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Abstract 

 

It is unknown whether native cells in benign breast tissue mediate risk of cancer. We therefore aimed to 

identify cell types in benign human mammary tissue immunohistologically using markers of stemness and 

differentiation, and to investigate their possible associations with clinical risk factors for breast cancer.  

We found that cells that are integrated in benign epithelium and are immunoreactive for the stem cell 

marker ALDH1 are negative for markers of glandular differentiation, proliferation, and estrogen receptor. 

High numbers of these cells were associated with the risk factors family history of breast cancer, 

BRCA1/2 carrier status, low parity, and hormone use.  

Stromal ALDH1+ cells are either spindle-shaped/polygonal (s/p) or round/oval (r/o), and the latter are 

positive for the contractile protein marker SMMHC. ALDH1+ s/p cells are positive for the stellate cell 

marker vinculin. Low numbers of these cells were associated with family history, and when negative for 

the stem cell marker CD44 they were associated with nulliparity. Low numbers of ALDH1+ CD44+ 

CD24– r/o cells were associated with family history. ALDH1+ r/o cells were positively or negatively 

associated with low parity depending on the patients' BRCA1/2 status.  

High numbers of r/o cells that are positive for the mesenchymal stem cell marker SSEA3 were 

associated with low parity, family history, and hormone use after menopause. 

This study describes novel stromal cells in breast that were associated with risk factors for breast 

cancer. If confirmed in independent cohorts, they may be used for stratification of women with regard to 

risk of breast cancer. 
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Summary 

It is unknown whether native cells in benign breast tissue mediate risk of cancer. 
We therefore aimed to identify cell types in benign human mammary tissue 
immunohistologically using markers of stemness and differentiation, and to 
investigate their possible associations with clinical risk factors for breast cancer.  

We found that cells that are integrated in benign epithelium and are 
immunoreactive for the stem cell marker ALDH1 are negative for markers of 
glandular differentiation, proliferation, and estrogen receptor. High numbers of 
these cells were associated with the risk factors family history of breast cancer, 
BRCA1/2 carrier status, low parity, and hormone use.  

Stromal ALDH1+ cells are either spindle-shaped/polygonal (s/p) or round/oval 
(r/o), and the latter are positive for the contractile protein marker SMMHC. 
ALDH1+ s/p cells are positive for the stellate cell marker vinculin. Low numbers 
of these cells were associated with family history, and when negative for the stem 
cell marker CD44 they were associated with nulliparity. Low numbers of 
ALDH1+ CD44+ CD24– r/o cells were associated with family history. ALDH1+ 
r/o cells were positively or negatively associated with low parity depending on the 
patients' BRCA1/2 status.  

High numbers of r/o cells that are positive for the mesenchymal stem cell 
marker SSEA3 were associated with low parity, family history, and hormone use 
after menopause. 

This study describes novel stromal cells in breast that were associated with risk 
factors for breast cancer. If confirmed in independent cohorts, they may be used 
for stratification of women with regard to risk of breast cancer. 
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Abbreviations 

ALDH1 Aldehyde dehydrogenase (synonym: retinaldehyde dehydrogenase) 
1 A1  

 
dIF Double immunofluorescence 

FFPE Formalin-fixed and paraffin-embedded 

H&E Hematoxylin and eosin 

HRT Hormonal replacement therapy 

IHC Immunohistochemistry 

R/o cell Round or oval cell 

S/p cell Spindle-shaped or polygonal cell 

SMMHC Smooth muscle myosin heavy chain 

SSEA3 Stage-specific embryonic antigen-3 

TDLU Terminal duct-lobular unit 
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Introduction 

Prologue 

This project began in 2004 motivated by a simple desire to understand normal 
tissue in breast cancer specimens, because its histologic appearance varies so 
greatly between patients (as seen on the front cover of this thesis). The pilot work 
started with single chromogenic immunohistochemistry (IHC) using a score of 
antibodies that were in common use for diagnosis of breast disease, with the help 
of benign surplus operation material retrospectively available from 14 women with 
breast cancer (7 premenopausal and 7 postmenopausal). When analyzing the IHC 
results for each antibody and interpreting this according to currently known cell 
types, the numbers didn´t add up. There appeared to be relatively rare cells, 
located in the adluminal and intermediate levels of ductular epithelium, that were 
non-reactive to the antibodies that together with cell morphology and location 
defined the two known cell types in breast ductules at that time: epithelial cells 
and myoepithelial cells (reactive to the Cam5.2 cytokeratin antibody and reactive 
to smooth muscle myosin heavy chain [SMMHC], respectively). Double 
immunofluorescence (dIF) experiments confirmed this. 

We therefore concluded in 2006 that our data provided indirect evidence of a 
novel cell type in normal breast ductules, and that this population might include 
stem cells or progenitor cells. In 2006 there was no single IHC marker known for 
stem cell or progenitor cell identification, so further work was temporarily put on 
ice. Happily, in late 2007 a journal article appared from a team led by Dr. Wicha 
in Ann Arbor, Michigan, presenting results using the bioassay Aldefluor™ 

[Ginestier 2007]. According to functional studies described in that article the assay 
is effective in identifying live cells, benign and malignant, that possess stem 
qualities. According to the aforementioned publication cells with stem qualities are 
also detectable by IHC using an antibody for aldehyde dehydrogenase 1 A1 
(ALDH1). Our work could therefore be commenced in 2008, using the same 
ALDH1 antibody product as Wicha´s group used.  

The work described here resulted in the definition of three cell types that are 
novel for benign female breast tissue, and that according to this study are 
associated with risk factors for breast cancer. 
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Aim 

 
The aim for this doctoral thesis was to determine identities of cells in the human 
female mammary gland including stroma, and the tissue distribution of these cells 
according to patient characteristics, in order to elucidate possible roles for these 
cells concerning hormonal and genetic risk factors for breast cancer.  

Anatomy 

The milk-producing work-units of the female breast gland are composed of so-
called lobules, where the most proximal parts (distant from the nipple) are acinar 
in lactating women but tubular and blunt-ended in non-lactating women [Russo 
2000]. Imagine a thin microscopic section through a tight, tree-like "crown" 
consisting only of branches. The cross-section would look like a cluster of grapes. 
This gives the false impression of balloon-shaped structures, but these are in fact 
tubular in shape except in lactating women (and all the time in mice) where the 
ends are acinar. To distinguish the smallest-caliber ducts in the lobule from the 
first collection structures, the former are termed ductules and the second are called 
terminal ducts. The lobule together with its primary collecting tubular structure is 
often called the terminal duct-lobular unit (TDLU), and this is where the majority 
of breast cancers originate [Wellings 1975]. Further out towards the nipple these 
gland units drain into a smaller number of wider collecting ducts (milk ducts).  

Until very recently, histology books taught that the ducts and ductules of breast 
are composed of only two cell types: epithelial cells and myoepithelial cells. Most 
epithelial cells are adluminal, but some of them extend all the way down to the 
basement membrane [Stirling 1976, Villadsen 2007, Isfoss 2012]. Myoepithelial 
cells constitute the cell population that lines the periphery of ducts and ductules. 
But now there is evidence that ducts and ductules also contain stem cells and/or 
progenitor cells [Ginestier 2007, Villadsen 2007].  

The TDLU areas do not only contain ductules and ducts, they also contain 
specialized connective tissue including vessels and cells, collectively termed 
TDLU stroma. But in between the TDLUs and this specialized stroma, there are 
variable areas of generic stroma, which is collagen-dense and/or fatty but not very 
cellular, thus histologically resembling deep parts of skin. TDLUs vary 
enormously in total size and complexity, generally increasing along the time axis 
from prepuberty to pregnancy, with involution (atrophy) after menopause [Russo 
1994].  
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Breast cancer  

Breast cancer is the most commonly diagnosed malignant disease in women 
worldwide, and it is the 5th most common cause of death from cancer in men and 
women combined [IARC]. About 20% of breast cancers in women are detected 
before the age of 50 [Cancer Research UK]. Of all U.S. women who are 50 years 
of age, 2.4% have breast cancer [SEER]. In the Nordic countries the peak 
incidence is at 65 years of age, and in these countries more than 275 000 women 
are alive with a breast cancer diagnosis [NORDCAN].  

By far most breast cancers are carcinomas, i.e. malignant tumors with epithelial 
differentiation. Invasive types of carcinoma, i.e. those that are potentially life-
threatening, are traditionally classified according to their cellular and histological 
appearance, mainly into "no special type" (previously termed ductal type) and 
lobular type, and into less common types according to special morphological 
features [Lakhani 2012]. There are two recognized pre-invasive epithelial 
malignancies in breast: ductal carcinoma in situ, and lobular neoplasia. Each of 
these types of non-invasive lesions has a high – but importantly not full – potential 
to evolve into clinically detectable invasive carcinomas [Yen 2003]. In addition to 
the malignant tumors mentioned above, rarely tumors of non-epithelial 
differentiation arise in the breast, such as connective tissue tumors (sarcomas) of 
various types. Also metastases to the breast, such as from malignant melanoma, 
occur. Remarkably, there is today no consensus on the possible existence of a 
malignancy arising from the basally located myoepithelial cells [Ellis I, personal 
communication, 2014]. 

The purpose of the histological classification of cancers is to communicate 
information to the patient and her physician about the nature of the disease, i.e. the 
prognosis, and thereby appropriate choices of treatment. However, there is room 
for improvement in the histological classification and tumor grading, in light of the 
many treatment options available today. Also, some treatment choices are today 
dependent on further routine molecular testing of the cancer cells in pathology 
laboratories. The minimum standard laboratory test requirement at the time of this 
writing is analysis of hormone sensitivity according to IHC for estrogen and 
progesterone receptors, and cell proliferation testing using the 
immunohistochemical marker Ki67, and tests for amplification of the HER2 
oncogene according to IHC and/or DNA analysis. This is routinely done in order 
to help select appropriate medical therapies before and/or after breast cancer 
operation. 

A new way of classifying carcinoma of the breast has been developing during 
the last one or two decades [Sørlie 2001], promising better prognostication and 
better therapy guidance than was available before. This system was designed using 
multi-gene expression profiling, and re-classifies breast carcinoma principally into 
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Luminal A, Luminal B, HER2-enriched, and Basal-like types. These intrinsic 
subclasses of breast carcinomas can be roughly determined by the four types of 
IHC tests mentioned above, although there are important exceptions that require 
molecular genetic tests. However, with regard to multi-gene expression profiles, 
there are disagreements between the various sets of proposed tests, and their cost 
is high, so none are yet widely recommended for routine use [Natrajan 2016]. 

Risk factors for breast cancer 

This study investigated the relation between histologically characterized cell 
types in normal female breast tissue and hormonal and genetic risk factors for 
breast cancer, via correlations with clinical data obtained from patient records in 
connection with breast operations performed from the year 1983 to 2010.  

In addition to hormonal and genetic risk factors, there is also some evidence for 
increased risk associated with lifestyle-related factors such as smoking [Olsson 
2003, Catsburg 2015], and body mass index [Munsell 2014]. Not surprizingly, 
ionizing radiation after atomic bomb explosion causes a severalfold increased risk 
of breast cancer, peaking at a relative risk of 8.7 for adolescents (age 10-19 years) 
who received high radiation doses in Hiroshima and Nagasaki [McGregor 1977]. 
Recently, also tissue density as detected by mammography was described to be a 
strong predictor of breast cancer [Engmann 2017]. It is not the intention to 
downplay the importance of any of these risk factors, but this study focused on 
hormonal and genetic risk factors. 

Hormonal risk factors 

Nulliparity, oligoparity, and late 1st parity. Multinational data were reported in 
1970 suggesting that nulliparity is a risk factor for breast cancer, and that the 
protective effect of parity resides with the 1st pregnancy, and that women with 
early pregnancy (age ≤ 18 years) have only about 1/3 of the cancer risk that is 
associated with late 1st pregnancy (age ≥ 35 years) [MacMahon 1970]. In Sweden, 
where the patients investigated in the here presented study reside, nulliparity has 
been associated with a relative risk of 1.35 [Adami 1980]. A more recent study on 
more than 50 000 teachers in California confirmed these associations, and also 
demonstrated a decreasing risk of breast cancer with increasing number of 
pregnancies [Ma 2010]. Recent investigations into the mechanisms behind risk 
reduction with parity have indicated that human chorionic gonadotropin (hCG) 
secreted by the placenta in the 1st trimester causes a protective effect, and that 
high hCG levels in pregnant women during the 1st trimester are associated with 
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lower incidence of postmenopausal cancers [Russo 2011]. Also, in that study 
experimental data from virgin rats showed that those who received hCG treatment 
were resistant to chemical induction of mammary tumors. 
 
Hormonal replacement therapy. There is no doubt that exogenous hormone use 
after menopause; commonly called hormonal replacement therapy (HRT) 
increases the risk for breast cancer. According to a review of 51 studies involving 
over 100 000 women with breast cancer and over 50 000 women without breast 
cancer as controls, HRT is associated with breast cancer risk in a dose-dependent 
manner, and the effect is transient [Collaborative Group 1997]. This was 
confirmed in the Million Women Study (UK), with average follow-up of 2.6 years, 
where any prior or current use of HRT containing estrogen and/or progesterone 
was associated with a relative risk of 1.43. [Million Women 2003, Olsson 2003]. 
Also, for compounds with estrogen plus progestagen there was a dose-dependent 
effect, with relative risk rising from 1.45 for users < 1 year, up to 2.31 for users ≥ 
10 years. Estrogen-only HRT use was also associated with increased relative risk, 
but less so than with progestagen-containing treatment.  

 
Contraceptive pill. It was reported from a Swedish-Norwegian cohort of more 
than 100 000 women that any type of oral contraceptives, used before or while the 
women were surveyed in 1991, was associated with a 1.6 relative risk of breast 
cancer (96% CI 1.2-2.1) [Kumle 2002]. In a study of 4816 women who were 
diagnosed with breast cancer between 2000 and 2013 in the United States, 
combined estrogen and progestin oral contraceptives increased the risk of breast 
cancer mortality (hazard ratio 1.61, 95% CI 1.14-2.28), while progestin-only oral 
contraceptives were associated with a lowered risk of breast cancer mortality 
[Samson 2017]. Also, combined pills increased overall mortality more than they 
increased breast cancer mortality, as reflected in a hazard ratio of 1.83. 
Importantly, rather frightening data have been presented from Southern Sweden 
regarding the effect of pill use for women younger than 20 years, or more than 5 
years of use for women younger than 25 years: these had odds ratios of 5.8 and 5.3 
for developing breast cancer, respectively [Olsson 1989]. Especially early cancers 
(in women < 36 years of age) have been shown to be associated with contraceptive 
pill use, in a dose-dependent manner [Jernström 2005]. Notwithstanding all these 
historic data, it remains to be investigated if also the most modern oral 
contraceptive pills are associated with risk. 

Genetic risk factors 

Family history. It is estimated that hereditary factors account for 5 - 10% of 
breast cancers. The epidemiological hallmarks of hereditary breast cancer are 1) 
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multiple family members affected, especially 1st degree relatives, 2) family 
members that were diagnosed at an early age, 3) family members with male breast 
cancer, and 4) family members with bilateral breast cancer [Fackenthal 2007]. It is 
estimated that for patients with family history of breast cancer a predisposing gene 
is identified in approximately 25% of cases. The major genes that are known to 
predispose to breast cancer via mutation include: BRCA1, BRCA2, PTEN, TP53, 
CDH1, and STK11. Additional genes exhibit less penetration, but are associated 
with about a twofold risk: CHEK2, BRIP1, ATM, and PALB2 [Shiovitz 2015].  

 
BRCA1 and BRCA2 mutations. Of all risk factors for breast cancer, mutations in 
the tumor supporessor genes BRCA1 and BRCA2 are the strongest, as they are 40 - 
80% predictive [Szabo 1997, Fackenthal 2007]. Reported frequencies of mutation 
carriers are dependent on molecular genetic methods used, and are higher with 
more advanced methods. For example in Western Sweden, families referred to 
genetic counceling revealed a 36% rate of BRCA1 or BRCA2 mutations, using 
complementing molecular genetic screening techniques [Bergman 2005]. 
BRCA1/2 mutations are diverse; there are typically point mutations, or small 
insertion and/or deletions, with missense and truncating effects. Also larger 
genomic rearrangements occur, and these can be more difficult to detect. 

Effects of risk factors on tumor characteristics 

In addition to the above mentioned clinical factors carrying risk of breast cancer, 
they are also associated with different tumor characteristics that in turn are 
associated with different patient outcomes. Carcinomas that arise in proliferating 
breast glands or in breast glands that are not fully developed, such as in young 
women, nulliparous women, those that used contraceptive pills before adulthood, 
and BRCA1 carriers, tend to be poorly differentiated, estrogen receptor negative, 
and HER2 positive. It has been hypothesized that poorly differentiated carcinoma 
subtypes arise in these women because of their relatively high proportion of 
progenitor cells as opposed to terminally differentiated cells [Olsson 2000]. 

Histopathology, histology, immunohistology, and cell 
types  

Histopathology (histo = tissue; pathologia = study of disease), often-called just 
pathology, is the medical discipline that describes abnormalities in cells and 
tissues. The biomedical meaning of the word "tissue" refers to a particular 
assembly of cells, and substances in between cells, arranged in some kind of order. 
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During microscopic examination a pathologist always analyzes the architectural 
inter-arrangement of cells in the tissue, even within malignant tumors that on first 
appearance seem to be chaotic. Pattern recognition is important, and this takes 
years to learn under the supervision of experienced specialists. The evaluation of 
tissue specimens from living patients represents the bulk of clinical pathologists' 
work.  

A pathologic diagnosis is a standardized word or more often a string of words 
suited to express the nature of a disease, for example: "Breast tissue (resection 
from left side) with ductal carcinoma in situ, grade 3, with comedonecrosis." 
Following the diagnosis the pathologist adds other information that may become 
necessary to plan further treatment, such as the presence or absence of malignant 
cells in the outer edge of the surgical specimen. Because of scientific evidence that 
both pathologists and the treating physicians are aware of, the diagnosis and 
supplementary data provided in the pathology report is translatable into valuable 
prognostic information. 

Most pathologic analysis is sufficiently done by the use of a standard light 
microscope, after laboratory treatment of the tissue with chemical and physical 
methods that make the cells visible to the eye in surprising detail. Apart from the 
microscope, the pathologist´s major work instrument is professional knowledge. 
The basis of this knowledge is histology, the discipline that describes normal 
tissues and cells at the microscopic level. The histology textbooks that most 
medical doctors have read during their early years in university – and in fact most 
or all histology books available in the bookshelves of pathology departments at the 
time of this writing – describe cells as visualized microscopically with the help of 
routine histochemical stains in variations of blue and red colors.  

But the world has now changed, and the protein expression of cells, in addition 
to their morphology, increasingly defines cell types. The method by which 
proteins are made visible in the microscope is termed immunohistochemistry 
(IHC), or immunohistology, or immunocytology. This technology has resulted in 
ever increasing numbers of known cell types, and different functional states of 
cells. Due to these advancements propelled by biomedical science, histology must 
be rewritten to include immunohistochemical details. The original work presented 
here claims to be a part of this revolution.  

In experimental research, but less often in clinical work, double or triple 
immunolabeling is used to assess the detailed morphological relation of tissue 
structures and specifially targeted molecules, including the cellular co-existence of 
specifically targeted molecules. Our work applied immunofluorescence labeling 
for simultaneous visualization of two or three stem and/or differentiation markers, 
and included the use of confocal microscopy, which further extended the 
possibilities for cell-specific characterizations. 
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Stem cells and progenitor cells 

Stem cells are primarily defined as cells that are pluripotent i.e. can give rise to 
more than one adult cell type [Pittenger 1999, Rust 2011]. Evidence indicates that 
each stem cell can give rise to two identical cells (symmetric cell division), or one 
stem cell and one progenitor cell committed to one or few lineages [Morrison 
2006]. Stem cells can survive dormantly for a long time, possibly throughout the 
lifespan of the organism [Kurzrock 2008]. Contributing to assure long-term 
integrity of stem cells, they are equipped with mechanisms to resist cell damage, 
including a very low proliferation rate [Kurzrock 2008], and detoxification 
systems such as the ATP-binding cassette transporters [de Jonge-Peeters 2007] 
and aldehyde dehydrogenases [Yoshida 1998]. Somatic (i.e. non-embryonic) stem 
cells serve to regenerate tissues of persons by providing new cell progenies when 
old ones have expired after a finite number of cell divisions [Hayflick 1961].  

