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Summary 

Breast cancer (BC) is the highest incidence cancer and the main cause of 

cancer-related mortality among women. The development of tumors not only 

from neoplastic cells but also present a significantly altered surrounding stroma. 

So, the tumor microenvironment is now recognized as a critical element for tumor 

initiation, development and progression, as well as a measurable parameter to 

indicate the prognosis of the response of treatment. 

Recent studies have reported the role of cancer stem cells (CSCs) in the 

malignancy of BC. The aggressiveness of BC has been correlated to the presence 

of breast cancer stem cells (BCSCs). The BC microenvironment includes multiple 

cell types such as fibroblasts, leukocytes, adipocytes, myoepithelial and 

endothelial cells. They also comprise extracellular matrix components, soluble 

factors (e.g., cytokines, hormones, growth factors and enzymes) and physical 

properties (e.g., pH and oxygen content). In BC, an important small population 

of cells have been identified and termed BCSCs. The origin of BCSCs is still 

unclear. However, the most widely accepted view is that BCSCs arise from 

Mammary stem cells and progenitor cells. Cell surface markers, such as cluster 

of differentiation 44 (CD44), cluster of differentiation 24 (CD24) and the enzyme 

aldehyde dehydrogenase (ALDH or ALDH-1) and others are also used to identify 

BCSCs. Initial studies reported that a very few cells of BCSCs have the ability to 

form tumors in nude mice that can identified subpopulation of CD44+/CD24- 

cells. The tissue specific markers in BC are estrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor 2 (HER2). These 

markers are recommended and updated to screen the treatment and surveillance 

of BC by the American Society of Clinical Oncology.        
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Since the malignancy and aggressiveness of BC have been correlated with 

the presence of BCSCs, the establishment of a disease model with cancer stem 

cells is required for the development of a novel therapeutic strategy. Here, this 

study aimed to evaluate the availability of cancer stem cell models developed 

from mouse induced pluripotent stem cells with the conditioned medium (CM) 

of different subtypes of breast cancer cell lines, the hormonal-responsive T47D 

cell line and the triple-negative breast cancer BT549 cell line, to generate in vivo 

tumor models. When transplanted into the mammary fat pads (MFPs) of BALB/c 

nude mice, these two model cells formed malignant tumors exhibiting 

pronounced histopathological characteristics similar to breast cancers. Serial 

transplantation of the primary cultured cells into MFPs evoked the same features 

of breast cancer, while this result was perturbed following subcutaneous 

transplantation.  

The tumors formed in the MFPs exhibited immune reactivities to prolactin 

receptor, PR, green florescent protein, Ki67, CD44, ER α/β and cytokeratin 8, 

while all of the tumors and their derived primary cells exhibited immunoreactivity 

to ER α/β and cytokeratin 8. CSCs can be developed from pluripotent stem cells 

via the secretory factors of cancer-derived cells with the capacity to inherit tissue 

specificity. However, cancer stem cells should be plastic enough to be affected 

by the microenvironment of specific tissues.  

The histopathological characteristics of the tumors transplanted into the 

MFPs were compared to those transplanted into s.c. tissue. Two different CSC 

models of miPS-T47Dcm and miPS-BT549cm cells provided different subtypes 

of tumors, including ductal carcinoma in situ (DCIS), invasive ductal carcinoma 

(IDC) and invasive lobular carcinoma (ILC), depending on the site of 

transplantation, while BC can be categorized into more than 21 different 

histological types based on the architecture, morphology and growth patterns of 
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cells. ILC is the second most common type of BC after IDC, representing the 

most aggressive pathological phenotype 

The tumors in the first to third stages of miPS-BT549cm cells showed high 

aggressiveness when transplanted into either the MFPs or s.c. tissue. This 

aggressiveness is much higher than that of miPS-T47Dcm cells. Although miPS-

BT549cm cells exhibited aggressiveness similar to triple-negative breast 

carcinoma, miPS-BT549cm CSCs are not derived from triple-negative 

carcinoma. This result indicated that CM derived from BT549 cells, which are 

derived from a triple-negative subtype, was not the critical determinant that 

induced the identical features of cancers in miPSCs affected by CM. Although 

the effect of the microenvironment on cancer initiation should be investigated 

further at this point, these results suggest that the MFPs may allow the tumor 

microenvironment (TME) to serve as a platform of tumor growth, as summarized 

in Table 2. Both miPS-T47Dcm and BT549cm cells developed malignant and 

aggressive tumors when transplanted into the MFPs, while miPS-T47Dcm cells 

did not develop malignant and aggressive tumors when transplanted into s.c. 

tissue. This means that the malignancy of tumors depends not only on the 

characteristics of CSCs but also on the TME. 

In conclusion, we demonstrated that CSCs converted from normal miPSCs 

under the microenvironment of BC provided different malignant tumorigenic 

subtypes of BC. The microenvironment of the MFPs was simultaneously shown 

to be more effective than that of s.c. tissue to develop the subtypes related with 

BC. In summary, we successfully established a breast cancer tumor model using 

mouse induced pluripotent stem cells developed from normal fibroblasts without 

genetic manipulation. 
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1. Introduction  

Cancer is a complex disease that has defied scientists and clinicians over 

generations [1]. It is used to be described as abnormal, uncontrolled and 

uncoordinated growth cells that results in the formation of a mass. Cancer is 

recognized as a public health problem especially in developed countries [2]. 

Recently, many studies have predicted an increase in the number of new cancer 

cases around 23.6 million worldwide each year by 2030 [1]. So, it is important to 

understand the biology of cancer initiation and progression specially the 

interaction between heterogeneous cancer cells within the cancer population as 

well as their interaction with their microenvironment [3]. 

2. Theories of cancer initiation  

In the past, the first theory to explain the causes of cancer were related to 

Darwin theory (mutation hypothesis), published in 1859, consisted of mutations 

within the living organisms, natural selection from the environment upon the 

mutated organisms resulting in the fittest individuals to survive in the new 

environment. Especially, 94 years later, the double helix model of DNA of 

Watson and Crick established the genetic and molecular mechanisms for 

mutations as hypothesized by Darwin [4]. This phenomenon is often described as 

clonal model and forms important step in carcinogenesis. It has been shown that 

the clonal proliferation of the parental cancer cell results in new population of 

cells selected for specific adaptive features often through sequences of genetic 

events, which determine their phenotype and behavior - for example this 

commonly result in the generation of cancer cells with properties of growing to 

bigger size and increased invasiveness [5].  

After this hypothesis, many of studies investigated the importance of number 

of mutated genes to success the conversion of cancerous cells into tumor [6]. 

Moreover, in vitro studies demonstrated that at least three or four mutations were 
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required to raise the malignant properties [7]. The main basic of this theory 

depended on the time-dependent accumulation of DNA mutations in a single cell. 

While the initiation of cancer caused by approximately 5% mutations [8]. 

Although, other types of cancers were not associated with any mutations 

whatsoever [9, 10].  

 

 

 

 

 

 

 

Figure 1. Schematic illustration for Clonal Evolution Model [11]. 

On the other hand, many scientists demonstrated that carcinogenesis was a 

result of conversion of normal stem cells into cancer stem cells (CSCs). Recently, 

many studies reported that the failure in therapeutic approaches, recurrence and 

metastasis of different types of cancer attributed to the present of eliminates of 

tumor cells [12]. This remaining tumor cells called CSCs.  CSCs are defined as 

small fraction of cells within a tumor that have the capacity to self-renew and to 

give rise to the heterogeneous lineages of cancer cells that comprise the tumor 

[13]. 

 

 

Cancer cells 
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3. Stem cells and Embryonic Stem Cells (ESCs) 

Normal stem cells are defined as immature cells that possess the capability 

of self-renewal and differentiation potential [14-16]. Alexander Maksimov is the 

first histologist who term stem cell in the early of 20th century [17]. Stem cells 

were at first believed to be present only in certain tissues, such as blood, liver, 

and intestinal epithelia, but nowadays they have been recognized to be present in 

a few numbers in any tissue in the body [18, 19]but these cells may be still present 

in an inactive form [20]. 

Pluripotency is the potential that one type of cells can differentiate into 

various kinds of cells, such as muscle cells, neural cells, and even the three layers 

of germ cells endoderm, mesoderm and ectoderm. Embryonic stem cells (ESCs) 

are pluripotent cells which were derived from the inner cell mass of blastocyst-

stage embryos. ESCs are capable of self-renewal and generate any type of cells 

according to the requirements [21]. Evans and Kaufman [22] were successed to 

established the first mouse ES cells. Presently, basic research on gene functions 

can be carried out on these transgenic animal models. However, clinical research 

on human ESCs, which were first established by Thomson et al. (1998) [23], have 

been restricted by ethical issues regarding cell sources and immunological 

rejection in cell therapy. So, scientists have attempted to reprogram somatic cells 

to develop a new kind of stem cell with self-renewal properties and pluripotency 

through many methods, such as nuclear transfer [24, 25] and cell fusion [26] to 

avoid any ethical problems related to human ESCs. 

