferase GC5N, to the active N-terminus of the STAGA complex'®'**. The
Myc-STAGA-GCSN complex may have broad histone acetylase activity due to the
combination of myc histone H4 acetylation and GC5N histone H3 acetylation in a single
complex'™.

Analogous to the transcription factor FOXO, which functions as a tumor

suppressor by initiating cell-cycle arrest and apoptosis when it translocates to the nucleus,
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SUPT3H may have a cytoplasmic form and a nuclear form based on our
immunohistochemical staining of DCIS lesions'**. Thus further studies of SUPT3H and
RUNX2 sequence and function may provide insights into transcriptional regulation/de-

regulation in progression of DCIS tumorigenesis.
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CHAPTER 5: AUTOPHAGY AS A THERAPEUTIC TARGET IN DCIS

Introduction

Cytoprotective Autophagy
Otto Warburg predicted in 1956 that the ability of cancer cells to survive with

little or no energy “will be of great importance for the behavior of the cancer cells in the
body” *****_ His concept of a cancer cell energy source can be explained in part by
autophagy, a cyclic cellular pathway that can be catabolic, generating ATP in times of
cellular stress, or can be apoptotic, leading to cell death'®. Autophagy regulates cell
homeostasis via regulation of cell survival or cell death, via an alternative mechanism to
apoptosis. Basal levels of autophagy ensure removal of damaged organelles and cell
survival.

Autophagy is a highly conserved constitutive catalytic process; Yeast autophagy
genes have orthologous genes in higher eukaryotes and many mutations result in
embryonic lethal effects '®. Over evolutionary time, autophagy may have developed as
an immune function. Engulfment of cytoplasmic bacteria within a lysosome could have
been a simple method for single cells to eliminate a pathogenic organism. In multicellular
organisms, dendritic cells have been shown to utilize autophagy as an unconventional
secretory pathway to process pathogens and present them on the cell membrane for
recognition by lymphocytes *'. Autophagy also appears to function in a variety of cell

types as a constitutive process for maintaining ATP levels and a free amino acid pool,
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degradation of protein aggregates, prevention of neurodegeneration (a neuron specific
function)***, and for controlling cell death'%%1%%,

Autophagy was originally thought to be a generally non-specific degradation of
aging organelles (mitochondria, endoplasmic reticulum and golgi apparatus) and long-
lived cytoplasmic proteins'*%. The paradox is that well-studied cellular processes such as
DNA replication and transcription have been shown to be highly regulated and
exquisitely coordinated via DNA structure, epigenetic marks, and trans-acting protein
complexes, therefore it seems unlikely that autophagy, which results in a life or death
decision for the cell, would be a non-specific recycling of cellular contents. Data now
indicate that autophagy can selectively remove specific organelles such as the
endoplasmic reticulum (reticulophagy), mitochondria (mitophagy), and ribosomes

233,234

(ribophagy) . Autophagy is now known to be a highly ordered and regulated

degradation process at the nutrient, protein complex/organelle level®*”.

Despite a growing appreciation for the importance of autophagys, its role as a
cellular survival process in relation to maintenance of chromatin structure, epigenetic
marks, and gene activation status is a currently under-explored area. During autophagic
cell survival we can speculate that there must be chromatin modifications to prevent
transcription/translation of unnecessary genes/proteins. Do levels of chromatin

remodeling proteins, histones, and nucleotide/phosphorous pools remain at homeostatic

levels during prolonged autophagy?
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Chloroquine: an anti-lysosomotropic agent
Current molecular therapies for cancer, used alone or in combination with

chemotherapy, are effective for only a short time period, and fail to significantly extend
survival for many common cancers. Improvements in the duration of a therapeutic
response have been attained by using genomic and proteomic biomarkers to guide cancer
therapy. Unfortunately these advances are too often punctuated by treatment failure due
to acquired resistance driven by genetic instability or renewed growth of pre-existing

157 Based on these therapeutic set-backs, there is a

therapy-resistant cancer subclones
growing recognition that long term improvements in cancer treatment outcomes require
new classes of therapy that a) prevent cancer by targeting pre-invasive neoplastic lesions,
or b) potentiate drug efficacy, or c¢) reduce drug resistance with current therapies. These
new classes of therapy are envisioned to target mechanisms of carcinogenesis, tumor cell
survival, and cancer stem cell function that transcend conventional therapeutic targets.
Chloroquine and hydroxychloroquine (HCQ), 4-aminoquinolines, are currently emerging
as strong candidate drugs capable of fulfilling these broad transcendent goals of
circumventing acquired drug resistance, enhancing drug efficacy, and preventing the
transition from pre invasive to invasive cancer' .

A strong rationale exists for using lysosomotropic agents for chemoprevention.
The safety profile of CQ has been well established for long term prophylaxis, and acute
therapy of malaria worldwide **>**. CQ has been shown to suppress N-methyl-N-
nitrosurea induced mouse breast carcinogenesis **’, enhances the effectiveness of tyrosine

238

kinase inhibitor treatment of primary CML stem cells “*°, and has been proposed as a

potential means to improve the effectiveness of tamoxifen in vitro for tamoxifen resistant
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breast carcinoma cells by blocking autophagy dependent cell survival *°. CQ has also
been proposed as a therapy for Myc induced lymphomagenesis because CQ induces
lysosomal stress, which triggers p53 dependent cell death that does not require caspase
mediated apoptosis®****!.

Autophagy and lysosomal biogenesis are linked via transcription factor EB
(TFEB), a helix-loop-helix leucine zipper family transcription factor, that regulates

242

lysosome function™. TFEB directs a complex system (CLEAR network) of lysosomal

enzymes that control protein, lipid, and glycoprotein degradation, as well as the
biogenesis of autophagasomes in a HeLa cell model®**.

Cells devoid of an anchoring network or substratum up-regulate autophagy as a
survival mechanism. Within the confines of the breast duct, epithelial cell hyperplasia
creates overcrowding, which leads the epithelial cells to lose their basement membrane
adhesion (Figure 4). Central necrosis, characterized by areas of dead/dying cells, at the
center of a hyperproliferating cell mass, creates an intra-ductal environment that favors
autophagy, as well as cell migration. Metabolic by-products from the dead cells act as a
chemo-repellent for epithelial cells, while attracting macrophages. Furthermore,
stretching of the breast duct creates conditions favoring cell migration’. Eisenhoffer et al
recently demonstrated that live cells undergo active extrusion via a Rho-kinase and
sphingosine mediated pathway, presenting evidence that cell extrusion serves dual
purposes: maintenance of cell number for homeostasis, and removal of

apoptotic/necrotic/damaged cells**. Thus, DCIS cells could potentially be extruded from

the duct but remain viable in the adjacent stroma.
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Development of medicinal 4-aminoquinolines
Cinchona bark extract contains the alkaloids quinine, quinidine, cinchonidine and

cinchonine which have anti-infective and anti-rheumatic qualities**. Cinchona trees
comprise several species within the Rubiaccea family, which are indigenous to the lower
altitudes of the Andes ***. Malaria was endemic throughout Europe, including
Scandinavia, in the 18" and 19" centuries. Prior to the identification of malarial parasites,

Cinchona bark was widely used as an anti-pyretic to treat the undulating fevers common

245

in malarial infections . By the 1930°s chemists were synthesizing various forms of

alkylated quinolones. While developing more effective anti-malarials, Hans Andersag, of

Bayer AG, synthesized chloroquine by modifying the acridine ring of atabrine with a

245,246

quinolone ring . However, chloroquine was initially considered too toxic for human

use. Ten years later, parallel development of the test substance SN-7619, was discovered

245,246

to be the same chloroquine synthesized previously by Andersag . Further structural

modifications of chloroquine led to less toxic formulations, including

hydroxychloroquine and chloroquine diphosphate'”.
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Figure 24. Chemical structure of chloroquine diphosphate (Aralen, Sanofi-Aventis).

Structurally, CQ and HCQ only differ by one hydroxyl group. Chloroquine is
usually synthesized as the diphosphate salt of N’-(7-chloroquinolin-4-yl)-N, N-diethyl-
pentane-1,4-diamine and is a diprotic weak base (pKal=8.1, pKa2=10.2)**". The
molecular formula of chloroquine is: C;sH,sCIN3, with a molecular weight of 319.92.
The molecular formula of hydroxychloroquine is C;sH»¢CIN;O, with a molecular weight

of 335.87, and experimentally derived pKal=8.27, pKa2=9.67>*.

Chloroquine bioavailability/pharmacodynamics
CQ and HCQ accumulate in tissues due to their weak base property. This di-basic

property can be exploited therapeutically to target the acidic extracellular
microenvironment of many solid tumors>**+>°, Intracellularly, CQ and HCQ accumulate
within the acidic lysosome because they become di-protonated and will not diffuse freely

out of the lysosome'”’

. Within the lysosome, CQ & HCQ cause an increase in lysosomal
pH thus inactivating phospholipase A2, lysophopholipidacylhydrolase and

monacylglycerol lipase **’. Inhibition of these lysosomal enzymes hinders proteolytic

degradation, decreases the pool of available free fatty acids and amino acids, and
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subsequently reduces ATP levels which will elevate cellular stress levels which
autophagy may not be able to overcome.