Cancer stem cells, also termed stem-like cancer cells or tumor initiating cells, 
are malignant cells that exhibit stem-like qualities such as multipotency (ability to 
give rise to both mesenchymal and epithelial cell types), dormancy, resistance to 
cell toxins, ability to produce identical cell offspring, and longevity [Clarke 2006]. 
These cells have the potential to re-initiate tumors, also at distant sites 
(metastases), even decades after conventional anti-tumor therapy is completed 
with apparent success. The present project did not involve investigation of tumor 
tissue, and thus did not address cancer stem cells. 

The concept of stem cells originated within the field of botany centuries ago, 
and was first published in the medical literature in 1905 with hematopoiesis in 
mind [Pappenheim 1905]. Detailed functional description of somatic stem cells in 
humans was however first published in 1988, for hematopoietic tissue in bone 
marrow [Spangrude 1988].  

Progenitor cells are stem cells that are not yet differentiated, but are committed 
to differentiate into one or only a few cell lineages i.e. progenies. Some studies 
that claim to involve stem cells are actually addressing progenitor cells. These two 
terms, stem cells and progenitor cells, cannot always be held strictly separated. 
One reason for this is that not all research methods are capable of differentiating 
between stem and progenitor cells. Importantly, there is also evidence that 
progenitor cells can revert to stem cell state [Gupta 2009, van Es JH 2012].  

The research data shown in the present work do not involve experiments 
directly relevant to the field of regenerative medicine, but they may still provide 
that branch with important histological understanding of stem and progenitor cells. 
The field of regenerative medicine holds enormous potential for alleviating or 
curing disease through the use of stem and progenitor cells. The first successful 
example of this was bone marrow transplantation, which is a potentially life-
saving treatment for cancer patients [Thomas 1975]. Also, recently it has been 
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shown that it is possible to modify the function of differentiated somatic cells so 
that they become capable of serving as stem or progenitor cells in the rebuilding of 
defective human tissue, and such cells are termed induced stem cells [Yu 2007].  

Potential clinical benefits 

If confirmed in independent cohorts, the original study data presented here may be 
exploited to develop a biopsy-based laboratory test for stratifying women who are 
at risk for breast cancer into better-defined risk groups.  

Because our study identified cells that are independently associated with risk 
factors for breast cancer, the presence or absence of these cells in a biopsy sample 
from a healthy woman could help predict the risk of breast cancer later in her life. 
If such a test would be developed, it would be done using a needle biopsy 
involving either a tissue core or a cell sample (fine needle aspiration). Importantly, 
this type of testing could not be widely recommended until and unless the presence 
or absence of these cells has been investigated in a larger number of tissue samples 
from cancer-free women, preferably without any breast disease, with subsequent 
follow-up of several years duration to detect any possible new cancers. It is 
theoretically possible to perform such a study on prospectively collected tissue 
material from healthy volunteers. An example of such an initiative is the Komen 
Tissue Bank of Susan G. Komen for the Cure [Oh 2016]. 

Scientific study approach 

The here described original studies utilized material from operation specimens 
from women with benign or malignant breast disease, for identifying cells in 
morphologically normal tissue, using immunohistological methods, and for 
investigating associations between cell types versus hormonal and genetic risk 
factors for breast cancer. The study was retrospective, based on surplus archival 
tissue material, and information available from patient records was supplemented 
with more detailed clinical data from previous studies performed on breast patients 
at the same institution. Permissions from the regional ethical committee were 
obtained for performing a study of this type beforehand, via the aforementioned 
previous studies.  

It may be argued that immunohistological methods alone are not capable of 
defining whether or not a cell is a stem cell or progenitor cell. This is true. 
However, at some point in time it is necessary to exploit cellular protein markers 
gained from functional studies of stem cells, and to apply these markers in clinical 
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tissue material. This was done in the present study, and represents bridging 
between basic science and clinical science.  

Note: It is not possible to point at an immunochemically labeled cell, or even 
a cell labeled with three stem-relevant antibodies, and claim: "This is a stem 
cell". The cell is denatured and its functions can therefore not be tested. 
However, there are protein markers that have been confirmed to label stem or 
progenitor cells and can be used in situ, and – together with histological and 
morphological characteristics – these markers can make it possible to visualize 
particular cell populations that include stem cells. 
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Materials and methods 

Patients and tissue 

We elected to study women and not men, since we had access to a statistically 
sufficient number of only women in-house. Part-study I (Paper I) can be described 
as a qualitative pilot study, and was made possible using material from 28 patients 
from the Skåne University Hospitals in Southern Sweden. Half of these patients 
were randomly selected from the population of cancer-operated women, and half 
were mammoplasty-operated. The latter group was selected randomly from a 
cohort that had previously been characterized with regard to hormonal and genetic 
risk factors [Olsson 1996].  

Part-study II (Paper II) included the above patient set. To provide a larger 
number of cancer patients we selected additional cancer patients to a total of 30, 
all operated between 1999 and 2006. Also, to include a higher number of non-risk 
patients and to improve the possibility of comparing cancer and non-cancer 
patients, the number of mammoplasty patients was increased to 35. These had 
undergone plastic operations of their breasts, typically for mammary hypertrophy, 
at the same hospitals in 1993-1994. Then patients who had been diagnosed with 
BRCA1 or BRCA2 mutation (all with family history of breast cancer) were 
included in the study in order to make it possible to characterize cell types and cell 
distribution among persons with these genetic risk factors. The BRCA1/2 carriers 
had either been operated for cancer or they had received preventive mastectomy at 
the Skåne University Hospitals between 1983 and 2010. The BRCA1/2 patient 
groups totaled 61 women, bringing the total number of patients eligible for the 
study to 126.  

Then all archived breast tissue material from all eligible patients was examined 
by means of microscopy using the original hematoxylin and eosin (H&E) stained 
slides, with the aim to select one tissue block from each patient based on 
maximum amount of histologically normal glandular tissue. A few patients had 
been treated with neoadjuvant chemotherapy, which often disturbs the histology, 
and therefore their surgical specimens were rejected. A number of specimens were 
no longer available in the archive, and still other specimens contained an 
inadequate number of TDLUs in any one block (in part-study II [Paper II] and 
onward we arbitrarily required at least 10 TDLUs for valid analysis of ductular 
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cell types). The final set of patients eligible for analysis in part-study II was thus 
n=106. The clinical data available for these patients allowed us to re-group them 
according to hormonal and genetic characteristics such as age, menopause, parity, 
family history (also in patients that had no BRCA1/2 mutation), use of 
contraceptive pills, hormonal replacement therapy (HRT), and for some patient 
groups also menarche.  

The amount of tissue examined for each patient varied by the total size of the 
tissue fragments enclosed in the block chosen for analysis, from approximately 50 
to approx. 600 sq mm (median 255). The number of TDLUs found in the H&E 
slides representing the index blocks that were chosen for the total study varied 
from 10 to 360 (average 93). 

For part-study III (Paper III) we elected to focus on premenopausal patients, 
because this was the patient group that according to part-studies I & II appeared to 
exhibit the majority of the significant associations found between cell types and 
risk factors. Also, we chose to include BRCA1 but not BRCA2 carriers for part-
study III, because the first-mentioned patient group exhibited the most interesting 
associations. The reason why we thus limited the number of patient groups entered 
into part-study III was that this study was designed to be technically more 
demanding for each case, and we expected that qualitative rather than quantitative 
investigations would be the most important contribution of that work.  

For part-study IV (Paper IV), we came back to the whole n=126 patient set, and 
looked at all the original H&E slides once again with the intention to select two 
blocks from each case. This was done to secure surplus material in the case that 
blocks had been cut down beyond salvage during the foregoing studies. After the 
same exclusion procedures as were done for part-studies II & III the number of 
patients elegible for final analysis was 101, although for some of the more 
techincally demanding analyses the tissue material was adequate in only 90 
patients. This last-mentioned attrition occurred largely among the oldest archival 
specimens, because of tissue friability and poor adhesion to microscopic slides.  

Immunological laboratory techniques  

Control tissue  

To ensure cell type-specific immunohistochemical and immunofluorescence 
labelings (immunophenotype) we included a wide range of positive human tissue 
controls, as recommended by the manufacturers, in each run. To ensure specific 
labelings of the used antibodies, in each labeling experiment adjacent tissue 
sections were treated in the same way but without primary antibodies. These 
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control sections were also used to ensure that only specific immunoreactivity 
above "background" labeling was recorded as positive (no grading of 
immunoreactivity was used).  

Primary antibodies relevant to clinical immunohistochemistry 

During the planning stages of part-study I we applied a broad range of antibodies 
that were routinely used for diagnostic breast pathology, in order to pre-screen the 
identities of cells in different locations of the breast. The results for some of these 
antibodies (cytokeratin 5/6, E-cadherin, CD34) did not appear to provide essential 
information for cell-identification purposes, so these were not used in the study. 
Antibodies obtained from the routine pathology laboratory menu that were 
ultimately used were the following: Cam5.2 (polyclonal, principally against 
cytokeratin 8) for identifying glandularly differentiated epithelial cells, CD45 for 
leukocytes, estrogen receptor for hormonal cell differentiation, Ki67 for cell 
proliferation, smooth muscle myosin heavy chain (SMMHC) for myoepithelial 
cells, and Tryptase for mast cells. The actual antibody products chosen for the 
study were recommended for clinical use by the non-profit external quality 
assurance organization NordiQC. The author of this thesis successfully performed 
the single chromogenic and the double immunofluorescence reactions for the first 
14 patients in part-study I, and highly qualified laboratory scientists performed the 
remaining histochemical and immunohistochemical laboratory work for the study. 

Primary antibodies relevant to experimental pathology 

Antibodies that were used in the study, but were typically not used for diagnostic 
pathology purposes at that time, were the following: Aldehyde dehydrogenase 1 
A1 (various host species), CD44, CD24, stage-specific embryonic antigen 3 
(SSEA3), and Vinculin. The antibody clones used were carefully chosen to match 
the products that seminal prior studies [Al-Hajj 2003, Ginestier 2007, Kuroda 
2010, Van Rossen 2009] had applied for identifying the same cells.  

Microscopy 

All the laboratory data recorded in this project were generated by the use of 
various types of wide-field, transmission-light, and epifluorescence microscopes. 
The PhD student performed the majority of these evaluations, while other study 
participants with extensive experience within experimental histology performed 
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the remaining evaluations. Computerized image analysis was not used, for reasons 
discussed in Methodological considerations.  

Light microscopy 

One of the benefits of histochemical stains and chromogenic IHC is that the 
colored signals are permanent, and the slides can be examined for extended 
periods of time without any degradation of signals. The major drawback is that 
chromogenic IHC can be less sensitive for low antibody signals than 
immunofluorescence is. However, in recent years the improved molecular 
amplification systems used in chromogenic IHC have increased the signal-to-noise 
ratios to the extent that interpretation has become much more consistent. For this 
reason we used chromogenic IHC for cell quantification purposes, whereas 
evaluations of molecular relations were performed by means of double 
immunofluorescence labelings. The salient features of each type of IHC and 
immunofluorescence results were imaged by digital documentation.  

Fluorescence microscopy 

Immunofluorescence can prove more sensitive than chromogenic IHC for 
detection of low levels of antigens and is supreme for simultaneous labeling of 
more than one antigen. For immunofluorescence, in one and the same section, the 
different colored fluorescent signals are easily separated, visually and digitally, 
and the relation of labeling can be determined at cellular levels. Therefore, double 
or triple immunofluorescence was the main method used for the evaluation of 
immunophenotypically-based cell identities, including specific combined stem 
cell-indicating immunophenotypes (CD44+ CD24-; ALDH1+ CD44+ CD24-). 
Drawbacks of immunofluorescence reading include practical difficulties working 
in a semi-dark room, and gradual reduction of signals with exposure to light and 
time of storage. For these reasons, we digitally imaged important 
immunofluorescence findings from most cases. 
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Confocal microscopy 

Because epifluorescence microscopy is performed on tissue sections with a certain 
thickness (paraffin-embedded sections are usually 3-5 micrometers thick), there is 
a risk that visualization detects signals from two cells that overlap, causing the 
erroneous interpretation that signals from one cell was observed. To lower this risk 
when evualuating cellular double labeling (in two colors), we performed quality 
controls by means of confocal laser scanning microscopy (CLSM). In fluorescence 
labeled sections CLSM can be used to selectively view and document a so-called 
optical section that only detects signals from one thin "focal plane" that can be 
down to 300-400 nm (Z-level). Via co-detection of organelles such as cell nuclei, 
the immunolabeling can be evaluated as being localized intra- and/or extracellular, 
and they can be detected as being present on or in the same cell, or not. CLSM 
analyses were performed in a limited number of of samples for each type of 
double immunofluorescence experiment to confirm the presence or absence of 
double-labeled cells. 

Quantitative assessment 

Immunoreactivity was not graded. To ensure objective and clear criteria for the 
assessment most of the IHC labeling analyses were documented as positive or 
negative for the given cell type for each examined TDLU, without attempting to 
count the number of positive cells for each TDLU. However, for the most 
frequently observed cell types, also the numbers of IHC positive cells within each 
examined TDLU were counted.  

Statistics 

The variables used were first tabulated and summarized using Microsoft Excel®, 
and were then evaluated for statistical significance using IBM SPSS®. 
Assessments of possible associations between cell types and clinical 
characteristics were done with regression analysis methods, logistic for discrete 
variables and linear for continuous variables. This made it possible to evaluate 
whether associations between individual groups of variables were independent of 
the other variables that were being assessed. For some association analyses 
Fisher´s exact test was used. For correlations, Pearson´s correlation coefficient and 
Spearman´s rank correlation coefficient tests were used. For all the above tests, 
two-tailed analysis was applied, and p<0.05 was considered significant.  
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Results 

The study was performed in four logical part-study steps, as represented in the 
four papers, chronologically as follows: 
1. Detailed morphological and immunohistological characterization of ALDH1+ 

cells in benign epithelium and stroma, including their distribution in the tissue 
and reactivity to selected cell differentiation and cell function antibodies, in a 
limited patient material (n=28). Cell data and apparent associations with 
regard to risk factors for breast cancer generated hypotheses, which were then 
tested in the subsequent part-studies. 

2. Analysis of associations between ALDH1+ ductular cells and risk factors for 
breast cancer, using immunohistological methods on a larger patient material 
(n=106).  

3. In situ characterization of ALDH1+ stromal cells in histologically normal 
tissue according to their immunolabeling for this marker and the alternative 
stem/progenitor cell marker combination CD44 and CD24, and correlations 
between the various resulting combined immunophenotypes and risk factors 
for breast cancer. The material consisted of premenopausal women only, 
n=40. 

4. Immunohistological characterization of benign ALDH1+ stromal cells with 
regard to stem/progenitor and cell differentiation markers, using tissue from 
pre- and postmenopausal patients (n=101). 

The following description of the total study results will be made across these 
part-studies, according to cell locations, cell morphologies, and risk factors. 

Ductular cells 

Because cells in ductules are believed to give rise to the majority of breast 
carcinomas, these anatomic structures were studied in detail with regard to cell 
types and distribution.  
  



32 

Cell characterization 

ALDH1+ cells were present in only rare ductules, and then typically in more than 
one ductule within the same TDLU. The immunoreactivity was strong and widely 
distributed in the cytoplasm. These cells were most often located in the adluminal 
layer of the ductular epithelium (6% of TDLUs), or in the area defined as 
intermediate between the rows of adluminal cells and basally located cells (6% of 
TDLUs), and were least common in the basal layer (2% of TDLUs). Focally in 
some ductules ALDH1+ cells occupied the entire thickness of the epithelium, 
including the basal layer. In occasional ductular bifurcations, cells composing the 
carina consisted of ALDH1+ cells, thus constituting the bridge between the two o-
shapes in an 8-figure. These cells, which were clearly adluminal, were observed 
only in women less than 50 years of age. In general ALDH1+ epithelial cells did 
not appear to have a different morphology from ALDH1– cells. 

The differentiated glandular cell-marker Cam5.2 labeled all adluminal cells, 
with the exception of Ki67+ cells and the vast majority of ALDH1+ cells. 
Exceptionally, in the two youngest women (28 & 31 years of age) examined in the 
patient sample selected for this analysis, we detected very rare groups of cells with 
co-labeling of Cam5.2 and ALDH1 in adluminal parts of ductules. One of these 
women was a BRCA1 carrier while the other was not and had no family history of 
breast cancer. Neither of these women had had full-term pregnancies. 

An antibody for smooth muscle myosin heavy chain (SMMHC) decorated cells 
encircling ductules. Also, in immunofluorescence, some ductules contained 
weakly or focally SMMHC-reactive cells at the adluminal or intermediate levels of 
the epithelium (thus not consistent with myoepithelial cells). These cells were 
negative for Cam5.2. Basally located SMMHC+ cells, presumed to be 
myoepithelial cells, were in no cases positive for the proliferation marker Ki67, 
nor were any of these cells positive for ALDH1. 

Cells positive for Ki67 occurred in relatively few TDLUs, and never in the 
TDLUs where ALDH1+ cells were present. Epithelial cells that were Ki67+ were 
typically found clustered in individual ductules, and in groups of ductules within 
the same TDLU. Nuclear Ki67 positivity was most common in adluminal cells, 
and was very rare in basally located cells. 

In immunofluorescence preparations almost all epithelially located cells were 
judged as estrogen receptor alpha positive, with exception of the occasional cells 
that were either Ki67+ or ALDH1+. 

Ductular SSEA3 positive cells were not detected at all in IHC, although 
specimens from two of the patients examined with immunofluorescence contained 
vaguely SSEA3+ cells in ductules. 
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Quantitative data and clinical correlation 

According to single chromogenic IHC, ALDH1+ ductular cells were detected in 
87% of patients, including the youngest premenopausal woman and the oldest 
postmenopausal woman. In the noncarrier premenopausal subgroup, ALDH1+ 
cells increased significantly with age. In premenopausal patients the presence of 
these cells was significantly associated with family history of breast cancer, 
independent of BRCA1/2 carrier status and parity.  

ALDH1+ ductular cells were more frequent in BRCA1 than in BRCA2 carrier 
patients. For premenopausal patients, BRCA1 carrier status exhibited borderline 
association (p=0.06) with high numbers of ALDH1+ cells in the basal layer of 
ductules, whereas BRCA2 carrier status was significantly associated with 
ALDH1+ cells within non-basal ductular levels.  

Low parity was significantly associated with high presence of ALDH1+ 
ductular cells, for premenopausal patients, when adjusted for age.  

HRT, ongoing at the time of operation in postmenopausal patients, was 
significantly associated with high numbers of ALDH1+ ductular cells, 
independent of the other investigated risk factors.  

Spindle-shaped or polygonal cells 

Cell characterization 

The most numerous ALDH1+ s/p cells in TDLU stroma (and in breast tissue in 
general) were very thin and elongated, in some tissue planes exhibiting triangular 
(polygonal) cell bodies. Their nuclei were not detectable in all tissue planes. The 
immunoreactivity was cytoplasmic, of moderate or high intensity, and relatively 
homogenous. These cells were seen in specimens from all patients, located 
typically in the majority of TDLUs. In some areas they were tightly arranged 
around ducts or ductules, entire TDLUs, or small vessels. ALDH1+ s/p cells were 
in all cases negative for CD24 but appeared as either positive or negative for 
CD44. No ALDH1+ s/p cells exhibited immunoreactivity for Cam5.2, SMMHC, 
ER, or Ki67.  

