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Abstract: Background and objectives: Cell culture is one of the mainstays in the research of breast cancer
biology, although the extent to which this approach allows to preserve the original characteristics of
originating tumor and implications of cell culture findings to real life situations have been widely
debated in the literature. The aim of this study was to determine the role of three cell culture media
on transcriptional expression of breast cancer markers in three breast cancer reference cell lines
(MCF7, SkBr3 and MDA-MB-436). Materials and methods: Cell lines were conditioned in three studied
media (all containing 5% fetal bovine serum (FBS) + hormones/growth factors; different composition
of basal media) for four passages. Population growth was characterized by cumulative population
doubling levels, average generation time, cell yield and viability at the fourth passage. Transcriptional
expression of breast cancer differentiation markers and regulatory transcriptional programs was
measured by qPCR. Results: Differences in the composition of growth media significantly influenced
the growth of studied cell lines and the expression of mammary lineage governing transcriptional
programs and luminal/basal markers. Effects of media on transcriptional expression were more
pronounced in luminal cell lines (MCF7, SkBr3), than in the basal cell line (MDA-MB-436). Changes in
growth media in terms of supplementation and basal medium delayed growth of cells, but improved
cell yields. Conclusions: The expression of breast cancer cell differentiation phenotypic markers
depends on the composition of cell growth medium, therefore cell culture as a tool in phenotypic
studies should be used considering this effect. The findings of such studies should always be
interpreted with caution. The formulation of cell growth media has greater effect on the expression of
phenotypic markers in luminal, rather than basal cell lines. Media containing mitogens and higher
vitamin content improved efficacy of cell culture in terms of cell yields, although greatly increased
growth times.

Keywords: breast cancer cell line; tumor cells; cultured/substance effects; culture media;
gene expression profiling

1. Introduction

Long-lived cancer cell lines, which have been derived from patient tumor cells, have been widely
used to explore biology of breast cancer and new therapies in the past and currently remain one
of the main models for investigation of breast cancer [1]. Still, there are several recognized gaps in
our understanding of cell lines as tools for study of cancer biology, e.g., whether the phenotype of a
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breast tumor in vivo is maintained in cell culture and how representative cell lines are in reflecting the
complexity of the clinical disease [2–4].

The complexity of the breast cancer microenvironment with respect to gene expression
profiles, signaling pathway activity and drug sensitivity is better recapitulated and modelled
by three-dimensional heterotypic culture systems than by adherent cell culture [3]. However,
these techniques are time consuming, lack reproducibility and are hard to standardize [5]. Therefore,
most molecular profiling studies of breast cancer cell lines have been conducted after culture of cells in
medium traditionally used for the breast cancer cell line in the particular laboratory, e.g., in the study of
expression profiling of large panel of breast cancer cell lines and in vivo breast tumors by Prat et al. [6]
MCF7 and SkBr3 cell lines were cultured in RPMI-1640 with 10% fetal bovine serum (FBS) and the
MDA-MB-436 cell line was cultured in DMEM (high glucose) with 10% FBS, while in the study of
genomic and transcriptional characterization of breast cancer cell lines by Neve et al. [7], the same cell
lines were grown in DMEM medium, McCoy 5A medium and L15 medium, respectively—all media
with 10% FBS. The epithelial lineage tracing study performed by Lim et al. [8] propagated mammary
and breast cancer cells from human donors in DMEM medium + Ham’s F12 nutrient supplement with
5% fetal calf serum, insulin, glutamine, epidermal growth factor and hydrocortisone. Additionally,
high-throughput assays to investigate potential therapeutic agents usually presume conditioning of
cell lines to a particular medium, e.g., RPMI-1640 with 5% FBS for discovery of anticancer agents in
NCI60 cancer screening panel [9,10]. However, to our knowledge, there are no reports on the extent of
differences induced by culture media on the lineage and subtype specific gene expression in breast
cancer cell lines.

Gene expression profiling studies of clinical samples from breast tumors have identified the
intrinsic luminal, HER2-enriched, basal, claudin-low and normal breast cancer subtypes [11–13],
and validity of these subtypes has been shown also in breast cancer cell lines [7,14–17]. The original
method for breast cancer subtype classification on the basis of gene expression profiling [18] has
been variously modified and finally simplified to a 50-gene classifier (PAM50) for use in the clinical
setting [19]. More recently, mammary epithelial cell lineage tracing and profiling experiments
have delineated mammary gland developmental hierarchy and assessed the expression of their
specific signatures in tumors of different intrinsic subtypes [8,14,20,21]. These studies have led to
the conclusion that breast tumors retain basal or luminal transcriptional programs of the normal
mammary epithelium and that these programs are specifically associated with different disease
subtypes [22]. Namely, tumors of luminal subtype display mostly the expression signature of normal
mature luminal cells [8,11] characterized by high expression levels of luminal lineage regulators GATA3,
FOXA1 [23,24], transcription repressor TBX3 [25], as well as components of the Notch pathway, e.g.,
HEY1 and HES1, that has been shown to promote luminal differentiation [26,27]. HER2-enriched
tumors also express mature luminal cell signature, although the expression of luminal regulators
is lower, indicating a less differentiated state [22]. Basal tumors express markers of both luminal
and basal mammary lineages [18], while signature analysis revealed their similarity to luminal
progenitor cells with enhanced expression of transcription factors SOX9, ELF5, FOXM1, FOXQ1,
VGLL1, EZH2 [8]. Claudin-low tumors display high levels of expression of mesenchymal markers and
regulators of epithelial-to-mesenchymal transition (EMT), and were shown to be best characterized by
basal/myoepithelial signature [8] with expression of some regulators of basal lineage, i.e., ID3, TBX2.
Basal/myoepithelial signature has most often been termed mammary stem cell (MaSC) signature,
since basal layer of the mammary gland contain cells with properties of MaSC [22]. Although
claudin-low tumors are quite rare in clinical practice, they seem to be overrepresented among
established breast cancer cell lines [14].

In this study, we assessed the effects of basal culture media and hormones/growth factors used
in our laboratory to isolate and culture human breast cancer cells from core biopsies of primary
tumors. The set of hormones/growth factors used in the study contained mostly mitogens (insulin,
epidermal growth factor, estradiol, triiodothyronine) supposedly enhancing proliferation of at least some
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populations of breast cancer cells, and factors (hydrocortisone, cholera toxin) promoting attachment and
spread of the breast cancer cells and formation of focal contacts, i.e., promoting epithelial-like features.
The studies the concerning role of these hormones and factors in the culture of breast cancer and/or
mammary epithelial cells and their influence on the transcriptional expression of basal or luminal
phenotype have been performed mostly with individual hormones/growth factors in isolation and
the effects of some hormones have been explored comprehensively, while knowledge concerning the
mode of action of other hormones/growth factors (e.g., triiodthyronine) in breast cancer cells with the
exception of supposedly proliferation and/or attachment enhancing properties is limited.

The aim of the current study was to investigate how differences in the culture media with respect
to basal medium and hormones/growth factors affect transcriptional expression of breast cancer
markers and mammary epithelial cell lineage regulatory transcription factors in reference to breast
cancer cell lines MCF7, SkBr3, and MDA-MB-436.

2. Material and Methods

2.1. Breast Cancer Cell Lines

Main clinicopathological features, ER/PR/HER2 status and gene cluster group/transcriptional
subtype of the studied breast cancer cell lines MCF7 (ATCC® HTB-22TM), SkBr3 (ATCC® HTB-30TM)
and MDA-MB-436 (ATCC® HTB-130TM) are indicated in Table 1.

Table 1. Characteristics of the studied breast cancer cell lines.