Extensive pharmacokinetic studies reveal similarities for the two compounds
regarding absorption, protein binding, tissue distribution, but differences in renal
clearance and elimination half-life*****. Both CQ and HCQ are rapidly absorbed from
the gastrointestinal tract, with an average half-life absorption of 0.57 hours®".
Bioavailability ranges from 67 to 89%>**'. HCQ and CQ are 50 to 65% protein bound,
with albumin and a; acid-glycoprotein being the major protein binding moieties. Of note,
a;-acidglycoprotein is an acute phase reactant and CQ/HCQ binding may be affected by
the increased levels of a;-acidglycoprotein during immune response to cancer or
infectious agents™ ">, CQ and HCQ exhibit a large distribution volume and readily
accumulate in tissues such as kidney, liver, lung, spleen, muscle, and melanin-containing
cells in the eye and skin *>*>>2,

The metabolism and renal excretion of CQ and HCQ are stereoisomer specific.
The (R)-stereoisomer of CQ is excreted more slowly than the S-stereoisomer™". The
renal clearance of HCQ has been calculated as 96 mL/min, with an elimination half-life
of 1200 hours, whereas the renal clearance for CQ is 129 mL/min, with an elimination
half-life of 288 hours*"**?. The differences in renal clearance and half-life could be
critical parameters in defining dosing regimens as anti-neoplastic agents.

The extensive tissue distribution of chloroquine and hydroxychloroquine is a
desirable attribute as an anti-neoplastic agent and could be efficacious in a variety of

tissue types. Quinidine, CQ, and HCQ pass Lipinski’s “Rule of 5” for qualitatively
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assessing the likelihood of oral drug absorption or permeation *>. Lipinski’s Rule of 5 is
based on physio-chemical characteristics or the compound. A drug is highly likely to be
absorbed or permeate biomolecular membranes if: the relative molecular mass (M;) is
<500, the octanol-water partition coefficient (log P) is <5 (indicating lipophilicity), there
are <5 hydrogen bond donors, or <10 hydrogen bond acceptors (nitrogen and oxygen

253,254
atoms) 53,254

Chloroquine metabolism and excretion
A high likelihood of drug absorption and permeation are essential for distribution

within non-vascularized tissue compartments such as breast duct epithelium. Chloroquine
excretion in breast milk indicates that it does indeed accumulate in breast duct epithelium
thus supporting its use in breast cancer and DCIS'*!''*>>**¢ Chloroquine metabolism
occurs in hepatocytes via the cytochrome P450 monooxygenase family”**>"->®.
Chloroquine undergoes de-alkylation to form the major metabolite, desetyhlchloroquine,
which has a similar half-life as chloroquine®******%. Human liver microsomes studies,
HPLC/MS, and chemical inhibition studies identified CYP2C8, CYP3A4 as the major
cytochrome oxidases responsible for chloroquine metabolism. CYP2D6 is also involved,
but to a lesser extent™’*’. Tamoxifen metabolism also occurs through the cytochrome
P450 oxidases. Tamoxifen is metabolized by CYP2D6 enzymes to endoxifen, which also
possesses potent anti-estrogen activity’®'. An important consideration for combinatorial
therapy is competitive inhibition of CYP2D6 by chloroquine®®’.

Our preliminary data showing that chloroquine did not induce further genetic

instability, and the chemical and biochemical literature suggests that chloroquine would
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be an ideal drug for treating DCIS, we explored the effects of chloroquine on signal

transduction, and invasion and migration.

Materials and Methods

Chloroquine treatment of organoid cultures
Autophagy was inhibited in organoid cultures by treating cultures with

chloroquine diphosphate (CQ) (50 uM; Sigma) in serum free DMEM/F12 medium
supplemented with human recombinant EGF (10ng/mL; Cell Signaling Technology),
insulin (10pug/mL), streptomycin sulfate (100pg/mL) and gentamicin sulfate (20pg/mL;
Sigma), with or without 0.36% (v/v) murine Engelbreth-Holm-Swarm (EHS) derived,
growth factor reduced, basement membrane extract (Trevigen) at 37°C in a humidified
5.0% CO; atmosphere. CQ-containing medium was replaced three times per week for a
period of 6 months. Comparable untreated control cultures were maintained in identical
medium lacking chloroquine with similar media changes. Chloroquine is water soluble

therefore the untreated culture served as the vehicle control.

Invasion/migration assay
The in vitro scratch assay for cell migration was performed to compare cell

migration and invasion response after chloroquine exposure. Cells were maintained in
culture with serum-free DMEM/F12+factors medium at 37°C, 5% CO,, in a humidified
environment during prior to, and after, the scratch was made. Matching cultures from the
same patient (09-118, atypical ductal hyperplasia) (Table 1), with phenotypically similar
epithelial cell outgrowths, were selected for the scratch assay. The CQ treated flask was
pre-treated with 50uM chloroquine phosphate (Sigma) for 2 days prior to the scratch

assay. A total of 5 scratches in each patch of epithelial cells were made using a sterile
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20uL pipette tip. The media was replaced with fresh DMEM/F12+factors to remove the
dislodged cells. The cultures were observed with an inverted microscope (20x objective)

2,7, 24 and 96 hours after the scratches were made.

Reverse Phase Protein Microarray
Cell procurement and lysis was performed as described in Chapter 3. RPMA

construction, staining, and analysis was also performed as described in Chapter 3.

Immunohistochemistry
FFPE tissue blocks of canine mammary lesions, representing normal, atypical,

DCIS and invasive cancer were kindly provided by Dr. Sulma Mohammed, Purdue
University’®. Tissue sections were cut at 5uM and IHC was performed as described in

Chapter 3.

Statistics
Standard deviation (SD) or standard error of the mean (SEM) was calculated for

small group comparisons. The Student t-test, two tailed with Welch’s correction, was
used to calculate the p-value, and to determine the statistical difference of epithelial
outgrowth area before and after CQ treatment and spheroid generation. P values <0.05
were considered significant (GraphPad Prism ver 5.03, GraphPad Software). Wilcoxon
rank sum was used to determine the differences between CQ treated and untreated groups
for the reverse phase protein arrays (R, SAS Institute). A p=0.1 was considered different

for small sample sizes.
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Results

Autophagy is required for emergence and survival of DCIS tumorigenic spheroid
cell Epithelial cells with their associated spheroids were maintained in culture, then
treated with chloroquine phosphate (50 uM) for 4 days. The cells were harvested pre and
post chloroquine treatment for RPMA analysis. Chloroquine markedly inhibited
autophagy associated proteins as shown by a reduction in autophagy induction proteins
(Atg5 and APMK1 Ser108), adhesion proteins (E-Cadherin, Laminin5, Integrin o581,
FAK Tyr576/577, MMP-9), and proliferation/prosurvival proteins (BAK, C-RAF Ser338,
p38 MAPK Thr180/Tyr182) (Wilcoxon p=0.1) (Figure 25)™.

Chloroquine suppressed outgrowth of DCIS epithelial cells in culture as measured
by the diameter of the outgrowth and number of spontaneously generated spheroids
(Figure 25). Two axis diameters were measured for multiple organoids for two cases.

The mean diameter of case 09-148-A outgrowth prior to treatment (open circle)
was 0.85cm+0.11 (n=15, mean £SEM) and after chloroquine treatment (black circle), the
mean diameter was 0.084cm=0.03 (n=23, mean +SEM) (p<0.0001). In the second series
of organoid cultures, the mean diameter of case 09-148-B outgrowth prior to treatment
(open triangle) was 1.36cm+0.25 (n=8, mean =SEM) while the chloroquine treated
outgrowth (black triangle) mean diameter was 0.21cm+0.03 (n=7, mean £SEM)
(p=0.0026). in the untreated cultures (open circle, case 09-148) ranged from 1 to more
than 100 for individual duct fragments (mean of 38.7+11; n=14, mean +SEM). Following
chloroquine treatment, 12 out of 14 explants did not have any spheroids (mean number of

spheroids post treatment 0.21+0.15; n=14; p=0.0049, black circle, mean +SEM). For case
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09-301, the mean number of spheroids prior to treatment was 20.5+7.8, n=14 (open
triangle, mean £SEM) and there were no spheroids observed after treatment (n=3; black
triangle, mean £SEM). D) DCIS organoid in the presence of chloroquine for 2 weeks
showed complete absence of cellular outgrowths and degenerated cells within the duct

(arrow 10x magnification)'’.
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Figure 25. Chloroquine alters signal transduction pathways, suppresses DCIS neoplastic cell outgrowth, and
spheroid formation.

