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Abstract

Lipids and cholesterol in particular, have long been associated with breast cancer (BC) onset and progression.
However, the causative effects of elevated lipid levels and breast cancer remain largely undisclosed and were the
subject of the present studly.

We took advantage of well-established in vitro and in vivo models of cholesterol enrichment to exploit the mechanism
involved in LDL-cholesterol favouring BC growth and invasiveness. We analyzed its effects in models that mimic different
BC subtypes and stages.

Our data show that LDL-cholesterol (but not HDL-cholesterol) promotes BC cells proliferation, migration and loss of
adhesion, hallmarks of the epithelial to mesenchymal transition. In vivo studies modeling cholesterol levels showed
that breast tumors are consistently larger and more proliferative in hypercholesterolemic mice, which also have
more frequently lung metastases. Microarray analysis revealed an over expression of intermediates of Akt and ERK
pathways suggesting a survival response induced by LDL, confirmed by WB analyses. Gene expression analysis also
evidenced an activation of ErbB2 signaling pathway and decreased expression of adhesion molecules (cadherin-related
family member3, CD226, Claudin 7 and Ocludin) in the cells exposed to LDL.

Together, the present work shows novel mechanistic evidence that high LDL-cholesterol levels promote BC progression.
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These data provide rationale for the clinical control of cholesterol levels in BC patients.

Introduction
Cholesterol is an essential structural component of the
cell membrane [1].

Proliferating cells, such as cancer cells, are believed to
have increased requirements for cholesterol. To over-
come its needs, tumor cells can increase lipid biosyn-
thesis [2], but can also uptake cholesterol from the
bloodstream [3,4]. Abnormal cholesterol accumulation is
a characteristic of some malignancies [5,6] and the inhib-
ition of cholesterol storage machinery, in breast cancer
cell lines was associated with reduced proliferation [7].

The capacity of cancer cell to use exogenous lipids has
been pointed up to explain the link between dyslipid-
emia and high fat diets with cancer [3,7].

* Correspondence: sergiodias@f,.ul.pt

JInstituto Medicina Molecular, Lisbon, Portugal

®Faculdade de Medicina Lisboa, Lisboa, Portugal

Full list of author information is available at the end of the article

( BiolMed Central

Epidemiological studies tried to demonstrate a causal
relationship between dyslipidemia and cancer but they
have failed [8-12], or found just weak associations [13,14].
However, it should be noted that several of those studies
did not account for the lipoprotein fractions, lipid lowering
drugs use or the different tumor types, which could all in-
fluence the results and their interpretation. Moreover, most
studies to date have sought to find a causal link between
cancer incidence and lipid levels; significantly less studies
tried to explore a possible link in cancer aggressiveness
or progression. Thus, for now, the importance of plasma
cholesterol in cancer progression remains poorly under-
stood and was the subject of the present study.

We asked whether exposure to a host LDL-cholesterol
enriched systemic environment promotes breast cancer
progression by activating key signaling pathways and
modulating cell behavior. To test this hypothesis we
used controlled experimental environments, employing
well established in vitro and in vivo models.
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Methods

Laboratory methods

Cell lines and reagents

The human breast cancer cell line HTB20 and the mouse
breast cancer cell line 4 T1 were purchased from the
American Type Culture Collection. The human breast can-
cer cell lines HTB126, MDA MB 231 were kindly provided
by Instituto Portugués de Oncologia Porto.

The cell lines were cultured in DMEM (Gibco Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco Invitrogen,
Carlsbad, CA, USA) and 1% penicillin-streptomycin
(Invitrogen life Technologies). Fetal bovine serum lipo-
protein free (FBSLF) was purchased from Sigma-Aldrich
(Germany) and human plasma low density (LDL) and
high density (HDL) lipoproteins were obtained from
Calbiochem (Gibbstown, NJ, USA). Mitomycin C was
from Sigma-Aldrich (Germany) and Trypsin from (Gibco
Invitrogen, Carlsbad, CA, USA).

Cell proliferation assay

MDA MB 231, HTB 126, HTB 20 cells (1 x 10°/mL)
were seeded into 24-well plate in 250 ul DMEM, 10%
EBS. After overnight incubation, the medium was re-
placed by DMEM, 1%FBSLE, for 24 h. Then, the medium
was aspirated and cells were incubated with medium
containing HDL (100 pg/mL) or LDL (100 pg/mL), at
37°C in 5%CO,, for 24 h or 48 h. The number of living
cells was determined by hemocytometer counts (at least
4 counts/well, in quadruplicates), after Trypan Blue test
exclusion. The number of cells is expressed as fold
change over the control.

