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Ágrip 

Aldehyde dehydrogenasar (ALDH) eru hópur ensíma tjáð bæði í eðlilegum vefja- og 

krabbameinsstofnfrumum. Eðlilegar frumur nýta sér ALDH virknina til verndar gegn skaðlegum áhrifum 

aldehýða en krabbameinsfrumurnar mögulega til niðurbrots á krabbameinslyfjum og þróun á 

lyfjaónæmi.  

Frumulínurnar D492, D492M og D492HER2 voru notaðar í þessu verkefni. D492 er 

brjóstaþekjufrumulína með þekkta stofnfrumueiginleika. Hún myndar bæði kirtilþekju- og 

vöðvaþekjufrumur ásamt því að mynda þyrpingar af greinóttri kirtillíkri formgerð í þrívíðri rækt. D492M, 

dótturlína D492, er frumulína sem gengist hefur undir bandvefsumbreytingu þekjuvefjar (EMT) og 

öðlast bandvefseiginleika. D492HER2 er dótturlína D492 með yfirtjáningu á krabbameinsgeninu HER2 

sem hefur að auki gengist undir EMT. D492HER2 sýnir aukna frumufjölgun, aukna 

stofnfrumueiginleika og er æxlismyndandi þegar henni er sprautað í ónæmisbældar (NOD/SCID) mýs.  

Frumulínunum var gefið lágskammta (30 ng/ml) meðferð af krabbameinslyfinu doxorubicin (DXR). 

Viðbrögð við meðferðinni í tengslum við stofnfrumueiginleika, ALDH virkni, hvarfgjörn 

súrefnissambönd (ROS), frumufjölgun, breytta tjáningu þekjuvefs- og bandvefsmarkera og stýrðan 

frumudauða voru metin.  

Frumulínurnar D492 og D492HER2 sýndu báðar mögulega aukna stofnfrumueiginleika eftir DXR 

meðferð. Í fyrstu sýndi D492 aukna ALDH virkni og ROS sem síðar lækkaði eftir að lyfjaskömmtum og 

frumukynslóðum fjölgaði. Þær niðurstöður benda til þess að aukin ALDH virkni séu fyrstu viðbrögð 

frumanna við krabbameinslyfinu. Aðrir ferlar eða önnur ísóform af ALDH virðast síðan taka yfir með 

aukinni meðferð þar sem ALDH virkni minnkaði. D492HER2 sýndu í fyrstu aukið ROS sem síðan 

lækkaði með frekari meðferð. Þetta bendir til þess að ákveðið val hafi átt sér stað fyrir frumum sem 

sýna minni stressviðbrögð gagnvart meðferð miðað við fyrstu meðferðir og ómeðhöndlaðar frumur. 

D492HER2 virðist hafa betri eiginleika til að vinna úr ROS, þar sem mun minna magn var í þeim 

frumum miðað við hinar frumulínurnar. Sumar niðurstöður benda til þess að D492HER2 búi yfir 

eiginleikum til að skipta á milli EMT- og MET-líks ástands. Erfitt er að draga ályktarnir á viðbrögðum 

D492M við DXR meðferð þar sem frumulínan hafði öðlast á ný þekjuvefssvipgerð sem gæti verið 

vegna meðferðarinnar eða vegna náttúruvals óháð lyfjameðferð.  

Allar frumulínurnar sýndu aukna frumufjölgun milli meðferða fimm og átta sem gæti verið útskýrt; 

með vali á ört fjölgandi frumum sem aðlögun gagnvart DXR lyfinu. Einnig getur hafa átt sér stað 

náttúrulegt val milli frumukynslóða fyrir frumum með hraðari fjölgun.  

Næstu skref verkefnisins er að framkvæma heildar mRNA raðgreiningu á D492 og D492HER2, 

ómeðhöndluðum og DXR meðhöndluðum frumum til þess að meta hvaða ALDH ísóform, þættir og 

ferlar stuðla að mögulegu lyfjaónæmi og auknum stofnfrumueiginleikum.  
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Abstract 

Aldehyde dehydrogenases (ALDH) are a group of enzymes suggested to be highly expressed in both 

normal and cancer stem cells. Normal cells use the enzymes mainly to catalyze the oxidation of 

harmful aldehydes from various precursors to carboxyl acids. Cancer cells may require ALDH activity 

for metabolism of therapeutic drugs and development of drug resistance.  

The cell lines D492, D492M and D492HER2 were used in the current study. D492 is a breast 

epithelial cell line with stem/progenitor cell properties. It generates both luminal and myoepithelial cells 

and forms branching colonies in 3D culture similar to breast epithelium in vivo. D492M is a sub-line of 

D492 that has adapted a mesenchymal character through epithelial-mesenchymal transition (EMT). 

D492HER2 is also a sub-line with overexpression of the oncogene HER2 and has undergone EMT. 

These pre-neoplastic cells show increased proliferation, stem cell properties and are tumorigenic 

when injected to NOD/SCID mice.  

The cell lines received eight cycles of low dose (30 ng/ml) doxorubicin (DXR) treatment. The 

responses towards the treatment in relations to stem cell properties, ALDH activity, ROS levels, 

proliferation, epithelial- and mesenchymal marker expression and apoptosis were evaluated.  

D492 and D492HER2 both seemed to show increased stem cell properties after DXR treatment. 

The immediate response of D492 to treatment was increased ALDH activity and ROS levels that 

diminished as treatments and passages increased. Results indicated that other pathways or other 

undetected isoforms seemed to take over as measured ALDH activity decreased with continuous DXR 

treatments. D492HER2 first showed increased ROS levels which decreased after additional DXR 

treatments, indicating a selection for cells with less stress response to treatment than after initial 

treatments. ROS levels of D492HER2 were greatly reduced compared to the other cell lines, indicating 

increased ROS scavenging abilities of D492HER2 or a lower ROS baseline. Some results indicated 

that D492HER2 showed plasticity between EMT to MET-like states with re-establishment of 

cytokeratin expression. No conclusion could be made for D492M other than it seemed to adapt an 

epithelial phenotype which could be due to DXR treatment or a random phenotype switch 

accompanying high passage number.  

All cell lines showed increased proliferation between cycles five and eight of DXR treatment, which 

could be explained by selection of fast proliferation cells due to the treatments or just natural selection 

that occurs with every passage. A combination of both factors is also possible.  

The next step of the ongoing study is to sequence the mRNA of D492 and D492HER2, untreated 

and treated cells in order to evaluate the ALDH isoforms and other pathways which contribute to DXR 

response, potential resistance and increased stem cell properties.  
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1 Introduction 

1.1 Human mammary gland 

The mammary gland is a dynamic organ comprised of epithelium and surrounded by stroma. The 

gland consists of series of branching ducts that terminate in the terminal duct lobular unit (TDLU). The 

ductal tree is composed of two types of epithelial cells; an inner layer of luminal epithelial cells (LEP) 

and an outer layer of myoepithelial cells (MEP) that reside on a basement membrane (Figure 1). The 

TDLU is the functional unit of the gland composed of lobules with acini where the luminal epithelial 

cells produce milk that eventually is transported to the nipple by contraction of myoepithelial cells (1-

3).  

 

Figure 1 Schematic picture of the human breast and a TDLU structure 

The mammary gland is built up of ducts that terminate in TDLU composed of luminal epithelial and myoepithelial cells and 

surrounded by a stroma. Adapted from Sigurdsson (4).  

1.2 Stem cells 

Stem cells are undifferentiated cells that give rise to all other cells in the human body at all stages; 

embryonic, fetal and adult. The stem cells are foremost defined by properties like self-renewal, the 

ability to differentiate to various cell types (potency) and single cell origin (clonality). These 

characteristics can however apply differently to various stem cell types (5).   

1.2.1 Mammary stem cells 

The existence of mammary stem cells (MaSC) is underlined by the dynamic cellular changes 

occurring, at puberty and during pregnancy where the gland fully develops just prior to lactation. 

These changes involve active proliferation and differentiation of epithelial cells when the TDLUs form 

(puberty) and the gland increases into at least 4-fold the normal size (pregnancy) (1).  

The MaSC are defined by their ability self-renew and to generate both ductal and lobular 

components of the mammary epithelium with all the cell types it entails (6). 
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By current definition MaSC are proposed to be of luminal epithelial lineage. They are defined as 

supra-basal, with no luminal contact but distinct from myoepithelial cells. Characteristically, they are 

positive for the luminal marker; epithelial cell adhesion molecule (EpCAM) but negative or weakly 

positive for sialomucin (MUC1), a marker of fully differentiated luminal epithelial cells. This cell type 

has been shown to give rise to both luminal and myoepithelial cells. In accordance myoepithelial cells 

cannot generate luminal epithelial cells (2, 7). MaSC reside in the mammary ducts rather than the 

lobules as demonstrated by stem cell marker expression and a functional stem cell assay 

(mammosphere assay) (8).  

The conformation of MaSC existence in mice has been relatively successful compared to 

experiments using human models. Shackelton et al. was able to generate a fully functional mammary 

gland from a single stem cell (9). 

1.2.2 Cancer stem cells 

The hypothesis of cancer stem cells (CSCs) and their contribution to the origin of cancer has been 

around for some time with numerous speculations and extensive debate. The first report of the 

hypothesis is dated back to mid-18th century when R. Virchow, a German pathologist, predicted that 

cancer originated from embryonic-like cells in developed tissue (10, 11). 

The hypothesis states that tumors arise from a subpopulation of stem cells (or early progenitor 

cells) termed as tumor initiating cells or cancer stem cells. For cancer to occur, a series of genetic 

mutations must take place within a cell. Stem cells have the capacity to generate progeny with many 

cell divisions and have a long lifetime. This makes them likely to accumulate genetic mutations over a 

long period of time, due to persisting genetic instability or environmental factors (6, 12, 13). A possible 

consequence of genetic mutations is the dysregulation of the tightly regulated self-renewal process of 

tissue stem cells leading to malignant transformation to CSCs (6, 14). Another possibility is that CSCs 

originate in more differentiated cells such as transit amplifying cells. Genetic and/or heterotypic 

changes in these cells cause them to acquire stem-like properties and to function as CSCs (15). Most 

likely, both scenarios apply. See figure 2.  
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Figure 2 Origin of CSCs 

The CSCs hypothesis states that CSCs either origin from normal stem cells or more differentiated cells. Figure adapted from 

Sagar et al, 2007 (16).  

 

The American Association of Cancer Research (AACR) established a much needed definition for 

CSCs. It states that a CSC “is a cell within a tumor possessing the capacity to self-renew and giving 

rise to heterogeneous lineages of cancer cells comprising the tumor”. Accordingly, the cells are 

defined experimentally by their ability to form a new tumor with the same phenotypic heterogeneity as 

the original tumor (17). CSCs and normal stem cells share important properties which can be useful in 

characterization and isolation of CSCs. These properties include; self-renewal, differentiation ability, 

active telomerase expression, activation of anti-apoptotic pathways, increased membrane transporter 

activity, migration and metastasizing ability and anchorage independence (mammosphere forming 

ability) (12, 18). 

Even though the cancer stem cells hypothesis was first represented in the mid-18th century it took 

scientists well over a century to support it by experimental data and more evidence is accumulating as 

time passes and assays improve. One of the first experimental evidence showed that human leukemia 

is driven by leukemic stem cells. Isolated leukemic stem cells were able to recapitulate the disease 

phenotype in immunodeficient (NOD/SCID) mice (19, 20). The leukemic stem cells expressed the 

same stem cell markers (CD34+ and CD38-) as normal non-malignant stem cells supporting the 

hypothesis that the malignancy originated from a normal stem cell (20).  

Evidence of cancer stem cells in human breast tumors was demonstrated by Al-Hajj et al. They 

isolated CD44+/CD24lo/- cells from human breast tumors which were able to generate a tumor in 

NOD/SCID mice with the same heterogeneity as the initial tumor (13). In addition, cancer stem cells 

have been identified in cancer of the brain (21), colon, pancreas, lung, prostate and melanoma (15). In 

the attempt to characterize CSC in tumors various markers have been used including CD24, CD44, 

CD29, CD133, EpCAM, Thy-1 and aldehyde dehydrogenase (ALDH) activity (13, 15, 19, 21). These 

markers are also known to be expressed in normal tissue.  
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There are indications that CSCs have the ability to carry out conserved developmental programs 

including Epithelial-mesenchymal transition (EMT). At least, the EMT signaling networks appear to be 

active during CSC development and maintenance (22). 