4. Induced Pluripotent Stem Cells (iPSCs) 

Previously different methods were used to programming the somatic cells into 

stem cells and were succeeded in different models of animals. In the first, Gurdon 

(1962) [27] succeeded to replace the nuclei in unfertilized frogs’ eggs with the 

nuclei from intestinal cells. The normal tadpoles were developed from these 
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modified eggs. This means that the DNA of adult cells in frogs still contained all 

the genetic information as would be found in the nucleus of the zygote. Another 

model, the birth of Dolly sheep was successed from cloned mammal adult cells 

[24]. In 2006, Takahashi and Yamanaka generated an induced pluripotent stem 

cells (iPSCs) by over-expressing a few types of transcription factors (TFs) that 

have the ability of self-renewal and pluripotency like ESCs. In 2012, Gurdon and 

Yamanaka were awarded the Nobel Prize in physiology or medicine for their 

researches. In the first, they selected different 24 genes, which were vital 

transcripts of embryonic stem cells by using different combinations of these 

factors. Finally, the 24 candidates were reduced into to four transcription factors 

genes (Oct3/4, Sox2, Klf4, and c-Myc) by using retroviral mediated factors. They 

successed independently to reprogram mouse embryonic fibroblasts into iPSCs 

[28]. 

 

  

 

 

 

 

 

Figure 2. Key conceptual advances leading to the discovery of iPSCs. (A) Oocyte-mediated 

reprogramming. The generation of cloned feeding tadpoles by nuclear transfer into 

unwinterized egg was achieved in 1962. (B) Transcription factor-induced conversion of lineage 

committed cell fate. Lineage-instructive TFs can change somatic cell fate to a destination state 

beyond germ layers. In some cases, such cell fate conversion can be referred to as trans-

differentiation. (C) Induction of pluripotency by defined factors. The combined concepts of 

oocyte-mediated reprogramming and transcription factor-induced cell fate conversion allowed 

us to discover the iPSC technology [29]. 
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In 2007, Yamanaka’s group [29] succeeded in generating Nanog mouse 

iPSCs (miPSCs) with green florescent protein (GFP) stable expressed by 

retroviral transduction of four TFs (Oct3/4, Sox2, Klf4, and c-Myc). The 

expression of GFP was extinguished when these cells were induced to 

differentiate. So far, miPSCs have been successfully differentiated into various 

cell types, including hematopoietic and endothelial cells [30], neural cells [31], 

cardiac cells [32] and pancreatic b-cells [33]. Despite these successful reports of 

in vitro differentiation, iPSCs are not entirely suitable for transplantation into 

patients. The main issue is safety concerns in that iPSCs tend to form teratomas 

and have a risk of malignant transformation [34-36]. Based on the CSCs theory, 

we ascertained whether CSCs can be derived from miPSCs after exposure to a 

tumor microenvironment. 

 

Figure 3. The hypothesis of miPS differentiation when exposed to normal or malignant niche 

[37]. 
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5. Tumor microenvironment and CSCs  

Tumor microenvironment (TME) is very different from the normal 

environment enclosed to the normal tissues. TME consists of different cellular 

components that are categorized by increased myofibroblasts expressed in alpha 

smooth muscle. Additionally, it is comprised of endothelial, epithelial, and 

infiltrating inflammatory cells, adipocytes, blood vessels as well as extracellular 

matrix components [38, 39]. Niche is specialized microenvironment that regulate 

the fate of adult CSCs [40]. The CSCs niche are a part of tumor microenvironment 

that stimulate CSCs self-renewal character, induced angiogenesis and other 

secretory factors that initiate the progress of tumor into malignant state and 

metastasis [41-43].   

 

Figure 4. The cross talks between CSCs and their niches [43]. 
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1. Introduction  

The breast (mammary gland) is the glandular structures originated from 

ectoderm. The specialized function of breast is the production of milk for 

lactation and nutrition. The milk production is controlled by hormones.  

2. Anatomy of the Breast  

The breasts mound is located on the anterior and also partly the lateral aspects 

of the thorax. Each breast extends superiorly to the second rib, inferiorly to the 

sixth costal cartilage, medially to the sternum, and laterally to the midaxillary line 

[1, 2]. The supero‐ lateral part of the mammary gland extends towards the axilla, 

along the lower border of the pectoralis major. The shape and size of breast is 

differing according to different factors including genetic, racial, dietary factors, 

and the age. Breast’s shape may be hemispherical, conical, variably pendulous, 

piriform or thin and flattened [3, 4]. The nipple- areola complex is located 

between the fourth and fifth ribs in the center of breast mound. These consist of 

keratinizing stratified squamous epithelium with variant color from pink to dark 

brown depending on the deposit of melanocytes. Approximately 15-20 lactiferous 

ducts open on to the nipple which characterized by special types of glands like 

sebaceous, sweat, visibly and accessory glands called Montgomery’s glands [3, 

5, 6].  
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Figure 1. Section of the breast: (left) inner structure of the mammary gland; (right) section 

of the lateral view of breast showing milk flow [7]. 

 

3. The development of the breast 

3.1. Development of the breast from birth pending puberty: 

     During this period the breast budding is one of the first sign of adolescence in 

girls, beginning anywhere between age 8 and 13 years. The breast consists of 

lactiferous ducts, with no alveoli. As puberty begins, the circulating sexual 

hormone like estrogen causes the growing of ductal epithelium and surrounding 

stroma to development. These ducts begin to form the collecting ducts and 

terminal duct lobular units. These ultimately form buds that precede further breast 

lobules. Surrounding the ducts, vascularity and connective tissue volume and 

elasticity are increased, replacing adipose tissue that providing support and 

development of ducts [7].  

3.2. Development of the breast during pregnancy: 

     During pregnancy the breast reaches its maximum development. Under the 

influence of luteal, placental sex steroids and prolactin the secretion of alveoli 

and marked growth of the ducts, lobules and alveoli appear. During the first 

weeks, the ductal and lobular proliferation increase and influence by the level of 
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estrogen. By the second month the breasts have enlarged dramatically, with 

increased nipple and areolar pigmentation [8]. The alveoli now display a lumen 

surrounded by the secretory cells. During the second trimester, progesterone 

increases in the circulation and causes the lobular formation to exceed the ductal 

sprouting with a notable raise of prolactin levels [8, 9]. At this point the alveoli 

contain colostrum and the breast continues to enlarge. In the last trimester, the 

stroma surrounding the lobules reduces to make room for the hypertrophied 

lobules and the breast starts secreting colostrum, which is then replaced by true 

secretion of milk. When lactation ceases, the glandular tissue returns to its resting 

state. 

3.3. Development of the breast during menopause:      

     Menopause period typically occurs when a woman is in her late 40s and early 

50s and it is associated with a variety of symptoms related to the loss of estrogen 

and progesterone hormones. The glandular tissue of the breast atrophies, the 

connective tissue becomes less cellular and the amount of collagen decreases. The 

loss of strength of the connective tissue usually results in an increase in volume 

and drop to the breast. However, these changes of atrophy are variable and 

incomplete from woman to woman [7]. 

4. Histological structure of mammary gland and stem cells 

     In the first, the glandular structure of mammary gland consists of two 

distinct types of cells comprise the epithelial bilayer. The inner portion of the 

lactiferous ducts lined with luminal cuboidal cells. These ducts radiate from the 

nipple and dilate into the lactiferous sinuses just beneath the areola. Further 

subdivision of the lactiferous ducts leads to lobes and lobules, of which the adult 

female mammary gland has 15 to 20 and 20 to 40, respectively. Each lobule ends 

in small bulb-like glands known as terminal ductal lobular units, the source of 

milk production as response to prolactin hormone. Myoepithelial cells with 
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spindle- shape is lined the outer portion of the bilayer. These cells have smooth 

muscle cell properties and participate in the process of milk ejection by squeezing 

during lactation [10-14]. This cell type appears to be useful for diagnostic 

purposes especially in an invasive carcinoma. The myoepithelial cells are 

currently easily identified by immunohistochemical staining by using different 

antibodies against a smooth muscle actin, high molecular weight myosin, p63 and 

cytokeratin 5- 6 [15]. Many of transplantation studies have shown that the 

epithelial components of the mammary gland originate from the stem and 

progenitor cells found in the ductular and basal epithelia. Though, there are more 

than one cell population with stem cell properties has been found on the 

mammary epithelium. These mammary stem cells (MaSCs) including unipotent 

and bipotent of MaSCs that may be generate mammary epithelial progenitors. 

The bipotent MaSCs can differentiate into both luminal and myoepithelial cells 

and are characterized by the profile CD49f/CD29/CD24 [16-18]. 

     Also, the proliferation of mammary gland during the first trimester of 

pregnancy was attributed to the ability of the MaSCs and progenitor cells which 

leads to elongation and branching of ducts. Especially under the effect of 

lactogenic hormone complex (estrogen, progesterone, and prolactin) [10,13]. 