Migration assay

MDA MB 231 cells were seeded on 24-well plate and
grown to confluence in DMEM, 10%FBS. Upon reaching
confluence, the medium was replaced by DMEM, 1%
FBSLEF, for 24 h. Two-hundred-microliter tips were used
to make a denuded area (“wound”) in the center of the
well. Each well was washed with PBS and treated with
HDL (100 pg/mL) or LDL (100 pg/mL) for 24 h. Mito-
mycin C (0,5 pmol/L, from Sigma) was added to the
medium to block cell proliferation. Serial photographs
were taken at O h, 12 h and 24 h, and cell migration dis-
tance was determined by subtracting the values obtained
at 0 h from 24 h (at least 4 measurements/well, in qua-
druplicates). The migration distances are expressed as
percentage of the wound closure.

Adhesion assay

MDA MB 231 cells (1 x 10°/mL) were seeded into 24-
well plate in 250 pul DMEM, 10%FBS, overnight, and
then replaced by DMEM, 1%FBSLEF, for 24 h. After 24 h,
cells were left untreated or exposed to LDL (100 pg/mL),
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overnight. Than wells were washed with PBS, and cells re-
moved with trypsin and reseeded into 24-well plates in
250 ul DMEM, 10% EBS, as defined earlier. After 4 h, cells
were washed with PBS and adherent counted. The cells in
the supernatant were also counted. The results are shown
as the number of adherent or supernatant cells/mL.

RNA extraction and microarray analysis

Total RNA was extracted by Trizol method from untreated
or LDL treated breast cancer cells (MDA MB 231) and
used to study changes in gene expression. The samples
were hybridized on an Affymetrix GeneChips at Instituto
Gulbenkian de Ciéncia core facility. The gene expression
results were analyzed using Chipster 2.2.0 software. A cut-
off of 1.5 fold above or below the house keeping gene ex-
pression levels was considered significant. IPA Ingenuity
Systems (Ingenuity Systems, Mountain View, CA) was
used to exploratory analysis of interactive networks and
relevant biological interactions.

Protein extraction and Western Blot analysis

Cells were lysed in 50 mM tris, 5 mM EDTA, 2%
SDS, pH6.8 buffer containing protease inhibitor cock-
tail. Lysates were diluted 1:1 in loading buffer (tris—
glycerol, 2% SDS, 4% b-mercaptoethanol, 100 mM DTT)
and 300 pg proteins were loaded on 10% tris—glycine gels.
Proteins were transferred to 0.2 IM nitrocellulose mem-
branes (Hybond-C Extra, GE Healthcare Life Sciences,
Roosendaal, Netherlands) and subjected to standard
immunoblotting with the antibodies: ERK, pERK, akt,
pakt, pJNK, B-actin (all from Cell Signaling, Thecnology).
Bands were detected with anti-species HRP conjugate.
Image] software was used to quantify the density of the
bands [15].

Statistical analysis

All results, unless otherwise indicated, are expressed as
the mean * standard error of, at least, triplicates. Data
were analyzed using unpaired two-tailed Student's t test.
P values of <0.05 were considered statistically significant.

In vivo models

All animal experiments were performed after approval
from Ethics Committee of the Instituto Gulbenkian de
Ciéncia. Animals were housed and maintained in a bar-
rier facility at Instituto Gulbenkian de Ciéncia. In each
experiment, 4—6 week old female mice were injected
with breast cancer cells in the right axillary mammary
fat pad. Than the test group was subjected to a high
cholesterol diet (HD,10%fat, 1,25%cholesterol, 0,5%Na
cholate diet, Ssniff, Germany) and the control group fed
the standard (normal) mouse diet (ND), with no differ-
ences in energy up take values. Food and water were given
ad libitum. Elevated cholesterol levels were confirmed by
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standard dosing methods at Clinical Pathology Laboratory
of the Instituto Portugués de Oncologia de Lisboa and
parallel groups were used to control the diet effect on lipid
profile. In order to test different tumor types and different
host backgrounds the following trials were performed:

1) BALB SCID/MDA MB 231 (2 x 10° cells, 4—6 week
old female, n = 8), 10 weeks;

2) BALB SCID/HTB 20 (2 x 10° cells, 4—6 week old
female, n = 4), 20 weeks;

3) NOD SCID/4 T1 (1 x 10° cells, 4—6 week old female,
n = 4), 20 days;

4) BALB C/4 T1 (1 x 10° cells, 4—6 week old female,
n=>5), 20 days.