1.3 Epithelial-mesenchymal transition (EMT) 

Epithelial-mesenchymal transition (EMT) is a conserved process that occurs normally at certain stages 

during development. The process involves reprogramming of polarized epithelial cells to mesenchymal 

cells displaying a motile phenotype. Epithelial cells are closely attached and arranged via 

desmosomes, adherens- and tight junctions, while mesenchymal cells are much loosely organized. In 

the EMT process, the contact between epithelial cells loosens and cell polarity is compromised, 

enabling cell motility and acquisition of invasive properties. EMT along with the reverse process, 

Mesochymal-epithelial transition (MET), is essential for gastrulation and organogenesis (23, 24).  

In normal adult tissue, EMT is in a dormant state but activated for tissue regeneration and wound 

repair (23). 

When EMT is deregulated it can cause pathological conditions such as organ fibrosis. Moreover 

EMT has been highly linked to cancer progression, increased invasiveness and metastasis (24). 

During metastasis, epithelial tumor cells acquire a mesenchymal phenotype through EMT. The highly 

motile EMT cells evade the basement membrane and surrounding tissue to enter the blood stream or 

lymphatic system. In order to inhabit a new location, the cancer cells must undergo MET to form 

macrometastasis, a secondary tumor (24, 25). Therefore EMT phenotype correlates with cancer 

relapse, poor survival and clinical outcome (24). 

EMT can be induced by multiple signaling pathways, regulators and effector molecules (25). These 

pathways include Wnt, TGF-β, Hegdehog and Notch. These pathways influence key transcription 

factors involved in EMT induction like Snail, Twist, Slug and ZEB1 (22, 25). As cells go through EMT, 

expression of epithelial marker expression is reduced or lost (E-Cadherin and cytokeratins) and 

expression of mesenchymal markers is increased (e.g. N-Cadherin, Vimentin and fibronectin) (26). 

EMT has been connected to increased stemness as cells that have undergone EMT acquire a 

CD44+/CD24- phenotype and have increased ability to form mammospheres. Mani et al. demonstrated 

this by inducing EMT in both normal and malignant breast epithelial cells. EMT in normal cells 

generated cells with stem like properties that formed mammospheres and cancer cells gained stem 

like properties and were able to initiate tumors (27).  

Aldehyde dehydrogenase (ALDH) activity, also a marker of stemness is however not increased in 

cells that have undergone EMT (28, 29). Sarrio et al. demonstrated that spontaneous EMT in normal 

basal breast epithelial cells does not increase stem cell properties. They hypothesize that EMT in both 

normal and cancer breast cells represents incomplete myoepithelial differentiation, rather than a shift 

towards a more stem cell like state. Accordingly, instead of viewing EMT as a stem cell generating 

program it can be seen as a process increasing phenotypic and functional diversity in normal and 

malignant breast epithelium (28).  
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A relationship between EMT and metastatic potential has been recurrently suggested in cells with a 

CD24-/CD44+ phenotype. According to some studies, cells expressing CD24-/CD44+ possess more 

invasive capacity than ALDH expressing cells however; both types of cells are more invasive than 

other tumor cells. The strongest invasive potential is obtained by selecting for both CD24-/CD44+ and 

ALDH high cells (29). However another study based on a specific EMT lineage tracing system 

suggests that EMT is not required for metastasis formation. In the same study EMT was rather linked 

to resistance to treatments with therapeutic drugs like cyclophosphamide. Resistance towards this 

drug has been linked to ALDH activity by others (30, 31).  

EMT seems to be difficult to define with many factors which can influence EMT.   

1.4 Aldehyde dehydrogenase (ALDH) 

Aldehyde dehydrogenases (ALDH) are enzymes with an extensive and complex function. The ALDH 

superfamily currently includes 19 putatively functional ALDH genes in humans which express 19 

isoforms (32). 

The ALDH isoforms are widely distributed in cellular organs including nucleus, cytoplasm, 

endoplasmic reticulum and mitochondria (33).  The enzymes show a wide tissue distribution and are 

substrate-specific with the highest expression in liver and kidneys (32, 34, 35). 

1.4.1 General ALDH function 

The general function of ALDH is to catalyze irreversible NAD(P)+ dependent oxidation of aldehydes to 

carboxyl acids. Aldehydes are a product of various metabolic processes from both endogenous and 

exogenous precursors. Over 200 different types of aldehydes may result from oxidative degradation of 

membrane lipids (lipid peroxidation) (35). Aldehydes are also generated from metabolism of amino 

acids, biogenic amines, carbohydrates, vitamins, steroids and neurotransmitters (36, 37). In addition, 

aldehydes are formed through biotransformation of numerous drugs and environmental agents (37). 

 Most aldehydes have cytotoxic effects. They form adducts with different cellular targets and the 

consequences can be; interrupted cellular homeostasis, inactivation of enzymes, DNA damage and 

cell death. Therefore, conversion of aldehydes by ALDH to carboxyl acids in many cases serves to 

detoxify harmful substances and protect the cell (34, 35).  

However, the generation of carboxyl acids, may also be essential for normal cellular function. 

Example of that is retinoic acid (RA), formed by oxidation of retinal originally from retinol (vitamin A). 

RA plays a role in normal growth, differentiation, apoptosis and cell cycle arrest in addition to 

development and maintenance of epithelial tissue. The function is carried out by regulating gene 

expression. RA diffuses into the nucleus where it serves as ligand for RA receptor (RAR) and retinoid 

X receptor (RXR). The receptor complex (RAR and RXR) then binds to retinoic acid response 

elements (RAREs), within target gene regulatory sequences thereby inducing transcription (Figure 3) 

(35, 36). 
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Figure 3 The function of ALDH in RA production and signaling 

ALDH converts retinal to RA which diffused through the nucleus and works as a ligand for RAR and RXR which in turn bind to 

RARE with transcriptional effects. Adapted from Marcato et al, 2011 (36). 

1.4.2 The ALDH superfamily 

The genes coding for ALDH belong to one superfamily. They are well conserved and considered to 

derive from a common gene ancestor (homologous). The superfamily is divided to 24 families in 

eukaryotes. Only 11 families are found in humans, 1-9, 16 and 18 which together contain the 19 ALDH 

genes located on various chromosomes. Each family, which includes up to six genes, is further 

categorized to subfamilies (34).  

The classification of genes to families and naming is based on a nomenclature system published in 

1999. Proteins derived from genes of the same family share over 40% of the amino acid sequence. 

Proteins from genes within the same subfamily share over 60% (34).  

1.4.3 ALDH1A subfamily  

Members of the subfamily ALDH1A (ALDH1A1, ALDH1A2 and ALDH1A3) are quite closely related, 

with ALDH1A1 and ALDH1A3 known to share 70% of the amino acid sequence (38). The enzymes 

are all located in the cellular cytosol. They all share the same main function; to catalyze oxidation of 

all-trans-retinal and 9-cis-retinal to RA and thus regulate RA signaling (34, 35). 

1.4.3.1 ALDH1A1 

ALDH1A1 is a homo-tetramer located in adult epithelium cells, in several organs including brain, liver, 

kidney, lung, eye lens, retina, testis and breast (35, 39). ALDH1A1 is also expressed in hematopoietic 

stem cells (HSC) and influences differentiation by producing RA. For therapeutic purposes, it is 

possible to promote HSC expansion by inhibiting ALDH1A1 (40).  

The participation of the enzymes in oxidation of retinal to RA is clearly demonstrated when the 

ALDH1A1 gene is disrupted in mice. The mice are viable but show higher levels of serum retinal with 

reduced RA synthesis in the liver (35, 41). 
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 ALDH1A1 plays a role in defending the cell against oxidative stress by oxidizing LPO-derived 

aldehydes but also by reducing the oxidation of free fatty acids and limiting the production of reactive 

oxygen species (ROS) (35).  

The enzyme seems to be important when it comes to cancer therapeutics. It is capable of 

protecting the cell from anti-cancer drugs like cyclophosphamide (CP).  The cell becomes insensitive 

to the drug so its effectiveness is highly reduced (31). This effect may potentially explain the drug 

resistance possessed by CSCs.  

Charafe-Jauffret et al showed that high ALDH1A1 expression mediated by CSCs was 

demonstrated to be a predictor of metastasis and poor clinical outcome in breast cancer (42). 

However others failed to support this result and suggested another isoform to be responsible such as 

ALDH1A3 (38).  

1.4.3.2 ALDH1A3 

ALDH1A3 is a homo-dimer expressed in breast, stomach, kidney, salivary glands and fetal nasal 

mucosa with a functional role in embryonic development (35). Unlike ALDH1A1, disruption of 

ALDH1A3 function is lethal (43). 

ALDH1A3, like ALDH1A1, influences oxidative stress and minimizes cellular damage by oxidizing 

and therefore detoxifying LPO-derived aldehydes (35).  

ALDH1A3 deficiency has been linked to various cancer types for instance breast cancer where a 

causal influence on RA synthesis is suspected (44). However Marcato et al. correlated expression of 

ALDH1A3 with high tumor grade in addition to metastatic potentials in breast cancer. ALDH1A3 

expression was shown to be superior to ALDH1A1 expression as a predictor of unfavorable clinical 

outcome (19, 38).  

1.4.4 ALDH3A1 

ALDH3A1 is a homodimer located in the cytosol and nucleus expressed in tissues including stomach 

mucosa, breast, esophagus and lung with an abundant expression in cornea (35, 39). ALDH3A1 is 

suggested to defend the cell against oxidative stress by catalyzing the oxidation of LPO derived 

aldehydes (35). The cornea is especially protected against UV-induced oxidative stress by ALDH3A1 

and it may function as a ROS scavenger to prevent hydroxyl radical induced modification of proteins 

(35, 45).  

ALDH3A1 also appears to have a role in cellular proliferation and cell cycle regulation. This is 

indicated by ALDH3A1 high expressing cell lines that are resistant to anti-proliferative effects of LPO-

derived aldehydes. ALDH3A1 may also mediate cell cycle delay and reduce DNA synthesis to 

facilitate DNA repair, prevent DNA damage and reduce apoptosis from toxins like hydrogen peroxide 

(35, 46).  

ALDH3A1 with ALDH1A1 seem to have functional roles in stem cells and able to confer resistance 

to chemotherapeutics like CP and other oxazaphosphorines (31, 32).  
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The main focus on the isoforms ALDH1A1, 1A3 and 3A1 in this project is mostly due to their 

relations to stem cell properties and therapeutic drug resistance.  

1.4.5 ALDH activity as a normal stem cell and CSC marker 

Cells expressing high levels of aldehyde dehydrogenases have been identified in populations of 

hematopoietic, neural, mesenchymal, endothelial and mammary stem and progenitor cells. Supporting 

the idea that ALDH activity might be a good marker of stem cell properties in different types of normal 

and malignant tissue (47, 48). 

Cheung et al. were among the first to display increased ALDH activity (ALDH+) in leukemic stem 

cells derived from bone marrow samples of acute myeloid leukemia (AML) patients (14 out of 43 

samples). The ALDH+ cells co-expressed CD34 (a leukemia stem cell marker) and displayed a much 

more robust leukemic engraftment in NOD/SCID mice than ALDH- cells (36, 49).  

An analysis by Ginester et al. further elucidated the function of ALDH as a marker for stem and 

progenitor cells in both normal and malignant breast. They revealed that ALDH+ cells isolated from 

normal breast tissue were able to generate mammospheres while ALDH- cells did not. ALDH+ cells 

from breast cancers where able to generate tumors in humanized cleared fat-pads of NOD/SCID mice. 

A tumor was formed even with only 500 cells seeded. Moreover, the tumors displayed the same 

phenotypic heterogeneity as the original tumor, with a similar ALDH+/ALDH- ratio. In contrast ALDH- 

cells did not possess tumor formation ability regardless of the amount of cells injected. In this study 

ALDH+ cells with expression of Lin-/CD44+CD24- defined a small population with high tumorigenic 

capacity that could form a tumor with only 20 cells injected. In contrast ALDH- cells with the Lin-

/CD44+CD24- phenotype were not tumorigenic (19).  