Stem cell growth is mediated by progesterone, which induces RANK-L secretion 

in progesterone positive mammary epithelial cells. Secreted RANK-L acts on the 

RANK receptor found on hormone receptor-negative progenitor cells, which 

induces their proliferation [16-18]. 

     The ducts and mammary lobules are surrounded by connective tissue. The 

connective tissue is rich with of blood and lymphatic vessels, nerves, adipose and 

fibrous tissue which supply nutrition and provide support. The deep part of the 

superficialis fascia splits the breast from the pectoral muscle. In the anterior part, 

adipose tissue lies between the breast and the skin without distinct anatomical or 

histological borders [15]. 
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5. Breast cancer and of breast cancer stem cells (BCSCs)  

     Breast cancer (BC) is the highest incidence cancer and the main cause of 

cancer-related mortality among women [19]. The development of tumors not only 

from neoplastic cells but also present a significantly altered surrounding stroma. 

So, the tumor microenvironment is now recognized as a critical element for tumor 

initiation, development and progression, as well as a measurable parameter to 

indicate the prognosis of the response of treatment [20]. 

     The BC microenvironment includes multiple cell types such as fibroblasts, 

leukocytes, adipocytes, myoepithelial and endothelial cells. They also comprise 

extracellular matrix components, soluble factors (e.g., cytokines, hormones, 

growth factors and enzymes) and physical properties (e.g., pH and oxygen 

content) [21]. In breast cancer, an important small population of cells have been 

identified and termed breast cancer stem cells (BCSCs). The origin of BCSCs is 

still unclear. However, the most widely accepted view is that BCSCs arise from 

MaSCs and progenitor cells [22, 23]. Cell surface markers, such as cluster of 

differentiation 44 (CD44), cluster of differentiation 24 (CD24) and the enzyme 

aldehyde dehydrogenase (ALDH or ALDH-1) and others are also used to identify 

BCSCs. Initial studies reported that a very few cells of BCSCs have the ability to 

form tumors in nude mice that can identified subpopulation of CD44+/CD24- cells 

[24].  

     In the formation of breast cancer, myoepithelial cells have been recognized as 

a natural barrier around the basement membrane (BM) that represent as barrier 

between the stromal environment and the luminal epithelial cells [25].  Many 

studies in breast cancer xenograft models suggested that the loss of myoepithelial 

cells encourages the change of ductal carcinoma in situ into invasive carcinoma 

[26]. There are two models to explain the change from in situ-to-invasive 

carcinoma transition have been proposed: the ‘escape’ and the ‘release’ models. 
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The ‘escape’ model recommended that genetic changes in tumor epithelial cells 

enables them to invade tissue adjacent to the ducts, although the ‘release’ model 

suggested that an abnormal microenvironment leads to disruption of the BM and 

spread of the tumor epithelial cells into the stroma [25]. The combination of these 

two models may be the key to convert in situ-to-invasive transition in breast 

cancer which cause change in both epithelial and stromal components and form 

and progress the formation of tumor. As well as, many studies reported that the 

inflammatory cytokines such as interleukin-6 promote breast cancer progression 

and metastasis by acting on BCSCs like chemokine [27]. 

6. Tissues related markers of BCSCs 

     Recent studies have reported the role of CSCs in the malignancy of BC [28]. 

The aggressiveness of BC has been correlated to the presence of BCSCs. The 

tissue specific markers in BC are estrogen receptor (ER), progesterone receptor 

(PR) and human epidermal growth factor receptor 2 (HER2). These markers are 

recommended and updated to screen the treatment and surveillance of BC by the 

American Society of Clinical Oncology [29].        

     ER is a nuclear hormonal receptor and is an important tumor marker in BC. 

ER has two isoforms as ERα and ERβ encoded in independent genes in humans 

[30]. The activity of both two isoforms is controlled by steroid hormones like 

estrogen. The mechanism of action is different and specific to tissues through 

transcriptional and non-transcriptional ways [31]. ER has critical role in cellular 

proliferation, differentiation invasion and metastasis [32]. Also, the level of 

estrogen was considered as an indicator for hormonal resistance in BC. ERα 

and/or ERβ was found expressed not only in breast CSCs but also in prostate 

CSCs. Some studies reported a variant of ERα so called ERα36 expressed in BC 

both in plasma membrane and cytoplasm. ERα36 regulates the cell proliferation 

and control the aggressiveness of BC [33]. In about 50% of mammospheres of 
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BC derived cells the expression of ERβ was upregulated in BCSCs co-expressed 

with another stem cell markers such as CD44 and ALDH1. In this context, ERβ 

could be considered as a stemness marker in BC cells. 

     PR is a member of nuclear receptor family that binds to ligand progesterone. 

There are two isoforms of PR, PR-A (94KDa) and PR-B (114KDa) [34]. Both 

isoforms are encoded in the same gene (PGR) [35]. PR-A is overexpressed in BC. 

PR in BC genetically and/or epi-genetically activates signaling pathways through 

Src or PI3K [36]. PR-A induces expansion of basal-like BCSCs, while PR-B 

enriches luminal ones. Further, CSC markers, ALDH1, CD44+/CD24-, and 

CD49f+/CD24-, are linked to the phosphorylation of Ser294 residue in PR. 

     HER2 is a transmembrane glycoprotein receptor that is encoded in HER2/neu 

gene. HER2 consists of two different parts: extracellular domain and intracellular 

tyrosine kinase [37]. The phosphorylation of the intracellular tyrosine kinase 

activates PI3K and MAPK signaling cascades to control the cellular response 

[38]. CSCs were identified in breast cancers [24] and HER2 amplification was 

found correlated with ALDH1 in BCSCs. HER2 overexpression in breast cancer 

cell lines increased the number of CSCs, leading to increased invasion in vitro 

and tumorigenesis in vivo [39]. HER2 is being demonstrated to promote 

carcinogenesis, invasion, and metastasis in HER2-positive breast cancers by 

maintaining and increasing CSCs [40]. HER2 has been reported in another solid 

malignance tumors like in the bladder and ovary. 
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Abstract 

Breast cancer is the first common cause of cancer-related death in women 

worldwide. Since the malignancy and aggressiveness of breast cancer have been 

correlated with the presence of breast cancer stem cells, the establishment of a 

disease model with cancer stem cells is required for the development of a novel 

therapeutic strategy. Here, this study aimed to evaluate the availability of cancer 

stem cell models developed from mouse induced pluripotent stem cells with the 

conditioned medium of different subtypes of breast cancer cell lines, the 

hormonal-responsive T47D cell line and the triple-negative breast cancer BT549 

cell line, to generate in vivo tumor models. When transplanted into the mammary 

fat pads of BALB/c nude mice, these two model cells formed malignant tumors 

exhibiting pronounced histopathological characteristics similar to breast cancers. 

Serial transplantation of the primary cultured cells into mammary fat pads evoked 

the same features of breast cancer, while this result was perturbed following 

subcutaneous transplantation. The tumors formed in the mammary fat pads 

exhibited immune reactivities to prolactin receptor, progesterone receptor, green 

florescent protein, Ki67, CD44, estrogen receptor α/β and cytokeratin 8, while all 

of the tumors and their derived primary cells exhibited immunoreactivity to 

estrogen receptor α/β and cytokeratin 8. Cancer stem cells can be developed from 

pluripotent stem cells via the secretory factors of cancer-derived cells with the 

capacity to inherit tissue specificity. However, cancer stem cells should be plastic 

enough to be affected by the microenvironment of specific tissues. In summary, 

we successfully established a breast cancer tumor model using mouse induced 

pluripotent stem cells developed from normal fibroblasts without genetic 

manipulation. 
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1. Introduction 

Cancer is the most serious disease in the world, and the rate of incidence 

of new cases is still high. Breast cancer (BC) is the first common cause of cancer-

related death in women worldwide. The crude rates per 100,000 population of BC 

occurrence in 2020 are estimated to be 45 in Asia, 137 in Europe, 151 in North 

America, and 28 in Africa according to WHO 2020. BC represents approximately 

25% of all types of cancer [1]. BC is characterized by distinct stages, from 

atypical ductal hyperplasia (ADH) and ductal carcinoma in situ (DCIS) to 

invasive breast cancer [2]. Several studies have reported that the cause of tumors, 

including BC, is attributed to the presence of small numbers of heterogeneous 

cell populations. These small cell populations are called cancer stem cells (CSCs), 

which represent approximately 1 to 5% of all cells in tumor tissue [3]. CSCs are 

characterized by their potential for self-renewal, differentiation and 

tumorigenesis [4, 5], resulting in increasing rates of tumor progression [6], cell 

mobility [7, 8], cell invasion and metastasis [9, 10] together with the formation 

of blood vessels for angiogenesis. Recently, the role of CSCs in BC has been 

clarified by the expression of some cell surface markers on cells isolated from 

tumors [3]. However, the analyses of CSCs in tumor tissues have not been 

efficient and practical due to their low abundance. 