The animals were sacrificed at different times follow-
ing tumor inoculation, as referred above; mammary tu-
mors, lungs and liver were excised. Tumors were split
into two parts, one frozen in liquid nitrogen and stored
at -80°C and the other, and other organs, were fixed in
10% neutral buffered formalin. Photos of the tumor were
taken and the large diameter measured. Blood was col-
lected, by cardiac puncture, and serum used to deter-
mine lipid profile (total cholesterol (TC), LDL, HDL and
triglycerides). Tumor sizes (large diameter, mm) are pre-
sented as fold change over the control group. Systemic
metastases were searched macroscopically during organs
collection and microscopically in the lungs and liver.

Immunohistochemical staining for Ki 67 was performed
in a Dako Autostainer® (Dako, Glostrup, Denmark) using
standard protocols, followed by counting positive cells in
an automated cellular imaging system (ACIS® II, Dako,
Glostrup, Denmark I), at, Department of Pathology at
Instituto Portugués Oncologia de Lisboa.

An additional trial was done, using statins, in order to
test the effect of the reduction of the systemic cholesterol
on the tumor. Using as mice model NOD SCID /4 T1, the
test group was subjected to a high cholesterol diet (as de-
scribed above) and treated with simvastatin (5 mg/Kg in
200 pL PBS, 3 days a week, (by gastric tube). Control
groups were fed with standard (normal) mouse diet and
high cholesterol diet and treated with placebo (200 pL
PBS, 3 days a week, (by gastric tube). The mice were
injected with tumor cells 4 weeks after starting treatment
and treated during 4 weeks more. Animals were sacrificed
as described before.

Statistical analysis

Values are given as the mean * standard error. Compari-
sons between control and test mouse samples were per-
formed using the unpaired two-tailed Student’s t test.
The number of mice used for each experiment is indi-
cated in the Figure. P values of <0.05 were considered
statistically significant.
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Results

LDL-cholesterol stimulation induces breast cancer cell
lines proliferation, migration and reduces cell adhesion
We examined the effect of LDL on breast cancer cells
proliferation and found that the number of viable cells
increased after LDL-cholesterol stimulation in all cell lines,
reaching statistical significance in MDA MB 231 and HTB
20 at 48 h (Figure 1A). Further dissection of LDL induced
phenotype was performed on MDA MB 231 cells. In detail,
we also determined whether LDL could induce the migra-
tion of breast cancer cells in “wound/starch assays”, in the
presence of mitomycin C to inhibit cell proliferation, and
we found that LDL induced migration of MDA MB 231
cells, promoting in vitro wound closure. Importantly, HDL
was used as control and did not promote cell migration
(Figure 1B and C).

Thereafter we tested if cells incubated with LDL changed
their adhesive behavior. As shown in Figure 1D and E,
LDL pre-treated MDA MB 231 cells, lost their adhesion to
the matrix compared to control (untreated) conditions.

Together, these data suggest that LDL exposure of breast
cancer cells affects their adhesive properties, favoring cell
migration and proliferation.

LDL-cholesterol induced gene expression changes
in breast cancer cell lines
Having shown LDL induced phenotypic changes on breast
cancer cells, next we sought to demonstrate a causal mech-
anistic link between these changes and the activation of
signaling intermediates and pathways that could explain
the altered properties. For this purpose we performed Affy-
metrix microarray analysis of untreated versus LDL treated
breast cancer cells. We found an over expression (fold
change >1,5) of 147mapped genes and down regulation of
95 mapped genes, at 48 h. The great majority of these
genes were related to cell survival and proliferation path-
ways (Additional file 1: Table S1). Among altered expres-
sion genes are also, the down regulation of the adhesion
molecules cadherin-related family member3 (-1,53 fold
change), CD226 (-1,52 fold change), Claudin7 (-1,52 fold
change), Ocludin (-1,54 fold change) and integrinf38
(-1,49 fold change). Exploratory analysis of the significant
gene interactions, found an activation of akt, ERK and JNK
networks, all in the dependency of the ErbB2 pathway
(Figure 2).

By western blotting analysis we confirmed the raised
phosphorylation of akt and ERK, but not of JNK (Figure 3).

These data evidence the LDL effect on the breast can-
cer cell promoting survival, proliferation and migration.