These findings are the fundamental for the establishment of ALDH as a stem cell marker in normal 

and malignant tissue. However ALDH as a marker of stem cells is still controversial. ALDH activity was 

demonstrated by Eirew et al. as a marker of luminal progenitor cells instead of stem cells. MaSC and 

primitive progenitor cells displayed a low ALDH activity that became elevated as the cells committed to 

the luminal lineage (50).  

ALDH activity of cells can be measured with the AldefluorTM assay. As substrate, the assay utilizes 

BODIPY aminoacetaldehyde (BAAA). BODIPY is a fluorochorme and bound to aminoacetaldehyde it 

forms a fluorescent substrate that diffuses freely into cells without being toxic (commercial name 

AldefluorTM). BAAA is converted to a carboxylate ion, BODIPY aminoacate (BAA), in the presence of 

ALDH and contained intracellularly. The fluorescence measured is proportional to the amount of active 

ALDH found in the cell. ALDH is inhibited by diethylaminobenzaldehyde (DEAB) which serves as a 

negative control, to confirm that fluorescence is due to ALDH activity. The obvious advantages of this 

method are its simplicity, safety and minimal toxic effects on cells (51).  

The assay was originally developed and optimized for cells of hematopoietic origin including 

hematopoietic stem cells (HSC) (51). However, multiple reports have underlined its relevance in other 

cell types, both normal and cancerous, e.g. mammary epithelial cells (19).  

Some studies have suggested that ALDH1A1 activity is mostly responsible for positivity in the 

Aldefluor assay (35, 36, 51). In contrast, later studies did not confirm this and concluded that 
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ALDH1A1 alone was not responsible for the activity detected. Measurements of HSC with ALDH1A1 

knock-down showed no reduction in ALDH activity detection. This suggests that other isoforms may 

be contributing to the ALDH activity detected, possibly ALDH2 and ALDH3A1 which were notably 

expressed (52). In addition it seems that the ALDH activity detected is not primarily due to ALDH1A1 

in breast cancer tumors but rather ALDH1A3 among other isoforms (36). 

ALDH isoforms have been shown to display substrate-specificity but can nonetheless cross-react, 

meaning that more than one isoforms can process the same substrate. It is difficult to map which of 

the isoforms contribute to the ALDH activity detected, it most likely varies and depends on the cells 

origin and cancer type (36).  

1.5 Reactive oxygen species (ROS) 

Reactive oxygen species (ROS) are radical and non-radical oxygen species formed by partial oxygen 

reduction. An example of ROS are superoxide anion (O2
-), hydroxyl radical (HO-) and hydrogen 

peroxide (H2O2) (53).  

ROS can be generated by mitochondrial oxidative phosphorylation or due to interactions with 

xenobiotic compounds like doxorubicin and CP. The cell is equipped with a cellular antioxidant 

defense system to minimize ROS damage. Increased ROS levels exceeding the capacity of this 

system leads to oxidative stress which can cause damage to nuclei acids, lipids and proteins that has 

been linked to pathological processes such as carcinogenesis, neurodegeneration and aging (53).  

Cells with low ROS levels show increased sphere forming efficiency (SPF) and tumorigenicity when 

injected to NOD/SCID mice compared to cells with high ROS (54) suggesting an inverse relationship 

between stemness and ROS levels. 

A correlation between ROS and ALDH activity has been shown as cells with low ROS levels 

displayed higher ALDH expression (1A1) than cells with high ROS. ALDH3A1 expression was 

however not significantly different in ROS high and low cells (54). ALDH activity has been shown to be 

crucial for keeping ROS levels sufficiently low to prevent DNA damage caused by irradiation induced 

oxidation. Inhibition of ALDH activity with DEAB in cell lines subjected to irradiation showed e.g. higher 

levels of ROS. How ALDH activity influences ROS scavenger properties is yet to be elucidated (55).  

ROS can be detected with CellROXTM Oxidative Stress Reagents which contains fluorogenic 

probes to detect ROS in live cells. The probes are cell-permeable and weakly fluorescent in a reduced 

state but give off a strong fluorogenic signal when oxidized by ROS that can be detected with flow 

cytometry (56).  

1.6 Stem cell drug resistance  

CSCs have been shown to be relatively resistant to chemotherapy and radiation. It has been 

suggested that this resistance is due to their low proliferation rate, which causes cell-cycle active 

chemotherapeutic agents to be less effective, as they primary target highly proliferative transit 

amplifying cells that make up the bulk of the tumor.  

CSCs may also possess a set of highly active adenosine triphosphate-binding cassette (ABC) 

proteins (ABC transporters – Multidrug resistance-associated proteins) that cause an efflux of 
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chemotherapeutic agents. Another reason can be attributed to metabolization of chemotherapeutic 

drugs e.g. through high expression of ALDH enzymes (14). As mentioned before Cyclophosphamide 

(CP) oxidation by ALDH, especially ALDH1A1 and 3A1, is well known. ALDH converts the activated 

CP (4-HC) to an inactive product (carboxyphosoamide) (31, 32). How ALDH contributes in resistance 

towards other cytostatic drugs is still unknown. Although high co-expression of ALDH and ABC 

transporters has been reported suggesting a cooperation in development of therapeutic drug 

resistance (57). Dramatic changes in the gene expression pattern of tumor cells after treatment 

suggest that additional factors are also likely to impact CSC resistance (58). 

Overall the resistance to chemotherapeutic drugs can be attributed to the ability of CSCs to survive 

the treatment and implement a relapse by initiating a new tumor. Tenei et al concluded that these cells 

are ALDH positive rather than CD24-/CD44+ and combining the markers was not a better predictor of 

chemotherapy resistance over ALDH expression alone (59, 60). Tumor regrowth after chemotherapy 

was generally thought to be due to clonal selection of tumor cells which acquire resistance during 

treatment. Most chemotherapy resistance cases seem to have features of both CSCs and clonal 

selection (57). In view of this, there is an increasing demand for therapeutics that target both CSC and 

tumor cells. 

1.7 Doxorubicin (DXR) 

Doxorubicin (DXR) is a chemotherapeutic agent, an anthracycline, used in treating various cancer 

types including breast, lung, head and neck, cervical and prostate cancer. DXR is to date the most 

commonly used anti-cancer drug with usage covering over 30 years (61).  

DXR functions by intercalating base pairs of the double stranded DNA or intercalate itself into the 

DNA. Both these actions inhibit the DNA and RNA polymerases leading to a disruption of replication 

and transcription. The drug also has binding abilities to other DNA-associated enzymes including 

Topoisomerase I and II, which serve to relief supercoiling of DNA during replication. The binding to 

Topoisomerase cause DNA damage which leads to apoptosis. (61-63).  

Major side effects of DXR is cumulative dose dependent cardiomyopathy and congestive heart 

failure which is suggested to be due to oxidation of cellular components with the generation of ROS. 

ROS levels increase immediately after treatment and continue to rise in a time dependent manner (64, 

65).   

The recommended DXR dose for adults is 60-75 mg/m2 (IV injection) every 3 weeks for 4-8 cycles 

depending on cancer type. To avoid unfavorable side effects maximum recommended cumulative 

dose should not exceed 450-600 mg/m2 (65, 66). Achievable plasma concentration of DXR is 1,4-34,4 

µmol/l or 0,8-20 µg/ml (67, 68). The terminal half -life of DXR is around 24-48 hours as it is quickly 

metabolized by the liver. This suggests that the concentration of DXR which is taken up by tumor cells 

is likely only in the nanomolar range (67)  
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1.8 D492, D492M and D492HER2 

1.8.1 D492 

D492 is a breast epithelial cell line with stem/progenitor cell properties created by Gudjonsson et.al 

(2). The cells were isolated and immortalized (E6/E7 oncogene insertion) from primary cultures of 

biopsies from reduction mammoplasty, meaning that they should represent healthy normal breast 

tissue. D492 is a multipotent cell line with basal-like phenotype that expresses; EpCAM (E), claudin-1 

and cytokeratins CK8, CK18 and CK19 which are luminal markers. It also expresses the myoepithelial 

markers CK5/6 and CK14 (2, 26).  

The stem/progenitor cell properties of the cell line are evidenced by their ability to differentiate into 

both luminal and myoepithelial cells. The cells are also capable of forming branching TDLU-like 

structures when embedded in a three-dimensional (3D) reconstituted basement membrane (rBM).  

It has been proposed that EpCAM (Epithelial cell adhesion molecule) expressing cells, but not MUC 

(sialomucin - a luminal marker) expressing (EpCAM+/MUC-) are the precursor cells of TDLU and 

breast stem cell candidates. The cells are proposed to be situated among the myoepithelial cells on 

the basement membrane but with no luminal contact despite their luminal lineage origin (Figure 4) (2, 

26).  

D492 forms a monolayer in culture and displays high trans-epithelial resistance when cultured on 

transwell filters (2).  

1.8.2 D492M 

D492M (mesenchymal) is a sub-line created by Sigurdsson et.al (26). It is derived from D492 by the 

isolation of spindle-like colonies grown in co-culture with breast endothelial cells (BRENCs).  The cells 

adapted an EMT phenotype and express high levels of Vimentin, N-Cadherin and alpha-smooth 

muscle actin, while expression of E-Cadherin and cytokeratins 5/6, 8, 14, 17 and 19 is lower 

compared to D492. Thy-1 (CD90) has been shown to be highly up-regulated in D492M (26). 

 

 

Figure 4 D492 and D492M 

The stem cells of D492 are likely to be situated on the basement membrane among the myoepithelial cells with no luminal 

contact (schematic picture of a TDLU - left).  In 3D culture D492 form TDLU-like structured colonies while D492M form more 

spindle-like colonies. Adapted from Sigurdsson, 2005 (4). 
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1.8.3 D492HER2 

D492HER2 is also a sub-line of D492 created by Ingthorsson et.al with an overexpression of the 

HER2 oncogene (69). HER2 overexpression is seen in about 20-25% of breast cancer patients. The 

expression is associated with poor prognosis due to highly proliferating and aggressive tumors with 

increased metastatic potentials (69, 70). The HER2 protein is a transmembrane growth factor receptor 

that activates intracellular signaling pathways in response to extracellular signals (71). D492HER2 

cells show a more mesenchymal phenotype indicating that they have undergone EMT with loss of 

cytokeratins and E-cadherin. The cells show increased proliferation in monolayer and low attachment 

culture compared to D492 control. D492HER2 cells are tumorigenic when injected to fat pads of 

NOD/SCID gamma (NSG) mice, giving rise to fast growing tumors. However overexpression of HER2 

and EGFR simultaneously in D492 cells is suggested to partly restore epithelial integrity and EGFR 

suppress the HER2 oncogenic activity (69).  

1.9 Three dimensional (3D) culture 

1.9.1 Reconstituted basement membrane (rBM) - MatrigelTM 

Presumably 3D cell culture models have the ability to stimulate natural conditions in more detail than 

possible with conventional monolayer cultures (Figure 5). Under such conditions mammary epithelial 

cells form ducts, ductules and glandular-like structures with a lumen to which cells can secrete casein 

(72).  

Typically, reconstituted basement membrane (rBM) is used for 3D culture known by its commercial 

name as MatrigelTM. MatrigelTM is made from extracts of a tumor, named after Engelbreth-Holm and 

Swarm (EHS). The tumor was discovered in mouse and is most likely derived from parietal endoderm. 

It has abundance of extracellular matrix that resembles a basement membrane (73). D492 has 

previously been shown to form TDLU-like structures when embedded in Matrigel (26).   

