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Introduction

Cancer stem cells (CSCs), which are multipotent and have 
self-renewal capabilities, play a critical role in the origin and 

propagation of human carcinomas.1-5 Individual tumors have 
recently been shown to harbor multiple phenotypically or geneti-
cally distinct CSCs, because differentiated, normal, and non-
CSC tumor cells can acquire CSC states via the activation of 
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Energy metabolism plasticity enables stemness programs during the reprogramming of somatic cells to an induced 
pluripotent stem cell (iPSC) state. This relationship may introduce a new era in the understanding of Warburg’s theory on 
the metabolic origin of cancer at the level of cancer stem cells (CSCs). Here, we used Yamanaka’s stem cell technology in 
an attempt to create stable CSC research lines in which to dissect the transcriptional control of mTOR—the master switch 
of cellular catabolism and anabolism—in CSC-like states. The rare colonies with iPSC-like morphology, obtained follow-
ing the viral transduction of the Oct4, Sox2, Klf4, and c-Myc (OSKM) stemness factors into MCF-7 luminal-like breast cancer 
cells (MCF-7/Rep), demonstrated an intermediate state between cancer cells and bona fide iPSCs. MCF-7/Rep cells notably 
overexpressed SOX2 and stage-specific embryonic antigen (SSEA)-4 proteins; however, other stemness-related markers 
(OCT4, NANOG, SSEA-1, TRA-1–60, and TRA-1–81) were found at low to moderate levels. The transcriptional analyses of 
OSKM factors confirmed the strong but unique reactivation of the endogenous Sox2 stemness gene accompanied by 
the silencing of the exogenous Sox2 transgene in MCF-7/Rep cells. Some but not all MCF-7/Rep cells acquired strong 
alkaline phosphatase (AP) activity compared with MCF-7 parental cells. SOX2-overexpressing MCF-7/Rep cells contained 
drastically higher percentages of CD44+ and ALDEFLUOR-stained ALDHbright cells than MCF-7 parental cells. The overlap 
between differentially expressed mTOR signaling-related genes in 3 different SOX2-overexpressing CSC-like cell lines 
revealed a notable downregulation of 3 genes, PRKAA1 (which codes for the catalytic α 1 subunit of AMPK), DDIT4/REDD1 
(a stress response gene that operates as a negative regulator of mTOR), and DEPTOR (a naturally occurring endogenous 
inhibitor of mTOR activity). The insulin-receptor gene (INSR) was differentially upregulated in MCF-7/Rep cells. Consis-
tent with the downregulation of AMPK expression, immunoblotting procedures confirmed upregulation of p70S6K and 
increased phosphorylation of mTOR in Sox2-overexpressing CSC-like cell populations. Using an in vitro model of the de 
novo generation of CSC-like states through the nuclear reprogramming of an established breast cancer cell line, we reveal 
that the transcriptional suppression of mTOR repressors is an intrinsic process occurring during the acquisition of CSC-like 
properties by differentiated populations of luminal-like breast cancer cells. This approach may provide a new path for 
obtaining information about preventing the appearance of CSCs through the modulation of the AMPK/mTOR pathway.
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partially understood paths to stemness, i.e., CSCs are made and 
not just born.6-9 The mechanisms of CSC formation are not fully 
amenable to analysis using patient samples, because these tumors 
can only be studied after the transformation events have already 
occurred. Therefore, a unique system for modeling the molecular 
processes that are causally involved in generating CSC states may 
involve reprogramming the heterogeneous populations of human 
cancer cells to pluripotency.10-12

Remarkable similarities exist between the processes lead-
ing to the acquisition of CSC states and the reprogramming of 
somatic cells to pluripotency, i.e., induced pluripotent stem cells 
(iPSCs).13-19 Yamanaka’s reprogramming method involves the 
transient expression of 4 transcription factors (Oct4, Sox2, Klf4, 
and c-Myc [OSKM]) that have been demonstrated to be criti-
cal for stemness and cell differentiation in normal differentiated 
somatic cells. Several of these reprogramming factors, which can 
reset the epigenetic status of the cells and allow them to adopt a 
plethora of new possible fates, were previously known for their 
oncogenic activity. Indeed, after Yamanaka factors induce differ-
entiated cells to trans-differentiate into iPSCs with self-renewal 
and differentiation capabilities, iPSCs spontaneously form tera-
tocarcinomas upon transplantation into nude mice. The malig-
nant behavior of iPSCs is due to the presence of a subpopulation 
of undifferentiated CSC-like teratoma-initiating pluripotent 
stem cells that are responsible for the growth of the teratocar-
cinomas and are intermixed with the desired, non-tumorigenic 
iPSC derivatives that terminally differentiate into multiple lin-
eages.20,21 Consequently, CSCs have recently been proposed to 
arise through a reprogramming-like mechanism.

Because the most challenging problem facing this field is 
the variability of CSCs based on their origin, we hypothesized 
that the ability of certain cancer cells to be reprogrammed to 
pluripotency might allow the in vitro generation of pluripotent 
cancer stem cell lines from human tumors, which would provide 
a unique opportunity for discovering the intrinsic processes of 
CSCs. The subsequent determination of the mechanisms that 
are over-represented in “breast cancer iPSCs” may provide crucial 
insights into the self-renewing tumor-initiating mechanisms that 
regulate both the number and aberrant functionality of CSCs. 
The recently discovered parallels between the metabolic changes 
that occur during oncogenesis and the induction of pluripotency 
strongly suggest that cell reprogramming is a naturally occurring 
phenomenon.22-29 Because energy metabolism plasticity enables 
stemness programs during the reprogramming of somatic cells to 
an iPSC state, we recently reasoned that this could introduce a 
new era in the understanding of Warburg’s theory on the meta-
bolic origin of cancer, at the level of the so-called CSCs, i.e., simi-
lar to the observations in iPSCs, cell bioenergetics can operate as 
a/the pivotal decision-making parameter during the reprogram-
ming and acquisition of stem cell properties in non-CSC tumor 
cells.30-35

Here, we used Yamanaka stem-cell technology in an attempt 
to create stable de novo breast CSC lines in which to dissect the 
transcriptional control of mTOR, the master switch of cellular 
catabolism and anabolism in CSC-like states. We first performed 
reprogramming experiments with MCF-7 human breast cancer 

cells using the OSKM Yamanaka factors. After assessing the 
iPSC-like nature of the MCF-7/Rep derivatives using morpho-
logical criteria and a battery of stem cell-associated pluripotency 
markers, we explored whether the transcriptional control of cel-
lular metabolism by the AMP-activated protein kinase (AMPK) 
and mammalian target of rapamycin (mTOR) pathways (which 
serve as a signaling nexus for regulating cellular metabolism, 
energy homeostasis, and cell growth and are frequently deregu-
lated in genetic tumor syndromes and cancers) is poised to be a 
major driver of the metabolic conversion of differentiated tumor 
cells to CSC-like states. Using an in vitro model of the de novo 
generation of CSC-like states through the nuclear reprogram-
ming of an established breast cancer cell line, we now reveal that 
the transcriptional suppression of mTOR repressors is an intrin-
sic process occurring during the acquisition of CSC-like proper-
ties by differentiated populations of breast cancer cells.