Previously, our group successfully developed unique models of CSCs from 

induced pluripotent stem cells (iPSCs), which were developed from normal 

embryonic fibroblasts, in the presence of conditioned medium (CM) from a 

cancer cell culture mimicking the tumor microenvironment [11]. Using this 

model, we found that CSCs may generate cancer-associated cells, such as 

vascular endothelial cells, cancer-associated fibroblasts (CAFs) [12], tumor-

associated adipocytes and tumor-associated macrophages (TAMs) [13], which 

form a part of the tumor microenvironment (TME) [14]. Thus, CSCs appear to be 
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supported and maintained in heterogeneous tumor tissues, creating a niche that 

maintains the balance between self-renewal and differentiation [15]. During the 

course of the studies, we successfully established two different tissue-specific 

models, a pancreatic ductal adenocarcinoma CSC model [16] and a liver CSC 

model [17], both of which were converted from mouse iPSCs (miPSCs) in the 

presence of CM from pancreatic cancer cells and liver cancer cells, respectively, 

developed via the effects of tissue-specific factors in vivo. In conclusion, the TME 

can be considered a mixture of microenvironments that are generated by CSCs 

on the one hand and by adjacent normal tissues on the other hand. 

In the present study, we aimed to establish an in vivo breast cancer model 

of CSCs converted from miPSCs with CM from different subtypes of BC cell 

lines via transplantation by comparing the phenotypes that may be plastic 

depending on the microenvironment, such as the mammary fat pad (MFP) and 

subcutaneous (s.c.) tissue. 
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2. Materials and Methods 

2.1. Cell cultures 

The CSC models miPS-T47Dcm and miPS-BT549cm cells, were 

previously prepared by our group [12]. The human breast cancer cell line T47D, 

which was derived from the pleural effusion of a ductal carcinoma found in the 

mammary gland of an elderly human patient, and the cell line BT549, which was 

derived from triple-negative breast cancer, were obtained from Riken Cell Bank, 

Japan. The normal mouse mammary epithelial cell line NMuMG was a kind gift 

from Dr. David Salomon under an MTA of the National Cancer Institute, MD. 

The cells were cultured in RPMI-1640 medium (WAKO, Japan) supplemented 

with 10 % fetal bovine serum (FBS) (Gibco®, Life Technologies™, USA) and 

100 U/ml penicillin/streptomycin (P/S) (Nacalai Tesque, Japan). The cells were 

cultured and maintained in a 37°C incubator with 5 % CO2 until reaching 80 % 

confluence. To prepare the CM, the medium was supplemented with 5 % FBS, 

and after 48 h, the medium was collected, centrifuged for 10 min at 1000 rpm and 

then filtered through a 0.22 μm filter (Millipore, Ireland). The CM was stored at 

-20°C until use. The miPSCs (iPS MEF-Ng-20D-17, Riken Cell Bank, Japan) 

[18] were maintained in DMEM supplemented with 15 % FBS, 0.1 mM MEM 

with nonessential amino acids (Wako, Japan), 2 mM L-glutamine, 100 U/ml P/S 

(Nacalai Tesque, Japan), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, USA), and 

1000 U/ml leukemia inhibitory factor (WAKO, Japan) on a feeder layer of 

mitomycin-treated mouse embryonic fibroblast (MEF) cells (Reprocell, Japan) 

seeded at 5x104 cells in a 60-mm dish (TPP, Switzerland). The miPSCs were 

seeded at 5x105 cells on MEFs coated with 0.1 % gelatin (Sigma, USA) and 

maintained under the same conditions. 
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2.2. Animal experiments 

Four-week-old female BALB/c-nu/nu mice were purchased from Charles 

River, Japan. The experimental animals were divided into the s.c. and MFP 

groups. For transplantation, 1x106 cells were suspended in 100 μl of Hank's 

balanced salt solution (Gibco®, Life Technologies™, USA) and injected dorsally 

into the s.c. tissue or into one of the fourth pair (4G) of MFP. The experimental 

protocol is summarized in Figure 1A. In the primary (P) tumors, miPS-T47Dcm 

and miPS-BT549cm cells were injected into s.c. tissue or MFPs. The tumors 

obtained from the s.c. group were named Ts.c./Bs.c., while the tumors obtained 

from the MFP group were named Tm1/Bm1. Mice were sacrificed after 

approximately 4 weeks when the size of the tumor reached approximately 1 cm 

in diameter. Immediately after sacrifice, tissues from Ts.c./Bs.c. and Tm1/Bm1 

tumors were directly transplanted into s.c. tissue to obtain tumors named 

Tds.c./Bds.c. and Tdm/Bdm. P1 cultures from Tm1/Bm1 tumors were prepared 

as described by Chen et al (2012), and the obtained cells, named miPS-

T47DcmP1MFP and miPS-BT549cmP1MFP, were injected into the MFPs to 

yield the secondary tumors, named Tm2/Bm2. After 4 weeks, the mice were 

sacrificed, and P cultures from Tm2/Bm2 tumors were prepared according to 

Chen et al (2012). The obtained cells, miPS-T47DcmP2MFP and miPS-

BT549cmP2MFP, were injected into the MFPs to yield tertiary tumors, 

Tm3/Bm3. The present study was approved by the Animal Care Use Committee 

of Okayama University under IDs OKU-2020382 and OKU-2020652. 
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Figure 1. A. Schematic drawing of the preparation of primary cells. The first stage: miPS-

T47DcmP1sc, miPS-BT549cmP1sc, miPS-T47DcmP1sc/sc, miPS-BT549cmP1sc/sc, miPS-

T47DcmP1MFP, miPS-BT549cmP1MFP, miPS-T47DcmP1MFP/sc and miPS-

BT549cmP1MFP/sc cells from the tumors developed from the transplantation of miPS-

T47Dcm and miPS-BT549cm cells in BALB/c-nu/nu mice. The second stage of primary cells 

is the P culture of the Tm2/Bm2 tumors. The third stage of primary cells is the P culture of the 

Tm3/Bm3 tumors. Each stage of primary cells is surrounded by red broken squares. Ts.c./Bs.c. 

and Tm1/Bm1 are the primary tumors (blue broken circles). Tds.c./Bds.c., Tm2/Bm2 and 

Tdm/Bdm are the secondary tumors (yellow broken circles). Tm3/Bm3 is the tertiary tumor 

(gray broken circles). B. The macroscopic features of the Tm1 tumor transplanted into the 

MFPs. The border of the tumor was ill defined (red line) with a firm consistency that was too 
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hard (left). The cut surface shows hemorrhage and necrotic areas (middle). The base appears 

indurated and infiltrating (right). 

2.3. Histopathological analysis 

For the histopathological analysis, tumors were immediately removed from 

mice, fixed in 10 % neutral formalin (Wako, Japan) for 24 h, and embedded in 

molten paraffin wax (Wako, Japan). Then, the paraffin blocks were cut by using 

an automatic rotary microtome (HistoCore AUTOCUT, Leica, Germany) with a 

5 µm thickness. Then, sections were stained with hematoxylin (Merck, Germany) 

and counterstained with alcoholic 0.5 % Eosin Y (Wako, Japan). Sections were 

examined by using an Olympus FSX100 microscope (Olympus, Tokyo, Japan), 

and images were captured with an FSX100 digital camera (Olympus) and 

processed with FSX-BSW version 3.2. software (Olympus) on 10x NA0.40 and 

20x NA0.95 objective lenses.  

2.4. Immunohistochemical (IHC) analysis 

Paraffin sections with a thickness of 5 µm were stained for IHC analysis 

according to the procedures of the ABC Vectastain kit with an Elite anti-rabbit 

IgG antibody (Vector Laboratories, USA). Protein expression was detected by 

using DAB substrates (Vector Laboratories, USA) and counterstained with 

hematoxylin. The primary antibodies used in this study were as follows: anti-

mouse estrogen receptor beta (ERβ) rabbit polyclonal antibody (1:50, ab3576, 

Abcam, UK), anti-mouse progesterone receptor (PR) rabbit polyclonal antibody 

(1:100, ab63605, Abcam, UK), anti-mouse prolactin receptor (PRL-R) rabbit 

monoclonal antibody (1:50, ab170935, Abcam, UK), anti-mouse CD44 rabbit 

polyclonal antibody (1:200, ab24504, Abcam, UK), anti-mouse Ki67 rabbit 

polyclonal antibody (1:100, ab66155, Abcam, UK), and anti-mouse green 

florescent protein (GFP) rabbit monoclonal antibody (1:500, #2956, Cell 

Signaling Technology, USA). The negative control sections were prepared 
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identically to all other slides, but the primary antibody was replaced with an 

isotype rabbit IgG (Wako, Japan). Slides were examined, and images were taken 

as described above on an LCACHN40xPHP NA0.55 objective lens. 

