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differentiation and increased FASN activation drives 
architectural destruction of breast tissue and progression 
to malignancy. Our results demonstrate not only that 
misregulation of lipogenic metabolism plays a causal role 
in progression of malignancy in human breast epithelial 
cells, but also that correction of exacerbated lipogenesis 
is sufficient to restore a normal-like tissue form and 
function and suppress tumorigenicity of metastatic BC cells  
in vivo. Thus, analogous to the epigenetic suppression of 
malignancy following retinoid treatment of leukemias, 
manipulation of endogenous lipogenesis can override the 
unstable cancer genome in metastatic tumor cells, offering a 
plausible alternative therapeutic modality of differentiation 
therapy for BC and other solid epithelial tumors. 

A survey of the genomic alterations in the isogenic 
MCF10 model of BC progression, from non-malignant 
MCF10A cells to pre-invasive DCIS.com cells and invasive 
CA1 cells, has recently revealed hundreds of coding 
mutations in multiple cancer driver genes commonly 
found in primary BC (e.g., PIK3CA and TP53) [56].  
These mutations change the expression of genes 
involved in proliferation and adhesion, and in signaling 
pathways such as Wnt and MAPK, as well as the gain 
of copy-number alterations associated with cancer 
progression (e.g., deletion of RUNX1, a lineage 
specific master regulator controlling mammary luminal 
cell fate). In this setting, our discovery of FASN as a 
negative regulator of tissue architecture and terminal 
epithelial cell differentiation, which is dominant over the 
malignant phenotype of metastatic tumor cells possessing 
multiple cancer-driving genetic lesions [28, 56], points 

to an unappreciated role for endogenous lipogenesis 
in controlling a supra-genetic dimension critical to 
tumorigenesis. That the correction of a metabolic 
cue, such as endogenous lipogenesis, can reverse the 
malignant behavior of mesenchymal-like metastatic BC 
cancer tissues to recover normal tissue architecture in a 
genome background that is malignant and unstable due to 
�E�R�Q�D���¿�G�H cancer-driving genetic abnormalities, obliges a 
consideration of a conceptual Waddingtonian framework 
of system-level dynamics based on a “state space” model 
of self-organizing “attractors” (i.e., phenotypes), instead 
of the mainstream genetic determinism that underlies 
the most commonly claimed models of metastatic 
progression [57–59]. Furthermore, the ability of FASN to 
dictate the organizational phenotype of breast tissue and 
the fate of normal and neoplastic epithelial cells might 
not be satisfactorily explained exclusively in terms of 
reprogrammed phenotypes (i.e., mesenchymal versus 
epithelial) or behaviors (metastatic versus non-invasive) 
at the cellular level. That is, solely a model of “attractor 
switching” applied to interactions at the tissue level [60] 

can clarify how the suppression of lipogenic signals is 
sufficient to guide genetically-aberrant metastatic tumor 
tissues to a near normal phenotype in terms of organized 
and polarized epithelial structures with low proliferation 
index and angiogenic shut off. Even subtle changes in 
FASN-driven endogenous lipogenesis may translate to a 
change in the attractor landscape with major biological 
consequences if the induced network rewiring results 
in shifts of attractor boundaries and shapes (Figure 7).  
Correction of exacerbated lipogenesis can cause a 

Figure 6: Indirect pharmacological inhibition of FASN promotes a phenotypic switch in breast tumorsphere architecture. 
Left. Figure shows representative light microscope representations of 3rd generation mammospheres formed by MCF10DCIS.com cells 
growing in sphere medium in the absence or presence of graded concentrations of metformin, as specified (20× magnifications). Right. 
Quantification of the hollow (luminal-like) and filled/mass (basal-like) morphologies occurring in untreated and metformin-treated P3 
mammospheres. Note that long-term exposure to clinically relevant nanomolar concentrations of the indirect FASN inhibitor metformin 
reduces the intra-sphere heterogeneity and promotes a switch from basal- to luminal-like sphere morphologies, suggesting promotion of a 
luminal differentiation axis and/or reversion of the basal/mesenchymal state.
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Figure 7: FASN-regulated phenotype of breast cancer tissues. A Waddingtonian perspective. Schematic visualization of the 
principle that FASN-regulated network rewiring causes a distortion of the attractor landscape (i.e., tissue architecture) that results in shift of 
attractor boundaries and allows a non-genetic switching between discrete phenotypic states (i.e., N: Normal; M: Malignant). Top. Despite 
schematic reduction of dimensionality, the developmental trajectory on the Waddingtonian epigenetic surface is established by “tissue 
states”, which are defined not only by gene-gene network interactions at the cellular level but rather extends beyond to include changes 
in the cell-cell interaction network including neovascularization and alterations in ECM turnover and mechanics. The status of FASN 
activation (vertical arrows) causes a normal tissue to become proliferative and mesenchymal by placing the tissue state (black circle) within 
the metastatic basin of attraction (red, top panel). Upon FASN inhibition, the non-proliferative and epithelial attractor (blue, bottom panel) 
is enlarged at the cost of the metastatic attractor (red), which shrinks as a consequence of the suppression of FASN. Bottom. Suppression of 
FASN-driven endogenous lipogenesis is sufficient to toggle the metastatic phenotype back to the original state by acting as a controller of 
attractor switching between self-propelling and self-stabilizing tissue states irrespective of genetic alterations.
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distortion of the attractor landscape that easily allows 
cells in a given tissue organization attractor that encode 
a proliferative, mesenchymal-like undifferentiated 
phenotype, to suddenly acquire a new phenotype by 
placing them in a self-stabilizing attractor encoding 
a quiescent, mature epithelial-like tissue phenotype. 
Conversely, upon activation of FASN-driven endogenous 
lipogenesis, an a priori inaccessible attractor encoding 
the mesenchymal-like undifferentiated tissue phenotype 
can suddenly become easily accessible to cells originally 
placed in the self-stabilizing attractor of terminal tissue 
differentiation. Because cellular plasticity is at the center 
of phenotypic reversion of the malignant phenotype, 
which is also linked to the concept of tumor cell stemness, 
it is formally possible that the activation status of FASN 
might dictate the degree of refractoriness of breast 
epithelial cells to differentiation and, therefore, their 
intrinsic susceptibility to the epigenetic rewiring required 
for the activation of a pathological differentiation program 
of aberrant stemness. 