 

 

Figure 5 A schematic and representative images of cells in monolayer and 3D culture 

The difference between cells grown in monolayer and 3D culture. Adapted from Ingthorsson, 2014 (74).  
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1.9.2 Mammosphere assay 

The mammosphere assay, also referred to as non-adherent culture, was originally modified from a 

neurosphere assay. The mammosphere assay is used to quantify stem and early progenitor cells 

activity and to demonstrate their self-renewal ability (75).The mammosphere assay is based on the 

idea that stem cells (or early progenitor cells) are viable without cell contacts while other types of cells 

die due to anoikis (76). The viable cells self-renew and proliferate to form a sphere. The assay is 

carried out by seeding cells in ultra-low attachment plates in medium and stemness is then determined 

on the basis of spheres formed over a predefined time interval (75). 
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2 Aim of study 

Aldehyde dehydrogenase (ALDH) activity has been hypothesized to protect stem cells against harmful 

aldehydes. Cancer stem cells on the other hand are believed to utilize the activity for protection 

against therapeutic agents and drug resistance. Stem cell are also suggested to have lower ROS 

levels for reduced intracellular stress. These two properties could therefore be ideal to characterize 

stem cells. 

ALDH activity will be detected to examine whether the normal breast epithelial cell line and its pre-

cancerous mesenchymal sub-lines use the ALDH activity for protection against the drug doxorubicin 

(DXR). The main aim is also to evaluate if stem cell properties of the cell lines increase in response to 

repetitive DXR treatment. In addition, the purpose is to observe the cellular heterogeneity in 

possession of ALDH activity (by ALDH isoforms) that may reflect a population of high ALDH stem 

cells. The main focus is on three ALDH isoforms out of nineteen which have been linked to stem cell 

properties and drug resistance. 

Additional aims are to evaluate responses towards repetitive DXR treatment in relations ROS 

levels, proliferation, changes in expression of epithelial- and mesenchymal markers and apoptosis. 
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3 Material and methods 

3.1 Monolayer cell culture  

All cell lines used in this project were cultured in monolayer in T25 culture flasks (Falcon Corning). 

D492, D492M and D492HER2 were cultured in collagen-1 (Inamed Biomaterials) coated flasks and 

maintained on H14 medium which constitutes of DMEM:F12 basal medium (Gibco) supplemented with 

the following growth factors; insulin (final conc. 250 ng/ml), transferrin (final conc. 10 µg/ml), epidermal 

growth factor (EGF - final conc. 10 ng/ml), Na-Selenite (final conc. 2.6 ng/ml), estradiol (final conc. 10-

10M), hydrocortisone (final conc. 1.4*10-6M) and prolactine (final conc. 0.15UI). The growth factors 

were purchased from Sigma, except EGF from Peprotech and Na-Selenite from BD Biosciences. 

BRENCs and cells in mammosphere assays and 3D cultures were maintained on EGM-2 basal 

medium (Lonza) with the following growth factors of unknown concentration; hydrocortisone, bFGF, 

EGF, VEGF, IGFR3, heparin and absorbic acid (Lonza). BRENCs were maintained on EGM30 with 

30% fetal bovine serum (FBS) while cells in mammosphere assays and 3D culture on EGM5 with only 

5% FBS. 

All mediums were supplemented with 50 IU/ml of penicillin and 50 µg/ml of streptomycin (Sigma). 

Cells were incubated at 37°C and 5% CO2.  

3.2 Doxorubicin treatment 

D492, D492M and D492HER2 received 8 cycles of doxorubicin (DXR) over few months, each dose 

was 30 ng/ml. For each cycle 100.000 cells were seeded in a T25 culture flask, cultured for four days 

and DXR administrated for 24 hours. Cells were trypsinzed and split when confluent and 100.000 cells 

again seeded. Cells were cultured till confluent again, spit, 100.000 cells seeded and a new cycle 

proceeded. 

CTRL cells used in the experiments were cells at the original passage before treatment had begun. 

These cells were untreated i.e. received no DXR treatment.   

3.3 Mammosphere assay 

An ultra-low attachment surface 24 well plate (Corning) was used for the mammosphere assay. To 

each well 1000 pre-filtered cells (30 µm filter) were seeded in 0.5 ml of EGM5 medium. Incubated at 

37°C and 5% CO2 for 9 days. Mammosphere forming efficiency was valuated with phase contrast 

microscope and mammosphere size using Photoshop (Adobe Systems Incorporated, San Jose, CA, 

USA).   

3.4 Three dimensional (3D) culture 

Three dimensional (3D) culture was carried out in reconstituted basement membrane (rBM), 

commercially known as Matrigel™ which is growth factor reduced (Corning). For the culture 1000 pre-

filtered cells (30 µm filter) and100.000 BRENCs were added to 300 µl of MatrigelTM divided to three 

wells (96 well plate). Each well was topped with 150 µl of EGM5 medium. Without BRENCs, 10.000 

cells were seeded. 
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3.5 Cell preparation for immuno-analysis  

Cells were trypsinized with 1 ml of 0.25% trypsin/EDTA at 37°C for 3-5 minutes. The trypsin was 

inactivated with 3 ml of 10% FBS. Cells were centrifuged at 2000 RPM for 4 minutes, supernatant 

discarded and cells re-suspended in PBS or AldefluorTM assay buffer.  

3.6 AldefluorTM assay 

The AldefluorTM kit (STEM CELL Technologies) was used to determine cellular ALDH activity. To each 

sample 3-5 µl of the AldefluorTM reagent BODIPY-aminoacetaldehyde (BAAA) was added. 

Immediately half of the sample was transferred to another tube containing the ALDH inhibitor, N,N-

diethylaminobenzaldehyde (DEAB), used as a negative control. Sample and negative control were 

incubated at 37°C for 30 minutes. Cells were centrifuged at 2000 RPM for 4 minutes after incubation, 

supernatant discarded and cells re-suspended in AldefluorTM assay buffer. Cells were kept on ice until 

analysis was performed.  

3.7 CellROXTM assay 

The CellROXTM kit (Thermo scientific) was used to evaluate cellular ROS. CellROXTM reagent was set 

to the concentration 5 µM. In combined staining with AldefluorTM, the CellROXTM reagent was 

incubated with the negative control as well, for analysis consistency. Samples were incubated at 37°C 

for 30 minutes, centrifuged, supernatant discarded and re-suspended in PBS or AldefluorTM assay 

buffer.  

3.8 Apoptosis assay 

For apoptosis analysis the Apoptosis kit (BD Bioscience) was used. Cells were washed once, 

suspended in 60-100 µl of binding buffer with 3-5 µl Annexin V (APC conjugated) and PI. Samples 

were incubated for 15 minutes in the dark and 300 µl of binding buffer added before analysis. For 

camptotechin (CPT) induced apoptosis cell were treated with 10 µm of CPT for four hours.  

3.9 Flow cytometry and data analysis 

Samples were analyzed with flow cytometry using the instrument; MACSQuant from Miltenyi Biotec 

(Bergisch Gladbach, Germany). Settings were adjusted for the analysis and compensation performed 

if needed. Calibration was performed with MACSQuant calibration beads (Miltenyi Biotec) prior to 

every analysis.  

Flow cytometry data analysis was performed with the program Flowjo, version 8.8.6 (TreeStar, San 

Carlos, CA). For the data analysis, a live gate was created around the cell population using the 

Forward Scatter (FSC) and Side Scatter (SSC) parameters for elimination of cell debris, clustered cells 

and artifacts. ALDH fluorescence was analyzed with ALDH/SSC dot plots, including live gate events. 

In this plot a gate was set at the right edge of the stained population using negative controls. This gate 

was subsequently used for the definition of ALDH activity in the corresponding samples.  
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3.10 Cell sorting  

Cells were sorted with the SH800 cell sorter from Sony Biotechnology Inc. (San Jose, California, 

United states) following AldefluorTM and CellROXTM staining. Cells were sorted into different 

populations; ALDH high ROS high (AHRH), ALDH high ROS low (AHRL), ALDH low ROS low (ALRL) 

or only ALDH high and ALDH low. Sorted gate criteria was set to 10-15% 

3.11 Immunofluoresence staining 

Before staining, cells were fixed with ice cold methanol for 10 minutes and blocked with 10% FBS. 

Cells were incubated overnight at 4°C with primary antibodies (see table 1) diluted in IF buffer. The 

day after, the cells were rinsed with PBS and incubated for 30 minutes at RT with secondary 

antibodies diluted 1:1000 in IF buffer. Following incubation cells were rinsed with PBS and incubated 

for 15 minutes with DAPI for counterstaining of nuclei. Cells were again rinsed with PBS and finally 

deionized water. After the slide had dried it was mounted with hard-set mounting medium. Samples 

were visualized using an Olympus FV1200 Confocal microscope (Olympus, Tokyo, Japan). 

 

Table 1 Information on antibodies for immunofluorescence staining  

Antibody Clone Species Isotype Dilution 
Company 

Order number 

Sec antibody 

goat anti-

mouse 

CK 5/6 D5/16B4 Mouse IgG1 1:100 Zymed 180267 
Alexafluor 

488/647 (IgG1) 

CK 14 LL003 Mouse IgG3 1:100 Novocastra 
Alexafluor 488 

(IgG1) 

CK 17 E3 Mouse IgG2b 1:100 DAKO M7046 
Alexafluor 546 

(IgG2b) 

CK 19 A53-B/A2 Mouse IgG2a 1:100 Abcam ab7754 
Alexafluor 

647/546 (IgG2a) 

 

3.12 Protein isolation 

Protein was isolated from D492, D492M and D492HER2, CTRL cells and DXR treated cells in 6 well 

plates (Falcon). Cells were washed with ice cold PBS and treated with 75 µl of RIPA lysis buffer (each 

ml contained: 10 µl protease inhibitor, 10 µl phosphate inhibitor and 10 µl EDTA) for 10 minutes. Wells 

were scraped with a cell scraper and entire content transferred to a tube. Tubes were incubated for 10 

minutes, frozen in liquid nitrogen and subjected to five freeze-thaw cycles. After centrifugation for 20 

minutes at 4°C and at 12.000 RPM, supernatant was transferred to a new tube and frozen at 20°C. 

Importantly all steps of the protein isolation were carried out on ice.  
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3.13 Western blot 

For Western blot 5 µg of a protein sample was mixed with NuPAGE sample buffer (Novex by Life 

technologies), mercaptoethanol and deionized water up to 10 µl. The mixture was heated on a heat 

plate at 98°C for 10 minutes. Samples (10 µl) and Ladder (3 µl, Page RulerTM pre-stained protein 

ladder product# 26619) were loaded onto wells in 10% NuPAGE Bis-Tris gel and separated at 200 

voltage for 35 minutes in NuPAGE MES SDS Running buffer (20x). Separated proteins were 

transferred to a PVDF membrane under the gel in between filters soaked in a mixed transfer buffer (25 

ml 20x NuPAGE Transfer buffer, 50 ml methanol and deionized water up to 500 ml). The transfer was 

carried out at 20 voltages for 90 minutes. The PVDF membrane was blocked with Odyssey blocking 

buffer (TBS) and 1xTBS (50/50) and incubated overnight with primary antibodies in the dark at 4°C 

(see antibodies in Table 2). The next day the membrane was rinsed and incubated with secondary 

antibodies (anti-mouse and anti-rabbit from LI-COR) diluted 1:20.000 in 0.1% TBS/Tween and 0.02% 

SDS. The membrane was visualized with Odyssey from LI-COR Biotechnology (Cambridge, United 

Kingdom).  

 

Table 2 Information on antibodies for western blot 

Antibody Clone Species Isotype Dilution Company – order number 

Actin ACTN05 Mouse IgG 1:1000 Abcam ab3280 

ALDH1A1 5A11 Mouse IgG1 1:1000 Thermo fisher scientific MA5-15692 

ALDH1A3 Polyclonal Rabbit IgG 1:5000 Thermo fisher scientific PA5-29188 

ALDH3A1 Polyclonal Rabbit IgG 1:1000 Thermo fisher scientific PA5-15003 

Β-tubulin Polyclonal Rabbit IgG 1:2000 Abcam ab6046 

CK14 Polyclonal Rabbit IgG 1:1000 Abcam ab15461 

CK19 A53-B/A2 Mouse IgG2a 1:2000 Abcam ab7754 

E-Cad 36/E-cadherin Mouse IgG2a 1:1000 BD biosciences BD610182 

EGFR - Mouse IgG2b 1:1000 BD pharmingen BD555996 

EpCAM Polyclonal Rabbit IgG 1:1000 Abcam ab71916 

GAPDH - Mouse IgG1 1:4000 Abcam ab9484 

HER2 29D8 Rabbit IgG 1:1000 Cell signaling CS#2165 

N-Cad 32/N-cadherin Mouse IgG1 1:1000 BD biosciences BD610921 

Snail Polyclonal Rabbit IgG 1:500 Abcam ab180174 
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4 Results 

4.1 Doxorubicin (DXR) treatment of D492, D492M and D492HER2 

The cell lines D492, D492M and D492HER2 were given in total eight doses of doxorubicin (DXR); 30 

ng/ml. After the eight doses some morphological changes were seen. More spindle like features were 

seen for some D492 cells while D492M cells had a more epithelial appearance. Cellular granules were 

visible especially in D492HER2 compared to untreated cells. See Figure 6. 

