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Abstract

Aldehyde dehydrogenases (ALDHSs) have been used as stem cell markers in a variety of
tissues, including the breast. However, it is currently unknown whether ALDH family members
participate in normal mammary development or breast cancer. In this study, we set out to
elucidate a role for one such protein, ALDH1A3, in mammary luminal cell differentiation and
tumorigenesis. We have identified three ALDH1A3 splice variants in breast cell lines, raising the
guestion of whether alternative splicing contributes to cancer development by altering ALDH1A3
activity. We also observed impaired cell motility and defective differentiation in normal breast
cell lines cultured in the presence of diethylaminobenzaldehyde (DEAB), a general inhibitor of
ALDH activity, suggesting that certain ALDH family members are important for these processes.
Based on preliminary in vitro experiments monitoring morphology of breast cell line acini
formation and differentiation, doxycyclin-inducible lentiviral TRIPZ-shALDH1A3 pools did not
show any obvious defects in differentiation. In addition to this finding, ALDH1A3 mRNA
expression levels in primary breast tumour samples (n=39) did not significantly correlate with
age, histological grade or hormone receptor status (p-value>0.05). Overall, the results of this
study suggest that while ALDH1AS itself may not be directly involved in breast morphogenesis
or cancer formation, other ALDH family members function to facilitate differentiation and cell
motility, processes which are important both for normal mammary gland development as well as

cancer progression and metastasis.
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Chapter 1

Introduction

1.1 Breast Cancer

According to the Canadian Cancer Society, breast cancer will account for more
than 25% of all cancers Canadian women report in 2012*. Of the 22700 women expected
to develop breast cancer this year, 5100 will die from the disease’. Interestingly,
variation in incidence and mortality rates is not observed across Canada, emphasizing
that risk factors are similar for people from every culture and walk of life'. Factors
contributing to breast cancer risk are themselves diverse, ranging from genetic-based
influences including family history, ethnicity and age of menarche and menopause to
lifestyle-based factors such as whether a woman has had children, used oral
contraceptives, has undergone hormone therapy, consumes alcohol and is overweight or
obese?. Despite the large number of women expected to develop breast cancer, mortality
rates have fallen almost 40% since 1986,

Approximately 5-10% of breast cancers are hereditary in nature. One-third of
these genetically inherited cancers have been attributed to germline mutations in breast
cancer susceptibility gene 1 (BRCA1)? and breast cancer susceptibility gene 2 (BRCA2)?.
Within the cell, these two proteins play diverse roles. In particular, they have been
implicated in homologous recombination and it has been observed that cells defective in

these genes are susceptible to DNA damage such as double stranded breaks and DNA



crosslinking®. BRCAL also plays a role in the nucleotide excision repair pathway, cell
cycle checkpoint control through participation in the BRCAZ1-associated surveillance
complex, protein ubiquitinylation, chromatin remodeling and determination of stem cell
fate®,

It was observed that BRCA1- and BRCAZ2-associated breast cancers differ from
sporadic cases. Tumours from patients with BRCA1 mutations tend to be higher grade
ductal carcinomas with between 66-100% of these tumours designated grade 3
carcinomas compared to only 15-55% in sporadic cases®. Also, heterozygous BRCAL
mutations are associated with an 85% overall lifetime risk of developing breast cancer
and outcomes are worse for BRCA1 mutation carriers compared to those without
mutations®.

Breast cancer is by no means a simple disease. With many different pathological
and molecular subtypes having been defined, tumours differ in their prognosis, outcome
and therapeutic response. Historically, clinicians evaluated tumours based on histological
appearance, tumour grade and hormone receptor status in order to make appropriate
diagnoses®. Within the last decade, gene expression profiling of tumours has lead to the
establishment of five clinically relevant breast cancer subtypes: estrogen receptor positive
luminal A and B type carcinomas and estrogen receptor negative HER-2-positive, normal
breast-like and basal-like tumours®®. These molecular classifications have stimulated

discussion about the specific mutation profile and cell of origin behind each subtype®'°**,



To begin to comprehend how and why these cancers arise, it becomes critical to have an

understanding of normal breast architecture and development.

1.2 Mammary Gland Development

The adult human breast is a complex structure comprised of a series of branching
ducts and lobules which terminate at the nipple'®>. Human mammary parenchyma
consists of an inner luminal layer of epithelial cells and a bordering basal layer of
myoepithelial cells’®>.  While luminal cells are responsible for milk production,
myoepithelial cells synthesize proteins that make up the basement membrane and provide
the contractile motion required to move milk to the lactating nipple'®. The surrounding
stromal tissue which constitutes the local microenvironment is made up of the
extracellular matrix, fibroblasts, immune cells, adipocytes and vasculature®?.

Throughout a woman’s life, the mammary gland changes and develops on both
morphological and functional levels. The breasts of newborns contain short ducts ending
in ductuals lined with both luminal and myoepithelial cells®. During childhood
mammary growth corresponds to body growth with the gland only beginning its
maturation at the onset of puberty™. With the initiation of pregnancy, systemic hormones
and growth factors stimulate breast cells to expand. Early pregnancy is characterized by
the development of a series of ductuals termed terminal ductal lobular units (TDLUs)™.
As pregnancy progresses, lobules enlarge and increase in number to form secretory

alveolar structures which, upon postpartum cessation of placental lactogens and sex



hormones, become fully functional®™. In response to weaning, accumulation of milk
causes acinar structures to cease milk production. Eventually, apoptosis of secretory cells
occurs and the surrounding stromal tissue is remodeled such that the breast returns to a
post-lactational state'®. Given the tremendous changes the mammary gland undergoes
throughout a woman’s life, it appears reasonable that tissue remodelling is facilitated by a
stem cell-based maintenance mechanism. Indeed, over the past decade, accumulating

evidence has indicated the presence of stem cells in adult human breast tissue'’.

1.3 Normal Somatic Mammary Stem Cells

Originally, stem and precursor cell populations were pinpointed and isolated by
fluorescence-activated cell sorting (FACS) based on cell surface markers. Stingl et al.
were able to isolate MUC-1"*/CALLA***/ESA" cells from normal adult breast tissue
that generate mixed-lineage colonies in 2D and 3D cell cultures® and express o-integrin,
suggesting that these bipotent cells are located in the basal compartment™. Working with
the same population, Gudjonsson et al. found that MUC/ESA" cells form branching
structures reminiscent of terminal ductal lobular units (TDLUs) when embedded in
laminin-enriched gel, demonstrating that this population is in part comprised of TDLU
progenitors?®. Over time, researchers have built up a host of marker combinations by
which specific populations of cells are separated from one another. More recently, stem-
like cells have been identified based on so-called “functional” markers that reflect
features of stem cells. The ALDEFLUOR assay, originally used to isolate viable

4



hematopoietic progenitors?, is employed in concert with FACS to separate cells based on

their aldehyde dehydrogenase (ALDH) activity. Since hematopoietic®*?, mesen-

25
|24 |

chymal®, neural®®>, mammary® and prostate?” stem and progenitor cells exhibit high
ALDH activity levels, this assay has been used as a means of locating and purifying these
cell populations from their more differentiated progeny.

Having identified stem cells in somatic tissues, the question then becomes one of
discerning a tissue-specific context for these cells. It is now believed that a stem cell
hierarchy exists for breast tissue (Figure 1). This is a cogent model as the mammary
gland undergoes tissue expansion and cell renewal both at the point of puberty and during
pregnancy. At its apex lies the multipotent, mostly quiescent stem cell which gives rise
to lineage-restricted progenitors and a whole host of transit-amplifying cells leading to
terminally differentiated luminal and ductal cells. The mammary stem cell hierarchy
appears to be rather complex, however. One theory is that a multipotent stem cell exists
which gives rise to either uni- or bipotent stem cells with a short-lived ability to
repopulate and expand certain cell types?®, an example being expansion of pregnancy-
associated stem cells into secretory alveolar cells®®. Researchers have also proposed that
the multipotent stem cell itself only plays a role in embryogenesis of the mammary gland,
with more differentiated progeny participating in maintaining the adult breast.

Recently, Van Keymeulen et al. used a genetic lineage-tracing approach in the context of

the mouse mammary gland to elucidate the role of progenitors in breast development.



Ductal Cell

Luminal Progenitor
Mammary Stem Cell Bipotent Progenitor < ‘ <

\ Alveolar Cell
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Short-Term Stem Cell
Myoepithelial Cell

Figure 1: Putative model of mammary stem cell hierarchy adapted from Visvader et al.?®

The multipotent mammary stem cell has an inherent ability to self-renew and differentiate into short-term
stem cells (such as pregnancy-associated stem cells) or bipotent progenitors which then go on to
differentiate into transit-amplifying lineage-restricted progenitors and terminally differentiated cells.




Cre-activated marker genes under the control of lineage-specific promoters were used to
demonstrate the existence of a bipotent progenitor giving rise to myoepithelial and
luminal progenitors which then differentiate to maintain tissue®. Interestingly, the same
group also found that myoepithelial cells can be used to generate a mammary gland when
introduced into mammary fat pads of NOD/SCID mice®. Along with the finding that
differentiated breast cells can spontaneously revert to a stem-like state®!, this result works
to substantiate the concept that certain cells within the hierarchical structure have the
ability to either dedifferentiate or transdifferentiate, adding complexity to this model.
Over the past decade, the idea that breast cancer finds its origins in a transformed
stem or progenitor cell has gained momentum. To explain the connection between stem

cells and cancer, the cancer stem cell hypothesis has been evoked and is described below.

1.4 The Cancer Stem Cell Hypothesis and Breast Cancer Stem Cells

From its humble beginnings in the mid-1800s, the cancer stem cell hypothesis has
grown into a model which posits that a small number of neoplastic cells — cancer stem
cells (CSCs) — are able to self-renew, thereby maintaining the tumour®. This theory also
proposes that cancers initially arise from somatic stem, progenitor or dedifferentiated
cells®®. These populations have the ability to differentiate and, in some cases, self-renew
— characteristics that, along with telomerase expression, active antiapoptotic pathways
and an ability to migrate®*, make these cells ideal targets for transforming mutations®*.

While the more traditional stochastic model of cancer development hinges on the idea



that all cells within a heterogeneous tumour have the potential to accrue mutations
necessary for transformation, the CSC hypothesis is based on a more hierarchical concept
whereby a certain population — CSCs — are able to initiate a tumour with all its cellular
diversity®.

As CSCs share some key functional properties with normal somatic stem cells, it
is possible that a CSC hierarchy similar to that proposed for normal breast tissue exists.
In a tumour, two basic populations can be found: CSCs which by definition have the
ability to initiate a tumour, and the tumour bulk which consists of more differentiated
cells lacking the ability to initiate tumours®. In terms of metastasis and invasion, a report
by Mani et al. provides a connection between the epithelial-mesenchymal transition and
stem-like cells by reporting that immortalized human mammary epithelial cells
stimulated to acquire mesenchymal traits also attain a stem-like CD44"%"/ cD24""
antigenic phenotype®. As current chemotherapeutic and radiotherapeutic strategies focus
on reducing tumour bulk and therefore potentially leave CSCs behind to later mediate
metastasis, research has begun to focus on eliminating CSCs®. Given the link between
metastasis and stem-like cells, this approach has potential therapeutic significance.

Indeed, the discovery of breast CSCs has many clinical implications. The concept
that stem cells are resistant to standard cancer treatments was first discovered in the
context of leukemia. Guzman et al. showed that acute myeloid leukemia (AML)
leukemic stem cells survive treatment with the chemotherapeutic drug arabinoside®’.

These findings are significant since the majority of cancer-related deaths are due to failed



treatment of metastatic disease. In the breast cancer field, studies have found that breast
CSCs themselves have intrinsic resistance to both chemotherapy and radiation

38,39

therapy™ . These resistant populations were identified using the ALDEFLUOR assay,
suggesting that cells with high ALDH activity have inherent therapeutic resistance. As
such, it is possible that ALDH family members participate in tumorigenesis and cancer

maintenance.

1.5 Aldehyde Dehydrogenases

1.5.1 The ALDH Superfamily

The ALDH superfamily currently comprises 19 distinct protein encoding genes*.
This group of catalytic enzymes participates in the NAD(P)*-dependent irreversible
oxidation of endogenous and xenobiotic aldehydes*'. Numerous catabolic processes such
as biotransformation of carbohydrates, lipids, neurotransmitters and amino acids produce
reactive aldehyde species*’. Exogenous aldehydes or their precursors can be found in
xenobiotics, pharmaceuticals such as cyclophosphamide, food products and the
environment*. Although aldehydes play critical roles in processes such as embryonic
development and neurotransmission, many are carcinogenic and cytotoxic**. With an
electrophilic terminal carbonyl group, these relatively long-lived compounds form
adducts which affect DNA and proteins*. They can also be transported or diffuse short

distances and damage more distal cellular components*’.



ALDH enzymes are intracellular proteins found in a variety of subcellular
locations, including the nucleus, cytoplasm, endoplasmic reticulum and mitochondria®’.
These proteins tend to have specific substrate specificities and are differentially
expressed in a variety of human tissues*. Their importance in protecting cells from
damage by converting aldehydes to their corresponding carboxylic acids is evidenced by
the effect of ALDH loss via polymorphism or mutation contributing to development of
diseases such as Sjogren-Larsson syndrome, hyperprolinemia, late-onset Alzheimer’s
disease and y-hydroxybutyric aciduria®’. Some polymorphisms, such as ALDH2*2,
predispose carriers to certain types of cancer”?. Some ALDHSs function to protect cells,
such as long-lived stem cells, against oxidative stresses®. Beyond a protective role,
ALDH family members participate in ester hydrolysis, NAD(P)H production, UV light
absorption and hydroxyl radical scavenging®*.

ALDH enzymes contain certain motifs that are highly conserved between family
members. Along with an invariant catalytic cysteine, Cys-302 (peptide numbering
referring to mature human ALDHZ2), other residues important for catalytic function such
as Glu-268, Gly-299 and Asn-169 are critical for enzyme activity**. Cofactor binding is
mediated by sites such as Gly-245 and Gly-250 which are integral to the Rossman fold
with a consensus sequence of GxxxxG*". Structurally, ALDH family members tend to
have three main domains: an NAD(P)" binding domain, a bridging domain and a catalytic
domain*. The substrate binding tunnel is capped with residues from each of these

domains and it is this area that confers substrate specificity to particular ALDH isoforms.
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Further inside this tunnel, residues involved in hydride group transfer from substrate to
NAD(P)* exist". Due to its function, this area tends to be highly conserved among

ALDH enzymes.

1.5.2 The Retinaldehyde Dehydrogenases
The retinaldehyde dehydrogenases (RALDHSs) are a subgroup within the ALDH

family comprised of three cytosolic enzymes — ALDH1A1, ALDH1A2 and ALDH1A3 —
all of which catalyze the irreversible oxidation of retinaldehyde (RAL) to retinoic acid
(RA). In doing so, these proteins play an important role in vitamin A metabolism.
Retinol (ROL), or vitamin A, is introduced into the body through the diet and is
transported by ROL-binding proteins from the intestines to peripheral tissues via the
bloodstream®. Once ROL arrives at target cells, it is either stored in the form of retinyl
esters or converted to RA through a two-step process (Figure 2). Initially, ROL is
oxidized to RAL by cytosolic members of the alcohol dehydrogenase family**. RAL is
then converted to RA by the RALDHSs in a final rate-limiting step®. RA itself is an
important signalling molecule that orchestrates gene expression critical for embryonic
development®™. In adult tissues, RA-associated gene expression is important for
processes such as meiosis, determining germ cell fate and maintaining the nervous
system®. RA acts through two families of nuclear receptors — retinoic acid receptors
(RAR) and retinoid X receptors (RXR). It is by binding RA-response elements that
liganded RAR/RXR heterodimers are able to either transactivate or transrepress target

genes™.

11



ADHs

Retinol
RDHg
RDHio

ALDHs

ALDH1A1
ALDH1A2

ALDH1A3

Figure 2: Two step conversion of retinol (ROL) to retinoic acid (RA).

Retinol (ROL) is converted into retinaldehyde (RAL) through the action of alcohol dehydrogenases

(ADHSs) such as ROL dehydrogenase 4 (RDH4) and ROL dehydrogenase 10 (RDH10). RAL is then
oxidized to retinoic acid (RA) in a rate-limiting step catalyzed by the retinaldehyde dehydrogenases

(RALDHs) ALDH1A1, ALDH1A2 and ALDH1A3.
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Homotetrameric ALDH1AL is encoded by a gene located at 9921.13 and is
ubiquitously expressed in adult epithelia***’. With a high affinity for both all-trans- and
9-cis-RAL, ALDH1AL produces retinoic acid in vivo as demonstrated by the observation
that Aldhlal” mice have reduced RA synthesis in their livers*:. In humans, alterations in
gene expression or activity of ALDH1AL have been linked to a variety of disease states.
For example, ALDH1Al was found to be absent in genital tissues of people with
androgen receptor-negative testicular feminization and decreased in the dopaminergic
neurons of those suffering from Parkinson’s Disease®’. Interestingly, low ALDH1A1
activity has been associated with alcohol intolerance in some Caucasian populations due
to its participation in acetaldehyde metabolism. In the context of stem cells, ALDH1A1

is believed to contribute to hematopoietic stem cell self-renewal and differentiation®®".