Results

Nuclear reprogramming of MCF-7 human breast cancer 
cells generates intermediate cellular states between cancer cells 
and bona fide iPSCs

MCF-7 cells were first transduced with individual retroviruses 
containing Oct-4, Sox2, Klf4, and c-Myc at a 1:1:1:1 ratio on 
day 0. On days 10–15, we began to observe human embryonic 
stem (hES) cell-like morphological changes, including the emer-
gence of pronounced individual cell borders and a cobblestone 
appearance, with a remarkably high nucleus-to-cytoplasm ratio 
in individual cells. On days 15–20, clearly recognizable, hES-
like colonies composed of very small, tightly packed cells with 
large nuclei and notable nucleoli appeared in the MCF-7 cell cul-
tures (now called MCF-7/Rep cells) that usually formed round-
shaped colonies with clear boundaries (Fig.  1). Upon seeding 
onto mouse embryonic fibroblast (MEF) feeder layers, MCF-7/
Rep cells formed flat and round-edged hES-like colonies, and 6 
single clones (designated MCF-7/Rep clone #1 to clone #6) were 
chosen at random and successfully expanded for further analyses; 
for simplicity in this study, we only show 3 representative clones 
(#1, #3, and #5) for each set of data.

To prepare MCF-7/Rep cells to assess their immature status, 
we manually isolated colonies from the feeder layer-supported 
culture. The MCF-7/Rep colonies were gently broken into small 
clumps containing approximately 10–50 cells and seeded onto 
Matrigel-coated plastic slides. The cells were cultured in the 
MEF-conditioned medium for 36–48 h to allow attachment to 
slides as small groups. This procedure allowed us to analyze a 
desired MCF-7/Rep clone with minimal contamination from 
MEFs. We first evaluated changes in the expression of several 
glycan surface antigens, specifically the stage-specific embryonic 
antigens SSEA-1 and SSEA-4 and the tumor rejection antigens 
TRA-1–60 and TRA-1–81, which are specific and useful markers 
of pluripotent stem cells. Undifferentiated ES cells from human, 
Rhesus macaque, and Callithrix jacchus (the common marmoset 
monkey) express SSEA-3 and SSEA-4 but not SSEA-1 (Lewis 
X-CD15); human iPSCs display the same pattern of expression 
of these markers. Figure 2 shows that virtually all of the cells in 
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the re-seeded clumps of MCF-7/Rep cells were strongly positive 
for SSEA-4 compared with parental MCF-7 cells, indicating that 
the MCF-7/Rep cells from this “pick up and re-seed” procedure 
maintained well-recognized, undifferentiated iPSC-like features 
within the 48 h experimental timeframe. To further corrobo-
rate these findings, clonally expanded MCF-7/Rep cells were 
harvested and subjected to flow cytometry to evaluate SSEA-4 
expression. Our results confirmed the drastic increase in SSEA-
4+ cells after the nuclear reprogramming of MCF-7 cells and sub-
sequent expansion of MCF-7/Rep clones (Fig. 2). The baseline 
SSEA-1 positivity in MCF-7 cells was slightly increased in all the 
MCF-7/Rep clones (Fig.  3). Regarding TRA-1–60 and TRA-
1–81, human and non-human primate ES cells, human iPSCs, 
and immortal embryonic germ cells (EGCs) express TRA-1–60 
and TRA-1–81. In MCF-7/Rep cells, only weak TRA-1–60 sig-
nals were detected when compared with SSEA-4. TRA-1–81 was 
similarly expressed by MCF-7/Rep cells, but not by its MCF-7 
parental counterparts; TRA-1–81 labeling was much stronger 
than that of TRA-1–60. Immunofluorescence analyses con-
firmed that MCF-7/Rep cells strongly expressed the pluripotency 
marker SOX2; however, the other stemness markers, i.e., OCT4 
and NANOG, were found at low to moderate levels in most of 
the MCF-7/Rep cells (Fig. 3).

While we acknowledge that the fluorescence imaging data 
are qualitative, these data provide a good reference for the quan-
titative analyses of stem cell-associated pluripotency markers at 
the single cell level. We therefore concluded that the nuclear 
reprogramming of MCF-7 human breast cancer cells appears to 
generate intermediate states between differentiated cancer cells 
and bona fide pluripotent iPSCs. To unambiguously corrobo-
rate this suggestion, we took advantage of the Human OSKM 
factors Expression qBiomarker iPSC PCR array, which has been 
designed as an iPSC induction validation tool for analyzing the 
endogenous and total expression levels for the 4 reprogramming 
transcription factors used in the Yamanaka cocktail. The endog-
enous gene expression levels are measured by employing primer 
sets that are located outside the coding sequence of the mRNA, 
whereas the total gene expression levels are measured by employ-
ing primer sets that anneal within the coding sequence of the 
mRNA for each stemness transcription factor. A complete repro-
gramming, therefore, is indicated by an equal amount of endog-
enous and total expression of the transcription factors used in the 
cocktail. As observed in Figure 4, endogenous Sox2 was strongly 
reactivated (>5-fold in the MCF-7/Rep clone#1), whereas 
exogenous transgenic Sox2 was fully silenced in MCF-7/Rep 
cells. Endogenous Oct4, Klf-4, and c-Myc, however, were not 
expressed in any of the MCF-7/Rep clones. Therefore, Sox2 was 
the sole transgene that was overexpressed in all the MCF-7/Rep 
clones, indicating that none of the clones were reprogrammed 
successfully.

Because morphological traits and SSEA-4 expression may not 
be sufficient to identify the successfully reprogrammed cancer 
iPSCs that are expected to have acquired pluripotent character-
istics, we then used a commercial antibody array that allows the 
assessment of the expression of OCT4, SOX2, NANOG, and 
other pluripotency-associated proteins in a single test to compare 

protein extracts obtained from MCF-7 parental cells and their 
MCF-7/Rep counterparts. We did not observe significant expres-
sion of OCT4, NANOG, or SOX2 proteins in the MCF-7 con-
trol population; however, the induction of SOX2 protein, but 
not OCT4 or NANOG, was clearly observable in MCF-7/Rep 
cells (Fig.  4A). These findings supported the immunofluores-
cence analyses showing that the expression of several reprogram-
ming-associated proteins was generally unevenly distributed in 
the colonies of the MCF-7/Rep clones, in striking contrast to 
the homogeneous and prominent nuclear expression of SOX2 
observed in most cells of the MCF-7/Rep colonies.

Sox2-overexpressing MCF-7/Rep cells are enriched with 
CSC-like attributes

We assessed whether the sole reactivation of endogenous Sox2 
in the MCF-7/Rep cells was sufficient to promote the acquisi-
tion of some degree of pluripotency properties. Using a cell-per-
meable fluorescent substrate for alkaline phosphatase (AP) that 
differentially stains pluripotent stem cells, we concluded that the 
overexpression of Sox2 appeared to be correlated with AP expres-
sion, because MCF-7/Rep clones expressing Sox2 exhibited more 
intense AP staining compared with AP-negative MCF-7 parental 
cells (Fig. 5A). Nevertheless, the AP distribution showed mosaic 
expression patterns in MCF-7/Rep clones, suggesting that Sox2-
overexpressing MCF-7/Rep cells may be enriched with pluripo-
tent-like subpopulations with CSC attributes.