A) Chloroquine markedly inhibited autophagy associated pathways as shown by a reduction in autophagy
pathway proteins (AtgS and APMKp1 Ser108), adhesion proteins (E-Cadherin, Laminin5, Integrin a5p1, FAK
Tyr576/577, MMP-9), and proliferation/prosurvival proteins (BAK, C-RAF Ser338, p38 MAPK Thr180/Tyr182)
(Wilcoxon p=0.1) (blue=untreated, red=chloroquine S0pM; n=3, +SEM). B) The mean diameter of cellular
outgrowths was significantly decreased with CQ treatment. C) Chloroquine significantly diminished the number
of spheroids in culture'’.
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Chloroquine inhibits xenograft tumor formation
To assess the ability of chloroquine treatment to prevent invasion, chloroquine

treated breast epithelial cells were injected into the mammary fat pad of NOD SCID mice
(see Chapter 2 for details of injection). Following treatment of the organoid cultures with
50uM chloroquine diphosphate, epithelial cells, and any remaining spheroids, were
harvested for transplantation. 0/7 chloroquine treated samples formed a measurable
xenograft tumor (Table 8)'°. Sample 08-352 and 09-148 were highly tumorigenic using
untreated cells, however these same cultures failed to induce tumors following

chloroquine treatment (Table 2).

Table 8. Mouse xenograft characteristics for chloroquine treated tissue implants.

NOD
SCID Xenograft
Mouse Mouse Date of Chloroquine Treated Tissue Tumor
DOB Vendor | Implant | Mouse ID ID/Tissue Type/Histology Formation
3/16/2009 | Harlan 05/13/09 | 172 08-352 cell culture +CQ No
3/16/2009 | Harlan 05/13/09 | 176/174 08-352 cell culture +CQ No
4/13/2009 | Harlan 06/08/09 | 580 09-118 spheroids+epithelial cells+CQ No
4/13/2009 | Harlan 06/08/09 | 583 09-118 spheroids+epithelial cells+CQ No
7/10/2009 | Harlan 08/26/09 | 679/778/788 | 09-148 cell culture +CQ No
7/10/2009 | Harlan 08/26/09 | 791 09-148 cell culture +CQ No
10/9/2009 | Harlan 12/01/09 | 473 09-118 cell culture +CQ No

Chloroquine inhibits autophagy associated pathway proteins
Many signal transduction proteins involved in maintaining autophagy also

promote cell growth and proliferation. Autophagy and proliferation pathway proteins,
phospho-AKT, phosphor-mTOR, phospho-IRS-1, phospho-ERK 1/2 and phospho-p38

were suppressed by chloroquine of the DCIS epithelial cell culture. In contrast,

100




chloroquine treatment increase levels of cleaved PARP Asp214 suggesting that inhibition

of autophagy can promote apoptosis in DCIS cells that rely on autophagy for survival.
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Figure 26. Chloroquine increased levels of the apoptotic protein cleaved PARP Asp214 in human DCIS cultured
cells and suppressed levels of proliferation associated proteins (n=3, mean +SEM).

An important source of cellular stress in breast epithelium is the intracellular

accumulation of calcium?®*?%*

. Insoluble calcium induces autophagy”’. Export of calcium
occurs via plasma membrane calcium-ATPase isoform 2 (PMCA2) in myoepithelial
cells. In a PMCA2-null mouse model, mammary epithelium underwent apoptosis due to

the inability to export calcium **2°

. Two major DCIS survival mechanisms are 1) the up-
regulation of autophagy, and 2) the enhanced export of calcium via plasma membrane

PMCAZ2 efflux pumps. To evaluate whether PMCA?2 and autophagy are concurrently up-

regulated in cultured human DCIS malignant progenitor cells compared to breast
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epithelium, and in human pre-invasive breast lesions, we used RPMA to quantify levels

of PMCAZ2 and LC3B in cells from human DCIS cultures (Figure 27).
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Figure 27. Calcium export protein, PMCA2, is strongly expressed in cultured DCIS malignant progenitor cells.

Chloroquine treated cells fail to elicit a wound healing response in vitro
Breast epithelium is remodeled by infiltrating macrophages during normal

involution cycles. Involution and invasion during carcinogenesis are types of injuries
involving inflammation, cell migration, and tissue remodeling. Thus a drug that blocks
cell migration or reduces the inflammatory response within the breast epithelium may
show efficacy at reducing invasion. To test the migratory capacity of the epithelial cells
in organoid culture with our without chloroquine treatment, an in vitro scratch assay was

performed?®®

. Flask #1 (untreated) contained a 19x29mm epithelial cell patch with 566
spheroids prior to the scratch assay. Flask #3 (CQ treated) contained a 16 x16mm
epithelial cell patch with 319 spheroids. Chloroquine treated cells exhibited a 35%

reduction in spheroids after 4 days in culture (319 spheroids Day 0, 208 spheroids Day
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4), indicating the chloroquine permeated the cells. The untreated flask had a slight, but
insignificant, increase in total spheroid numbers after 4 days (566 spheroids Day 0, 574
spheroids Day 4). The untreated flask showed complete migration across the scratch zone
after within 24 hours (Figure 28 B), whereas the chloroquine treated cells failed to
migrate into the scratch area (Figure 28 D). The failure to elicit a migration response in
the wound healing assay indicates that chloroquine may prevent invasion in vivo (Figure

29).

-

Figure 28. Migration assay in organoid culture.
An in vitro scratch assay was used to assess effects of chloroquine on cell migration. A) Sample 09-118 untreated,

Day 0. B) Sample 09-118 untreated, 24 hours post wounding. C) Sample 09-118 chloroquine treated, Day 0. D)
Sample 09-118 chloroquine treated, 24 hours post wounding.
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Figure 29. Chloroquine prevented invasion/migration in an in vitro scratch assay..
Linear distance across the scratch was measured at 5 different points for case 09-118, (green=untreated,
orange=chloroquine treated).

Autophagy is induced in a canine model of DCIS
The natural progression of breast cancer in dogs follows very similar stages to

human breast cancer”®>. Canine breast cancer risk factors are also similar to human
reproductive risk factors. To investigate the role of autophagy in canine preQinvasive
lesions, we performed IHC for autophagy pathway proteins (Figure 30). LC3B was
elevated in the canine tissues with ADH and DCIS, with patterns mimicking human
breast lesions. Canine models of breast cancer may provide a more robust representation

of human breast cancer than the mouse model.
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Figure 30. LC3B immunohistoéhemiéti‘y indicates hp-regul:i-tion of alitop]lagy in a canine model of breast
cancer.
A) Atypical Ductal Hyperplasia (10x magnification). B) DCIS (20x magnification).

Discussion

Cellular energy alterations during autophagy
As shown in Chapter 2, ex vivo culture systems for DCIS tissue provide a means

for monitoring therapy efficacy at the level of molecular signaling from ex vivo cultured
breast organoids. This system demonstrates that anti-autophagy treatment reduces the
invasive potential of DCIS progenitor cells ex vivo, in cultured human organoids
providing rationale for using Chloroquine as a neoadjuvant therapy for DCIS®'".
Cancer cells adapt to their hypoxic, nutrient depleted microenvironment by
switching from aerobic respiration to glycolysis (Warburg effect) 229,230,267 Autophagy
has been shown to induce surges of ATP in cultured glioma cells treated with etoposide
thus promoting cell survival 268, Conversely, surges in ATP levels could be detrimental to
cell homeostasis due to increasing levels of reactive oxygen species and on-set of
inflammation '"*'”'. Autophagy itself is dependent on ATP concentrations as well as
amino acid concentration 2. Autophagosome formation requires an energy dependent

sequestration step, in which intracellular components are recruited to form the double-
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membrane vesicle, and operation of the lysosomal proton pump utilizes available ATP to
redistribute lysosomal contents to the cell membrane **. Sustained up-regulation of
autophagy may not be able to support continuous high levels of ATP production in vivo.
But how does the cell decide which pathway/biochemical process should receive this
limited supply of ATP? How does a cell decide which proteins should be ubiquinated and
targeted to the lysosome? Initial quantitative proteomic analysis of protein dynamics
during starvation induced autophagy in MCF7 breast cancer cell lines suggested that free
cytosolic proteins are degraded first, followed by tRNA synthetases, with ribosomal

proteins degraded at a later time point®”°

. Mitochondrial and nuclear proteins appeared to
be degraded last. Interestingly, ER membrane and splicesomal proteins were not found to
be degraded during the 36 hour time course>”’. Molecular pathway annotations revealed

that purine/pyrimidine metabolism proteins were in the group of proteins degraded at

early time points post autophagy induction®"".