High LDL-cholesterol promotes breast cancer growth

in animal models

HD fed mice showed high levels of TC, LDL and
HDL (Figure 4A). However, there were no statistically
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Figure 1 Proliferation, migration and loss of adhesion induced by LDL in in breast cancer cell lines. A, Number of cells (MDA MB 231, HTB
126, HTB 20) after 24 h and 48 h of LDL (100 pg/mg) exposure is consistently higher than control (non-treated) condition. B and C, Cells (VDA
MB 231) were wounded and then cultured for 24 h, with LDL (100 pg/mL), HDL (100 pug/mL) or control conditions. Cell migration into the wound
was examined by phase-contrast microscopy and migration distance is indicated as the percentage of the wound closure at 24 h. Representative

Columns mean; bars + SEM.

photos are shown (original magnification 100x C). D and E, Number of cells (MDA MB 231) adherent and no adherent cells, at 4 h after being
removed and reseeded on its primary conditions (control and LDL100 pg/mL) shows that LDL treated cells lose matrix adhesion compared to
control. Representative photos are shown (original magnification 200x E). P value and the number of the experiments are represented in the figure.

significant differences in triglycerides levels or animal
weight (Figure 4A and B). The values of the mouse lipid
profile in each experiment are shown in Additional file 1:
Table S2. These data validate this high fat diet model as a
good model to specifically address the effects of elevated
cholesterol levels.

HD promoted breast tumor growth in all models
tested, with statistically significant differences in BALB
SCID inoculated with MDA MB 231 and BALB C inocu-
lated with 4 T1 cells (Figure 4C). Tumors of HD fed mice
showed a proliferative ratio that was 20% higher than
tumors from ND fed mice, assessed by immunohysto-
chemistry (for Ki67 positive cells) (Figure 4F and G).

Lung metastases were observed macroscopically and
microscopically in the NOD SCID and BALB C/4 T1
models. No significant differences were registered the first
model, but BALB C/4 T1 hypercholesterolemic mice
showed a higher frequency of lung metastasis, at the end
of the trial, compared to ND fed mice (Figure 4E). No liver
metastases were registered. Two mice of the longest BALB
SCID/HTB 20 trial died, one of each group. No other mice
deaths occurred.

Statins treatment does not reduced systemic LDL level

in mice trial

The treatment with statins did not reduce cholesterol
levels of HD fed mice (Additional file 2: Figure S1A).
Tumor size of HD fed mice treated with statins show no
significant difference from HD fed control mice, in this
trial (P 0,104) (Additional file 2: Figure S1 B and C).

Discussion

Obesity and dyslipidemia, have long been linked with
a possible increase in the likelihood of developing
cancer. This possible causal relationship has gained mo-
mentum in the light of the observed obesity “epidemic”
and the recognized increased incidence of cancer in
western countries [16]. Moreover, the same trend in
obesity, dyslipidemia and cancer incidence has been
seen in Asian with the growing incorporation of western
lifestyles [17,18].

However, few studies have tried to find causal and
mechanistic associations between increased lipid levels
and- not cancer incidence- but cancer behavior. This
was tested in the present study, using well established
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Figure 2 Activated cellular networks, at 48 h, in LDL treated breast cancer cell line. Gene expression analysis of breast cancer cells MDA MB231
exposed to LDL (100 pg/mL), for 48 h shows up regulation of molecules involved in activation of ERK, akt and ErbB2 pathways. Grey nodes are genes
overexpressed, white nodes are predicted genes. Smooth lines represent direct interactions. Dashed lines represent indirect interactions.

in vitro and in vivo models of hypercholesterolemia and  loss of adhesion, hallmarks of the process of epithelial to
breast cancer. mesenchymal transition [19].
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Figure 3 LDL induces ERK and akt protein phosphorylation. A. Cells (MDA MB 231) exposed to LDL show higher expression of phosphorylated ERK
and akt, without significant increase in respective total protein. Phosphorilation of JNK is also higher, without reaching statistical significance. Epidermal
growth factor (EGF) stimulation was used as positive control and induced, as expected, increase ERK, akt and JNK phosphorylation. B. Representative
photos of western blot membranes are shown. P value and the number of the experiments are represented in the figure. Columns mean; bars + SEM.
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Figure 4 Hypercholesterolemic diet induces a breast cancer phenotype characterized by large and more proliferative tumors. A and B.
HD fed mice have raised levels of total cholesterol (TC), low density lipoprotein (LDL) and high density lipoprotein (HDL). There are no statistical
significant differences in triglycerides level or animal weight, as exemplified to MDA MB 231/BALB SCID trial. (Results of the other experiments are
in supplementary data.) Animal in the same diet but without tumor cells inoculation were used as control to lipid profile parameters. C and D.
HD fed mice show large tumors when compared to ND fed mice. The mammary tumor large diameter was measured (as exemplified to 4 T1
/NOD experiment B) and the differences are shown as the fold change over the ND fed mice. E. HD fed mice are more likely to have lung
metastasis (100%) than ND fed mice (33%). F and G. HD fed mice have more proliferative tumors as confirmed by Ki67 immuno staining. P value
and the number of the experiments are represented in the figure. Columns mean; bars + SEM. Scale bar 100 um.