Cell
Line Source * Tumor

Type * ER * PR * HER2 * Cluster/Subtype ** Complete Growth Medium
According to ATCC *

MCF7 PE IDC + + 0 luminal Eagle’s Minimum Essential Medium
+ 10% FBS + 0.01 mg/mL hr insulin

SkBr3 PE AC 0 0 + luminal/HER2+ McCoy’s 5a +10% FBS

MDA-MB-436 PE IDC 0 0 0 basal
B/claudin-low

Leibovitz’s L-15 + 10% FBS +
10 µg/mL insulin + 16 µg/mL

glutathione

PE—pleural effusion; IDC—invasive ductal carcinoma; AC—adenocarcinoma; +—positivity for ER, PR expression
or HER2 overexpression; 0—negativity for ER, PR expression or HER2 overexpression; FBS—fetal bovine serum
hr – human recombinant; * Information from ATCC (https://www.lgcstandards-atcc.org/) and references therein.
** Information from the following studies: [7,16,28,29].

2.2. Basal Growth Media and Supplements

Basal culture media were Dulbecco Modified Eagle’s medium with Ham’s F12 nutrient
supplement (1:1) (DMEM:F12 (1:1)), DMEM:F12 (1:3), and RPMI-1640. The basal media DMEM:F12
(1:1) and RPMI-1640 were chosen as all-purpose media traditionally and widely used for propagation
of breast cancer cell lines, while DMEM:F12 (1:3) forms the basis for so-called medium F used to
promote proliferation of tumor epithelial cells in combination with Rho kinase inhibitor (Y-27632)
and fibroblast feeder cells [30]. Nonexhaustive comparison of basal media formulations are shown in
Supplementary Table S1. Of the studied basal media, RPMI-1640 was the most rich in terms of energy
and carbon sources, but contained the least amounts of amino acids, vitamins and microelements and
no lipids or nucleosides. In comparison to DMEM:F12 (1:1), DMEM:F12 (1:3) was enriched in some
minerals, vitamins and additional substances. It is worth noting that extracellular levels of calcium can
influence the differentiation state of epithelial cells, and studied media in order of decreasing calcium
concentration are DMEM:F12 (1:1) > DMEM:F12 (1:3) > RPMI-1640.

The supplements for studied media (hormones and growth factors) and their working
concentrations were chosen on the basis of studies performed by Ethier et al. [31,32]: insulin (I; 5 µg/mL),
hydrocortisone (HC; 1 µg/mL), epidermal growth factor (EGF; 10 ng/mL), estradiol (E2; 10 nM),
transferrin (T; 5 µg/mL), triiodothyronine (T3; 10 µM) and cholera toxin (Ct; 1 ng/mL). The studied
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media were also supplemented with antioxidant sodium selenite (Se; 50 µM) and buffering agent
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 2 nM).

The final formulations for the control medium (A10) and the studied media (A5, R5, D5) are
shown in Table 2. Culture media were coded: A10 (control), A5, D5 and R5. The number in the medium
code corresponds to the concentration (%v/v) of fetal bovine serum (FBS). A10 was the basic cell
culture medium consisting of DMEM/F12 (1:1) + 10% FBS with added penicillin/streptomycin. Basis of
medium A5 was DMEM:12 (1:1), for medium D5—DMEM/F12 (1:3), and for medium R5—RPMI-1640
(all from ThermoFisher Scientific, Paisley, UK). All media, except A10, were supplemented as described
earlier (all supplements from Sigma-Aldrich, Taufkirchen, Germany). For cell line MDA-MB-436
medium A10 was supplemented with 5 µg/mL insulin and 1 ng/mL cholera toxin (Ct).

Table 2. Formulations of the control and studied media.

Medium Basis FBS (%) Supplements *

A10 DMEM/F12 (1:1) 10 P/S
A5 DMEM/F12 (1:1) 5 P/S, I, HC, EGF, E2, HEPES, T, T3, Se, Ct
D5 DMEM/F12 (1:3) 5 P/S, I, HC, EGF, E2, HEPES, T, T3, Se, Ct
R5 RPMI1640 5 P/S, I, HC, EGF, E2, T, T3, Se, Ct

* P/S—1% Pen/Strep; I—insulin; HC—hydrocortisone; EGF—epidermal growth factor; E2—17β-estradiol;
HEPES—(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); T—transferrin; T3—3,3′,5-triiodo-L-thyronine;
Se—sodium selenite; Ct—cholera toxin.

2.3. Cell Culturing and Growth and Viability Analysis

The studied breast cancer cell lines (MCF7, MDA-MB-436, and SkBr3) were conditioned for
growth in the three studied culture media for four passages. Each cell line was also propagated in the
control medium A10. Cells were cultured in humid chamber at 37 ◦C, 5% CO2. Medium was replaced
and cultures were examined in phase-contrast microscope every two days. Total number and viability
of cells were determined at each subculture. Cell samples for RNA extraction were obtained after
fourth subculture at the studied medium.

Total number and viability of cells were determined by staining with Trypan blue and manual counting
in haemocytometer during each subculture. The length of growth of each subculture was documented.

The effects of media on cellular proliferation rate were evaluated by population doubling level
(PDL) at the end of fourth subculture, average generation time during fourth subculture and by cell yield
(CY). CY was estimated as CY = T(cells collected)/T(cells seeded), where T is the number of cells; PDL was
calculated for each subculture (PDL = Log2(CY)). Average generation time during subculture was
estimated as average time for all cells in the population to complete one division, i.e., GT = t/PDL,
where t is number of days from seeding to the next subculturing. The level of adaptation of studied cell
lines to medium was characterized by the cumulative population doubling levels (PDLs) starting with
the first subculture. High levels of adaptation were considered, if the cumulative PDLs at the end of the
fourth subculture was at least 15. Data on growth analysis are included in Supplementary Table S2.

2.4. Reverse-Transcription and qReal-Time PCR

Genes for the expression analysis were chosen on the basis of mammary cell tracing experiment
by Lim et al. [8], breast cancer cell line profiling experiment by Prat et al. [6], and PAM50 classifier [33]
as the ones allowing to detect differentiation related transcriptional programs (regulators) induced
or suppressed in breast cancer cells, and as biomarkers, used to distinguish particular subtype of
cancer or state of differentiation (luminal markers, basal markers). Studied genes are characterized in
Supplementary Table S3.

Total RNA was isolated from one million cells with Qiazol Lysis Reagent (Qiagen, Hilden,
Germany) according to manufacturer’s protocol. DNase treatment (ThermoFisher Scientific, Vilnius,
Lithuania) for all samples was followed by RNA clean-up with NucleoSpin RNA Clean-up XS columns
(Macherey-Nagel, Düren, Germany). Two micrograms of total RNA was used for cDNA synthesis
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(ThermoFisher Scientific, Vilnius, Lithuania). The quality of cDNA was determined by amplification of
ACTB and RNA285S. Quantitative real-time PCR using 5xHOT FIREPol EvaGreen qPCR SuperMix
(Solis Biodyne, Tartu, Estonia) was run on Applied Biosystems Viia7 (Applied Biosystems, Singapore).
ACTB, RNA285S and GPDH were used as reference genes.

2.5. Statistical Analysis

Transcriptomic expression analysis was performed in R (version 3.1.2), package “HTqPCR”.
The values were normalized using the delta Ct method against three reference genes (ACTB1, RNA28S5,
GPDH). To analyze differential expression, the difference to the normalized Ct values in between
a couple of media conditions for cell line were subjected to a Student’s t-test and evaluated after
adjustment of p-values by the method of Benjamini and Hochberg with the alpha for false rate
discovery of 5%. The genes were considered to be differentially expressed if the p-value was ≤0.05.
Data (adjusted p-value, ddCt and fold change (FC) values) are shown in Supplementary Tables S4 and
S5. The FC was calculated using the delta-delta Ct method.

For analysis, it was assumed that the difference in the expression levels was major, if FC of the
expression was less than 0.25 or more than 4.00, moderate, if FC was in the range of 0.25–0.50 or
2.00–4.00, and minor, if FC was in range of 0.50–2.00. We considered only statistically significant
(after adjustment of p-value by method of Benjamini and Hochberg) and major or moderate differences
in the levels of expression.

3. Results

3.1. Effects of Media on Cell Growth and Morphology

The characteristics of growth and viability in the studied cell lines during fourth subculture are
shown in the Figure 1 and Supplementary Table S3.