Because MCF-7/Rep cells were not fully pluripotent but 
exhibited distinct molecular characteristics that were compat-
ible with the acquisition of a breast CSC-like state, we inves-
tigated whether well-accepted breast CSC hallmarks were 
overrepresented in Sox2-overexpressing MCF-7/Rep cells. In 
several types of tumors including breast cancer, cell subpopu-
lations enriched for cancer-initiating activity have been readily 
identified by flow cytometry analysis using the ALDEFLUOR® 
reagent on the basis of the high levels of aldehyde dehydroge-
nase (ALDH) activity; these cells are considered ALDHbright 
cells. The ALDEFLUOR® assay quantifies ALDH activity by 
measuring the conversion of the ALDH substrate, BODIPY 
aminoacetaldehyde, to the fluorescent product, BODIPY ami-
noacetate. The addition of the ALDH inhibitor DEAB specifi-
cally reduces ALDH-dependent fluorescence, thus confirming 
that ALDHbright cells are being correctly identified. When we 
used flow cytometry and the ALDEFLUOR® reagent to mea-
sure the proportion of MCF-7/Rep cells exhibiting high lev-
els of ALDH activity, we confirmed that Sox2-overexpressing 
MCF-7/Rep cancer cell populations contained drastically 
higher percentages of ALDHbright cells than MCF-7 parental 
cells, a fact that is likely attributable to the overexpression of 
the ALDH1/3 isoforms in MCF-7/Rep cells (Fig. 5B). To iden-
tify ALDHbright cells, a control aliquot (+DEAB) was analyzed 
by flow cytometry and set for the detection of only the bright-
est ALDH-positive cells. Using this cutoff, the test (-DEAB) 
aliquot was analyzed to identify its ALDHbright cell content. In 
MCF-7 parental cells, ~1% of the cells were expressing high 
ALDH activity. In Sox2-overexpressing MCF-7/Rep clone#1 
and #5, however, 25 and 30% of the cells were ALDHbright; 
therefore, the ALDHbright cell population in MCF7/Rep cells 
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impressively increased by >20 times compared with MCF-7 
parental cells. Because CD44 is another commonly used bio-
marker to identify the breast CSC phenotype, we performed 
immunofluorescence analysis to confirm that, in striking con-
trast to CD44-negative MCF-7 parental cells, MCF-7/Rep cells 
notably gained a significant membrane-associated expression of 
the CSC-related marker CD44 (Fig.  5C). Notably, there was 
no evidence of epithelial-to-mesenchymal (EMT) activation in 
Sox2-overexpressing CSC-like MCF-7/Rep cells, as they main-
tained a strong E-cadherin-mediated cell–cell adhesion, accom-
panied by a typical epithelial cobblestone appearance (Fig. 5C).

Transcriptional control of mTOR signaling regulators is 
significantly altered in Sox2-overexpressing CSC-like MCF-7/
Rep cells

We investigated whether the transcriptional control of cellu-
lar metabolism by mTOR signaling was significantly altered in 
our in vitro model of the de novo generation of CSC-like states. 
Eighty-four key genes involved in the mTOR-signaling pathway 
were evaluated by qRT-PCR using total RNA from MCF-7 paren-
tal cells and MCF-7/Rep clones #1, #3, and #5. This commer-
cially available gene array (Human mTOR Signaling PCR Array, 
SABiosciences) includes members of the mTORC1 and mTORC2 

Figure 1. Nuclear reprogramming of human MCF-7 breast cancer cells. Left. Experimental scheme for the reprogramming of MCF-7 cells. Right. Phase-
contrast images of iPSC-like colonies from MCF-7 cells (top). Representative phase-contrast images of either MCF-7/Rep clones or parental MCF-7 cells 
during EB-mediated differentiation (bottom). As for normal iPSCs, the MCF-7/Rep clones but not the MCF-7 parental cells formed EB-like spherical 
aggregates in suspension culture containing differentiation-promoting medium.
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complexes, upstream regulators of many mTOR responses, and 
genes that are downstream of the many cellular processes regu-
lated by mTOR complex activation. Imposing a 3-fold change in 
the mRNA expression level as the cut-off to determine significant 
regulatory effects on mTOR-related genes demonstrated that the 
acquisition of a Sox2-overexpressing CSC-like state involved 
significant alterations in 12, 13, and 28 mTOR-related genes in 
MCF-7/Rep clones #1, #3, and #5, respectively (Fig. 6, right). 
We identified 4 genes that were commonly regulated by all 3 
MCF-7/Rep clones, PRKAA1 (−3.7-fold), DDIT4 (−5.1-fold), 
DEPTOR (−7.5-fold), and INSR (+3.0-fold). The PRKAA1 gene 
codes for the catalytic α 1 subunit of the AMP-activated pro-
tein kinase (AMPK).36-38 DDIT4 is a stress response gene, also 
known as REDD1 (regulated in development and DNA damage 
responses), which operates as a negative regulator of mTOR.39-43 
DEPTOR has been identified as a naturally occurring endog-
enous inhibitor of mTOR that can suppress mTOR activity in 
vivo.44-46 INSR is a receptor tyrosine kinase that mediates the 
pleiotropic actions of insulin (e.g., insulin binding to the insulin 
receptor stimulates glucose uptake).47-49 The downregulation of 
AMPK expression was verified and confirmed using western blot 
analysis as a marker of end-point protein expression (Fig. 6A). 
Nuclear reprogramming of MCF-7 cells significantly decreased 
AMPKα1/α2 protein content, which was drastically suppressed 
in the MCF-7/Rep clone #5. We then analyzed the activation 
status of mTOR signaling pathway in MCF-7/Rep cells. mTOR 
activity was monitored by analyzing the phosphorylation level of 
its main downstream target, p70S6K1. Of note, immunoblotting 
analysis revealed that total levels of p70S6K1 in MCF-7/Rep cells 
were increased prominently as compared with MCF-7 parental 
cells (Fig.  6B). Consistent with the stimulation of p70S6K1, 
we detected a clear increase in the phosphorylation of mTOR 
at Ser2448 in MCF-7/Rep cells, thus confirming that mTOR 
pathway activity is notably augmented in Sox2-overexpressing 
CSC-like cell lines.