In double immunofluorescence experiments using antibodies for ALDH1 and 
Vinculin, s/p cells with reactivity for both markers were found in specimens from 
all examined patients. Intermingled with these cells, there were ALDH1+ 
Vinculin– s/p cells and ALDH1– Vinculin+ s/p cells. In other stromal areas there 
were groups of cells positive for only one of these markers. 

S/p cells exhibited no immunoreactivity for SSEA3. 
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Quantitative data and clinical correlation 

According to the part-study on premenopausal patients (Paper III), which 
evaluated the putatively potent stemness immunophenotype ALDH1+ CD44+ 
CD24–, and other variants of positivity for these markers, s/p cells only with the 
immunophenotype ALDH1+ CD44– CD24– were associated with risk factors. 
These cells were present in signifantly low numbers in nulliparous patients. Then, 
single chromogenic IHC showed that TDLUs containing ALDH1+ cells were 
about half as common in premenopausal patients with family history of breast 
cancer, compared with premenopausal patients with no family history. This 
relative lack of ALDH1+ s/p cells in TDLU stroma patients with family history 
was statistically significant for the group with all patients, and for the group 
consisting of premenopausal patients only. However, when use of hormones at the 
time of operation was included in the model, this effect was canceled.  

S/p cells with SSEA3 or Tryptase reactivity were not detected.  

Round or oval cells 

Cell characterization 

ALDH1+ cells of round or oval shapes, focally with a bit distorted contours and 
occasionally with degranulation, occurred individually in TDLU stroma, 
containing distinctly granular cytoplasm and small, round nuclei. In histological 
terms, this morphology corresponds to that of mast cells. Often these cells were 
present in relatively high numbers in the generic stroma just outside TDLU areas, 
thus appearing to show affinity to TDLUs, and in such areas they were usually 
also present within the TDLU stroma. ALDH1+ r/o cells were observed in 
specimens from 65% of patients, but were sparsely distributed (present in 5% of 
TDLUs, median). Such cells, when positive also for the alternative stem cell 
marker CD44, were present in 30-60% of patients depending on the different risk 
groups. Very few ALDH1+ r/o cells were CD24+.  

In the great majority of patients we detected r/o cells with combined ALDH1 
and SSEA3 immunoreactivity, and in fewer patients ALDH1+ SSEA3– cells were 
present. All patients had r/o cells with Tryptase reactivity, and ALDH1+ 
Tryptase+ cells were present in all patients. Regarding immunoreactivity for each 
of these three markers, irrespective of the other markers, significant correlations 
were found between the occurrence of all the immunophenotypes with the notable 
exception of ALDH1+ cells and Tryptase+ cells, which showed very low and non-
significant correlation. 
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Quantitative data and clinical correlation 

ALDH1+ r/o cells. Using correlation analysis, ALDH1+ CD44+ CD24– r/o cells 
were less commonly observed in patients with family history of breast cancer, and 
in a regression model this association was just below statistical significance. 
According to single chromogenic IHC, the numbers of TDLUs with ALDH1+ 
cells were significantly high with decreasing parity in BRCA1/2 carriers, but the 
reverse was true for noncarrier patients (borderline significance p = 0.057). Also, 
for premenopausal patients a high presence of ALDH1+ r/o cells was associated 
with family history (borderline significance p = 0.058), and this effect was 
canceled when hormonal use at the time of operation was included in the model.   
 
SSEA3+ r/o cells. Multiple significant associations were found between the 
SSEA3+ r/o cell type and risk factors: 1) high numbers with family history for all 
patients; 2) high numbers with family history for premenopausal patients when 
hormone use was included in the model; 3) high numbers with low parity; 4) low 
numbers with nulliparity for premenopausal patients but only when ongoing 
hormone use was included in the model; 5) high numbers with hormone use for 
postmenopausal patients. 
 
Tryptase+ r/o cells. No associations were found between this cell type, presumed 
mast cell, and the investigated risk factors for breast cancer.  

Summary of associations and correlations between cell 
types and risk factors 

The listing below briefly describes associations and correlations between cell 
types and risk factors, according to original data from part-studies I-IV, as 
described in the published articles and the submitted manuscript in Appendix. All 
analyses were done using two-tailed testing. Regression models, linear or logistic, 
were used to adjust for other included risk factors. Where noted, correlation 
analyses with Fisher´s exact test and Spearman´s rho were used. P values 
indicating borderline significance (p = 0.05-0.06) are also included for the 
purposes of this summary. 

 
Ductular ALDH1+ cells: 

1. High ALDH1+ with increasing age, for noncarrier premenopausal 
patients. P = 0.01. 

2. High ALDH1+ with low parity, for premenopausal patients. P ≤ 0.03. 
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3. High ALDH1+ with family history, for premenopausal patients. P ≤ 0.01. 
4. High ALDH1+ basally with BRCA1 carrier status. P = 0.06. 
5. High ALDH1+ non-basally with BRCA2 carrier status. P = 0.03. 
6. High ALDH1+ with ongoing HRT. P ≤ 0.03. 

 
Stromal ALDH1+ s/p cells:  

7. Low ALDH1+ CD44– CD24– and nulliparity, for premenopausal patients. 
Fisher´s exact P= 0.021; Spearman´s rho P = 0.009. 

8. Low ALDH1+ and family history, for all patients. P = 0.001. 
9. Low ALDH1+ and family history, for premenopausal patients. P = 0.001. 

 
Stromal ALDH1+ r/o cells:  

10. High ALDH1+ and parity, for BRCA1/2 carriers. P = 0.022. 
11. Low ALDH1+ and parity, for non-BRCA1/2-carriers. P = 0.057. 
12. Low ALDH1+ CD44+ CD24– and family history. Fisher´s exact P = 

0.055; Spearman´s rho P = 0.028. 
13. High ALDH1+ and family history, for premenopausal patients. P = 0.058. 

 
Stromal SSEA3+ r/o cells:  

14. High SSEA3+ and low parity. P = 0.015. 
15. Low SSEA3+ and nulliparity, for premenopausal patients when adjusted 

for ongoing hormone use. P = 0.042. 
16. High SSEA3+ and family history. P = 0.021. 
17. High SSEA3+ and family history, for premenopausal patients when 

adjusted for ongoing hormone use. P = 0.009. 
18. High SSEA3+ and ongoing hormone use, for postmenopausal patients. P 

= 0.032. 
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Discussion 

Aims 

The aims of this study were: 1) to identify cells in morphologically normal female 
breast tissue according to previously defined characteristics of cell stemness 
versus cell differentiation, using histological and immunohistological methods, 
and 2) to describe possible associations between the presence and distribution of 
the identified cells and risk factors for breast cancer. The study completed both 
aims. 

Investigative tools 

The investigative tools used for this study of patient tissue samples were twofold, 
and their results were linked together with statistical methods: 1) in situ 
visualization of cell-specific proteins, with cytological and histological reference, 
and 2) data from clinical records regarding hormonal and genetic risk factors for 
breast cancer.  

Hypotheses 

The hypotheses generated before and during the study were: 1) the population of 
ductular cells that does not exhibit immunophenotypical characteristics of 
epithelial or myoepithelial cell differentiation includes stem cells, 2) ALDH1+ 
spindle-shaped/polygonal (s/p) cells in TDLU stroma include Stellate cells, and 3) 
ALDH1+ round/oval (r/o) cells in TDLU stroma include mesenchymal stem cells. 
The study results did not contradict any of these hypotheses.  
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General conclusions 

The general conclusions of the study are: 1) We describe novel cell types in 
normal female breast stroma defined by their morphology, their tissue localization 
and their immunophenotypes. 2) The population of ALDH1+ s/p cells in breast 
stroma includes Stellate cells (also known as vitamin A-storing cells), and we 
show that local deficiency of these cells is associated with genetic and hormonal 
risk factors for breast cancer. 3) ALDH1+ r/o cells have characteristics that are 
common with SSEA3+ mesenchymal stem cells, and the distributions of both cell 
types, especially of the latter, are associated with genetic and hormonal risk factors 
for breast cancer. 4) Associations between the numbers of ALDH1+ stromal r/o 
cells and SSEA3+ stromal cells, respectively, versus risk factors, are influenced by 
ongoing use of hormones. 

Potential clinical utilities 

Direct, potential clinical utilities of the knowledge generated by the study include: 
1) a possibility of a biopsy test for the stratification of healthy or predisposed 
women for breast cancer risk, 2) awareness of normally occurring cell types that 
are important for the maintainance of adult tissue but may be adversely affected by 
anti-cancer stem cell treatments [Danishefsky 2015], and 3) elucidation of 
stem/progenitor cell types that may be relevant for tissue augmenting therapy.  

In addition, the study contributes to the next generation of histology literature, 
which should include cell immunophenotypes that are linkable to specific cell 
functions. Lastly, the study provides data regarding cell types that are affected by 
exogenous hormones, which may help selecting lower-risk strategies for hormonal 
medications in the future. 

Relevance 

Breast cancer in women is not uncommon, and sometimes causes morbidity and 
mortality that results in personal and familial disasters. Health care authorities 
have taken measures to reduce the effects of this epidemy by providing 
mammography screening, but now such screening has been linked to 
overdiagnosis and limited effect on population basis [Kalager 2010, Jørgensen 
2017]. This has resulted in the question whether breast cancer screening can be 
done in a better way than mammography has provided. According to the review of 
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risk factors for breast cancer that is provided in Introduction above, clinical traits 
such as use of exogenous hormones and family history can raise the risk by cirka 
50 to 500%.  

Regarding family history as a risk factor, molecular genetic research has 
identified genes that explain about 25% of the familial risk. This raises the 
question: where to look for mechanisms behind the remaining 75% of the familial 
burden? Gene alterations have been looked for, but this has not resulted in very 
large breakthroughs. We therefore investigated if cell types and the distribution of 
cell types in histologically normal breast gland and stroma could reveal links with 
hormonal and genetic risk factors for breast cancer. 

Novel cell types described in this study 

For ductular epithelium, the clinical material and methods used here confirmed 
previously published findings that indicated immunohistologically identifiable 
stem or progenitor cells [Ginestier 2007, Villadsen 2007]. Then we identified three 
novel cell types in breast stroma, which according to this study are linked with 
clinical risk factors for breast cancer: 1) ALDH1+ s/p cells, 2) ALDH1+ r/o cells, 
and 3) SSEA3+ r/o cells. According to the cellular morphologies, tissue 
distributions and immunophenotypes, ALDH1+ s/p cells are proposed to be 
Stellate cells, and SSEA3+ cells are proposed to be mesenchymal stem cells. 
Although the identity of ALDH1+ r/o cells is less clear, their morphology is the 
same as that of SSEA3+ r/o cells, and both cell types exhibit similar but not 
identical associations with family history. It is thus possible that these two cell 
types have the same origin, or even represent the same cell type in different states 
of function. 
 
 
ALDH1+ stromal cells  

 
Villadsen et al. (2007) described characteristics of sparsely distributed 

candidate stem and progenitor cells in ductules and ductules, using markers other 
than ALDH1 [Villadsen 2007]. Stroma was not investigated. Also Ginestier et al. 
(2007) described candidate stem cells in the epithelial compartment, characterized 
by ALDH1 positivity, without addressing stroma [Ginestier 2007]. Resetkova et 
al. (2010), in an investigation of breast tumors, mentioned ALDH1 expression in 
the cytoplasm of stromal cells in normal tissue without describing cell morphology 
or cell distribution [Resetkova 2010]. In a study of breast cancer tissue, Heerma 
van Voss (2011) reported epithelial and peritumoral ALDH1 expression, and 
mentioned that also non-tumoral stroma contained ALDH1 positivity, without 
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description of cells [Heerma van Voss 2011]. Also Kang et al. (2014) recorded 
ALDH1 positivity in breast tumor stroma without mentioning cells [Kang 2014]. 

In 2012 we reported that the most commonly observed ALDH1+ cell type in 
benign breast tissue is stromal, and spindle-shaped, and that the second most 
common ALDH1+ cell type, also in stroma, is round or oval [Isfoss 2012]. 
Furthermore, in our 2013 publication, which focused specifically on ductular 
tissue, we provided a micrograph depicting ALDH1+ spindle-shaped stromal cells, 
one of which exhibited thin strands of cytoplasm extending in different directions 
(effectively a star-like i.e. stellate cell shape) [Isfoss 2013]. Also Schwartz et al. 
(2013) reported ALDH1+ stromal expression in benign breast tissue, but without 
providing a description of cells [Schwartz 2013].  

A study reported in 2015 by Bednarz-Knoll et al. focused specifically on 
ALDH1+ expression in breast stroma, although the subject of investigation was 
malignant tumor tissue. In intratumoral stroma, they described, "spindle- and/or 
polygonal-like shaped stromal cells located between and/or around tumor cells" 
[Bednarz-Knoll 2015]. They cited our 2012 work. In our 2016 publication we 
modified the morphological description of the population of ALDH1+ spindle-
shaped cells as also containing cells with polygonal cell bodies [Isfoss 2016]. 

Thus, to our knowledge, both of the ALDH1+ cell types that we describe in 
benign breast stroma, the s/p and the r/o, appeared first in the here presented study. 
 
SSEA3+ stromal cells  

 
We have been unable to find any previous reports of mammary stromal cells with 
regard to stage-specific embryonic antigen 3 (SSEA3). A research group in 
Taiwan reported complete absence of SSEA3+ cells in human mammary stroma, 
based on flow-cytometry [Chang 2008, Cheung 2016]. Their data were derived 
from surface cell marker methods, and therefore do not contradict our results 
which were based on morphological assessment of cells in situ indicating 
primarily cytoplasmic immunoreactivity for the SSEA3 antibody. Furthermore, an 
IHC image provided in one of the early publications that defined SSEA3 as a stem 
cell marker clearly show widespread cytoplasmic immunoreactivity for this 
marker [Shevinsky 1982]. Also, the cellular immunoreactivity for SSEA3 in 
stroma that we describe is identical to reports from the group that established 
SSEA3 as an immunophenotype characteristic of mesenchymal stem cells of the 
Muse type  [Kuroda 2010, Wakao 2011, Dezawa 2016]. Although pluripotent 
SSEA3+ stromal cells are according to Dezawa et al. (2016) present in "nearly 
every organ" (without specific information provided in this regard), SSEA3+ 
stromal cells are to our knowledge only reported for skin [Kuroda 2010], adipose 
tissue [Heneidi 2013], and colon [Suzuki 2013]. 

The work presented here therefore appears to be the first describing SSEA3+ 
cells in stroma of breast.   
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Methodological considerations 

The experimental techniques used in this study were chosen to visualize cells in 
situ by means of IHC techniques, with their morphology and spatial relations with 
neighboring structures retained. Cell identification was based on assessment of cell 
location, cell morphology including shape and cytoplasmic character, together 
with visualization of immunolabeled proteins that characterize specific cell 
identities according to peer-reviewed reports from more than one researcher 
groups. Cell-specific immunolabeling was assured by using appropriate positive 
and negative control tissue, and by antibody specificity controls of labelings and of 
labeling quality, and by analyses of cellular co-localization through confocal 
microscopy. Thus, although IHC is in general limited by possible confounding 
effects of a number of laboratory variables, our methods sought to minimize such 
effects. 

Non-cancer and non-BRCA1/2-carrier women who were in need of 
mammoplasty represented the most “normal” patient subgroup in this study. 
Thereby, the whole study was limited in that it was performed using tissue 
specimens from patients that were not entirely free of breast conditions. 
Obviously, it would be desirable to assess the applicability of a biopsy-based test 
for the stratification of risk for breast cancer using samples from women without 
any symptoms or signs from their breasts. However, breast tissue specimens from 
live women without any breast disease or genetic predisposition are exceedingly 
rare, and are certainly not available as whole tissue sections.  

The reason that we preferred full-size tissue sections rather than tissue 
microarrays was that some of the cell types that we investigated are sparsely 
distributed in tissue. The material investigated from each patient had a median area 
of 255 (range 48 - 621) sq mm – which is about 900 times larger than a single 
tissue microarray sample. It is still possible that a tissue microarray study could be 
performed effectively for assessing links between the identified rare cell types and 
cancer risk, if very many specimens are included.  

The tissue used in this study originated from FFPE blocks that had been 
archived for up to 33 years, admittedly leading to quality problems with the oldest 
specimens in terms of friability and poor adhesion to microscopic slides. The latter 
resulted in rejection of up to 10% of specimens from some analyses due to less 
than 10 TDLUs being represented in IHC slides. Still, this is unlikely to have 
affected the results greatly, since 85% of the specimens that were more than 20 
years old were from mammoplasty patients, who served as normal control 
subjects. 

Immunoreactivity was, as expected, detected with greater sensitivity by dIF 
experiments than by IHC. This was most evident with ALDH1+ r/o cells, which 
were documented in the TDLU stroma of all patients in the subset investigated 
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with dIF, but only in 65% of the total patient material using IHC. Also, regarding 
the different microscope methods, we noted higher sensitivity for double positive 
cells in confocal microscopy than with epifluorescence microscopy, due to better 
visual separation of signals. In general, this is not considered to reduce the validity 
of chromogenic IHC to detect differences in specific cell occurrences between 
clinical subgroups. 

In many cases IHC positive cells were observed in or just outside the border 
between TDLU stroma and surrounding generic stroma. This provided a challenge 
when localizing cells exactly in relation to TDLU stroma versus generic stroma. 
However, we observed that when the cells of interest were present in high 
numbers just outside TDLU stroma, they were typically present also within the 
TDLU stroma, so this did not appear to present a considerable source of bias. 

Finally, it may be argued that quantification of IHC positive cells is more 
objective if done with computerized image analysis (morphometry) than with 
subjective quantification. A recent study of cancer tissue comparing subjective and 
computer assessment of IHC, including grading of staining intensity, revealed 
analytic discrepancies for some stem cell markers [Miller 2017]. However, the 
present study investigated IHC in benign tissue, which is more regular and 
repetitive than heterogenous cancer tissue. Also, we abstained from grading 
immunoreactivity and instead recorded any cellular staining above background 
level as positive, which reduces the risk of IHC interpretation discrepancies. 
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Conclusion and future perspective 

The work presented in this thesis aimed to characterize in histological and 
subcellular detail epithelial and stromal cells in benign female breast tissue using 
in situ immunolabeling for epitopes previously shown to indicate cell 
differentiation, cell functions, or stemness. The study also aimed to identify 
associations between the immunolabeled cells and hormonal and genetic risk 
factors for breast cancer. Both aims were met, and through hypothesis testing in 
the laboratory this resulted in the discovery of three benign stromal cell types that 
have never before been described in breast, all of which were demonstrated to be 
associated with hormonal and/or genetic risk factors for breast cancer.  

If these findings are confirmed in an independent cohort, they can provide a 
foundation for a needle biopsy-based test to stratify women with regard to risk of 
breast cancer. 
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Distribution of aldehyde dehydrogenase 1-positive stem cells in benign mammary tissue from
women with and without breast cancer

Aims: Aldehyde dehydrogenase 1 (ALDH1) in female
breast tissue has been linked to stem cells, but little is
known about the benign cellular organization in situ.
We investigated the distribution of ALDH1-immunore-
active (ALDH1+) cells in histomorphologically benign
breast tissue from 28 women with or without breast
cancer.
Methods and results: ALDH1+ cells were detected in
benign tissue of women aged 20–72 years, located
most commonly at the luminal and intermediate
ductular levels and in the stroma. ALDH1+ cell
populations and Ki67+ cell populations were present
in separate ductules, both cell types rarely showing
epithelial differentiation. ALDH1+ cells were non-
reactive to Ki67 and oestrogen receptor. Stromal

round ⁄ oval ALDH1+ non-leukocyte cells in both age
groups expressed contractile protein. There was a lower
concentration of luminal and intermediate ductular
ALDH1+ cells in postmenopausal women than in
premenopausal women, and in cancer patients than
in non-cancer patients, and a higher concentration in
women receiving exogenous hormones.
Conclusions: This study provides further evidence for
the stem cell character of ALDH1+ cells, here in benign
breast tissue of cancer and non-cancer patients
throughout non-lactating adult life, and contributes
evidence of benign stromal ALDH1+ cells. The distri-
bution of ductular ALDH1+ stem cells appears to be
influenced by hormonal status.