Effects of ATP and nucleotide depletion on chromosomal stability
Higher eukaryotes appear to expend a large amount of energy on maintenance of

the genome based on the number of active ATPase proteins involved in DNA repair and
chromatin remodeling'®>*"'*”>. DNA damage can be repaired by four mechanisms:
nucleotide excision repair (NER), base excision repair (BER), homologous
recombination (HR) and non-homologous end joining (EJ)*”*. NER and BER repair
single strand DNA breaks or in the case of BER, replace mismatched
purines/pyrimidines. Double strand breaks are more problematic because the ends are

“sticky” and can readily bind to alternate DNA sequences. Homologous recombination
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occurs in S and G; phase when the sister chromatid is present. Non-homologous end
joining repair is more error-prone and occurs in mainly in G, phase. Although cells have
evolved DNA repair mechanisms, it comes with an energy cost: DNA ligase enzymes use
ATP to covalently form a ligase-adenylate intermediate?’’. Subsequent steps transfer
AMP to another intermediate and the non-adenylated DNA ligase catalyzes
phosphodiester bond formation with release of AMP?”'. Human DNA ligase
complexIV/XRCC4, a non-homologous end joining (NHEJ) enzyme, was shown to
catalyze only a single ligation reaction whether or not ATP was available?”'. This single
reaction ligation limitation suggests that non-homologous end joining may occur in strict
stoichiometric ratios with the amount of adenylated DNA ligaseIV/XRCC4 molecules
unless there is a mechanism to reactivate the ligase complex®'".

Double strand breaks create genetic instability by translocating with neighboring
chromosomes. Tobin et al recently demonstrated that MCF7 breast cancer cell lines
(derived from DCIS) have lower levels of DNA ligase IV with concomitant increased
levels of DNA ligase IIIa*"*. In addition they found that estrogen/progesterone receptor
negative cell lines and tamoxifen resistant MCF7 lines possessed significantly higher
levels of DNA ligase Illa, suggesting dependence on the non-homologous end joining for
DNA repair. Dependence on the error prone NHEJ mechanism could account for
accumulation of chromosomal deletions in this cell line model *”*. Further evidence that
autophagy may affect genetic stability can be inferred from experiments in which 50% of

. . . )
DNA repair events were due to errors in homologous recombination®”.
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Minor DNA mutations and alterations in chromosome structure and number
reflect chromosomal instability?’. Cancer cells with chromosomal instability propagate
this instability to daughter cells. LOH on chromosome 18q was observed to frequently
cause chromosomal instability in colon cells during the transition from adenoma to
carcinoma. Loss of PIGN, MEX3C and ZNF'516 result in slow replication or stalling of
the replication fork?’®. Intriguingly, addition of nucleosides to the colon cancer cell lines
attenuated the chromosomal segregation errors”’®.

Zhang et al have recently demonstrated that proper nucleosome positioning,
spacing and occupancy at the 5” ends of Saccharomyces cerevisiae genes requires ATP
dependent trans-acting factors >”’. Regulatory elements such as promoters and enhancers
reside in the 5° ends thus suggesting that alterations in ATP could potentially affect
interactions between regulatory elements and their cognate transcription factors.

Bloom syndrome, characterized by early on-set cancers, is due to mutations in the
BLM gene which encode RecQ helicase. In addition to defects in DNA replication,
Chabosseau et al recently described a reduction in cytidine deaminase and pyrimidine
pool imbalances in BLM deficient cells*’®. Restoration of the pyrimidine pool restored
replication fork velocity and maintained appropriate homologous recombination®’*. Both
these examples support the data showing restoration of a more “normal” molecular
karyotype in the cultured DCIS cells over time as they became less dependent on
autophagy for survival due to the presence of abundant nutrients and oxygen in culture

(Figure 20).

108



Chloroquine for chemoprevention of invasive breast cancer
From a pharmacology perspective CQ and HCQ are attractive agents because they

have outstanding oral bioavailability and there is abundant preclinical data supporting
their anti-cancer efficacy: CQ and HCQ a) rapidly diffuse across biomembranes to
partition into acidic subcellular vesicles, such as lysosomes**, b) interfere with
cytoprotective autophagy'®, ¢) function as weak DNA intercalating agents'®'*°, d)
specifically induce differentiation of tumor/progenitor cells while sparing normal

279,280

cells . More importantly, chloroquine and hydroxychloroquine are well-tolerated

with a known safety and toxicity profile based on their widespread use as anti-malarial
and anti-rheumatic agents®**.

Re-purposing chloroquine as an anti-neoplastic agent capitalizes on its broad
physiological and biochemical effects which do not depend on a specific molecular

191,244,247
target ="

. Three different approaches are currently being evaluated in Phase I/11
clinical trials. The first approach utilizes either chloroquine or hydroxychloroquine as a
component of combination therapies to augment molecularly targeted drug efficacy
and/or mitigate acquired drug resistance. The second approach involves enhancement of
radiotherapy (radiation sensitization) following chloroquine or hydroxychloroquine
administration. Chloroquine is a potentiating agent in these first two scenarios'’. The
third approach, presented herein, uses a short course of chloroquine as a

. . . . . 9-11,157
neoadjuvant/chemopreventive agent for pre-invasive breast lesions™ .
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CHAPTER 6: EFFICACY OF CHLOROQUINE TO TREAT DCIS IN A PHASE
I/IT CLINICAL TRIAL

Introduction

Rationale for a new clinical trial strategy
A clinical trial provides the ultimate demonstration of safety, efficacy, and

comparable treatment outcomes for any new or repurposed drug. National
Comprehensive Cancer Network (NCCN) guidelines for DCIS work-up and treatment
were formulated based on the results of prospective and retrospective clinical trials

(summarized in the review by Boughey et al*™

). Current NCCN work-up guidelines
recommend history and physical examination, diagnostic bilateral mammogram, tumor
pathology review, and tumor estrogen receptor (ER) status, with optional breast MRI or
genetic counseling for high risk patients*’. Treatment guidelines recommend lumpectomy
with whole breast radiation or mastectomy with or without sentinel node biopsy45. Risk
of recurrence is multifactorial. DCIS grade (low, intermediate, high), DICS size
(localized to one breast quadrant or extending into multiple quadrants), surgical margin

width, and patient age impact recurrence risks’**

. High grade, DCIS in more than one
breast quadrant, surgical margins <2mm, and age <50 years may elevate the recurrence
risk”. However even these guidelines are not without controversy due to conflicting

retrospective studies and meta-analyses which suggest that: a) surgical margins <2mm do

not increase local DCIS recurrence, and b) wide surgical margins do not reduce
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recurrence risk if patients also receive radiation with breast conserving surgery’.
Furthermore, administration of tamoxifen as a postsurgical therapy to reduce the risk of
ipsilateral breast recurrence is only effective for patients with ER positive DCIS®.
Therefore a Phase I/II clinical trial was initiated using chloroquine phosphate as a short-
term, low toxicity therapy for DCIS regardless of hormone receptor status”'".

The strategy for using chloroquine as neoadjuvant therapy for DCIS is derived
directly from data shown in chapters 2-5 which revealed that a) invasive DCIS progenitor
cells could be harvested, for the first time, directly from patient DCIS lesions, b) the
autophagy pathway was up-regulated in human DCIS lesions, ¢) chloroquine phosphate
inhibition of autophagy abolished survival of DCIS neoplastic cells in culture and
xenograft models, and d) chloroquine treatment of cultured organoids did not induce
additional genetic variation in the mammary epithelial cells from the source patient'’.

DCIS might never progress to an invasive breast carcinoma, therefore any DCIS
treatment must be of low general toxicity. Chloroquine has been used for decades for the

29728325 The attributes of

treatment of malaria, rheumatoid arthritis, and lupus
chloroquine for augmentation of cytotoxic activity when used in combination with
standard anti-neoplastic agents have also been recently documented in human studies of
gliobastoma multiforme and melanoma®*’**>**_ Chloroquine is ideally suited for a short-
term chemoprevention clinical trial because it is an oral, low cost, clinically well-studied
compound, with an acceptable safety profile.

A clinical trial evaluating the safety and efficacy of neoadjuvant chloroquine

treatment for patients with DCIS provides multiple paradigms for breast cancer treatment
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and prevention. Firstly, the trial provides safety information regarding chloroquine use in
the DCIS patient population. Secondly, the unique trial design provides efficacy data for
short-term treatment regimens. Unlike typical cancer prevention trials which require that
new cancer-preventive drugs must first be shown to be efficacious in reducing cancer
incidence or mortality and have proven safety for long-term administration, this trial
design assesses efficacy in each patient by comparing pathological parameters before and
immediately after treatment®®’. Thirdly, short-term treatment does not expose patients to
potential toxicities of chronic chloroquine administration, whereas typical
chemoprevention trials evaluate long-term exposure to cancer-preventive drug regimens.
Finally, chloroquine targets the entire breast epithelial field rather than a specific cell
population, genetic mutation, or functional phenotype that may or may not be driving
proliferation of DCIS cells**®.

Therapy that prevents progression to invasion or induces regression of occult or
overt premalignant lesions could constitute an efficient chemoprevention agent that
blocks the subsequent emergence of overtly invasive, metastatic breast cancer without the
need for validating biomarkers predictive of progression and/or recurrence. Therefore,

treating DCIS with chloroquine constitutes a potential shortcut to the realization of a

general chemoprevention strategy for all breast cancer.