Sox2-overexpressing CSC-like MCF-7/Rep cells exhibit a 
fatty acid synthase (FASN)-overexpressing lipogenic phenotype

iPSCs generated from MEFs strongly enhance lipogenesis 
by triggering regulatory circuits that activate and provide sub-
strates for lipogenic enzymes, such as FASN.33 Compared with 
non-CSCs, CSC-like cells express significantly higher levels 
of all lipogenic enzymes, which improve cell survival capaci-
ties,50-52 and studies published over the last few years have shown 
that mTOR signaling controls lipid biosynthesis through vari-
ous mechanisms.53-56 Therefore, we hypothesized that, because 
reprogramming breast cancer cells to a Sox2-overexpressing 
CSC-like state involves the transcriptional suppression of 
mTOR repressors, MCF-7/Rep cells might overexpress FASN. A 
comparison of the starting population of MCF-7 cells and their 
CSC-like cell progeny using immunofluorescence microscopy 
clearly revealed that reprogrammed breast cancer cells display 
a dramatic upregulation of the lipogenic phenotype. Thus, the 
cytoplasmic accumulation of FASN was highly prominent in all 
of the MCF-7/Rep clones (#1, #3, and #5), whereas control cul-
tures of parental MCF-7 cells expressed dramatically lower levels 
of FASN (Fig. 6C).

Discussion

The properties and molecular hallmarks of the rare popu-
lation of undifferentiated tumor cells that retain the ability to 
self-renew, proliferate, and develop into more differentiated 
tumor cells (i.e., CSCs) are not well understood. Therefore, the 
development of novel methods for the molecular characteriza-
tion of CSCs is urgently needed, because these approaches may 
ultimately facilitate the potential discovery of new targets that 
are specifically involved in tumor initiation. Master regulators of 
self-renewal and pluripotency (such as the transcription factors 
Oct4 and Sox2) have been shown to be expressed in a subpopula-
tion of breast and ovarian cancer cells that possesses self-renewal 
abilities, and some cancers appear to hijack the underlying self-
renewal transcription factor machinery to support aberrant 
proliferation and tumor initiation (i.e., some self-renewal tran-
scription factors are overexpressed in early breast cancer lesions 
and in poorly differentiated, high-grade tumors).11,57-61 Therefore, 
we hypothesized that the nuclear reprogramming of differenti-
ated cancer cells to a pluripotent-like state by introducing the 
Yamanaka stemness factors Oct4, Sox2, Klf4, and c-Myc might 
generate novel in vitro model systems to identify new mecha-
nisms that are causally involved in breast cancer self-renewal and 
tumor initiation.62 Moreover, because key events governing the 
acquisition of CSC-like states are primarily regulated by revers-
ible and transient modifications, rather than the accumulation of 
irreversible and stable modifications, studying the intrinsic abil-
ity of cancer cells to generate iPSCs in response to pluripotency-
stimulating transcription factors may provide us with pivotal 
information on the molecular links between malignant transfor-
mation, pluripotency, and tumorigenesis. Particularly, by decod-
ing the biological barriers that prevent the cancer (differentiated) 
phenotype from being reversed to a pluripotent (stem) status, we 
could directly explore the mechanisms governing how differenti-
ated cancer cells can dynamically enter the CSC state.

Here, we described the molecular consequences observed upon 
the nuclear reprogramming of the well-characterized human 
breast cancer cell line MCF-7, an estrogen receptor-positive (ER+) 
breast cancer cell line that was isolated in 1973 from a 69-y-old 
Caucasian woman suffering from an invasive ductal carcinoma. 
The rare colonies with iPSC-like morphology that appeared fol-
lowing the viral transduction of OSKM stemness factors into 
MCF-7 cells appeared to demonstrate an intermediate state 
between cancer cells and the expected bona fide breast cancer-
iPSCs. Although the reprogrammed MCF-7/Rep cells isolated 
based on their hES-like morphology strongly expressed some of 
the standard human pluripotent markers (for example SSEA-4) 
and exhibited stronger AP activity, albeit in a mosaic pattern, 
than MCF-7 parental cells, none of the examined clones homog-
enously exhibited other commonly accepted criteria by which to 
determine the status of successful reprogramming. The expres-
sion of OCT4, NANOG, SSEA-1, TRA-1–60, and TRA-1–81 
proteins, if present, mostly showed an uneven expression pattern 
among the MCF7/Rep clones. Taken together, these data suggest 
that morphological traits, SSEA-4 and AP may not be sufficient 
to identify the successfully reprogrammed human cancer cells 
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after transduction with the OSKM stemness factors. Because 
the expected derivation of breast cancer iPSCs required multiple 
individual viral vectors to deliver all the transcription factors 
needed to induce reprogramming, it could be argued that many 
cancer cells will receive only 1, 2, 3, or 4 factors, making it diffi-
cult to study the biochemistry of reprogramming on a highly het-
erogeneous population of breast cancer cells. However, we should 
acknowledge that our reprogramming efficiency was not signifi-
cantly higher than those reported for somatic cell reprogram-
ming, as might be expected due to pre-existing tumor suppressor 
loss and/or the endogenous expression of reprogramming factors. 

Additionally, MCF-7 cells infected with a single lentiviral vector 
expressing the 4 transcription factors from a single multicistronic 
transcript (data not shown) similarly failed to be reprogrammed 
into a bona fide pluripotent state. Although MCF-7/Rep cells, 
but not MCF-7 parental cells, were able to form aggregates of 
nonadherent spheroids known as embryoid bodies, which is the 
principal step in the differentiation of pluripotent stem cells, they 
failed to differentiate into all 3 primary germ layers and form 
benign mature tissue elements (as would have been expected for 
reprogrammed somatic cells) when we assessed teratoma forma-
tion in vivo. Indeed, when profiling their in vivo tumorigenicity, 

Figure 2. Nuclear reprogramming of human MCF-7 breast cancer cells. Representative immunofluorescence images of parental MCF-7 cells and MCF-7/
Rep clones stained with an antibody against SSEA-4. MCF-7 and MCF-7/Rep cell populations were also examined by flow cytometry for the stem cell 
marker SSEA-4 (green histograms) vs. isotype controls (purple histograms).
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MCF-7/Rep cells engrafted with significantly higher efficacy 
and formed tumors at a faster rate than their MCF-7 parental 
counterparts in nude mice implanted subcutaneously with estro-
gen pellets, and the pathology of the reprogrammed breast can-
cer cells still best resembled highly aggressive, undifferentiated 
invasive breast carcinomas (unpublished observations). Despite 
all this evidence, it remains unclear whether human solid tumor 
cells can be reprogrammed into cells capable of dedifferentiat-
ing and forming benign teratomas. Whereas teratoma formation 
from solid human cancer cells has been reported previously,63 the 
authors reported only xenograft formation with no histology or 
immunohistochemistry. Zhang et al.,64 who recently reported the 
terminal differentiation and loss of tumorigenicity of human sar-
comas via pluripotency-based reprogramming, failed to observe 
benign mature tissue elements in their teratoma assays.