Mutational and epigenetic changes in oncogenes 
and tumor suppressor genes have been investigated 
exhaustively during the past decades as the main molecular 
players involved in the maintenance of tissue homeostasis 
and, consequently, of normal versus cancerous 
organization and/or non-metastatic versus metastatic 
behavior. Nonetheless, largely unknown extracellular 
and/or intracellular cues not necessarily dependent on 
(epi)genetic alterations can drastically impact the intrinsic 
developmental uncertainty of tissues, promoting cell 
fate switching by an asymmetric amplification of certain 
processes and events to be initiated at the correct site 
and appropriate time (e.g., normal tissue morphogenesis 
and functional differentiation), in conjunction with long-
range inhibition of pathological developmental programs 
(e.g., dedifferentiation and loss of tissue architecture). 
The pathways that regulate cell architecture and tissue 
organization are, unfortunately, poorly understood and 
have been largely disregarded by biomedical scientists 
and clinicians as a means to identify molecular targets for 
long-term management of human carcinomas. Moreover, 
the majority of studies have focused on the role of 
signaling emanating from the extracellular matrix (ECM) 
as the ultimate regulator of tissue architecture and, hence, 
of epithelial function. In this regard, landmark 3D culture 
modeling approaches from the Bissell group have elegantly 
demonstrated the feasibility of phenotypically altering the 
ECM to dramatically modify the differentiation state of 
invasive tumor cells to one resembling a more normal 
cell phenotype irrespective of the genetic abnormalities 
in the tumor cells [61–67]. Here, we have mimicked the 
ability of cell surface ECM-receptor manipulations to 
abrogate malignancy and revert the tumor phenotype to a 
near-normal phenotype by suppressing cancer-associated 
overactive endogenous lipogenesis [68, 69].  Our findings 
confirm the notion that several canonical signaling 

pathways are indeed intrinsically and reciprocally linked 
within the morphological normal form, irrespective of 
the strategy used. Our results corroborate recent studies 
showing that blocking FASN-driven lipid synthesis 
efficiently overcomes tumor regrowth and metastasis 
after antiangiogenic therapy withdrawal [70]. We cannot 
exclude the possibility that the ability of FASN to regulate 
tumor vasculature through alteration not only of the profile 
of secreted angiogenic factors, but also of expression 
and activity of key regulators of tissue architecture such 
as matrix metalloproteinases (e.g., MMP-9) [71], might 
establish a dynamic reciprocity between FASN-driven 
endogenous lipogenesis, tissue polarity (e.g., changes 
in intermediate filaments such as the EMT-related 
cytokeratin-to-vimentin switch), ECM integrity, and 
angiogenesis, thus providing an axis for either tissue 
homeostasis or malignant progression [72–74]. Although 
it might appear counterintuitive, the “easy” way by which 
tissues switch between the mesenchymal and epithelial 
phenotypes in response to changes in the activation status 
of FASN might reveal that, in Waddingtonian terms, 
an “attractor” in the biochemical gene activity profile 
(e.g., FASN-regulated effectors of epithelial phenotype) 
is coincidental with a self-reinforcing “attractor” in 
the structural configuration of the cytoskeleton, thus 
explaining the robustness of phenotypic reversion and 
normalized differentiation that occurs in response to FASN 
suppression in metastatic cancer cells. 

Our current findings establish FASN as a critical 
link between cell metabolism and the control of tissue 
architecture, the elucidation of which could have an 
important impact on targeted therapy for malignancies 
of the breast. Indeed, the fact that sole correction of 
FASN upregulation, one of the most common and 
earliest metabolic changes in human malignancies 
that is not caused by mutational or gene amplification 
events, can reprogram metastatic cancer cells to stably 
recover normal-like tissue architecture, might open a 
new avenue to chronically restrain the life-threatening 
potential of metastatic carcinomas by using FASN-based 
differentiation therapies. 

MATERIALS AND METHODS

Cell lines, cell culture and reagents

MCF10A, MCF10NeoT, MCF10AT1 and 
MCF10A1kcl2 cells were cultured in DMEM/Ham’s 
F-12 (DMEM/F-12) supplemented with 5% horse serum 
(HS), 10 mM HEPES, 10 ng/ml insulin, 20 ng/ml EGF, 
100 ng/ml cholera toxin, and 0.5 mg/ml hydrocortisone. 
MCF10ADCIS, MCF10CA1a (CA1a), MCF10CA1b 
(CA1b), and MCF10CA1d (CA1d) cells were cultured 
in DMEM/F-12 with 5% HS. Cells were maintained at 
37  °C in a humidified atmosphere of 95% air and 5% 
CO2. Cells were authenticated to ensure their identity 
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using the short tandem repeat profiling method provided 
by the Genotyping Shared Resource, Mayo Clinic  
(Rochester, MN). Cells were regularly tested to confirm 
the absence of mycoplasma using the MycoAlert™ 
mycoplasma detection kit (Lonza, Walkersville, MD). 

Generation of stable cell lines

MCF10CA1a and MCF10CA1d cells (12 000/
well) were seeded in 24-well plates in DMEM containing 
10% fetal bovine serum. After 24 h, cells were washed 
with PBS and the medium was changed to DMEM/F12 
containing 5% HS and 8 µg/ml polybrene. Cells were then 
infected with the lentiviral pLKO.1 vector (vector control) 
or pLKO.1 vector carrying shRNA targeting FASN 
at MOI = 5 (TRCN0000003126, TRCN0000003127, 
TRCN0000003128 and TRCN0000003129) or with 
lentiviral transduction particles expressing a control 
scramble shRNA (MISSION, Sigma, Burlingame, CA). 
After transduction, the medium containing the lentivirus 
was replaced with fresh medium containing puromycin 
(0.75 μg/ml) as a selection marker.