Preventing Invasive Neoplasia with Chloroquine (PINC) trial
The PINC trial is an ongoing clinical study (clinicaltrials.gov identifier

NCTO01023477) (Figure 31) examining the safety and effectiveness of chloroquine

phosphate (Aralen; Sanofi-Aventis, NJ) administration for a one month period to patients
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with low, intermediate, or high grade DCIS regardless of hormone receptor status (Figure
31)". Chloroquine is known to rapidly enter the lysosomal compartment of cells and
remain detectable in the plasma for up to 23 days'****"****"_Chloroquine and
hydroxychloroquine are excreted in human milk thus supporting the use of these agents
in breast disease”>**°. Although the reported concentration-fold differences between
milk and blood vary, the milk concentration of chloroquine is greater than that of plasma
or whole blood indicating that, at least during lactation, sufficient quantities of

: 255,2
chloroquine enter the breast lumen®>>>°,
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Figure 31. PINC trial design.

Chloroquine diphosphate (Aralen) neoadjuvant therapy is being evaluated for all grades of estrogen receptor
positive and estrogen receptor negative breast DCIS lesions (Adapted from Women’s Health, March 2013, Vol.
9, No. 2, Pages 157-170 with permission of Future Medicine Ltd'").
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Patients with DCIS who are ER negative (expected to be approximately one half
of the high grade DCIS cases) or who are ER positive, are eligible for the neoadjuvant
trial. Patients, regardless of histologic grade, are randomized to receive chloroquine at
one of two doses: 500 mg/week, or 250 mg/week, for four weeks''. MRI studies are
performed on each patient at enrollment and just before surgical therapy following one
month of Aralen treatment. Each group of 10 patients is randomized to the chloroquine
doses to allow statistical analysis at incremental accrual rates, as well as at the conclusion
of the trial. At the completion of the one month treatment period, all patients receive
standard of care surgical therapy: mastectomy or lumpectomy depending on the size and
confluence of the primary DCIS lesion®’. The PINC trial design takes advantage of the
typical waiting period between the initial pathologic diagnosis of DCIS and the
subsequent surgical therapy. Based on anecdotal patient feedback, 4 weeks is an
acceptable timeframe for neoadjuvant therapy without contributing excess emotional
distress.

Outcome measures, assessed by comparing the pre-treatment and post-treatment
specimens, include: a) reduction in DCIS lesion volume by MRI, b) pathologic
regression, ¢) the reduction or elimination of genetically abnormal tumorigenic DCIS
stem like cells, d) and the suppression of cellular proliferation, induction of apoptosis, or
disruption of autophagy, as measured by changes in proteomic markers in the post
treatment versus the pre-treatment specimen''. Molecular measures of efficacy in the pre-
versus post-treatment lesion include: a) a reduction in proliferation index by IHC using

PCNA or Ki-67, b) an increase in apoptosis index by IHC using cleaved PARP and
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activated caspases, and ¢) disruption of autophagy by IHC using LC3B staining of
autophagosomes’ ™.

Each patient serves as her own control, because therapy efficacy is based on a
comparison of the pre-treatment versus post-treatment specimen for each patient.
Additional control patients include females with a diagnosis of DCIS undergoing similar
surgical procedures (diagnostic biopsy, followed by lumpectomy or mastectomy) at the
same institution. These surgical controls provide an assessment of the effects of the
diagnostic biopsy procedures and surgical preparation of the patient on the induction of
autophagy in the in vivo lesion. In addition, the control cohort provides a comparator for
reduction in lesion volume judged by pathological response.

In the neoadjuvant trial design, the DCIS lesions are evaluated radiologically

before therapy at the time of diagnostic biopsy, and then again, after therapy, prior to

surgical standard of care excision of the neoplasm (Figure 32).
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Figure 32. PINC trial workflow.

Patients receive an MRI at diagnosis, prior to initiating Aralen treatment. A Second MRI is performed following
completion of the 4 week Aralen regimen. Proteomic cell signaling cascades and whole genome molecular
cytogenetics are analyzed from the surgical samples and the organoid cultures.

Radiologic measurement of efficacy is based on standard RECIST (Response
Evaluation Criteria In Solid Tumors) criteria®®”. Tumor shrinkage is an important
endpoint in phase II trials for screening new agents or validating efficacy of off-label
agents for anti-tumor effects. Tumor regression measurements are supported by years of
evidence in solid tumors showing that tumor shrinkage has a reasonable chance of
demonstrating improvement in overall survival in subsequent phase IIT trials®®.

The PINC trial design can be modified to test other potential therapies, alone or in
combination with CQ. Thus, the PINC trial scheme provides a template for evaluating

monotherapy or combination therapies that can be documented to kill or suppress DCIS

lesions following short-term therapy.
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Methods

Patient recruitment and tissue collection
Patients with a suspected or confirmed diagnosis of DCIS based on

mammography/core needle biopsy, and meeting the inclusion criteria, are enrolled in the
trial following written informed consent under the institutional review board approved
protocol. Control patients are females >18 years of age undergoing similar breast surgical
procedures, at the same institution, but who have not taken chloroquine (Table 1).

Patients are randomized within groups of ten to Arm 1 (chloroquine 500mg/week
x4 weeks), or Arm 2 (250mg/week x 4 weeks). The diagnostic breast core needle biopsy
is formalin fixed and processed into paraffin blocks. FFPE slides are evaluated for
ER/PR, histologic grade, and morphology at a central laboratory. Recut FFPE slides
representing the pre-treatment baseline sample are provided for research purposes.

At the time of surgical treatment, breast tissue is excised and gross pathology
assessment is performed following sterile technique. Areas of tissue harboring discernible
DCIS lesions are dissected into organoids approximately 3 mm®, containing one or more
visible duct segments with associated stroma. This tissue is designated as a “research
specimen”. At least one organoid is formalin fixed and processed into a paraffin block.
The remaining organoids are rinsed briefly in serum-free sterile medium (DMEM/F12,
streptomycin sulfate (0.1mg/mL, Sigma) and gentamicin sulfate (0.02 mg/mL, Sigma)),
then stored in DMEM/F12 plus antibiotics until the time of culture. The remaining
surgical tissue is processed into formalin fixed, paraffin embedded tissue blocks
following standard diagnostic procedures. H&E stained sections from the FFPE research

sample are returned to the diagnostic pathology department for quality assurance to
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confirm absence of microinvasion. Recut FFPE slides from the post-treatment diagnostic
surgical specimen are provided for research purposes for comparison with the pre-

treatment samples.

Ex vivo organoid culture
Intact organoids, containing one or more discernable duct segments with

associated stroma, were grown in 115cm” TPP re-closeable flasks (MidSci) in serum free
DMEM/F12 medium supplemented with human recombinant EGF (10ng/mL, Cell
Signaling Technology), insulin (10pg/mL, Roche), streptomycin sulfate (100ug/mL,
Sigma) and gentamicin sulfate (20pug/mL), with or without 0.36% (v/v) murine
Engelbreth-Holm-Swarm (EHS) derived, growth factor reduced, basement membrane
extract (Trevigen) at 37°C in a humidified 5.0% CO, atmosphere. Medium was replaced
three times per week. Organoids were submerged in a minimum volume of medium (just
enough to cover the duct fragments) to maximize gas exchange. Non-adherent organoids
were removed from the culture flask. Periodically, organoids/cells were removed, under
microscopic visualization, for propagation into new culture flasks or phenotypic and

molecular analysis.

Zymography of conditioned medium
Several organoids from patient PINC6 were distributed in wells of a 24-well

culture plate with DMEM/F12+factors. Conditioned medium (approximately S00uL) was
harvested from the ex vivo organoid culture for patient #PINC6. The medium was
evaporated overnight in a SpeedVac (Thermo) at low heat. The residual medium was

reconstituted in Novex 2X SDS tris-glycine loading buffer (Invitrogen) in a ratio of 2:1.
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One organoid was removed from the culture well, placed in extraction buffer (T-PER,
Novex 2X SDS tris-glycine loading buffer, TCEP) and pulverized. The lysate was heated
at 95°C for 5 minutes and cleared by centrifugation at 14,000rpm for 20 seconds.
10uL of the reconstituted conditioned medium was loaded on a 10% Zymogram

gel (0.1% gelatin) in individual lanes. 20uL of the organoid lysate was loaded in a single
lane. SeeBlue prestained molecular weight marker (Invitrogen) was loaded in lane 1. The
samples were separated by electrophoresis for 90 minutes at 125V (constant). The gel
was renatured, developed for 4 hours at 37°C, and visualized with SimplyBlue Safe Stain

(Invitrogen) following manufacturer’s directions, and imaged on a flat bed scanner.