MCF-7/Rep cells failed to exhibit a significant reactivation 
of the endogenous pluripotency-associated genes Oct4, Klf-4, 
and c-Myc. Although it is tempting to conclude that MCF-7/
Rep cells merely represent incompletely reprogrammed clones 
with hES-like morphology that did not fully express the 4 exog-
enous transgenes, re-transduction experiments of the 3 other 
transgenes (i.e., Oct4, Klf-4, and c-Myc) into the selected Sox2-
overexpressing MCF-7/Rep clones that lacked their expression 
should be performed before concluding that the failure to activate 
the pluripotency-related genes in the MCF-7/
Rep clones was not due to technical barriers or 
the need for improved reprogramming tech-
nologies. It should be noted that whereas the 
present practices for reprogramming somatic 
cells to iPSCs involve the simultaneous intro-
duction of reprogramming factors, Liu et al.65 
have recently established that the simultaneous 
delivery of OSKM results in opposing activities 
among the 4 Yamanaka factors, thus dimin-
ishing their effectiveness. In their hands, the 
highest efficiency was observed with the OK, 
M, and S sequential protocol. It is noteworthy 
that MCF-7 cells naturally express Klf-4 and 
c-Myc,66,67 whereas MCF-7/Rep cells had up to 
6- and 4-fold reductions in the endogenous lev-
els of the Klf-4 and c-Myc genes, respectively. 
Together, these findings strongly suggest that 
the endogenous status of the Yamanaka factors 
may contribute to the reprogramming process 
differentially, i.e., positively or negatively, to 
determine the best procedure for reprogram-
ming. The strong epithelial nature of MCF-7 
cells, which is thought to be an optimal cell 
state for reprogramming, and the fact that 
E-cadherin is a competent substitute for Oct4 
during somatic cell reprogramming68-70 may 
imply that estrogen receptor-positive MCF-7 
luminal cells represent a breast cancer cel-
lular state extremely sensitive to the dosage of 
Sox2;71 accordingly, the knockdown of endog-
enous E-cadherin notably compromised the 

time-sensitive generation of hES-like colonies in MCF-7 cells 
transduced with OSKM factors (data not shown), whereas the 
transcriptional analyses of the OSKM factors confirmed the 
strong but unique reactivation of the endogenous Sox2 oncogene 
accompanied by the silencing of the exogenous Sox2 transgene 
in MCF-7/Rep cells. Although Sox2-overexpressing MCF-7/Rep 
cells were not fully pluripotent, they exhibited distinct molecu-
lar characteristics that were compatible with the acquisition of a 
breast CSC-like state; thus, well-accepted breast cancer stem cell 
markers (SSEA‑4, ALDEFLUOR, CD44)72-78 were overrepre-
sented in Sox2-overexpressing MCF-7/Rep cells. If a differentia-
tion hierarchy exists even in well-established cancer cell cultures, 
as predicted by the CSC theory, the most undifferentiated com-
ponent in the cell culture may be the most permissive to repro-
gramming with Sox2 toward CSC-like states. In this regard, 
Sox2 transcriptional activity, as measured by GFP expression 
from a Sox2 reporter construct, has been detected in only a small 
subset of MCF-7 cells.79,80 GFP+ cells with Sox2 activity consti-
tute a phenotypically distinct cell population, with an enhanced 
CSC-like phenotype and tumorigenicity in ER-positive MCF-7 
luminal breast cancer cells.79 Because the measurement of Sox2 
transcriptional activity depends on the binding of Sox2 to the 
promoter of the EMT gene driver Twist1,80 it may be relevant to 
establish whether the 2 distinct subsets of MCF-7 cells separated 

Figure  3. Nvuclear reprogramming of human MCF-7 breast cancer cells. Representative 
immunofluorescence images of iPSC-like colonies from MCF-7/Rep clones and parental 
MCF-7 cells stained with antibodies against SSEA-1, TRA-1–60, TRA-1–80, OCT4, NANOG, 
and SOX2.
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based on their differential reporter activity also display a differ-
ential responsiveness to the activation of nuclear reprogramming 
events.

Accumulating evidence suggests that changes in the cellular 
bioenergetics (i.e., the metabotype) may be a novel prerequisite 
for acquired stemness.35 For example, an experimental model 
comparing oncogenic transformation and cellular reprogram-
ming has recently confirmed that somatic cells must first acquire 
changes that lead to the downregulation of cell differentiation 
machinery and the upregulation of glycolysis and other gly-
colysis-related metabolic pathways.29 Once these changes have 
occurred, the oncogenic transformation/induced pluripotency 
pathways can then diverge due to other factors, such as the activ-
ity of pluripotency genes. Given this scenario, we decided to look 
beyond cancer-specific genetic mutations, epigenetic remodeling, 
the accumulation of DNA damage, or reprogramming-induced 
cellular senescence and explore whether the nuclear reprogram-
ming of breast cancer cells to Sox2-overexpressing CSC-like 
states involves the remodeling of bioenergetic and biosynthetic 
metabolism. We explored whether the evolutionarily conserved 
AMPK/mTOR pathway (which plays critical roles in the regu-
lation of energy metabolism) is significantly over- or underrep-
resented upon the acquisition of stemness properties and a new 
cell identity. Importantly, we present the first characterization of 
the mTOR signaling-related transcriptome during the conversion 
of differentiated MCF-7 tumor cells to CSC-like-MCF-7 cells, 

and we reveal that the acquisition of stem cell-like states appears 
to utilize redundant molecular mechanisms aimed at ensuring 
the activation of mTOR; these mechanisms involve the signifi-
cant transcriptional suppression of mTOR repressors (PRKAA1, 
DDIT4/REDD1, and DEPTOR) and the activation of mTOR 
enhancers (INSR) (Fig. 6A).

First, we confirmed that the downregulation of PRKAA1 
may be a universal metabolic feature for the acquisition of stem 
cell-related properties, regardless of either normal or cancerous 
genetic background. PRKAA1 has been shown to be significantly 
and consistently downregulated upon the generation of iPSCs 
from normal fibroblasts. As suggested by Prigione et al.,24 iPSCs 
generated from fibroblasts may suppress the activation of AMPK 
(a master regulator of energy homeostasis that can switch off 
biosynthetic pathways to avoid anabolic inhibition), similar to 
the phenomenon observed in cancer cells. The downregulation 
of AMPK may account for the activation and/or maintenance of 
the Warburg effect,81 which fuels the induction of stemness dur-
ing the reprogramming of somatic cells. Accordingly, the phar-
macological activation of AMPK has been shown to establish a 
metabolic barrier to somatic cell reprogramming that cannot be 
bypassed even through p53 deficiency,30 which is a fundamental 
mechanism used to greatly improve the efficiency of stem cell 
production.82-85 In this scenario, hypothesizing that the sub-
population of MCF-7 epithelial cancer cells targeted by the stem 
cell factor Sox2 necessarily acquires distinctive AMPK-related 

Figure 4. Nuclear reprogramming of human MCF-7 breast cancer cells. Left: RT-PCR analyses to detect the expression of exogenous (exo) and endog-
enous (endo) Oct4, Sox2, Klf-4, and c-Myc transcripts in MCF-7/Rep cells. Figure shows the difference of each transcript as fold-change mean values ± 
SD vs. MCF-7 parental cells; n = 3). Right: Total cell lysates (750 μg) from MCF-7 parental cells and 2 representative MCF-7/Rep clones were incubated 
with membranes of the Human Pluripotent Stem Cell Antibody Array, including 15 pluripotent stem cell markers, as per the manufacturer’s instructions 
(Proteome Profiler; R&D Systems). Figure shows representative proteome analyses that were developed on X-ray film following exposure to chemilumi-
nescent reagents. Of the 15 pluripotent stem cell markers analyzed on the Human Pluripotent Stem Cell Array, SOX2 underwent the highest induction 
in protein expression when comparing MCF-7/Rep clones to MCF-7 parental cells.
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bioenergetic signatures is tempting; this acquisition of AMPK-
related bioenergetic signatures is a molecular strategy that has 
been shown to similarly induce and maintain the repression of 
mitochondrial oxidative phosphorylation in “normal” iPSCs.