This protein has also been implicated in certain cancers such as that of the breast®®*?,
prostate®®, pancreas™, lung> and bladder®. In terms of chemotherapeutic resistance,
ALDH1A1 metabolizes and inactivates oxazaphosphorines such as cyclophosphamide®’.
Using a mouse model, Dylla et al. showed that treatment with cyclophosphamide selected
for a highly tumorigenic ALDH1A1-expressing cell population®. Also relevant to cancer
biology, ALDH1A1 plays a role in cellular response to oxidative stress by oxidizing
LPO-derived aldehydes and is important for mouse eye lens and cornea detoxification
and protects against cataract development*®>°,

ALDH1A2, located at 15922.1, codes for a homotetrameric RALDH enzyme

which exhibits a higher binding affinity for all-trans-RAL than it does for 9-cis-RAL**®,
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ALDH1AZ2 appears to be heavily involved in embryonic development as a regulator of
RA synthesis®®. Knockout of mouse Aldhla2 causes embryonic lethality by embryonic
day 8 due to improper heart morphogenesis, among other abnormalities®*®. As with
ALDH1A1, ALDH1AZ?2 has been linked to certain human diseases. Three ALDH1A2
polymorphisms have been associated with spina bifida but their functional significance is
unknown®. This enzyme has also been connected to congenital diaphragmatic hernia
(CDH)®.

ALDH1AS3, encoded by a gene at 150926.3, is a homodimeric RALDH which
oxidizes both all-trans- and 9-cis-RAL to RA*. In terms of development, it has been
shown that ALDH1A3 is expressed in late-stage embryonic as well as adult rodent
tissues®’. Aldhla3” mice display embryonic lethality due to nasal development defects, a
phenotype which can be rescued by maternal treatment with RA%. In particular,
ALDH1A3 impacts the development of the olfactory bulbs, nucleus accumbens, hair
follicles, cerebral cortex and the eye*’. In terms of disease association, this protein is also
implicated along with ALDH1AZ2 in CDH, possibly because this disease is characterized
by defects in the region of chromosome 15 where both genes are located®®. ALDH1A3
has also been implicated in cancer formation and maintenance, as detailed below.

Previously, ALDH1A3 splice variants were reported both in EMBL-EBI’s
Ensembl database (ENST00000346623)° and in a study conducted by Koenig et al.
using a reverse transcriptase PCR-based method in human keratinocytes’*. This group

identified full length ALDH1AZ3, one splice variant lacking exon 5 and a portion of exon
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6, and another isoform lacking exons 4 to 6"*. The literature does not make reference to
splice variant distribution or presence in any other tissues, including the breast, so to date

this information is not known.

1.5.3 ALDHs as Stem Cell Markers

ALDH family members, including the RALDHSs, have recently been used to
identify both normal and transformed breast stem cells. In particular, enzymatic activity
of ALDH family members, as determined by the ALDEFLUOR assay, has been exploited
to pinpoint stem cell populations. This assay, which involves the conversion of Bodipy-
aminoacetaldehyde to Bodipy-aminoacetate by endogenous ALDH isoforms, was first
used to isolate hematopoietic progenitors based on ALDH activity?. In the context of the
blood, ALDH members play a role in regulating hematopoietic stem cell

differentiation® "2,

Prior to this assay being applied to breast research, ALDH activity
was reported as high or increased in hematopoietic and neural cells, as well as in stem
cell populations of some blood cancers®®. Provided that stem cells in general exhibited
high ALDH activity, it seemed likely that the ALDEFLUOR assay could detect a stem
cell population in the breast.

Ginestier et al.”® was the first group to use the ALDEFLUOR assay in this
context. When they initially screened 14 reduction mammosplasty samples for ALDH
activity, approximately 8% of the normal epithelial cell population was ALDEFLUOR-

positive (ALDEFLUOR™), with the remaining population identified as ALDEFLUOR-

negative (ALDEFLUOR"). When ALDEFLUOR" cells were xenotransplanted into non-
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obese diabetic/ severe combined immunodeficient (NOD/SCID) mice, Ginestier et al.
found that only ALDEFLUOR" cells are capable of producing ostensibly normal
mammary ducts whereas even 50000 ALDEFLUOR" cells could not produce ductal
structures®. This result demonstrates that while heterogeneity clearly exists within the
ALDEFLUOR" population, a certain subset of these cells retain stem or progenitor cell
properties.

Specificity is an important issue when using the ALDEFLUOR assay as this assay
itself reflects the activity of ALDH family members within a cell population but does not
provide any means of determining which ALDH member is present. As such, Ginestier
et al. stained separated ALDEFLUOR® cells with a monoclonal antibody (clone
44/ALDH, 1:250, BD Transduction Laboratories, BD Biosciences) purported to detect
ALDH]1, also known as ALDH1AL, and found that this population was largely ALDH1-
positive (ALDH1") while the ALDEFLUOR' population was ALDH1-negative (ALDH1"
). After establishing the connection between the ALDEFLUOR™ population and
ALDH1" cells, paraffin embedded sections of normal breast tissue were stained with the
same antibody which will now be referred to as the anti-ALDH1 (BD) antibody. It was
discovered that ALDH1" putative stem cells appear to be located at bifurcation points
within TDLUs, a result consistent with previous findings”.

Moving beyond normal human mammary biology, this group also investigated the
ALDH status of breast cancer xenotransplants. A significant number of cells, ranging

from 3%-10% of the total cell population in each of three tumours, were ALDEFLUOR".
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The self-renewal and differentiation capacity of these populations were assayed by
injecting cells into humanized cleared fat pads of NOD/SCID mice and it was discovered
that, while as few as 500 ALDEFLUOR" cells could reproduce a tumour similar in
heterogeneity to the original tissue sample, even 50000 ALDEFLUOR' cells were unable
to form a neoplasm. A subpopulation of ALDEFLUOR® cells with an
ALDEFLUOR®/CD44"/CD24/lin” phenotype were discovered; as few as 20 of these cells
were capable of giving rise to a tumour®. This result has been contested, however, as a
recent study found that the CD44/CD24" phenotype correlates with good prognosis for
patients with invasive breast carcinomas’®. That being said, other groups showed that the
same phenotype correlated with poor prognosis in early stage breast cancer’® and could
form growths in mice’®. Regardless of contradictory information, Ginestier et al.’s
ability to form tumours from ALDEFLUOR" cells further validates these cells as a
population of interest to breast cancer researchers.

What initially set Ginestier et al.’s study apart from the preceding body of
literature was their characterization of the ALDH1" population present in breast cancer
tumours and the proposition that ALDH1A1 be used as an indicator of poor prognosis.
Having addressed the tumorigenicity of ALDEFLUOR" cells in xenotransplanted tumour
samples, Ginestier et al. obtained a total of 481 breast cancer cores from the University of
Michigan Hospital and the Institut Paoli-Calmettes®®. Through immunohistochemical
staining with the anti-ALDH1 (BD) antibody, they found that for tumour cores exhibiting

ALDH1 staining, on average 5% of neoplastic cells were ALDH1" whereas the other
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95% were ALDH1". The presence of ALDH1ALl correlated with high tumour grade,
ERBB2 overexpression as well as the absence of both estrogen and progesterone receptor
expression®. In addition, ALDH1A1 expression is an independent prognostic factor for
poor clinical outcome, leading to the conclusion that the presence of ALDH1Al in a
tumour correlates to poor patient prognosis®.

Following Ginestier et al.’s lead, a plethora of studies have attributed
ALDEFLUOR-detected ALDH activity to the ALDH1A1 isoform®*>3"" " However,
Marcato et al.”® and Eirew et al.” have since provided evidence to suggest that another
ALDH family member, ALDH1A3, may in fact be responsible for detected activity.
While Ginestier et al. were able to connect ALDH1A1 expression with tumour grade®®,
research groups began to question the fact that there appears to be no clear relationship
between the expression of ALDH1A1 and other important prognostic indicators”®. The
clinical relevance of ALDH1A1l has indeed become very controversial. Recently,
ALDH1A1 expression in primary tumours was implicated as an independent prognostic
indicator of metastasis and poor clinical outcome in patients with inflammatory breast
cancer’’. In contrast, other groups have been unable to find any significant correlation
between ALDH1AL1 expression and tumour grade, metastasis, chemotherapeutic

resistance or patient outcome®®2.

For example, while Morimoto et al. found that
ALDH1" tumours tend to be negative for both the estrogen and progesterone receptors,
positive for HER2 expression, and high in Ki67 and TOP2A expression, they were

unable to show ALDH1AL1 as an independent prognostic factor®’. Similarly, Resetkova
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et al. reported that ALDH1AL expression was not associated with overall or disease-free
survival following breast cancer patient treatment with adjuvant or neoadjuvant
chemotherapy™.

Overall, ALDH1A1 does not appear to be a reliable prognostic marker for breast
cancer. The most promising ALDH family member candidate is now ALDH1AS3.
Perhaps most importantly, expression of this protein has been correlated with tumour

grade, proximal metastasis and cancer stage’®.

1.6 ALDH1AS3 and Breast Cancer
Focus began to shift onto ALDH1A3 when Marcato et al. reported that

ALDH1A3 was responsible for the ALDEFLUOR activity seen in breast cell lines and
that this protein’s expression correlates with tumour grade, proximal metastasis and
cancer stage of clinical breast cancer samples’®. Total genome microarray expression
analysis in four patient breast tumours fractionated into ALDEFLUOR® and
ALDEFLUOR" populations revealed that isoforms other than ALDH1A1L, particularly
ALDH1A3, ALDH2, ALDH4A1, ALDH5AL, ALDH6A1, ALDH7A1 and ALDH18A1,
showed significant expression in the ALDEFLUOR" population as compared to the
ALDEFLUOR" population. Marcato et al. also found that ALDH1A3 mRNA levels
correlated with ALDEFLUOR activity in seven different breast cancer cell lines. In order
to determine the ALDH family member(s) critical for ALDEFLUOR activity, a short

hairpin RNA (shRNA) knockdown system was used in the ALDEFLUOR™ cell lines
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MDA-MB-468, SKBR3 and MDA-MB-435. While knocking down expression of
ALDH1AL did not significantly reduce ALDEFLUOR activity in any of the three cell
lines tested, ALDH1A3 transcript targeting did reduce ALDEFLUOR activity.
Interestingly, ALDH2 knockdown had an effect in only the SK-BR-3 cell line, suggesting
that ALDEFLUOR activity may be a reflection of the combined activity of different
ALDH family members™.

Adding weight to the argument that ALDH1AS3 plays a role in the normal breast
differentiation hierarchy, Eirew et al. recently demonstrated that ALDH1A3, and not
ALDH1AL, is highly expressed in normal human luminal epithelial cells”®. Following
flow cytometric fractionation based on a series of cell surface markers including CD49f,
EpCAM, CD31 and CD45, it was found that the primitive luminal population
(CD49f"/EpCAM’/CD31/CD45") contain the highest ALDH1A3 mRNA transcript and
protein levels compared to basal, mature luminal, stromal and hematopoietic/ endothelial
cell populations™. Interestingly, mature luminal cells (CD49f/EpCAM*/CD31/CD45")
show decreased ALDH1A3 mRNA and protein expression compared to primitive luminal

cells, suggesting that ALDH1AZ3 is regulated during luminal differentiation’.

1.7 Rationale

While the work done by Eirew et al. relates directly to the normal breast stem cell
hierarchy, the information now known about mammary ALDH1A3 expression can be

applied to breast cancer. The luminal cell population itself has already been linked with
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BRCA1-associated breast cancers. Liu et al. showed that breast tissue samples from
BRCAL1 mutation carriers exhibit a marked reduction in CD49f"/EpCAM  basal
mammary stem cells and a corresponding increase in the CD49f"/EpCAM™ luminal
mammary progenitor population®. Molyneux et al. found that the histological and
immunohistochemical characteristics of tumours generated in mice lacking BRCAL in
mammary luminal progenitor cells resembled that of human BRCAl-associated and
basal-like breast cancers®. Therefore, in a certain subset of breast cancers, luminal cells
may in fact be the target group for transformation. As ALDH1A3 expression has been
linked to the luminal cell population’, this protein may play an active role in
tumorigenesis or tumour maintenance.

The primary aim of the present study is to investigate the role played by ALDH1AS3 in
luminal cell differentiation and normal breast development. By screening for ALDH1AS3 splice
variants in breast cell lines and determining the effects of both inhibiting overall ALDH activity
and losing ALDH1A3 expression in normal mammary epithelial cell lines, we hope to further our
understanding of how ALDH1A3 participates in normal breast morphogenesis. Moreover, by
linking ALDH1A3 mRNA expression levels in clinical breast tumour samples and matched
normal tissue to clinical characteristics, we hope to shed light on the clinical significance of this
protein. Overall, our hypothesis is that ALDH1AS3 and its splice variants play a role in mammary
luminal cell differentiation. Deregulation of ALDH1A3 expression or activity may therefore

facilitate tumorigenesis or cancer maintenance.
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Chapter 2

Experimental Procedures

2.1 General Reagents

Table 1: List of Reagents

Acrylamide Fisher Scientific, Ottawa, ON
Agar Fisher Scientific, Ottawa, ON
Agarose Sigma Aldrich, Oakville, ON
ALDEFLUOR Assay STEMCELL Technologies Incorporated,

Vancouver, BC

Ammonium Persulfate (APS)

Sigma Aldrich, Oakville, ON

Ampicillin

BioShop Canada Inc, Burlington, ON

B-glycerophosphate

Sigma Aldrich, Oakville, ON

fB-mercaptoethanol

Fisher Scientific, Ottawa, ON

Bis-acrylamide

Fisher Scientific, Ottawa, ON

Boric Acid

BioShop Canada Inc, Burlington, ON

Bovine Serum Albumin (BSA)

Fisher Scientific, Ottawa, ON

Cholera Toxin

Sigma Aldrich, Oakville, ON

Clonetics® Mammary Epithelial Base Medium
(MEBM)

Lonza, Walkersville, MD, USA

Clonetics® SingleQuot

Lonza, Walkersville, MD, USA

Deoxynucleotide Triphosphates (ANTPs)

New England Biolabs, Pickering, ON

Dextran-coated charcoal

Sigma Aldrich, Oakville, ON

Diethylaminobenzaldehyde (DEAB)

Sigma Aldrich, Oakville, ON

Dimethy! Sulfoxide (DMSO)

BioShop Canada Inc, Burlington, ON

Disodium Hydrogen Orthophosphate (Na,HPO,)

Fisher Scientific, Ottawa, ON

Dithiothreitol (DTT)

Sigma Aldrich, Oakville, ON

Doxycyclin (DOX)

Sigma Aldrich, Oakville, ON

Dulbecco’s Modified Eagles Medium (DMEM)

Sigma Aldrich, Oakville, ON

Dulbecco’s Modified Eagles Medium/ F12
(DMEM/F12)

HyClone, Logan, UT, USA

Enhanced Chemi-Luminescence Kit

Fisher Scientific, Ottawa, ON

Epidermal Growth Factor

Invitrogen, Burlington, ON

Ethanol, 100%

Sigma Aldrich, Oakville, ON

Ethidium Bromide

Sigma Aldrich, Oakville, ON

Ethylenediaminetetraacetic Acid (EDTA)

Sigma Aldrich, Oakville, ON

Fetal Bovine Serum (FBS)

HyClone, Logan, UT, USA

FUGENE 6° Transfection Reagent

Roche Applied Sciences, Laval, QC

G418 Sulfate

BioShop Canada Inc, Burlington, ON

Genelute Mammalian Total RNA Miniprep Kit

Sigma Aldrich, Oakville, ON

Glycerol

Sigma Aldrich, Oakville, ON




Glycine Sigma Aldrich, Oakville, ON
Growth Factor Reduced Matrigel BD Biosciences, Mississauga, ON
Hoechst 33258 Life Technologies Inc., Burlington, ON

Horse Serum (HS)

Invitrogen, Burlington, ON

HotStar Taq Polymerase

New England Biolabs, Pickering, ON

Hydrocortisone

Sigma Aldrich, Oakville, ON

Insulin

Sigma Aldrich, Oakville, ON

Isopropanol

Botterell Solvent Store, Kingston, ON

Isopropyl B-D-1-thiogalactopryanoside (IPTG)

Promega, Madison, WI, USA

Isoproterenol

Sigma Aldrich, Oakville, ON

Leupeptin/ Pepstatin

Sigma Aldrich, Oakville, ON

Methanol

Botterell Solvent Store, Kingston, ON

N,N,N’,N’-Tetramethylethylenediamine (TEMED)

BioRad, Mississauga, ON

Paraformaldehyde

Fisher Scientific, Ottawa, ON

Penicillin-Streptomycin (Pen/Strep)

Sigma Aldrich, Oakville, ON

Phenyl-methyl-sulfonyl-fluoride (PMSF)

Fisher Scientific, Ottawa, ON

Polybrene

Sigma Aldrich, Oakville, ON

Potassium Chloride (KCI)

VWR, Mississauga, ON

Potassium Dihydrogen Orthophosphate (KH,PO,)