(data not shown, not significant), but no influence in mi-
gration or adhesion properties.

Previous studies, also showed that LDL induces prolif-
eration [7,20] and migration [4] of ER negative, but not
ER positive breast cancer cell lines. We used an ER posi-
tive breast cancer cell line HTB 20 (BT 474) and LDL
induced similar phenotype changes. HTB 20 breast can-
cer cells usually express ErbB2 receptor [22].

Our own unpublished data shows that there is an
association between high plasma LDL level and ErbB2
positive breast cancer [23]. Also the exploratory ana-
lysis of gene expression microarrays suggested an up-
stream activation of an epidermal growth factor receptor
(EGFR).

Human epidermal growth factor receptor -2 (Her2-neu/
ErbB2) is a membrane tyrosine kinase and oncogene that
is overexpressed and gene amplified in about 20% of breast
cancers [24].

Independent investigations have demonstrate that cell
cholesterol depletion using Methyl-N-Cyclodextrin, re-
duces fluidity of the membrane and enhances phosphori-
lation and consequent activation of EGFR downstream

cascade [25-28]. Orr et al [27] specifically demonstrated
this effect in ErbB2 receptor. Since EGFR could be acti-
vated in a ligand-independent manner [28], we suggest
that cholesterol mobilization across the cell membrane
may be the responsible for changes in membrane equi-
librium/ disorganization leading to ErbB2 activation, ra-
ther than the absolute cholesterol content itself. But, as
mentioned earlier, this hypothesis remains to be fully
exploited in future studies.

Gene and protein expression analysis of breast cancer
cells stimulated with LDL revealed that the proliferative ef-
fect induced by LDL may be dependent on Akt and ERK
pathways activation. Gene expression analysis also sug-
gested decreased expression of adhesion molecules such as
cadherin-related family member 3, CD226, Claudin 7 and
Ocludin, upon breast cancer cells exposure to LDL. These
findings could explain the loss of adhesion and increased
migration in the functional tests, when cells were exposed
to LDL and represent hallmarks of the epithelial to mesen-
chymal transition, characteristic of tumor progression.

To systemically test the in vitro results, hypercholes-
terolemia, controlling obesity, was induced in mice of
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Figure 5 Phenotype of breast tumors exposed to high levels of cholesterol-Proposed Model. Breast tumors exposed to high levels of
LDL-cholesterol are larger and show increased proliferation and migration while losing epithelial adhesion properties.

Proliferation
(ERK, akt, ErbB2)

different background (including NOD SCID mice, which
are non-obese mice) with different cells lines (to mimic
different tumor subtypes) and data consistently showed
greater tumor growth in the high LDL groups. This is in
accordance with the results reported by Llaverias et al,
in breast and prostate genetic mice models [29,30]. Our
xenograft models have the advantage of being more rep-
resentative of breast cancer heterogeneity.

Tumors grown in hypercholesterolemic mice were
characterized by higher proliferative ratios, measured by
Ki67 immunostaining, which is considered a worse prog-
nostic marker [31]. Higher frequency of lung metastasis
was also observed in HD fed mice inoculated with the
4 T1 xenogeneic breast cancer cell line. In models using
human breast cancer cell lines we were not able to de-
tect systemic metastasis, either macro or microscopic-
ally, may be because those cells do not induce metastasis
in mice (reports are very scarce) or because the length
of our experiments was not sufficient.

We tried to reverse the hypercholesterolemic-induced
phenotype by treating mice with lipid lowering drugs.
However we did not achieve systemic LDL levels reduc-
tion with statins, in our model. This is a limitation of
our work but such difficulty was also found by others
[32]. Rats and mice that are commonly used in experi-
mental cancer studies are generally unresponsive to the
hypocholesterolemic effects of statins [32].

In humans, the effect of statins in cancer prevention
and treatment remains controversial. Two large meta-
analyses from 2006 described a neutral effect of satins
in cancer incidence [33,34]. A very recent cohort study
crossing statins prescription/pharmacy dispense and
cancer related-mortality in Denmark National databases
[35], proved that statins use before diagnosis of cancer
reduces cancer-related mortality. Although some limita-
tions are found and pointed by the authors and others
[36], such as lack of follow up and co-morbilities infor-
mation, the association seem to be plausible, in the study
population, suggesting a role for primary prevention.