Second, the generation of Sox2-overexpressing CSC-like 
states upon the nuclear reprogramming of ER-positive MCF-7 
luminal breast cancer cells is accompanied by the suppression 
of the mTOR repressor DDIT4/REDD1. REDD1 loss has been 
shown to elicit tumorigenesis in a mouse model (immortalized 
REDD1−/− cells are highly tumorigenic compared with their 
wild-type counterparts), and the downregulation of REDD1 in 
a subset of human cancers (including breast CSCs) has been 
observed to promote selectively oncogenic anchorage-indepen-
dent growth under hypoxic conditions.39-43 Therefore, the net 
result of REDD1 downregulation may be increased tumor cell 
adaptation to hypoxic conditions and increased cellular transla-
tion and cell growth potential; when combined, these effects may 
explain the dramatic induction of tumorigenesis that has been 
observed in the context of the genetic loss of REDD1. Our find-
ings support the recent discovery that the elaborate regulation 
of mTOR activity is required for somatic cell reprogramming 
induced by defined transcription factors86; mechanistic studies 
should unambiguously elucidate whether novel regulatory path-
ways centered on REDD1 can actively contribute to the acquisi-
tion of breast CSC properties.87

Third, we also reveal that the inhibitory role of DEPTOR 
in the mTOR signaling pathway may be impacted during the 
Sox2-driven conversion of differentiated MCF-7 cells into CSC-
like MCF-7 cells. Previous evidence has shown that DEPTOR 
plays a pivotal role in the development and progression of human 
malignances by regulating many cellular processes, such as cell 
growth, apoptosis, autophagy, epithelial-to-mesenchymal transi-
tion (EMT), and drug resistance; all these outcomes could be 
partially mediated through the inhibitory effect of DEPTOR on 
mTOR.44-46 Consistent with the activation of the mTORC1 and 
mTORC2 pathways in many human cancers, DEPTOR expres-
sion is low in most cancers. Moreover, the mTOR complexes and 
DEPTOR negatively regulate each other, suggesting that a feed-
forward loop exists in which the loss of DEPTOR leads to an 
increase in mTOR activity. This increased mTOR activity then 
further reduces DEPTOR expression at the transcriptional and 
post-translational levels. Our findings suggest that the upregula-
tion of DEPTOR may be required to regulate mTOR activity 
in targeting stem-like breast cancer cells that express low levels 
of DEPTOR. In this regard, Liu et al.45 have shown that resve-
ratrol (a naturally occurring polyphenol) promotes the interac-
tion between DEPTOR and mTOR, leading to the inhibition 
of mTOR activity. Notably, resveratrol can induce apoptosis 
in cancer stem-like cells through the suppression of lipogenesis 
by modulating FASN expression,51,88 a downstream marker of 
AMPK deactivation/mTOR activation. We accordingly observed 
that FASN was overexpressed in MCF-7/OSKM cells.

Fourth, the mitogenic and anti-apoptotic effects of insulin, 
the principal regulator of glucose metabolism that plays a cru-
cial role in cancer development and progression, may be directly 
mediated by its own receptor (INSR). Recent findings have 

begun to suggest that both IGF-IR and INSR may contribute 
to the expansion of adult progenitor/stem-like cells cultured as 
non-adherent spheres and the stimulation of self-renewal. Thus, 
stem and progenitor cells that survive in serum-free suspension 
to produce spherical colonies that self-renew are strongly positive 
not only for several putative stem cell markers (e.g., Sox2), but 
also for high levels of INSR.89 Moreover, the insulin axis plays a 
key role in the “breast stem cell burden” hypothesis,90-92 which 
suggests that factors that expand the normal breast stem cell pool 
would increase the probability that one such cell might undergo 
an oncogenic mutation or epigenetic change and favor the gener-
ation of mammary tissue-specific stem cells. Therefore, because 
breast stem/progenitor cells can serve as direct targets for trans-
formation, the number of these cells (which is positively associ-
ated with mammary gland mass) is an important determinant 
of breast cancer risk. In an alternate scenario, CSCs may arise 
through reprogramming-like mechanisms, in which the target 
of transformation could be a tissue stem cell, progenitor cell, or 
differentiated cell that acquires self-renewal ability. INSR may 
be similarly involved in stimulating the insulin/mTOR pathway 
during the reprogramming of cancer cells to a pluripotent state. 
Our current findings may be relevant to the recent studies sug-
gesting that the use of the extended activity basal insulin analog 
glargine increases the rate of development and subsequent detec-
tion of pre-existing undetectable malignancies rather than malig-
nant cell transformation and new cancer formation.93

Corollary
Cancer, cellular plasticity, and cell fate reprogramming are 

tightly intertwined processes. Not all cancer cells possess the 
plasticity necessary for reprogramming to CSC-like states, and 
only some cancer genes harbor the required capacity to fully 
elicit the reprogramming process in the right cellular context. By 
understanding cancer as a disease of cellular reprogramming in 
which the formation of cancer-maintaining cells is a developmen-
tally unfavorable process that imposes a great stress to the cells, it 
is conceivable that most of the driving forces in CSC generation 
play a permissive role in tumor progression. Not surprisingly, the 
elimination of the p53-regulated DNA damage control check-
point notably enhances the efficiency of the somatic reprogram-
ming process, similar to the effects of the loss of p53 in allowing 
the genesis of tumor-initiating cells and the development of can-
cer. We now suggest that the remodeling of AMPK/mTOR-regu-
lated bioenergetic and biosynthetic metabolism (which occurs in 
the context of bona fide oncogenes and tumor suppressor genes) 
may be an active contributor (rather than a consequence) that 
defines cancer cell fate and is responsible for the acquisition of 
CSC-like states in breast cancer. The dysfunction of negative 
metabolic regulators, including defects in the AMPK-mTOR 
pathway, could result in permissive metabolic reprogramming 
that allows a differentiated cancer cell to be reprogrammed to 
regain stem cell characteristics in a process of tumorigenic repro-
gramming to pluripotency.35,94 Determining how the AMPK/
mTOR-regulated bioenergetic and biosynthetic metabolism reg-
ulates stem cell fate may facilitate the development of therapies 
for aging-related metabolic diseases, such as obesity, diabetes, and 
cancer.95 Although the final results demonstrated that the rare 
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Figure 5. Nuclear reprogramming of human MCF-7 breast cancer cells. (A) AP Live Stain was applied to MCF-7 parental cells and Sox2-overexpressing 
MCF-7/Rep cells growing in Matrigel. Figure shows representative microphotographs of immunofluorescence staining for AP Live Stain. (B). MCF-7 
parental cells and Sox2-overexpressing MCF-7/Rep cells were subjected to ALDEFLUOR® assay to identify cells with high ALDH activity (ALDHbright). The 
ALDH inhibitor DEAB was used as a negative control. The cells without inhibitor shifted to the right and were considered ALDHbright cells. Figure shows 
fold changes in the expansion of the ALDHbright subpopulation calculated by dividing the number of ALDHbright cells counted in MCF-7/Rep cells by those 
counted in MCF-7 parental cells. (C) Representative immunofluorescence images of MCF-7 parental cells and MCF-7/Rep clones stained with antibodies 
against CD44 and E-cadherin.
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colonies with iPSC-like morphology obtained following the viral 
transduction of Oct4, Sox2, Klf4, and c-Myc into MCF-7 breast 
cancer cells (MCF-7/Rep) demonstrated an intermediate state 
between cancer cells and bona fide iPSCs, they still exhibited a 
significant enhancement of breast CSC-like molecular character-
istics. If our current findings reflect the fact that stem/progenitor 
cells within heterogeneous populations of MCF-7 breast cancer 
epithelial cells reprogram at a higher frequency than more differ-
entiated MCF-7 cells (i.e., the target cells mediating the relatively 
low frequency of colonies with the Sox2-overexpressing pheno-
type in the transduced MCF-7 cultures were a subpopulation 
that was not fully differentiated ab initio), both the intrinsic flex-
ibility and reversibility of the AMPK/mTOR-driven metabolic 
program may have crucial implications for the pharmacological 
manipulation of the self-renewal and pluripotent capabilities that 
fuel CSC-driven tumorigenesis (Fig.  7). Because our current 
findings suggest that the antagonistic nature of the AMPK and 
mTOR pathways may participate in the process of tumorigenic 
reprogramming to CSC-like states, it is reasonable to predict that 