Proliferation Index: Immunohistochemistry
Immunohistochemistry was performed as described in Chapter 3: Proteomic

analysis of DCIS Cells using Envision+ streptavidin-biotin amplification chemistry with
diaminobenzidine (DAB) detection. FFPE tissue sections were probed with Ki-67 (Dako
clone MIB-1, 1:30, HIER pH9), or PCNA (Dako clone PC10, 1:3,000, HIER pH6), or
LC3B (Cell Signaling Technology #3868, 1:25, HIER pH6). Sections were mounted in
aqueous mounting medium (Faramount, Dako) with a glass coverslip. Positive stained
cells were enumerated by visual examination and manual counting of the total number of
cells (nuclei) within a duct and the total number of positive (brown) cells in the same
duct. Control tissue sections were stained simultaneously with PINC patient samples as
appropriate. The proliferation index was calculated for each patient sample, pre and post-

treatment (Equation 2).
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Equation 2. Proliferation Index

Proliferation Index =(Number of positive cells in DCIS duct / Total number of cells in
DCIS duct) / (Number of positive cells in normal duct / Total number of cells in
normal duct)*100

Results

Patient enrollment
Eight patients have been enrolled in the study and completed the study treatment

since May 2012 (Table 9). No adverse side effects due to Aralen treatment have been
reported. Control patients are females, greater than 18 years of age, undergoing surgical

therapy, at the same institution, for pathologically confirmed DCIS or ADH (Table 1).

Table 9. Clinical data for PINC patients enrolled to date.

Patient Nuclear

ID ER PR Calcifications Grade Necrosis
PINC1 |Pos |Pos | Yes Intermediate | Present
PINC?2 | Pos | Pos | Yes Intermediate | Present
PINC3 |Pos |Pos | Yes Intermediate | Present
PINC4 | Pos | Pos | Yes Intermediate | Present
PINC5 |Pos |Pos | Yes Low Absent
PINC6 | Neg | Neg | Yes High Present
PINC 7 | Pos | Neg | Intraluminal Low Absent
PINC8 | Pos | Pos | Yes Intermediate | Focal

Diminished spheroid formation post treatment in ex vivo organoid culture
Fresh tissue at the time of surgery was not available for patients PINC1, PINC2,

and PINC7. The tissue for patient PINC4 was not processed in a sterile environment.

Despite attempts to rinse the tissue multiple times in antibiotic containing culture
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medium, the organoid culture developed bacterial contamination on Day 2 post
incubation. The culture was terminated, the tissue was rinsed in antibiotic containing
medium, and fixed in 10% neutral buffered formalin for processing into a paraffin block.
Surgical tissue procured following Aralen treatment from patients PINC3, PINCS5,
PINC6, and PINCS8 were processed for organoid culture as described for the pre-clinical
tissue samples (Chapter 2: Isolation and Propagation of DCIS progenitor cells). Estrogen
supplementation of the culture was not necessary. The culture duration for each PINC
patient tissue to date is: PINC3 = 10 months, PINC5 = 7 months, PINC6 = 5 months, and
PINCS8 = 3 months. Observations regarding cellular outgrowths post Aralen treatment
include: a) minimal cellular outgrowth as measured by the radial distance of the cellular
outgrowths in two dimensions, b) minimal (<5) spheroid formation per organoid (Figure
33), ¢) absence of large, complex 3-D cellular structures, d) numerous organoid patches
supporting only fibroblast outgrowth rather than mixed epithelial/fibroblast outgrowths,
e) asymmetrical outgrowth compared to the untreated pre-clinical controls (Table 10).
The data indicate an overall reduced capacity for epithelial cell proliferation following

Aralen treatment.

Table 10. Characteristics of organoid cultures from surgical tissue harvested post Aralen treatment.
PINC3 PINCS PINC6 PINCS

# of organoids in culture 11 5 6 8
# of cellular outgrowths 10 5 6 6
# of outgrowths with epithelial cells 9 3 5 2
largest radial distance (mm) of

epithelial cell growth 5 10 1.5 1.5
average radial distance (mm) of

outgrowth 2.5 5 1 1
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Figure 33. Lack of extensive 3-D structure formation and spheroid development in the organoid culture
following 4 weeks of in vivo Chloroquine diphosphate (Aralen) therapy.

An additional observation noted in the cultures derived from the patients enrolled
in the PINC trial was the lack of invasion/migration across the culture flask following cell
harvesting. Periodically cells/organoids are harvested from the culture by opening the
flask lid and removing populations of cells and some of the surrounding medium for
further analysis. As described in Chapter 5, the untreated control cultures exhibit a typical
in vitro response to wounding, with cells migrating to, and filling-in, the gap (Figure 28).
Cell harvesting failed to elicit cell migration into the site devoid of cells in cultures
derived from the PINC patients treated with Aralen (data not shown). This demonstrates

that chloroquine may inhibit in vivo migration as well.
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Matrix metalloproteinases in organoids and conditioned medium
Gelatin zymography was used to determine the presence of MMP in the organoids

and conditioned medium of the chloroquine treated patients™°

. MMP were present in the
conditioned medium from cultures with epithelial cells (epi+), spheroids, and the
organoid lysate but were absent from conditioned medium that failed to support any
cellular outgrowths in culture and the media only. Lane 12 (cells-) had a large number of
epithelial cells but did not have an organoid during the time the conditioned medium was
collected. The organoid had been removed for propagation in another well. The
zymogram band pattern potentially indicates the presence of activated MMP-2 (65-
62kDa) and MMP-7 (28kDa), or possibly MMP-1 (54kDa). Definitive identification of
the specific MMP will require further analysis with recombinant MMP standards. This
screening zymogram indicates the presence of active MMP, capable of basement

membrane degradation, in the conditioned medium and organoids with cellular

outgrowths.
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Figure 34. Matrix metalloproteinases are present in conditioned medium harvested from ex vivo cultures of
patients treated with Aralen for 4 weeks.

Lane 2 lysate was prepared from an intact organoid. Lanes 3 & 5 contained an organoid with spheroids. Lanes
4,7, 8 & 9 contained an organoid with epithelial cells (no spheroids). Lane 6 did not have any cellular
outgrowths from a single organoid. Lanes 10 &11 were media only controls. Lane 12 contained epithelial cells
only. The organoid had been removed several days prior to harvesting the conditioned medium.

Proliferation index reduction post anti-autophagy therapy
DCIS cells accumulating within the duct require up-regulation of autophagy for

survival'’. Anti-autophagy therapy induces apoptosis ex vivo in the cultured tumorigenic
DCIS cells, but its effect on the proliferative capacity of the in vivo DCIS epithelial cells
and stromal cells is unknown. To assess the effect of the 4 week anti-autophagy therapy
on the proliferative capacity of DCIS and stromal cells, immunohistochemistry with anti-
Proliferating Cell Nuclear Antigen (PCNA) or anti-Ki-67 was performed to calculate a
proliferation index (Equation 2. Proliferation Index) **'.

Formalin fixed paraffin embedded (FFPE) tissue sections for PINC trial patients
4, 6,7, and 8, plus four treatment control tissues, were probed with anti-PCNA (Dako,

clone PC10, 1:3,000) following heat induced antigen retrieval at pH 6 using a

streptavidin-biotin method (Envision+, Dako). Residual DCIS tissue in the FFPE sections
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was absent or insufficient for staining for PINC patients PINC1, PINC2 and PINCS.
PINC3 FFPE tissue sections were probed with anti-Ki-67. Compared to control samples
and the pre-treatment tissue, the PCNA proliferation index was significantly (p<0.001)
reduced in the in vivo DCIS lesions post chloroquine treatment (Figure 35). The

proliferation index for each patient’s individual DCIS lesion is shown in Figure 36.
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Figure 35. The proliferation index is significantly reduced following a 4 week course of Aralen therapy in
patients diagnosed with breast ductal carcinoma in situ.
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Figure 36. PCNA proliferation index for PINC patients before (blue circles) and after Aralen treatment (red
squares).

Pathologic response: Decrease in DCIS lesion volume
To demonstrate pathologic response following Aralen treatment, the lesion size

documented in the diagnostic biopsy pathology report was compared to the lesion size
documented on the surgical (post treatment) pathology report (Table 11). The
proliferation index for PINC 3 was calculated with Ki-67 data. All other cases were
calculated using PCNA data. In addition, the tissue provided for research was evaluated
by H&E staining for the number of DCIS lesions (data not shown).

PINC 6 was described in the pre-treatment pathology report as 5 cm in area by
MRI with extensive DCIS extending into the lobules. The post treatment DCIS was

estimated as being 3.0 cm in maximum area in the report. PINC 7 had no residual DCIS
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per the pathology report. In the research specimen, one small DCIS lesion was present,
which was stained and scored for proliferative index. According to the diagnostic pre-
treatment report, lesions for PINC 8 had an aggregate dimension of 4.5 x 3.0 x 0.4 cm. In
the post treatment report the maximum dimensions of DCIS measured from 0.2 to 1.0 cm
in greatest dimension. The PINC 8 pre-treatment sample was subdivided into seven
cassettes (FFPE blocks). Recut sections were only provided from one tissue block,
therefore a conservative estimate of 50% was made pending further recuts and MRI

evaluation.