2.5. Immunofluorescence analysis 

For the immunofluorescence analysis, paraffin sections with a 5 µm 

thickness were dewaxed, rehydrated and treated by antigen retrieval (trisodium 

citrate dihydrate). The sections were incubated with the following primary 

antibodies overnight at 4°C: anti-mouse estrogen receptor α (ERα) mouse 

monoclonal antibody (1:50, sc-8005; Santa Cruz Biotechnology, CA) and anti-

mouse cytokeratin 8 (CK8) mouse monoclonal antibody (1:50, sc-8020; Santa 

Cruz Biotechnology, CA). Then, the slides were incubated with Alexa Fluor® 

594-labeled goat anti-mouse IgG (1:1000, ab150116; Abcam, UK). Nuclei were 

counterstained by mounting with antifade mounting medium containing 4,6-

diamidino-2-phenylindole (DAPI; Vector laboratories). The negative control 

sections were prepared identically to all other slides, but the primary antibody 

was replaced with an isotype mouse IgG (Wako, Japan) (Figure 12). Slides were 

examined, and images were taken by using an Olympus FSX100 microscope 

(Olympus, Tokyo, Japan) on an LCACHN40xPHP NA0.55 objective lens. The 

florescence filters used to capture the florescence digital images included a green 

filter (U-MWIBA3), red filter (U-MWIG3) and blue filter (U-MNUA2). 

2.6. Immunocytochemical analysis 

The cells were seeded at 1x105 cells/well in a 12-well plate that contained 

a gelatin-coated coverslip in each well. The plate was incubated at 37°C with 5 

% CO2 until cells were attached. Then, the medium was carefully aspirated, and 

the wells were washed 3 times with PBS. Then, the cells were fixed with 4 % 

paraformaldehyde (Nacalai Tesque, Japan) for 20 min. The cells were 
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permeabilized with 0.1 % Triton X-100 (Nacalai Tesque, Japan) in PBS and 

blocked in 1 % bovine serum albumin (Sigma, USA) followed by several washes 

with PBS and incubation with the primary anti-mouse ERα rabbit monoclonal 

antibody (1:1000, ab32063; Abcam, UK) and anti-mouse PR rabbit polyclonal 

antibody (1:500, ab63605; Abcam, UK) overnight at 4°C. At that time, the cells 

were washed with PBS and incubated with Alexa Fluor 555®-labeled goat anti-

rabbit IgG (H+L) (1:1000, A21428; Invitrogen Thermo Fisher Scientific, USA) 

for 1 h at room temperature. Then, slides were mounted with antifade mounting 

medium containing DAPI (Vector Laboratories). Slides were examined, and 

images were taken as described above. 

2.7. Protein extraction and Western blotting 

Total protein of cells or tissues was extracted with lysis buffer (1 M Tris-

HCl, pH 8, 5 M NaCl, 10 % Triton, 0.4 M EDTA and Mill Q H2O) containing a 

proteinase inhibitor cocktail (225955-11, Nacalai Tesque, Japan). The proteins 

were subjected to 12.5 % SDS-PAGE, and then proteins were transferred to 

polyvinylidene difluoride membranes (Millipore-Merck, Germany). The 

membranes were then blocked in 5 % skim milk by shaking for 1 h at room 

temperature, and then the membranes were incubated with the primary anti-

mouse β-actin monoclonal antibody (1:1000, 010-27841; Wako, Japan), anti-

mouse ERβ rabbit polyclonal antibody (1:1000, ab3576; Abcam, UK), anti-

mouse ERα mouse monoclonal antibody (1:200, sc-8005; Santa Cruz 

Biotechnology, CA) and anti-mouse CK8 mouse monoclonal antibody (1:200, sc-

8020; Santa Cruz Biotechnology, CA) overnight at 4°C followed by incubation 

with horseradish peroxidase-conjugated anti-rabbit/mouse IgG (1:1000, 

#7074s/#7076s, Cell Signaling Technology, MA) as the secondary antibody for 

1 h at room temperature. Immunoreactivity on the membrane was developed, and 

images were captured by WSE-6100H-ACP LuminoGraph I and processed with 
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ImageSaver6 version 2.7.2 software (ATTO Bioscience and Biotechnology; 

Tokyo, Japan). 

2.8. RNA isolation and reverse transcription quantitative PCR (RT-qPCR) 

Total RNA of cells or tissues was isolated with TRIzol (Life Technologies, 

USA) following the manufacturer's protocol. The extracted RNA was treated with 

DNase I (Promega, Nasison, W.I., USA). One microgram of RNA was reverse 

transcribed with the GoScript™ Reverse Transcription System (Promega, 

Nasison, W. I, USA). RT-qPCR was performed with Light Cycler 480 SYBR 

green I Master Mix (Roche Diagnostics GmbH, Germany) on a Light Cycler 480 

II (Roche Diagnostics GmbH, Germany) following the manufacturer's 

instructions. All primers used in this study were designed with bioinformatics 

tools, such as BLAST (NCBI, Bethesda, MD, USA) and Primer3 tools (Table 1), 

and synthesized by Eurofins Genomics, Japan. 

 

Table 1. Sequences of primers used in the study. 

Gene 

name 
Accession No. 

Forward Primer 

5' → 3' 

Reverse Primer 

5' → 3' 

GAPDH NM_008084 AACGGCACAGTCAAGGCCGA ACCCTTTTGGCTCCACCCTT 

NANOG NM_028016.3 AGGGTCTGCTACTGAGATGCTCTG CAACCACTGGTTTTTCTGCCACCG 

KLF4 NM_010637.3 GCGAACTCACACAGGCGAGAAACC TTATCGTCGACCACTGTGCTGCTG 

SOX2 NM_011443.4 TTGCCTTAAACAAGACCACGAAA TTGCCTTAAACAAGACCACGAAA 

OCT3/4 NM_013633.3 TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC 
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2.9. Image analysis 

Digital IHC and Western blotting images were analyzed by a 

semiquantitative scoring system (Fiji-ImageJ software, Java-based application 

for analyzing images) (http://imagej.nih.gov/ij/). The percentage of the stained 

area (area fraction) was determined by measuring six randomly photographed 

high-power fields 20x [19]. Additionally, this program was applied to compare 

the density of bands of different immunoreactive proteins on Western blot. 

2.10. Statistical analysis 

All data obtained are expressed as the mean ± standard deviation (mean ± 

SD). The significance between different groups was evaluated by using one-way 

ANOVA. 
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3. Results 

Focusing on the pathological signatures of breast cancer including ERα/β, 

PR and PRL-R, we investigated the characteristics of Ts.c./Bs.c., Tm1/Bm1, 

Tds.c./Bds.c., Tdm/Bdm, Tm2/Bm2 and Tm3/Bm3 tumors derived from CSC 

models of miPS-T47Dcm and miPS-BT549cm cells and their primary cultures in 

this study (Figure 1A). 

3.1. Macroscopic features of the tumors 

The macroscopic features of the developed tumors indicated that these 

tumors were malignant when transplanted into either the MFPs or s.c. tissue. A 

representative tumor is shown in Figure 1B. The border of the tumor was ill 

defined with a firm consistency that was not too hard. The cut surface appears 

with hemorrhage and necrotic areas as well as an indurated and infiltrating base. 

3.2. Morphological characteristics of the tumors as BC 

The tumors showed different histopathological features under microscopic 

examinations. Those of Ts.c./Bs.c. and Tm1/Bm1 (Figure 2, 3). Pronounced 

characteristics of histopathological malignancies, such as invasive lobular 

carcinoma (ILC) like structures with small round nuclei, inconspicuous nuclei 

and scant cytoplasm, were observed in the Tm1 tumor of miPS-T47Dcm cells 

that were implanted into the MFPs (Figure 2A). Tumors of miPS-T47DcmP1 

cells transplanted into the MFPs, which formed Tm2 tumors, resembled ADH, 

solid DCIS and high mitotic activity with a gastrointestinal structure (Figure 2B). 

In the tertiary Tm3 tumor in which miPS-T47DcmP2 cells were transplanted into 

the MFPs, duct ectasia with fatty necrosis, adenosis, active mitogenic cells and 

lymph node metastasis with a focal legion and disrupted capsule like structures 

were found (Figure 2C, D). Adenosis was observed only in mouse Ts.c. tumors 
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from miPS-T47Dcm cells transplanted into s.c. tissue (Figure 2E). These results 

were compared with those from tumors developed from tumor tissue specimens. 