when stable CSC-like research lines are used in drug screening, 
they may provide a new path for obtaining valuable molecular 
information about killing breast CSCs.

Materials and Methods

Reprogramming of human breast cancer cells
MCF-7 cells originally obtained from American Type Culture 

Collection (ATCC) were transduced with retroviral vectors 
encoding the reprogramming factors Oc4, Sox2, Klf4, and 
c-Myc following Yamanaka original protocol with modifications 
that have been previously validated in our laboratory.30-33 Briefly, 
the retroviral vector plasmids pMXs-hOCT4, pMXs-hSOX2, 
pMXs-hKlf4, pMXs-hc-Myc (Addgene), and VSV-G were pack-
aged in 293T cells using Plus™ Reagent (Invitrogen) according 
to the manufacturer’s protocol. After 48 h, virus-containing 
supernatants were passed through a 0.45 μm filter and supple-
mented with 10 μg/mL polybrene. MCF-7 cells were seeded at 
~5 × 105 cells per 100 mm dish 24 h before incubation with the 

Figure 6. Activation of the mTOR pathway in Sox2-overexpressing CSC-like cellular states. (A) Overlaps between differentially expressed mTOR signaling-
related genes in three MCF-7/Rep clonal groups. Venn diagram showing common changes in gene expression between three clonal groups (groups #1, 
#3, and #5) of MCF-7/Rep cells vs. parental MCF-7 cells. These Venn diagrams illustrate the overlaps between genes that were scored as being either up- or 
downregulated (n = 3 replicates for each clone). To be included as an overlap, a gene must be differentially expressed in at least one time point in both 
time courses (>3.0-fold and P value < / = 0.05). The 4 genes commonly regulated in the 3 MCF-7/Rep clonal groups are depicted on the left. Genes that are 
positively regulated over time (red), and genes that are negatively regulated over time (green) are indicated. The P value for the 3 clonal groups was calcu-
lated using a hypergeometric test and indicates that the probability of identifying the overlapping genes by random chance is very low. (B) Representative 
immunoblotting analyses of total AMPK, total p70S6K1, total mTOR, and phospho-mTORSer2448 in MCF-7 parental cells and MCF-7/Rep clones. The protein 
extracted from the harvested cells was resolved by SDS-PAGE, transferred to nitrocellulose membranes, and probed with the indicated antibodies. (C) 
Activation of the lipogenic phenotype in MCF-7/Rep cells. Robust expression of the lipogenic enzyme fatty acid synthase (FASN) in MCF-7/Rep cells as 
measured by immunofluorescence microscopy. Note that MCF-7/Rep cells express drastically higher levels of FASN than parental MCF-7 cells.
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virus/polybrene-containing supernatants. The transduction was 
repeated every 12 h for 2 d using the same batch of all 4 retrovi-
ruses. On day 6, after the first transduction, the cells were replated 
on a feeder layer of irradiated human HFF-1 fibroblasts (ATCC), 
and the regular media were replaced with human embryonic stem 
(hES) cell growth media (KNOCKOUT DMEM [Invitrogen], 
20% KO-Serum Replacement [Invitrogen], 10 nmol/L β-FGF, 
2 mmol/L GlutaMAX, 50 mmol/L 2-β-mercaptoethanol, 100 
μmol/L non-essential amino acids [Sigma-Aldrich], 1% peni-
cillin/streptomycin), and renewed every 2 d. Reprogramming 
MCF-7 cells were maintained at 37 °C in a 5% CO

2
 incuba-

tor for up to 30 d. The appearance of iPSC-like colonies, i.e., 
colonies that will form demonstrated well-defined phase-bright 
borders surrounded by feeder cells and comprising small cells 
with high nuclear/cytoplasmic ratios and prominent nucleoli, 
indistinguishable from standard iPSCs, was monitored every day.

Immunofluorescence staining and high-content confocal 
imaging

Three MCF-7/Rep clones were chosen at random and fur-
ther analyzed for the expression of pluripotent stem cell markers 
including OCT4, SOX2, NANOG, SSEA-1, SSEA-4, TRA-
1–60, TRA-1–8, CD44, and E-cadherin using immunofluores-
cence and/or flow cytometry procedures previously validated in 
our laboratory. We employed 96-well clear-bottom imaging tis-
sue culture plates (Becton Dickinson Biosciences) optimized for 
automated imaging applications. Triton® X-100 permeabilization 
and blocking, primary antibody staining, secondary antibody 

staining using Alexa Fluor® 488/594 goat anti-rabbit/mouse IgGs 
(Invitrogen, Probes), and counterstaining (using Hoechst 33258; 
Invitrogen) were performed following the BD Biosciences proto-
cols. The images were captured in different channels for Alexa 
Fluor® 488 (pseudocolored green) and Hoechst 33258 (pseu-
docolored blue) using a BD PathwayTM 855 Bioimager System 
(Becton Dickinson Biosciences) with 20× or 40× objectives 
(NA 075 Olympus). Merged images were obtained according 
to the recommended assay procedure using the BD AttovisionÔ 
software.