Western blotting

Equal amounts of protein (10 μg) were resolved 
on 10% Criterion XT Bis-Tris Precast Gels (Bio-Rad, 
Hercules, CA) and transferred to PVDF membranes. 
Membranes were blocked with TBS-T (TBS and 0.5% 
Tween 20) containing 5% (w/v) non-fat dry milk or 5% 
BSA (depending on the primary antibody) for 30 minutes 
to 1 h and washed with TBS-T. Membranes were then 
incubated overnight at 4oC with different antibodies 
including FASN (clone 23, BD Biosciences, Pharmingen), 
p21 (F-5, Santa Cruz Biotechnologies, Santa Cruz, CA) 
and AMPK, p-AMPK, ACC and p-ACC (Cell Signaling 
Technology, Danvers, MA). After a further 3 washes with 
TBS-T, membranes were incubated with horseradish 
peroxidase-linked secondary antibodies. Blots were then 
stripped and re-probed with a monoclonal antibody to 
β-actin and horseradish peroxidase-linked goat anti-mouse 
IgG secondary antibody. Proteins were detected by an 
enhanced chemoluminescence reaction using Hyperfilm 
(Amersham-Pharmacia, Piscataway, NJ). 

Cell viability assay

Cell viability was determined with the MTT (3-(4, 
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 
reduction assay. Briefly, cells (4 × 103 /well) were seeded 
into 96-well plates and allowed to attach for 16 h. After 
a PBS wash, fresh medium containing cerulenin or C75 
in various concentrations was added. Three days after 
treatment, the cells were washed, supplied with fresh 
medium containing 15 μl of MTT dye and then incubated 
for 4 h at 37°C. The reaction was stopped by addition 

of 100 µl solubilizing solution/stop mix and the plates 
were incubated overnight at 37°C. The following day, the 
absorbance at 570 nm was measured in each sample using 
a multiwell plate reader (Victor ×3, PerkinElmer) and the 
cell viability was assessed using the equation: (A570 of 
Cerulenin or C75 treated sample/A570 of vehicle-treated 
sample) × 100.

In vitro growth assays

Anchorage-dependent growth assay:  Cells (5 × 103/
well) were seeded into 24-well plates (Cellstar, Greiner 
Bio-One) in DMEM/F-12 supplemented with 5% HS. 
After 24 hours, cells were counted (= day 0) and counting 
was continued each day for 4 days using the Vi-cell XR 
cell counter and viability analyzer (Beckman Coulter, CA). 
Anchorage-independent growth assay: A bottom layer of 
1.5 ml DMEM/ F-12 medium containing 0.6% agar and 
5% HS was prepared in 6-well plates. After the bottom 
layer solidified, cells were suspended in a 1 ml top layer 
of DMEM/F-12 medium containing 0.35% agar and 5% 
HS. Plates were then incubated in a humidified 5% CO2 
incubator at 37°C. After 9–14 days, colonies larger than 
50–70 µm in diameter were counted with an automatic 
colony counter (Gel Count, Oxford Optronix, UK). 

Three-dimensional (3D) basement membrane 
assay

Cells were cultured using a 3D overlay method as 
described [75]. Briefly, cells were seeded (3000 cells/well) 
on a solidified layer of growth factor-reduced Matrigel 
(BD Bioscience) measuring approximately 1–2 mm 
in thickness in an 8-well chamber slide. The cells were 
overlaid with DMEM/F12 medium containing 5% HS and 
2% Matrigel and grown for 6 days. 

Indirect immunofluorescence

Staining was performed as described for MCF10A 
acini cultured in Matrigel [75] using anti E-cadherin 
(BD Transduction Laboratories) as primary antibody and 
Alexa-488 conjugated anti-mouse from Molecular Probes 
as secondary antibody. Nuclei were visualized using 
DAPI. 

Animal studies

Two million cells (cell type as indicated in the 
description for each experiment) in 1:1 PBS/Matrigel  
(10 mg/ml, BD Bioscience) were injected into the 
mammary fat pad of 3–4-week-old female athymic nude-
Foxn1nu mice (Harlan, Indianapolis, IN). Tumor volume 
was calculated by 3D measurements using the formula: 

Tumor volume (mm3) = length × width × height
	 2
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Tumor measurements were performed weekly using 
a Vernier caliper. Mice were sacrificed before the tumor 
volume reached ~ 2 cm3. Mice were then euthanized, 
tumors were excised, fixed in formalin, and embedded 
in paraffin. Paraffin-embedded tumor sections were then 
prepared and stained with hematoxylin and eosin for 
histopathology analysis. Tumor measurement was blinded 
to minimize experimental bias. Additional sections were 
generated for immunohistochemical analysis. The Mayo 
Institutional Animal Care and Use Committee approved 
the animal protocols.

Preparation of tumor-derived cells

CA1d/vector control or CA1D/FASN siRNA tumors 
grown in the mammary fat pad of athymic nude mice for 
7 weeks were cut in small pieces, incubated in a trypsin 
solution at 37°C for 10 minutes and resuspended in 10 ml 
of culture medium. Cells were collected by centrifugation 
at 400 g for 5 minutes and plated on a collagen-coated 
dish. Cells were cultured in DMEM/F-12 with 5% HS, 
penicillin (100 units/ml), streptomycin (100 μg/ml), 
puromycin (1 μg/ml) and amphotericin B (2.5 μg/ml) 
at 37°C in a humidified 5% CO2 atmosphere until they 
reached 70% confluence, after which they were re-plated 
in Petri dishes without collagen. After two weeks of 
culture, the expression of FASN in tumor-derived cells 
was evaluated by western blotting. 