The Tdm tumor of miPS-T47DcmP1 was directly transplanted into s.c. tissue 

(miPS-T47DcmP1MFP/sc) showed DCIS as well as ILC like structures (Figure 

2F), while active mitogenic cells and necrotic areas were recognized in the Tds.c. 

tumor, which was directly transplanted from a Ts.c. tumor (Figure 2G). 
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Figure 2. Histopathological observations in the sections of tumors, Tm1, Tm2, Tm3, Ts.c., 

Tdm and Tds.c. obtained from miPS-T47Dcm cells transplanted in BALB/c-nu/nu mice. A, B, 

C, D, F Tumors developed in MFP E, G Tumors developed in s.c. Arrows indicate ILC A, 

ADH and gastrointestinal structure B, duct ectasia with fatty necrosis and adenosis C, lymph 

node metastasis (LN) with focal legion and disrupted capsule D, adenosis E, ILC F, active 

mitogenic cells with necrotic areas G like structures, Hematoxylin and Eosin, scale bar = 129 

µm at 10x magnification, 64 µm at 20x magnification. 
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In the Bm1 tumor in which miPS-BT549cm cells were transplanted into 

the MFPs, resembled high-grade DCIS with central comedo necrosis, solid DCIS 

with a completely filled duct characterized by enlarged pleomorphic nuclei, 

fibrocystic dilated ducts and adenosis were observed (Figure 3A). The similar 

characteristic of ILC with small nuclei and cytoplasmic vacuolation surrounded 

by fibers was found in the Bm2 tumor of miPS-BT549cmP1 cells transplanted 

into the MFPs (Figure 3B), while medullary carcinoma with pleomorphic nuclei 

surrounded by fibers and infiltrated lymphatic cells like structure was detected in 

the Bm3 tumor of miPS-BT549cmP2 cells transplanted into the MFPs (Figure 

3C). In the Bs.c. tumor of miPS-BT549cm cells transplanted into s.c. tissue, 

developed lobular carcinoma in situ was observed (Figure 3D). It should be noted 

that the allograft model of miPS-BT549cmP1 tumor the Bdm tumor specimen 

was transplanted into s.c. tissue (miPS-BT549cmP1MFP/sc) resembled ADH and 

ILC, while the Bds.c. tumor transplanted from s.c. tissue to s.c. tissue (miPS-

BT549cmP1sc/sc) showed infiltrated ductal carcinoma like structures (Figure 

3E, F). 

Tumors obtained from mice transplanted with miPSCs on one side of the 

4G of the MFPs showed different germ layers of a teratoma, such as skin and hair 

(ectoderm in origin), consisting of keratinized stratified squamous epithelium 

(Figure 3G), while tumors obtained from mice in which miPSCs were 

transplanted into s.c. tissue showed gastrointestinal structures (endoderm in 

origin) lined with simple columnar epithelium in the intestine as well as 

nonkeratinized stratified squamous epithelium identical to those in the esophagus 

(Figure 3H). 
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Figure 3. Histopathological observations in the sections of tumors, Bm1, Bm2, Bm3, Bs.c., 

Bdm and Bds.c. were developed from miPS-BT549cm cells transplanted in BALB/c-nu/nu 

mice and benign teratoma developed from miPSCs. A, B, C, E, G Tumors developed in MFP 

D, F, H Tumors developed in s.c. Arrows indicate high grade DCIS with comedo necrosis and 

solid DCIS* with completely filled duct with enlarged and pleomorphic nuclei A, ILC B, 

medullary carcinoma C, lobular carcinoma in situ D, ILC E, infiltrated ductal carcinoma F, hair 

follicles G, and gastrointestinal structures H like structures, Hematoxylin and Eosin, scale bar 

= 129 µm at 10x magnification, 64 µm at 20x magnification. 
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The characteristics of all the tumors are summarized in Table 2. Both 

miPS-T47Dcm and miPS-BT549cm cells exhibited more malignancy and 

aggressiveness when transplanted into the MFPs than into s.c. tissue. However, 

miPS-T47Dcm cells did not exhibit BC characteristics when transplanted into s.c. 

tissue as the primary and secondary generations of Ts.c./Bs.c. and Tds.c./Bds.c 

tumors. Even Tm3 tumors, which were the tertiary generation of cells 

transplanted into the MFPs, lost BC characteristics and exhibited metastasis into 

lymph nodes, which are often observed in malignant BC. Hence, we focused on 

the primary tumors, Tm1/Bm1, transplanted into the MFPs, in the following 

analyses to evaluate the differences between MFP- and s.c.-microenvironments 

comparing the MFP tumors with tumors transplanted into s.c. tissue, Ts.c/Bs.c. 

and Tdm/Bdm, so that the effect of MFP microenvironment could be 

distinguished from that of s.c. microenvironment.  

Table 2. Morphological characteristic of tumors obtained by transplantation. 

CSCs miPS-T47Dcm miPS-BT549cm 

Site Tumor BC type Other type Malignancy Tumor BC type Other type Malignancy 

MFP Tm1 ILC - +++ Bm1 DCIS, solid DCIS - ++ 

 Tm2 ADH, solid 

DCIS 

- ++ Bm2 ILC - +++ 

 Tm3 - Duct ectasia, 

fatty necrosis, 

adenosis, lymph 

node metastasis 

+* Bm3 Medullary 

carcinoma 

- ++ 

s.c. Tdm DCIS, ILC - +++ Bdm ADH, ILC - +++ 

 Ts.c. - Adenosis - Bs.c. Lobular 

carcinoma in situ 

- ++ 

 Tds.c. - Mitogenic cells, 

necrotic area 

+ Bds.c. Infiltrated ductal 

carcinoma 

- ++ 

+, moderate; ++, middle; +++, high; +*, moderate with metastasis. Tm1; miPS-T47Dcm MFP, Tm2; miPS-

T47DcmP1MFP, Tm3; miPS-T47DcmP2MFP, Tdm; Tm1direct s.c. transplantation, Ts.c.; miPS-

T47Dcm s.c., Tds.c.; Ts.c. direct s.c. transplantation, Bm1; miPS-BT549cm MFP, Bm2; miPS-

BT549cmP1MFP, Bm3; miPS-BT549cmP2MFP, Bdm; Bm1direct s.c. transplantation, Bs.c.; miPS-

BT549cm s.c., Bds.c.; Bs.c. direct s.c. transplantation. 
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To address the presence of hormone receptors in the models, 

immunostaining was performed in Tm1/Bm1, Ts.c./Bs.c. and Tdm/Bdm tumors. 

The immunoreactivity to ERα/β, PR, PRL-R, Ki67, CK8 and CD44 was 

evaluated (Figures 4, 5). Immunoreactive ERβ was detected in Tm1/Bm1 tumors 

transplanted into the MFPs from both miPS-T47Dcm and miPS-BT549cm cells 

(Figure 4). The Bdm tumor showed strong immunoreactivity for PR (Figure 4C), 

while immunoreactivity was moderate in the Bm1 tumor of miPS-BT549cm cells 

transplanted into the MFPs, and low immunoreactivity was low in the Ts.c. tumor 

of miPS-T47Dcm cells transplanted into s.c. tissue (Figure 4B). On the other 

hand, PRL-R was strongly detected in the membranes and cytoplasm of all ducts 

in the Tdm tumor (Figure 5C). Simultaneously, moderate immunoreactivity for 

PRL-R was found in the Tm1/Bm1 tumors of both miPS-T47Dcm and miPS-

BT549cm cells transplanted into the MFPs, while strong immunoreactivity for 

CD44 was observed in the Bm1 and Tdm tumors (Figure 4B). The 

immunoreactivity for GFP was relatively weak overall (Figure 5B, D). The 

proliferation marker Ki67 was recognized as moderately immunoreactive in the 

Tm1 tumor of miPS-T47Dcm cells transplanted into the MFPs (Figure 4B). The 

immunoreactivities for the markers in the tumors (Figure 4B, Figure 5C) are 

summarized in Table 3. In summary, Tm1/Bm1, Ts.c./Bs.c. and Tdm/Bdm 

tumors exhibited comparably strong immunoreactivity for ERβ, while Ts.c./Bs.c. 

tumors exhibited comparably weaker immunoreactivity for PR, PRL-R, Ki67 and 

CD44 than Tm1/Bm1 and Tdm/Bdm tumors. The MFP, as the tumor 

microenvironment, appears more effective in exerting mammary tumor-like 

features than s.c. tissue. Considering the results obtained from Tdm/Bdm tumors, 

these features appeared to be fixed in the primary tumors and sustained in the 

secondary tumors even when the microenvironment was changed to s.c. tissue. 

3.3. Markers in the tumors correlated with the microenvironment   
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Figure 4. IHC analysis of primary Tm1/Bm1 and Ts.c./Bs.c. tumors transplanted into the MFPs 

and s.c. tissue, respectively. A. Immunoreactivity to ERβ, PR, PRL-R, Ki67 and CD44 is 

shown in paraffin sections of Tm//Bm1 and Ts.c./Bs.c. tumors derived from miPS-T47Dcm 

and miPS-BT549cm cells. Scale bar = 64 µm at 20x magnification. B. Percentage of the 

immunoreactive area (mean ± SD) of ERβ, PR, PRL-R, Ki67 and CD44 in the different 

experimental groups. Each bar in the graphs represents the average of six readings (mean ± 

SD). Significance compared with tumors derived from miPSCs transplanted into the MFPs. * 

p˂0.05, **p< 0.01, *** p< 0.001. 
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Figure 5. IHC analysis of Tm1/Bm1 and Tdm/Bdm tumors sections transplanted into MFP and 

s.c. tissue, respectively. A. Immunoreactivity to ERβ, PR, PRL-R, Ki67 and CD44 is shown in 

paraffin sections of Tdm/Bdm, both derived from Tm1 and Bm1 tumors transplanted into s.c. 

tissue. B. The immunoreactivity of GFP in all Tm1/Bm1, Tdm/Bdm and miPSCs tumor in MFP. 