While assuming that a putative effect of statins is due
to plasma cholesterol levels reduction, the action of sta-
tins in cancer cells is not well known. Statins decrease
intracellular cholesterol synthesis by targeting hidroxi-3-
methyl-glutaril-CoA redutase 3. This may lower the
products of mevalonate pathway involved in cell prolifer-
ation and by this mechanism prevent tumor progression.
Some of these effects have been demonstrated in in vitro
experiments [37]. However, there is poor evidence of direct
effect of statins in cancer cells when taken orally [38].
Therefore, much remains to be learned and developed with
regards to lipid control in breast cancer setting.

Taken together, our findings show that breast cancer
exposed to an LDL-rich host macro environment may
be in survival advantage, which will ultimately result in a
more aggressive breast cancer phenotype (Figure 5). Our
results are supported by functional studies in cell lines
and animal models of breast cancer and are in strong ac-
cordance with clinical data.

The study exposes the importance of controlling
systemic cholesterol levels in breast cancer preven-
tion and treatment and reveals LDL as a biomarker of
aggressiveness.

Additional files

Additional file 1: Table S1. Gene expression of LDL treated vs Control
MDA MB 231. Table S2 . Lipid Profile in mice trails.

Additional file 2: Figure S1. Tumor size of hypercholesterolemic diet
fed mice treated with statins show no significant differences from
hypercholesterolemic diet fed control mice. A HD fed mice have raised
levels of total cholesterol (TC) and low density lipoprotein (LDL) and no
significant differences in high density lipoprotein (HDL) and triglycerides
levels compared ND. Treatment with statins 5 mg/dL, 8 weeks, does not
change lipid profile in the HD fed mice. B and € NOD SICD/ 4 T1 mice
model fed with HD show no significant differences in tumor size
compared to HD fed mice treated with statins 5 mg/mL. P value and the
number of the experiments are represented in the figure. Columns mean;
bars + SEM.

Competing interests
The authors declare that they have no competing interests.


http://www.biomedcentral.com/content/supplementary/1476-511X-13-16-S1.docx
http://www.biomedcentral.com/content/supplementary/1476-511X-13-16-S2.png

Rodrigues dos Santos et al. Lipids in Health and Disease 2014, 13:16
http://www.lipidworld.com/content/13/1/16

Authors’ contributions

CRS designed the study, performed the functional studies, developed the
breast cancer mice models, collected and analyzed data and wrote the
manuscript. GD Breast cancer mice models, performed the protein extraction
and Western Blot analysis, collected and analyzed data. IM cultured and
expanded breast cancer cells lines, performed the RNA extraction and
microarray analysis. JM performed the immunohistochemical studies. IF
analyzed and validated the pathological data, revised the manuscript. JMA
analyzed and validated data, revised the manuscript. SD designed and
coordinated the study, analyzed data and wrote the manuscript. All authors
read and approved the final manuscript.

Acknowledgments
We thank to the staff of the Pathology and Clinical Laboratories of IPOLFG
for assistance in data collection.

Funding

Supported by the Programme to Advanced Medical Education (Fundacgéo
Gulbenkian, Fundacao Champalimaud, Fundacdo para a Ciéncia e Tecnologia,
Ministério da Saude).

Author details

'Gulbenkian Programme for Advanced Medical Education, Lisbon, Portugal.
’Department of Surgical Oncology, Instituto Portugués de Oncologia de
Lisboa, Francisco Gentil, Lisbon, Portugal. 3Instituto Medicina Molecular,
Lisbon, Portugal. “Department of Pathology, Instituto Portugués de
Oncologia de Lisboa, Francisco Gentil, Lisbon, Portugal. *Faculdade de
Medicina Lisboa, Lisboa, Portugal.

Received: 4 October 2013 Accepted: 10 January 2014
Published: 15 January 2014

References

1. Lingwood D, Simons K: Lipid rafts as a membrane-organizing principle.
Science 2010, 327(5961):46-50.

2. Menendez JA, Lupu R: Fatty acid synthase and the lipogenic phenotype
in cancer pathogenesis. Nat Rev Cancer 2007, 7(10):763-777.

3. Nomura DK, Long JZ, Niessen S, Hoover HS, Ng SW, Cravatt BF:
Monoacylglycerol lipase regulates a fatty acid network that promotes
cancer pathogenesis. Cell 2010, 140(1):49-61.

4. Antalis CJ, Uchida A, Buhman KK, Siddiqui RA: Migration of MDA-MB-
231 breast cancer cells depends on the availability of exogenous
lipids and cholesterol esterification. Clin Exp Metastasis 2011,
28(8):733-741.