Table 11. Pathologic response for PINC patients based on reduction in lesion area and proliferation index.

Pathologic Proliferation
Patient Nuclear Area Index by IHC Fold
ID ER | PR | Grade Reduction | Pre-tx | Post-tx | Change

PINC1 | Pos | Pos | Intermediate | >75% N/A N/A N/A
PINC2 | Pos | Pos | Intermediate | >90% N/A N/A N/A
PINC 3 | Pos | Pos | Intermediate | 100% 41.4 2.3 -18.2
PINC 4 | Pos | Pos | Intermediate | >50% 67.8 12.8 -5.3
PINC5 | Pos |Pos | Low >75% N/A N/A N/A
PINC6 | Neg | Neg | High >33% 65.0 10.2 -6.4
PINC7 | Pos | Neg | Intermediate | 100% 77.3 15.0 -5.1
PINC 8 | Pos | Pos | Intermediate | >50% 29.7 10.0 -3.0

To demonstrate a reduction in both proliferation index and autophagy following
in vivo chloroquine treatment, FFPE tissue sections from the PINC patient’s diagnostic
specimen were stained with PCNA or LC3B (Figure 37). PINC 4 showed a 5.3 fold
reduction in proliferation in the DCIS lesions with a qualitative reduction in punctate

LC3B staining compared to her pre-treatment tissue. These data demonstrate the
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profound effect of chloroquine treatment on the proliferative capacity of the carcinoma in
situ cells while showing minimal effect on the proliferative capacity of the normal ducts

and adjacent stroma.

Before ; ' After Iy Before After

Y ¢
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Figure 37. Inmunohistochemistry reveals a reduction in breast DCIS cell proliferation and autophagy following
in vivo chloroquine treatment.

Discussion

Clinical trial progress to date
Eight patients have completed treatment to date (March 2013). Based on the

safety and efficacy demonstrated to date, negotiations are underway to expand the trial to
an additional site (University of Pittsburgh) to increase the rate of patient enrollment.
Long-term follow-up of the patients will proceed over the next two years.

Testing of the hypothesis for this study poses extensive possibilities for data
analysis. The variables follow distributions from nominal to interval and challenge the
formation of multivariable statistical models (Table 12). In addition to exploring bivariate
associations between predictor and outcome variables using appropriate statistical tests (t-
test, Spearman’s rho correlation, Fisher’s Exact), multi-variable models will be

constructed using logistic regression or a mixed model where appropriate. A mixed
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model will be particularly useful in this analysis where some predictor variables are
repeated measures with cases having an unequal number of evaluations. The main
measurement of efficacy is tumor response on MRI using RECIST criteria. RECIST
criteria applied to DCIS is 20% reduction to qualify as partial response.

All analysis will assume a 2-tailed alpha = 0.05. The following key models will
be explored:

Outcome: Invasion (Yes/No or degree); Predictor class #1: Tissue antigen
markers, pathologic grade, signal pathway activation; Predictor class #2: Treatment
category (chloroquine 500mg/week or 250mg/week).

Outcome: Tumorigenicity; Predictor class #1: Invasion in vitro, Tissue IHC
antigen markers, pathologic grade, signal pathway activation: Predictor class #2:
Treatment category.

Outcome: Invasion (Yes/No or degree), Activation or suppression state of signal

pathways, cell proliferation index in vitro; Predictors: Treatment category.

Table 12. PINC trial outcome variables and statistical methods.

Outcome variables Form
Interval,
Generation of in vitro invasive cells from a pre-malignant lesion ordinal,
ductal organoid number of invasive foci per perimeter length nominal
Nominal
Generation of a growing tumor in a xenograft model Yes/No
Activated cellular signal pathways by RPMA Interval
Interval,ordinal,
MRI image score nominal
Predictor variables
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Interval,

ordinal,
Pathologic grade: low, intermediate, high nominal

Nominal:
Ki-67, PCNA, HER2, LC3B, CD68, ER, PR Yes/No

Nominal:
Treatment with Aralen (500mg/week or 250mg/week) Yes/No
Covariates

Interval,

ordinal,
Age, Menopausal status, Ethnicity nominal

Proliferation index markers
Although both Ki-67 and PCNA levels are considered to reflect the relative

proliferative capacity of the cells, each antibody and its cognate antigen has individual
immunogenic properties that warrant the use of both markers™**”.

Ki-67 is a non-histone nuclear protein first isolated in sera from patients with
Systemic Lupus Erythematosus®****. Ki-67 antigen is only expressed in Gy, S, G, and
mitosis, but not Gy phase of the cell cycle*”*. Antibodies to Ki-67 have been validated in

295 Chen et al showed the

numerous studies for assessing the cellular growth fraction
utility of Ki-67 immunofluorescence as a proliferation marker in spheroids from a PI3K
mutant cell line treated with combinations of CQ and/or rapamycin®’’. Lazova et al
applied Ki-67 and LC3B IHC to breast cancer tissue microarrays as markers of
proliferation and cytoprotective autophagy induction®”®. The caveats to measuring Ki-67
include well-known pre-analytical factors that decrease staining intensity, such as

fixation delays, freezing tissue prior to fixation, and use of EDTA or acid decalcification

methods. False negative results with Ki-67 immunohistochemistry occur in tissue
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sections stored on glass slides for more than 3 months®*%. In the PINC trial workflow, the
pre-treatment and post-treatment tissue sections were stained at the same time to
minimize experimental variables. However, the pre-analytical variables for the PINC
patient tissue samples were unknown because the diagnostic biopsy was analyzed by a
central laboratory, with unknown timing between tissue acquisition and tissue processing.
Thus, PCNA was also assessed to rule out potential loss of Ki-67 due to technical issues
rather than biological function.

Proliferating Cell Nuclear Antigen (PCNA), is also an autoantibody found in
patients with SLE, but distinctly different than Ki-67>"". PCNA is an auxiliary protein of
the DNA transcription complex (DNA Polymerases o and €), which functions as a sliding
clamp to increase the fidelity of transcription on the leading and lagging strands®”>%.
PCNA serves as a scaffold protein during DNA repair and chromatin assembly. PCNA
regulation by ubiquitylation/deubiquitylation provides maintenance of genomic stability
during DNA replication and repair’”'. Expression of PCNA increases during the G-
phase, peaks during the S-phase, and declines during the G, M-phase, thus subtle
variations in PCNA levels may be detectable between cells in different phases of the cell

1
cycle®!.

Epidemiologic study of breast cancer prevalence in relation to Chloroquine use
Treating DCIS constitutes a potential shortcut to the realization of a general

chemoprevention strategy for all breast cancer. Therapy that induces regression of occult
or overt premalignant lesions could constitute an efficient chemoprevention agent that

blocks the subsequent emergence of overtly invasive, metastatic breast cancer without the
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need for validating biomarkers predictive of progression and/or recurrence. This strategy
is analogous to prevention of cervical cancer or colon cancer via polypectomy of pre-
invasive lesions, but may provide a non-surgical treatment option for DCIS.

A natural extension of neoadjuvant Chloroquine therapy for DCIS is an
epidemiological study which could provide population-based evidence that CQ will
prevent invasive breast cancer. The hypothesis is that breast cancer prevalence is lower in
women who have been treated with CQ, or its derivatives, for malaria, lupus, or
rheumatoid arthritis. Scant evidence exists in the literature correlating the association of
malignancy and Chloroquine use*”*. Therefore a cross-sectional study of the breast cancer
prevalence in relation to chloroquine (CQ) use could be conducted concurrently with
neoadjuvant trials studying the safety and efficacy of chloroquine in DCIS to provide
complementary and independent information regarding the hypothesized association
between prevention of breast cancer and CQ use.

An epidemiological study would evaluate the association in a free-living
population of individuals taking CQ for malaria prophylaxis, compared to
sociodemographically and age matched control individuals. The clinical study supports
the value of chloroquine as a means of treating pre-malignant lesions and the
epidemiological survey would provide evidence regarding CQ use and breast cancer
prevention. Outcome data from the epidemiologic survey could be used to guide the
design of future CQ chemoprevention trials, and may point to subpopulations which can

derive the most benefit from the treatment.
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Proposed epidemiologic study
A web-based “Women’s Breast Health” survey will be developed based on a

questionnaire. The questionnaire will be pre-tested before distribution. The Center for
Social Science Research (CSSR) at George Mason University will use the OnQ (Online
Questionnaire) web-based survey system held on a dedicated Linux based secure server.
Originally developed with support from the National Science Foundation (Grant I1S-
0082750, "ITR: Survey2001: Information Technology's Impact on Community, Culture
and Conservation."), OnQ combines a user-friendly, Java-based client respondent
interface and the flexibility of a database back-end that manages questions and answer
options. The database structure for OnQ is organized around the logic of questions and
answers. For self-administered web surveys OnQ evaluates respondent input and selects
the appropriate skip patterns to approximate the intelligence of a skilled interviewer. OnQ
supports complex skip patterns to branch individuals through a survey and provides a
graphic representation of the skip patterns to assist the survey author. The questionnaire
contains internal repeat questions that should return the same answer, providing a quality
assurance metric.