Sigma Aldrich, Oakville, ON

Puromycin

Sigma Aldrich, Oakville, ON

QIAGEN Plasmid Maxiprep Kit

Qiagen, Mississauga, ON

QIAquick Gel Extraction Kit

Qiagen, Mississauga, ON

QIAquick Miniprep Kit

Qiagen, Mississauga, ON

QIAquick PCR Purification Kit

Qiagen, Mississauga, ON

Random Hexanucleotide Primer

Sigma Aldrich, Oakville, ON

Restriction Enzyme BamHI

New England Biolabs, Pickering, ON

Restriction Enzyme HindllI

New England Biolabs, Pickering, ON

Restriction Enzyme Sacl

New England Biolabs, Pickering, ON

Retinoic acid (RA)

Sigma Aldrich, Oakville, ON

RPMI-1640 Medium

Sigma Aldrich, Oakville, ON

Santa Cruz Transfection Reagent

Santa Cruz Biotechnology, Santa Cruz, CA

Sodium Chloride (NaCl)

Sigma Aldrich, Oakville, ON

Sodium Dodecyl Sulphate (SDS)

Sigma Aldrich, Oakville, ON

Sodium Fluoride (NaF)

Sigma Aldrich, Oakville, ON

Sodium Orthovanadate (NasVO,)

Sigma Aldrich, Oakville, ON

SuperScript II® Platinum One-Step gRT-PCR
System

Invitrogen, Burlington, ON

T4 DNA Ligase

New England Biolabs, Pickering, ON

Transferrin

BD Biosciences, Mississauga, ON

Trasylol Sigma Aldrich, Oakville, ON
Tris Base Sigma Aldrich, Oakville, ON
Trypsin-EGTA Sigma Aldrich, Oakville, ON
Tween-20 Sigma Aldrich, Oakville, ON
VENT DNA Polymerase New England Biolabs, Pickering, ON
X-gal BioShop Canada Inc, Burlington, ON
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2.2 Plasmids and Constructs

Table 2: List of Plasmids and Constructs

pBS+ Stratagene, La Jolla, | Used as vector backbone for colony
CA, USA colour screening

pcDNA-3 EV Sigma Aldrich, Used as vector backbone to produce
Oakville, ON untagged transfected proteins

p3x-Flag-CMV-10 Sigma Aldrich, Used as vector backbone to produce Flag-
Oakville, ON tagged transfected proteins

pcDNA-3 ALDH1AS3 aa 1-115 Cloned by A. Cull, Untagged ALDH1A3 protein truncation
Mueller Lab, comprised of amino acids 1 - 115

Queen’s University

pcDNA-3 ALDH1A3 aa 1-128

Cloned by A. Cull

Untagged ALDH1A3 protein truncation
comprised of amino acids 1 - 128

pcDNA-3 ALDH1A3 aa 1-179

Cloned by A. Cull

Untagged ALDH1AZ3 protein truncation
comprised of amino acids 1 - 179

pcDNA-3 ALDH1A3 aa 1-222

Cloned by A. Cull

Untagged ALDH1A3 protein truncation
comprised of amino acids 1 - 222

p3x-Flag ALDH1A3 aa 1-115

Cloned by A. Cull

Flag-tagged ALDH1A3 protein truncation
comprised of amino acids 1 - 115

p3x-Flag ALDH1A3 aa 1-128

Cloned by A. Cull

Flag-tagged ALDH1A3 protein truncation
comprised of amino acids 1 - 128

p3x-Flag ALDH1A3 aa 1-179

Cloned by A. Cull

Flag-tagged ALDH1A3 protein truncation
comprised of amino acids 1 - 179

p3x-Flag ALDH1A3 aa 1-222

Cloned by A. Cull

Flag-tagged ALDH1A3 protein truncation
comprised of amino acids 1 - 222

pcDNA-3 ALDH1A3 FL

Cloned by A. Cull

Untagged full length ALDH1A3

pcDNA-3 ALDH1A3 A6

Cloned by A. Cull

Untagged ALDH1A3 lacking exon 6

pcDNA-3 ALDH1A3 A4-6

Cloned by A. Cull

Untagged ALDH1A3 lacking exons 4-6

p3x-Flag ALDH1A3 FL

Cloned by A. Cull

Flag-tagged full length ALDH1A3

p3x-Flag ALDH1A3 A6

Cloned by A. Cull

Flag-tagged ALDH1A3 lacking exon 6

p3x-Flag ALDHIA3 A4-6

Cloned by A. Cull

Flag-tagged ALDH1AS3 lacking exons 4-6

psPAX2

Addgene, Cambridge,
MA, USA

Second generation packaging vector

pPMDG.2

Addgene, Cambridge,
MA, USA

Second generation viral envelope vector

pTRIPZ Control

Thermo Scientific
Open Biosystems,
Lafayette, CO, USA

Non-silencing TRIPZ lentiviral DOX-
inducible control ShRNAmir

pTRIPZ V3THS_378584

Thermo Scientific
Open Biosystems,
Lafayette, CO, USA

ALDH1A3-specific lentiviral DOX-
inducible sShRNAmir
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2.3 Oligonucleotide Primers

Table 3: List of Oligonucleotide Primers

ALDHI1A3 SV 5’ Fwd | 5°- GGGAAGCTTGTGGAGGCTGCACAGGTGC - 3%

ALDHI1A3 SV 3’ Rev | 5° — GGGGAGCTCCTGGCACAATGTTCACCACT -3’

ALDHIA3 5’ Fwd 5’ - GGGAAGCTTATGGCCACCGCTAACGGGGC - ¥

ALDHI1A3 3’ Rev 5’ — GGGGGATCCTCAGGGGTTCTTGTCGCCAAG -3’

ALDH1A3 Exon 3|5 —-GGGGGATCCTCAGGCCAAGGTGGCGCGGTC -3
Term Rev

ALDH1A3 Exon 4|5 - GGGGGATCCTCAATGAAGAAATGGCTTCCCTGT -3
Term Rev

ALDH1A3 Exon 5|5 —-GGGGGATCCTCATGGAGTGATGGCCCCACA -3
Term Rev

ALDH1A3 Exon 6 |5 —GGGGGATCCTCACTCTTTGATCAGAGAGCCGAG -3’
Term Rev

ALDHI1A3 A6 Fwd 5’ — GGGGCCATCACTCCAGCCGGGTTCCCTCCAG -3

ALDHI1A3 A6 Rev 5’ - CTGGAGGGAACCCGGCTGGAGTGATGGCCCC -3°

ALDHIA3 A4-6 Fwd | 5°— CGCGCCACCTTGGCCGCCGGGTTCCCTCCAG -3’

ALDHI1A3 A4-6 Rev | 5 — CTGGAGGGAACCCGGCGGCCAAGGTGGCGCG -3°

ALDHI1AS FL Fwd 5’ — CTCTCTGATCAAAGAGGCCGGGTTCCCTCCAG -3’

ALDH1A3 FL Rev 5’ — CTGGAGGGAACCCGGCCTCTTTGATCAGAGAG -3’

M13 5’ - GTAAAACGACGGCCAGT - 3%

CMV-30 5" AATGTCGTAATAACCCCGCCCCGTTGACGC -3
CMV-24 5’ - TATTAGGACAAGGCTGGTGGGCAC -3’

T7 5’ —TAATACGACTCACTATAGGG -3’

2.4 Molecular Cloning and Sequencing

PCR products were generated from tissue culture cell line-derived RNA samples.
RNA was prepared using a Genelute Mammalian Total RNA Miniprep Kit (Sigma
Aldrich). In all cases, 1ug of RNA from each sample was reverse transcribed into cDNA
using a random hexanucleotide primer (H0268, Sigma Aldrich). cDNA was then

employed as a template in the experiments described below.
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To screen for potential ALDH1A3 splice variants, PCR was conducted on cDNA
from a variety of mammary epithelial cell lines including MCF-10A, 184-hTERT, BT-
474, MCF-7 and SK-BR-3. Amplification was done using HotStar Taq polymerase
(203205, Qiagen) with ALDH1A3 SV 5° Fwd and ALDH1A3 SV 3’ Rev primers in an
Eppendorf Mastercycler for 35 cycles. Following a 15 minute enzymatic activation at
95°C, the amplification cycles consisted of a 30 second denaturation at 95°C, a 1 minute
annealing at 60°C and a 1 minute extension at 72°C. PCR fragments were purified using
Qiagen’s PCR Purification Kit. As ALDH1A3 SV 5 Fwd contains a Hindlll site at its 5°
end and ALDH1A3 SV 3’ Rev has a Sacl site at its 3° end, each of the purified fragments
contained a restriction enzyme site at both 5’ and 3’ ends. Following a 1 hour restriction
digest with both Hindlll (New England Biolabs) and Sacl (New England Biolabs), PCR
fragments were run on a 2% agarose gel and purified using Qiagen’s Gel Extraction Kit.

Each purified ALDH1A3 splice variant PCR fragment was ligated with a
linearized pBS+ vector at a ratio of 3:1 (insert to vector). T4 DNA ligase was used to
ligate fragments into the pBS+ vector. All ligation reactions were carried out at 16°C for
12 hours. Following this incubation, each plasmid was transformed into
electrocompetent DHS5a Escherichia coli using a Biorad Micropulser. Bacteria was
cultured on X-gal/ isopropyl B-D-1-thiogalactopryanoside (IPTG)-treated LB medium
plates containing 800mg/mL ampicillin (BioShop) for 14 hours at 37°C. Positive clones
were selected using colour screening and cultured in 5mL of LB medium supplemented

with 800mg/mL ampicillin for 14 hours at 37°C before DNA was purified using Qiagen’s
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Plasmid Miniprep Kit. All minipreps were sent to ACGT Corporation for direct
sequencing using the M13 sequencing primer (ACGT Corporation, Toronto, ON).

The ALDH1A3 truncation PCR products corresponding to ALDH1A3’s amino
acids (aa) 1-115, aa 1-128, aa 1-179 and aa 1-222 were generated by performing PCR on
cDNA samples derived from 184-hTERT cells. Amplification was accomplished using
HotStar Taq polymerase (Invitrogen) with ALDH1A3 5° Fwd and ALDH1A3 Exon 3
Term Rev (for aa 1-115), ALDH1A3 Exon 4 Term Rev (for aa 1-128), ALDH1A3 Exon
5 Term Rev (for aa 1-179) or ALDH1A3 Exon 6 Term Rev (for aa 1-222) primers in an
Eppendorf Mastercycler. PCR cycles were done as described above. Products were
purified using Qiagen’s PCR purification kit. As ALDH1A3 5° Fwd contains a HindllI
site at its 5° end and each of the ALDH1A3 exon-specific reverse primers has a BamHI
site at its 3’ end, the purified fragments contained a restriction enzyme site at both 5° and
3’ ends. Following a 1 hour restriction digest with both HindllIl (New England Biolabs)
and BamHI (New England Biolabs), PCR fragments were run on a 2% agarose gel and
purified using Qiagen’s Gel Extraction Kit.

In order to generate full length cDNA constructs corresponding to the open
reading frames of each ALDH1AS3 splice variant identified in screening mammary
epithelial cell lines, isoforms were PCR amplified in two parts and the resulting

fragments were fused together to produce full length PCR products (Figure 3). PCR was
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Figure 3: ALDH1A3 splice variant construct PCR amplification strategy.

Primer set locations are indicated above for each of the splice variants identified. A) Splice variant cDNA
was amplified in two sections using the touchdown PCR method. End #1 PCR fragments were amplified
using a common 5’ primer (ALDH1A3 5 Fwd) located in exon 1 and 3’ splice variant-specific hybrid
primers designed to flank specific exon junctions. End #2 PCR fragments were amplified using primers
antisense to the 3’ hybrid primer used to generate the corresponding End #1 PCR fragment and a common
3’ primer (ALDH1A3 3’ Rev). B) Due to complementarity of hybrid primers for both End #1 and End #2
PCR fragments, PCR products were put through another round of PCR to create full length fusions.
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conducted on cDNA samples derived from SK-BR-3 cells as this cell line expresses each
of the three splice variants — full length ALDH1A3 (ALDH1A3 FL), ALDH1A3 lacking
exon 6 (ALDH1A3 A6) and ALDHIA3 lacking exons 4-6 (ALDHI1A3 A4-6).
Amplification was done using VENT DNA polymerase (New England Biolabs). End #1
Fragments were amplified with the ALDH1A3 5’ Fwd primer and ALDH1A3 A6 Rev,
ALDHI1A3 A4-6 Rev or ALDH1A3 FL Rev primers (Figure 3A). End #2 Fragments
were amplified with the ALDH1A3 A6 Fwd, ALDH1A3 A4-6 Fwd or ALDH1A3 FL
Fwd primers and the ALDH1A3 3’ Rev primer (Figure 3A). Reactions were carried out
in an Eppendorf Mastercycler and cycles are outlined in Table 4. PCR fragments were
purified using Qiagen’s PCR Purification Kit, run on a 2% agarose gel and purified using
Qiagen’s Gel Extraction Kit. These products were then used as templates for fusion PCR
in which End #1 Fragments were fused to End #2 Fragments by virtue of antisense
overlap in the 3’ end of each End #1 Fragment and the 5° end of each End #2 Fragment
(Figure 3B). Fusion and amplification of PCR fragments was done using VENT DNA
polymerase with ALDH1A3 5° Fwd and ALDH1A3 3° Rev primers in an Eppendorf
Mastercycler. Following a 2 minute denaturation step at 95°C, five fusion cycles were
performed in the absence of PCR primers, consisting of a 30 second denaturation at
95°C, a 1 minute annealing at 37°C and a 1 minute extension at 72°C. After addition of
forward and reverse primers, 30 amplification cycles including a 30 second denaturation

at 95°C, a 1 minute annealing at 60°C and a 1 minute extension at 72°C were completed.
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Table 4: Touchdown PCR cycles

| Temperature [  Time [ Cycle Number |
95°C 2 minutes -
95°C 30 seconds
70°C 1 minute 1
72°C 1 minute
95°C 30 seconds 2
69°C 1 minute
72°C 1 minute
95°C 30 seconds 3
68°C 1 minute
72°C 1 minute
95°C 30 seconds 4
67°C 1 minute
72°C 1 minute
95°C 30 seconds 5
66°C 1 minute
72°C 1 minute
95°C 30 seconds 6 —40
65°C 1 minute
72°C 1 minute
72°C 4 minutes -
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Products were then purified using Qiagen’s PCR Purification Kit. As ALDHIA3 5° Fwd
contains a Hindlll site at its 5’ end and ALDH1A3 3’ Rev has a BamHlI site at its 3” end,
each of the purified fusion products has a restriction enzyme site at both 5° and 3’ ends.
Following a 1 hour restriction digest with Hindlll (New England Biolabs) and BamHI
(New England Biolabs), PCR fragments were run on a 2% agarose gel and purified using
Qiagen’s Gel Extraction Kit.

ALDH1AS truncation and splice variant fusion PCR products were ligated either
with a linearized pcDNA-3 or p3x-Flag vector at a ratio of 3:1 (insert to vector). T4
DNA ligase (New England Biolabs) was used to ligate the ALDH1A3 truncations into
these vectors. All ligation reactions were carried out at 16°C for 12 hours. Following
this incubation, each plasmid was transformed into electrocompetent DHSa Escherichia
coli using a Biorad Micropulser. Bacteria were cultured on LB medium plates containing
800mg/mL ampicillin (BioShop) for 14 hours at 37°C. Colonies were cultured in 5mL of
LB medium supplemented with 800mg/mL ampicillin for 14 hours at 37°C before
plasmid DNA was purified using Qiagen’s Plasmid Miniprep Kit. All minipreps were
sent to ACGT Corporation for direct sequencing using the CMV 30 and CMV 24 primers
(ACGT Corporation) for p3x-Flag constructs and the T7 primer (ACGT Corporation) for
pcDNA-3 constructs. Once sequences were verified, maxipreps were prepared for each

construct using Qiagen’s Plasmid Maxiprep Kit.
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2.5 Cell Culture and Treatments

MCF-7, SK-BR-3, ZR-75-1, BT-474 and T-47D human mammary carcinoma cell
lines as well as the normal breast cells MCF-10A were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The karyotypically normal non-
transformed breast epithelial cell line 184-hTERT was a gift given by Dr. Calvin
Roskelley (University of British Columbia, Canada). The lentiviral packaging cell line
HEK-293T was a gift from Dr. David Lebrun (Queen’s University, Canada). MCF-7 and
T-47D cells were grown under conditions specified previously by MacDonald et al.%, as
were ZR-75-1 cells. SK-BR-3, BT-474 and HEK-293T cells were cultured in Dulbecco's
modified Eagle's medium (DMEM, Sigma Aldrich) supplemented with 10% fetal bovine
serum (HyClone), 100 pg/mL streptomycin (Sigma Aldrich) and 100 units/mL penicillin
(Sigma Aldrich). MCF-10A cells were maintained in DMEM/F12 with L-glutamine
(HyClone), 5% horse serum (Invitrogen), 20 ng/mL epidermal growth factor (Invitrogen),
10 pg/mL insulin (Sigma Aldrich), 0.5 pg/mL hydrocortisone (Sigma Aldrich), 100
ng/mL cholera toxin (Sigma Aldrich), 100 units/mL penicillin (Sigma Aldrich) and 100
ng/mL streptomycin (Sigma Aldrich). 184-hTERT cells were cultured in Clonetics®
Mammary Epithelial Base Medium (MEBM) supplemented with Clonetics® SingleQuot
(Lonza), 400 pg/mL G418 (BioShop), 1 pg/mL transferrin (BD Biosciences) and 1.25
pg/mL isoproterenol (Sigma Aldrich). All tissue culture cell lines were maintained in a
humidified environment at 37°C and 5% CO..