Keywords: ALDH1, breast, histology, immunohistochemistry, stem cells

Abbreviations: ALDH1, aldehyde dehydrogenase 1; DAB, 3,3¢-diaminobenzidine; DAPI, 4¢,6-diamidino-2-pheny-
lindole; ER, oestrogen receptor; FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; HRT, hormone
replacement therapy; IUD, intrauterine device; PBS, phosphate-buffered saline; PBS-TX, phosphate-buffered saline
containing Triton X-100; SC, stem cell; SMMHC, smooth muscle myosin heavy chain; TBS, Tris-buffered saline;
TLDU, terminal ductal-lobular unit; TX, Triton X-100; WHO, World Health Organization

Introduction

Adult somatic stem cells (SCs) possess self-renewal
capacity and can divide into either two identical SCs,

i.e. two daughter cells committed to a particular
differentiation route, or, through asymmetrical divi-
sion, one SC and one committed cell (progenitor cell).1

A single mouse mammary breast SC can develop into a
complete mammary gland.2 The prevailing theory is
that cancer SCs reside in a non-proliferative state, and
that they can act as a cancer reservoir that is poorly
targeted by currently used cancer therapies.3 The
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expression of antigens (molecular identity) and func-
tional qualities of SCs in benign adult human breast
tissue have been partially described.4,5 However, the
molecular expression and the histological and temporal
distribution of breast SCs, benign or malignant, are still
not well understood. The prediction and treatment of
breast cancer could possibly be improved by further
characterization of SCs.

Stem cell populations have been identified in human
and murine breast,4 and antigens expressed by cancer
SCs have subsequently been identified, characterized as
CD44+, CD24+, and lin) ⁄ low.5 The in-situ locations of
SCs have been partly investigated in both benign and
cancerous breast tissue, with CD44 and CD24 and
other recently proposed molecular markers, often in
combination.6,7 Recently, it was suggested that alde-
hyde dehydrogenase 1 (ALDH1) expression alone is a
powerful marker of both benign and malignant SCs in
breast tissue,6 although there are recent data ques-
tioning whether the particular isoform (A1) used in
that study is the most effective isoform for identifying
cancer SCs in the breast.8 The discussion on SCs in the
breast has focused on the glandular and myoepithelial
cell types and their putatively common (bipotential)
SC ⁄ progenitor cell.9,10 It has recently been demon-
strated that SCs can occur in a luminal ductular
location in the adult female breast,6 in contrast to the
prevailing theory that SCs have a basal location.11

In breast cancer tissue, ALDH1+ cells of both the
epithelial and stromal type have recently been
reported.12 Furthermore, ALDH1 positivity has re-
cently been reported by Heerma van Voss et al.13,14

in morphologically benign breast stroma in BRCA1
mutation carriers undergoing prophylactic mastecto-
mies or surgery for invasive carcinoma. To our
knowledge, our data are the first to show the cellular
identity and location of ALDH1+ cells in morpholog-
ically benign breast stroma and ductules of cancer and
non-cancer patients.

The major susceptibility to breast carcinogenicity in
women has been proposed to occur between 10 and
19 years of age. Experimental data from mice support a
prepubertal induction of susceptibility to cancer.15 In
young women, a third ductular, non-epithelial and
non-myoepithelial cell, a putative SC or progenitor cell,
has been localized in the end buds.16 This cell popu-
lation is composed of closely packed cells that are
separate from luminal cells and purely myoepithelial
cells. Together, these data suggest an age-related
susceptibility to breast cancer via early life effects on
SCs or progenitor cells, causing clinically detectable
cancer in adults. However, there are so far no
descriptions of benign breast SC occurrence and orga-

nization throughout the course of adult, non-lactating
female life. Our present study addresses this need.

In the current study using ALDH1 immunohisto-
chemistry we investigated the spatiotemporal organi-
zation of breast SCs in benign breast tissue from
different age groups, in patients diagnosed with cancer
and in healthy women. We performed detailed inves-
tigations on benign tissue from cancer patients, and
compared the distribution of ALDH1+ cells in this
patient group with that of a non-cancer patient group.

This study aimed to improve SC identification in
benign breast tissue by means of descriptions of the SC
character of ALDH1-expressing cells in ductules and
stroma, including their morphology, differentiation,
proliferation status, and relationships with other cell
types.

Materials and methods

tissue and histomorphological assessment

The tissue used for this investigation was taken from
formalin-fixed paraffin-embedded blocks. These were
selected randomly from a large series of healthy women
who had undergone mammoplasty (n = 14), and
selectively from women with histologically documented
invasive breast cancer, procured in the periods 1993–
1994 (non-cancer) and 2002–2004 (cancer) at Lund
University Hospital (n = 14). The selection of tissue
blocks from women with cancer was based on the
maximum availability of benign epithelial structures in
the tissue block ‘representative of tissue stored in frozen
tumour bank’ from a large series of consecutive breast
cancer operation specimens.

The women were premenopausal (n = 14), peri-
menopausal (n = 3) or postmenopausal (n = 11). Per-
imenopausal and postmenopausal women (aged
48 years and older) were combined in the same age
group (as ‘postmenopausal’) for purposes of data
analysis. The clinical characteristics of the patients
and corresponding breast tissue pathology are shown
in Tables 1 and 2. The original histopathology diag-
nosis was verified by one of the pathologists (B.L.I.),
guided by the World Health Organization (WHO)
classification of tumours.17 The definition of histology
and the terminology used were originally from Wel-
lings et al.18 and Stirling and Chandler.19 The term
terminal ductal-lobular unit (TDLU) was used for all
breast lobules, and in reference to intralobular stro-
ma20 as TDLU stroma irrespective of lobule type,21,22

as adopted by the WHO.17 When the distributions of
cells within ductules were determined, cells whose
nuclei were aligned at the luminal aspect were defined

2 B L Isfoss et al.
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as located at a luminal level, cells whose nuclei were
aligned towards the periphery of ductules were defined
as located at a basal level, and cells whose nuclei were
located in between the luminal and basal nuclear
‘rows’ were defined as located at an intermediate level.
Adjoining ductules that shared a ductular wall result-
ing in an eight-figure structure were defined as a
ductular bifurcation.

immunohistochemistry and

immunohistofluorescence

Immunohistochemistry was performed for epitope
detection of ALDH1A1 (ALDH1) in all specimens. In
cancer patients, further investigations were made of
ALDH1 and CD24 and ⁄ or CD44 (expression pattern
proposed for SCs), of Ki67 (expressed by dividing ⁄ pro-
liferating cells), of Cam5.2 and smooth muscle myosin
heavy chain (SMMHC), and of oestrogen receptor (ER)
a (induced expression). Cells expressing Cam5.2 or
SMMHC represent the two differentiated ductular cell
types. For details of the antibodies used, see Table 3.
Single immunolabelling and various combinations of

double immunolabelling were performed in adjacent
sections. Analyses were performed of both chromogenic
and fluorescently immunolabelled epitopes to identify
breast cell types and their histological relationships,
and to elucidate cellular coexpression of antigens (or
lack thereof).

Consecutive 3 lm tissue sections were cut from
tissue blocks, and mounted on glass slides (Super Frost
Plus; Menzel, Braunschweig, Germany). Sections were
dried at 37�C for 15–20 min prior to de-paraffinisation
in xylene 2 · 5 min; this was followed by rehydration
in a series of decreasing ethanol concentrations, ending
in distilled water. For antigen retrieval of tissue
epitopes, sections were immersed in citrate buffer
(0.01 m, pH 6.0) containing 0.05% Tween (Sigma
Aldrich, St Louis, MO, USA), and were then heated in
a microwave oven 2 · 5 min, to 95�C. The sections
were then allowed to cool to room temperature,
whereupon they were immersed in distilled water.

For immunolabelling with chromogenic or fluores-
cence detection, sections were incubated in bovine
serum albumin or in normal serum (goat and ⁄ or
donkey, depending on the secondary antibody used; see

Table 2. Clinical histopathology data for patients from whom benign tissues were selected for this study (see text for criteria)

Case Tumour size (mm)
Histological type of
invasive cancer, grade ERa PR Lymph node metastasis

1 15 Ductal, 3 ) + No

2 14 Ductal, 3 + + No

3 15 Ductal, 2 + + No

4 15 Medullary, 3 + + No

5 9 Ductal, 2 ) ) No

6 13 Ductal, 2 + ) Yes

7 12 Ductal, 2 + + No

8 16 Ductal, 2 + + No

9 27 Lobular, 2 + + No

10 15 Lobular, 2 + + No

11 14 Ductal, 3 ) ) No

12 10 Ductal, 2 + + No

13 16 Ductal, 1 + + No

14 25 Ductal, 2 + ) Yes

ER, Oestrogen receptor; PR, progesterone receptor; +, positive; ), negative.

The first seven cases were premenopausal, and the last seven cases were postmenopausal.
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below) (Jackson ImmunoResearch, West Grove, PA,
USA) for 10 min. These, and all other antibody
incubations, were performed in moisture chambers at
room temperature. Sections were then incubated with
primary antibodies (Table 3) for 90–120 min, either
with antibodies against one epitope (single chromo-
genic visualization), or with antibodies against two or
more epitopes (fluorescence visualization). Incubations
with two antibodies were performed simultaneously (as
a mixture) or in sequence. All primary antibodies were
diluted in phosphate-buffered saline (PBS) containing
Triton X-100 (TX) (PBS-TX) at varying concentrations
(Table 3). Sections were then rinsed 2 · 5 min in PBS-
TX prior to single labelling for chromogenic visualiza-
tion or multiple labelling for fluorescence visualization.

For chromogenic visualization with peroxidase reac-
tions, sections were placed in 0.5% H2O2 solution in
methanol for 5 min at room temperature. The slides
were then rinsed 2 · 5 min in 0.1 m (pH 7.4) PBS
containing 0.3% TX (Dow Chemical Company, Mid-
land, MI, USA). Sections were processed for a horse-
radish peroxidase (HRP)-based (non-biotin) labelling
procedure designed for primary antibodies made in
rabbit or mouse (Envision+ System-HRP [3,3¢-diam-

inobenzidine (DAB)]; Dako, Glostrup, Denmark), with
the protocol provided by the manufacturer. Sections
were rinsed 2 · 5 min in Tris (0.05 m, pH 7.4; Sigma
Aldrich)-buffered saline (TBS; 0.15 m) containing 0.3%
TX (TBS-TX). Sequential incubations were performed
with secondary antibodies and HRP-conjugated anti-
bodies (Envision+; Dako) for 30–40 min, with rinses
3 · 5 min (in TBS-TX). Sections were then preincu-
bated in a DAB-PBS-TX solution for 5 min, after which
they were incubated for 10 min in a fresh DAB-PBS-TX
solution containing 0.03% H2O2 (Sigma Aldrich).
Sections were then rinsed twice in PBS-TX 2 · 5 min,
immersed in distilled water, dehydrated in increasing
concentrations of ethanol, finishing with 2 · 5 min in
100% xylene, and counterstained with Mayer’s hae-
matoxylin. The chromogenically labelled sections were
coverslipped and mounted in Mountex medium (Histo-
lab Products AB, Göteborg, Sweden).

Immunofluorescence techniques were used for
simultaneous visualization of two or more epitopes,
and of cell nuclei. Secondary antibodies were made in
goat or donkey (from Invitrogen, Life Technologies,
Carlsbad, CA, USA, and from Jackson Immuno-
Research) against rabbit, mouse or goat IgG (all

Table 3. Primary antibodies against different epitopes used for immunohistochemistry (IHC) and ⁄ or immunofluorescence (IF)
in the studied breast tissues

Epitope Host species Application Dilutions Manufacturer

ALDH1
(amino acids 7–128, N-terminal)

Mouse IgG (mAb) IHC ⁄ IF 1:100 BD Transduction
Laboratories, Franklin Lakes, NJ, USA

ALDH1 (amino acids
488–501, C-terminal)

Goat (pAb) IF 1:50 AbCam, Cambridge, UK

ALDH1 (C-terminal) Rabbit (mAb) IF 1:100 AbCam

Cam5.2 Mouse IgG (mAb) IHC ⁄ IF 1:20 BD Transduction Laboratories

CD24 Ab2 (SN3b) Mouse IgM (mAb) IF 1:200 Thermo Scientific, Lab Vision (Neomarkers),
Kalamazoo, MI, USA

CD44 Mouse IgG (mAb) IF 1:500 Novocastra, Leica Microsystems,
Heidelberg, Germany

CD45 Mouse (mAb) IF 1:600 Dako, Glostrup, Denmark

ERa (1D5) Mouse (mAb) IF 1:35 Dako

Ki67 (MIB-1) Mouse (mAb) IHC 1:500 Dako

Ki67 (MIB-1) Rabbit (mAb) IF 1:100 Lab Vision (Neomarkers)

SMMHC (SMMS-1) Mouse (mAb) IHC ⁄ IF 1:100 Dako

SMMHC Rabbit (pAb) IF 1:500 Gift from Robert Adelstein, NIH, USA

ALDH1, Aldehyde dehydrogenase 1 (human); ER, oestrogen receptor; mAb, monoclonal antibody; pAb, polyclonal antibody;
SMMHC, smooth muscle myosin heavy chain.
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affinity-purified and species cross-reactivity tested),
conjugated with fluorophores [Alexa Fluor 488 and
568 from Invitrogen, and fluorescein isothiocyanate
(FITC) and Texas Red from Jackson ImmunoResearch]
with clear separations between emission and excitation
wavelength spectra. Sections were incubated separately
in sequence or in a mixture of secondary antibodies
(diluted 1:100 to 1:200) for 40 min, and this was
followed by rinses (2 · 10 min) in PBS-TX. Nuclear
staining was then performed by incubation of sections
in 4¢,6-diamidino-2-phenylindole (DAPI) (0.05–
0.1 lm) or propidium iodide (0.05 lm), both from
Invitrogen. Sections were mounted and coverslipped
in p-phenyldiamine glycerol.

The epitope specificity for the primary antibodies
used has been well documented previously in scientific
publications and by antibody manufacturers, and the
cell-specific labelling pattern in our tested tissues
corresponded to these descriptions and to histology.
The epitope specificity for the antibodies made against
ALDH1 in the tissues used was further demonstrated by
the corresponding immunoreactive sites produced by
two monoclonal antibodies (mouse or rabbit) and one
polyclonal antibody (goat), against C-terminal and N-
terminal regions of the epitope (Table 3), and by the
correlation with the immunoreactive sites partly
described previously.6

The specificity of the secondary antibodies used and
the absence of cross-reactivity between them were
ensured in every individual experiment, comprising
adjacent sections in which the primary antibody incu-
bation was omitted but the protocol was otherwise the
same as in the adjacent sections. For the microscopy
analyses, the adjacent control sections were used to
determine the level of background signal caused by
endogenous tissue autofluorescence or peroxidase activ-
ity and ⁄ or by non-specific antigen binding of the
antibodies. This ensured detection of only specific signals
exclusively from the immunoreactive sites (see below).

microscopy equipment and analysis

An Olympus AX 60 microscope was used for most of the
analyses, equipped for both light and epifluorescence
detection (Olympus Corporation, Tokyo, Japan) and with
a digital colour camera (Olympus DP70). The back-
ground signal levels for each channel in control sections
were used as the minimum detection levels, and images
from each channel were grabbed separately, and overlaid
onto single projections (Olympus DP70 software). For
the immunofluorescence multiple labelling, appropriate
filter sets were used for visualization of the separate
wavelengths from fluorophores represented as blue (for

DAPI), green [for Alexa Fluor 488 and fluorescein (for
FITC)], and red (for propidium iodide, Alexa Fluor 568,
and Texas Red). The thin tissue sections (3 lm) allowed
cell-specific localization, including membrane, cytoplas-
mic or nuclear labelling and cellular colocalization of
fluorescence signals, confirmed in a subset of cases by
means of optical sectioning by confocal laser scanning
microscopy [BioRad 1024; BioRad, Hemel Hempstead,
UK (Zeiss, Oberkochen, Germany)].

Visual microscope-aided analyses were performed
throughout all benign tissue areas available in micros-
copy slides from the selected tissue block from each
patient. Areas containing morphologically benign breast
epithelium with well-preserved histology were selected
for analyses. A minimum of five benign-appearing
TDLUs containing both lobules and stroma immediately
surrounding lobules were analysed in every case, and
were used for comparisons between the cases. At least 10
visual fields of about 0.30 mm2 each in the total set of
TDLUs (minimum of five) from each patient were
assessed for the detailed cellular organization of immu-
nolabelling. The quantities, rate and ⁄ or frequencies of
cellular single labelling and ⁄ or co-labelling of different
epitopes were evaluated within TDLUs, demonstrating
the absolute cellular occurrence or relative cellular
density and co-labelling between patients. Microscope-
aided analyses were performed by an experienced
clinical histopathologist (B.L.I.). The presented images
have been corrected for labelling intensity and back-
ground (signal-to-noise ratio) by adjustment of bright-
ness and contrast, with DP70 software.

statistical analysis

The concentrations of ALDH1+ cells at various levels of
the ductular epithelium and in stroma were analysed
by regression analysis with the independent variables
age ⁄ menopausal status, parity, cancer ⁄ non-cancer
patient, exogenous hormones [contraceptive pill or
hormone replacement therapy (HRT), progestin intra-
uterine device (IUD)], family history, using SPSS 18
(IBM, Armonk, NY, USA). All significance values were
two-tailed, and a P-value <0.05 was considered to be
significant.

Results

histological findings

Histopathological evaluation of selected tissues from
haematoxylin and eosin-stained sections ensured that
all specimens satisfied the set morphological require-
ment of at least five benign TDLUs without any atypia

ALDH1 stem cells in adult breast 7
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or hyperplasia (Figure 1A). The average number of
immunohistochemically examined TDLUs varied by
specimen size, TDLU concentration, and technical
quality, from eight to 100 (mean 42). For some of
the immunohistochemical analyses, a tissue section
from a case was not of adequate technical quality
(noted in the text as less than a full set of samples).

distribution of aldh1 -express ing cells

The three different antibodies against ALDH1 showed
the same distribution of ALDH1+ cells with chromo-

genic and fluorescence visualization, localized in duc-
tules and stroma (Figure 1B–D).

common features in benign tissue from both

clinical groups ( with or without cancer )

The epithelial level at which most ALDH1+ cells
occurred was luminal, with fewer cells occurring at
an intermediate level, and very few cells at a basal
level. ALDH1+ cells occupied the full thickness of
ductules within rare TDLUs, in several of the premeno-
pausal women of both clinical groups as well as in a

*

*

A B

C D

Figure 1. Benign breast tissue and distribution of aldehyde dehydrogenase 1-immunoreactive (ALDH1+) cells. A, Tissue paraffin section stained

with haematoxylin and eosin. The image is an overview of a representative tissue area with no atypia or hyperplasia, as used for analyses in this

study. The area contains several terminal ductal-lobular units (TDLUs). Each cluster of terminal ductules (lobule) is immediately surrounded by

specialized stroma, these components together composing a TDLU (one example is indicated with an arrow). TDLUs are separated by intervening

non-specialized stroma with varying fat content. The tissue is from a 28-year-old woman with cancer in the same breast. B–D, Tissue

demonstrating ALDH1 immunoreactivity (brownish) in women without (B,C) and with (D) cancer. Sections are counterstained with

haematoxylin. Arrows and arrowheads indicate the three main types of detected ALDH1+ cells, each with a distinct morphology and location.