The survey instrument is designed to be automated and will protect
confidentiality. Each respondent will be sent an individualized link to the form and a
unique respondent number. Provided with a list of email addresses and invitation text, the
OnQ program creates the email and sends it along with a unique number for each person.
This link will insure confidentiality but will still allow the study team to judge whether a

participant responds more the once.
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Statistical Methods: Percentages and means will be computed to evaluate
sociodemographic, clinical, and health characteristics of the respondents. Logistic
regression will be used to evaluate the odds of breast cancer in relation to CQ use. The
primary outcomes will be breast cancer diagnosis. We will evaluate diagnosis at any time
in the past, as well as a category restricted to women diagnosed in the previous five years.
The primary drug exposures will be ever/never use of CQ, years of CQ use, age at first
CQ exposure, and type of exposure (short-term use vs. long-term use). The primary
analysis will be the relationship between age-adjusted breast cancer prevalence and CQ
exposure. It is not established that breast cancer risk factors influence CQ use, so other
factors are unlikely to be confounders. However, additional analyses will adjusted for
breast cancer risk factors (hormone use, family history, race, anthropometry, health
status, reproductive history, and health behaviors) in order to evaluate whether
adjustment for any of these factors influences the interpretation of the age-adjusted
analyses.

Sample Size and Power: The estimated prevalence of women in the US who have
a history of breast cancer is 2,747,459 women®. The 2010 population of women aged
21+ in the US was 220,958,853®. This gives us a prevalence of 1.2%. In a sample of
1000 women, we would expect only 12 women to have a personal history of breast
cancer. Published results using web surveys in health care professionals or health
educators, indicate response rate ranging from 23-55% ***%._ Given all of this
information, we will target the sample size to 10,000 women and assume the response

rate to be between 23-55%. An estimate of the absolute difference in percentages
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(between women with history of breast cancer vs. women without history of breast
cancer) that we could detect would be about 10-18%. Therefore if the percentage of
chloroquine exposure in the women with a history of breast cancer is 30%, we would
have 90% power to statistically detect 40-48% chloroquine exposure in the women
without breast cancer (depending on the response rate). If a notable difference is
observed, but not statistically significant, this will provide key preliminary data for future
studies. With all cross-sectional surveys of diseased vs. non-diseased individuals, there is
a possibility of recall or reporting bias. We have inserted a question into the questionnaire
in order to evaluate the possibility of these biases. Lactose intolerance will be queried,
this factor is not a known risk factor for breast cancer, but has a high enough prevalence
to evaluate potential reporting bias.

Residual confounding is a likely source of bias in the multivariate (beyond age)
adjustment. As described in the statistical methods, many of these factors are unlikely to
be strong confounders of a relationship between CQ use and breast cancer prevalence.
The primary focus will be the age-adjusted analyses, and further adjustment will be

conducted on an exploratory basis.

Neuroendrocrine axis and calcium regulation as new therapeutic targets
Beyond autophagy, alternative chemoprevention strategies to prevent DCIS from

progressing to invasive cancer may involve neuroendocrine modulation of the breast
ductal microenvironment or induction of calcium related stress to induce apoptosis. The
neuroendocrine system harbors desirable therapeutic targets due to breast anatomy, the

propensity for breast cancer to metastasize to bone, and the availability of neuroendocrine
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modulators. Extrapolating facets of pathophysiology from multiple myeloma and breast
cancer provides evidence that autophagy, neuroendocrine signaling, and endoplasmic
reticulum stress could potentially be future drug targets for DCIS.

Breast ducts are known to be innervated with parasympathetic nerves and possess
neurohormone receptors to estrogen receptor, progesterone receptor, prolactin, oxytocin
and growth hormone®>"’. Bone is a frequent metastatic site for primary breast tumors,
which contributes to increased morbidity and mortality of breast cancer patients - .
Evidence from our recent study of 159 bone metastasis samples from eight different
primary tumors, including breast cancer, demonstrates that the neuroendocrine axis,
specifically cellular levels of Tumor Necrosis Factor Receptor (TNFR1) and serotonin,
were correlated with patient survival’'°.

Bone colonization by malignant plasma cells is a common pathological feature of
multiple myeloma. Multiple myeloma manifests itself as a clonal proliferation of

antibody producing B cells (plasma cells)’"’

. A hallmark of multiple myeloma is
secretion of vast quantities of mis-folded immunoglobulins®''. Bortezomib (Velcade), a
proteasome inhibitor, is routinely used for treatment of patients with multiple
myeloma’®'". Peripheral neuropathy is a frequent side-effect of Bortezomib treatment.
Schoenlein ef al reported that bortezomib blocks catabolic autophagy in MCF7 and T47-
D breast cancer cell line models, induces an unfolded protein response and leads to

: 2 12
apoptosis™ "

. The molecular mechanisms underlying peripheral neuropathy due to
Bortezomib treatment are not completely known but one can hypothesize that it may be

related to autophagy inhibition. These disparate findings, when considered in a
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pathophysiologic context, may indicate that a cell signaling network between
neuroendocrine axis, autophagy, and proteasome (protein folding) interact in such a
manner that inhibition of one or more critical components of these pathways may have
therapeutic efficacy in DCIS®” . Thus, ex vivo treatment of breast spheroids and
epithelial/fibroblast co-cultures with serotonin, bortezomib, and/or serotonin inhibitors
may elucidate previously unexplored neuroendocrine cell signaling pathways relevant to
breast cancer progression.

A hallmark of DCIS is the presence of microcalcifications within the DCIS
lesion®. The role of calcium in promoting breast cancer progression is not completely
known, however the presence of calcium phosphate/hydroxyapatite within the breast
ductal tree has diagnostic significance for intermediate and high grade DCIS lesions™***'.
Recent electron microscopic studies of mammalian cell culture revealed that
autophagosomes are closely interconnected with the endoplasmic reticulum during the
unfolded protein response in which endoplasmic reticulum-derived membrane stacks are
sequestered into autophagosome-like structures®"”. The initial synthesis of
autophagosome formation is still unknown but one model proposes autophagosome
formation by de novo lipid synthesis or transport. These early autophagic membranes
appear to be surrounded by a fragment of the endoplasmic reticulum cisternae®'**'°.
Intracellular calcium is regulated in part by release of calcium stores from the

endoplasmic reticulum suggesting a role for endoplasmic reticulum stress in the

development of intra-ductal calcifications.
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Calcium plays a vital role in wound repair. Calcium has been shown to be
concentrated at intracellular junctions and at a distance from the site of the injury. Wound
healing is a process of developing new intracellular junctions via Abr protein — a dual
GEF/GAP kinase *'®. GEF activates Rho, while GAP inactivates Rho. Rho activation
initiates a contractile ring that recruits neighboring cells to contribute to wound repair >'”.
Abr localizes to the center of the Rho contractile zone and Rho activation recruits Abr.
The GAP domain of Abr inactivates Cdc42, and the GEF domain activates Rho. Abr is
recruited to the junction with the neighbor cell. A lack of Abr causes cell lysis. In DCIS

central necrosis could be a product of dis-regulated wound healing, potentially due to Abr

deficiency/modulation within the center of the ductal cell mass, resulting in cell lysis.

Summary
Strong links exist between calcium, autophagy, and cellular homeostasis in breast

DCIS. As shown in chapters 2-4, ex vivo culture systems, proteomic analysis, and
molecular karyotyping provide methods for assessing the biologic invasive potential of
an individual patient’s DCIS cells ex vivo, before and after treatment. Fresh human DCIS
lesions contain carcinoma cells with breast cancer stem-like cell properties, which
possess invasive properties’ . Human breast DCIS cells: a) possess spheroid forming
neoplastic cells that can be harvested and propagated in organoid culture, b) have stem-
like properties and generate invasive tumors in mouse xenografts, thus they can be
classified as carcinoma precursors, ¢) up-regulate autophagy in vivo and in vitro, and d)
undergo apoptosis in the presence of chloroquine. Within the breast duct, DCIS cells up-

regulate autophagy as a survival mechanism in the presence of anoikis, calcium
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imbalance, hypoxia, oxidative stress, and nutrient deprivation. Genetic instability at the
DCIS stage, as shown by loss of heterozygosity or gene duplication in multiple
chromosomal regions, is sufficient to promote tumorigenesis. A phase I/II clinical trial
evaluating the efficacy of neoadjuvant oral chloroquine anti-autophagy therapy for DCIS
is actively recruiting patients. In the future, other therapeutics can be combined with anti-
autophagy therapy, such as modulators of calcium efflux, to improve therapy

effectiveness, and/or reduce the number of repeated treatments over a woman’s lifetime.
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