Figure 1. Growth and proliferation of MCF7 (n = 5 in each medium), MDA-MB-436 (n = 3 in A10 + I + Ct,
n = 4 in the studied media) and SkBr3 (n = 3 in each medium) cell lines in A10, A5, D5 and R5 media during
fourth subculture. (A) Cumulative population doubling levels in studied media until the end of the fourth
passage. (B) Cell population generation time. (C) The viability of cells after trypsinization of the subculture.
(D) Cell yields at the end of the subculture.
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Luminal MCF7 cell line achieved high levels of adaptation only in R5 medium (cumulative PDL
of 24.87), while the adaptation to A5 and D5 media was low (9.80 and 8.36, respectively) (Figure 1A).
A5 and D5 media slowed the growth of MCF7 in comparison to A10 medium (Figure 1B). Moreover,
this suppressive effect on proliferation resulted also in lower cell yields (Figure 1D). R5 medium
stimulated proliferation of MCF7 cells (generation time of 3.04 days), and substantial increased cell
yields (48.02 times). No differences in cell viability were observed for MCF7 cells in the studied
media (Figure 1C).

Claudin-low MDA-MB-436 cell line achieved high level of adaptation in all studied media (PDLs of
22.61, 21.74 and 25.82 in A5, D5 and R5 media, respectively) (Figure 1A). All media slowed the growth
of MD-MB-436, in comparison to the original A10 + I + Ct medium (Figure 1B). Furthermore, cell yields
decreased substantially in all studied media. The suppressive effect on growth of MD-MB-436 in terms
of generation time and cell yields was most noticeable in D5 medium, and it was the only medium
with low viability of cells (68%) (Figure 1C,D).

HER2-enriched luminal SkBr3 cell line achieved high level of adaption in all the studied media
(PDLs of 18.94, 21.80 and 20.27 in A5, D5 and R5 media, respectively) (Figure 1A). All media slowed
the growth of SkBr3 cells, in comparison to the control A10 medium (Figure 1B). No differences in cell
viability were observed (Figure 1C). Proliferation of SkBr3 cells was stimulated in A5 and D5 media
and suppressed in R5 medium in comparison to A10 medium (Figure 1D). Therefore, in contrast to
MCF7 and MDA-MB-436 cell lines, A5 and D5 media stimulated growth of SkBr3, while R5 medium
suppressed it.

The morphological appearance of MCF7 cells in the studied media also changed prominently
(Figure 2). In the original A10 medium MCF7 displayed epithelial morphology with tightly packed,
polygonal, flattened cells attached to the substrate, and displaying characteristic “cobblestone”
appearance and dome formation at higher densities (Figure 2A).

Figure 2. Morphological appearance of MCF7 cells in phase-contrast microscopy on Day 6 of the fourth
subculture in A10 (A), A5 (B), D5 (C) and R5 (D) media, 100×magnification.

The growth of MCF7 in A5 and D5 media was characterized by mixture of groups of rounded or
irregular cells and fewer, bridge-like clusters with very tightly growing, polygonal cells. The culture
showed somewhat detached appearance with increase in free floating or loosely attached cell clusters
(Figure 2B,C). Both media also induced increasing formation of mesenchymal-type cells, i.e., single
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elongated or irregular cells with polarized protrusions. In R5 medium cells retained classical epithelial
growth with even seemingly more tight clusters, and the smaller cells in the tight groups gained
somewhat rounded polygonal appearance (Figure 2D).

MDA-MB-436 morphologically is characterized by neuron-type cells, and no noticeable observations
were made in addition to the cell density on the same day of subculture (Figure 3).

Figure 3. Morphological appearance of MDA-MB-436 cells in phase-contrast microscopy on Day 8 of
the fourth subculture in A10 + I + Ct (A), A5 (B), D5 (C) and R5 (D) media, 100×magnification.

Morphological appearance of SkBr3 culture in A10 medium was characterized by close groups of
polygonal cells, large round multinucleated cells growing mostly in isolation and great amount of free
floating or very loosely attached round cells (Figure 4A).

Figure 4. Morphological appearance of SkBr3 cells in phase-contrast microscopy on Day 15 of the
fourth subculture in A10 (A), A5 (B), D5 (C) and R5 (D) media, 100×magnification.

All studied media decreased numbers of free floating and loosely attached cells in comparison
to the control A10 medium. Growth in A5 medium displayed increase in the number of large,
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round multinucleated cells (Figure 4B). The culture in R5 medium appeared somewhat deteriorated,
with vacuolization of large cells (Figure 4D).

3.2. Substitution of Serum with Hormones/Growth Factors Shifts MCF7, SkBr3 and MDA-MB-436 Cells
Towards Less Differentiated Phenotype

The effects of partial substitution of FBS with hormones/growth factors were evaluated by
comparison of the levels of expression of studied genes in A5 medium to the expression of studied
genes in A10 medium. Statistically significant major or moderate differences in the levels of expression
are shown in Table 3 (values of expression for all genes and p-values for comparisons are shown in
Supplementary Table S4).

Table 3. Differential transcription of studied genes in A5 medium, as compared to A10 medium, in all
three cell lines (expression level and p-values are reported in Supplementary Table S4) *.

Gene Class ** Gene MCF7 SkBr3 MDA-MB-436

MLR

AR ↓↓ ↑↑ ↓↓
ELF5 NS ↑↑ NS
ESR1 ↓ NS NS

FOXA1 ↓ NS ↑
GATA3 NS ↓↓ ↑↑
HES1 NS ↑ NS
PGR ↑↑ NS NS
TBX3 ↓↓ NS ↑

LPR

EZH2 ↓ NS NS
FOXM1 NS ↓↓ NS
FOXQ1 NS NS NS
SOX9 NS ↑↑ ↓↓

VGLL1 ↓↓ ↓ NS

BR

HEY1 ↑↑ ↑↑↑ NS
ID3 NS NS NS

IFI16 ↑↑ ↑↑↑ ↓
SNAI2 ↑ NS NS
TBX2 NS ↑↑ ↑↑↑
TP63 ↑↑↑ NS NS

LM

EPCAM ↓↓ NS NS
ESR2 NS NS NS

KRT18 NS ↓ NS
KRT19 NS NS ↓
KRT7 NS ↓ ↑↑
KRT8 NS NS ↓
MUC1 NS NS ↓↓↓
NAT1 NS NS NS

SLC39A6 ↓ NS ↓
TMEM45B NS ↑ ↑↑

XBP1 NS NS ↓

BM

EGFR NS ↓ ↑
ERBB2 ↑↑ NS NS
FOXC1 NS ↑↑ ↑↑
ITGB3 NS ↑↑↑ NS
KRT16 ↑↑↑ ↑↑ ↓↓↓
KRT17 NS ↑ ↓↓↓
KRT6A ↑↑↑ ↑↑↑ ↑↑

KRTAP5-6 NS ↑ NS
MIA ↑↑↑ NS NS

PROCR ↑ NS ↑
* Only statistically significant differences shown; ↑↑↑—major up-regulation (fold-change [FC] > 4.0), ↑↑—moderate
up-regulation (FC = 2.00–4.00), ↑—minor up-regulation (FC = 1.00–2.00), ↓↓↓—major down-regulation (FC < 0.25),
↓↓—moderate down-regulation (FC = 0.25–0.50), ↓—minor down-regulation (FC = 0.5–1.00)); NS—not significant.
** Gene classes: MLR—mature luminal regulator; LPR—luminal progenitor regulator; BR—basal regulator;
LM—luminal marker; BM—basal marker.
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Our results show that the change of growth factor/hormone environment in the studied cell lines
had significant impact on the expression of 35 of the 40 studied genes, and that the only genes whose
expression was not significantly affected in any of the studied cell lines were basal regulator ID3,
luminal markers ESR2 and NAT1, and luminal progenitor regulator FOXQ1. The pattern of changes in
gene expression among cell lines overlapped very little, and the only alteration common to all three
cell lines was major or moderate increase in the expression of basal marker keratin 6A gene (KRT6A).