VEGF production measured by ELISA

Cells (2 × 105/well) were seeded in 6-well plates 
and cultured in complete growth medium. After reaching 
~70% confluence, cells were washed twice with PBS and 
the medium was changed to serum-free medium (SFM). 
After 24 hours of serum starvation, culture media was 
collected, centrifuged at 1100 g for 10 minutes at 4°C 
and the supernatant was tested for VEGF immediately 
or stored at −80°C until analysis. VEGF protein was 
determined using the VEGF ELISA Kit (Peprotech, 
Rocky Hill, NJ). Absorbance was measured at 405 nm in 
an ELISA reader (Bio-Tek Instruments, Winooski, VT). 

Immunohistochemical analysis

Paraffin sections were deparaffinized at 60°C for 
60 minutes. For Ki-67 and E-cadherin detection, slides 
were subjected to heat-induced epitope retrieval (HIER) 
in a decloaking chamber (Biocare Medical, Concord, CA) 
with Target Retrieval solution, pH 6.0 (DakoCytomation, 
Glostrup, Denmark). Antigen retrieval for FASN was 
performed with 10 mM sodium citrate, pH 6.0 for  
20 minutes at 95°C and citrate-EDTA buffer (10 mM Citric 
Acid, 2 mM EDTA, pH 8 was used for CD34. Endogenous 

peroxidase activity was blocked with 3% hydrogen 
peroxide for 5 min. Non-specific binding sites were 
blocked using PBS-T (PBS 0.01 M, triton ×−100 0.1%, 
Tween 20 0.05%) containing 1% BSA and 5% HS.  Slides 
were exposed for 1.5 hours at room temperature to either 
rabbit polyclonal anti-Ki-67 (Fisher) or rabbit polyclonal 
anti-E-Cadherin (Cell Signaling). Sections were incubated 
at 4°C overnight with anti-FASN Rabbit IgG1 (IBL) or 
anti-mouse CD34 Rat IgG1 (BD Pharmingen). Thereafter, 
the slides were rinsed three times with PBS and incubated 
with the corresponding secondary antibodies (anti-rabbit 
or anti-mouse biotin-labeled; DakoCytomation) followed 
by streptavidin–biotin–peroxidase for 30 minutes at room 
temperature. Immunostaining was visualized using the 
DAB+ Kit (DakoCytomation). Slides were counterstained 
using Gill’s haematoxylin. Microvessels were identified by 
immunostaining with rat anti-mouse polyclonal antibody 
CD34. The entire section was scanned systematically at 
low magnification (×100) to identify the most intense 
areas of neovascularization (“hotspots”) within the tumor. 
After five hotspots areas with the highest number of 
capillaries and small venules were identified, microvessels 
were counted at high power magnification (×400) and the 
average count in five fields was calculated.

Immunofluorescence analysis

Paraffin sections were deparaffinized at 60°C for 
60 minutes; antigen retrieval and blocking was performed 
as described for the immunohistochemical analysis. Anti-
FASN antibody was used as described above and the anti-
SMA mouse monoclonal antibody (Dako) was diluted in 
PBS containing 3% non-fat dry milk. After three washes in 
PBS, the signal was detected by a combination of the anti-
rabbit FITC (green) and the anti-mouse TRITC antibodies 
(red, Sigma). 

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

The total RNA was extracted from cell cultures using 
a Qiagen RNeasy kit and QIAshredder columns according 
to the manufacturer’s instructions. One microgram of total 
RNA was reverse-transcribed to cDNA using the Reaction 
Ready™ First Strand cDNA Synthesis Kit (SABiosciences) 
and applied to a customized PCR array (96-well format) 
containing the following panel of genes: GSC, KRT14, 
KRT19, NUMB, TCF3, TCF4, SDC1, ZO-1, CD44, 
TWIST, SNAI1, VIM, SLUG, CDH1, ZEB1, CDH2, ZEB2, 
FN1, and CD24. The arrays were processed according to 
the SABiosciences RT-PCR manual and analyzed using 
an Applied Biosystems 7500 Fast Real-Time PCR System 
with an automated baseline and threshold cycle detection. 
The data were interpreted using SABiosciences’s web-
based PCR array analysis tool.



Oncotarget71165www.impactjournals.com/oncotarget

Lentiviral transduction

Pre-packaged lentiviral particles that either encoded 
a non-targeting shRNA (negative shRNA, sc-108080) or 
sequences specifically targeting the human FASN gene  
(sc-43758-V; Lot#B2610) were purchased from a 
commercial provider (Santa Cruz Biotechnology). For 
viral infection of HMLERshECad cells, the regular medium 
was replaced with culture medium containing 5 µg/mL 
polybrene (Santa Cruz Biotechnology, sc-124220). Cells 
were then exposed to lentiviruses for 48 h. The cells 
were then washed and grown in regular médium for an 
additional 24 h. 

Mammosphere culture and mammosphere-
forming efficiency

Single cell suspensions (1000 cells/mL) were plated 
in 6-well tissue culture plates previously coated with poly-
2-hydroxyethyl-methacrylate (Sigma, St. Louis, MO) 
to prevent cell attachment, in serum-free DMEM/F-12 
supplemented with 1% L-glutamine, 1% penicillin/
streptomycin, 2% B27 (Invitrogen, Carlsbad, CA), 20 ng/
mL EGF (Sigma) and 20 ng/mL FGFb (Invitrogen). The 
medium was made semi-solid with 0.5% methylcellulose 
(R&D Systems, Minneapolis, MN) to prevent cell 
aggregation. 