 

Figure 6 CTRL and DXR treated cells 

Untreated cells (CTRL) and cells after 8 cycles of Doxorubicin treatment (DXR). A) D492 CTRL, B) D492M CTRL, C) 

D492HER2 CTRL, D) D492 DXR, E) D492M DXR and F) D492HER2 DXR. Phase contrast light microscopy, original 

magnification 400x. Bar – 25 µm 

4.1.1 Life cell imaging for dose estimation 

Before treatment begun a live cell imaging was performed to estimate roughly the appropriate drug 

dose. Cells were treated with DXR at the concentrations; 100-10.000 ng/ml and imaged for 24 hours. 

Increased cell death was seen for D492 after a 24 hour treatment consistently as DXR concentration 

was increased. LD50 (Lethal dose, 50%) for D492 was estimated between 500 and 1000 ng/ml of DXR. 

D492M and D492HER2 showed a much more immediate resistance towards DXR with a higher 

percentage of live cells after 24 hours. See Figure 7. 
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Figure 7 Live cells after 24 hour DXR treatment 

Percentage of live cells after 24 hour DXR treatment of various concentrations for D492, D492M and D492HER2. LD50 is shown 

for D492. 

 

Images of D492, D492M and D492HER2 taken at 0 hours and 24 hours treated with 1000 ng/ml of 

DXR showed intense apoptosis for D492 with cells clumping together. The apoptosis for D492M and 

D492HER2 was reduced compared to D492, minor cell clumping was seen but most cell remained 

viable, see Figure 8. Increased apoptosis and massive cell death was however seen later or after 48-

72 hours when 1000 ng/ml of DXR was administrated especially for D492M but also D492HER2.  

 

Figure 8 Live cell imaging at 0 hours and 24 hours with 1000 ng/ml of DXR 

Images of cell lines at 0 hours and 24 hours treated with 1000 ng/ml of DXR.  A) D492 - 0 h B) D492M - 0 h C) D492HER2 - 0 h 

D) D492 -24 h E) D492M - 24 h and F) D492HER2 - 24 h. D492 showed cell clumping and increased apoptosis compared to 

D492M and D492HER2.  

 

The DXR treatment dose was lowered down to 30 ng/ml where all cell lines were able to proliferate, 

see Figure 9. The dose however affected the cell lines and slowed down the proliferation, seen when 

the same amount of cells were cultured with and without 30 ng/ml of DXR for 24 hours. Cells receiving 

no treatment were more confluent (Figures 9C and 9F) than CTRL cells and DXR cells receiving 24 

hour DXR treatment (Figure 9B and 9E). DXR cells that had previously received five DXR treatments 

(Figure 9F) were also less confluent than completely untreated CTRL cells (Figure 9C).   
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Figure 9 Comparison of D492 cells CTRL and DXR with and without 24 hour DXR treatment  

D492 CTRL (upper panel) compared to D492 DXR (lower panel) before and after 24 h DXR treatment (30ng/ml) and without 

treatment. D492 DXR had previously gotten five cycles of DXR treatment. A) D492 CTRL before treatment, B) D492 CTRL after 

24 h DXR treatment, C) D492 CTRL without any treatment. D) D492 DXR before treatment, E) D492 DXR after 24 h DXR 

treatment, F) D492 DXR without additional treatment. Images A and B with D and E are taking at the same spot, 24 h later. 

Phase contrast light microscopy, original magnification 200x, bar – 50 µm. 

4.2 ALDH activity, ROS levels and cell count after five and eight doses 
of DXR treatment 

ALDH activity and ROS levels were observed and proliferation evaluated with cell count for cell lines 

D492, D492M and D492HER2 after five and eight cycles of DXR treatment (DXR). This was compared 

to CTRL cells (untreated, at original passage) and also observed in both DXR cells and CTRL cell 

lines with an additional 24 hour DXR treatment.  

4.2.1 ALDH activity of cell lines with and without 24 hour DXR treatment 

ALDH activity was increased in D492 DXR after 5 cycles of DXR treatment compared to CTRL with 

and without the additional 24 hour DXR treatment (Figure 10). No difference in ALDH activity was 

seen in D492 DXR after 8 cycles of treatment compared to CTRL regardless of the 24 hour DXR 

treatment (Figure 11).  
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Figure 10 ALDH activity after 5 cycles of DXR treatment 

ALDH activity in D492 (left image) and D492M (right image) after 5 cycles of DXR treatment and untreated cells (CTRL) with 

additional 24 hour DXR treatment. Error bars – Standard error of mean (SEM). Flow cytometry data for ALDH activity in D492 

CTRL and D492 DXR with 24 hour DXR treatment (upper corner, left image).  

 

 

Figure 11 ALDH activity after 8 cycles of DXR treatment 

ALDH activity in D492 (left image) and D492M (right image) after 8 cycles of DXR treatment and untreated cells (CTRL) with 

additional 24 hour DXR treatment. Error bars – SEM. 

 

D492M showed the opposite results as D492M DXR cells after 5 cycles showed reduced ALDH 

activity compared to CTRL cells (Figure 10). The activity decreased even more after 8 cycles 

compared to CTRL cells (Figure 11).  When cells were treated with an additional 24 hour DXR 

treatment no difference was seen in ALDH activity between DXR and CTRL cells after both 5 and 8 

cycles of DXR treatments. 

Comparison with combined histograms of D492 DXR cells after 5 and 8 cycles of DXR treatment 

showed that ALDH activity was increased after 5 cycles of treatment but decreased after 8 cycles of 

treatment. The difference between ALDH activity in cells after 5 and 8 cycles was especially great after 

additional 24 hour DXR treatment. Untreated CTRL cells for both experiments showed relatively 

similar ALDH activity (Figure 12). Combined histograms of D492M cells did not show such a difference 

in ALDH activity between cycles 5 and 8 of DXR treatment (data not shown).  
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Figure 12 Comparison of ALDH activity in D492 cells after 5 and 8 cycles of DXR treatment 

ALDH activity of D492, CTRL and DXR cells after 5 and 8 cycles of DXR treatment compared with and without additional 24 

hour DXR treatment. A) D492 CTRL cells of the two experiments, B) D492 DXR cells after 5 and 8 cycles of DXR treatment, C) 

D492 CTRL cells of the two experiments with 24 hour DXR treatment and D) D492 DXR cells after 5 and 8 cycles of DXR 

treatment with additional 24 hour DXR treatment.  

4.2.2 ROS levels of cell lines with and without 24 hour DXR treatment 

The ROS levels detected in D492 after 5 cycles of DXR treatment showed similar levels between 

CTRL and DXR cells (Figure13A). When additional 24 hour DXR treatment was given, increased 

levels of ROS was seen for D492 DXR cells (Figure 13B). ROS levels after 8 cycles of DXR treatment 

were almost the same for CTRL and DXR cells (Figures 14A and 14B).  

D492M CTRL and DXR cells showed very similar ROS levels with and without additional 24 hour 

DXR treatment after 5 cycles of DXR treatment (Figures 13C and 13D). After 8 cycles of DXR 
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treatment the ROS levels were also similar between CTRL and DXR cells but the ROS low population 

was larger for DXR cells both with and without 24 hour DXR treatment (Figures 14C and 14D).  

D492HER2 however showed decreased ROS levels compared to D492 and D492M (Figure 13). 

D492HER2 DXR cells after 5 DXR treatments showed a population with higher levels of ROS 

compared to CTRL cells both with and without additional 24 hour DXR treatment. The D492HER2 

DXR cells also had a larger population with low ROS levels (Figures 13E and 13F). After 8 cycles of 

DXR treatment the ROS levels of CTRL and DXR were very similar. However when a 24 hour DXR 

treatment was administered ROS levels of CTRL cells were increased compared to DXR cells (Figure 

15). 
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Figure 13 ROS levels of D492, D492M and D492HER2 after 5 cycles of DXR treatment 

ROS levels were detected in CTRL cells (red) and DXR cells (blue) after 5 cycles of DXR treatment and also after additional 24 

hour DXR treatment. Combined histograms for comparison between CTRL and DXR cells. A) D492 cells, B) D492 cells with 

additional 24 h DXR treatment. C) D492M cells, D) D492M cells with additional 24 h DXR treatment. E) D492HER2 cells and F) 

D492HER2 cells with additional 24 h DXR treatment.  
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Figure 14 ROS levels of D492 and D492M after 8 cycles of DXR treatment 

ROS levels were detected in CTRL cells (red) and DXR cells (blue) after 8 cycles of DXR treatment and also after additional 24 

hour DXR treatment. Combined histograms for comparison between CTRL and DXR cells. A) D492 cells, B) D492 cells with 

additional 24 h DXR treatment. C) D492M cells and D) D492M cells with additional 24 h DXR treatment. 

 

 

Figure 15 ROS levels of D492HER2 after 8 cycles of DXR treatment 

ROS levels were detected in CTRL cells (red) and DXR cells (blue) after 8 cycles of DXR treatment and also after additional 24 

hour DXR treatment. Combined histograms for comparison between CTRL and DXR cells. A) D492HER2 cells, B) D492HER2 

cells with additional 24 h DXR treatment. 
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4.2.3 Summary of ALDH and ROS changes between 5 and 8 cycles of DXR 
treatment 

In Table 3 the changes in ALDH activity and ROS levels in DXR cells are summarized. DXR cells 

which had previously received 5 or 8 cycles of DXR treatments are compared to CTRL cells with also 

the additional 24 hour DXR treatment. The table shows increased (↑) and decreased (↓) ALDH activity 

and ROS level compared to CTRL and when no difference is between DXR cells and CTRL cells (-).   

Table 3 Changes in ALDH activity and ROS levels in DXR cells 

 D492 D492M D492HER2 

5 DXR cycles DXR DXR + 24h DXR DXR + 24h DXR DXR + 24h 

ALDH ↑ ↑ ↓ -    
ROS -  ↑ -  -  ↑ ↑ 
8 DXR cycles  
ALDH -  -  ↓ -    
ROS -  -  -  -  -  ↓ 

4.2.4 Cell count with and without 24 hour DXR treatment 

For each cell line (CTRL and DXR) 40.000 cells were seeded and cultured for 5 days with and without 

a 24 hour DXR treatment. Figure 16 shows the proliferation fold change for all cell lines.  

The DXR treatment for 24 hours reduced cell count for all cell lines; CTRL cells and DXR cells that 

had previously received 5 and 8 cycles of DXR treatment. The reduction was significant in every case 

except for the D492 CTRL (according to error bars representing SEM). The proliferation decreased 

after 5 cycles of DXR treatment compared to CTLR for all cell lines with and without the 24 hour DXR 

treatment. Increasing proliferation was then seen after 8 cycles of DXR treatment, well above the 

proliferation after 5 cycles and significantly above CTRL except for D492HER2 with 24 hour DXR 

treatment (Figures 16A-C).  
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Figure 16 Proliferation fold change of D492, D492M and D492HER2 

Proliferation fold change in untreated cells (CTRL), cells treated with 5 cycles (DXR 5 cycles) and 8 cycles (DXR 8 cycles) of 

DXR with and without the additional 24 hour DXR treatment. A) D492, B) D492M and C) D492HER2. Error bars - SEM.  
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4.3 Mammosphere assay with increased sphere forming efficiency 
(SFE) after DXR treatment 

Mammosphere assay was performed on all cell lines previously treated with eight cycles of DXR and 

control cells (CTRL). Sphere forming efficiency (SFE) increased with treatment for D492 and 

D492HER2 but was insignificant for D492M according to the assay (Figure 17). Appearance of 

spheres in ultra-low attachment plates from D492HER2 CTRL and DXR is shown in Figure 18. 