Luminal MCF7 cells displayed regulation mostly towards basal phenotype, as evidenced by
statistically significant major and moderate increases in the expression of basal regulators (TP63, HEY1,
IFI16) and markers (KRT16, KRT16A, MIA, ERBB2). The only exception to the trend towards basal
phenotype was moderate upregulation of mature luminal regulator PGR.

The response of luminal HER2-enriched SkBr3 cell line was ambiguous with major increase
in the expression levels of basal regulators HEY1 and IFI16, and basal markers ITGB3 and KRT6A,
and moderate changes in all groups of regulators and markers.

Claudin-low MDA-MB-436 cell line displayed major increase in the levels of basal regulator
TBX2, and major decrease in levels of basal markers KRT16 and KRT17 and luminal marker MUC1.
MDA-MB-436 also showed moderate increase in the expression of mature luminal regulator GATA3
and some luminal markers. These changes reflected shift toward basal state of differentiation with
increase in some luminal features, probably effected by GATA3.

Substitution of A10 medium to A5 medium with growth factor/hormone set employed in this
study induced more basal phenotype in all studied cell lines. Addition of growth factors/hormones
increased levels of expression of basal regulators HEY1 and IFI16 in both luminal cell lines
(MCF7, SkBr3), while the most prominent effect in the basal cell line (MDA-MB-436) was major
increase in the expression level of basal regulator TBX2. One of the main events in MCF7, but not
SkBr3 cell line, was major increase in the expression level of the basal regulator TP63.

3.3. An Effect of Basal Media on Epithelial Differentiation/Breast Cancer Marker Expression Depends on Initial
Differentiation State and Genomic Context of the Cancer Cells

The effects of changes in the composition of basal medium were evaluated by comparison of the
levels of expression of studied genes in D5 and R5 media to the expression in A5 medium. Statistically
significant major or moderate differences in the levels of expression are shown in Table 4 (values of
expression for all genes and p-values of comparisons are shown in Supplementary Table S5).

As compared to A5 medium, growth of MCF7 in D5 was characterized by minor/moderate
shift towards more differentiated state—major decrease in the expression level of TP63 and moderate
downregulation of basal marker PROCR and luminal regulator GATA3. In comparison to A5 medium,
growth of MCF7 in R5 medium showed differentiation shift toward less basal and more luminal
state—major decrease in the levels of basal regulators HEY1, SNAI2, TP63, basal markers ITGB3,
KRT16, KRT6A and luminal marker KRT7, and major increase in the level of luminal marker SLC39A6.

The response of the luminal HER2-enriched SkBr3 cell line to D5 medium was somewhat
ambiguous with major upregulation of basal regulators ID3 and SNAI2, luminal progenitor regulator
FOXQ1, mature luminal regulator HES1 and luminal marker KRT7 and major decrease in the levels
of luminal marker ESR2, as compared to A5 medium. Growth of the SkBr3 cell line in R5 medium
induced major increase in the levels of mature luminal regulator GATA3 and major decrease in the
levels of basal markers KRT17 and KRTAP5-6. The response of SkBr3 cell line to the various media in
terms of expression levels of basal- and luminal/HER2 enriched-phenotype associated genes reflected
split in the population of cells with the shift towards both—basal and luminal phenotype.

The growth of claudin-low MDA-MB-436 cells in D5 medium showed little changes in comparison
to growth in A5 medium. The only observed changes, as compared to growth in A5 medium,
were major and moderate increases in the expression levels of basal markers KRT6A and KRT16,
respectively. Major alterations induced by growth in R5 medium were decrease in the expression
levels of luminal progenitor regulator FOXQ1 and luminal marker TMEM45B and increase in levels



Medicina 2018, 54, 11 10 of 17

of expression of basal marker KRT6A. Together, major and moderate changes reflected decrease in
luminal-like features and shift of MDA-MB-436 cell population towards basal state.

Table 4. Differential transcription of studied genes induced by basal medium in all three cell
lines—comparison of D5 and R5 media to A5 medium (expression level and p-values are reported in
Supplementary Table S5) *.

Gene Class ** Gene
MCF7 SkBr3 MDA-MB-436

D5 R5 D5 R5 D5 R5

MLR

AR NS ↑ NS ↑ NS NS
ELF5 NS NS NS ↑ NS ↓↓
ESR1 ↑ ↑↑ NS ↓ NS NS

FOXA1 NS ↑ ↑ ↑ NS ↓
GATA3 ↓↓ ↑ NS ↑↑↑ NS NS
HES1 ↓ NS ↑↑↑ NS NS ↓
PGR ↑ ↑↑ NS NS NS NS
TBX3 NS NS NS ↑ NS ↓

LPR

EZH2 ↑ NS ↑ ↑ NS ↓
FOXM1 NS NS NS ↓↓ NS ↓
FOXQ1 NS NS ↑↑↑ NS NS ↓↓↓
SOX9 NS ↓↓ ↓↓ ↑↑ NS NS

VGLL1 NS NS NS ↑ NS NS

BR

HEY1 NS ↓↓↓ ↑↑ ↑↑ NS ↓
ID3 NS NS ↑↑↑ NS NS NS

IFI16 NS NS ↓ NS NS NS
SNAI2 ↓ ↓↓↓ ↑↑↑ NS NS NS
TBX2 NS NS NS ↑↑ NS NS
TP63 ↓↓↓ ↓↓↓ NS NS NS NS

LM

EPCAM NS ↑ NS ↓ NS ↓↓
ESR2 NS NS ↓↓↓ NS NS NS

KRT18 NS ↑↑ ↑↑ NS NS ↓
KRT19 NS ↑↑ NS NS NS ↓
KRT7 NS ↓↓↓ ↑↑↑ NS NS ↑↑
KRT8 NS NS NS NS NS ↓
MUC1 NS NS ↑↑ NS NS ↑
NAT1 NS ↑ NS NS NS ↓

SLC39A6 NS ↑↑↑ NS NS NS ↓
TMEM45B NS NS ↑ ↓↓ NS ↓↓↓

XBP1 NS ↑ ↑ NS NS NS

BM

EGFR NS ↓↓ ↓ ↓ NS ↓
ERBB2 NS NS ↑ ↓↓ NS NS
FOXC1 NS NS NS ↓ NS ↓
ITGB3 ↓ ↓↓↓ NS NS NS NS
KRT16 NS ↓↓↓ ↑ ↓↓ ↑↑ NS
KRT17 NS NS NS ↓↓↓ NS ↓
KRT6A NS ↓↓↓ ↑↑ ↓↓ ↑↑↑ ↑↑↑

KRTAP5-6 NS NS NS ↓↓↓ NS NS
MIA ↓ NS NS NS NS ↓

PROCR ↓↓ NS NS NS NS ↓
* Only statistically significant differences shown; ↑↑↑—major up-regulation (fold-change [FC] > 4.0), ↑↑—moderate
up-regulation (FC = 2.00–4.00), ↑—minor up-regulation (FC = 1.00–2.00), ↓↓↓—major down-regulation (FC < 0.25),
↓↓—moderate down-regulation (FC = 0.25–0.50), ↓—minor down-regulation (FC = 0.5–1.00); NS—not significant.
** Gene classes: MLR—mature luminal regulator; LPR—luminal progenitor regulator; BR—basal regulator;
LM—luminal marker; BM—basal marker.

3.4. Transcriptional Profiles

Hierarchical clustering of expression alteration profiles induced by substitution of A10 medium to
A5, D5 and R5 media clearly show that, despite the observed changes, cell lines retained their identity
in terms of mammary lineage regulator and breast cancer marker expression (Figure 5). Interestingly,
the changes induced by substitution of basal media and hormones/growth factors put luminal MCF7
and claudin-low MDA-MB-436 cell lines in one cluster, leaving the HER2-enriched SkBr3 cell line as
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an isolated group. Comparison of Ct values among the same cell line strains grown in different media
showed great similarity with correlation coefficient being in range of 0.88–0.97 for the MCF7 cell line,
0.94–0.97 for the SkBr3 cell line, and 0.94–0.98 for the MDA-MB-436 cell line (Supplementary Figure S1).