5. Swyer G: The cholesterol content of normal and enlarged prostates.
Cancer Res 1942, 2:372-375.

6. Clayman RV, Gonzalez R, Elliott AY, Gleason DE, Dempsey ME: Cholesterol
accumulation in heterotransplanted renal cell cancer. J Urol 1983,
129(3):621-624.

7. Antalis CJ, Arnold T, Rasool T, Lee B, Buhman KK, Siddiqui RA: High ACAT1
expression in estrogen receptor negative basal-like breast cancer cells is
associated with LDL-induced proliferation. Breast Cancer Res Treat 2010,
122(3):661-670.

8. IsoH, lkeda A, Inoue M, Sato S, Tsugane S: Serum cholesterol levels in
relation to the incidence of cancer: the JPHC study cohorts. Int J Cancer
2009, 125(11):2679-2686.

9. Hiatt RA, Fireman BH: Serum cholesterol and the incidence of cancer in a
large cohort. J Chronic Dis 1986, 39(11):861-870.

10. Hoyer AP, Engholm G: Serum lipids and breast cancer risk: a cohort
study of 5,207 Danish women. Cancer Causes Control 1992,
3(5):403-408.

11. Eliassen AH, Colditz GA, Rosner B, Willett WC, Hankinson SE: Serum lipids,
lipid-lowering drugs, and the risk of breast cancer. Arch Intern Med 2005,
165(19):2264-2271.

12. Gaard M, Tretli S, Urdal P: Risk of breast cancer in relation to blood lipids:
a prospective study of 31,209 Norwegian women. Cancer Causes Control
1994, 5(6):501-509.

13. Kitahara CM, Berrington De Gonzalez A, Freedman ND, Huxley R, Mok Y,
Jee SH, Samet JM: Total cholesterol and cancer risk in a large
prospective study in Korea. J Clin Oncol 2011, 29(12):1592-1598.

IS

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Page 8 of 9

Kaye JA, Meier CR, Walker AM, Jick H: Statin use, hyperlipidaemia, and the
risk of breast cancer. Br J Cancer 2002, 86(9):1436-1439.

Schneider CA, Rasband WS, Eliceiri KW: NIH Image to ImageJ: 25 years of
image analysis. Nature Methods 2012, 9:671-675. http://www.nature.com/
nmeth/journal/v9/n7/full/nmeth.2089.html.

Calle EE, Rodriguez C, Walker-Thurmond K, Thun MJ: Overweight, obesity,
and mortality from cancer in a prospectively studied cohort of U.S.
adults. N Engl J Med 2003, 348(17):1625-1638.

Sullivan DR: Cardiovascular risk in the Asia-Pacific region from a nutrition
and metabolic point of view: visceral obesity. Asia Pac J Clin Nutr 2001,
10(2):82-84.

He J, Gu D, Wu X, Reynolds K, Duan X, Yao C, Wang J, Chen CS, Chen J,
Wildman RP, et al: Major causes of death among men and women in
China. N Engl J Med 2005, 353(11):1124-1134.

Kalluri R, Weinberg RA: The basics of epithelial-mesenchymal transition.
J Clin Invest 2009, 119(6):1420-1428.

Rotheneder M, Kostner GM: Effects of low- and high-density lipoproteins
on the proliferation of human breast cancer cells in vitro: differences
between hormone-dependent and hormone-independent cell lines. Int J
Cancer 1989, 43(5):875-879.

Gospodarowicz D, Lui GM, Gonzalez R: High-density lipoproteins and the
proliferation of human tumor cells maintained on extracellular
matrix-coated dishes and exposed to defined medium. Cancer Res
1982, 42(9):3704-3713.

Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T, Clark L, Bayani N,
Coppe JP, Tong F, et al- A collection of breast cancer cell lines for the
study of functionally distinct cancer subtypes. Cancer Cell 2006,
10(6):515-527.

Santos CR, Mendes Almeida JC, Dias S: Systemic LDL Promotes Breast
Cancer Progression. Ann Surg Oncol 2012, 19(2 Supplement):100-101.
King CR, Kraus MH, Aaronson SA: Amplification of a novel v-erbB-
related gene in a human mammary carcinoma. Science 1985,
229(4717):.974-976.

Pike LJ, Casey L: Cholesterol levels modulate EGF receptor-mediated
signaling by altering receptor function and trafficking. Biochemistry
2002, 41(32):10315-10322.