Cell treatments with diethylaminobenzaldehyde (DEAB, Sigma Aldrich) and

retinoic acid (RA, Sigma Aldrich) were carried out in regular cell culture media for
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monolayer cultures or assay media for 3D acini cultures. For experiments involving
DEAB, ethanol (vehicle control) or DEAB was added directly to cell culture media.
Similarly, dimethyl sulfoxide (DMSO, vehicle control) or RA was added directly to

media. All experiments containing RA treatments were performed in the dark.

2.6 Transient Transfections

For transient transfections involving ALDH1A3 constructs, MCF-7 cells were
plated in 6-well cell culture plates at 2.5x10° cells/well 24 hours before transfection.
Cells were transfected with ALDH1A3 truncation (633ng/well) or ALDH1A3 splice
variant constructs (633ng/well) using FUGENE 6® Transfection Reagent (Roche Applied
Sciences). For western blot analysis, cells were washed twice with cold 1 x PBS and
lysed with 1 x SDS loading buffer (2.5% sodium dodecyl sulfate (SDS), 25 mM Tris-HCI
pH 6.8, 10% glycerol, 1% apropotin, 1 mM dithiothreitol, 1 pg/mL leupeptin, 1 pg/mL
pepstatin, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM NaF, 1 mM sodium
orthovanadate, 20 mM [B-glycerophosphate) approximately 48 hours following

transfection.

2.7 siRNA Transfections
24 hours before siRNA transfection, MCF-7 and 184-hTERT cells were plated in

6-well plastic cell culture plates at 2.5x10° cells/well. Cells were transfected with

SIALDH1A3 (sc-43611, 1 pg per well, Santa Cruz Biotechnology) or Control sSiRNA-A
33



(sc-37007, 1 pg per well, Santa Cruz Biotechnology) using Santa Cruz Transfection
Reagent (Santa Cruz Biotechnology) as per manufacturer's instructions. 72 hours after

transfection, cells were washed twice with cold PBS and lysed in 1xSDS loading buffer.

2.8 3D Acini Cultures

All acini were maintained in assay media comprised of DMEM/F12 with L-
glutamine (Hyclone), 2% dextran charcoal-stripped horse serum (prepared as indicated
below), 0.5pug/mL hydrocortisone (Sigma Aldrich), 100ng/mL choleratoxin (Sigma
Aldrich), 10pg/mL insulin (Sigma Aldrich), 100 units/mL penicillin (Sigma Aldrich),
100pg/mL  streptomycin (Sigma Aldrich) and S5ng/mL epidermal growth factor
(Invitrogen). In an attempt to minimize endogenous retinoids in the horse serum
(Invitrogen) added to this assay media, serum was incubated with dextran-coated
charcoal (Sigma Aldrich) at 4°C for 12 hours. Charcoal was then removed via
centrifugation at 1600 rpm for 15 minutes at 4°C and serum was filter-sterilized by
passage through a 0.2um filter.

MCF-10A and 184-hTERT non-transformed mammary cells were either
overlayed or embedded in Matrigel cultures based on methods described by Lee et al.®
Pre-cooled 8-well glass chamber slides or 12-well plastic tissue culture plates were
coated with 30uL and 50 pL 100% growth factor-reduced Matrigel (BD Biosciences),
respectively. Following an incubation of 30 minutes at 37°C and 5% CO, to allow the

Matrigel to solidify, MCF-10A and 184-hTERT cells were lifted in 1 x trypsin-EGTA
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(Sigma Aldrich). In the overlay method, cells were resuspended in assay media
containing 2% Matrigel and plated on Matrigel-coated wells at 1x10° cells/ well. In the
embedded method, cultures were resuspended as single cells in 67% Matrigel plus acini
assay media. 150uL of cell suspension was then plated onto Matrigel-coated wells at a
density of 1x10* cells/ well and allowed to solidify for 1 hour at 37°C and 5% CO, before
acini assay media was added to each well. Assay media was changed every four days
over the course of each experiment.

Acini culture morphology was monitored using phase contrast microscopy and a
series of images was taken using an Olympus inverted microscope. In some cases, acini
were fixed with 4% paraformaldehyde (Fisher Scientific) and stained with Hoechst 33258
(1:5000, Molecular Probes®, Life Technologies Inc.). The number of cells per acinar
structure was counted for at least 50 acini per treatment per cell line. One-tailed t-tests of

unequal variance were used to calculate p-values.

2.9 Wound Healing Assays
184-hTERT, MCF-10A and MCF-7 cells were plated in normal cell culture media

on 12-well tissue culture plates at 5x10° cells/well. Once wells reached 100%
confluence, a p200 tip was used to scratch a line through monolayer cells and wells were
washed with warm 1 x PBS to remove debris. Cell migration was monitored using an
Olympus inverted microscope. Two fields were marked on each well and photographs of

these fields were taken at various time points. The total area of each scratch for every
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image was measured using ImageJ’s polygon selection tool. Percentage of wound
closure relative to t=0 hours was calculated by subtracting the area at t=0 hours from that
at the time point of interest, dividing this number by the area at t=0 hours and multiplying
the resulting value by 100. Percent wound closure for four independent wound sites per
cell line per treatment were then averaged and standard deviation was calculated. One-

tailed t-tests of unequal variance were used to calculate p-values.

2.10 Proliferation Assays
184-hTERT and MCF-10A cells pretreated for 7 days with ethanol vehicle control

or 100uM DEAB were plated in 6 well tissue culture plates (3.5x10* cells/well) in
duplicate. 24 hours after plating (designated “day 1), cells were trypsinized and counted
using a haemocytometer. Cells to be harvested on days 2-4 were maintained in normal
growth media containing 100pM DEAB for the remainder of the experiment. Cell counts
for these days were performed in the same way as described for day 1. One-tailed t-tests

of unequal variance were used to calculate p-values.

2.11 Lentiviral Transduction and Pools

In order to generate 184-hTERT and MCF-10A cells with low ALDH1A3
expression, doxycyclin (DOX)-inducible lentiviral TRIPZ vectors with either a non-
silencing shRNAmir control (RHS4743, 17ug/well, Thermo Scientific Open Biosystems)

or an shRNAmir specific to a region in exon 9 of ALDH1A3 (V3THS 378584,
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17pg/well, Thermo Scientific Open Biosystems) was co-transfected into HEK-293T cells
along with psPAX2 (12260, 11.3ug/well, Addgene) and pMDG.2 (12259, 5.3pg/well,
Addgene) second generation packaging plasmids using FUGENE 6® Transfection
Reagent (Roche Applied Sciences). Lentiviral-containing supernatants were collected
and titred to determine transducing units/mL. 184-hTERT and MCF-10A cells were
plated at 5x10° cells/ plate on 100mm cell culture dishes. Lentiviral-containing
supernatant was applied to serum-free DMEM/F12 supplemented with 10pg/mL
polybrene (H9268, Sigma Aldrich) for a total of 5x10° transducing units/plate to achieve
a multiplicity of infection (MOI) of 1 or 1x10° transducing units/plate to achieve a MOI
of 2. Stable pools were kept under 0.5 pg/mL puromycin selection (Sigma Aldrich) and

induced with Img/mL DOX (Sigma Aldrich).

2.12 Western Blotting

Cultured cells were rinsed with ice cold 1 x PBS and lysed using 1 x SDS loading
buffer (2.5% sodium dodecyl sulfate (SDS), 25 mM Tris-HCI pH 6.8, 10% glycerol, 1%
apropotin, 1 mM dithiothreitol, 1 pg/mL leupeptin, 1 pg/mL pepstatin, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM NaF, 1 mM sodium orthovanadate, 20 mM
B-glycerophosphate). Lysates were resolved on 10% SDS-PAGE gels and transferred
overnight at 4°C onto polyvinylidene fluoride membranes (Millipore, Billerica, MA,
USA). Membranes were blocked in 1% skim milk and 1% bovine serum albumen (BSA,

Fisher Scientific) block solution and probed with appropriate antibodies. Protein bands
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were visualized by treating membranes with enhanced chemiluminescence reagent

(Fisher Scientific).

2.13 Antibodies

The following primary antibodies were used for western blot analysis: anti-
ALDH1 (clone 44/ALDH, 1:250, BD Transduction Laboratories, BD Biosciences), anti-
ALDH1Al (ab52492, 1:200, Abcam), anti-ALDH1A2 (N-20, 1:200, Santa Cruz
Biotechnology), anti-ALDH1A3 (C-13, 1:200, Santa Cruz), anti-ALDH2 (3D12, 1:200,
Santa Cruz), anti-Flag probe (D-8, 1:2000, Santa Cruz) and anti-TBP (ab818, 1:2000,
Abcam). Additional ALDH antibody information is provided in Table 4. Secondary
antibodies used included goat anti-mouse (115-035-003, 1:10000, Jackson
ImmunoResearch, West Grove, PA, USA) to detect anti-TBP, anti-ALDH1 (BD) and
anti-ALDH2, goat anti-rabbit (sc-2004, 1:10000, Santa Cruz) to detect anti-Flag and anti-
ALDH1Al1 (Abcam) and donkey anti-goat (sc-2020, 1:10,000, Santa Cruz

Biotechnology) to detect anti-ALDH1A2 and anti-ALDH1AS3.

2.14 Quantitative reverse transcription PCR (QRT-PCR)
An ALDH1AS3-specific TagMan gene expression assay (HS00167476-m1, FAM,

Life Technologies Incorporated) targeting sequence spanning exons 2 and 3 was used to
determine ALDH1A3 expression levels. Human HPRT-1 (HS99999909 ml, VIC, Life

Technologies Incorporated) was used as an internal control. Conversion of 25ng RNA
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Table 5: ALDH Antibody Information

Anti-ALDH1 (BD) Human ALDH1 Monoclonal
aa 7-128
Anti-ALDH1A1 ALDH1Al Monoclonal
(Abcam) C-terminal region
Anti-ALDH1A2 ALDH1A2 Polyclonal
N-terminal region
Anti-ALDH1A3 ALDH1A3 Polyclonal
C-terminal region
Anti-ALDH2 Recombinant Monoclonal
ALDH2
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into cDNA and subsequent amplification was done using the SuperScript 111® Platinum
One-Step qRT-PCR System (Invitrogen) in an Eppendorf Realplex* for 40 cycles.
Following a 15 minute cDNA conversion step at 50°C and a subsequent enzymatic
activation for 2 minutes at 95°C, the amplification cycles consisted of a 15 second
denaturation at 95°C and a 30 sec annealing at 60°C. ALDH1A3 mRNA expression
levels were calculated relative to a selected sample using the delta-delta Ct method

outlined by Perkin Elmer Applied Biosystems (Perkin Elmer, Forster City, CA, USA).

2.15 ALDEFLUOR Assay
5x10° cells were resuspended in ALDEFLUOR assay buffer (STEMCELL

Technologies Incorporated, Vancouver, BC) which contains the ATP-binding cassette
transporter inhibitor verapamil to prevent efflux of the fluorescent ALDH reaction
product. Cells were incubated in the presence of the activated ALDEFLUOR reagent
BODIPY -aminoacetaldehyde (“test” samples) or both the activated reagent and DEAB
(“control” samples) for 50 minutes at 37°C and 5% CO,. DEAB, an ALDH inhibitor, is
used in the “control” samples to inhibit ALDH-mediated activity allowing establishment
of a fluorescence baseline. Cells were then sorted by Matt Gordon (Cytometry and
Imaging, Queen’s University, Kingston ON) based on ALDEFLUOR activity using a
Beckman Coulter Epics Altra HSS flow cytometer. Gates were first established for
ALDEFLUOR" cells based on the flow histogram for the “control” samples with the

same gates being applied to the appropriate “test” samples.
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2.16 Statistics

One-tailed t-tests of unequal variance were performed on data for acini assay
counts, wound healing assays and proliferation assays to determine if the mean of treated
cell populations was either larger or smaller than that of the untreated cell populations.
Two-tailed t-tests of unequal variance were performed on ALDH1A3 mRNA expression
data for clinical tumour and normal samples to determine whether the means of
ALDH1A3 mRNA expression grouped based on clinical parameters were different. A p-

value of less than 0.05 was considered statistically significant.
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Chapter 3

Results

3.1 Characterization of ALDH family member proteins, mRNA expression and
ALDH1AZ3 splice variants in both normal and transformed breast cell lines

Previously, our laboratory has examined endogenous ALDH family member
protein expression in a variety of different human epithelial cell lines (Figure 4, data
unpublished) in order to establish ALDH expression profiles for each line. When
epithelial cell line whole cell lysates were resolved on SDS-PAGE gels, it became clear
that there was a discrepancy between the protein band profile seen in the anti-ALDH1
(BD) blot (Figure 4A) and that of another commercially available monoclonal anti-
ALDH1AL antibody (Figure 4B). This is a significant observation because the anti-
ALDH1 (BD) antibody has been used extensively in the literature for both western blot
and immunohistochemical analysis and is believed to detect ALDH1Al. Doubt
surrounding the specificity of this antibody impacts how results from these studies are
interpreted. While SK-BR-3, 184-hTERT and BT-474 cell lines show a 55 kilodalton
(kDa) band in the anti-ALDH21 (BD) western blot, there was no ALDH1A1 detected in
any of the cell lines tested with the anti-ALDH1A1 (Abcam) antibody. In both western
blots, a 55kDa band is detected in the positive control whole cell lysate, HepG2;
therefore, both antibodies are capable of detecting ALDH1A1. Given that ALDH1Al

expression is widely believed to be a characteristic of stem cells, and since none of the
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Figure 4: Endogenous expression of ALDH family members in human epithelial cell lines by Crista
Thompson.

Endogenous expression of various ALDH family members was screened in human epithelial cell lines
though western blot analysis. For each sample, 10ug of protein was resolved on an SDS-PAGE gel.
Western blot analysis was performed using antibodies against proteins indicated above. Protein band
patterning in the anti-ALDH1 (BD) blot, highlighted by the arrow in A), is reminiscent of that seen at
55kDa in the anti-ALDH1AS3 blot, pointed out by arrow in C). Western blots are representative of one
experiment performed by Crista Thompson.
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cell lines tested contain large populations of stem cells, these results suggest that the anti-
ALDH1 (BD) antibody is detecting a protein other than ALDH1A1.

The amino terminal region of ALDH1ALl is highly conserved among ALDH
isoforms. Thus, bands detected in the anti-ALDH1 (BD) blot may be representative of
another closely related ALDH family member. The same whole cell lysates were
screened with anti-ALDH1AS3 (Figure 4C), anti-ALDH1A2 (Figure 4D) and anti-ALDH2
antibodies (Figure 4E). Of these three western blots, only the anti-ALDH1A3 blot
showed a 55kDa protein expression profile reminiscent of that seen in the anti-ALDH1
(BD) western blot. In the anti-ALDH1A3 blot, SK-BR-3 and 184-hTERT cell lines show
55kDa bands whereas MCF-7, T-47D and ZR-75 cells do not. This pattern of expression
or lack thereof is seen in the anti-ALDH1 (BD) blot for bands also running at
approximately 55kDa. However, there are some discrepancies in that MCF-10As contain
ALDH1A3 but do not show a band on the anti-ALDH1 (BD) blot whereas BT-474s do
not have a band on the anti-ALDH1A3 blot but do on the anti-ALDH1 (BD) blot.

Since the anti-ALDH1A3 antibody detected multiple protein bands, we set out to
determine whether alternatively spliced forms of ALDH1AS3 exist in mammary epithelial
cell lines and can account for this banding pattern. ALDH1A3 splice variants have been
previously reported in keratinocytes’* but it was unknown whether similar isoforms
existed in breast tissue. To detect potential ALDH1AS3 splice variants in a variety of
breast cell lines, PCR products were generated from cDNA samples using primers

within exons 3 and 7 (Figure 5). Two sets of bands, one running at approximately 500
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Figure 5: Endogenous ALDH1AS3 splice variant PCR in human epithelial breast cell lines.