Clustering also showed, that phenotypical alterations of the MCF7 cell line in A5 and D5 media
were driven mainly by increased expression of TP63 and related gene HEY1, with the most prominent
marker change being major increase in KRT6A levels. The main drivers for adaptation of the MCF7
cell line to R5 medium were increased expression of mature luminal regulators ESR1 and PGR and
decreased expression of mature luminal regulator TBX3, reflecting the shift of the MCF7 cell population
towards strictly luminal population.

Figure 5. Hierarchical clustering of the differential expression profiles of MCF7, SkBr3 and MDA-MB-436
cell lines across all studied media; here ddCt values are shown in comparison to A10 medium.

The differences in transcriptional profiles induced by substitution of basal media and
hormonal/growth factors in the HER-enriched SkBr3 cell line were numerous and orchestrated
by changes in the expression of transcriptional factors of various groups—mature luminal regulators
HES1, TBX3, GATA3, luminal progenitor regulators EZH2, FOXQ1, SOX9, and basal regulators SNAI2,
HEY1, ID3, TBX2 with resulting increase in luminal markers KRT7, KRT18, MUC1, TMEM45B and
XBP1, and basal marker KRT16. These changes were most distinctively observed in D5 medium.
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The range of changes induced by the studied media in claudin-low MDA-MB-436 cell line
was narrower, and was best displayed during growth of the cell line in R5 medium. It was mostly
characterized by downregulation of several mature luminal regulators (ELF5, FOXA1, and TBX3),
luminal progenitor regulators (EZH2, FOXM1, and FOXQ1) and basal regulator HEY1.

4. Discussion

The aim of the current study was to investigate how differences in the culture media with respect
to basal medium and hormones/growth factors affect transcriptional expression of breast cancer
markers and mammary epithelial cell lineage regulatory transcription factors in reference breast cancer
cell lines—luminal MCF7, HER2-enriched luminal SkBr3, and claudin-low MDA-MB-436. The results
show that differences in growth media in terms of nutrient content and hormones/growth factors
have diverse significant effects on phenotype of the cell lines in terms of growth, as shown by growth
parameters, and differentiation, as evidenced by transcriptional profiles. Despite separate major or
moderate changes in the levels of expression of target genes, any particular cell line grown in various
media showed great similarity to itself than any other cell lines, and the correlation coefficients were in
the range of 0.88–0.98.

In our study, DMEM:F12 derived media supplemented with hormones/growth factors (A5, D5)
suppressed and/or delayed proliferation of luminal MCF7 cell line and claudin-low MDA-MB-436
cell line in terms of average population doubling time and cell yields and enhanced proliferation of
HER2-enriched SkBr3 cell line in terms of cell yields, despite shift towards more basal differentiation
state as evidenced by changes in transcription profiles. R5 medium, which is composed on the basis
of RPMI-1640, showed proliferation enhancing effect on MCF7 cell line with the increase of luminal
features in transcription profile, slightly suppressive effect on MDA-MB-436 cell line and was most
restrictive to HER2-enriched SkBr3 cell line in terms of proliferation and growth parameters.

The response of SkBr3 and MDA-MB-436 to R5 medium, and also to the substitution of A10 with
A5 medium, in terms of gene expression level changes, are more difficult to explain, with up- and
downregulation of transcriptional programs (and markers) characteristic for both directions—towards
more differentiated and towards less differentiated state. Probably this ambiguous response reflects
split of the cell population into marked subpopulations with distinctive properties and phenotypes.
The existence of distinct subpopulations of cells within claudin-low and basal-like cell lines has been
shown before [6]. There is also a possibility that these results just reflect the complexity in the regulation
of epithelial phenotype with several transcriptional programs acting concurrently and the final fate of
the population being determined by balance in the interplay of basal, luminal progenitor and mature
luminal regulators. To provide comprehensive explanation of the observations presented by this study
there is need for further exploration of the translational expression of the studied markers on cell
population level that would allow to reveal various subpopulations of cells in the studied cultures.
Also, to uncover signaling pathways effecting the observed changes in the phenotype of cultures there
is need to expand range of analyzed genes, including epithelial-to-mesenchymal transition markers,
tumor-initiating cell markers, and proliferation markers in the analysis panel. If the cell yields are
main concern in the culturing, MDA-MB-436 can be cultured in A10 + I + Ct media, and SkBr3—in D5
medium. The highest MCF7 cell yields were obtained from culturing in R5 medium. Nevertheless,
in case of MCF7 the phenotypic and transcriptome changes in R5 media should be taken in account
in the process of designing and performing various experiments and assays, where phenotype is of
great importance.

Generally, the response to the substitution of DMEM:F12 1:1 (A) medium with DMEM:F12 1:3
(D) or RPMI-1640 (R) media probably depends on the initial differentiation state and genomic context
of the studied cell lines with luminal MCF7 cell line showing shift towards more luminal phenotype,
luminal SkBr3 cell line showing somewhat uncertain alteration with up- and downregulation of both,
basal- and luminal-phenotype associated regulators and markers, and claudin-low MDA-MB-436 cell
line displaying shift towards mesenchymal phenotype.
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Luminal MCF7 cell line showed most homogeneous response towards change of growth
media, therefore it is a good example for significant changes in phenotype induced by changes
in growth conditions.

MCF7 displayed most pronounced shift towards less differentiated state in A5 and D5 media.
It was showed not only by transcriptional profile with up-regulation of basal regulators (especially
TP63) and markers, and down-regulation of mature luminal and luminal progenitor regulators and
luminal markers, including moderate decrease in the expression of lineage defining marker EPCAM
and increase in tumor-initiating cell marker PROCR, but also by induction of epithelial-to-mesenchymal
like transition observed as increased number of mesenchymal-type cells in A5 and D5 media,
as described previously [34]. Our study also allowed to identify probable players in the adaptation of
MCF7 cell line to the studied media, i.e., TP63, HEY1, TBX3 and PGR. Although it has been observed,
that high expression of p63 protein is characteristic to breast cancer cells with basal-like features [35],
in this study MCF7 cell line was characterized by the highest expression of TP63 as compared to the
other studied cell lines. Increased levels of p63 have been shown to be related to the activation of
Notch pathway, involved in the maintenance of stem cell population in various tissues and in the
regulation of the differentiation of cells. Some of the Notch signaling pathway downstream targets are
Hairy/Enhancer of Split related genes (e.g., HEY1) and Notch1 itself [36]. It has also been shown, that
Notch-expressing breast cancer cells display increased cancer stem cell features and can initiate tumor
formation in mice [37]. Therefore, activation of Notch pathway could be the case in substitution of A10
medium with A5 and D5 media for MCF7 cells.

Interestingly, in MCF7 cell line partial substitution of serum with hormones/growth factors
resulted also in increased expression of PGR, and decreased expression of ESR1. It is known,
that progesterone receptor modulates the behavior of estrogen receptor α (ERα) [38]. Additional
expression of PGR in ERα-positive breast cancer cells has suppressed estrogen-mediated proliferation
and transcriptional activity of ERα [39]. Therefore, increased expression of PGR and decreased
expression of ESR1 in MCF7 conditioned to A5 and D5 media could at least partially explain
suppression of growth of the cell line in A5 and D5 media.

Overexpression of mature luminal regulator TBX3 in breast cancer cell lines has been observed
previously, especially in cells with estrogen-receptor positive status, e.g., MCF7 [40], and it has been
shown that estrogen induces TBX3 expression, increasing number of stem-like cells [41]. Therefore,
it can be suggested that growth of MCF7 in R5 medium is characterized by decrease in number of
cells with tumor initiating capability, however further studies are needed to confirm this hypothesis.
Changes of TBX3 expression levels in A5, D5 and R5 medium, as compared to A10 medium, is a good
example, how nutrients in basal medium influence the expression of cell differentiation governing
transcriptional programs.