Scale bar = 64 µm at 20x magnification. C, D.  Percentage of the immunoreactive area (mean 

± SD) of ERβ, PR, PRL-R, Ki67, CD44 and GFP expression in the different experimental 

groups. Each bar in the graphs represents the average of six reading (mean ± SD). Significant 

compared with tumors derived from miPSCs transplanted into the MFPs. * p˂0.05, **p< 0.01, 

*** p< 0.001. 

 

Table 3. The immunoreactivity of hormonal receptors together with Ki67 and 

CD44 in the primary and secondary tumors. 

Site MFP s.c. s.c. 

Tumor Tm1 Bm1 Ts.c. Bs.c. Tdm Bdm 

ERβ 3 3 2 2 2 2 

PR 2 2 1 1 1 3 

PRL-R 3 3 2 1 4 2 

Ki-67 2 2 1 1 1 2 

CD44 1 3 1 1 2 2 

The scores are depicted according to the average percentage of positively stained area in Fig. 3b. 4, 

more than or equal to 50 %: 3, more than or equal to 40 and less than 50 %: 2, more than or equal to 30 

and less than 40 %: 1, less than 30 %. Tm1; miPS-T47Dcm MFP, Bm1; miPS-BT549cm MFP, Ts.c.; 

miPS-T47Dcm s.c., Bs.c.; miPS-BT549cm s.c., Tdm; Tm1direct s.c. transplantation, Bdm; Bm1direct 

s.c. transplantation. 
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Immunofluorescent staining of ERα and CK8 in the Tm1/Bm1 and 

Ts.c./Bs.c. tumors was assessed (Figure 6). The immunoreactivity for ERα was 

detected in the cytoplasm and membrane in different sections of the Tm1/Bm1, 

Ts.c./Bs.c., Tdm/Bdm tumors (Figure 6A and Figure 7A), while it was negative 

in the teratoma derived from miPSCs transplanted into the MFPs (Figure 6A). 

The merged pattern of ERα and GFP was yellow, indicating that ERα was 

localized in the cytoplasm in the Tm1 tumor of miPS-T47Dcm cells. 

Immunoreactivity for CK8 was detected in each tumor allograft model (Figure 

6B and Figure 7B). However, the colocalization of CK8 and GFP was evident 

in the Bm1 tumor of miPs-BT549cm cells transplanted into the MFPs, exhibiting 

a yellow pattern when merged (Figure 6B). The immunoreactivity for GFP and 

cytoplasmic localization were confirmed at the same time as the reference 

undifferentiated marker.  
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Figure 6. Immunofluorescence analysis of primary Tm1/Bm1 tumors transplanted into the 

MFPs and Ts.c./Bs.c. tumors transplanted into s.c. tissue. Immunoreactivity to both ERα and 

CK8 was detected in paraffin sections from Tm1/Bm1 and Ts.c./Bs.c. tumors derived from 

miPS-T47Dcm and miPS-BT549cm cells. A. ERα immunoreactivity (red) was observed in the 

cytoplasm and membrane of tumor cells. B. CK8 immunoreactivity (red) was detected in the 

cytoplasm and perinucleus of tumor cells. Scale bar = 32 µm at 40x magnification. 
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Figure 7. Immunofluorescence analysis of paraffin sections from Tdm and Bdm tumors. The 

immunoreactivity of both ERα and CK8 were detected in theses sections that derived from 

Tm1and Bm1 tumors transplanted into s.c. tissue. A. ERα immunoreactivity (red) was observed 

in the cytoplasm and membrane of the tumor sections. B. CK8 immunoreactivity (red) was 

detected in the cytoplasm and perinuclear of tumor sections. Scale bar = 32 µm at 40x 

magnification.  
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3.4. Markers in primary cells correlated with the tumor microenvironment 

Subsequently, we assessed the immunoreactivity for ERα and PR in the 

primary cells from Tm1/Bm1 and Ts.c./Bs.c. tumors (Figures 8 and 9). Both 

ERα and PR were observed in the nuclei and cytoplasm of miPS-T47Dcm, miPS-

BT549cm, miPS-T47DcmP1MFP, miPS-T47DcmP1sc, miPS-BT549cmP1MFP 

and miPS-BT549cmP1sc whereas T47D cells were put for the reference of 

immunoreactivity. The miPS-T47DcmP1MFP cells appeared more differentiated 

(reddish in color), while miPS-T47DcmP1sc cells appeared undifferentiated 

(yellowish in color) when GFP and ERα were merged. Based on the 

immunoreactivity for ERα, miPS-BT549cmP1MFP cells appeared more 

undifferentiated than miPS-BT549cm P1sc cells when GFP and ERα were 

merged. 

Based on the immunoreactivity for PR, the localization of PR and cell 

differentiation were not very different between miPS-T47DcmP1MFP cells and 

miPS-T47DcmP1sc cells. On the other hand, miPS-BT549cmP1MFP cells 

appeared to be more differentiated (reddish in color), while miPS-BT549cmP1sc 

cells appeared to be undifferentiated (green in color) when GFP and ERα were 

merged. PR was localized to the nuclei in both miPS-BT549cmP1MFP cells and 

miPS-BT549cmP1sc cells, where its immunoreactivity was recognized. In 

summary, the MFP appears to be a more effective microenvironment to evoke the 

differentiated mammary phenotype than s.c. tissue. 
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Figure 8. Immunocytochemical analysis of ERα in T47D, miPS-T47Dcm, miPS-

T47DcmP1MFP miPS-T47DcmP1sc, miPS-BT549cm, miPS-BT549cmP1MFP and miPS-

BT549cmP1sc cells. ERα immunoreactivity (red) was detected in the nuclei, cytoplasm and 

membrane of different cells. Scale bar = 32 µm at 40x magnification. 
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Figure 9. Immunocytochemistry analysis of PR in T47D, miPS-T47Dcm, miPS-

T47DcmP1MFP, miPS-T47DcmP1sc, miPS-BT549cm, miPS-BT549cmP1MFP and miPS-

BT549cmP1sc cells. PR immunoreactivity (red) was detected in the nuclei and cytoplasm of 

different cells. Scale bar = 32 µm at 40x magnification. 

 

 

 

 

 

 



 Chapter 3                                                                                 Mammary fat pad affected CSC derived Tumors 

 

67 
 

3.5. Markers in the tumors correlated with BC 

We further assessed the expression of ERα, ERβ and CK8 using Western 

blotting (Figure 10A, B). The expression of ERα, ERβ and CK8 was 

approximately 3- to 5-fold higher in the Tm1 and Ts.c. tumors of miPS-T47Dcm 

cells transplanted into the MFPs and s.c. tissue than those of NMuMG cells, while 

the expression of ERβ was approximately 3.8- and 4-fold higher only in the Bm1 

and Bs.c. tumors of miPS-BT549cm cells transplanted into the MFPs and s.c. 

tissue than those of NMuMG cells, respectively. However, in the Tds.c./Bds.c. 

and Tdm/Bdm tumors, where mitogenic figures and invasion were observed 

(Figure 10B), the expression of CK8 as well as ERα and ERβ was significant 

(Figure 10C). CK8 immunoreactivity was high in the Ts.c. and Tm1 tumors of 

miPS-T47Dcm cells due to the presence of invasive mitogenic cells and ILC 

while its immunoreactivity was only slight in the Bs.c. and Bm1 tumors of miPS-

BT549cm cells because no invasion was detected in these tumors. From these 

results, in vivo transplantation into either the MFPs or s.c. tissue appear to 

enhance the characteristics of BC. However, treatment with the CM of T47D cells 

was more effective than those of BT549 cells in inducing BC characteristics. 
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Figure 10. Immunoreactive BC markers in different types of cells and tissues. A, B. Western 

blot analysis of ERα, ERβ and CK8. C, D. Densitometric analysis of the western blots with 

ImageJ. C. NMuMG cells, miPS-T47Dcm cells, Tm1 and Ts.c. tumors of miPS-T47Dcm cell 

transplants, miPS-BT549cm cells, and Bm1 and Bs.c. tumors of miPS-BT549cm cell 

transplants (from left to right). D. NMuMG cells, Tdm, Tds.c., Bdm and Bds.c.  tumors from 

miPS-T47DcmP1MFP, miPS-T47DcmP1sc, miPS-BT549cmP1MFP and miPS-

BT549cmP1sc tumors (from left to right). The density of each band was normalized to that of 

β-actin. Each bar in the graphs represents the average of three readings (mean ± SD). * p˂0.05, 