Embryoid bodies (EBs) formation
A standard and general method for stem cell differentiation 

in vitro is via the formation of cell aggregates in nonadherent 
spheroids known as embryoid bodies (EBs). MCF-7/Rep colonies 
(or regions of colonies) were cultured in suspension, so that they 
formed large aggregates as described elsewhere.97-99

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA was extracted from MCF-7 parental cells and 
MCF-7/Rep clones #1, #3, and #5 using a Qiagen RNeasy kit and 
Qiashredder columns according to the manufacturer’s instruc-
tions. One microgram of total RNA was reverse-transcribed into 
cDNA with a Reaction ReadyÔ. First Strand cDNA Synthesis Kit 
(SABiosciences) and applied to either the Yamanaka reprogram-
ming factors expression qBiomarkerÔ iPSC PCR Array System 
(Cat. No. IPHS-002, 96-well format) or the Human mTOR 
Signaling RT2 Profiler PCR Array (Cat. No. PAHS-098Z, 

96-well format) following the SABiosciences RT-PCR 
manual. Plates were processed in an Applied Biosystems 
7500 Fast Real-Time PCR System Applied Biosystems 
using automated baseline and threshold cycle detection. 
Data were interpreted with the SABiosciences web-
based PCR array analysis tool.

Proteome profiling of pluripotent stem cell markers
Cells were rinsed with cold PBS and immediately sol-

ubilized in NP-40 lysis buffer (1% NP-40, 20 mmol/L 
Tris-HCl [pH 8.0], 137 mmol/L NaCl, 10% glycerol, 
2 mmol/L EDTA, 1 mmol/L sodium orthovanadate, 
10 μg/mL aprotinin, 10 μg/mL leupeptin) by rocking 
the lysates gently at 4 °C for 30 min. Following micro-
centrifugation at 14 000 × g for 5 min, supernatants 
were transferred into a clean test tube, and sample pro-
tein concentrations were determined using the Pierce 
Protein Assay Kit. Lysates were diluted and incubated 
with Human Pluripotent Stem Cell Antibody Array 
membranes (Cat. No. ARY010; Proteome Profiler; 
R&D Systems) according to the manufacturer’s 
instructions. In this method, capture and control anti-
bodies have been spotted in duplicate on nitrocellulose 
membranes. Briefly, the membranes were blocked with 
5% bovine serum album (BSA)/TBS [0.01 mol/L Tris 
HCl, pH 7.6] for 1 h. Membranes were then incubated 
overnight with 750 μg of total protein at 2–8 °C on a 
rocking platform shaker. After extensive washing with 
TBS including 0.1% v/v Tween-20 3 times for 5 min to 
remove unbound materials, the membranes were then 

Figure 7. A yin-yang balancing act of the AMPK/mTOR link in reprogramming to 
Sox2-overexpressing breast cancer stem-like cellular states. We suggest that the 
AMPK/mTOR signaling link in reprogramming to Sox2-overexpressing breast can-
cer stem-like cellular states can be viewed much like a yin-yang balancing act, 
based on the ancient Chinese scientific thinking concerning how things work (i.e., 
the “universe” is governed by the balance of yin and yang, where yin represents 
the negative element, while yang represents the positive element). Consistent with 
this concept, AMPK and mTOR appear to have opposing activation patterns during 
abnormal differentiation in cancer. The forced activation of AMPK in cancer stem-
like cells could lead to differentiation,32,33,100 whereas an elaborate regulation of the 
activation status of mTOR might be required to allow defined transcription factors 
to reprogram differentiated cancer cells toward stemness.68 The exploitation of this 
AMPK/mTOR signaling link with the use of the yin-yang concept may allow for the 
development of novel therapeutic strategies that target CSC states.v
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incubated with reconstituted Detection Antibody Cocktail for 2 
h at room temperature. Unbound HRP antibody was washed out 
with TBS including 0.1% v/v Tween-20. Finally, array data were 
developed on X-ray film using a chemiluminescence detection 
system (Amersham Life Sciences).

Alkaline phosphatase (AP) staining
AP activity was detected using a non-permanent, cell-viable 

stem cell imaging product that allows users to differentially stain 
pluripotent stem cells.96 The AP Live Stain is a cell-permeable 
fluorescent substrate for AP that is non-toxic to cells, diffusing 
out over the course of 2 h. Briefly, AP Love Stain (500×; Cat. 
No. A14353, Life Technologies Corp) was diluted in media and 
directly applied to adherent cell cultures of MCF-7 and MCF-7/
Rep cells. All staining procedures were conducted according to 
product specifications.

Aldefluor activity assay
The Aldefluor kit (Stem Cell Technologies) was used to pro-

file cells with high and low ALDH activity. Briefly, cells were 
suspended in ALDEFLUOR assay buffer containing the fluo-
rescent ALDH substrate, BODIPY-aminoacetaldehyde (BAAA), 
and incubated for 45 min at 37 °C. The assay buffer also contains 
a transport inhibitor to prevent the efflux of the BAAA from 
the cells. BAAA passively diffuses into live cells and is then con-
verted by intracellular ALDH into a negatively charged product, 
BODIPY aminoacetate, which is retained inside cells, labeling 
them with a bright fluorescent signal. After a washing step, the 
brightly fluorescent ALDH-expressing cells (ALDHbright) were 
detected in the green fluorescence channel (FL1; 520–540 nm) 
of a FACSCalibur instrument (BD Biosciences). A sample of cells 
was stained as above with the addition of a specific ALDH inhib-
itor, diethylaminobenzaldehyde (DEAB) (Sigma), to serve as a 
negative control for each experiment. Because only cells with an 
intact cellular membrane could retain the ALDH1 reaction prod-
uct, only viable ALDHbright cells were identified. Cells incubated 
with BAAA and DEAB were used to establish the background 
signal and to define the ALDHbright region. The incubation of 
cells with the substrate in the absence of DEAB induced a shift in 
BAAA fluorescence defining the ALDHbright population.

Immunoblotting,
Cultures of MCF-7 parental cells and MCF-7/Rep clones were 

washed twice with cold PBS and then lysed as described above. 
Equal amounts of protein (i.e., 50 μg) were resuspended in 5× 
Laemmli sample buffer (10 min at 70 °C), subjected to 10% 
SDS-PAGE, and transferred onto nitrocellulose membranes. 
The nitrocellulose membranes were blocked for 1 h at RT with 
TBS-T buffer (25 mmol/L TRIS- HCl [pH 7.5], 150 mmol/L 
NaCl, 0.05% Tween 20) contain- ing 5% (w/v) nonfat dry milk 
to minimize non-specific binding. Subsequently, the treated 
membranes were washed in TBS-T and incubated with total 
AMPKα (#2603, Cell Signaling Technology®), total p70S6K1 
(#9202, Cell Signaling Technology®), total mTOR (#2983, Cell 
Signaling Technology®), or phospho-mTORSer2448 (#2971, Cell 
Signaling Technology®), as specified, in 1́  TBS-T buffer con-
taining 5% w/v BSA and 0.1% Tween-20 at 4 °C with gentle 
shaking overnight. The membranes were washed with TBS-T, 
incubated with horseradish peroxidase-conjugated secondary 
anti-rabbit IgG in TBS-T for 1 h, and the immunoreactive bands 
were detected using a chemiluminescence reagent (Pierce). The 
blots were re-probed with an antibody against β-actin to con-
trol for protein loading and transfer. Densitometric values of 
the proteins bands were quantified using Scion Image software  
(Scion Corporation).
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