The impact of individual nutrients, hormones and factors on the transcriptional expression of
various markers in culture of breast cancer and/or mammary cells has been studied before, e.g., reports
on the effect of estrogen on transcriptional activity in various cell lines [42–47], but none of these
studies have explored the long-term effects of supplementation with complex set of hormones/growth
factors on transcriptomic profile of phenotype defining genes in breast cancer cell lines for exposure
longer than five days [45]. Therefore, this is the first characterization of the long-term effects of complex
hormone/growth factor set on the expression of breast cancer/mammary markers in breast cancer cell
lines. Also, to our knowledge, no studies on the effect of basal media on the expression of the markers
have been performed before.

This study clearly shows that growth conditions employed in various laboratories for propagation
of cancer cell lines can have significant major impact on the expression of genes defining the phenotype
of the breast cancer cells. Therefore, the possible interference of growth media has to be taken in
account in the process of designing and performing various experiments and assays, where phenotype
of studied breast cancer cell types is of great importance.
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5. Conclusions

The expression of breast cancer cell differentiation phenotypic markers in vitro depends on the
composition of cell growth medium, therefore cell culture as a tool in phenotypic studies should be
used taking into account this effect and the findings of such studies should always be interpreted
in caution. Despite changes in the marker expression levels in the framework of our study cell lines
retained their phenotypic identity. The formulation of cell growth media has greater impact on the
expression of phenotypic markers in luminal, than basal cell lines. Replacement of fetal bovine serum
with hormones/growth factors and substitution of basal medium has significant effect on cellular
proliferation rates and cell yields. Media containing mitogens and higher vitamin content improved
efficacy of cell culture in terms of cell yields, although greatly increased growth times.

Supplementary Materials: The following are available online at http://www.mdpi.com/1010-660X/54/2/11/s1
, Supplementary Figure S1: Correlation plot of Ct values for the expression of studied genes in reference breast
cancer cell lines: (A) MCF7, (B) SkBr3, and (C) MDA-MB-436., Table S1: Formulation of basal media, Table S2:
Outcomes of MCF7, MDA-MB-436 and SkBr3 cell growth in A10, A5, D5 and R5 media during the fourth
subculture, Table S3: Gene information, Table S4: Gene expression delta Cts and fold changes compared to the
basal medium A10, Table S5: Gene expression delta Cts and fold changes—comparison of D5 and R5 media to
A5 medium.

Acknowledgments: This research was supported by the Latvian National Research Program “Biomedicine for Public
Health (BIOMEDICINE)”, project No. 5.5 “Personalized cancer diagnostics and prediction of therapy efficacy”.

Author Contributions: Conceived and designed the experiments: Valdis Pirsko, Inese Cakstina, Marta Priedite,
Rasma Dortane, Linda Feldmane. Analysed the data: Valdis Pirsko, Inese Cakstina, Miki Nakazawa-Miklasevica.
Wrote the first draft of the manuscript: Valdis Pirsko. Contributed to the writing of the manuscript: Inese Cakstina,
Miki Nakazawa-Miklasevica. Agree with manuscript results and conclusions: Valdis Pirsko, Inese Cakstina,
Marta Priedite, Rasma Dortane, Linda Feldmane, Miki Nakazawa-Miklasevica, Zanda Daneberga, Janis Gardovskis,
Edvins Miklasevics. Jointly developed of the structure and arguments for the paper: Valdis Pirsko, Inese Cakstina,
Edvins Miklasevics. Made critical revisions and approved final version: Zanda Daneberga, Janis Gardovskis,
Edvins Miklasevics. All authors reviewed and approved of the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vargo-Gogola, T.; Rosen, J.M. Modelling breast cancer: One size does not fit all. Nat. Rev. Cancer 2007, 7,
659–672. [CrossRef] [PubMed]

2. Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215.
[CrossRef] [PubMed]

3. Eccles, S.A.; Aboagye, E.O.; Ali, S.; Anderson, A.S.; Armes, J.; Berditchevski, F.; Blaydes, J.P.; Brennan, K.;
Brown, N.J.; Bryant, H.E.; et al. Critical research gaps and translational priorities for the successful prevention
and treatment of breast cancer. Breast Cancer Res. 2013, 15, R92. [CrossRef] [PubMed]

4. Lacroix, M.; Leclercq, G. Relevance of breast cancer cell lines as models for breast tumors: An update.
Breast Cancer Res. Treat. 2004, 83, 249–289. [CrossRef] [PubMed]

5. Vinci, M.; Gowan, S.; Boxall, F.; Patterson, L.; Zimmermann, M.; Court, W.; Lomas, C.; Mendiola, M.;
Hardisson, D.; Eccles, S.A. Advances in establishment and analysis of three-dimensional tumor
spheroid-based functional assays for target validation and drug evaluation. BMC Biol. 2012, 10, 29. [CrossRef]
[PubMed]

6. Prat, A.; Karginova, O.; Parker, J.S.; Fan, C.; He, X.; Bixby, L.; Harrell, J.C.; Roman, E.; Adamo, B.; Troester, M.; et al.
Characterization of cell lines derived from breast cancers and normal mammary tissues for the study of the
intrinsic molecular subtypes. Breast Cancer Res. Treat. 2013, 142, 237–255. [CrossRef] [PubMed]

7. Neve, R.M.; Chin, K.; Fridlyand, J.; Yeh, J.; Baehner, F.L.; Fevr, T.; Clark, L.; Bayani, N.; Coppe, J.P.; Tong, F.; et al.
A collection of breast cancer cell lines for the study of functionally distinct cancer subtypes. Cancer Cell 2006,
10, 515–527. [CrossRef] [PubMed]

8. Lim, E.; Vaillant, F.; Wu, D.; Forrest, N.C.; Pal, B.; Hart, A.H.; Asselin-Labat, M.L.; Gyorki, D.E.; Ward, T.;
Partanen, A.; et al. Aberrant luminal progenitors as the candidate target population for basal tumor
development in BRCA1 mutation carriers. Nat. Med. 2009, 15, 907–913. [CrossRef] [PubMed]

http://www.mdpi.com/1010-660X/54/2/11/s1
http://dx.doi.org/10.1038/nrc2193
http://www.ncbi.nlm.nih.gov/pubmed/17721431
http://dx.doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641
http://dx.doi.org/10.1186/bcr3493
http://www.ncbi.nlm.nih.gov/pubmed/24286369
http://dx.doi.org/10.1023/B:BREA.0000014042.54925.cc
http://www.ncbi.nlm.nih.gov/pubmed/14758095
http://dx.doi.org/10.1186/1741-7007-10-29
http://www.ncbi.nlm.nih.gov/pubmed/22439642
http://dx.doi.org/10.1007/s10549-013-2743-3
http://www.ncbi.nlm.nih.gov/pubmed/24162158
http://dx.doi.org/10.1016/j.ccr.2006.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17157791
http://dx.doi.org/10.1038/nm.2000
http://www.ncbi.nlm.nih.gov/pubmed/19648928


Medicina 2018, 54, 11 15 of 17

9. Shoemaker, R.H. The NCI60 human tumor cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6, 813–823.
[CrossRef] [PubMed]

10. Monks, A.; Scudiero, D.; Skehan, P.; Shoemaker, R.; Paull, K.; Vistica, D.; Hose, C.; Langley, J.; Cronise, P.;
Vaigro-Wolff, A.; et al. Feasibility of a high-flux anticancer drug screen using a diverse panel of cultured
human tumor cell lines. J. Natl. Cancer Inst. 1991, 83, 757–766. [CrossRef] [PubMed]

11. Prat, A.; Perou, C.M. Deconstructing the molecular portraits of breast cancer. Mol. Oncol. 2011, 5, 5–23.
[CrossRef] [PubMed]

12. Sorlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.;
Jeffrey, S.S.; et al. Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical
implications. Proc. Natl. Acad. Sci. USA 2001, 98, 10869–10874. [CrossRef] [PubMed]

13. Hu, Z.; Fan, C.; Oh, D.S.; Marron, J.S.; He, X.; Qaqish, B.F.; Livasy, C.; Carey, L.A.; Reynolds, E.; Dressler, L.; et al.
The molecular portraits of breast tumors are conserved across microarray platforms. BMC Genom. 2006, 7, 96.