Three endogenous ALDH1AS3 spice variants were identified in human mammary epithelial cell lines. A) A
forward primer (ALDH1A3 SV 5’ Fwd) located in exon 3 and a reverse primer located in exon 7
(ALDHI1A3 SV 3’ Rev) were used to amplify potential splice variant fragments. Three bands — band 1 at
~500 base pairs (bp), band 2 at ~400 bp and band 3 at ~190 bp — were then sent for direct sequencing
(ACGT Corporation). B) Sequencing revealed that Band 1 corresponds to full length ALDH1A3
(ALDHI1A3 FL), Band 2 to ALDH1A3 lacking exon 6 (ALDH1A3 A6) and Band 3 to ALDH1A3 lacking
exons 4-6 (ALDH1A3 A4-6). Of note, the protein sequences of both ALDH1A3 A6 and ALDH1A3 A4-6
continue in-frame following splice sites.
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base pairs (Figure 5A, Band 1) and the other at 190 base pairs (Figure 5A, Band 3), are
seen for each of the breast cell lines whereas only SK-BR-3, 184-hTERT and MCF-10A
cells appear to have a faint third band running at about 400 base pairs (Figure 5A, Band
2). Direct sequencing of these bands identified the 500 base pair band as full length
ALDH1A3 (ALDH1A3 FL) and the 190 base pair band as ALDH1A3 lacking exons 4-6
(ALDH1A3 A4-6). Both of these splice variants had been previously characterized in
keratinocytes’®. Interestingly, the band running at 400 base pairs was identified as a
novel ALDH1AS3 isoform - one lacking exon 6 (ALDH1A3 A6). Of note, each of the
alternative splicing events resulting in ALDH1A3 A4-6 or ALDH1A3 A6 maintains the
translational reading frame (Figure 5B). Therefore, other than lacking certain exons, the
remaining peptide sequence of each is identical to that of ALDH1A3 FL.

The relative PCR band intensities seen in Figure 5A suggest that ALDH1A3
expression varies between cell lines. To determine relative ALDH1A3 mRNA
expression levels, an ALDH1A3 TagMan gene expression assay was performed on SK-
BR-3, 184-hTERT, BT-474, MCF-7 and MCF-10A RNA. This ALDH1A3 TagMan
assay uses a TagMan primer spanning exons 2 and 3. As alternative splicing occurs
between exons 5 and 7 in the splice variants identified, this assay accounts for all three
isoforms. Cell lines such as BT-474, MCF-7 and MCF-10A have low ALDH1A3 mRNA
expression as compared to SK-BR-3 cells and 184-hTERT cells which have high

expression (Figure 6). This pattern is consistent with the band intensities of splice variant
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Figure 6: Endogenous ALDH1A3 mRNA expression levels in mammary epithelial cell lines.

Endogenous mRNA expression of ALDH1A3 was assessed in human breast epithelial cell lines though a
TagMan gene expression assay. Following conversion of RNA into cDNA, a FAM-labeled ALDH1A3
probe was used to report ALDH1A3 mRNA expression. VIC-labeled HPRT-1 was used as an internal
control. Fold response relative to that of SK-BR-3 expression is presented. All reactions were done in
triplicate and values represent the average of these triplicates +/- standard deviation.
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PCR products (Figure 5A) and is congruous with the ALDH1A3 protein expression

pattern seen in the anti-ALDH1A3 blot (Figure 4C).

3.2 Endogenous siALDH1A3 knockdown in human mammary epithelial cell lines

The identification of ALDH1A3 splice variants in breast cell lines prompted
investigation into whether commercially available ALDH antibodies could detect each of
these spliced forms. In particular, the specificity of the anti-ALDH1 (BD) antibody has
been called into question (Figure 4). As a means of explaining the band pattern seen in
the anti-ALDH1 (BD) western blot (Figure 4A), other ALDH family members were
considered. The anti-ALDH1 (BD) antibody was raised against amino acids (aa) 7-128
of ALDH1Al. As ALDH1A1 and ALDH1A3 have 56% identity between aa 7-128, it is
conceivable that an antibody against ALDH1A1 may be able to detect ALDH1A3. We
hypothesized that if the anti-ALDH1 (BD) antibody detects ALDH1A3, an siRNA-
mediated knockdown of endogenous ALDH1A3 would cause a corresponding decrease
in anti-ALDH1 (BD) protein band intensity as detected by western blot analysis. As
such, the ALDH1A3-expressing SK-BR-3 and 184-hTERT cell lines (Figure 6), as well
as MCF-7 cells which exhibit very low levels of ALDH1A3 as compared to SK-BR-3
expression (Figure 6), were transiently transfected with either a scrambled siRNA control
(Control siRNA-A) or an siRNA targeting ALDH1A3 (SiIALDH1A3). An anti-TBP
antibody was used to ensure consistent protein loading. As a control, an anti-ALDH2

antibody was employed to determine whether siIALDH1A3 exposure had any affect on

48



the protein levels of this mitochondrial ALDH involved in acetaldehyde metabolism®.
Western blot analysis shows that sSiALDH1A3 did not affect ALDH2 protein expression
in any cell line as protein band intensity is consistent between the control siRNA-A
transfected samples and those transfected with siALDH1A3 (Figure 7). The ALDH1A3
band did appear to be slightly decreased following siALDH1A3 transfection for both SK-
BR-3 and 184-hTERT cells. At the same time, a reduction in band intensity was
observed in the anti-ALDH1 (BD) blot for both cell lines. However, on three separate
occasions this experiment was repeated and the decreases in both ALDH1A3 and

ALDH1 shown in Figure 7 were not reproducible.

3.3 ALDH1A3 C-terminal truncation and splice variant construct design and

expression

As the siALDH1A3 experiments were not reproducible, a different approach was
taken to address the specificity of the anti-ALDH1 (BD) antibody. A series of
ALDH1A3 vectors were constructed in hopes that these constructs could then be used as
positive controls for both anti-ALDH1A3 and anti-ALDH1 (BD) western blot analyses.
Since the anti-ALDH1 (BD) monoclonal antibody was raised against amino acids 7-128
of human ALDH1A1, a series of ALDH1A3 truncation protein constructs were created,
one of which encompassed amino acids (aa) 1-128 of ALDH1A3 (Figure 8A). The other
three corresponded to ALDH1AS3 aa 1-115, 1-179 and 1-222 (Figure 8A). These regions

were PCR amplified using 184-hTERT cDNA as a template and molecularly cloned into
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Figure 7: siRNA-mediated knockdown of endogenous ALDH1A3 expression in human mammary

epithelial cell lines.

A scrambled siRNA control (Control siRNA-A) or an siRNA targeting ALDH1A3 (SiALDH1A3) was
transiently transfected in MCF-7, SK-BR-3 and 184-hTERT cells. For each sample, 10ug of protein was
resolved on an SDS-PAGE gel. TBP was used as a loading control. Western blot analysis was performed
using antibodies against ALDH1, ALDH1A3, ALDH2 and TBP. Western blots are representative of one

experiment.

50



A)

ALDHI1A3 Truncation Plasmid Inserts
Amino Acid Range Predicted Size
s G» 1 2 3 19 kDa
s G» 1 2 3 4 21 kDa
1 i 1| 2 3 4 5 Zin
22 @@» 1| 2 3 4 5 6 | 2
N
&
N
@
A N A
R &
B g S O &
! FELELL 8
AL NN "0'\ N N og{
& g F T F FN Band Size
32 kDa
Anti-Flag 27 kDa
21 kDa
64 kDa
Anti-ALDHI (BD) 32 kDa
27 kDa
21 kDa
Anti-TBP 38 kDa

Figure 8: Flag-tagged ALDH1AS3 truncation proteins used as controls for western blots.

A) ALDH1A3 fragments corresponding to specific amino acid ranges were molecularly cloned into the
p3x-Flag vector. Predicted protein sizes include both the ALDH1A3 truncations and the N-terminal Flag
tag which contains three adjacent Flag epitopes. B) Constructs were transiently transfected into MCF-7
cells. For each sample, 10ug of protein was resolved on an SDS-PAGE gel. TBP was used as a loading
control. Western blot analysis was performed using antibodies probing for the Flag tag, ALDH1 and TBP.

Western blots are representative of one experiment.
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the p3x-Flag vector. Upon transient transfection into MCF-7 cells and western blot
analysis, it became clear that the anti-ALDH1 (BD) antibody was unable to detect any of
these ALDH1A3 fragments (Figure 8B). While aa 1-128, aa 1-179#2 and aa 1-222
constructs were detected by an anti-Flag antibody, bands of the same size were not
detected by the anti-ALDH1 (BD) antibodly.

In order to eliminate the possibility that post-translational modification of
ALDH1AS allows it to be detected by the anti-ALDH1 (BD) antibody, ALDH1AS3 splice
variant constructs corresponding to ALDHIA3 FL, ALDH1A3 A4-6 and ALDH1A3 A6
were molecularly cloned into either the untagged pcDNA-3 or p3x-Flag vector. All
vectors were transiently transfected into MCF-7 or 184-hTERT cells. As 184-hTERT
cells show a band in the original anti-ALDH1 (BD) blot (Figure 4A), it was hypothesized
that this cell line has the ability to post-translationally modify ALDH1A3 whereas MCF-
7s, which do not show a band, lack this ability. The anti-ALDH1A3 antibody, raised
against the C-terminus of ALDH1AS3, detected untagged pcDNA-3 ALDH1A3 FL,
ALDHI1A3 A6 and ALDH1A3 A4-6 in transfected lysates (Figure 9) as expected since all
three variants contain identical C-terminal regions. These constructs were also resolved
on a gel along with whole cell lysates from MCF-7, SK-BR-3, T-47D, ZR-75-1, 184-
hTERT, MCF-10A and BT-474 cells (Figure 9B). The untagged pcDNA-3 ALDH1A3
FL protein ran at approximately 55kDa, matching up in size with the lower set of bands

seen in SK-BR-3, BT-474 and Hela whole cell lysates (Figure 9B). Similar to the
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Figure 9: p3x-Flag and pcDNA-3 ALDH1A3 splice variant constructs are detected by an anti-
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ALDH1AS3 antibody but not an anti-ALDH1 (BD) antibody.

Full length ALDH1A3 (ALDH1A3 FL), ALDH1A3 lacking exon 6 (ALDHIA3 A6) and ALDHI1A3
lacking exons 4-6 (ALDH1A3 A4-6) constructs in p3x-Flag and pcDNA-3 vectors were transiently
transfected into A) MCF-7 cell and B) 184-hTERT cells. Whole cell lysates were collected 48 hours post-
transfection and resolved on SDS-PAGE gels (10ug of protein for each sample). Western blot analysis was

performed using antibodies against ALDH1A3, ALDH1 (BD) and the Flag tag.
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untagged ALDH1AS splice variants, p3x-Flag constructs were expressed in MCF-7 and
184-hTERT cells. While both anti-Flag and anti-ALDH1A3 antibodies were able to
detect the constructs in MCF-7 lysates (Figure 9A), the anti-ALDH1A3 antibody was
only able to detect ALDH1A3 FL in 184-hTERT lysates as evidenced by an increase in
band intensity (Figure 9B). This may be due to decreased transfection efficiency in 184-
hTERT cells. In both sets of lysates, the anti-ALDH1 (BD) antibody revealed no bands
for Flag-tagged versions of these proteins (Figure 9). Overall, these results suggest that

the anti-ALDH1 (BD) antibody does not detect ALDH1A3 FL or its shorter isoforms.

3.4 DEAB treatment causes a defect in cell migration
Since ALDH1A3 and other ALDH family members have been implicated in

breast stem cell differentiation®®’®7*%

, We sought to test the effect of either inhibiting
ALDH activity through the use of an ALDH inhibitor (diethylaminobenzaldehyde,
DEAB) or treating cells with the product of RALDH enzymatic activity (retinoic acid,
RA). DEAB titrations were performed to determine which concentration was appropriate
for the current study. 184-hTERT cells were treated with 1uM, 10uM, 20uM, 50uM or
100uM DEAB for 72 hours and monolayer cultures were monitored for morphological
changes related to toxicity and cell death (Figure 10A). Cells in all monitored wells
displayed a normal phenotype with little apparent cell death. In order to determine

whether concentrations of DEAB exceeding 100uM produce morphological changes in

3D culture, untreated 184-hTERT cells were overlayed onto Matrigel and the acini which
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B ) 184-hTERT Acini
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Figure 10: Titrations of DEAB in 184-hTERT cells to determine toxicity and effect of treatment on acini morphology.

184-hTERT cells were treated with varying concentrations of DEAB. A) Cells were treated for 72 hrs post-plating in monolayer culture and cell death and
morphology was monitored using an Olympus inverted microscope. Scale bars indicate 50 um. B) 184-hTERT cells were overlayed onto 12 well plates coated
with a layer of Matrigel and treated every other day with varying concentrations of DEAB. Acini were imaged using an Olympus inverted microscope. Scale
bars indicate 250 um. Images are representative of wells from one experiment.
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formed were maintained in media with either an ethanol control or 100uM, 200uM,
300uM, 400uM or 500uM DEAB. Cell culture media was changed every 48 hours over
the timecourse (Figure 10B). While acini were able to form in all cases, the size of acinar
structures for cells treated with more than 100uM DEAB decreased in a dose-dependent
manner compared to those of the ethanol control (Figure 10B). By day 8, acini treated
with DEAB showed less lumen hollowing than their untreated counterparts with this
phenotype being more apparent as DEAB concentration increases. Taken together with
what has been done in the literature®’, our results prompted us to choose 100uM DEAB
for subsequent experiments.

A similar approach was used to determine if 1nM, 10nM, 50nM, 100nM or
250nM RA would affect acini formation (Figure 11). Pharmacological doses of RA in
the literature range from 0.001uM to more than 1uM®"®. Culture media was changed
every 48 hours and various concentrations of RA added at the time of each media change.
Compared to the DMSO control, acini form normally at all concentrations (Figure 11).
As such, 100nM RA was used for subsequent experiments.

The impact of DEAB treatment on cell motility was determined through a series
of scratch wound assays. 184-hTERT, MCF-10A and MCF-7 cells pre-treated for 7 days
with 100uM DEAB were plated on 12-well cell culture plates. Once wells reached 100%
confluence, a scratch was made across monolayer cultures. Cell migration was
monitored over an 8 hour period for 184-hTERTS, a 16 hour period for MCF-10As and a

48 hour period for MCF-7s. The wounds of all DEAB-treated cultures show less wound
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Figure 11: Titrations of RA in 184-hTERT cells to determine effect of RA treatment on acini morphology.

184-hTERT cells were treated with varying concentrations of RA. 184-hTERT cells were overlayed onto 12 well plates coated with a layer of Matrigel and
treated every other day with varying concentrations of RA. Acini were imaged using an Olympus inverted microscope. Scale bars indicate 250pum. Images are
representative of wells from one experiment.
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infilling by the end of the monitoring period than cells treated with ethanol vehicle
control (Figures 12A, 13A and 14A). Upon calculating the percentage wound closure for
each time point and treatment, all three cell lines exhibited a statistically significant
decrease in wound closure as time progressed (p<0.05, Figures 12B, 13B and 14B). This
suggests that cell migration is impaired by DEAB treatment. When a proliferation assay
was performed for both 184-hTERT and MCF-10A cell lines either treated with an
ethanol vehicle control or 100uM DEAB, both 184-hTERT and MCF-10A cells treated
with DEAB showed no statistically significant change in proliferation compared to the
vehicle control (p>0.05, Figures 12C and 13C). This suggests that impairing overall
ALDH activity causes defects in cell migration but not in cell proliferation.

We were interested in determining if treatment with RA, produced when
RALDHSs oxidize RAL, has an effect on cell migration. To stimulate RA-mediated
affects before experimentation, MCF-7, 184-hTERT and MCF-10A cells were pre-treated
for 3 days with 100nM RA and wound healing assays were performed as described
above. Interestingly, RA treatment does not significantly affect cell migration for 184-
hTERT or MCF-7 cells (p>0.05, Figure 15) but does significantly decrease cell migration

of MCF-10A cells (p<0.05, Figure 15).

3.5 Treatment with DEAB or RA causes defects in acini development

Having shown that inhibition of ALDH activity affects migration of monolayer
cells, the impact that DEAB treatment has on acini development was investigated. Since
we had previously shown that treatment with 100uM DEAB causes minimal toxic

effects, 184-hnTERT and MCF-10A cells were pre-treated with 100uM DEAB for 7 days.
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Figure 12: Wound healing assay for 184-hTERT cells treated with 100uM DEAB.

184-hTERT cells were cultured in the presence of 100uM DEAB for 7 days. Once wells reached 100%
confluence, a p200 tip was used to create a wound. A) Cell migration was monitored for 8 hours using an
Olympus inverted microscope with pictures being taken at specific time points for marked fields.
Representative pictures are shown for each time point and treatment. Scale bars indicate 250um. B) Area
of unfilled wound was calculated for each image using ImageJ software. Percent wound closure was then
calculated for each wound relative to that of t=0 hours. A one-tailed t-test, unequal variance, was
performed (*=p<0.05). Four independent wound sites were followed for each time point and treatment.
Values represent average results of four sites +/- standard deviation. C) A cell proliferation assay was also
performed whereby the total number of cells per well was counted using a haemocytometer. Values
represent average results for duplicates +/- standard deviation.
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Figure 13: Wound healing assay for MCF-10A cells treated with 100pM DEAB.

MCF-10A cells were cultured in the presence of 100uM DEAB for 7 days. Once wells reached 100%
confluence, a p200 tip was used to create a wound. A) Cell migration was monitored for 16 hours using an
Olympus inverted microscope with pictures being taken at specific time points for marked fields.
Representative pictures are shown for each time point and treatment. Scale bars indicate 250um. B) Area
of unfilled wound was calculated for each image using ImageJ software. Percent wound closure was then
calculated for each wound relative to that of t=0 hours. A one-tailed t-test, unequal variance, was
performed (*=p<0.05). Four independent wound sites were followed for each time point and treatment.
Values represent average results of four sites +/- standard deviation. C) A cell proliferation assay was also
performed whereby the total number of cells per well was counted using a haemocytometer. Values
represent average results for duplicates +/- standard deviation.
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Figure 14: Wound healing assay for MCF-7 cells treated with 100pM DEAB.