Large arrows indicate intraepithelial cells, sometimes located at bifurcations and focally bridging the lumen (large arrows in B and D). Thin

arrows indicate stromal, thin, spindle-shaped cells with small or non-visible nuclei, sometimes surrounding ductules. Arrowheads indicate the

stromal, round ⁄ oval ALDH1+ cells. Asterisks (in C) denote confluent immunoreactive ductular cells at the luminal and intermediate levels,

focally extending to the basal level. B,C, Tissue from women without cancer: a 36-year-old premenopausal woman and a 48-year-old

postmenopausal woman. D, Tissue from a cancer patient with cancer in the same breast; 28-year-old premenopausal woman. Scale bar in

(C) represents 50 lm in (B) and (C).
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relatively young (age 48 years) postmenopausal wo-
man. ALDH1+ cells were noted bridging ductular
bifurcations (i.e. forming the carina of an 8-shaped
structure) (Figure 1B,D) in seven of the youngest
women, irrespective of clinical group, aged 20–
36 years. ALDH1+ cells also occurred in breast stroma,
inside and outside of the TDLU perimeter, in all
examined women. The average density of stromal
ALDH1+ cells was very similar between the two age
groups, and between the two clinical groups. Two
distinct ALDH1+ cell types were present in the TDLU
stroma (Figure 1B–D). The most common type, which
was widely distributed in the TDLU stroma in all cases,
was an ALDH1+ elongated, spindle-shaped cell, usually
with a small nucleus, morphologically corresponding
to a fibrocyte or, in some areas, a fibroblast. These cells
were difficult to quantify exactly, owing to their often
extremely slender phenotype. The less common stromal
ALDH1+ cell type was round or oval with a relatively
large nucleus. The relative numbers of the round ⁄ oval
cells were similar in the premenopausal (mean of eight
cells per mm2) and postmenopausal (mean of six cells
per mm2) groups. The concentration of round ⁄ oval
ALDH1+ stromal cells appeared to fall with increasing
age, with one exception: a postmenopausal woman
aged 66 years showed a relatively high number of
round ⁄ oval stromal ALDH1+ cells (11 cells per mm2).
She was receiving transcutaneous oestrogen treatment.

aldh 1 + cells and risk factors for breast

cancer

ALDH1+ cells were detected in the ductules of most (21
of 27 examined) women throughout the age range
(Table 1), occurring in an average of 14% of TDLUs.
However, postmenopausal women had a lower fraction
of TDLUs containing ALDH1+ cells at luminal and
intermediate levels of ductules than premenopausal
women (P = 0.06 and P = 0.02, respectively). Within
the postmenopausal groups, four exceptions were
noted, in that the fraction of TDLUs containing
ductular ALDH1+ cells was unusually high, and
similar to that of the premenopausal group. Three of
these women were the only women in the study
population who were receiving HRT with progestin.
When hormonal exposures were combined (oral con-
traceptives, HRT, and IUD), the concentration of
ALDH1+ cells was again significantly higher at luminal
and intermediate levels in hormonally exposed than in
non-exposed women (P = 0.03 and P = 0.04, respec-
tively), after adjusting for menopause and cancer ⁄ non-
cancer patient. Similarly, the percentage of TDLUs that
contained ALDH1+ cells was significantly higher at

luminal levels (12%) and intermediate levels (8%) in
women without cancer undergoing mammoplasty,
than in cancer patients (5% and 2%) (P = 0.006 and
P = 0.003, respectively). No association was seen
between family history or parity and luminal or
intermediate ALDH1+ cells. For basal or stromal
ALDH1+ cell concentrations, no significant associa-
tions were found with regard to age ⁄ menopause,
hormone exposures, type of patient, or family history.
The stromal ALDH1+ cell concentration showed a
weak positive association with women having four or
more pregnancies (P = 0.05).

more detailed analysis of tissue from

patients with breast cancer

In the benign ductules of patients with cancer,
ALDH1+ cells were detected in six of seven specimens
from premenopausal women and in three of six
specimens from postmenopausal women. The ALDH1+
cells had a relatively plump morphology, and occurred
preferentially in groups within the epithelial cell mass,
especially at ductular bifurcations (Figure 1D).
ALDH1+ cells were, however, present at all ductular
epithelial levels (Table 1), with the majority located at
luminal levels (present in �4% of all TDLUs), relatively
few at intermediate levels (present in �2% of all
TDLUs), and few at basal levels (present in �1% of all
TDLUs). In premenopausal women, a relatively large
number of TDLUs contained ALDH1+ cells (present in
�7% of all TDLUs) compared with those of postmen-
opausal women (present in �2% of all TDLUs). Within
the postmenopausal group, two exceptions were noted:
one HRT-treated woman aged 61 years and one
progestin IUD-treated woman aged 50 years had
higher frequencies of ALDH1+ cells in the ductular
epithelium (present in �8% and �4% of TDLUs,
respectively) than the other postmenopausal women.

In the TDLU stroma, scattered ALDH1+ cells were
detected in all investigated patients (n = 13) (Table 1).

ALDH1+ cells and cell proliferation
Immunofluorescent labelling for ALDH1 (Figure 2A–D)
showed the occurrence of the same cell types in
ductules and stroma as shown by chromogenic label-
ling. Cell proliferation (Ki67+ cells) was present only in
some TDLUs, being sparsely distributed (Figure 2D)
or occurring at high densities in some ductules
(Figures 3B and 4A), whereas the majority of TDLUs
lacked proliferation activity altogether. ALDH1+ cells
and Ki67+ cells did not coincide in the same ductules,
and nor did cells coexpress ALDH1 and Ki67 (Fig-
ure 3B).
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In premenopausal women, Ki67+ cells in the
ductular epithelium were mainly organized in cell
groups. The same organization of Ki67+ cell groups
was present in postmenopausal women, although
with approximately one-half of the number of positive
cells per TDLU compared to that of premenopausal
women. One major exception was noted within the
postmenopausal group: a woman with a relatively
high number of Ki67+ cells per TDLU, comparable
with the numbers present in the premenopausal
group. This woman had a family history of breast
cancer, and was not receiving hormonal treatment.
The ductular epithelium in the youngest premeno-
pausal women contained particularly dense Ki67+ cell
populations at luminal and intermediate levels (Fig-
ure 4A).

In premenopausal women, the highest number of
Ki67+ cells were located at the luminal level, some-
what fewer at the intermediate level, and few at the
basal level. A similar distribution of Ki67+ was present
in postmenopausal women, with the exception that
very few Ki67+ cells were located at the intermediate
level (possibly reflecting the lower number of interme-
diately located cells in postmenopausal women). In
some premenopausal women, Ki67+ cells completely
bridged the lumen at ductular bifurcations (Figure 4B).

No Ki67+ cells were detected within the stroma in
any of the cases.

ALDH1+ cells and cell differentiation
In the majority of patients, ALDH1+ cells were not co-
immunoreactive either with SMMHC or with Cam5.2.

A

C

B

D

Figure 2. Aldehyde dehydrogenase 1 (ALDH1) immunofluorescence in benign tissue of cancer patients. A–D, A tissue section that has been

immunofluorescently double labelled for ALDH1 (green in A) and Ki67 (red in D), and has been counterstained with 4¢,6-diamidino-2-

phenylindole (blue nuclei in C). The visualized labelling is combined as a single projection in (D), as used for the analysis of double

immunolabelling. The same ALDH1 cell types are detected as with ALDH1 immunohistochemistry (see Figure 1), i.e. the epithelially located

ALDH1 cells (large arrows in A) and the stromal, thin, spindle-shaped cells (thin arrows in A). Few proliferating cells (Ki67+) are present in most

TDLUs, as in the demonstrated case (arrowheads in B and D). This complete separation of ALDH1+ and Ki67+ cells was observed in all cases (see

also Figures 3B and 4A,B).
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Like ALDH1+ cells, the majority of Cam5.2+ cells
were located at luminal or intermediate ductular levels
of the epithelium (Figure 5A,B). Cells with co-immu-
noreactivity for ALDH1 and Cam5.2 were present only
in the two youngest patients (aged 28 and 31 years).
In these, co-labelled (ALDH1+ and Cam5.2+) cells
comprised most of the ductular cell population of some
TDLUs (Figure 3A).

In all women, the majority of basally located cells
were SMMHC+, with a strongly SMMHC-immunoreac-
tive cytoplasmic rim that encircled ductular cross-
sections (Figure 5A–B,D). Some luminally and inter-
mediately positioned ductular cells with no Cam5.2
immunoreactivity exhibited either weak or focal
SMMHC immunoreactivity (Figure 5B), corresponding
to ALDH1+ cell populations at these same ductular

A B

C D

E

Figure 3. Aldehyde dehydrogenase 1-immunoreactive (ALDH1+) cells, and their relationship to Cam5.2-expressing, Ki67-expressing,

CD45-expressing and smooth muscle myosin heavy chain (SMMHC)-expressing cells in tissues from cancer patients. A, A breast tissue section

immunofluorescently double labelled for ALDH1 (green cytoplasm) and Cam5.2 (red cytoplasm), and counterstained with 4¢,6-diamidino-2-

phenylindole (DAPI) (blue nuclei). In the terminal ductal-lobular units (TDLUs) on the left side, there is almost complete cellular co-labelling of

ALDH1 and Cam5.2 (appearing orange), whereas cells in TDLUs on the (lower) right are only Cam5.2+ (pure red). The tissue is from a 38-year-

old woman with breast cancer. Scale bar in (A) represents 50 lm in (A), (B), and (D). B, A breast tissue section immunofluorescently double

labelled for ALDH1 (green cytoplasm) and Ki67 (red nuclei), and counterstained with DAPI (blue nuclei). The image demonstrates the clear

separation between a TDLU containing ALDH1+ cells and a TDLU containing Ki67+ cells. Note: No ALDH1+ cells with Ki67 were detected in

any case. C, A TDLU stromal area with high numbers of round ⁄ oval cells, suggestive of chronic inflammation, containing SMMHC+ (red

cytoplasm) and CD45+ (green cytoplasm) cells, and all cell nuclei (DAPI, blue nuclei). Cells peripherally located in ductules that have a pure red

cytoplasm (SMMHC+ and CD45)) represent myoepithelial cells. Note the single SMMHC+ cells (arrowheads), different from the stromal and

epithelial CD45+ ⁄ SMMHC) cells (green), which are leukocytes with a morphology consistent with lymphocytes. A double-labelled CD45+ and

SMMHC+ cell (arrow) may represent a macrophage. The tissue is from a 54-year-old woman. Scale bar represents 20 lm. D, A TDLU

immunofluorescently double labelled for SMMHC (red cytoplasm) and ALDH1 (green cytoplasm), counterstained with DAPI (blue nuclei). The

arrow points at a single, stromal SMMHC+ and ALDH1+ co-labelled cell, located in the TDLU periphery. The tissue is from a 36-year-old woman.

E, The insert, magnified from (D), (see arrow), shows a double-labelled ALDH1+ and SMMHC+ stromal cell, typical of those detected in two

premenopausal women. The cell type corresponds to the solely ALDH1+, round ⁄ oval cell type identified in all examined patients (see

Figure 1B,C).
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levels (Figures 1 and 2). These cells occurred in greater
numbers in premenopausal women. This cell type was
not defined as myoepithelial, owing to its non-basal
location. In our experiments, neither these cells nor
myoepithelial cells co-expressed ALDH1 and SMMHC in
any of the examined cases.

Relatively few patients (4 ⁄ 14) displayed Cam5.2+
ductular cells that were also Ki67+. These cells were
located at luminal or intermediate levels only, and
occurred in both premenopausal and postmenopausal
women (Figure 5C). In only one case (tissue from a 38-

year-old woman) was there an occurrence of extremely
rare SMMHC+ ductular cells that were also Ki67+.
These cells were exclusively located at luminal or
intermediate levels, and were thus not identified as
myoepithelial cells. Specimens from other cases showed
no SMMHC+ ⁄ Ki67+ cells (Figure 5D).

Oestrogen receptor-a nuclear immunoreactivity, at
varying intensities, was detected in almost all ductular
cells in all cases, except for Ki67+ cells, which had very
low or no detectable ERa immunoreactivity (Fig-
ure 4C).

A B

C

Figure 4. Location of proliferating cells and oestrogen receptor (ER) a+ cells in benign breast tissue from cancer patients. A, A terminal ductal-

lobular unit (TDLU) from a 31-year-old premenopausal patient, showing an unusually high number of Ki67+ cell nuclei (brown), located at

luminal or intermediate levels. Note that no stromal cells are Ki67+, which is representative of all cases studied. Scale bar represents 50 lm.

B, Strongly labelled Ki67+ cells that form a bridge at a ductular bifurcation (brown nuclei). The similar cell bridging at ductular bifurcations was

detected for aldehyde dehydrogenase 1-immunoreactive (ALDH1+) cells (see Figure 1B,D), suggesting that these bifurcations are actively

growing. This tissue is from a 31-year-old patient. Scale bar represents 20 lm. C, A tissue section from a TDLU area immunofluorescently double

labelled for Ki67 (green nuclei) and ERa (red nuclei), and counterstained with 4¢,6-diamidino-2-phenylindole (blue nuclei). In general, ERa
expression is variable. It is relatively high in ductular cell nuclei lacking Ki67 immunoreactivity (red–purple), whereas it is relatively low or

undetectable in cells with strongly labelled Ki67+ nuclei (green nuclei). Note also weakly ERa-expressing stromal cells (blue–purple nuclei). The

specimen is from a 39-year-old woman, representative of all examined cases. Scale bar represents 20 lm.
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ALDH1+ cells in stroma
In all cases examined for ALDH1 (n = 13), the TDLU
stroma contained numerous and widely distributed,
narrow, spindle-shaped cells with ALDH1 immunore-
activity. These cells had a fibrocyte-like appearance,
and were completely non-reactive for SMMHC. Also in
the TDLU stroma, there were single, scattered
SMMHC+ cells with a round or oval shape in all cases
examined (n = 13) (Figure 3C). Similarly, round ⁄ oval

TDLU stromal cells showed ALDH1 reactivity in all
cases examined (n = 13) (Table 1). A fraction of the
round ⁄ oval TDLU stromal cells co-expressed SMMHC
and ALDH1, as detected in two of the patients
(Figure 3D–E). In the specimen that contained the
highest density of round ⁄ oval SMMHC+ stromal cells
in the TDLU stroma, approximately one-half were
CD45+, indicating leukocytes, but the remaining were
CD45– (Figure 3C). Round ⁄ oval TDLU stromal cells

A B

C D

Figure 5. Aldehyde dehydrogenase 1-immunoreactive (ALDH1+) cells in relation to Cam5.2+ and smooth muscle myosin heavy chain-

immunoreactive (SMMHC+) differentiated cells and cell proliferation in benign breast tissue from patients with cancer. A,B, The distribution of

Cam5.2+ (green cytoplasm) and SMMHC+ (red cytoplasm) cells [counterstained with 4¢,6-diamidino-2-phenylindole (DAPI), blue nuclei]. Like

the ALDH1+ cells, Cam 5.2+ cells are mostly located at luminal or intermediate levels of the epithelium, i.e. not in the myoepithelial cell (basal)

position, representative of all cases. Note also in (A) the strongly SMMHC+ stromal cells, detected in all cases (see also Figure 3C). Note in (B) the

population lacking Cam5.2 and with weak or focal SMMHC labelling (arrow), which may correspond to the ALDH1+ cell populations identified

in this position (see Figures 1 and 2). (A) is from a 38-year-old woman, and (B) is from a 54-year-old woman, representative of all cases. Scale

bars in (A) and (B) represent 20 lm. C, A terminal ductal-lobular unit (TDLU) area double labelled for Cam5.2 (red cytoplasm) and Ki67

(granular green nuclei). The section was counterstained with DAPI (blue nuclei). All epithelial Ki67+ cells appear to possess Cam5.2+

cytoplasm, indicating differentiation into glandular cell characteristics of newly divided cells. The tissue is from a 31-year-old woman, with the

above noted features being representative of both premenopausal and postmenopausal cases. Erythrocytes display autofluorescence (green),

confined to blood vessels (in the upper right corner). Scale bar represents 20 lm. D, A tissue section double labelled for Ki67 (green granular

nuclei) and SMMHC (red cytoplasm). The image shows, in a TDLU, that the peripherally located SMMHC+ ductular cells are not Ki67+. The

tissue is from a 31-year-old woman, with the noted features being representative of all cases. Scale bar represents 20 lm.
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showed some ERa immunoreactivity, but with a much
weaker labelling intensity than ductular cells (Fig-
ure 4C). In TDLU stroma, no cells were Ki67+ or
Cam5.2+.

To further investigate the character of SMMHC+
stromal cells, we examined their possible CD24 and ⁄ or
CD44 expression. Round ⁄ oval SMMHC+ ⁄ CD44+ stro-
mal cells were detected in all cases (n = 13), with no
indication of age-related differences. All stromal
SMMHC+ cells were CD24), with the exception of a
minor subpopulation of round ⁄ oval SMMHC+ ⁄ CD24+
cells in the youngest woman (with BRCA1 abnormal-
ity). Spindle-shaped stromal cells of the ALDH1+ type
were neither CD44+ nor CD24+.

Discussion

It was recently found by Ginestier et al.,6 via immu-
nolabelling by flow cytometry and immunohistochem-
istry, that ALDH1+ (isoform A1) cells in breast
ductules possess SC characteristics in both benign and
malignant tissue. It was suggested that ALDH1 expres-
sion can be used as a single marker of benign breast
SCs, with the potential to also act as an important
predictor of cancer development.6,7 The present immu-
nohistochemical study confirms that ALDH1+ ductular
cells in benign breast tissue have several SC charac-
teristics, i.e. signifying non-dividing and mainly non-
differentiated cells, together supporting their SC char-
acter. Our study also supports indications that ductular
ALDH1+ cells constitute a subpopulation of SCs as
defined by CD44+ ⁄ CD24) immunophenotype. The
ALDH1+ population constituted a smaller fraction of
ductular cells than ductular CD44+ ⁄ CD24) popula-
tions, in keeping with previous proposals.6

Our study focused on morphologically benign breast
tissue of women with breast cancer. A concern can be
raised that morphologically normal breast tissue from
cancer specimens may be genetically altered, and may
thus not be representative of truly benign tissue.23 We
therefore compared findings from this material with
those from women without cancer. The results showed
that the occurrence and distribution of ALDH1+ cells
in the basal part of the epithelium and stroma of these
clinical groups are comparable, with no obvious
differences. However, at the luminal and intermediate
levels, the specimens from women without cancer
(mammoplasty) had a higher concentration of
ALDH1+ cells. This might imply that such women
may have an expansion of the SC population, leading
to an increased breast volume, which is the underlying
reason for their operation. Alternatively, ALDH1+ cells
may be suppressed in the cancer patients outside the

cancer area. However, this is not known from the
literature. There is a need to study this further by
comparing specimens from women undergoing mam-
moplasty with other control group, e.g. traffic accident
autopsy cases, or women with benign breast tumours.