14. Prat, A.; Parker, J.S.; Karginova, O.; Fan, C.; Livasy, C.; Herschkowitz, J.I.; He, X.; Perou, C.M. Phenotypic and
molecular characterization of the claudin-low intrinsic subtype of breast cancer. Breast Cancer Res. 2010, 12, R68.
[CrossRef] [PubMed]

15. Mackay, A.; Tamber, N.; Fenwick, K.; Iravani, M.; Grigoriadis, A.; Dexter, T.; Lord, C.J.; Reis-Filho, J.S.;
Ashworth, A. A high-resolution integrated analysis of genetic and expression profiles of breast cancer cell
lines. Breast Cancer Res. Treat. 2009, 118, 481–498. [CrossRef] [PubMed]

16. Kao, J.; Salari, K.; Bocanegra, M.; Choi, Y.-L.; Girard, L.; Gandhi, J.; Kwei, K.A.; Hernandez-Boussard, T.;
Wang, P.; Gazdar, A.F.; et al. Molecular profiling of breast cancer cell lines defines relevant tumor models
and provides a resource for cancer gene discovery. PLoS ONE 2009, 4, e6146. [CrossRef] [PubMed]

17. Ross, D.T.; Perou, C.M. A comparison of gene expression signatures from breast tumors and breast tissue
derived cell lines. Dis. Mark. 2001, 17, 99–109. [CrossRef]

18. Perou, C.M.; Sorlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.;
Johnsen, H.; Akslen, L.A.; et al. Molecular portraits of human breast tumors. Nature 2000, 406, 747–752.
[CrossRef] [PubMed]

19. Parker, J.S.; Mullins, M.; Cheang, M.C.; Leung, S.; Voduc, D.; Vickery, T.; Davies, S.; Fauron, C.; He, X.;
Hu, Z.; et al. Supervised risk predictor of breast cancer based on intrinsic subtypes. J. Clin. Oncol. 2009, 27,
1160–1167. [CrossRef] [PubMed]

20. Van Keymeulen, A.; Rocha, A.S.; Ousset, M.; Beck, B.; Bouvencourt, G.; Rock, J.; Sharma, N.; Dekoninck, S.;
Blanpain, C. Distinct stem cells contribute to mammary gland development and maintenance. Nature
2011, 479, 189–193. [CrossRef] [PubMed]

21. Shehata, M.; Teschendorff, A.; Sharp, G.; Novcic, N.; Russell, I.A.; Avril, S.; Prater, M.; Eirew, P.; Caldas, C.;
Watson, C.J.; et al. Phenotypic and functional characterisation of the luminal cell hierarchy of the mammary
gland. Breast Cancer Res. 2012, 14, R134. [CrossRef] [PubMed]

22. Granit, R.Z.; Slyper, M.; Ben-Porath, I. Axes of Differentiation in Breast Cancer: Untangling Stemness, Lineage
Identity, and the Epithelial to Mesenchymal Transition; Wiley Interdisciplinary Reviews. Systems Biology and
Medicine; John Wiley & Sons, Inc.: New York, NY, USA, 2014; Volume 6, pp. 93–106.

23. Chou, J.; Provot, S.; Werb, Z. GATA3 in development and cancer differentiation: Cells GATA have it! J. Cell. Physiol.
2010, 222, 42–49. [CrossRef] [PubMed]

24. Kouros-Mehr, H.; Kim, J.W.; Bechis, S.K.; Werb, Z. GATA-3 and the regulation of the mammary luminal cell
fate. Curr. Opin. Cell Biol. 2008, 20, 164–170. [CrossRef] [PubMed]

25. Douglas, N.C.; Papaioannou, V.E. The T-box transcription factors TBX2 and TBX3 in mammary gland
development and breast cancer. J. Mammary Gland Biol. Neoplasia 2013, 18, 143–147. [CrossRef] [PubMed]

26. Bouras, T.; Pal, B.; Vaillant, F.; Harburg, G.; Asselin-Labat, M.L.; Oakes, S.R.; Lindeman, G.J.; Visvader, J.E.
Notch signaling regulates mammary stem cell function and luminal cell-fate commitment. Cell Stem Cell
2008, 3, 429–441. [CrossRef] [PubMed]

27. Visvader, J.E.; Stingl, J. Mammary stem cells and the differentiation hierarchy: Current status and
perspectives. Genes Dev. 2014, 28, 1143–1158. [CrossRef] [PubMed]

28. Heiser, L.M.; Sadanandam, A.; Kuo, W.L.; Benz, S.C.; Goldstein, T.C.; Ng, S.; Gibb, W.J.; Wang, N.J.; Ziyad, S.;
Tong, F.; et al. Subtype and pathway specific responses to anticancer compounds in breast cancer. Proc. Natl.
Acad. Sci. USA 2012, 109, 2724–2729. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc1951
http://www.ncbi.nlm.nih.gov/pubmed/16990858
http://dx.doi.org/10.1093/jnci/83.11.757
http://www.ncbi.nlm.nih.gov/pubmed/2041050
http://dx.doi.org/10.1016/j.molonc.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21147047
http://dx.doi.org/10.1073/pnas.191367098
http://www.ncbi.nlm.nih.gov/pubmed/11553815
http://dx.doi.org/10.1186/bcr2635
http://www.ncbi.nlm.nih.gov/pubmed/20813035
http://dx.doi.org/10.1007/s10549-008-0296-7
http://www.ncbi.nlm.nih.gov/pubmed/19169812
http://dx.doi.org/10.1371/journal.pone.0006146
http://www.ncbi.nlm.nih.gov/pubmed/19582160
http://dx.doi.org/10.1155/2001/850531
http://dx.doi.org/10.1038/35021093
http://www.ncbi.nlm.nih.gov/pubmed/10963602
http://dx.doi.org/10.1200/JCO.2008.18.1370
http://www.ncbi.nlm.nih.gov/pubmed/19204204
http://dx.doi.org/10.1038/nature10573
http://www.ncbi.nlm.nih.gov/pubmed/21983963
http://dx.doi.org/10.1186/bcr3334
http://www.ncbi.nlm.nih.gov/pubmed/23088371
http://dx.doi.org/10.1002/jcp.21943
http://www.ncbi.nlm.nih.gov/pubmed/19798694
http://dx.doi.org/10.1016/j.ceb.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18358709
http://dx.doi.org/10.1007/s10911-013-9282-8
http://www.ncbi.nlm.nih.gov/pubmed/23624936
http://dx.doi.org/10.1016/j.stem.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18940734
http://dx.doi.org/10.1101/gad.242511.114
http://www.ncbi.nlm.nih.gov/pubmed/24888586
http://dx.doi.org/10.1073/pnas.1018854108
http://www.ncbi.nlm.nih.gov/pubmed/22003129


Medicina 2018, 54, 11 16 of 17

29. Niepel, M.; Hafner, M.; Pace, E.A.; Chung, M.; Chai, D.H.; Zhou, L.; Schoeberl, B.; Sorger, P.K. Profiles of
basal and stimulated receptor signaling networks predict drug response in breast cancer lines. Sci Signal.
2013, 6, ra84. [CrossRef]

30. Liu, X.; Ory, V.; Chapman, S.; Yuan, H.; Albanese, C.; Kallakury, B.; Timofeeva, O.A.; Nealon, C.; Dakic, A.;
Simic, V.; et al. ROCK inhibitor and feeder cells induce the conditional reprogramming of epithelial cells.
Am. J. Pathol. 2012, 180, 599–607. [CrossRef] [PubMed]

31. Ethier, S.P.; Mahacek, M.L.; Gullick, W.J.; Frank, T.S.; Weber, B.L. Differential isolation of normal luminal
mammary epithelial cells and breast cancer cells from primary and metastatic sites using selective media.
Cancer Res. 1993, 53, 627–635. [PubMed]

32. Ethier, S.P.; Ammerman, C.A.; Dziubinski, M.L. Isolation and Culture of Human Breast Cancer Cells from
Primary Tumors and Metastases. In Methods in Mammary Gland Biology and Breast Cancer Research; Ip, M.M.,
Asch, B.B., Eds.; Springer: Boston, MA, USA, 2000; pp. 195–208.