MCF-7 cells were cultured in the presence of 100uM DEAB for 7 days. Once wells reached 100%
confluence, a p200 tip was used to create a wound. A) Cell migration was monitored for 48 hours using an
Olympus inverted microscope with pictures being taken at specific time points for marked fields.
Representative pictures are shown for each time point and treatment. Scale bars indicate 250um. B) Area
of unfilled wound was calculated for each image using ImageJ software. Percent wound closure was then
calculated for each wound relative to that of t=0 hours. A one-tailed t-test, unequal variance, was
performed (*=p<0.05). Four independent wound sites were followed for each time point and treatment.
Values represent average results of four sites +/- standard deviation.
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Figure 15: Wound healing assays for mammary epithelial cells treated with 100nM RA.

184-hTERT, MCF-10A and MCF-7 cells were cultured in the presence of 100nM RA for 3 days. Once
wells reached 100% confluence, a p200 tip was used to create a wound. Cell migration was monitored over
A) 8 hours for 184-hTERTS, B) 12 hours for MCF-10As and 48 hours for MCF-7s using an Olympus
inverted microscope with pictures being taken at specific time points for marked fields. Representative
images are shown for each time point and treatment. Area of unfilled wound was calculated for each
wound using ImageJ software. Percent wound closure was then for each wound relative to that of t=0
hours. Four independent wound sites were followed for each time point and treatment. A one-tailed t-test,
unequal variance, was performed (*=p<0.05). Values represent average results of four sites +/- standard

deviation.
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Based on data from our laboratory, ALDH1A3 protein levels decrease at day 4 of acini
development, suggesting it is most likely important early in differentiation (data
unpublished and not shown). Therefore, pre-treatment of cultures ensured that ALDH
activity was reduced for the initial acini developmental days. In the case of 184-hTERTS,
treatment with DEAB caused acini to be morphologically smaller than their ethanol
vehicle control-treated counterparts (Figure 16). Acini were stained with Hoechst 33258
to count the number of nuclei (and therefore the number of cells) in each acinar structure.
In this way, it was determined that DEAB-treated acini are comprised of significantly
fewer cells as compared to ethanol vehicle control-treated cells (p<0.05, Figure 17A).
For all ethanol control-treated and DEAB-treated counts of cells per acinar structure, the
data was organized to show the overall distribution of acini by cell number. For example,
5 of the DEAB-treated 184-hTERT acini counted were made up of 11 cells. The
population distribution for both ethanol vehicle control-treated and DEAB-treated 184-
hTERT acini is shown in Figure 17C. 28% of the ethanol-treated acini population is
made up of acini with less than 15 cells, 64% with between 15 and 25 cells and 8% with
more than 25 cells. In contrast, the DEAB-treated acini population contains 84% acini
with less than 15 cells, 16% with between 15 and 25 cells and 0% with greater than 25
cells. Overall, this provides quantitative evidence to suggest that treating cells with
DEAB affects the size of 184-hTERT acini formed.

In contrast to the case of 184-hTERT cells, MCF-10A acini morphology appears
to be largely unaffected by DEAB treatment when compared to ethanol vehicle control-
treated cells (Figure 16B). Hoechst-stained DEAB-treated MCF-10A acini exhibit a

small, non-statistically significant decrease in the number of cells per acinar structure
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Figure 16: Morphology of acini following treatment of normal mammary epithelial cells with 100pM
DEAB.

184-hTERT and MCF-10A cells were cultured in the presence of 100uM DEAB for 7 days and then
embedded in 67% Matrigel under conditions which stimulate differentiation. A) During the first four days
of development, 184-hTERT acini were imaged using an Olympus inverted microscope and morphology
was monitored. Scale bars indicate 250 um. B) During the first four days of development, MCF-10A acini
were imaged and morphology was monitored. Scale bars indicate 250 um.
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Figure 17: Number of cells per acinar structure following treatment of normal mammary epithelial
cells with 100pM DEAB.

184-hTERT and MCF-10A cells were cultured in the presence of 100uM DEAB for 7 days and then
embedded in 67% Matrigel under conditions which stimulate differentiation. Acini were fixed on day 5,
stained with Hoechst 33258 and nuclei per acinar structure were counted for 100 acini per treatment for
each cell line. The average number of cells per acinar structure for A) 184-hTERTSs and B) MCF-10As is
reported along with standard deviation. A one-tailed t-test, unequal variance, was performed (*=p<0.05).
The distribution of the number of acini with a particular number of cells per acinar structure is shown in C)
for 184-hTERTSs and D) for MCF-10As.
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(p>0.05, Figure 16B). The population distributions of both treatment populations also
show significant overlap in terms of the number of cells comprising acini (Figure 17D).
Therefore, DEAB treatment affects 184-hTERT acini development but has little effect on
that of MCF-10A acini.

Similar to the DEAB treatment experiment, 184-hTERT and MCF-10A
monolayer cultures were pre-treated for 3 days with 100nM RA before cells were
embedded in 67% Matrigel and maintained in differentiation-stimulating media
containing 100nM RA. Morphologically, 184-hTERT and MCF-10A RA-treated acini
are comparable to DMSO-treated control acini in terms of size and development (Figure
18). Upon Hoechst 33258 staining and counting, both 184-hTERT and MCF-10A acini
do not show any significant changes in the number of cells per acinar structure (p>0.05,
Figure 19A and 19B). When DMSO- and RA-treated 184-hTERT acini population
distributions are compared, there is no obvious skew towards smaller acini with RA
exposure (Figure 19C). In the case of MCF-10A there appears to be more of a skew with
30% DMSO-treated acini being made up of less than or equal to 10 cells whereas 50%
RA-treated acini were made up of less than or equal to 10 cells (Figure 19D).

In order to determine if RA treatment affects general ALDH activity levels, an
ALDEFLUOR assay was performed on 184-hTERT, MCF-10A and MCF-7 monolayer
cells which had been treated with 100nM RA for 3 days prior to assay (Figure 20). The
ALDEFLUOR" population increases from 45.9% to 66.4% for 184-hTERTS, 15.1% to

21.7% for MCF-10As and 4.2% to 26.8% for MCF-7s. This increase in the number of

66



A) 184-hTERT
Day 1 Day 2 Day 3 Day 4

DMSO
Control

100nM RA

B ) MCF-10A
Day 1 Day 2 Day 3 Day 4

DMSO
Control

100nM RA

Figure 18: Morphology of acini following treatment of normal mammary epithelial cells with 100nM
RA.

184-hTERT and MCF-10A cells were cultured in the presence of 100nM RA for 3 days and then embedded
in 67% Matrigel under conditions which stimulate differentiation. A) During the first four days of
development, 184-hTERT acini were imaged using an Olympus inverted microscope and morphology was
monitored. Scale bars indicate 250 um. B) During the first four days of development, MCF-10A acini
were imaged and morphology was monitored. Scale bars indicate 250 pm.
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Figure 19: Number of cells per acinar structure following treatment of normal mammary epithelial
cells with 100nM RA.

184-hTERT and MCF-10A cells were cultured in the presence of 100nM RA for 3 days and then embedded
in 67% Matrigel under conditions which stimulate differentiation. Acini were fixed, stained with Hoechst
33258 and the number of nuclei per acinar structure were counted for 100 acini per treatment for each cell
line. The average number of cells per acinar structure for A) 184-hTERTs and B) MCF-10As is reported
along with standard deviation. The distribution of the number of acini with a particular number of cells per
acinar structure is shown in C) for 184-hTERTSs and D) for MCF-10As.
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Figure 20: ALDEFLUOR assay of mammary epithelial cells following treatment with 100nM RA.

The ALDEFLUOR assay was performed on 184-hTERT, MCF-10A and MCF-7 monolayer cells cultured either in the presence of a DMSO vehicle control or
100nM RA for 3 days. Flow cytometic graphs show fluorescence of the converted ALDEFLUOR substrate both in the presence and absence of DEAB. Gated
regions show the ALDEFLUOR" cell population. Data presented represents one experiment.

69



cells with high ALDEFLUOR activity may be due to activation of RA-responsive ALDH
promoters triggering an increase in ALDH protein expression which ultimately translates
into higher ALDEFLUOR activity within that cell population. Interestingly, 184-hTERT
and MCF-7 cells cultured in the presence of RA contain approximately 20% more
ALDEFLUOR" cells than untreated cultures whereas MCF-10A cultures only show a 7%
increase in the ALDEFLUOR" population. This difference may indicate that 184-hTERT

and MCEF-7 cells are inherently more responsive than MCF-10As to RA treatment.

3.6 Treatment with retinoic acid does not rescue phenotypes associated with DEAB

treatment

Inhibition of ALDH activity by DEAB affects all cytosolic ALDHSs and leads to a
reduced number of cells per acinar structure when 184-hTERT cells are cultured in the
presence of this chemical. To determine if the RA metabolizing ALDHs play a key role
in this phenotype, we endeavored to establish whether treating cells with RA — the
product of RALDH catalysis — was able to rescue the DEAB-induced phenotype seen
previously (Figures 16 and 17). 184-hTERT and MCF-10A monolayer cells were
cultured in the presence of an ethanol vehicle control or 100uM DEAB for 7 days before
being embedded in 67% Matrigel and stimulated to form acini. As seen previously, 184-
hTERT cells treated with 100uM DEAB (both before and during acini formation) form
acini which are significantly smaller than those formed under treatment with the ethanol
vehicle control (p<0.05, Figure 21A). Exposure to RA during acini formation, however,
does not cause an increase in the average number of cells comprising each acinar

structure (p>0.05, Figure 21A).
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Figure 21: RA treatment does not rescue DEAB-induced acini phenotype as reflected by unchanged
number of cells per acinar structure for each treatment.

184-hTERT and MCF-10A cells were cultured either in the presence of an ethanol vehicle control or
100puM DEAB for 7 days and then embedded in 67% Matrigel under conditions which stimulate
differentiation. Acini were maintained for 5 days in media containing ethanol/ DMSO vehicle controls,
varying concentrations of RA or a combination of RA and 100uM DEAB. On day 5, acini were fixed,
stained with Hoechst 33258 and the number of nuclei per acinar structure was counted for 50 acini per
treatment for each cell line. The average number of cells per acinar structure for A) 184-hTERTS and B)
MCF-10As is reported along with standard deviation. Data represents two experiments.
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In the case of MCF-10As, acini from cells cultured in the presence of DEAB did
not significantly differ in the number of cells comprising acinar structures as compared to
vehicle controls, nor did RA treatments cause any size differences between the two
treatment groups (p>0.05, Figure 21B). These results are not altogether surprising as we
had previously shown that DEAB treatment does not significantly affect the number of
cells comprising MCF-10A acini (Figure 18B and 18D). Overall, there is no increase in
the number of cells making up 184-hTERT acinar structures even upon treatment with
250nM RA, suggesting that RA itself does not directly counteract the effects of lost

ALDH activity.

3.7 Lentiviral TRIPZ-shALDH1AS3 pools exhibit significant ALDH1A3 knockdown
as compared to TRIPZ-Control pools

ALDH1A3 has been implicated in mammary luminal cell differentiation™. In
particular, Eirew et al. found that luminal progenitors have the highest ALDH1A3
expression of all mammary cell types’®. Comparing the ALDH1A3 levels in progenitors
and mature luminal cells, Eirew et al.’s results suggest that ALDH1A3 expression is
regulated during differentiation. In order to determine the effect that loss of ALDH1A3
has on in vitro acini formation and development, 184-hTERT and MCF-10A cell lines
were infected with MOI 1 or 2 of either TRIPZ-Control or TRIPZ-shALDH1A3 vector-
containing viral stocks. TRIPZ pooled cell lines were then either left untreated or
induced by treatment with doxycyclin (DOX) for 24, 48 and 72 hours. Whole cell lysates

and RNA were harvested for each cell line and treatment.
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All TRIPZ-Control MOI 1 and MOI2 lentiviral pools showed ALDH1A3 protein
expression similar to untreated control samples (Figure 22A and C). 184-hTERT TRIPZ-
ShALDH1A3 pools showed decreases in ALDH1A3 expression at 72 hours following
DOX induction (Figure 22B). Densitometric analysis showed that while 184-hTERT
TRIPZ-shALDH1A3 MOI1 cells treated with DOX for 24 and 48 hours contained
ALDH1A3 levels similar to that of the untreated control, pools treated with DOX for 72
hours exhibited a 48% decrease in ALDH1A3 protein expression. 184-hTERT TRIPZ-
ShALDH1A3 MOI2 cells treated with DOX for 72 hours had a 42% decrease in
ALDH1A3. Knockdown of ALDH1A3 was also observed in MCF-10A TRIPZ-
ShALDH1A3 pools, with MCF-10A TRIPZ-shALDH1A3 MOI1 pools showing a
decrease to 44%, 64% and 21% in expression after 24, 48 and 72 hours DOX treatment
(Figure 22D). MCF-10A TRIPZ-shALDH1A3 MOI2 pools showed a decrease of 22%
and 15% after 24 and 48 hours DOX treatment (Figure 22D). ALDH1AS3 levels appear to
return to the levels seen in untreated cells at 72 hours of DOX induction (Figure 22D).

Lentiviral pool ALDH1A3 knockdown was also validated at the mRNA level
(Figure 23). RNA samples were converted into cDNA and used in an ALDH1A3-
specific TagMan gene expression assay. All control pools contain consistent amounts of
ALDH1A3 mRNA expression despite differing lengths of DOX-induction. Unlike the
patterns of ALDH1A3 protein expression seen for 184-hTERT TRIPZ-shALDH1A3
MOI1 and MOI2 pools, mRNA expression was decreased for all time points following
initial DOX induction. ALDH1A3 mRNA expression for MOI1 pools fell to 49% at 24
hours, 26% at 48 hours and 14% at 72 hours compared to the uninduced control (Figure

23A). MOI2 pools demonstrated an expression decrease to 26% at 24 hours, 13% at 48

73



A) -
184-hTERT <
TRIPZ-Control MOI 1 MOI 2 =g
ox X X x x A
o 9O 9 Q Q9 9 <3
- A A A 9o A A A =
£+ + + & + + + 473
S &g 2 & 8 g g g zZ=
= = = = = = = = (=)
S + o o £ o o o 9
2 a ¥ &~ P2 a3 o~ A&
A I - —
C)
MCEF-10A Q
TRIPZ-Control MOI 1 MOI 2 R E 5
R X % x 9@
3 © o 33 2 =3
- A A A g9 A A A D
g + + + £ + 4+ + L3
§ 2 2 2 8 2 2 2 7
E = =2 =2 & = =2 =2 A7
S 4 ®» o FE < v o o
2 A ¥ &~ 2P a3 o~ A

Anti-ALDHIA3 - [

Anti-TBP

B)

(2]

184-hTERT <
TRIPZ-shALDHIA3 MOIL 1 MOI2 o= _
K ox % X % ox S
S © O Q9 @ <58
- A A A o AAQ A o=
2+ + + £ + + + £F
S 2 2 &8 8 g g g Z&

bl et

= = = = = = = = =)

S 4 0o o E o« 0o o o

2 a ¥ &~ 2 a3 oo~ &

>
=]
(=2

>
c
o
jas)
>
79

D) | 2 ’
MCEF-10A MOI 1 MOI 2 =
TRIPZ-shALDHIA3 =« »E =
‘ X o® X ®ox X O
© O O Q9 9 <58
g 28 28 g a8 8 42
E + 4+ + & + + 4+ 43
S 2 2 2 8 2 g 2 ZE
= ~= = = = = <= = ()
S ¢ ®» o £ T w0 o o
2 a3 &~ 2 a3 9~ &

Figure 22: With the exception of both 184-hTERT and MCF-10A TRIPZ-shALDH1A3 MOI 2 pools,
DOX-inducible lentiviral TRIPZ-shALDH1AS3 pools show decreased ALDH1A3 expression at the

protein level.

184-hTERT and MCF-10A cells transduced with TRIPZ-Control or TRIPZ-shALDH1A3 DOX-inducible
vectors were either left untreated or treated with DOX for 24, 48 or 72 hours. For each sample, 10ug of
protein was resolved on an SDS-PAGE gel for A) 184-hTERT TRIPZ-control, B) 184-hTERT TRIPZ-
shALDH1A3, C) MCF-10A TRIPZ-Control and D) MCF-10A TRIPZ-shALDH1A3 pools.
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Figure 23: With the exception of MCF-10A TRIPZ-shALDH1A3 MOI 2 pools, DOX-inducible
lentiviral TRIPZ-shALDH1A3 pools show decreased ALDH1A3 expression at the mRNA level.