We show here that the ALDH1+ SCs are distributed
in both ductules and stroma of morphologically normal
female breast tissue, and that they are present
throughout non-lactating adult life. Furthermore, our
data indicate that some ALDH1+ SCs may differentiate
into ductular epithelial cells. ALDH1+ cells at lumi-
nal ⁄ intermediate ductular levels and, to a lesser
degree, stromal levels were generally more numerous
in premenopausal women than in postmenopausal
women, with some exceptions among postmenopausal
women receiving hormonal treatment (see discussion
below).

methodological considerations

We used immunohistochemistry to detect the detailed
distribution of ALDH+ cells in formalin-fixed, paraffin-
embedded, histomorphologically defined benign tissue
in cancer and non-cancer (mammoplasty) patients.
Three different antibodies against ALDH1, all against
the ALDH1A1 subtype, and two visualization tech-
niques (chromogenic and fluorescence) provided the
same results regarding ALDH1 cellular labelling and
distribution. The results correspond to a previous
study of benign breast tissue6 and cancer tissue
utilizing immunohistochemistry against the ALDH1
epitope, subtype ALDH1A1 (this choice is discussed in
the Introduction). The cell types and cellular distribu-
tion of immunolabelled Ki67,24 Cam5.2,25 SMMHC,26

ERa27 and CD44 ⁄ CD245 also corresponded to that
described previously in breast tissue. Cam5.2 (a
monoclonal antibody including a component against
cytokeratin 8 that is a low molecular weight simple
keratin) was selected because of its specificity for
glandularly differentiated epithelial cells.28–30 SMMHC
was chosen on the basis of its specificity for terminally
differentiated smooth muscle cells, including myoepi-
thelial cells, and for its rare expression in myofibro-
blasts.31 For multiple fluorescence labelling, the use of
secondary antibodies with well-separated excitation,
and emission spectra optimized for the microscope
used, provided total separation in the registered
fluorescent wavelengths, thus excluding the risk of
false co-registration of signals at cellular levels. In
addition, tests with confocal microscope analyses
showed that the use of a thin section (3 lm) and
nuclear markers provided true intracellular detection
of fluorescence.
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Thus, it is concluded that the immunolabelling
techniques and subsequent analyses provided reliable
investigative tools for the study.

aldh 1 + cell distribution

Ductular ALDH1+ cells were more frequent in premeno-
pausal than in postmenopausal women. This is congru-
ent with the fact that the ductular epithelium is very
actively maintained in premenopausal women, whereas
it involutes after menopause. In mammoplasty patients,
ALDH1+ cells at luminal and intermediate levels of the
epithelium were found in a significantly higher percent-
age of TDLUs than in cancer patients. This may suggest
that the relative presence of ductular ALDH1+ cells is
related to the development of cancer, and this needs to be
studied further in larger populations of age-matched
cancer and non-cancer patients. In the majority of cases
(n = 20), ALDH1+ SCs were present within the ductular
epithelial mass, mainly located at luminal and interme-
diate levels, with very few ALDH1+ SCs being found at
basal levels. Some luminally positioned ALDH1+ SCs
bridged luminal bifurcations; these were detected only in
women between the ages of 20 and 36 years, cellular
location corresponding to what was found in a previous
study.6 These findings indicate that new cells can be
added to different levels of the ductules, either for
neogrowth of ductules or lactational acini, or for
replenishment of injured cells. The primarily non-basal
and, in fact, mostly luminal position of ALDH1+ SCs is
congruent with the location of ALDH1+ cells coexpress-
ing Cam5.2, consistent with these cells being progenitors
of mature glandular differentiation. However, this dis-
tribution of SCs does not conform with earlier theories
indicating that mammary SCs are located basally.10,11,16

Stromal ALDH1+ cells were detected in all cases. As
these cells were relatively frequent in postmenopausal
women, who generally have a relatively well-main-
tained stroma, this could indicate retained formation of
new, differentiated stromal cells from ALDH1+ stromal
SCs throughout life. However, more studies on
ALDH1+ cells in stroma are required before conclu-
sions can be drawn regarding this. It should be pointed
out that reports about human stromal SCs in benign
TDLUs are limited,13,14,32 and the in-situ organization
and morphology of putative stromal SCs in the breast
have not been described previously.

ductular aldh 1 + scs in relation to

proliferation and differentiation

In ductules, ALDH1+ SCs and proliferating ductular
cells were found both scattered and in confluent

groups. No ALDH1+ cells were Ki67+. Although they
were always located in separate ductules, the highest
densities of Ki67+ cells and ALDH1+ cells were located
at the luminal level. This suggests that the individual
ductule at any given time can be either in an SC state,
in a proliferating state, or in a quiescent and mature
state (non-ALDH1+ and non-proliferative).

It has been reported that ALDH1+ SCs can form entire
ductules in morphologically benign breast tissue of
women with germline BRCA1 mutations.33 However,
similar to what was reported by Heerma van Voss
et al.,13 our study shows populations of ALDH1+ duct-
ular cells in patients with no BRCA1 diagnosis or family
history, suggesting that the phenomenon might not be
attributable to a genetic predisposition to breast cancer.

Among ALDH1+ SCs, we found no evidence of
myoepithelial differentiation (basally located cells with
SMMHC expression), corresponding with the sugges-
tion of Ginestier et al.6 Also, basally located, strongly
labelled SMMHC+ cells, i.e. myoepithelial cells, never
expressed Ki67. This corresponds to the results of a
study where basally located smooth muscle actin-
reactive cells in benign breast tissue only sporadically
expressed Ki67,34 and is in line with the fact that
myoepithelial cancers are exceptionally rare.35

stromal aldh 1 + scs in relation to

proliferation and differentiation

For the first time, the present study describes two
morphologically distinct stromal ALDH1+ cell types.

The most numerous and widely distributed stromal cell
type, present in both premenopausal and postmenopausal
women, is a spindle-shaped, fibrocyte-like cell with
slender cytoplasm and a small, elongated nucleus. This
cell type is ALDH1+, but Cam5.2), SMMHC), CD44),
and CD24). Thus, it does not meet the CD44+ criterion
previously set for SCs in the breast,5 although it has the
ALDH1+ quality more recently set for breast SCs.6

The other ALDH1+ stromal cell type was found in
low to moderate numbers in TDLUs of all examined
women. It has a round or oval shape, with a relatively
large nucleus. This cell type is a CD45), i.e. non-
leukocyte, subset of SMMHC+ round ⁄ oval stromal cells
found in all of the examined patients. The
CD44+ ⁄ CD24) status of individual, round ⁄ oval stro-
mal cells and the relative lack of differentiation
(Cam5.2), ERalow i.e. ln) ⁄ low) is concordant with an
SC character, supporting the SC nature of these cells.5

The true identity of the two stromal ALDH1+ cell types
(spindle-shaped and round ⁄ oval), whether SCs or
other, is unclear and needs to be elucidated in a larger
specimen set.
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Individual, stromal SMMHC+ ⁄ Cam5.2) cells in
benign and malignant breast tissue have previously
been described and characterized as myofibroblasts,36

although myofibroblasts are considered to be some-
what poorly reactive to SMMHC.37 At least some of the
TDLU stromal cells previously identified as myofibro-
blasts may be the cells that we identified as
SMMHC+ ⁄ ALDH1+ cells (the immunophenotype of
which suggests contractile or migrating stromal cells).
The true identity of the two stromal ALDH1+ cell types
(spindle-shaped and round ⁄ oval) is unclear and needs
to be further investigated.

aldh 1 + cells, hormonal regulation, and age

differences

Although they had similar ductular level distributions,
there were clear differences in the presence and
number of ALDH1+ cells and dividing (Ki67+) cells
between the cases studied, in an apparently age-related
and hormonally-influenced (both endogenous and
exogenous) pattern. This supports the involvement of
ALDH1+ SCs in the formation of new cells and in cell
replenishment. ALDH1+ cells and dividing cells were
present in the ductular epithelium of the majority
(6 ⁄ 7) of premenopausal cancer patients. In contrast,
only one-half (3 ⁄ 6) of postmenopausal cancer patients
had ductular ALDH1+ SCs, and the number of dividing
cells in the ductular epithelium was clearly decreased,
probably reflecting involution of TDLUs.

A possible exogenous hormone influence on the
presence of ALDH1+ SCs was indicated by three
exceptional cases in the present series: three of the
four postmenopausal patients in the total patient set
showing relatively high densities of ALDH1+ cells in
ductules were those receiving progestin medications
(IUD and HRT). Also, a postmenopausal patient using
an oestrogen-only medication had a much higher
density of ALDH1+ SCs in the stroma than other
postmenopausal women. Other studies have shown
that ALDH1+ SCs do not contain ERa.38,39 In com-
parison, in the present study, the vast majority of cells
in both ductules and TDLU stroma had some degree of
ERa positivity. In addition to possible variations in
expression rates, this difference may be attributable to
differences in the labelling protocols, in detection
sensitivity, and ⁄ or in preservation of epitopes. In
addition to an ERa-mediated influence, progesterone
and ⁄ or ERb receptor-mediated hormone mechanisms
may influence SC density and function.

Although our study was limited in the number of
cases, it can be concluded that the presence and
concentration of ALDH1+ cells in morphologically

benign tissue in women with breast cancer did not
show any relation to the characteristics of the tumours
that these patients had, i.e. histological type, grade, or
hormonal receptor status. It should also be noted that
the vast majority of breast cancers are of epithelial cell
origin, and extremely few cancers are myoepithelial.35

In concordance with this, we found that Cam5.2+
epithelial cells, ALDH1+ SCs and Ki67+ cells were
present at the highest concentrations at non-basal
ductular levels, whereas no myoepithelial cells are
ALDH1+ or Ki67+. The presence of cells co-expressing
Cam5.2 and Ki67 in the ductular epithelium of four
cases (premenopausal and postmenopausal), together
with the absence of SMMHC+ ⁄ Ki67+ cells, is consis-
tent with the glandular differentiation of the majority of
breast malignancies. This and the ductular location of
ALDH1+ cells at non-basal levels may suggest a role in
breast cancer development.

Conclusions

Our study demonstrates ALDH1+ cells in benign
ductular epithelium, at predominantly non-basal levels,
and stroma. Their concentration varies with age and
hormonal exposure, and appears to be higher in
women without cancer undergoing mammoplasty
than in cancer patients. Two types of ALDH1+ cell in
stroma are described that need to be investigated
further for possible SC properties.
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pressing cells in breast ductules
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ckground: Knowledge is limited regarding the association between stem cells in histologically benign breast
sue and risk factors for breast cancer, and hence we addressed this issue in the present study. Recently, we assessed
e histology of benign breast tissue from cancer and non-cancer patients for cells positive for the putative stem cell
arker aldehyde dehydrogenase 1 A1 (ALDH), and the findings indicated an association between expression of ALDH
d the hormonal factors menopause and hormone therapy. The current investigation examined possible associations
tween various known clinical and genetic risk factors for breast cancer and cellular expression of ALDH in ductules in
nign human breast tissue.
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kground
em-like cancer cell is defined as a cell with the cap-
y for self-renewal and the ability to generate different
types that form a tumor [1]. In 2003, the presence of
ign stem cells in non-histological breast tissue prepa-
ns was identified on the basis of functional cell
acteristics [2,3], and a brief histological description
hese cells was published in 2007 [4]. It has been pro-
d that aldehyde-dehydrogenase-expressing (ALDH+)
st cells include malignant stem-like cell populations
maintain and cause progression of cancer [4,5].
H catalyzes oxidation and is necessary for retinoic
synthesis, and it has been suggested that this enzyme
so involved in stem cell preservation and initiation of
rentiation [6]. Normal mammary stem cells and stem-
cancer cells were recently shown to express an alter-
ve isoform of ALDH [7], but the stem cell properties
ancer-related functions of cells that are positive for
isoform still remain unclear.
veral clinical and molecular factors predict the risk
eveloping breast cancer. For example, the presence
RCA1 and BRCA2 gene mutations confers a 40–80%
ime risk [8], and exogenous hormone exposure is as-
ated with relative risks of 1.5 to 2.0 [9]. Furthermore,
-malignant histological changes such as atypical
tal hyperplasia are associated with a 28% risk of breast
er [10].
LDH+ cells are found in up to 48% of breast cancer
ors and are believed to cause late recurrence, and
e cells are also associated with an adverse prognosis
poor outcome after conventional anti-cancer drug
tment [5,11,12].
o assess the potential of ALDH as a predictive
ker for subsequent development of breast cancer, it
ecessary to define the normal ranges of frequencies
distribution of ALDH+ cells in histologically benign
st tissue in women with and without breast cancer.
h data are limited at present, although a small case-
trol study showed elevated levels of ALDH+ cells in
helium and stroma of patients who later developed
er [13], and an investigation of African women re-
ed a higher frequency of ALDH+ cells in breast can-
tissue compared to benign breast tissue [14]. It is
essential to determine whether the frequency or dis-
ution of ALDH+ putative stem cells in histologically
al breast tissue is related to risk factors for breast
er. We recently described in detail the distribution
LDH+ cells in terminal duct lobular units (TDLUs)
stroma in benign breast tissues [15]. The correla-
s with risk factors that were observed in the small
p of patients assessed in that investigation suggested
density and distribution of ALDH+ cells are associ-
with menopausal state and hormone replacement

apy. Therefore, our aim in the present study was to

examine ALDH exp
tient group and to el
expression and vario
cluding BRCA1/2 m
history, hormone int

Methods
Patient material
The patients consid
female patients who
gery in Skåne Coun
following groups:

Group A (n = 30): b
2 mutation; surgery
Group B (n = 19):
mutation; surgery
Group C (n = 16):
mutation; surgery
Group D (n = 13):
breast cancer; prop
period 1996–2010
Group E (n = 13):
breast cancer; prop
period 1996–2010
Group F (n = 35):
BRCA1/2 mutation
1993–1994.

Thus a total of 126
in our study. An exp
ined the original he
microscope slides fro
the clinical paramet
largest number of h
patient were select
criteria were any of
juvant therapy; no t
no tissue block con
TDLUs. Based on t
patients were include
Data on the follo

able for the majorit
gery, age at time of
total duration of us
mone replacement
number of live ch
breast cancer (1st o
mutation status. Ta
age, hormonal expo
women included in
Sixty-seven of th

were post-menopau
The median age at

s et al. BMC Clinical Pathology 2013, 13:28
//www.biomedcentral.com/1472-6890/13/28
ion in ductular cells in a larger pa-
date the relationship between such
risk factors for breast cancer, in-
tion status, familial breast cancer
, parity, and age at menarche.

d for inclusion in this study were
ad been treated with breast sur-
nd met the criteria for one of the

ast cancer patients without BRCA1/
ring the period 1999–2006.
ast cancer patients with BRCA1
ing the period 1984–2009.
ast cancer patients with BRCA2
ing the period 1984–2009.
CA1 mutation carriers without
lactic mastectomy during the

CA2 mutation carriers without
lactic mastectomy during the

ients without breast cancer or
mammoplasty during the period

atients were reviewed for inclusion
enced histopathologist (BLI) exam-
toxylin and eosin (H&E) stained
each patient without knowledge of
. The tissue blocks containing the
logically normal TDLUs for each
for the investigation. Exclusion
following: patient received neoad-
e blocks available in the archives;
ined ≥10 morphologically benign
mentioned criteria, a total of 106
in the study (see Table 1).
g clinical parameters were avail-
f the patients: indication for sur-
gery, current or previous use and
f oral contraceptives and or hor-
erapy (HRT), age at menarche,
births (parity), family history of
nd degree relative), and BRCA1/2
1 presents information on the

e, and reproductive status of the
study.
omen were pre-menopausal, 35
, and data were missing for four.
set of menopause was 49 years

Page 2 of 9



(ran
the
para
dian
data
horm
follo
con
gest
oral
dian
som
and
tien
pres

Hist
If tw
supe
wer
purp
para
stain
prev
sect
bod
term
Fran
sites
pero
of p
HRP
wer
con
in D
stain
slipp

To
we
ud

s s
gar
eli
l nu
ose
dia
lo
ca
d f
nu
ere
val
e p
nu
AL
13
ts
we
nte
, th
+
int
D
act
we
e,
ca
e

his
duc
co
AL
m

Table 1 Patient groups in the study

Patient
group

Breast cancer and
mutation status

Number
of patients

Age in years,
median (range)

Genetic predisposition Parity Hormone use at
time of surgery

Family
history

BRCA1 BRCA2 0 1 or 2 3 or 4 Data
lacking

HRT OC Data
lacking

A Cancer, non-BRCA1/2 21 50 (31–77) 4 NA NA 8 4 9 0 3 1 0

B Cancer, BRCA1 17 43 (23–81) 17 17 NA 4 10 0 3 4 1 3

C

D

E

F

Patien f AL
gene
NA, n

Isfoss et al. BMC Clinical Pathology 2013, 13:28 Page 3 of 9
http://www.biomedcentral.com/1472-6890/13/28
ge, 35–55 years). The numbers of live births among
women were as follows: para 0 in 32, para 1 in 11,
2 in 28, para 3 in 25, and para 4 in four. The me-
age at menarche was 13 years (range, 10–18 years;
missing for 32 women). Data regarding exogenous
one treatment status at the time of surgery were as
ws: 70 women had no such treatment, 15 used oral
traceptives, seven received HRT, and six had a pro-
in intrauterine device. Sixty-five women had used
contraceptives at sometime during their lives (me-
duration, 7.1 years), and 11 had received HRT at

e point (median duration, 5.0 years). Clinical data
breast tissue samples representing 25 of the 28 pa-
ts in our previous study [15] were included in the
ent analysis.

ology and immunohistochemistry
o tissue blocks from the same patient were of similar
rior quality, both (from the same or both breasts)
e analyzed in the same manner for quality assurance
oses. New sections were obtained from all relevant
ffin tissue blocks, and consecutive sections were H&E
ed and used for immunohistochemistry, as described
iously in detail [15]. Briefly, after antigen retrieval, the
ions were incubated with mouse monoclonal anti-
ies directed against human ALDH1 A1 (aa 7–128, N-
, diluted 1:100; Becton, Dickinson and Company,
klin Lakes, NJ, USA). Detection of immunoreactive
was performed using a system based on horseradish
xidase (HRP) and di-aminobenzidine (DAPI) labelling
rimary antibodies raised in mice (Envision+ System-
, Dako, Glostrup, Denmark). Sequential incubations
e performed with secondary antibodies and HRP-
jugated antibodies. Following the peroxidase reaction
API and H2O2, the sections were rinsed and counter-
ed with hematoxylin, and then dehydrated and cover-
ed in Mountex medium (Histolab Products AB,

Göteborg, Sweden).
labelling, slides that
antibodies were incl
run.
The tissue section

ing were assessed re
fragment size, epith
carcinoma, and tota
available in each ch
621 mm2with a me
playing ductular or
oma in situ (four
cases) were exclude
the distribution and
cells, 50 TDLUs w
evenly spaced inter
than 50 TDLUs wer
were evaluated. The
able for analysis of
tient ranged from
ductules (i.e., no duc
previous study [15],
a basal, luminal, or i
in the present study
with ductular ALDH
ular level (luminal,
the total number of T
ALDH immunore

strongly or weakly
ALDH. Furthermor
mediate ductular lo
(luminal plus interm
cated in the text. T
of cell location by
ductules lack micros
Blind testing of

tissue samples fro

Cancer, BRCA2 11 51 (33–74) 11 NA 11 0

Prophylactic mastectomy,
BRCA1

12 37 (23–54) 12 12 NA 0

Prophylactic mastectomy,
BRCA2

11 37 (31–51) 11 NA 11 0

Mammoplasty, non-cancer,
non-BRCA

34 31 (20–68) 5 NA NA 19

t groups included in the study and subsequently re-grouped according to the listed parameters for analysis o
tic, and hormonal characteristics of patients.
ot applicable; HRT, hormone replacement therapy; OC, oral contraceptive.
confirm the specificity of ALDH
re not incubated with the primary
ed in each immunohistochemistry

elected for ALDH immunolabel-
ding the following features: tissue
al atypia or hyperplasia, invasive
mber of TDLUs. The tissue areas
n block ranged in size from 48 to
n value of 254 mm2. Areas dis-
bular hyperplasia, atypia, carcin-
ses), or invasive carcinoma (10
rom further analysis. To evaluate
mber of immunolabelled ALDH+
examined, guided by a grid, at

s in each tissue section; if fewer
resent in a section, all the TDLUs
mber of TDLUs found to be avail-
DH immunoreactivity in each pa-
to 50 (mean, 45 TDLUs). Only
or stroma) were evaluated. In our
described ALDH+ cells as being in
rmediate location. For each patient
e number of TDLU cross sections
cells was recorded for each duct-
ermediate, or basal) in relation to
LU cross sections examined.
ive cells that were labelled either
re considered to be positive for
cells found in luminal and inter-
tions were defined as non-basal
diate) in some analyses, as indi-
was done because determination
tular level is less accurate when
pically discernible lumina.
DH+ cell frequency in duplicate
13 patients yielded correlation

7 3 1 0 1 2

6 4 1 0 4 1

5 5 1 0 0 1

7 8 0 0 8 1

DH+ cells. The table presents selected clinical,
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ficients of 0.45 (Pearson) and 0.53 (Spearman), indi-
g similarity between independent observations (rs =
, p = 0.01). These results confirmed the robustness of
analysis and demonstrated similarity between different
s of breast tissue in the same patient.

istical analysis
number of TDLUs with detectable ALDH+ cells and
l and non-basal localization of those cells were ana-
d by linear regression using occurrence of ALDH+
in the mammoplasty group as the independent vari-
. Logistic regression was used to analyze differences
een risk factor groups. Correlation between ALDH
ings for duplicate samples from the same patient was
yzed using Spearman’s rank test and Pearson’s test.
-tailed tests were performed to assess the level of stat-
al significance, and results with p < 0.05 were consid-
significant. SPSS 18 software (IBM, Armonk, NY,
) was used for all statistical analyses.

cs
study was approved by the Research Ethics Committee
outhern Sweden (approval 11-92, 349-00).

ults and discussion
sion of patient inclusion groups A–F into
lysis groups
ents in inclusion groups A–F were divided into rele-
groups on the basis of genetic and hormonal status

nable various analyses of ALDH+ cells.

ribution of ALDH+ cells
H+ cells were detected in TDLUs of 92 patients
), including the youngest (aged 20 years) and the old-
aged 81 years). ALDH+ cells in ductules were morpho-
ally similar to other ductular epithelial cells (Figure 1),
they were observed either as a few scattered cells or or-
zed in groups comprising partial or entire ductular
s sections. The ALDH+ cells occurred primarily in the
minal and intermediate levels (Figure 1B), and in some
s they were found in the adluminal level only
ure 1C), or less often in all levels (Figure 1A). In several
s, ALDH+ cells extended across a ductular lumen, in-
ting the luminal aspect of a bifurcation. ALDH+ cells
e located adluminally in 0–74% of TDLUs (median 6%),
rmediately in 0–68% (median 6%), and basally in 0–
(median 2%), thus implying predominantly non-basal
lization of ALDH+ cells, as reported previously [4,15].