Ringerike T, Blystad FD, Levy FO, Madshus IH, Stang E: Cholesterol is
important in control of EGF receptor kinase activity but EGF receptors
are not concentrated in caveolae. J Cell Sci 2002, 115(Pt 6):1331-1340.
Orr G, Hu D, Ozcelik S, Opresko LK, Wiley HS, Colson SD: Cholesterol
dictates the freedom of EGF receptors and HER2 in the plane of the
membrane. Biophys J 2005, 89(2):1362-1373.

Chen X, Resh MD: Cholesterol depletion from the plasma membrane
triggers ligand-independent activation of the epidermal growth factor
receptor. J Biol Chem 2002, 277(51):49631-49637.

Llaverias G, Danilo C, Mercier |, Daumer K, Capozza F, Williams TM, Sotgia F,
Lisanti MP, Frank PG: Role of cholesterol in the development and
progression of breast cancer. Am J Pathol 2011, 178(1):402-412.

Llaverias G, Danilo C, Wang Y, Witkiewicz AK, Daumer K, Lisanti MP,
Frank PG: A Western-type diet accelerates tumor progression in an
autochthonous mouse model of prostate cancer. Am J Pathol 2010,
177(6):3180-3191.

De Azambuja E, Cardoso F, De Castro G Jr, Colozza M, Mano MS, Durbecq V,
Sotiriou C, Larsimont D, Piccart-Gebhart MJ, Paesmans M: Ki-67 as prognostic
marker in early breast cancer: a meta-analysis of published studies involving
12,155 patients. Br J Cancer 2007, 96(10):1504-1513.

Krause BR, Princen HM: Lack of predictability of classical animal models
for hypolipidemic activity: a good time for mice? Atherosclerosis 1998,
140(1):15-24.

Bonovas S, Filioussi K, Tsavaris N, Sitaras NM: Statins and cancer risk: a
literature-based meta-analysis and meta-regression analysis of 35
randomized controlled trials. J Clin Oncol 2006, 24(30):4808-4817.

Dale KM, Coleman Cl, Henyan NN, Kluger J, White CM: Statins and cancer
risk: a meta-analysis. JAMA 2006, 295(1):74-80.

Nielsen SF, Nordestgaard BG, Bojesen SE: Statin use and reduced
cancer-related mortality. N Engl J Med 2012, 367(19):1792-1802.
Nielsen SF, Nordestgaard BG, Bojesen SE: Correspondence. Statin Use and
Reduced Cancer-Related Mortality. N Engl J Med 2013, 368:574-577.
February 7, 2013. DOI: 10.1056/NEJMc1214827.

Clendening JW, Pandyra A, Boutros PC, EI Ghamrasni S, Khosravi F,
Trentin GA, Martirosyan A, Hakem A, Hakem R, Jurisica |, et al:


http://www.nature.com/nmeth/journal/v9/n7/full/nmeth.2089.html
http://www.nature.com/nmeth/journal/v9/n7/full/nmeth.2089.html

Rodrigues dos Santos et al. Lipids in Health and Disease 2014, 13:16 Page 9 of 9
http://www.lipidworld.com/content/13/1/16

Dysregulation of the mevalonate pathway promotes transformation.
Proceedings of the National Academy of Sciences of the United States of
America 2010, 107(34):15051-15056.

38.  Bjarnadottir O, Romero Q, Bendahl PO, Jirstrom K, Ryden L, Loman N, Uhlen M,
Johannesson H, Rose C, Grabau D, et al: Targeting HMG-CoA reductase with
statins in a window-of-opportunity breast cancer trial. Breast Cancer Res Treat
2013, 138(2):499-508.

doi:10.1186/1476-511X-13-16

Cite this article as: Rodrigues dos Santos et al.: LDL-cholesterol signaling
induces breast cancer proliferation and invasion. Lipids in Health and
Disease 2014 13:16.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVied Central




	Abstract
	Introduction
	Methods
	Laboratory methods
	Cell lines and reagents
	Cell proliferation assay
	Migration assay
	Adhesion assay
	RNA extraction and microarray analysis
	Protein extraction and Western Blot analysis
	Statistical analysis

	In vivo models
	Statistical analysis

	Results
	LDL-cholesterol stimulation induces breast cancer cell lines proliferation, migration and reduces cell adhesion
	LDL-cholesterol induced gene expression changes in breast cancer cell lines
	High LDL-cholesterol promotes breast cancer growth in animal models
	Statins treatment does not reduced systemic LDL level in mice trial

	Discussion
	Additional files
	Competing interests
	Authors' contributions
	Funding
	Author details
	References