 

Figure 17 Mammosphere assay of D492, D492M and D492HER2 

Mammosphere assay showed increased sphere forming efficiency in D492 and D492HER2 after DXR treatment compared to 

untreated CTRL cells. Results are statistically significant; P-value for D492 is >0,0001 (***) and 0,007 (**) for D492HER2 

according to unpaired t test. Error bars – SEM. 

 

 

Figure 18 Spheres in ultra-low attachment plates – mammosphere assay 

Spheres in ultra-low attachment plate from A) D492HER2 CTRL and B) D492HER2 DXR. Phase contrast light microscopy, 

original magnification 50x. Bar 100 µm 

4.4 Camptotechin (CPT) induced apoptosis after DXR treatment 

Apoptosis was induced with camptotechin (CPT) in both CTRL and DXR cells for all cell lines. 

Apoptosis was measured with Annexin V/PI apoptosis assay. Quadrats including live cells (LC), early 

apoptosis (EA), necrosis (NC) and late apoptosis (LA) were compared (Figure 19).  
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More cells were in the live cell quadrat and fewer in early and late apoptosis quadrats for D492 

DXR compared to D492 CTRL, while necrosis stayed similar (Figures 20A and 20D). The opposite 

was seen for D492M DXR, where live cells were fewer with early and late apoptosis increased 

compared to D492M CTRL, again necrosis was similar between treated and untreated cells (Figures 

20B and 20D). No difference was seen in live cells, necrosis and late apoptosis for D492HER2 DXR 

and D492HER2 CTRL, while early apoptosis was decreased in D492HER2 DXR (Figures 20C and 

20D).  

Comparing apoptosis between cell lines showed that D492M CTRL, D492HER2 CTRL and 

D492HER2 DXR had more live cells than D492 and D492M DXR. The least early apoptosis was found 

in D492HER2 DXR but most in D492M DXR. The least late apoptosis was found in D492M CTRL 

(Figure 20).  

 

 

Figure 19 Flow cytometry results for CPT induced apoptosis 

Quadrats used to compare live cells (LC), early apoptosis (EA), necrosis (NC) and late apoptosis (LA) of CTRL; A) D492, B) 

D492M and C) D492HER2 and DXR treated; D) D492, E) D492M, F) D492HER2.  
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Figure 20 CPT induced apoptosis 

CPT induced apoptosis detected with Annexin V/PI apoptosis assay. Percentage of cells in early apoptosis, necrosis and late 

apoptosis for A) D492, B) D492M and C) D492HER2. D) Percentage of live cells for all cell lines (Annexin V/PI negative). Error 

bars – SEM.  

4.5 Immunofluorescence staining of cytokeratin proteins after DXR 
treatments 

Cytokeratin (CK) expression was observed with immunofluorescence staining for all cell lines after 8 

DXR treatments compared to untreated cells (CTRL).  

No visual change of cytokeratin expression was observed for D492 and D492M after DXR 

treatment (Figure 21). However a clear change was seen for D492HER2, cytokeratin (CK 5/6, 14 and 

19) expression was regained after eight cycles of DXR treatment (Figures 21C and 21F). D492HER2 

DXR treatment was performed in duplicate, named DXR-25 and DXR-27. The CK expression was 

therefore observed in DXR-25 and DXR-27 after 2 and 5 cycles of DXR treatment with two untreated 

controls at different passage. Expression of CK17 and CK19 was already visualized after two 

treatments and further increased after five treatments for both DXR-25 and DXR-27 (Figure 22).  
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Figure 21 Cytokeratin staining of D492, D492M, D492HER2; CTRL and DXR cells 

Cytokeratin staining; CK5/6 (blue), CK14 (green), CK19 (red) and nucleus (white). A) D492 CTLR, B) D492M CTRL, C) 

D492HER2 CTRL, D) D492 DXR, E) D492M DXR and F) D492HER2 DXR.  

 

Figure 22 Cytokeratin staining D492HER2 CTRL and DXR cells 

Cytokeratin staining of D492HER2 CTRL cells and DXR treated after 2 and 5 cycles in duplicate (duplicates are named 25 and 

27). CK5/6 (green), CK17 (red), CK19 (blue) and nucleus (white). A) CTRL passage 67, B) DXR2-25 after 2 cycles of DXR 

treatment, C) DXR5-25 after 5 cycles of DXR treatment, D) CTRL passage 74, E) DXR2-27 after 2 cycles of DXR treatment and 

F) DXR5-27 after 5 cycles of DXR treatment. 
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4.6 Protein expression observed with western blot 

Western blot (WB) was performed on CTRL and DXR treated cell lines to observe changes in protein 

expression after DXR treatment. Various markers were chosen in relations to epithelial and 

mesenchymal (EMT) phenotype with HER2, EGFR and ALDH isoforms.  

E-cadherin and N-cadherin expression was similar between D492 DXR and D492 CTRL, both 

markers were slightly reduced in D492 DXR but expression of E-cadherin remained high and 

expression of N-cadherin low. E-cadherin expression was increased and N-cadherin decreased for 

D492M DXR compared to D492M CTRL. No change was seen in the low expression of E-cadherin for 

D492HER2 CTRL and DXR and no expression of N-cadherin was seen in either CTRL or DXR. See 

Figures 23A and 24.  

EpCAM expression was increased in D492M DXR, similar between D492 DXR and CTRL with no 

expression seen in D492HER2 DXR and CTRL. Snail was increased in all CTRL lines, the largest 

difference was seen between D492M CTRL and DXR (Figures 23A and 24). 

CK14 expression was increased in D492M DXR but only slightly decreased in D492 DXR and 

stayed low in D492HER2 DXR similar to the D492HER2 CTRL. CK19 expression was however seen 

increased in D492 DXR, similar between D492M DXR and D492M CTRL and increased in D492HER2 

DXR but still low compared to D492 expression (Figures 23A and 24). 

HER2 expression stayed increased in D492HER2 CTRL and DXR, with slight increase in DXR. No 

expression or very low was seen in D492 and D492M. EGFR was increased in D492M CTRL and 

D492HER2 DXR. See Figures 23B and 25. 

Analysis of ALDH isoforms was successful for ALDH1A3 and 3A1 but not 1A1. ALDH1A3 

expression was similar between D492 DXR and CTRL, lower in D492M DXR and even lower in 

D492M CTRL. The expression was increased in D492HER2 DXR above D492 expression but not for 

D492HER2 CTRL. The highest expression of ALDH3A1 was seen in D492M CTRL, the expression 

was also increased in D492HER2 DXR and CTRL compared to D492 DXR, D492 CTRL and D492M 

DXR. See Figures 23B and 25.  

The loading controls actin, GAPDH and β-tubulin were used to figure out the relative quantity of 

proteins (Figure 23C).  
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Figure 23 Results of protein expression with western blot analysis 

Expression of various markers with WB analysis. A) Epithelial and mesenchymal markers, B) HER2, EGFR and ALDH isoforms 

and C) Loading controls.  
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Figure 24 Relative quantity of proteins – epithelial and mesenchymal markers 

Relative quantity of E-cadherin, Cytokeratin 14, N-cadherin, Cytokeratin 19, EpCAM and Snail for D492, D492M and 

D492HER2, untreated (CTRL) cells and cells treated with 8 cycles of DXR (DXR). Snail expression in D492HER2 was done on 

a separate blot. 

 

 

Figure 25 Relative quantity of proteins – HER2, EGFR and ALDH isoforms 

Relative quantity of HER2, EGFR, ALDH1A3 and ALDH3A1 for D492, D492M and D492HER2, untreated (CTRL) cells and cells 

treated with 8 cycles of DXR (DXR). EGFR expression in D492HER2 was done on a separate blot. 
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4.7 D492 sorted to ALDH and ROS fractions 

D492 CTRL and DXR cells after 8 cycles of treatment were sorted to cell fractions based on ALDH 

activity and ROS levels combined and solely ALDH activity. The sorted fractions were ALDH high ROS 

high (AHRH), ALDH high ROS low (AHRL), ALDH low and ROS low (ALRL) with ALDH high (AH) and 

ALDH low (AL). Sorted gate criteria was set to 10-15%. Cells were seeded to MatrigelTM and ultra-low 

attachment plate to test the stem cell properties of the sorted fractions. 

4.7.1 Mammosphere assay from sorted fractions 

The only difference in sphere forming efficiency (SFE) between sorted fractions of D492 CTRL and 

DXR was seen for the AHRL fraction. No difference was seen in sorted fractions for CTRL cells. 

However the SFE of the ALRL fraction was increased compared to the AHRH and AHRL fractions for 

D492 DXR. See Figure 26.  

 

Figure 26 Results of mammosphere assay of D492 sorted fractions 

D492 sorted cell fractions in mammosphere assay; ALDH high ROS high (AHRH), ALDH high ROS low (AHRL) and ALDH low 

ROS low (ALRL). Error bars – SEM. 

4.7.2 Branching colonies from sorted fractions in 3D culture with MatrigelTM 

Branching colonies were fewer for D492 DXR for all sorted fractions; AHRH, AHRL and ALRL 

compared to the same sorted fractions of D492 CTRL. The most branching colonies were seen in 

D492 CTRL AHRH fraction and the fewest for D492 DXR fraction ALRL (Figure 27). Not much visual 

difference was seen between morphology of branching colonies of D492 CTRL and DXR and also 

between sorted fractions. However branching colonies with proper ducts was only seen in the AHRL 

fractions of CTRL and DXR. See Figure 28.  

No difference was seen in number of branching colonies of AH fractions between CTRL and DXR. 

The number of colonies were highly reduces for the AL fractions and especially for CTRL which had 

almost no branching colonies (Figure 27 and 29).  

All cell fractions contained mesenchymal colonies which were impossible to quantify.  
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Figure 27 Branching colonies from D492 sorted fractions 

Branching colonies from D492 sorted cell fractions in 3D culture with MatrigelTM. AHRH, AHRL and ALRL (left image), AH and 

AL (right image). Error bars – SEM.  

 

 

Figure 28 Images of branching colonies from sorted D492 fractions 

Branching colonies from sorted D492 fractions, CTRL and DXR cells. A) AHRH CTRL, B) AHRL CTRL, C) ALRL CTRL, D) 

AHRH DXR, E) AHRL DXR and F) ALRL DXR. Phase contrast light microscopy, original magnification 100x. Bar 100 µm. 
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Figure 29 Images of branching colonies from sorted D492 fractions based on ALDH activity  

Branching colonies from D492 CTRL and DXR fractions sorted by ALDH activity. A) AH CTRL, B) AL CTRL, C) AH DXR and D) 

AL DXR. Phase contrast light microscopy, original magnification 100x. Bar 100 µm. 

4.8 In situ hybridization (ISH) 

In situ hybridization was performed with LNATM probes for three ALDH isoforms (ALDH1A1, ALDH1A3 

and ALDH3A1). See details of the results and discussion of the experiment in Appendix. 
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5 Discussion 

5.1 Doxorubicin treatment  

After live cell imaging 1000 ng/mL was chosen as the suitable dose to obtain resistance for D492 

although D492M and D492HER2 seemed already resistant towards the drug at that dosage. However 

when DXR was removed after 24 hours, fresh medium applied and the cell lines cultured on for 48-72 

hours, immense apoptosis and cell death was observed especially for D492M but also D492HER2, 

suggesting that their response to DXR appeared later than for D492. Both D492M and D492HER2 

have undergone EMT, perhaps the different response to the DXR treatment is related to the EMT 

phenotype.  

The dose was lowered until it reached 30 ng/ml where all cell lines finally showed response to the 

drug but were able to proliferate. The dose was lower than reported patient plasma concentration of 

DXR, but should resemble more in vivo situations. The likely dose exposed to tumors is within the 

nanomolar range due to short terminal half-time and rapid metabolism by liver. Lower dose to obtain 

resistance with subtle resistant changes is much more relevant in a clinical sense, than subjecting the 

cells to high doses much higher than the clinical range according Smith et al (67). 