H+ cells in the six patient groups
H+ cells were present in the epithelium at some duct-
level in 90% of the subjects (19/21) in Group A

ast carcinoma with no BRCA mutations) and in a
lar fraction (94%, 16/17) of the patients in Group B

(breast carcinoma w
fraction (73%, 8/11)
oma with BRCA2 m
were detected in 100
(prophylactic maste
and 100% (11/11)
mastectomy due to
(mammoplasty patie
2 mutations), ALDH
(26/34) of the patien
There was no sta

frequency of ALDH
(p = 0.09), although
patient Groups A–E
moplasty group (p
finding, together w
cells in different le
differentially associa
[15] prompted a de
regarding the occur
levels of the ductular

ALDH+ cells in patie
cancer but no BRCA1
Pre-menopausal pat
cancer but no BRCA
ciated with large nu
levels (p ≤ 0.01; Figu
pendent of parity,
which indicates a po
pression and familial
out BRCA1/2 muta
with high frequency
any ductular level i
information on these

ALDH+ cells in patie
Compared to breast
such tissue from pre
preventive mastecto
tained significantly
non-basal ductular le
tive association of b
noted for ALDH+ c
in the BRCA1 muta
currence or distribu
was observed betwe
BRCA1 gene mutati
moplasty. Larger nu
ductular levels we
menopausal women
mutations than in
(p = 0.02; Figure 2C
BRCA2 patient s

s et al. BMC Clinical Pathology 2013, 13:28
//www.biomedcentral.com/1472-6890/13/28
BRCA1 mutation), but in a smaller
those in Group C (breast carcin-
tion). Also, ALDH+ ductular cells
(12/12) of the patients in group D
my due to a BRCA1 mutation)
those in Group E (prophylactic
BRCA2 mutation). In Group F
with neither cancer nor BRCA1/
ductular cells were found in 76%

ically significant difference in the
cells among the patient groups
higher frequency was noted for
ombined compared to the mam-
0.06, Fisher’s exact test). This
previous evidence that ALDH+

s of the ductular epithelium are
with risk factors for breast cancer,
led analysis of patient subgroups
ce of ALDH+ cells in the various
ithelium (see below).

with a family history of breast
mutations
ts with a family history of breast
mutations were significantly asso-
ers of ALDH+ cells at all ductular
2A). This association was inde-
, and personal history of cancer,
ve relationship between ALDH ex-
k of breast cancer in women with-
ns. Notably, such an association
ALDH+ cells was not observed at
ost-menopausal patients. Further
sults is given in Table 2.

with a BRCA1 or BRCA2 mutation
ssue from mammoplasty patients,
enopausal women who underwent
due to BRCA1 carrier status con-
ger numbers of ALDH+ cells at
ls (p = 0.03; see Figure 2B). A posi-
derline significance (p = 0.06) was
located at the basal ductular level
carriers. No difference in the oc-

n of ALDH+ cells in breast tissue
women with breast cancer and
and those who underwent mam-
ers of ALDH+ cells at non-basal
discerned in tissue from pre-
th breast cancer and BRCA2 gene
sue from mammoplasty patients
The post-menopausal BRCA1 and
groups showed no significant
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rences compared to the mammoplasty patients.
le 2 gives further information regarding these results.
should also be mentioned that a higher frequency of

ALDH+ cells in relati
Among pre-menopa
tions, age was positi

ure 1 Distribution of ALDH+ cells in benign breast ductules. Brown staining indicates ALDH
ows) located at luminal, basal, and intermediate ductular levels (levels described in detail elsewhere [
pulation (arrow) and ALDH+ stromal cells (arrowhead; as previously described [15]). C, Some ALDH+ c
l type described previously [4,15]). All sections were counterstained with hematoxylin; scale bars in all
H+ cells in ductules was found in patients with
A1 mutations than in those with BRCA2 mutations.
s may reflect the dissimilarities in oncogenesis be-
en different types of BRCA mutations that have been
ribed by other investigators [16].

ALDH+ cells at all du
even after adjusting f
breast cancer (p = 0.01
have a stronger influenc
ation was not found w

ure 2 Frequency of ALDH+ cells in ductules of benign breast tissue from pre-menopausal wo
cer. ALDH+ cells were detected significantly more often in tissue from patients in this group than in con
H+ cell populations (arrows) in breast tissue from a woman with a family history of breast cancer but no
iphery of blood vessels, such as in the large Y-shaped structure in the center of this image, were detecte
study). B, Image demonstrating ALDH+ cell populations (arrows) in benign breast tissue from a woman
H+ cell populations (arrows) in benign breast tissue from a woman with a BRCA2 mutation. Scale bar in
to age and menarche
al patients without BRCA muta-
y associated with the frequency of

unoreactivity. A, ALDH+ cell populations
B, Micrograph showing an ALDH+ cell
are locatedin ductular bifurcations (arrow;
e micrographs represent 50 μm.
ctular levels (p ≤ 0.01; Figure 3),
or parity and family history of
), which suggests that risk factors
e with increasing age. This associ-
ithin the post-menopausal group.

men with a family history of breast
trol patients. A, Representative image of
BRCA1/2 mutation. ALDH+ cells in the

d in some cases (not analyzed further in
with a BRCA1 mutation. C, Image showing
A represents 100 μm in all three images.
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Table 2 Immunohistochemistry results

Patients Median percentage of TDLUs containing
ALDH+ cells (range)

Luminal ductular
level

Intermediate
ductular level

Basal ductular
level

Pre-menopausal with family history of breast cancer, including patients with BRCA1
or BRCA2 mutation (n = 37)

12 (0–62)** 12 (0–53)** 2 (0–18)

Pre-menopausal with BRCA1 mutation (n = 18) 15 (2–50)* 15 (6–38)* 4 (0–18)

Pre-menopausal with BRCA2 mutation (n = 13) 14 (0–62)* 8 (2–53)* 0 (0–18)

Pre-m

Post- *

Post-

Noca

A sta f bre
receiv
*P ≤ 0
**P ≤
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at menarche was not correlated with the frequency or
distribution of ALDH+ cells.

H+ cells in relation to parity
reast tissue from pre-menopausal patients with or
out cancer or BRCA mutations, adjusted for age, the
uency of ALDH+ cells at all three ductular levels was
ificantly lower with increased parity (p ≤ 0.03; see
re 4). This relationship was not observed in the post-
opausal group. Thus the lower risk of breast cancer
ciated with higher parity [17] may be related to the
r frequency of ALDH+ cells in high-parity patients.
ever, this possibility needs to be further investigated
g a larger data set and focusing on mutation status.

H+ cells in relation to HRT and oral contraceptives
correlation was found between the use of oral con-
eptives at the time of surgery and the frequency of
H+ cells at any ductular level in breast tissue, indi-

changes. However, c
who were not using
who were on such th
cells in tissue at bas
levels (Figure 5 and
pendent of other r
group, HRT was the
showed a statisticall
frequency of ALDH
that HRT postpones
risk of cancer [18-21
going HRT may be
number of ALDH+ c
In contrast, neithe

pill usage nor the d
the frequency of AL
ogenous hormones h
currence of ALDH+
consistent with prev

enopausal without family history of breast cancer (n = 25) 6 (0–29)

menopausal receiving HRT at the time of surgery (n = 7) 10 (0–38)

menopausal not receiving HRT at the time of surgery (n = 24) 4 (0–32)

ncer, underwent mammoplasty (n = 34) 6 (0–32)

tistical comparison of ALDH immunohistochemistry results for patients with and without a family history o
ing HRT at the time of surgery.
.05.
0.01.
, aldehyde dehydrogenase 1 A1; TDLU, terminal duct lobular unit; HRT, hormone replacement therapy.
ng that the hormonal impact of oral contraceptives
e is not sufficient to override physiological hormonal

therapies suggesting tha
increases the risk of bre

ure 3 Frequency of ALDH+ cells in benign ductules of pre-menopausal women of different ag
ctules in breast tissue from a 31-year-old patient (A) and from a and a 50-year-old patient (B) demons
H+ cells (arrows) with increasing age. Scale bar in A represents 100 μm in both images.
pared to post-menopausal women
RT at the time of surgery, those
py had larger numbers of ALDH+
p = 0.025) and non-basal (p = 0.03)
le 2), and this difference was inde-
factors. In the post-menopausal
ly hormone intake parameter that
ignificant correlation with a high
cells, which agrees with evidence
DLU involution and increases the
This finding also suggests that on-
e of the factors that influence the
s.
he total duration of contraceptive
tion of HRT was associated with
H+ cells, which suggests that ex-
e only a transient effect on the oc-
lls in benign breast tissue, and is
sly reported data on sex hormone

6 (0–44) 0 (0–29)

8 (0–38)* 2 (0–21)

4 (0–34) 0 (0–18)

4 (0–44) 0 (0–29)

ast cancer, and patients who were or were not
t ongoing or recent intake of HRT
ast cancer [19].

es. Representative images of benign
trating significantly higher frequency of
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ure 4 Frequency of ALDH+ cells in benign ductules of pre-menopausal women with different
ctules in pre-menopausal patients demonstrate a significant decrease in frequency of ALDH+ cells (br
up. A, Image illustrating the relatively large number of ductular ALDH+ cells (arrows) in breast tissue f
reast tissue from a 38-year-old two-parous woman showing therelatively small number of TDLUs con
ttered ALDH+ cells in the stroma. C, Image revealing the lack of ductular ALDH+ cells in breast tissue
s: 100 μm.
H+ cells in relation to cancer versus non-cancer
present findings support the hypothesis that ALDH

reast cell populations participate in oncogenesis. We
d several associations between high frequencies of
H+ cells in benign breast tissue and clinical risk

factors for cancer. Also
demonstrated significa
cells and family history
exposure (see Table 2)
sess other risk factors f

ure 5 Frequency of ALDH+ cells in benign ductules of post-menopausal women with and with
resentative images of tissue from post-menopausal women are presented that demonstrate the sign
ls in breast tissue from women receiving HRT treatment at the time of surgery. A, Image illustrating th
ing ALDH+ cells (arrows) in benign breast tissue from a 70-year-old woman receiving HRT at the tim
ast tissue from a 74-year-old woman who was not receiving HRT at the time of surgery, showing the
ence of ALDH+ cells (white arrows indicate ductules with no ALDH+ cells). The benign tissue from th
ls, as demonstrated in all patient groups. Scale bars: 100 μm.
rities. Representative images of benign
) with increasing parity in this patient sub-
a 39-year-oldnulliparous woman. B, Image
ing ductular ALDH+ cells (arrow), and
a 41-year-old four-parous woman. Scale
, statistical analysis of subgroups
nt correlations between ALDH+
of breast cancer, parity, and HRT
. Larger studies are needed to as-
or breast cancer in this context.

out HRT at the time of surgery.
ificantly increased frequency of ALDH+
e relatively high number of TDLUs con-
e of cancer surgery. B, Image of benign
presence of relatively few or complete
is woman also contained ALDH+ stromal
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hodological considerations
patients evaluated in the present study were treated
een 1984 and 2010, and the surgical techniques and
ological treatment protocols being applied during
period were subject to changes. However, the poten-
impact of those modifications on the results of our
stigation can be assumed to be negligible for the fol-
ing reasons: (1) patients who received neoadjuvant
apy were excluded; (2) possible influence of variation
ntigenicity related to heterogeneous tissue fixation
reduced to a minimum by using ALDH positivity in
mal cells as internal control, and by considering all
exhibiting weak or strong immunoreactivity as

tive for expression of ALDH.
ur study demonstrated associations between ALDH+
frequencies in benign breast tissue and risk factors
breast cancer, but we found no significant relation-
between ALDH+ cell frequencies in benign tissue
the co-presence of cancer. This finding might be ex-
ned by the influence of temporal and spatial factors
developing cancer; more specifically, that the cancer
stablished after the occurrence of a risk factor, and
tumor can overgrow ALDH+ cells.
our previous study conducted using the same

hods [15], a higher frequency of ALDH+ ductular
was found in mammoplasty patients than in pa-

ts with established breast cancer. In contrast, in the
ent investigation, data on mammoplasty patients
e used to allow comparison of non-breast cancer and
st cancer patients, the latter group including many
viduals with a familial risk of breast cancer. How-
, inasmuch as increased cell mass in a breast predis-
s to cancer [22,23], it would be most suitable to
in control tissue from patients without breast dis-
, not from those with breast hyperplasia.

clusion
present study demonstrated a positive association
een the frequency of ALDH+ ductular cells in be-
female breast tissue and several well-known risk

ors for breast cancer. These findings suggest that
H cell positivity in microscopically normal breast
e should be further evaluated as a potential marker
the risk of breast cancer, especially in patients with fa-
al breast cancer with or without BRCA1/2 mutations.
he largest differences in ALDH+ cell frequency be-
en risk groups were observed in the luminal and
rmediate (non-basal) ductular locations. Our data in-
te that ALDH-expressing cells may play a yet un-
ned role in the development of female breast cancer,
they also suggest that immunohistochemical analysis
LDH can aid prediction of the risk of breast cancer.
conceivable that having a high number of ALDH+
cells promotes a high number of progenitor cells,

and that the latter
current results und
to assess the previo
tor qualities of ALD
their potential role i
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Abstract: In this study, aldehyde dehydrogenase 1 (ALDH1)-expressing cells in stroma 

of histologically normal breast tissue from premenopausal women were investigated in situ 

regarding cellular morphology, cell distribution, and relation to the additional stem cell mark-

ers, CD44 (+) and CD24 (–). These results were correlated with hormonal and genetic risk 

factors for breast cancer. Triple immunofluorescence labeling was performed on tissues from 

premenopausal women with a family history of breast cancer, and breast reduction specimens 

from premenopausal women with no family history of breast cancer were used as a control 

group. The majority of ALDH1-immunoreactive cells in stroma were spindle-shaped or 

polygonal, and such cells that were CD44– and CD24– were absent in the breast stroma of a 

significantly larger number of nulliparous than parous women. A less common morphologi-

cal type of ALDH1-positive cells in stroma was round or oval in shape, and such cells that 

were CD44+ and CD24– were absent in a significant number of women with a family history 

of breast cancer. The CD44+/CD24– immunophenotype is consistent with stem cells, and the 

round/oval morphology suggests mesenchymal cells. This study demonstrates that there are 

two morphologically distinct types of ALDH1-positive cells in histologically benign mammary 

stroma, and the absence of these cells is correlated with clinical risk factors for breast cancer 

in premenopausal women.

Keywords: mammary glands, human, neoplasms, BRCA1 gene, stem cells, immunohistochemistry

Introduction
Numerous cell types are present in normal human breast tissue, but their relationship 

with the risk of breast cancer has not been clarified. Pluripotent stem cells (SCs) and 

committed SCs (progenitor cells) are necessary for the establishment and replenish-

ment of differentiated cells. SCs are defined by their functional qualities: potential for 

multilineage differentiation, self-perpetuation, and longevity.1 Cell populations with 

SC features exhibit surface protein antigens that make it possible to identify them 

by immunophenotype (eg, by flow cytometry and cell sorting or by immunohisto-

chemistry). Al-Hajj et al2 used cell surface marker expression to study breast cancer 

tissue and described the tumorigenic (cancer SC) phenotype CD44+/CD24–/low lin-

eage–. Ginestier et al3 later reported aldehyde dehydrogenase 1 A1 immunoreactivity 

(ALDH1+) to be a more efficient immunophenotype for identifying both benign and 

malignant SCs and noted that the combined SC immunophenotype ALDH1+ CD44+ 

was even more efficient. ALDH1+ cells in breast carcinoma tissue have also been 

found to be associated with adverse prognosis.3,4 However, to date, very few studies 
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Table 1 Antibodies used

Antigen/antibody (product code) 
and host species

Target species Clonality (type) Working dilution Source

ALDH1 A1 (611194), mouse Antihuman Monoclonal IgG1 1:100 BD Biosciences, San Jose, CA, USA
CD24 (MA5-11833), mouse Antihuman Monoclonal IgM 1:100 Thermo Fisher Scientific, Waltham, MA, USA
CD44 (PA5-21419), rabbit Antihuman Polyclonal IgG 1:100 Thermo Fischer Scientific
AF488 (A11029), goat Antimouse Fab2 IgG H+L 1:150 Thermo Fisher Scientific
AF568 (A21043), goat Antimouse IFab2 gMµ 1:200 Thermo Fisher Scientific
AF647 (A21245), goat Antirabbit Fab2 IgG (H + L) 1:200 Thermo Fisher Scientific

Abbreviations: IgG, immunoglobulin G; IgM, immunoglobulin M.

have provided a cell-level in situ description of SC marker 

positivity in normal human breast epithelium or stroma.3,5–7

In our earlier study, we have described in detail the distri-

bution of ALDH1+ cells in non-neoplastic mammary tissue.6 

In a subsequent investigation,7 we also found statistically 

significant associations between ALDH1+ ductular cells in 

premenopausal women and the risk of breast cancer in rela-

tion to patient age, family history of breast cancer, BRCA1 

mutation status, parity, and hormonal replacement therapy. 