Nonadherent spherical clusters of cells, named P1,  
were collected after 7 days and disaggregated using 
enzymatic and mechanical dissociation. P1-derived 
single-cell suspensions were seeded again at 1000 cells/
mL to generate nonadherent spherical clusters of cells, 
named P2, and the process was repeated at third time to 
generate P3. This procedure was performed in the absence 
or presence of graded concentrations of metformin (0, 10,  
and 100 nmol/L). Mammosphere-forming efficiency 
(MSFE) was calculated as the number of sphere-like 
structures (diameter > 50 μm) formed by P1, P2, and P3 
cells divided by the original number of cells seeded, and 
expressed as a percentage.

Statistical analyses

The quantitative data were collected from at least 
three independent experiments performed in triplicate and 
the data from one representative experiment are presented 
as mean ± S.D. For comparisons between two populations, 
an unpaired two-tailed Student’s t test was performed from 
three independent experiments, unless otherwise specified. 
Statistical analysis was performed with GraphPad Prism 
5.01 or Microsoft Office Excel software. Differences were 
considered significant when the p values were < 0.05.

ACKNOWLEDGMENTS AND FUNDING
We are greatly indebted to Prof. Robert A. 

Weinberg (Whitehead Institute for Biomedical Research, 
Cambridge, MA, USA) for providing the HMLERshCntrol 

and HMLERshEcad cells used in this work. Work in the 
corresponding authors’ labs was supported by the National 
Institute of Health/National Cancer Institute award R01-
CA116623 to Ruth Lupu and by grants from the Ministerio 
de Ciencia e Innovación (Grant SAF2012-38914), Plan 
Nacional de I+D+I, Spain and the Agència de Gestió 
d’Ajuts Universitaris i de Recerca (AGAUR) (Grant 2014 
SGR229), Departament d’Economia I Coneixement, 
Catalonia, Spain to Javier A. Menendez. Elisabet Cuyàs 
is the recipient of a “Sara Borrell” post-doctoral contract 
(CD15/00033, Ministerio de Sanidad y Consumo, Fondo 
de Investigación Sanitaria -FIS-, Spain).

CONFLICTS OF INTEREST

None.

REFERENCES

 1.	 Petersen OW, Rønnov-Jessen L, Weaver VM, Bissell MJ. 
Differentiation and cancer in the mammary gland: shedding 
light on an old dichotomy. Adv Cancer Res. 1998; 75:135–61.

 2.	 Bissell MJ, Weaver VM, Lelièvre SA, Wang F, Petersen OW,  
Schmeichel KL. Tissue structure, nuclear organization, and 
gene expression in normal and malignant breast. Cancer 
Res. 1999; 59:1757–1763s. 

 3.	 Bissell MJ, Radisky DC, Rizki A, Weaver VM, Petersen OW.  
The organizing principle: microenvironmental influences 
in the normal and malignant breast. Differentiation. 2002; 
70:537–46.

 4.	 Wang F, Hansen RK, Radisky D, Yoneda T, Barcellos- 
Hoff MH, Petersen OW, Turley EA, Bissell MJ. Phenotypic 
reversion or death of cancer cells by altering signaling 
pathways in three-dimensional contexts. J Natl Cancer Inst. 
2002; 94:1494–503.

 5.	 Bissell MJ, Rizki A, Mian IS. Tissue architecture: the 
ultimate regulator of breast epithelial function. Curr Opin 
Cell Biol. 2003; 15:753–62. 

 6.	 Kenny PA, Bissell MJ. Tumor reversion: correction of 
malignant behavior by microenvironmental cues. Int J 
Cancer. 2003; 107:688–95.

 7.	 Lotem J, Sachs L. Epigenetics and the plasticity of 
differentiation in normal and cancer stem cells. Oncogene. 
2006; 25:7663–72. 

 8.	 Degos L. Retinoic acid in acute promyelocytic leukemia: a 
model for differentiation therapy. Curr Opin Oncol. 1992;  
4:45–52.

 9.	 Sell S. Leukemia: stem cells, maturation arrest, and 
differentiation therapy. Stem Cell Rev. 2005; 1:197–205.

10.	 Nowak D, Stewart D, Koeffler HP. Differentiation therapy 
of leukemia: 3 decades of development. Blood. 2009; 
113:3655–65. 

11.	 Lotem J, Sachs L. Epigenetics wins over genetics: induction 
of differentiation in tumor cells. Semin Cancer Biol. 2002; 
12:339–46.



Oncotarget71166www.impactjournals.com/oncotarget

12.	 Vander Heiden MG, Cantley LC, Thompson CB. 
Understanding the Warburg effect: the metabolic requirements 
of cell proliferation. Science. 2009; 324:1029–33.

13.	 Ward PS, Thompson CB. Metabolic reprogramming: a 
cancer hallmark even warburg did not anticipate. Cancer 
Cell. 2012; 21:297–308.

14.	 Lu C, Thompson CB. Metabolic regulation of epigenetics. 
Cell Metab. 2012; 16:9–17.

15.	 Menendez JA, Joven J, Cufí S, Corominas-Faja B, Oliveras-
Ferraros C, Cuyàs E, Martin-Castillo B, López-Bonet E, 
Alarcón T, Vazquez-Martin A. The Warburg effect version 
2.0: metabolic reprogramming of cancer stem cells. Cell 
Cycle. 2013; 12:1166–79. 

16.	 Menendez JA, Alarcón T. Metabostemness: a new cancer 
hallmark. Front Oncol. 2014; 4:262.

17.	 Goding CR, Pei D, Lu X. Cancer: pathological nuclear 
reprogramming? Nat Rev Cancer. 2014; 14:568–73

18.	 Menendez JA. Metabolic control of cancer cell stemness: 
Lessons from iPS cells. Cell Cycle. 2015; 14:3801–11.

19.	 Kuhajda FP. Fatty acid synthase and cancer: new application 
of an old pathway. Cancer Res. 2006; 66:5977–80. 

20.	 Menendez JA, Lupu R. Oncogenic properties of the 
endogenous fatty acid metabolism: molecular pathology 
of fatty acid synthase in cancer cells. Curr Opin Clin Nutr 
Metab Care. 2006; 9:346–57.