184-hTERT and MCF-10A cells transduced with TRIPZ-Control or TRIPZ-shALDH1A3 DOX-inducible
vectors were either left untreated or treated with DOX for 24, 48 or 72 hours. Following preparation of
RNA, samples were converted into cDNA and a FAM-labeled ALDH1A3 TagMan probe was used to
report ALDH1A3 mRNA expression. VIC-labeled HPRT-1 was used as an internal control. Fold response
relative to untreated expression is presented for both 184-hTERT TRIPZ-Control and TRIPZ-shALDH1A3
A) MOI1 and B) MOI2 pools as well as MCF-10A TRIPZ-Control and TRIPZ-shALDH1A3 C) MOI1 and
D) MOI2 pools. All reactions were done in triplicate and values represent the average of these triplicates
+/- standard deviation.
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hours and 8% at 72 hours (Figure 23B). ALDH1A3 mRNA expression decreases with
increased time under DOX-induction. While the MCF-10A TRIPZ-shALDH1A3 MOI 1
pools showed a gradual decrease in ALDH1A3 expression over the treatment period,
with expression falling to 42% at 24 hours, 35% at 48 hours and 25% at 72 hours (Figure
23C), MCF-10A TRIPZ-shALDH1A3 MOI2 mRNA expression levels actually rose with
increased time under DOX induction (Figure 23D). Expression increased by 154% at 24
hours, then came down to the level observed in the uninduced control, only to increase by
331% at 72 hours (Figure 23D). This suggests that the protein band seen for 72 hours in
DOX treatment (Figure 22D) is not a result of loading spillover from the pcDNA-3
ALDH1A3 FL positive control. Based on these results, the MCF-10A TRIPZ-Control
and -shALDH1A3 pools were not used for subsequent differentiation experiments. As
we have shown that ALDH1AS3 is efficiently knocked down in 184-hTERT TRIPZ-
ShALDH1A3 pools at 72 hours, further experiments were performed to see whether

ALDH1A3 knockdown affects differentiation of these cells into acini.

3.8 Compared to TRIPZ-Control cells, lentiviral 184-hTERT TRIPZ-shALDH1A3

pools show no clear morphological deficiency in acini formation or development

To determine the effect of low ALDH1A3 expression on acini formation and
development, 184-hTERT TRIPZ-Control and -shALDH1A3 lentiviral pools were
embedded in 67% Matrigel and cultured under differentiation-promoting conditions
following a 72 hour pre-induction with DOX. Cell morphology was monitored using an
Olympus inverted microscope and images were taken at days 2, 4, 8 and 10/12 post-

plating (Figures 24-25).
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Figure 24: Acini morphology of 184-hTERT TRIPZ-control cells.

184-hTERT cells transduced with TRIPZ-control DOX-inducible vectors was either left untreated or
treated with DOX for 72 hours. Cells were then embedded in 67% Matrigel under conditions which
stimulate differentiation. Under these conditions, wells were either left untreated or treated with DOX each
day. During development, the acini formed were then imaged using an inverted microscope and
morphology was monitored. Scale bars indicate 250um in 10x images and 100um in 40x images.
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Figure 25: Acini morphology of 184-hTERT TRIPZ-shALDH1AS3 cells.

184-hTERT cells transduced with TRIPZ-control DOX-inducible vectors was either left untreated or
treated with DOX for 72 hours. Cells were then embedded in 67% Matrigel under conditions which
stimulate differentiation. Under these conditions, wells were either left untreated or treated with DOX each
day. During development, the acini formed were then imaged using an inverted microscope and
morphology was monitored. Scale bars indicate 250um in 10x images and 100um in 40x images.
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On day 2 post-plating, single cells had undergone proliferation and acini appeared as
round clusters made up of a few cells. At day 4, apicobasal polarization became evident
with cells beginning to have an organized appearance on acini periphery. Lumen
hollowing was prominent by day 8 and polarization of cells in contact with surrounding
Matrigel was clear. By day 10, lumen hollowing was complete as cells lacking contact
with the basement membrane (i.e. Matrigel) had undergone apoptosis.

Differentiation of 184-hTERT TRIPZ-shALDH1A3 pools closely follows that of
the TRIPZ-Control cells (Figure 25). Not only do cells progress from embedded single
cells to large acinar structures with hollow lumen, the overall size of TRIPZ-
ShALDH1A3 acini is reminiscent of the TRIPZ-Control structures. This result, taken
together with previous DEAB experiments (Figures 16 and 17), suggests that while
ALDH1A3 does not play a role in processes affecting acini size or differentiation,

another ALDH family member appears to do so.

3.9 ALDH1A3 mRNA expression levels in primary human breast cancer tumour

samples do not correlate with clinical parameters

Clinical primary human breast tumours and matched normal tissue samples were
obtained from the Ontario Tumour Bank. RNA was extracted from homogenized
samples by Kirsten Nesset. ALDH1A3 mRNA expression was assayed in both tumour
and normal sample sets (n=39, all ALDH1A3 assays completed by Alyssa Cull) and a

VIC-labeled HPRT-1 probe was used as an internal control (all HPRT-1 assays

79



completed by Kirsten Nesset). Data for samples was normalized to the ALDH1A3
MRNA expression of normal tissue sample A01719. Overall, ALDH1A3 mRNA levels
were consistently lower in each tumour sample as compared to its normal tissue control
(Figure 26). A series of two-tailed t-tests was performed to determine whether
ALDH1A3 mRNA expression can be linked to histological grade, patient age or hormone
receptor status. For histological grade, tumour data was divided into grade Il and grade
I11 cancers and the p-value was calculated to be 0.33. In terms of patient age, ALDH1A3
MRNA expression values for patients 50 years or younger was separated from that of
patients over 50 years. The p-value in this case was 0.32. Since the majority of tumour
samples possessed either the ER*/PR*/Her2” or ER*/PR/Her2” hormone receptor profiles,
data was divided based on these two categories and the p-value was calculated to be 0.79.
As none of these tests yielded p-values less than 0.05, ALDH1A3 mRNA levels were not

found to significantly correlate with any of these parameters.
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Figure 26: Endogenous ALDH1A3 mRNA expression levels in normal and transformed human breast tissue samples.

umour Sample

Endogenous mRNA expression of ALDH1A3 was assessed in matched normal and breast tumour tissue samples using a TagMan gene expression assay. A
FAM-labeled ALDH1A3 probe was used to report ALDH1A3 mRNA expression (ALDH1A3 assays completed by Alyssa Cull). VIC-labeled HRPT-1 was used
as an internal control (HPRT-1 assays completed by Kirsten Nesset). Fold response relative to that of normal tissue sample A01719 is presented. All reactions
were done in triplicate and values represent the average of these triplicates +/- standard deviation.
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Chapter 4

Discussion

This study investigated the presence of ALDH1A3 splice variants in breast cell
lines as well as a putative role for ALDH1A3 in mammary luminal cell differentiation.
The present findings indicate that certain ALDH family members are necessary for
normal mammary cell line acini development as well as cell motility. Furthermore, the
use of DOX-inducible lentiviral TRIPZ-shALDH1A3 pools enabled the study of
ALDHI1A3’s impact on in vitro acini formation and development.

Based on the data presented in this study, the following conclusions can be drawn:

1) Three ALDH1A3 splice variants — ALDHI1A3 FL, ALDHIA3 A4-6 and

ALDH1A3 A6 — exist in breast cell lines

2) The anti-ALDH1 (BD) antibody does not detect ALDH1AS3 or its isoforms

3) Inhibition of ALDH enzymatic activity leads to impaired 184-hTERT, MCF-7
and MCF-10A cell motility as well as defects in 184-hTERT acini formation

4) It remains unclear as to whether ALDH1A3 plays a role in 184-hTERT acini
formation and development

5) Preliminary data suggests that ALDH1A3 mRNA expression does not correlate
with histological grade, patient age or hormone receptor status in clinical primary

breast tumour samples
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4.1 At least three ALDH1AS splice variants exist in mammary epithelial cell lines

Prior to the current study, ALDH1A3 splice variants had not been identified or
characterized in breast cell lines or tissues. We found three ALDH1A3 splice variants in
a variety of mammary epithelial cell lines — ALDHI1A3 FL, ALDH1A3 A4-6 and
ALDH1A3 A6. While ALDHIA3 FL and ALDH1A3 A4-6 had been previously reported
in keratinocytes by Koenig et al.”", ALDHIA3 A6 is a novel isoform. Interestingly,
DNA bands corresponding to ALDHIA3 A6 PCR products are most prominent in MCF-
10A and SK-BR-3 samples, with very faint bands being seen in that of 184-hTERT and
MCF-7. In contrast, the other two isoforms are ubiquitously expressed in all cell lines.
This suggests that mRNA splicing to produce ALDH1A3 A6 only occurs within certain
cell types. While both ALDH1A3 A4-6 and ALDHI1A3 A6 are expressed at low levels in
comparison to ALDH1A3 FL, the fact that their amino acid sequence remains in frame
after splicing suggests that they may contribute to regulation of ALDH1A3 expression or
activity in breast cells.

While we did not delve into enzyme Kinetics to discover whether losing certain
exons affects binding of NAD" or RAL, or RAL’s conversion to RA, information in the
literature provides us with some idea of how the identified splice variants may differ in
enzymatic activity. In terms of peptide sequence, ALDHI1A3 A4-6 is missing amino
acids 116-222 whereas ALDH1A3 A6 is missing amino acids 180-222. Graham et al.
report that mouse ALDH1A3, which shares 94% sequence homology with human
ALDH1AZS, has a catalytic core comprised of a cysteine located at residue 314 (Cys-314),

a glutamic acid at 280 (Glu-280) and an asparagine at 181 (Asn-181)%°. Both ALDH1A3
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A4-6 and ALDH1A3 A6 do not contain Asn-181. In terms of functional implications,
Graham et al. suggests that this residue contributes to stabilizing a transition state®.
Once RAL is bound in the substrate-access tunnel, it moves through a series of
intermediates during the catalytic process®. Graham et al.’s model predicts that Asn-181
and Cys-314 participate in stabilizing a quasi-tetrahedral transition state through
formation of hydrogen bonds between the intermediate’s oxyanion, the side chain of Asn-
181 and the amide group of Cys-314. Provided that the residues located in the area
occupied by Asn-181 in full length ALDH1A3 have different side chains and orientations
in the shorter ALDH1AS3 isoforms, removal of this stabilizing residue has the potential to
weaken intermediate stability. Since ALDH1A3 functions as a homodimer, if this
complex is made up of at least one of the shorter splice variants, it is conceivable that a
dominant negative effect would be observed whereby overall RA production is impacted.
As RA has been used to stimulate both apoptosis and differentiation of tumour cells®,
decreases in RA detrimentally affecting RA-responsive gene regulation could lead to the
propagation of a poorly differentiated cell population within the breast. Together with
genetic mutations or changes to the local microenvironment during menstruation or
pregnancy, it is conceivable that ALDH1A3 splice variant-induced decreases in RA could

leave a woman susceptible to developing breast cancer.

84



4.2 ALDH1A3 mRNA expression differs between mammary cell lines

We report that, relative to SK-BR-3 ALDH1A3 mRNA expression, 184-hTERTs
have 2.25-fold more ALDH1A3 mRNA transcripts. BT-474, MCF-7 and MCF10A cells
show much lower ALDH1A3 expression than SK-BR-3 cells, with relative expressions at
0.06, 0.08 and 0.34 respectively. As increased ALDH1A3 protein and mRNA expression
has been linked to primitive luminal cells in normal breast tissue’, it is possible that SK-
BR-3s and 184-hTERTSs have characteristics which are similar to this population. A
study conducted by Kao et al. found that the molecular profile of SK-BR-3 cells
correlates with the luminal breast cancer subtype®. In addition, another paper reports
that SK-BR-3s express Her2 — a characteristic which has been linked to stem-like cells®.
Based on flow cytometric cell surface marker analysis performed in our laboratory, we
believe that 184-hTERT cells are themselves most similar to luminal progenitor cells®.
It may be that higher ALDH1A3 mRNA expression is present in cells, such as SK-BR-3s

and 184-hTERTS, possessing stem-like properties.

4.3 While the anti-ALDH1 (BD) antibody does not detect ALDH1A3 isoforms or

truncations, its specificity remains ambiguous

Early on in our study, we noted significant discrepancies between two
commercially available antibodies, both of which apparently detect ALDH1Al. In
particular, the “gold standard” anti-ALDH1 (BD) antibody that many studies use for both
western blot analyses and immunohistochemistry showed a series of bands for certain cell

lines whereas another antibody from Abcam only detected a band in the positive control
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whole cell lysate. Prevalent among research groups is the idea that ALDH1A1 can be
used as a stem cell marker. If ALDH1AL is a true stem cell marker, it would be expected
that its protein expression would be high in stem cells or stem-like cells and low in cells
which fall further along the differentiation hierarchy. Given this, it is expected that
Abcam’s anti-ALDH1A1 antibody would detect a band for cell lines such as 184-
hTERTs which have an ALDEFLUOR" population purported to be comprised of stem
cells. The results of this study, namely that whole cell lysates from cell lines containing
ALDEFLUOR" populations do not exhibit bands in the anti-ALDH1A1 (Abcam) blot,
suggest that ALDH1A1 is not a stem cell marker in the context of breast cell lines.

To explain the protein expression pattern detected by the anti-ALDH1 (BD)
antibody, we compared expression profiles of other related ALDH enzymes and found
that the anti-ALDH1AS3 blot appeared to share the most similarities with the anti-ALDH1
(BD) blot. However, upon testing a series of ALDH1AS3 truncation and splice variant
constructs, it was determined that the anti-ALDH1 (BD) antibody is unable to detect any
of these ALDH1A3 constructs. We also verified that the anti-ALDH1 (BD) antibody
does in fact detect ALDH1AL itself by transfecting a pcDNA-3 HA-ALDH1A1 construct
(Addgene) into MCF-7 cells and resolving collected whole cell lysates out on SDS-
PAGE gels (data not shown).

In summary, the anti-ALDH1 (BD) protein expression profile is inconsistent with
ALDHI1A1’s use as a stem cell marker but does not detect ALDH1A3 as we

hypothesized. That being said, it is still possible that this antibody is detecting a post-
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translationally modified version of an ALDH1A3 isoform, but this antibody’s specificity

remains elusive.

4.4 ALDH family members and RA participate in cell motility

4.4.1 Inhibition of ALDH activity causes decreased cell migration in both normal and

transformed mammary epithelial cell lines

A series of wound healing assays were done on 184-hTERT, MCF-10A and
MCEF-7 cells pre-treated with DEAB to inhibit ALDH enzymatic activity. We found that
the length of time required by cells to fully fill the wound differed between cell lines. By
8 hours after the wound was made, 184-hTERT cells had filled in most of the wound
whereas it took 16 hours for MCF-10As and 48 hours for MCF-7 cells to close the
wound. Based on flow cytometric cell surface profiles, 184-hTERT cells appear to have
a larger primitive luminal cell population (CD49f"/ EpCAM") than MCF-10As and MCF-
7s®. As stem cells themselves have enhanced motility and anchorage independence™,
the differences we see in wound infilling speed may be due to differentiation states of the
populations comprising these cell lines.

For each cell line treated with DEAB, cell motility decreased over time,
suggesting that ALDH family members play a role in cell motility. There is one report in
the literature linking ALDH1A1 and ALDH3A1 knockdown with decreases in lung
cancer cell line motility®. In addition to this finding, Moreb et al. also reports that cells
treated with 100uM DEAB show significant decreases in cell proliferation®. While the

current study did not find cell proliferation to be affected by DEAB treatment, our results
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agree with the cell motility aspect of this paper. Connected to the idea that ALDHSs
participate in cell motility, Charafe-Jauffret et al. showed that intracardiac injections of
ALDEFLUOR" cells in NOD/SCID mice resulted in significantly more metastatic lesions
than mice inoculated with an ALDEFLUOR’ population®™. While our findings suggest a
potential role for ALDH family members in mediating cell migration and possibly
facilitating metastasis of transformed cells, it is unknown whether DEAB has other off-

target effects which could potentially result in this phenotype.

4.4.2 RA treatment causes decreased cell migration in MCF-10As but not 184-hTERTS or
MCF-7s

Based on wound healing assays, the motility of MCF-10A cells is inhibited by RA
treatment whereas that of MCF-7s and 184-hTERTS is not impacted. In terms of MCF-7
cells, Bracke et al. found that an invasive derivative of MCF-7 cells — MCF-7/6 — lost its
invasive potential upon treatment with RA whereas another non-invasive derivative —
MCF-7/AZ — gained the ability to invade®. If the MCF-7 cells used for these
experiments were most similar to MCF-7/6 cells, it is not surprising that their motility
was hampered by RA.

184-hTERT and MCF-10A cell lines are both composed of non-cancerous cell
populations. Previously in our lab, we have seen that these cell lines exhibit cell surface
marker profiles indicating that 184-hTERT cultures are made up of luminal-type cells

whereas the MCF-10A population is comprised of myoepithelial- or basal-type cells®.
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This difference in cell type may explain why MCF-10As but not 184-hTERTS are
sensitive to RA treatment. Recently, Todaro et al. showed that LM 38-LP (made up of
both luminal- and myoepithelial-like cells) treated with RA were significantly impaired
in terms of migration and that both RA-treated LM 38-LP and LM 38-D2 cells (made up
of large myoepithelial cells) exhibit a decreased ability to invade through a transwell cell
culture chamber”. 1In addition, RARP expression has been shown to be high in
myoepithelial cells but not luminal cells®, potentially providing an explanation for why

MCF-10As in particular are able to respond to RA exposure.