The eight cycles of low dose DXR treatment clearly affected the cellular morphology, with 

increased granule formation which could be an indicator of increased cellular stress. More elongated 

spindle like cells appeared for D492 which could suggest a more mesenchymal phenotype, other 

results however did not confirm that. D492M showed more epithelial features which could be due to 

high passage. D492M has undergone EMT but seems to lose its mesenchymal phenotype with higher 

passage (Briem and Hilmarsdottir – personal communication). The regained epithelial phenotype was 

supported by western blot analysis.  No indicators of senescence were seen in the cells, senescence 

was a concern as drug treatment is known to accelerate cellular aging. 

5.2 Cellular responses and changes after 5 and 8 cycles of DXR 
treatment 

Different responses were seen after 5 cycles and 8 cycles of DXR treatment between cell lines and 

also number of DXR cycles when it came to ALDH activity, ROS levels and proliferation rate.  

ALDH activity was increased in D492 cells after 5 cycles both with and without 24 hour DXR 

treatment. This indicates that the baseline ALDH activity is increased to respond to drug treatment as 

ALDH activity increased even more with an additional 24 hour DXR treatment. After 8 cycles of DXR 

treatment the activity decreased and was similar to the untreated CTLR cells. Perhaps increased 

ALDH activity is an early response to the therapeutic drug treatment. Over time with increased 

treatment the cells may adapt to the drug via other pathways. As a result the high ALDH activity is no 

longer needed and is therefore reduced. 

Another reason could be a change in ALDH expression towards isoforms not detected by the 

AldefluorTM assay. The isoform specificity of the AldefluorTM assay is still not completely known. It was 

first and foremost thought to be due to ALDH1A1 or at least within the ALDH1 family. Recent evidence 

suggest that ALDH1A3 is mostly responsible for the ALDH activity detected in breast cancer cell lines 
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(38). The reduction of ALDH activity between cycles could be due to a change of isoform expression 

as other undetected isoforms like ALDH3A1 become dominant and drive the potential drug 

metabolism or even resistance. ALDH3A1 has previously been linked to stem cell properties and drug 

resistance (31, 32).  

The ALDH activity response of D492M cells towards DXR treatment was far from expectations. 

Administrating 5 and 8 cycles of DXR treatment seemed to decrease ALDH activity, completely 

opposite to expectations. The drug metabolism is therefore suspected to be driven by other means 

than ALDH activity in D492M cells. After 8 cycles, the ALDH activity of D492M DXR cells increased 

dramatically when additional 24 hour DXR treatment was added, suggesting a role of ALDH in drug 

metabolism. ALDH activity without this treatment was extremely low compared to the CTRL cells 

making it questionable whether it is representative of the true ALDH activity. D492M showed very 

different response compared to D492. Whether the regain of epithelial phenotype in D492M affected 

the activity is hard to predict. No conclusion can be made about the ALDH activity in D492M in 

relations to DXR treatment other than it does not seem to have a role in drug response.  

ALDH activity cannot be monitored in D492HER2 cells as they are GFP positive and the 

AldefluorTM assay is currently only available with green fluorescence which is detected at the same 

wavelength as GFP.  

ROS levels of D492 DXR cells increased after 24 hour DXR treatment compared to CTRL cells 

indicating that DXR cells (undergone 5 cycles of DXR) are more affected by the cellular stress caused 

by an additional 24 hour DXR treatment. These results are understandable due to the repeated 

treatments that D492 DXR have already received. The increased stress is only triggered by the 

additional 24 hour DXR treatment. The baseline for ROS has not been increased as CTRL and DXR 

cells show very similar levels without the 24 hour treatment. As the treatments increase to 8 cycles the 

response towards the 24 hour DXR treatment diminishes and no difference is seen in ROS levels for 

CTRL cells and DXR cells. These results suggest that an adaptation or selection has occurred 

towards cells that are resistant to stress accompanied by drug administration.  

D492HER2 cells show different ROS levels when it comes to CTRL and DXR cells after 5 cycles of 

DXR treatment. The DXR treatments seem to have affected the cells as a population with higher 

levels of ROS emerged, indicating a higher baseline for ROS levels. Also a larger population with low 

ROS levels appears indicating that some cells have adapted to the drug and are not affected by 

raising their intracellular stress levels. After 8 cycles of DXR a clear adaptation appears as the 

D492HER2 DXR cells do not raise their ROS levels after 24 hour treatment but the CTRL cells do. 

Without the 24 hour treatment, the CTRL cells and D492HER2 DXR have similar ROS levels meaning 

that the increased ROS baseline or build-up in DXR cells seen after five cycles of treatment no longer 

appears.   

Intracellular ROS levels have been suggested to regulate P-glycoprotein (P-gp), an ABC 

transporters (multidrug resistant-associated protein), which causes ATP dependent drug efflux. Low 

ROS levels have been related to increased expression of P-gp (77). D492 and D492HER2 showed 

lower ROS levels after 8 cycles of treatment and D492 also showed lower ALDH activity compared to 

after 5 cycles of treatment. The cells by some mechanism (perhaps ALDH activity or glutathione 
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expression, known to reduce ROS) seem to lower ROS, which could increase P-gp expression which 

leads to less drug uptake and therefore down-regulation of ALDH as the drug diminishes. D492HER2 

cells seem to contain more ROS scavenger abilities or simply have a lower ROS baseline as the ROS 

levels are quite decreased when aligned with D492 and D492M. It would have been very interesting to 

see if ALDH activity in D492HER2 is higher which could be related to the lower ROS levels. 

Unfortunately ROS levels between cycles 5 and 8 could not be directly compared as a new 

CellROXTM assay was used with a new LOT number and settings had to be adjusted as the 

fluorescence signals were different. ROS levels of D492 and D492M could also not be compared to 

ROS levels of D492HER2 after 8 cycles of treatment due to different settings.  

Cellular proliferation was clearly affected by DXR treatment, even just a 24 hour treatment reduced 

proliferation for previously untreated cells and cells treated with 5 or 8 cycles of DXR. DXR affects 

topoisomerases, promotes DNA damage and induces apoptosis and these effects on proliferation 

were therefore expected. Proliferation reduced remarkably after 5 cycles of DXR compared to CTRL 

for all cell lines and increased after 8 cycles even above CTRL. This indicates that after 8 cycles of 

DXR treatment a selection has occurred for faster cell proliferation and diminished sensitivity for DXR. 

The most dramatic change was seen for D492 which showed proportionally a very good response to a 

24 hour DXR treatment after 5 cycles with decreased proliferation and then after 8 cycles it showed 

proportionally the least response compared to the other cell lines.  

With each passage, natural selection drives the cells to proliferate faster. This needs to be taken 

into consideration when evaluating the increased proliferation of DXR cell after 8 cycles of treatment. 

They have a higher passage number than the CTRL cells so natural or purely random selection could 

explain the increased proliferation. The difference in proliferation between DXR cells after 5 and 8 

cycles of treatment on the other hand strongly indicates that the changes in proliferation are due to the 

DXR treatments. If the increased proliferation was solely due to selection with increased passage then 

an increase should be seen also after 5 cycles of DXR treatment.  

The apoptosis assay showed effects of 8 cycles of DXR treatment especially for D492 cells. 

According to the CPT induced apoptosis assay D492 DXR cells have become slightly resistant 

towards CPT induced apoptosis. D492M DXR treated have however become more susceptible 

towards CPT induced apoptosis and no difference is seen in D492HER2 cells. More live cells were 

observed in the cell lines which are still mesenchymal (D492M CTRL, D492HER2 CTRL and 

D492HER2 DXR) suggesting their CPT induced apoptosis resistance over epithelial cells (D492 

CTRL, D492 DXR and D492M DXR). This fits with previous studies of D49M by Sigurdsson et al which 

show D492M to be more resistant towards apoptosis than D492 and underlining their EMT and CSC 

characteristics (26). 

5.3  Regained epithelial properties in D492HER2 and D492M 

Both D492HER2 and D492M showed increased epithelial properties after DXR treatment. 

IF staining of D492HER2 monolayer cells for cytokeratins showed an increased expression after 8 

cycles of DXR treatment and also after 2 and 5 cycles (done in duplicate) compared to CTRLs of 

different passage. D492HER2 has undergone EMT but this suggests a shift towards a more epithelial 
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phenotype with treatment indicating that the cells have implemented MET. Liu et al states that breast 

cancer stem cells (BCSC) display the plasticity that allows them to transition between epithelial and 

mesenchymal states, with ALDH activity being more related to the epithelial states (29).  

The highest cytokeratin expression is seen after 8 cycles of DXR but expression also increases 

consistently through cycles 2 and 5. The results are in accordance with the MET assumption. 

Unfortunately these results could not be confirmed with western blot that only showed increased 

expression for CK19 but not CK14. However western blot analysis was only performed on proteins 

isolated from DXR cells after 8 cycles of DXR treatment.  

Expression of Snail is lower in D492HER2 DXR which could also indicate MET with a lower 

expression of a transcription factor linked to EMT. However Snail expression is only slightly reduced 

making it difficult to support such conclusions.   

EGFR is vastly increased in D492HER DXR. Ingthorsson et al  showed that EFGR expression 

partly reversed the HER2 induced EMT of D492HER2 (69). This goes in hand with increased CK19 

and Snail expression (and cytokeratin IF staining of monolayer cells). It would then be expected for 

HER2 expression to be reduced. This is however not the case, making the suggestions of a shift in 

D492HER2 DXR between EMT and MET speculations.    

The WB analysis results are questionable when it comes to N-cadherin expression in D492HER2. 

No expression was seen for either D492HER2 CTRL or DXR. D492HER2 has undergone EMT and N-

cadherin expression has been previously confirmed by Ingthorsson et al (69). The WB analysis was 

performed twice with proteins from different isolations so a mere coincidence is unlikely. The loading 

control GAPDH and actin showed a successful protein loading and N-cadherin expression in D492M 

CTRL was seen confirming the antibodies function. The lack of detected N-cadherin expression 

remains unexplainable, it is very unlikely that the expression is really lacking as increased E-cadherin 

expression was not seen.  

The DXR treated D492M cells also seem to lose their mesenchymal phenotype and establish 

epithelial properties with increased expression of E-cadherin, CK14 and EpCAM and decreased 

expression of the mesenchymal marker N-cadherin and EMT transcription factor Snail. CK19 

expression did not support the regain of epithelial markers as no difference was seen between D492M 

CTRL and DXR. The IF staining of D492M also did not show increased expression of cytokeratins.  

The evidence for epithelial recovery is none the less quite strong. This phenotype switch could be 

explained by the DXR treatment. The D492M DXR cells are however up to passage 42 which is likely 

too high for D492M. There have been indications of loss of mesenchymal properties with increased 

passage for D492M but it is yet to be confirmed (Briem and Hilmarsdottir – personal communication). 

The D492M CTRL cell line is at the original passage before treatment (passage 24) but the D492M 

DXR cells are at passage 42. Over passage 30 indications of epithelial recovery start to appear in 

D492M (Briem – personal communication). It is therefore more likely that the regain of epithelial 

phenotype and loss of mesenchymal phenotype is due to the high passage. It could also be a 

combination of both; DXR treatment and the high passage.  
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5.4 Stem cell properties of DXR treated cells  

The mammosphere assay clearly showed increased sphere forming efficiency (SFE) after 8 cycles of 

DXR treatment for D492 and D492HER2 but not D492M. This indicates increased stem cell properties. 

SFE of D492HER2 is greater than of D492 which is in line with previous results (69). 

Contradicting results are obtained when D492 CTLR and DXR cells (after 8 cycles of treatment) 

are subjected to the mammosphere assay after sorting based on ALDH activity and ROS levels. The 

mammosphere assay showed no difference in SFE between CTRL and DXR, except in the AHRL 

fractions where SFE was increased for D492 CTRL cells and not DXR cells. The opposite would have 

been expected based on the mammosphere assay with unsorted D492 populations. Results also 

showed that when the sorted fractions were seeded to 3D culture, fewer colonies grew for every 

fraction of DXR cells compared to CTRL cells. This suggests that the continuous low dose DXR 

treatment reduces the branching colony formation ability opposite the idea of increased stem cell 

properties in DXR cells. However when D492 cells are sorted solely on ALDH activity colony formation 

remains the same for the AH fraction of CTRL and DXR cells. In addition results for the AL fraction 

suggest that branching colony formation increases with DXR treatment. 