21.	 Menendez JA, Lupu R. Fatty acid synthase and the lipogenic 
phenotype in cancer pathogenesis. Nat Rev Cancer. 2007; 
7:763–77.

22.	 Menendez JA, Vazquez-Martin A, Ortega FJ, Fernandez-
Real JM. Fatty acid synthase: association with insulin 
resistance, type 2 diabetes, and cancer. Clin Chem. 2009; 
55:425–38. 

23.	 Mashima T, Seimiya H, Tsuruo T. De novo fatty-acid 
synthesis and related pathways as molecular targets for 
cancer therapy. Br J Cancer. 2009; 100:1369–72. 

24.	 Flavin R, Peluso S, Nguyen PL, Loda M. Fatty acid 
synthase as a potential therapeutic target in cancer. Future 
Oncol. 2010; 6:551–62.

25.	 Menendez JA. Fine-tuning the lipogenic/lipolytic balance to 
optimize the metabolic requirements of cancer cell growth: 
molecular mechanisms and therapeutic perspectives. 
Biochim Biophys Acta. 2010; 1801:381–91.

26.	 Santner SJ, Dawson PJ, Tait L, Soule HD, Eliason J, 
Mohamed AN, Wolman SR, Heppner GH, Miller FR. 
Malignant MCF10CA1 cell lines derived from premalignant 
human breast epithelial MCF10AT cells. Breast Cancer Res 
Treat. 2001; 65:101–10.

27.	 Peng X, Yun D, Christov K. Breast cancer progression in 
MCF10A series of cell lines is associated with alterations in 
retinoic acid and retinoid X receptors and with differential 
response to retinoids. Int J Oncol. 2004; 25:961–71.

28.	 Worsham MJ, Pals G, Schouten JP, Miller F, Tiwari N, 
van Spaendonk R, Wolman SR. High-resolution mapping 
of molecular events associated with immortalization, 

transformation, and progression to breast cancer in the 
MCF10 model. Breast Cancer Res Treat. 2006; 96:177–86.

29.	 Lupu R, Menendez JA. Pharmacological inhibitors of Fatty 
Acid Synthase (FASN)—catalyzed endogenous fatty acid 
biogenesis: a new family of anti-cancer agents? Curr Pharm 
Biotechnol. 2006; 7:483–93. 

30.	 Kam Y, Karperien A, Weidow B, Estrada L, Anderson AR, 
Quaranta V. Nest expansion assay: a cancer systems biology 
approach to in vitro invasion measurements. BMC Res 
Notes. 2009; 2:130. 

31.	 Zhou W, Han WF, Landree LE, Thupari JN, Pinn ML, 
Bililign T, Kim EK, Vadlamudi A, Medghalchi SM, El 
Meskini R, Ronnett GV, Townsend CA, Kuhajda FP. Fatty 
acid synthase inhibition activates AMP-activated protein 
kinase in SKOV3 human ovarian cancer cells. Cancer Res. 
2007; 67:2964–71.

32.	 Weaver VM, Howlett AR, Langton-Webster B, Petersen OW,  
Bissell MJ. The development of a functionally relevant cell 
culture model of progressive human breast cancer. Semin 
Cancer Biol. 1995; 6:175–84.

33.	 Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P,  
Damsky C, Bissell MJ. Reversion of the malignant 
phenotype of human breast cells in three-dimensional 
culture and in vivo by integrin blocking antibodies. J Cell 
Biol. 1997; 137:231–45.

34.	 Krause S, Maffini MV, Soto AM, Sonnenschein C.  
A novel 3D in vitro culture model to study stromal-
epithelial interactions in the mammary gland. Tissue Eng 
Part C Methods. 2008; 14:261–71. 

35.	 Sarrió D, Rodriguez-Pinilla SM, Hardisson D, Cano A, 
Moreno-Bueno G, Palacios J. Epithelial-mesenchymal 
transition in breast cancer relates to the basal-like 
phenotype. Cancer Res. 2008; 68:989–97. 

36.	 Choi Y, Lee HJ, Jang MH, Gwak JM, Lee KS, Kim EJ, Kim HJ,  
Lee HE, Park SY. Epithelial-mesenchymal transition 
increases during the progression of in situ to invasive basal-
like breast cancer. Hum Pathol. 2013; 44:2581–9. 

37.	 Krause S, Maffini MV, Soto AM, Sonnenschein C. The 
microenvironment determines the breast cancer cells’ 
phenotype: organization of MCF7 cells in 3D cultures. 
BMC Cancer. 2010; 10:263. 

38.	 Chen A, Cuevas I, Kenny PA, Miyake H, Mace K, Ghajar C,  
Boudreau A, Bissell MJ, Boudreau N. Endothelial cell 
migration and vascular endothelial growth factor expression 
are the result of loss of breast tissue polarity. Cancer Res. 
2009; 69:6721–9. 

39.	 Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY,  
Brooks M, Reinhard F, Zhang CC, Shipitsin M, Campbell 
LL, Polyak K, Brisken C, et al. The epithelial-mesenchymal 
transition generates cells with properties of stem cells. Cell. 
2008; 133:704–715.

40.	 Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, 
Weinberg RA, Lander ES. Identification of selective 
inhibitors of cancer stem cells by high-throughput 
screening. Cell. 2009; 138:645–659.



Oncotarget71167www.impactjournals.com/oncotarget

41.	 Lupu R, Menendez, J. A. Pharmacological inhibitors of 
Fatty Acid Synthase (FASN)—catalyzed endogenous fatty 
acid biogenesis: a new family of anti-cancer agents? Curr 
Pharm Biotechnol. 2006; 7:483–93.

42.	 Flavin R, Peluso S, Nguyen PL, Loda M. Fatty acid 
synthase as a potential therapeutic target in cancer. Future 
Oncol. 2010; 6:551–562.