4.5 Inhibition of ALDH activity results in acini with decreased cell proliferation

We have been able to show that treatment with DEAB, which is a partial
competitive inhibitor of cytosolic ALDHs*, causes a morphological difference in acini
formation for 184-hTERT cells cultured in Matrigel under differentiation-stimulating
conditions. This phenotype was not apparent when MCF-10As were maintained under
the same conditions and with identical DEAB treatments. In contrast to the
karyotypically normal 184-hTERT cell line, MCF-10As exhibit a more basal phenotype
and are cytogenetically abnormal®. In addition, MCF-10A cells exhibit 85% lower
ALDH1A3 mRNA expression levels than 184-hTERTS, suggesting that these cells do not
depend on the functions of ALDH1A3 for their normal growth. These differences may
contribute to the inability of DEAB to affect acini formation or development in this cell

line.
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Debnath et al. postulate that a decrease in cell proliferation would result in
smaller acini with little luminal hollowing due to their size'®™. While we did not culture
DEAB-treated acini for long enough to establish luminal clearing status, we did observe
the formation of smaller acini. Monolayer proliferation assays did not show any
significant difference in cell proliferation between ethanol control- and DEAB-treated
cells; however, our results show a trend towards decreased cell proliferation of DEAB-
treated 184-hTERT cells. Perhaps culturing cells in the presence of DEAB for more than
three days would show a reduction in overall cell proliferation. Indeed, this effect has
been shown when H522 and A549 lung cancer cells were treated with DEAB for 48
hours®. Therefore, the decrease seen in the average number of cells comprising each
acinus may be based on a decrease in proliferation.

As DEAB targets all cytosolic ALDH family members, the effects seen when
ALDH activity is inhibited may be the result of any one or a combination of those
enzymes affected. Since the 184-hTERT TRIPZ-shALDH1AS3 lentiviral pools we
established failed to produce acini smaller than the 184-hTERT TRIPZ-Control lines, our
tests demonstrated that knockdown of ALDH1AS3 has no effect on cell proliferation. This
refutes the idea that ALDH1AS3 is the root cause of this DEAB-induced phenotype.
Furthermore, since RA treatment was not able to stimulate reversal of this phenotype,
RALDH-mediated RA production itself does not appear to contribute to cell growth.

Therefore, our data suggests that an ALDH family member outside of the RALDH

90



subfamily is at the center of this phenotype. A recent review by Muzio et al. points to
ALDH3AL1 as a protein of interest'®?,
Part of the ALDH3 subfamily, this enzyme oxidizes medium-chain aliphatic and

aromatic aldehydes and is highly expressed in the mammalian corneal epithelium®®,

104,105 106-108

where it functions as a UV filter , as well as in certain human and rat tumours

Decreases in ALDH3A1’s expression has been shown to result in reduced cell

proliferation'®*1°,

In the context of breast cancer, primary tumours tend to have
significantly higher ALDH3AL expression as compared to normal mammary tissue'*’.
This enzyme is also clinically significant as it has been implicated as one of the ALDHs
responsible for the chemotherapeutic resistance seen in some breast cancer patients

treated with oxazaphosphorines*****?,

In particular, Muzio et al. propose that
ALDH3A1’s effect on cell growth stems from its participation in gene regulation as well
as lipid peroxidation resulting in protection against oxidative stress'®. Therefore, while
our results leave us with little indication as to which ALDH family member is responsible

for the DEAB-induced small acinar phenotype, it is reasonable to suggest that ALDH3A1

may be a candidate for future study in this in vitro mammary differentiation assay.

4.6 Lentiviral knockdown of ALDH1A3 has no clear effect on in vitro mammary

acini formation and development

Based on a morphological analysis of 184-hTERT TRIPZ-shALDH1AS3 acinar
structures as compared to those originating from 184-hTERT TRIPZ-Control lines,

knockdown of ALDH1AS3 does not impact differentiation. Looking at data from Eirew et
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al.’s paper, it appears that ALDH1A3 expression is regulated during differentiation;
indeed, ALDH1A3 levels were higher in the primitive luminal population as compared to
mature luminal breast cells”®. Indeed, previous results from our laboratory show that
ALDH1A3 protein expression decreases after day 4 of acini differentiation (data
unpublished and not shown). This pattern of expression suggests that ALDH1A3 is
regulated during differentiation. While the data presented in this study suggests that
ALDH1A3 may not play a functional role in differentiation, the images shown represent
a single experiment which should be repeated to validate the current data. Also, cells
should be stained with Hoechst 33258 and nuclei counted as a more quantitative

approach to establishing whether or not a phenotype exists.

4.7 Primary human breast tumour sample ALDH1A3 mRNA expression levels show
no significant correlation with patient age, hormone receptor status or histological

grade

Previously, Marcato et al. showed that ALDH1A3 protein expression correlates
with tumour grade, proximal metastasis and cancer stage in 47 clinical breast cancer
samples™®. Based on a cohort of clinical breast tumour samples and normal matched
mammary tissue (n=39), we show that ALDH1A3 mRNA expression does not correlate
with patient age, hormone receptor status or histological grade. This discrepancy
between study findings may be due to several factors. Marcato et al. chose to use an
immunohistochemical approach on tissue cores whereas we employed an ALDH1A3-

specific TagMan gene expression assay. Our results may have been different had we
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examined tumour cores since this method ensures that the samples being analyzed consist
of tumour tissue and not fragments of the surrounding tissue. There is a possibility that
some of the samples we analyzed were contaminated with normal tissue which skewed
the results. Also, the hormone profiles of tumours we obtained from the Ontario Tumour
Bank differed from those studied by Marcato et al. (Table 5). In particular, the vast
majority of tumours assayed in the current study were ER*/PR*/Her2" (71.8% of the 39
tumours). The possibility certainly exists that ALDH1A3 expression may be clinically
significant for some breast tumour types and not others. Therefore, a larger breast cancer
sample cohort with a more diverse distribution of cancer types must be assayed before

conclusions can be drawn with regards to ALDH1A3’s overall clinical significance.

4.8 Future Studies
4.8.1 Functional differences between ALDH1A3 splice variants

The identification of ALDH1A3 FL, ALDH1A3 A4-6 and ALDH1A3 A6 in
epithelial breast cell lines prompts the question of whether functional differences in
enzymatic activity exist between these isoforms. Substrate affinity assays would shed
light on this issue. In addition, it would be interesting to determine whether the smaller
splice variants are present in both normal and neoplastic breast tissue. This could be
accomplished through the use of isoform-specific TagMan gene expression assays.
Overall, this knowledge would begin to build our understanding of whether ALDH1A3

and its splice variants contribute to breast cancer.
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Table 6: Comparing hormone receptor status of breast cancer clinical samples from

Marcato et al.’s report with that of samples used in the current study.

Hormone Receptor Status (ER/PR/Her?2)

19.1% | 40.4% 2.1% 4.3% 0% 0% 2.1% 12.8%

9/47) | (19/47) | (U4T) | (2/47) | (0/47) | (0/47) | (U4T) | (6/47)
0% 71.8% 0% 1.7% 0% 0% 10.3% 1.7%

(0/39) | (28/39) | (0/39) | (3/39) | (0/39) | (0/30) | (4/39) | (3/39)
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4.8.2 Specificity of anti-ALDH1 (BD) antibody

While the current study was able to show that a variety of ALDH1A3 constructs
were not detected by the anti-ALDH1 (BD) antibody, we were unable to explain why this
antibody gave a different protein expression profile to that of Abcam’s anti-ALDH1A1
antibody. Due to the anti-ALDH1 (BD) antibody’s frequent use in the context of both
western blots and immunohistochemistry, future studies must focus on verifying its
protein specificity. Only then can this antibody be used to make inferences about
ALDHI1AT1’s role in breast cancer and its clinical significance. In particular, research
efforts must be directed towards ruling out the possibility that some other ALDH family
member is being detected by this antibody and whether posttranslational modification

plays into how certain proteins are detected.

4.8.3 The role of ALDHs in cell motility and differentiation

In the current study, we have shown that inhibition of ALDH enzymatic activity
causes statistically significant decreases in cell motility and morphological changes in in
vitro acini size for certain breast cell lines. Due to the wide range of ALDH family
members potentially affected by DEAB treatment, our results point to ALDHs as active
participants in both motility and differentiation but we cannot distinguish the particular
ALDH member(s) contributing to the phenotypes observed. Investigations targeting
specific ALDH isoforms already implicated in cell motility and differentiation may shed
light on how members of this protein superfamily contribute to these processes. In

addition to this, exploring invasion through the use of assays such as the Boyden chamber
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assay could provide a link between our low ALDH activity models and the clinical

characteristics of cancers expressing certain ALDH family members.

4.8.4 In vitro applications of lentiviral TRIPZ-shALDH1A3 pools
The establishment of DOX-inducible lentiviral TRIPZ-Control and TRIPZ-

ShALDH1A3 pools in both 184-hTERT and MCF-10A cell lines leaves many
opportunities to study the characteristics of cells with low ALDH1A3 expression. Apart
from the need to directly repeat the embedded acini experiments presented in this study, a
variety of approaches may be used to determine whether loss of ALDH1A3 causes
phenotypic differences in 184-hTERT and MCF-10A cells. In terms of differentiation,
cell surface profiling may shed light on whether ALDH1A3 loss leads to an antigenic
shift in cell populations. Comparing the migratory ability of TRIPZ-shALDH1A3 pools
to that of the TRIPZ-Controls would add to our knowledge about ALDH1A3’s potential
role as a mediator of metastasis. Also, since 184-hTERT cells appear to be luminal-like
whereas MCF-10As tend to exhibit basal-like characteristics, any differences in
phenotype between the two cell type TRIPZ-shALDH1A3 pools would contribute to the

overall understanding of how ALDHZ1A3 functions in different mammary cell lineages.

4.8.5 The clinical significance of ALDH1A3 and its splice variants

While Marcato et al. was able to link ALDH1A3 protein expression through
immunohistochemical staining with important clinical parameters, the current study

found that ALDH1A3 mRNA expression did not significantly correlate to histological
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grade, hormone receptor status or patient age, suggesting that protein and mRNA levels
may not correlate with one another. As discussed above, a larger tumour cohort is
needed to determine whether ALDH1A3 expression can be used to make inferences
about factors such as prognosis or patient outcome. It would also be interesting to
determine mRNA expression of ALDH1A3 splice variants in tumour samples and
whether the presence of ALDH1A3 A4-6 or ALDH1A3 A6 can be linked with tumour

grade, metastasis or other clinical parameters.

4.9 Summary

The findings of this study contribute to our overall understanding of how ALDH
family members function in processes critical to breast cancer development and
maintenance, such as cell motility and differentiation. While we were unable to
concretely show a role for ALDH1A3 in luminal cell differentiation, our data provides
many new avenues of thought, particularly with respect to the functional properties of the
ALDH1A3 splice variants identified. The connection between ALDHs and breast cancer
will hopefully lead to the use of these proteins as novel targets for breast cancer

therapeutics.
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Appendix

Supplementary Data Table 1: ALDH1A3 mRNA levels in breast cancer tumour samples and normal matched tissue.

Ct target Ctreference | Average Average ACt AACt Fold
Sample Sample (ALDH1A3) at | (HPRT)at Ct for Ct for (Target- | (untreated ACt - response
Number Type 190 428 ALDH1A3 HPRT Re treatment ACt 27AACt

26.35 30.82 26.24 30.78 -4.54 0.37 1.30
D00495 Normal 26.30 30.80

26.07 30.72

27.43 29.42 27.45 29.46 -2.01 -2.16 0.22
D00495 Tumour 27.49 29.54

27.42 29.41
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24.36 30.14 24.21 30.13 -5.92 1.76 3.38
D01339 Normal 24.12 30.24

24.15 30.02

28.91 29.04 28.99 29.04 -0.05 -4.12 0.06
D01339 Tumour 29.15 29.01

28.92 29.08

27.4 31.72 27.14 31.72 -4.57 0.41 1.33
D01354 Normal 26.97 31.62

27.06 31.81

29.11 29.69 29.30 29.27 0.03 -4.20 0.05
D01354 Tumour 29.25 29.08

29.55 29.04

25.98 30.7 25.90 30.89 -4.99 0.83 1.77
D01394 Normal 25.96 31.14

25.76 30.84

27.28 32.76 27.26 32.69 -5.43 1.26 2.39
D01394 Tumour 27.13 32.51

27.37 32.79

25.14 31.14 25.07 31.20 -6.13 1.96 3.89
D02023 Normal 25.05 31.61

25.02 30.84

27.58 28.14 27.60 28.24 -0.64 -3.53 0.09
D02023 Tumour 27.7 28.31

27.53 28.27

25.53 36.23 25.64 34.84 -9.20 5.03 32.67
D02101 Normal 25.75 34.81

25.65 33.48
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D02101

Tumour

26.72 29.07 26.89 28.90 -2.01 -2.16 0.22
26.97 28.57
26.98 29.05

25.83 34.92 25.80 34.14 -8.34 4.18 18.08
D02144 Normal 25.87 34.03

25.7 33.48

27.25 27.97 27.28 28.13 -0.85 -3.31 0.10
D02144 Tumour 27.4 28.21

27.19 28.22
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25.51 30.84 25.24 31.03 -5.78 1.62 3.07
D02188 Normal 25.15 31.28

25.07 30.96

26.49 27.72 27.08 21.72 -0.64 -3.52 0.09
D02188 Tumour 27.47 27.67

27.27 271.77




26.39 31.67 26.33 31.61 -5.28 1.11 2.16
D02455 Normal 26.47 31.68

26.14 31.49

27.2 30.66 27.11 30.22 -3.11 -1.05 0.48
D02455 Tumour 27 30.26

27.12 29.74

27.37 30.52 27.19 30.46 -3.26 -0.90 0.53
D02611 Normal 27.23 30.48

26.98 30.37

27.63 28.26 27.54 28.45 -0.91 -3.26 0.10
D02611 Tumour 27.43 28.43

27.55

28.65




27.76 32.98 27.87 33.29 -5.42 1.25 2.38
A01773 Normal 28.17 33.93

27.68 32.95

25.81 28.82 26.04 28.81 -2.77 -1.40 0.38
A01773 Tumour 26.18 28.69

26.12 28.91

25.42 31.84 25.32 31.99 -6.67 2.50 5.66
A02042 Normal 25.35 31.76

25.2 32.37

27.99 29.43 27.98 29.29 -1.31 -2.86 0.14
A02042 Tumour 27.94 29.14

28.01 29.3
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26.16 30.62 26.32 30.62 -4.30 0.13 1.10
A02231 Normal 26.39 30.63

26.4 30.6

27.53 30.18 27.54 30.18 -2.63 -1.53 0.35
A02231 Tumour 27.61 30.27

27.49 30.08

26.2 31.2 26.02 31.12 -5.10 0.93 1.91
A02236 Normal 26.14 31.16

25.71 30.99

27.04 30.02 27.16 30.00 -2.84 -1.32 0.40
A02236 Tumour 27.41 30.01

27.02 29.97

26.08 31.76 25.93 31.73 -5.80 1.64 3.11
A02245 Normal 25.95 31.97

25.76 31.47

26.98 29.73 26.94 29.80 -2.86 -1.31 0.40
A02245 Tumour 26.88 29.82

26.96 29.85

26.76 31.95 26.90 31.90 -5.00 0.83 1.78
A02277 Normal 26.96 32

26.98 31.74

24.38 29.57 24.26 29.52 -5.26 1.09 2.13
A02277 Tumour 24.12 29.54

24.27 29.44

27.05 32.21 27.09 32.45 -5.36 1.19 2.29
A02302 Normal 27.18 32.49

27.04 32.65
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A02302

Tumour

25.72 29.52 25.84 29.69 -3.85 -0.32 0.80
25.8 29.65
25.99 29.89

25.51 31.19 25.42 31.31 -5.89 1.72 3.30
D02192 Normal 25.39 31.5

25.36 31.24

27.62 30.07 27.76 30.22 -2.47 -1.70 0.31
D02192 Tumour 27.79 30.19

27.86 30.41
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26.65 30.24 26.70 29.89 -3.19 -0.98 0.51
D02402 Normal 26.71 29.53

26.75 29.91

27.65 30.5 27.53 30.51 -2.98 -1.18 0.44
D02402 Tumour 27.34 30.44

27.59 30.59




25.86 33.53 25.83 32.09 -6.26 2.09 4.27
D02608 Normal 25.9 32.13

25.72 30.6

27.44 29 27.43 28.93 -1.51 -2.66 0.16
D02608 Tumour 27.42 28.78

27.42

29.02

24.81 31.35 24.80 31.32 -6.52 2.35 5.11
A02321 Normal 24.86 31.37

24.74 31.25

25.74 29.9 25.81 29.78 -3.97 -0.20 0.87
A02321 Tumour 25.89 29.88

25.81 29.57




25.58 31.83 25.64 31.82 -6.18 2.02 4.05
A02324 Normal 25.65 31.85

25.69 31.79

22.54 30.95 22.61 30.89 -8.27 411 17.23
A02324 Tumour 22.56 30.76

22.74 30.95

26.74 31.7 26.01 31.70 -5.69 1.53 2.88
A02328 Normal 25.87 31.86

25.42 31.55

26.42 29.94 26.56 29.96 -3.40 -0.77 0.59
A02328 Tumour 26.56 29.82

26.69 30.11
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