The stem cell population would be expected from the sorted fraction with high ALDH activity and 

low ROS levels (AHRL). The results of the mammosphere assay and 3D culture with branching 

colonies does not support that assumption. However only the AHRL fraction formed colonies with 

ducts. The ducts are especially elaborate from the CTRL AHRL fraction, see figure 28B. Increased 

stem cell properties seem to be possessed within the ALRL fraction of DXR cells according to 

mammosphere assay but the AHRH fraction of CTRL cells according to the 3D culture.  

These results question whether ALDH activity and ROS levels are good combined markers to 

identify the stem cell population. However as expected the stem cell population seems to be within the 

ALDH high population according to the 3D culture. Both CTRL cells and DXR cells show increased 

branching colony formation in the ALDH high fraction when cells are sorted solely on ALDH activity. 

This result could unfortunately not be confirmed by a mammosphere assay.  

It is difficult to conclude that stem cell properties increase with DXR treatment as results of 

unsorted cells and sorted cells in mammosphere assay do not agree. Unsorted cells in mammosphere 

assay although likely give a better representation. Cell sorting is associated with physical stress that 

may affect cells differently. The cells are also forced to take up intracellular dyes which are supposedly 

non-toxic but may effect cellular function. This could well explain the difference between sorted and 

unsorted cells.  

Western blot analysis of ALDH isoform expressions are consistent with a role in drug metabolism 

and association with mesenchymal phenotype.  

ALDH1A3 expression is increased in DXR cells for D492M and D492HER2 suggesting increased 

expression as the therapeutic drug needs to be metabolized or ROS to be eliminated. This is however 

not seen for D492 as 1A3 expression is very similar between DXR and CTRL. 

The trend seen in ALDH3A1 expression indicates association with mesenchymal phenotype as 

expression in D492 and D492M DXR is low (suggested to have lost its mesenchymal properties) but 
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higher in D492HER2 and especially D492M CTRL. The ALDH3A1 isoform is slightly reduced in 

D492HER2 DXR. If ALDH3A1 is a marker of mesenchymal cells then the lower expression compared 

to CTRL adds to the support of increased epithelial phenotype of D492HER2 after treatment. 

The study was not fully able to evaluate the cellular heterogeneity of ALDH activity and association 

of high ALDH activity to stem cell properties. The ISH method was meant to pin-point the ALDH 

expression of isoforms linked with stem cell properties before and after DXR treatment. However this 

proved unsuccessful. Although, according to the Aldefluor assayTM, the ALDH activity is homogenous 

and a shift occurred when activity increased after DXR treatment in D492 cells. A stem cell population 

with high ALDH activity clearly isolated from other populations was not seen by flow cytometry. 

Results from 3D culture with sorted fraction of D492 according to ALDH activity, show that the stem 

cell population at least partly possesses high ALDH activity, as formerly suggested (78). 
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6 Conclusion 

The results of the study suggest that stem cell properties may increase with repeated low dose DXR 

treatment in the breast epithelial cell line D492 and the HER2 overexpressing sub-line D492HER2.  

D492 cells increase their ALDH activity and ROS levels as a first response to ALDH activity. Other 

pathways seem to take over as treatments and passages increase or other ALDH isoforms not 

detected by the AldefluorTM assay. These pathways and/or isoforms can potentially be identified with 

whole mRNA sequencing which will be the scope of future studies.   

D492HER2 cells have a pre-neoplastic character and are much more robust than D492 with 

increased stem cell properties, decreased ROS levels and proliferation. A large shortcoming in the 

study is not being able to detect ALDH activity in D492HER2 and this truly limits conclusions being 

made from comparison with D492 especially in relations to decreased ROS levels of D492HER2. 

D492HER2 seems to possess plasticity which enables transit between EMT- and MET-like states. 

DXR treatment seems to promote the MET-like state according to some of the results. This response 

could be linked to adaptation to the drug, mRNA sequencing may elucidate this matter further.  

Hardly any conclusions can be made about D492M response to DXR. The loss of mesenchymal 

phenotype may be due to high passage rather than DXR treatment. The DXR treatment would have to 

be done at the earliest possible passage to avoid this defect.   

6.1 Future perspectives  

This study opens up many possibilities and many questions are unanswered. Whether cancer cell 

lines respond the same way as D492; by increasing ALDH activity solely as a first response to drug 

treatment or continuously keep the ALDH activity increased, could be useful information to prevent 

drug resistance. Evaluating the metabolism of DXR treated cells compared to CTRL cells in addition to 

mRNA sequencing can hopefully explain the responses to drug treatment and give insight to the 

pathways leading to drug resistance.  
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7 Appendix 

7.1 In situ hybridization (ISH) 

In situ hybridization (ISH) is a method that detects mRNA expression at a cellular level. For a specific 

detection Locked Nuclei Acids (LNATM) probes can be used that are synthetic oligonucleotides 

specially designed and optimized (79).  

In principal the LNATM probes labeled with e.g. digoxigenin (Dig) bind to mRNA in fixed cells at a 

specific hybridization temperature. The Dig signal can then after be detected with anti-Dig, 

fluorochrome or alkaline phosphatase conjugated antibody (80). 

mRNA ISH provides information on cellular origin of expression rather than quantifying the 

expression (79).   

7.2 Material and methods of mRNA ISH 

The LNATM mRNA detection probes for ISH were bought from Exiqon A/S. The probes were designed 

with Custom LNATM mRNA Detection Probe design tool (see details in table 4). mRNA ISH on fixed 

cells was performed according to a protocol from R. W. Dirks, Leiden University Medical Center, 

Leiden, The Netherlands provided by Exiqon A/S.  

 

Table 4 ISH probe details 

Probe Product Sequence 5´-3´ 
Mw, calc. 

(Da) 

DNA Tm 

calc. (°C) 

RNA Tm 

calc. (°C) 

ALDH1A1 /5DigN/TAACTACTGGGAACAGAGCAAT 7737.4 76 84 

ALDH1A3 /5DigN/TAGCTGATGATGAAGGGAAGGCAA 7473.3 79 84 

ALDH3A1 /5DigN/ACGTACACCACCTCCTCATA 6842.9 72 84 

Scramble-ISH /5DigN/GTGTAACACGTCTATACGCCCA 7626.4 78 87 

 

Cells were seeded to a super frost glass slide and cultured for 24-48 hours. Cells were washed 

with PBS and fixed in 4% formaldehyde. Cell were treated with Proteinase K (various concentrations 

was tested) and fixed again with 4% formaldehyde/5% acetic acid. Dehydration through 70%, 90% 

and 100% was carried out and slide air dried. Probe was diluted in hybridization buffer to 20-40 nM 

and added to slide (10-20 µl) with cover slip on top. Probe and slide was denatured at 80°C for 75 

seconds and hybridized for 30 minutes at 30°C below the RNA Tm (various temperatures were 

tested). Hybridization was carried out on DAKO hybridizer (Glostrup, Denmark). After hybridization 

cover slip was washed off with immersion in 2xSSC, 0.1% Tween-20 and slide washed in 0.1xSSC at 

the hybridization temperature.  

Slide was blocked with blocking solution (PBS with 0.5% BSA (w/v) pH 7.4, 1% Blocking reagent 

(w/v) (Roche) and 5% FBS) for 1 hour. Antibody (see table 5) was added to slide and incubated over 

night at 4°C. After antibody removal slide was washed with PBS/0.1% Tween-20 and PBS only, dried 
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and mounted with fluoromount. Samples were visualized using an Olympus FV1200 Confocal 

microscope (Olympus, Tokyo, Japan).  

 

Table 5 Information on antibody for ISH 

Antibody Conjugate Clone Species Isotype Dilution Company Order number 

Anti-Dig Rhodamine Polyclonal Sheep IgG 1:10 Roche 11207750910ROCHE 
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7.3 Results of mRNA ISH 

In situ hybridization with LNATM probes for three ALDH isoforms (ALDH1A1, ALDH1A3 and ALDH3A1) 

was performed on all cell lines and was not successful despite repeated attempts. The probes were 

digoxigenin (Dig) labeled and two anti-Dig antibodies were tested, alkaline phosphatase and 

rhodamine conjugated. The alkaline phosphatase reaction gave no signal. Results from hybridization 

performed at optimal recommended temperature for both probes (ALDH1A1 and 1A3) and scramble 

control (Scr Ctrl) on D492 and D492HER2 with the rhodamine antibody are shown in Figure 30. Unlike 

the alkaline phosphatase antibody, the rhodamine antibody gave a strong signal in both scramble 

control and the sample itself regardless of hybridization temperature.  

 

Figure 30 In situ hybridization of D492 and D492HER2 

Results of In situ hybridization (ISH) with Dig labeled ALDH1A1 and 1A3 probes detected with rhodamine conjugated anti-Dig 

and scramble control (Scr Ctrl) at 54 and 57°C. ISH of D492 (A-D) and D492HER2 (E-H).   

7.4 Discussion about mRNA ISH 

In situ hybridization is a delicate method with many steps that need optimization including 

hybridization temperature, probe concentration, digestion by pepsin or proteinase K and stringency 

and temperature of wash buffer post hybridization. 

Despite multiple attempt to optimize these step to visualize ALDH expression in D492, D492M and 

D492HER2 the hybridization was not a success. Signal from the rhodamine conjugated antibody 

supposedly bound to anti-Dig of ALDH probes was detected in most cells (signals from cytosol and 

nucleus varied). Unfortunately the signal was detected in both sample and scramble control. The 

scramble control is a negative control, with a scrambled probe that should not bind to any mRNA. 

Scramble control is used to detect unspecific binding and distinguish between real signals and 

background due to auto-fluorescence. 

The recommended hybridization temperature is 30°C below the RNA Tm which in case of probes 

was 54°C and 57°C for the scramble control. Hybridization was therefore performed at both 
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temperatures. Higher temperatures reduces probe binding, therefore as a suggestion from Exiqon´s 

technical support, temperature was increased up to 63°C, the binding was reduced but in both sample 

and negative control to a similar degree. Hybridization was also performed with no probe or scramble 

control just hybridization buffer and none the less a signal from the antibody was detected. Suggesting 

that the antibody binding is mostly unspecific making ALDH expression analysis impossible. A new 

antibody would have to be tested. However other steps of the hybridization clearly also needed 

optimization as the alkaline phosphatase antibody gave of no signal in D492, D492M, D492HER2 for 

none of the probes tested.  

The LNATM probes were made by Exiqon, and designed by advanced online design software. The 

probes were designed for the mRNA target of ALDH isoforms which included all splice variants 

according to the Genome browser. The LNATM probes are allegedly very stable, highly sensitive and 

specifically target the correct mRNA sequence. For the optimization probe concentration was 

increased and hybridization buffer volume as well, no effects were seen however of the alteration.  

Protein digestion by pepsin or proteinase K is suggested to be a crucial step of ISH as it gives the 

probes a better access to the mRNA sequence, digesting away proteins/peptides which could be a 

binding barrier. Proteinase K concentration was decreased and increased till the point that cellular 

morphology was disrupted or all cells completely digested of the glass. The digestion was performed 

at both room temperature and 37°C. No significant results were obtained from different proteinase-K 

concentration.  

Post hybridization samples were washed in diluted SSC buffer, stringency was increased and 

decreased by changing SSC concentration. Recommended temperature of the diluted SSC buffer is 

65°C according to protocol by RW Dirks or the same as the hybridization temperature. The 

temperature was also altered but no change in signal and especially from negative scramble control 

was visualized by altering wash buffer temperature.  

When performing in situ hybridization, it is very important to keep all working area, solutions and 

instrument RNase free. RNase as the word entails is an enzyme that catalyzes the hydrolysis of RNA 

i.e. degrades RNA. It is found in cells and therefore on skin and also clothes and most surfaces. 

Contaminations is highly likely, but whether that significantly affects the in situ hybridization potentials 

is hard to determine. None the less an important factor than cannot be ignored.  

 

For obvious reason new anti-Dig antibodies would need to be tested for continuous optimization. 

The ISH optimization needs to be precise, well documented with only one step altered at a time. First 

and foremost time, patience and tolerance are the key factors. 

 

 

 

 