43.	 Pandey PR, Liu W, Xing F, Fukuda K, Watabe K. Anti-
cancer drugs targeting fatty acid synthase (FAS). Recent 
Pat. Anticancer Drug Discov. 2012; 7: 185–97.

44.	 Vazquez-Martin A, Corominas-Faja B, Cufi S, Vellon 
L, Oliveras-Ferraros C, Menendez OJ, Joven J, Lupu R, 
Menendez JA. The mitochondrial H(+)-ATP synthase and 
the lipogenic switch: new core components of metabolic 
reprogramming in induced pluripotent stem (iPS) cells. Cell 
Cycle. 2013; 12:207–18.

45.	 Knobloch M, Braun SM, Zurkirchen L, von Schoultz C, 
Zamboni N, Araúzo-Bravo MJ, Kovacs WJ, Karalay O,  
Suter U, Machado RA, Roccio M, Lutolf MP,  
Semenkovich CF, et al. Metabolic control of adult neural 
stem cell activity by Fasn-dependent lipogenesis. Nature. 
2013; 493:226–30. 

46.	 Corominas-Faja B, Cuyàs E, Gumuzio J, Bosch-Barrera 
J, Leis O, Martin ÁG, Menendez JA. Chemical inhibition 
of acetyl-CoA carboxylase suppresses self-renewal growth 
of cancer stem cells. Oncotarget. 2014; 5:8306–16. doi: 
10.18632/oncotarget.2059.

47.	 Algire C, Amrein L, Zakikhani M, Panasci L, Pollak M. 
Metformin blocks the stimulative effect of a high-energy 
diet on colon carcinoma growth in vivo and is associated 
with reduced expression of fatty acid synthase. Endocr 
Relat Cancer. 2010; 17:351–60. 

48.	 Nair V, Pathi S, Jutooru I, Sreevalsan S, Basha R, 
Abdelrahim M, Samudio I, Safe S. Metformin inhibits 
pancreatic cancer cell and tumor growth and downregulates 
Sp transcription factors. Carcinogenesis. 2013; 34:2870–9.

49.	 Wahdan-Alaswad RS, Cochrane DR, Spoelstra NS, Howe EN,  
Edgerton SM, Anderson SM, Thor AD, Richer JK. 
Metformin-induced killing of triple-negative breast cancer 
cells is mediated by reduction in fatty acid synthase via 
miRNA-193b. Horm Cancer. 2014; 5:374–89. 

50.	 Loubière C, Goiran T, Laurent K, Djabari Z, Tanti JF, Bost F. 
Metformin-induced energy deficiency leads to the inhibition 
of lipogenesis in prostate cancer cells. Oncotarget. 2015; 
6:15652–61. doi: 10.18632/oncotarget.3404.

51.	 Behbod F, Kittrell FS, LaMarca H, Edwards D, Kerbawy S,  
Heestand JC, Young E, Mukhopadhyay P, Yeh HW,  
Allred DC, Hu M, Polyak K, Rosen JM, et al. An intraductal 
human-in-mouse transplantation model mimics the subtypes 
of ductal carcinoma in situ. Breast Cancer Res. 2009; 11:R66. 

52.	 Shekhar MP, Kato I, Nangia-Makker P, Tait L. Comedo-
DCIS is a precursor lesion for basal-like breast carcinoma: 
identification of a novel p63/Her2/neu expressing subgroup. 
Oncotarget. 2013; 4:231–41. doi: 10.18632/oncotarget.818.

53.	 Li Q, Eades G, Yao Y, Zhang Y, Zhou Q. Characterization 
of a stem-like subpopulation in basal-like ductal carcinoma 
in situ (DCIS) lesions. J Biol Chem. 2014; 289:1303–12.

54.	 Griss T, Vincent EE, Egnatchik R, Chen J, Ma EH, Faubert B,  
Viollet B, DeBerardinis RJ, Jones RG. Metformin 
Antagonizes Cancer Cell Proliferation by Suppressing 
Mitochondrial-Dependent Biosynthesis. PLoS Biol. 2015; 
13:e1002309. 

55.	 Smart CE, Morrison BJ, Saunus JM, Vargas AC, Keith P,  
Reid L, Wockner L, Askarian-Amiri M, Sarkar D, 
Simpson PT, Clarke C, Schmidt CW, Reynolds BA, et al. 
In vitro analysis of breast cancer cell line tumourspheres 
and primary human breast epithelia mammospheres 
demonstrates inter- and intrasphere heterogeneity. PLoS 
One. 2013; 8:e64388.

56.	 Maguire S, Wai P, Natrajan R. Genomic alterations 
associated with breast cancer progression in the isogenic 
MCF10 model. Abstract #B191. 2014 NCRI Cancer 
Conference.

57.	 Huang S, Ernberg I, Kauffman S. Cancer attractors: a 
systems view of tumors from a gene network dynamics and 
developmental perspective. Semin Cell Dev Biol. 2009; 
20:869–76.

58.	 Huang S. The molecular and mathematical basis of 
Waddington’s epigenetic landscape: a framework for post-
Darwinian biology? Bioessays. 2012; 34:149–57. 

59.	 Huang S. Genetic and non-genetic instability in tumor 
progression: link between the fitness landscape and the 
epigenetic landscape of cancer cells. Cancer Metastasis Rev. 
2013; 32:423–48. 

60.	 Huang S, Ingber DE. A non-genetic basis for cancer 
progression and metastasis: self-organizing attractors in cell 
regulatory networks. Breast Dis. 2006–2007; 26:27–54.

61.	 Lelièvre SA, Weaver VM, Nickerson JA, Larabell CA, 
Bhaumik A, Petersen OW, Bissell MJ. Tissue phenotype 
depends on reciprocal interactions between the extracellular 
matrix and the structural organization of the nucleus. Proc 
Natl Acad Sci U S A. 1998; 95:14711–6.