Although those two studies demonstrated a relationship 

between ALDH1+ cells in ductules and the risk of breast 

cancer, they were performed using only one SC marker, 

ALDH1, and hence any associations with SCs could not 

be determined. Furthermore, it was recently reported that 

ALDH1 and CD44 express histologically and functionally 

separate SC populations in breast tissue,8 and thus a multi-

marker approach is necessary for this research. In our earlier 

assessments, ALDH1+ cell populations in benign mammary 

stroma were detected but were not evaluated with regard 

to cancer risk factors. Therefore, in the current study, we 

investigated associations and correlations between clinical 

risk factors for breast cancer and ALDH1+ cells in histologi-

cally benign stroma, and we used triple immunofluorescence 

labeling to determine whether these cells also express CD44 

and/or CD24, primarily to obtain a more detailed histologi-

cal description of stromal cells and their expression of these 

SC markers. Quantitative data from these assessments were 

then analyzed for correlation with patient age, contraceptive 

pill use, parity, family history of breast cancer, and BRCA1 

mutation.

Patients and methods
Patients
Premenopausal women were selected from our group’s 

earlier investigation of cancer and noncancer patients with 

or without risk factors for breast cancer.7 Patients with an 

unknown family history and those with insufficient tissue 

of good histological quality were excluded. The study was 

approved by the Research Ethics Committee of Southern 

Sweden (approvals 11-92 and 349-00). The patients gave 

written consent to participate in this study.

Histology and immunofluorescence
Only areas of breast tissue that were histomorphologically 

normal (ie, benign and without hyperplasia or atypia) were 

chosen. From each patient, one paraffin-embedded block of 

formalin-fixed tissue was histologically selected based on 

maximum number of terminal duct-lobular units (TDLUs). 

The tissue area of the individual specimens ranged from 

48 mm2 to 621 mm2 (median 254 mm2). Each block was cut in 

3 μm sections, which were consecutively collected for hema-

toxylin and eosin staining, and for immunofluorescence triple 

labeling. The sections were deparaffinized in the following 

steps: xylene 3 minutes × 2, 100% EtOH 1 minute × 2, 95% 

EtOH 1 minute, 70% EtOH 1 minute × 2, and distilled water 

1 minute × 2. Thereafter, antigen retrieval was performed 

on the sections in citrate buffer (10 mM sodium citrate 

containing 0.05% Tween 20, pH 6.0; Sigma-Aldrich Co., St 

Louis, MO, USA) for 10 minutes at 90°C. The sections were 

subsequently cooled to room temperature (RT), rinsed twice 

for 5 minutes in phosphate-buffered saline (PBS; 0.1 M, pH 

7.4; AppliChem, Darmstadt, Germany), and immunolabeled 

using primary and secondary antibodies at the dilutions as 

specified in Table 1. The tissue sections were incubated for 

20 minutes at RT in PBS containing 0.05% Triton X-100 (TX; 

Sigma-Aldrich Co.) and 1% bovine serum albumin (BSA; 

Sigma-Aldrich Co.), and then for 3 hours at RT in a mixture 

of primary antibodies diluted in PBS and 1% BSA containing 

0.05% TX. Next, the sections were rinsed in PBS containing 

0.05% TX for 5 minutes and then in PBS for 5 minutes, and 

thereafter incubated for 45 minutes at RT with fluorophore-

conjugated secondary antibodies in a mixture diluted in PBS 

containing 1% BSA. This was followed by rinsing in PBS-TX 

for 3 minutes and in PBS for 3 minutes, then incubation in 

0.1 μM 4´,6-diamidino-2-phenylindole (Sigma-Aldrich Co.) 

in PBS for 15 minutes, and rinsing twice in PBS for 2 min-
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A B C

D E F

Figure 1 Confocal microscopy images of triple immunofluorescence-labeled histologically normal breast tissue.
Notes: (A)–(E) Images of single optical sections (0.6 µm thick) from a stromal area with a duct visible in the upper left part of the field (* in lumen), demonstrating 
immunofluorescence multilabeling and DAPI (nuclear stain) in separate channels. (A) ALDH1, green, indicates the different shaped ALDH1+ cell types in stroma (round/oval 
cells [short arrows] and spindle-shaped/polygonal cells [long arrows]). (B) CD24, red, indicates the scarcity of CD24+ cells. (C) CD44, white, indicates the relatively large 
number of CD44+ cells, yet many ALDH1+ CD44– spindle-shaped cells. (D) DAPI, blue. (E) All four channels merged indicate that many ALDH1+ cells are also CD44+ but 
not CD24+. Arrows indicate cell types as in (A). (F) Confocal image (merged channels are color coded as in A–E) from a different tissue area showing multilabeled breast 
tissue containing the stromal cell types as described in A–E, as well as ductules and numerous adjacent ALDH1+ CD24– cells with weak membranous CD44 reactivity. Scale 
bars = 10 µm.
Abbreviation: DAPI, 4′,6-diamidino-2-phenylindole.

utes. Finally, the sections were cover slipped and mounted in 

Pro-Long Gold anti-fade solution (Thermo Fisher Scientific, 

Waltham, MA, USA).

Immunohistochemical controls
Specificities and absence of cross-reactivity of the secondary 

antibodies employed were tested by omitting the primary 

antibodies in the first labeling step. Slides labeled with a 

single antibody were examined to ascertain that triple immu-

nolabeled tissue appropriately revealed ALDH1 expression. 

The same protocol was applied to paraffin-embedded sections 

of spleen and urinary bladder, as positive controls of CD24 

and CD44 labeling, respectively. The ALDH1 labeling pattern 

in immunofluorescence triple labeling was correlated with 

chromogenic visualization of ALDH1 labeling in adjacent 

sections (achieved using EnVision + System-HRP-DAB; 

Dako Denmark A/S, Glostrup, Denmark) and with  previously 

reported ALDH1 labeling of epithelial structures.3,6,9

Microscopy
Representative triple immunofluorescence-labeled sections 

were analyzed with a confocal laser scanning microscope (Carl 

Zeiss AG, Jena, Germany). This was performed to ascertain 

the specificity of multilabeling of individual  antigens, and to 

determine the location of the antigens in relation to cellular 

morphology (cell bodies and/or processes) and their possible 

coexistence in individual cells (Figure 1). Confocal microscopy 

was used to demonstrate different combinations of cytoplasmic 

and membrane immunolabeling in cells that had definable 

morphologies and were located in epithelial and stromal struc-

tures. Thereafter, the multilabeling was analyzed in all tissue 

sections using an epifluorescence microscope (Olympus BX 

63, Olympus Corporation, Tokyo, Japan) equipped with spe-

cific fluorescence filter cubes for multifluorescence detection. 

Digital image documentation was achieved with an Olympus 

DP80 camera and software (Olympus Cellsens Dimension). 

All immunolabeled sections were screened microscopically in 

total at a magnification of 200× for each wavelength channel. 

Multiple areas from each specimen were photographed digitally 

for all channels, and the images were merged. All cytoplasmic 

immunolabeling above background of the control was consid-

ered positive, regardless of intensity. The tissue compartments 

analyzed were TDLU stromal areas, and the labeling was 

recorded for two morphologically defined cell types: round 

or oval cells and spindle-shaped or polygonal cells. In triple 

immunolabeling of ALDH1, CD44, and CD24, the labeling 

was coded for each morphological cell type: 0, not evaluable; 

1, not present in the specimen; and 2, present in the specimen.
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Table 2 Genetic and hormonal characteristics, and cancer status 
of the patients

Patient 
characteristics

All patients  
(n=40)

Patients with 
a BRCA1 
mutation  
(n=17)

Patients with 
no BRCA1/2 
mutation  
(n=23)

Age in years, median 
(range)a

28 (20–50) 34 (23–43) 24 (20–50)

Parous
 Yes 18 12 6
 No 20 3 17
 Unknown 2 2 0
Contraceptive pill at the time of surgery
 Yes 13 5 8
 No 25 10 15
 Unknown 2 2 0
Family history of breast cancer
 Yes 21 17 4
 No 19 0 19
 Unknown 0 0 0
Synchronous breast cancer
 Yes 7 7 0
 No 21 10 23
 Unknown 0 0 0

Note: aAll patients were premenopausal.

Statistical analysis
In the statistical evaluations, Fisher’s exact test was used for 

associations and Spearman’s rho test for correlations, both 

were two-tailed, and P<0.05 was considered significant. The 

analyses were performed using SPSS 20.0.0 software (IBM 

Corporation, Armonk, NY, USA).

Results
Patients included in the study
Table 2 provides an overview of the patients who were 

included in the study, and they were categorized accord-

ing to risk factors for breast cancer. The material that was 

ultimately evaluated originated from the following subjects: 

seven patients with a BRCA1 mutation who underwent sur-

gery for invasive breast carcinoma; ten noncancer patients 

who underwent mastectomy due to a BRCA1 mutation; four 

noncancer mammoplasty patients with a family history of 

breast cancer but no BRCA1/2 mutation; and 19 noncancer 

mammoplasty patients with no family history of breast cancer 

(served as normal controls).

Distribution and morphology of ALDH1+ 
stromal cells
It was observed that the majority of ALDH1+ cells in TDLUs 

are located in the stroma, not in the epithelial tree (Figure 2). 

Cells with the following immunophenotypes were identi-

fied most often (given in decreasing order of frequency): 

ALDH1+ CD44+ CD24– cells, ALDH1+ CD44– CD24– cells, 

and ALDH1– CD44+ CD24– cells. Distribution of these immu-

nophenotypes varied between the patient groups, which has 

been detailed in later sections.

ALDH1+ spindle-shaped/polygonal and 
round/oval stromal cell types
Most ALDH1+ cells located in TDLU stroma were spindle 

shaped or had a polygonal cell body with one or a few 

cytoplasmic extensions (Figure 3). In many areas, parallel 

strands of ALDH1+ stromal cells were tightly arranged around 

a single duct, a ductule, or an entire TDLU. In some areas, 

these cells encircled the periphery of small blood vessels. The 

highest density of the ALDH1+ spindle-shaped/polygonal cell 

type was at the border between TDLU stroma and generic 

stroma adjacent to TDLUs. Large quantities of long and 

thin ALDH1+ cytoplasmic processes were detected in many 

samples, and inasmuch as this appearance corresponded to 

B

C D

E

A

Figure 2 ALDH1+ cells in TDLUs.
Notes: Fluorescence microscope images of a triple-labeled TDLU from benign 
breast tissue with the following color coding: (A) DAPI nuclear staining (blue); (B) 
ALDH1 (green); (C) CD44 (white); (D) CD24 (red). (E) A digitally composed image 
showing all channels merged. Most of the cells located basally in ductules are ALDH– 
CD44+, whereas some adluminal cells are ALDH1+ CD44+ and none are CD24+. In 
stroma, elongated ALDH1+ cells are seen between the ductules, and many such cells 
are present in the junction between TDLU stroma and generic connective tissue of 
the breast (arrows). Scale bars = 20 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; TDLUs, terminal duct-
lobular units.
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Figure 3 ALDH1+ spindle-shaped/polygonal cells in TDLU stroma (arrows).
Notes: DAPI nuclear staining (blue), ALDH1 (green), CD44 (white), and CD24 
(red). Scale bar = 20 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; TDLU, terminal duct-lobular 
unit.

Figure 4 ALDH1+ round/oval-shaped cells in TDLU stroma.
Notes: DAPI nuclear staining (blue) and labeling of ALDH1 (green), CD44 (white), 
and CD24 (red). (A) A single-channel image depicting ALDH1+ round/oval cells 
(arrows). (B) A composite image with all channels demonstrating that the ALDH1+ 
round/oval cells are positive for CD44 but not for CD24 (arrows). Scale bars = 
20 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; TDLU, terminal duct-lobular 
unit.

A

B

Figure 5 CD24+ cells in TDLU stroma.
Notes: DAPI nuclear staining (blue) and labeling of ALDH1 (green), CD44 (white), 
and CD24 (red). The image depicts a CD24+ cell (arrow) exhibiting no CD44 or 
ALDH1 positivity. Scale bar = 20 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; TDLU, terminal duct-lobular 
unit.

the cytoplasmic extensions of cells that exhibited a spindle 

or polygonal shape, we chose to use the collective term 

“spindle-shaped/polygonal cells”. ALDH1+ spindle-shaped/

polygonal cells that were CD44+ or CD44–, as well as numer-

ous ALDH1– CD44+ spindle-shaped/polygonal cells, were 

identified in one or more TDLUs in almost all the specimens 

(38/40, 95%). No CD24+ spindle-shaped/polygonal cells were 

detected in any specimen.

The morphological definition of ALDH1+ round/oval 

cells describes cells in stroma which were round or oval in 

shape and had small round nuclei and granular cytoplasm 

(Figure 4). These cells were observed in one or more TDLUs 

in approximately half of the specimens (23/40, 57%). The 

presence of ALDH1+ round/oval cells that were also CD44+ 

varied from 29% to 63% between the different risk-factor 

patient groups.

CD24+ round/oval cells were present in most of the 

specimens (33/40, 82%), and the majority of these cells 

were ALDH1– and CD44+. CD24+ round/oval cells that were 

negative for the other markers were found in a minority of 

the specimens (14/40, 35%; Figure 5). ALDH1+ round/oval 

stromal cells that were CD24+ were observed in few speci-

mens (3/40, 15%).

Triple immunofluorescence labeling of 
the two stromal cell types in relation to 
clinical risk groups
Immunofluorescence data for the individual patient risk 

groups are presented in Table 3 and are described in the 

following sections.
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Table 3 Immunohistological results for the patient groups

Immunophenotype Spindle-shaped/polygonal cells Round/oval cells

ALDH1+ CD44+ CD24– ALDH1+ CD44– CD24– ALDH1+ CD44+ CD24– ALDH1+ CD44– CD24–

Family history (n=21) 19 (90%) 16 (76%) 6 (29%) 2 (11%)

No family history (n=19) 18 (95%) 14 (74%) 12 (63%) 2 (10%)

BRCA1 mutation (n=17) 15 (88%) 12 (71%) 6 (35%) 2 (12%)

No BRCA1 mutation (n=23) 22 (96%) 18 (78%) 12 (52%) 2 (9%)

Nulliparous (n=20) 18 (90%) 12 (60%) 10 (50%) 1 (5%)

Parous (n=18) 17 (94%) 17 (94%) 6 (33%) 3 (17%)

Age <28 years (n=19) 17 (89%) 14 (74%) 9 (47%) 2 (11%)

Age ≥28 years (n=21) 20 (95%) 16 (76%) 9 (43%) 2 (11%)

Note: The table presents the number of patients in each clinical category whose sample contained “any” cells exhibiting the investigated immunophenotypes.

A B

C D

Figure 6 Round/oval cells according to family history.
Notes: DAPI nuclear staining (blue) and labeling of ALDH1 (green), CD44 (white), 
and CD24 (red). (A)–(B) Images showing the absence of ALDH1+ CD44+ CD24– 
round/oval cells in a TDLU from a woman with a family history of breast cancer. 
Arrows indicate ALDH1– CD44+ CD24– cells. (C)–(D) Images illustrate an ALDH1+ 
CD44+ CD24– round/oval-shaped cell (arrow) in a TDLU from a woman with no 
family history of breast cancer. (A) and (C) show only the ALDH1+ channel, and (B) 
and (D) show all four channels merged. Scale bars = 20 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; TDLU, terminal duct-lobular 
unit.

ALDH1+/CD44+/CD24– cells
Round/oval stromal cells with the ALDH1+/CD44+/CD24– 

immunophenotype were present in the TDLU stroma of speci-

mens from six of the 21 women with a family history of breast 

cancer (Figure 6A and B) and from eleven of the 19 women 

without a family history (Figure 6C and D; two-tailed Fisher’s 

exact test, P=0.055; two-tailed Spearman’s rho test, P=0.028). 

Spindle-shaped/polygonal cells with this immunophenotype 

showed no associations or correlations with risk factors.

ALDH1+/CD44–/CD24– cells
Spindle-shaped/polygonal stromal cells with the ALDH1+/

CD44–/CD24– immunophenotype (Figures 2, 3, and 6) were 

present in specimens from 12 of the 20 nulliparous women 

and from 17 of the 18 parous women (two-tailed Fisher’s 

exact test, P=0.021; two-tailed Spearman’s rho test, P=0.009). 

No associations or correlations with breast cancer risk factors 

were found for round/oval cells with this immunophenotype.

ALDH1–/CD44+/CD24– cells
Spindle-shaped/polygonal stromal cells with the ALDH1–/

CD44+/CD24– immunophenotype were found in 35 speci-

mens (87%), and round/oval cells with this immunopheno-

type were observed in 26 specimens (65%). No associations 

or correlations were found between these cell types and breast 

cancer risk factors.

Discussion
The current study aimed to morphologically identify ALDH1 

cell types in histologically normal breast stroma and to investi-

gate their SC characteristics, ie, their expression of CD24 and 

CD44. We identified two morphologically different types of 

ALDH1-expressing cells in the stroma of histologically benign 

female breast tissue, which we designated spindle-shaped/

polygonal cells and round/oval cells. The absence of stromal 

ALDH1+ cells was noted more often in patient groups with 

risk factors for breast cancer than in the group with no known 

risk factors for such disease. This indicates that the presence 

of ALDH1+ cells in breast stroma might be a beneficial factor 

in the context of cancer risk. However, although ALDH1 is a 

marker for SCs, the mentioned findings should not be inter-

preted as a suggestion that SCs in stroma protect against breast 

cancer, because most ALDH1+ cells are in fact not SCs.3,10,11

A significant number of specimens from the nulliparous 

patients lacked ALDH1+/CD44–/CD24– spindle-shaped/

polygonal cells, indicating a relation to cancer risk since 

nulliparity is a known risk factor for breast cancer.12 This 

finding is also interesting considering that it was recently 

observed that ALDH1+ cells of spindle or polygonal shape are 

frequently absent in stroma of histologically normal mucosa 

of patients with bladder cancer.10
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The round/oval cells with the putatively stringent SC 

immunophenotype ALDH1+/CD44+/CD24– were often absent 

in TDLU stroma of patients with a family history of breast 

cancer. Such cells had mononuclear leukocyte-like morphol-

ogy with a granular cytoplasm and thus resembled mast cells. 

A previous evaluation of the same material indicated that 

~50% of ALDH1+ round/oval cells in stroma were negative for 

the pan-leukocyte marker CD45.6 These cell types thus corre-

spond to the recently described morphology of mesenchymal 

SCs of the multilineage-differentiating stress-enduring (Muse) 

type,5 which was discerned using markers other than those 

employed in the present study. It remains to be determined 

whether ALDH1+/CD44+/CD24– round/oval cells in breast 

stroma are actually mesenchymal SCs.

It has been observed that stromal ALDH1 expres-

sion is lower in malignant breast tumors than in benign 

 conditions,13,14 and stromal ALDH1 expression in malignant 

tumors has been found to be associated with better survival.15 

Our earlier study of ALDH1+ ductular cells located in areas of 

benign breast tissue did not reveal any statistically significant 

association with concurrent cancer.7 The current investigation 

of benign breast tissue did not address ALDH1 expression in 

patients with cancer per se due to the low number of subjects.

Conclusion
In this study, spindle-shaped/polygonal and round/oval 

ALDH1+ cells were absent in benign stroma of a significant 

number of women at risk of breast cancer. The round/oval 

cell type carried the putatively stringent SC immunopheno-

type ALDH1+/CD44+/CD24–, whereas the spindle-shaped/

polygonal cells did not. The low presence of ALDH1+ cells 

in benign mammary stroma of women at risk of breast can-

cer agrees with recently reported data indicating that high 

ALDH1 expression in breast cancer stroma is an independent 

favorable prognostic marker. The associations and correla-

tions found in the current study of ALDH1+ stromal cells 

are the reverse of what our group has previously observed 

regarding ALDH1+ epithelial cells, which emphasizes the 

need to address epithelial and stromal cells separately, and 

also underlines the importance of histological correlation. 

Clearly, multi-antibody in situ investigations need to be 

performed to further elucidate the relationship between SC 

markers and the risk of breast cancer.
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