**p< 0.01, *** p< 0.001. 
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3.6. Stemness markers in developed tumors 

The expression of the stemness markers NANOG, SOX2, KLF4 and OCT3/4 was 

assessed in the Ts.c./Bs.c., Tm1/Bm1 and Tdm/Bdm tumors by RT-PCR (Figure 

11). In the Ts.c. and Tm1 tumors of miPS-T47Dcm cells, the stemness markers 

were highly expressed. The expression of NANOG was enhanced in both miPS-

T47Dcm and miPs-BT549cm cells. The expression of KLF4 was distinguished 

in the Tm1 tumor of miPS-T47Dcm cells, while it was suppressed in miPS-

T47Dcm cells, miPS-BT549cm cells, the Ts.c. tumor of miPS-T47Dcm cells, and 

the Bm1 tumor of miPS-BT549cm cells. Alternatively, the expression of SOX2 

was enhanced in both Ts.c./Bs.c tumors. The expression of OCT3/4 was detected 

in all tumors and cells. These results indicated that the Ts.c./Bs.c. and Tm1/Bm1 

tumors of both miPS-T47Dcm and miPS-BT549cm cells contained 

undifferentiated cells. 
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Figure 11. The expression of stemness markers analyzed by RT-qPCR. Expression of stemness 

markers NANOG, KLF4, SOX2 and OCT3/4 in miPSCs, miPS-T47Dcm cells, tumors Tm1, 

Tdm, Ts.c., Tds.c. of miPS-T47Dcm cell transplants, miPS-BT549cm cells, tumors Bm1, Bdm, 

Bs.c., Bds.c. of miPS-BT549cm cell transplants (from left to right). Each bar in the graphs 

represents the average of three reactions (mean ± SD).  The significance was compared with 

the expression in miPSCs. * p˂0.05, **p< 0.01, *** p< 0.001. 
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Figure 12. Immunofluorescence analysis of isotype control in different groups by using 

primary isotype mouse IgG antibody.  The immunoreactivity of isotype control was detected 

in paraffin sections of tumors miPSCs/MFP, Tm1, Bm1, Ts.c., Bs.c., Tdm and Bdm. Scale bar 

= 32 µm at 40x magnification.  
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4. Discussion 

BC is typically heterogeneous, probably due to the presence of 

undifferentiated cancer cells with stemness (so-called CSCs), which exhibit 

variously differentiated phenotypes depending on the microenvironment. In this 

study, we evaluated the phenotypes of CSCs that were previously prepared from 

miPSCs by treatment with the CM of the human breast cancer cell lines T47D 

and BT549. These two different subtypes of breast carcinoma-derived cells were 

selected to evaluate the potential to confer the different characteristics of breast 

carcinomas to CSCs. 

The histopathological characteristics of the tumors transplanted into the 

MFPs were compared to those transplanted into s.c. tissue. Two different CSC 

models of miPS-T47Dcm and miPS-BT549cm cells provided different subtypes 

of tumors, including DCIS, invasive ductal carcinoma (IDC) and ILC, depending 

on the site of transplantation, while BC can be categorized into more than 21 

different histological types based on the architecture, morphology and growth 

patterns of cells [20]. ILC is the second most common type of BC after IDC, 

representing the most aggressive pathological phenotype [21- 23]. ILC is 

observed in the range of approximately 10 to 15% of all types of breast cancer. 

The presence of ILC makes the diagnosis significantly more precise [24]. In some 

reports, the diagnosis of ILC was characterized by a large tumor size and positive 

expression of both ER and PR [25-29]. This agrees with our observation of ILC 

in this study. The tumors in the first to third stages of miPS-BT549cm cells 

showed high aggressiveness when transplanted into either the MFPs or s.c. tissue. 

This aggressiveness is much higher than that of miPS-T47Dcm cells. Although 

miPS-BT549cm cells exhibited aggressiveness similar to triple-negative breast 

carcinoma, miPS-BT549cm CSCs are not derived from triple-negative 

carcinoma. This result indicated that CM derived from BT549 cells, which are 
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derived from a triple-negative subtype, was not the critical determinant that 

induced the identical features of cancers in miPSCs affected by CM. Although 

the effect of the microenvironment on cancer initiation should be investigated 

further at this point, our results suggest that the MFPs may allow the TME to 

serve as a platform of tumor growth, as summarized in Table 2. Both miPS-

T47Dcm and BT549cm cells developed malignant and aggressive tumors when 

transplanted into the MFPs, while miPS-T47Dcm cells did not develop malignant 

and aggressive tumors when transplanted into s.c. tissue. This means that the 

malignancy of tumors depends not only on the characteristics of CSCs but also 

on the TME. 

The crucial role of the MFPs in the development of tumors has been 

described in different studies following the transplantation of carcinoma-derived 

cells into the MFPs. The tumor cells transplanted into the 4G of MFPs exhibited 

distinguished growth from those transplanted into other sites, such as the 

perirenal region, mesometrium, and s.c. tissue [30]. Another study demonstrated 

the extensive growth of tumors when breast cancer-derived adenocarcinoma cells 

were coinjected with adipose tissue from mice into the MFPs and s.c. tissue. Since 

this growth was clearly distinguished from that of the xenografts of cells without 

adipocytes, the role of adipose tissues from the MFPs was found to be 

significantly important for encouraging tumor growth [31]. Adipocytes are one 

of the stromal cells rich in breast tissue that affect the growth of CSCs by 

secreting various cytokines, chemokines, growth factors and other factors [32-

34]. The effects of the microenvironment of the MFPs on growth kinetics, tumor 

histology and drugs have recently been compared to those of patient-derived 

xenografts in mice [35]. The tumors in all tested cases were found to be more 

significantly affected in the MFPs than in s.c. tissue. Considering that the adipose 

tissue of the MFPs is enriched with saturated fatty acids and mono- and 
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polyunsaturated fatty acids are depleted, probably due to lipolytic agents, the 

oxidative metabolism of estrogen could enhance the hydroxylation of estrone to 

hydroxylated forms [36]. The release of fatty acids from adipocytes of the MFPs 

is altered by the presence of the epithelium [37]. In this context, the coexistence 

of the MFPs and tumor-derived epithelium can have a characteristic influence on 

tumor growth [38]. 

The obtained phenotypes of miPSC-derived CSCs were characterized by 

mammary tumor-related markers such as ERα/β, PR, PRL-R and CK8 together 

with common carcinoma markers such as Ki67 and CD44 and stemness markers 

such as NANOG, SOX2, OCT3/4 and KLF4. These features are rather 

characteristic of the Tm1/Bm1 tumors from both miPS-T47Dcm and miPS-

BT549cm cells, indicating the supporting effects of the MFPs (Table 3). One of 

the important features in the growth of BC can be explained by the enhanced 

expression of cyclin D1 by the binding of ERα to the promoter [39], while the 

expression of ERβ suppressed by the progression of BC [40]. Nevertheless, many 

studies have indicated a significant role for ERβ in mammary tumorigenesis [41]. 

Progesterone reacts with PR within cells in an endocrine manner, which induces 

the activation of mammary stem cells, which were believed to induce the 

migration of primary tumor cells [42]. Prolactin stimulates cell proliferation and 

migration in breast tumorigenesis by binding to PRL-R, which is believed to 

indicate the risk of BC [43- 45]. The expression of CK8 is hypothesized to be 

related to ILC [46-49]. Collectively, the detected markers in this study could 

indicate that miPS-T47Dcm and miPS-BT549cm cells are miPSC-derived CSCs. 

CD44 is a marker of CSCs, and its expression is often high in stem cells 

associated with CSCs that undergo epithelial-to-mesenchymal transition [50]. 

The immunohistochemical expression of CD44 has been demonstrated to be 

higher in in situ tumors than in invasive tumors [51], which agrees with our 
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results. Similarly, in our previous study, we detected the expression of the 

CD44+/CD24-low population in miPS-T47Dcm and miPS-BT549cm cells by flow 

cytometry, but its expression was higher in primary cells from tumors 

transplanted into s.c. tissue [12]. This finding may be related to the enhanced 

expression of CD44 in miPS-BT549cm cells in the Bm1 tumor, indicating the 

effect of the MFPs integrated with the characteristics of the CSCs themselves. 

Moreover, activated CAFs also enhance the expression of stemness markers such 

as CD44, OCT3/4, NANOG and KLF4 in CSCs [52], agreeing with our 

observation in miPSC-derived CSCs (Figure 11). 

5. Conclusion  

In conclusion, we demonstrated that CSCs converted from normal miPSCs 

under the microenvironment of BC provided different malignant tumorigenic 

subtypes of BC. The microenvironment of the MFPs was simultaneously shown 

to be more effective than that of s.c. tissue to develop the subtypes related with 

BC. In summary, we successfully established a breast cancer tumor model using 

mouse induced pluripotent stem cells developed from normal fibroblasts without 

genetic manipulation. 
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