33. Wallden, B.; Storhoff, J.; Nielsen, T.; Dowidar, N.; Schaper, C.; Ferree, S.; Liu, S.; Leung, S.; Geiss, G.;
Snider, J.; et al. Development and verification of the PAM50-based Prosigna breast cancer gene signature
assay. BMC Med. Genom. 2015, 8, 54. [CrossRef] [PubMed]

34. Planas-Silva, M.D.; Waltz, P.K. Estrogen promotes reversible epithelial-to-mesenchymal-like transition and
collective motility in MCF-7 breast cancer cells. J. Steroid Biochem. Mole. Biol. 2007, 104, 11–21. [CrossRef]
[PubMed]

35. Du, Z.; Li, J.; Wang, L.; Bian, C.; Wang, Q.; Liao, L.; Dou, X.; Bian, X.; Zhao, R.C. Overexpression of
DeltaNp63alpha induces a stem cell phenotype in MCF7 breast carcinoma cell line through the Notch
pathway. Cancer Sci. 2010, 101, 2417–2424. [CrossRef] [PubMed]

36. Al-Hussaini, H.; Subramanyam, D.; Reedijk, M.; Sridhar, S.S. Notch signaling pathway as a therapeutic
target in breast cancer. Mol. Cancer Ther. 2011, 10, 9–15. [CrossRef] [PubMed]

37. D’Angelo, R.C.; Ouzounova, M.; Davis, A.; Choi, D.; Tchuenkam, S.M.; Kim, G.; Luther, T.; Quraishi, A.A.;
Senbabaoglu, Y.; Conley, S.J.; et al. Notch reporter activity in breast cancer cell lines identifies a subset of
cells with stem cell activity. Molecular Cancer. Therapeutics 2015, 14, 779–787.

38. Mohammed, H.; Russell, I.A.; Stark, R.; Rueda, O.M.; Hickey, T.E.; Tarulli, G.A.; Serandour, A.A.; Birrell, S.N.;
Bruna, A.; Saadi, A.; et al. Progesterone receptor modulates ERalpha action in breast cancer. Nature 2015, 523,
313–317. [CrossRef] [PubMed]

39. Zheng, Z.Y.; Bay, B.H.; Aw, S.E.; Lin, V.C. A novel antiestrogenic mechanism in progesterone
receptor-transfected breast cancer cells. J. Biol. Chem. 2005, 280, 17480–17487. [CrossRef] [PubMed]

40. Fan, W.; Huang, X.; Chen, C.; Gray, J.; Huang, T. TBX3 and its isoform TBX3+2a are functionally distinctive
in inhibition of senescence and are overexpressed in a subset of breast cancer cell lines. Cancer Res. 2004, 64,
5132–5139. [CrossRef] [PubMed]

41. Fillmore, C.M.; Gupta, P.B.; Rudnick, J.A.; Caballero, S.; Keller, P.J.; Lander, E.S.; Kuperwasser, C. Estrogen
expands breast cancer stem-like cells through paracrine FGF/Tbx3 signaling. Proc. Natl. Acad. Sci. USA
2010, 107, 21737–21742. [CrossRef] [PubMed]

42. Pendse, S.N.; Maertens, A.; Rosenberg, M.; Roy, D.; Fasani, R.A.; Vantangoli, M.M.; Madnick, S.J.;
Boekelheide, K.; Fornace, A.J.; Odwin, S.A.; et al. Information-dependent enrichment analysis reveals
time-dependent transcriptional regulation of the estrogen pathway of toxicity. Arch. Toxicol. 2017, 91,
1749–1762. [CrossRef] [PubMed]

43. Stender, J.D.; Frasor, J.; Komm, B.; Chang, K.C.N.; Kraus, W.L.; Katzenellenbogen, B.S. Estrogen-Regulated
Gene Networks in Human Breast Cancer Cells: Involvement of E2F1 in the Regulation of Cell Proliferation.
Mol. Endocrinol. 2007, 21, 2112–2123. [CrossRef] [PubMed]

44. Frasor, J.; Danes, J.M.; Komm, B.; Chang, K.C.N.; Lyttle, C.R.; Katzenellenbogen, B.S. Profiling of Estrogen
Up- and Down-Regulated Gene Expression in Human Breast Cancer Cells: Insights into Gene Networks
and Pathways Underlying Estrogenic Control of Proliferation and Cell Phenotype. Endocrinology 2003, 144,
4562–4574. [CrossRef] [PubMed]

45. Nagai, M.A.; Brentani, M.M. Gene Expression Profiles in Breast Cancer to Identify Estrogen Receptor Target
Genes. Recent Adv. Med. Chem. 2015, 1, 381–403.

http://dx.doi.org/10.1126/scisignal.2004379
http://dx.doi.org/10.1016/j.ajpath.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22189618
http://www.ncbi.nlm.nih.gov/pubmed/8425198
http://dx.doi.org/10.1186/s12920-015-0129-6
http://www.ncbi.nlm.nih.gov/pubmed/26297356
http://dx.doi.org/10.1016/j.jsbmb.2006.09.039
http://www.ncbi.nlm.nih.gov/pubmed/17197171
http://dx.doi.org/10.1111/j.1349-7006.2010.01700.x
http://www.ncbi.nlm.nih.gov/pubmed/20950370
http://dx.doi.org/10.1158/1535-7163.MCT-10-0677
http://www.ncbi.nlm.nih.gov/pubmed/20971825
http://dx.doi.org/10.1038/nature14583
http://www.ncbi.nlm.nih.gov/pubmed/26153859
http://dx.doi.org/10.1074/jbc.M501261200
http://www.ncbi.nlm.nih.gov/pubmed/15728178
http://dx.doi.org/10.1158/0008-5472.CAN-04-0615
http://www.ncbi.nlm.nih.gov/pubmed/15289316
http://dx.doi.org/10.1073/pnas.1007863107
http://www.ncbi.nlm.nih.gov/pubmed/21098263
http://dx.doi.org/10.1007/s00204-016-1824-6
http://www.ncbi.nlm.nih.gov/pubmed/27592001
http://dx.doi.org/10.1210/me.2006-0474
http://www.ncbi.nlm.nih.gov/pubmed/17550982
http://dx.doi.org/10.1210/en.2003-0567
http://www.ncbi.nlm.nih.gov/pubmed/12959972


Medicina 2018, 54, 11 17 of 17

46. Yamaga, R.; Ikeda, K.; Horie-Inoue, K.; Ouchi, Y.; Suzuki, Y.; Inoue, S. RNA sequencing of MCF-7 breast
cancer cells identifies novel estrogen-responsive genes with functional estrogen receptor-binding sites in the
vicinity of their transcription start sites. Hormones Cancer 2013, 4, 222–232. [CrossRef] [PubMed]

47. Omoto, Y.; Hayashi, S. A study of estrogen signaling using DNA microarray in human breast cancer.
Breast Cancer 2002, 9, 308–311. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12672-013-0140-3
http://www.ncbi.nlm.nih.gov/pubmed/23526455
http://dx.doi.org/10.1007/BF02967609
http://www.ncbi.nlm.nih.gov/pubmed/12459711
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Breast Cancer Cell Lines 
	Basal Growth Media and Supplements 
	Cell Culturing and Growth and Viability Analysis 
	Reverse-Transcription and qReal-Time PCR 
	Statistical Analysis 

	Results 
	Effects of Media on Cell Growth and Morphology 
	Substitution of Serum with Hormones/Growth Factors Shifts MCF7, SkBr3 and MDA-MB-436 Cells Towards Less Differentiated Phenotype 
	An Effect of Basal Media on Epithelial Differentiation/Breast Cancer Marker Expression Depends on Initial Differentiation State and Genomic Context of the Cancer Cells 
	Transcriptional Profiles 

	Discussion 
	Conclusions 
	References