62.	 Wang F, Weaver VM, Petersen OW, Larabell CA, Dedhar S,  
Briand P, Lupu R, Bissell MJ. Reciprocal interactions 
between beta1-integrin and epidermal growth factor 
receptor in three-dimensional basement membrane breast 
cultures: a different perspective in epithelial biology. Proc 
Natl Acad Sci U S A. 1998; 95:14821–6.

63.	 Petersen OW, Lind Nielsen H, Gudjonsson T, Villadsen R, 
Rønnov-Jessen L, Bissell MJ. The plasticity of human breast 
carcinoma cells is more than epithelial to mesenchymal 
conversion. Breast Cancer Res. 2001; 3:213–7.

64.	 Weaver VM, Lelièvre S, Lakins JN, Chrenek MA, Jones JC, 
Giancotti F, Werb Z, Bissell MJ. beta4 integrin-dependent 
formation of polarized three-dimensional architecture 
confers resistance to apoptosis in normal and malignant 
mammary epithelium. Cancer Cell. 2002; 2:205–16.



Oncotarget71168www.impactjournals.com/oncotarget

65.	 Schmeichel KL, Bissell MJ. Modeling tissue-specific 
signaling and organ function in three dimensions. J Cell Sci. 
2003; 116:2377–88.

66.	 Itoh M, Nelson CM, Myers CA, Bissell MJ. Rap1 integrates 
tissue polarity, lumen formation, and tumorigenic potential 
in human breast epithelial cells. Cancer Res. 2007; 
67:4759–66.

67.	 Beliveau A, Mott JD, Lo A, Chen EI, Koller AA, Yaswen P, 
Muschler J, Bissell MJ. Raf-induced MMP9 disrupts tissue 
architecture of human breast cells in three-dimensional 
culture and is necessary for tumor growth in vivo. Genes 
Dev. 2010; 24:2800–11.

68.	 Vazquez-Martin A, Colomer R, Brunet J, Lupu R, 
Menendez JA. Overexpression of fatty acid synthase gene 
activates HER1/HER2 tyrosine kinase receptors in human 
breast epithelial cells. Cell Prolif. 2008; 41:59–85.

69.	 Migita T, Ruiz S, Fornari A, Fiorentino M, Priolo C, Zadra G,  
Inazuka F, Grisanzio C, Palescandolo E, Shin E, Fiore C, 
Xie W, Kung AL, et al. Fatty acid synthase: a metabolic 
enzyme and candidate oncogene in prostate cancer. J Natl 
Cancer Inst. 2009; 101:519–32. 

70.	 Sounni NE, Cimino J, Blacher S, Primac I, Truong A, 
Mazzucchelli G, Paye A, Calligaris D, Debois D, De 
Tullio P, Mari B, De Pauw E, Noel A. Blocking lipid 
synthesis overcomes tumor regrowth and metastasis after 
antiangiogenic therapy withdrawal. Cell Metab. 2014; 
20:280–94.

71.	 Zaytseva YY, Elliott VA, Rychahou P, Mustain WC, Kim JT,  
Valentino J, Gao T, O’Connor KL, Neltner JM, Lee EY,  
Weiss HL, Evers BM. Cancer cell-associated fatty 
acid synthase activates endothelial cells and promotes 
angiogenesis in colorectal cancer. Carcinogenesis. 2014; 
35:1341–51.

72.	 Chen A, Cuevas I, Kenny PA, Miyake H, Mace K, Ghajar C,  
Boudreau A, Bissell MJ, Boudreau N. Endothelial cell 

migration and vascular endothelial growth factor expression 
are the result of loss of breast tissue polarity. Cancer Res. 
2009; 69:6721–9.

73.	 Zaytseva YY, Rychahou PG, Gulhati P, Elliott VA,  
Mustain WC, O’Connor K, Morris AJ, Sunkara M, Weiss HL,  
Lee EY, Evers BM. Inhibition of fatty acid synthase 
attenuates CD44-associated signaling and reduces metastasis 
in colorectal cancer. Cancer Res. 2012; 72:1504–17. 

74.	 Zaytseva YY, Elliott VA, Rychahou P, Mustain WC, Kim JT,  
Valentino J, Gao T, O’Connor KL, Neltner JM, Lee EY,  
Weiss HL, Evers BM. Cancer cell-associated fatty 
acid synthase activates endothelial cells and promotes 
angiogenesis in colorectal cancer. Carcinogenesis. 2014; 
35:1341–51. 

75.	 Debnath J, Muthuswamy SK, Brugge JS. Morphogenesis 
and oncogenesis of MCF-10A mammary epithelial acini 
grown in three-dimensional basement membrane cultures. 
Methods. 2003; 30: 256–68.

76.	 Cufí S, Bonavia R, Vazquez-Martin A, Corominas-Faja B, 
Oliveras-Ferraros C, Cuyàs E, Martin-Castillo B, Barrajón-
Catalán E, Visa J, Segura-Carretero A, Bosch-Barrera J, 
Joven J, Micol V, et al. Silibinin meglumine, a water-soluble 
form of milk thistle silymarin, is an orally active anti-cancer 
agent that impedes the epithelial-to-mesenchymal transition 
(EMT) in EGFR-mutant non-small-cell lung carcinoma 
cells. Food Chem Toxicol. 2013; 60:360–8. 

77.	 Vazquez-Martin A, Cufí S, Oliveras-Ferraros C, Torres-
Garcia VZ, Corominas-Faja B, Cuyàs E, Bonavia R, 
Visa J, Martin-Castillo B, Barrajón-Catalán E, Micol V, 
Bosch-Barrera J, Menendez JA. IGF-1R/epithelial-to-
mesenchymal transition (EMT) crosstalk suppresses the 
erlotinib-sensitizing effect of EGFR exon 19 deletion 
mutations. Sci Rep. 2013; 3:2560.


