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ABSTRACT

Metabolic syndrome (MeS) has been identified as a risk factor for breast cancer.
C-terminal binding protein 1 (CtBP1) is a co-repressor of tumor suppressor genes
that is activated by low NAD+/NADH ratio. High fat diet (HFD) increases intracellular
NADH. We investigated the effect of CtBP1 hyperactivation by HFD intake on mouse
breast carcinogenesis. We generated a MeS-like disease in female mice by chronically
feeding animals with HFD. MeS increased postnatal mammary gland development
and generated prominent duct patterns with markedly increased CtBP1 and Cyclin D1
expression. CtBP1 induced breast cancer cells proliferation. Serum from animals with
MeS enriched the stem-like/progenitor cell population from breast cancer cells. CtBP1
increased breast tumor growth in MeS mice modulating multiple genes and miRNA
expression implicated in cell proliferation, progenitor cells phenotype, epithelial
to mesenchymal transition, mammary development and cell communication in the
xenografts. These results define a novel function for CtBP1 in breast carcinogenesis.

abdominal obesity (waist circumference > 35 inches
in women), triglycerides >150 mg/dL, high density
lipoprotein cholesterol (HDL-C) < 50 mg/dL in women,
blood pressure > 130/85 mmHg, and fasting glucose > 110
mg/dL [5].

Several studies have established that components
of MeS are positively correlated with breast cancer
development [6-9]. In addition, MeS has been associated
with breast cancer risk in women, and this correlation is

INTRODUCTION

Breast cancer is the leading cause of cancer death
among women, after skin cancers [1]. Although genetic
susceptibility influences cancer risk, non-inherited factors
determine most of the differences in cancer risk across
populations and among individuals [2, 3]. It is estimated
that around 30% of total cancer deaths in United States
could be attributed to life style, diet and physical activity;

all factors associated to metabolic syndrome (MeS) [4].
Based on the National Cholesterol Education
Program’s Adult Treatment Panel III (NCEP ATP III)
criteria, MeS is a cluster of pathophysiological disorders
that comprises at least three of the following factors:

stronger within postmenopausal population [10-12].
Recently, we have reported that gene transcription
regulation by C-terminal binding protein 1 (CtBP1)
provides a molecular link among MeS, CtBP1 function
and tumor growth in prostate cancer [13]. CtBP1 is a
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transcriptional co-repressor of tumor suppressor genes,
such as BRCAI, PERP, PTEN, p2]°*"Fl Bax, Noxa
and E-cadherin [14]. CtBP1 was proposed as a metabolic
cellular sensor [15] since its transcriptional regulatory
activity is differentially modulated by the nuclear NAD+/
NADH ratio, showing much higher affinity (>100-fold)
for NADH compared with NAD+ [16].

There are numerous in vitro studies supporting that
CtBP1 regulates multiple genes related to tumorigenesis,
tumor progression and metastasis in breast cancer cells
[17-22]. Clinical studies demonstrated that CtBP1
overexpression was observed in invasive ductal breast
cancer compared to normal breast tissue [18]. In addition,
CtBP1 protein expression in breast cancer patients is
associated with lower median survival [17]. However, the
effect of CtBP1 hyperactivation by MeS in breast cancer
development and progression remains unexplored.

In this work we examined the role of CtBP1 in
breast carcinogenesis and tumor growth using a MeS
experimental model. We found that MeS increased
mammary gland development and induced CtBP1
expression in mammary ducts. MeS was also associated
with the expansion of the stem/progenitor-like cell
population. CtBP1 expression induced breast cancer cells
proliferation by inhibiting cell cycle arrest. Importantly,
CtBP1 increased breast tumor growth in our preclinical
orthotopic xenograft model regulating the expression of
mRNAs and miRNAs involved in cell proliferation, cell
communication, progenitor cells phenotype, epithelial
to mesenchymal transition (EMT) and mammary
development in breast cancer tumors.

RESULTS

HFD induced MeS in female athymic nude mice

To analyze the involvement of CtBP1 in breast
carcinogenesis, female nu/nu mice were chronically fed
with HFD or CD. Body weight was measured weekly.
Animals were sacrificed and biochemical parameters were
determined at the endpoint. Consistent with a MeS-like
disease, HFD fed group showed a significant increase in
body weight (Figure 1A), serum hypercholesterolemia
(Figure 1B) and hyperglycemia (Figure 1C) compared
to control animals with no differences in the triglyceride
levels (Figure 1D). Histopathological analysis revealed
that HFD mice developed liver diffuse steatosis (Figure
1E) and kidney glomerular and tubular non-specific
alterations (data not shown).

MesS increased postnatal mammary gland
development and induced CtBP1 expression in
mammary ducts

Whole mount assay and histological analysis from
mammary glands showed a significantly increased in

the number of branches and TEB in MFP from HFD fed
animals (Figure 1F, 1G). In addition, 44% of mammary
ducts from HFD mice were covered with prominent
epithelial cells with nuclear pseudostratification and
columnar changes (Figure 1H-Group 2 H&E). None of the
mammary glands from CD animals developed this feature.
Interestingly, CtBP1 and Cyclin D1 expression positively
correlated with these lesions (Figure 1H-Group 2).
Consistently with an increase in mammary gland epithelial
tissue, MeS induced Cyclin D1 and E-cadherin mRNA
expression levels in the mammary tissue of experimental
animals (Figure 11).

Serum from mice with MeS increased the stem-
like/progenitor cell population in breast cancer
cells

To investigate MeS effects on stem-like/progenitor
population of tumor cells, LM38-LP breast cancer
cells with detectable CtBP1 expression (Figure 2A),
were exposed to medium supplemented with serum
obtained from HFD (HFDS) or CD fed mice (CDS)
and a mammosphere formation assay was performed.
We performed mammospheres using this particular cell
line due to MDA-MB-231 does not form these features.
Serum from mice with MeS augmented both the number
and size of LM38-LP mammospheres (Figure 2B-2C).
In addition, a secondary mammosphere formation assay
was conducted exposing LM38-LP-derived primary
mammospheres to HFDS or CDS. Both sera, CDS
and HFDS, diminished the capability of the primary
mammospheres to form secondary ones (Figure 2B versus
D). Strikingly, mammospheres exposed to HFDS showed
increased capability to form secondary spheres compared
to CDS (Figure 2D). We also developed clonogenic assays
by exposing LM38-LP breast cancer cells to both sera.
HFDS increased colony formation compared to CDS
(Figure 2E). In summary, our results demonstrate that
HFDS enriched the progenitor population of breast cancer
cells and increased their capability to proliferate.

CtBP1 expression increased breast cancer cell
proliferation inhibiting cell cycle arrest and
inducing Cyclin D1 expression

We analyzed CtBP1 expression levels in different
breast cancer cell lines: MCF7, T-47D, MDA-MB-231,
MDA-MB-453, MDA-MB-468 and BT-474. Triple
negative breast cancer cells showed CtBP1 increased
expression levels compared to luminals (Figure 3A). We
continued our experiments using MDA-MB-231 cells with
the highest CtBP1 expression levels (Figure 3A).

We  generated CtBPl-depleted expression
stable transfected cells and CtBPl-transiently
overexpressing cells derived from MDA-MB-231 cells.
Both, CtBP1 protein and mRNA levels were determined
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Figure 1: MeS increased postnatal mammary gland development and induced CtBP1 expression in mammary ducts.
Female nu/nu mice (N=24) were chronically fed (16 weeks) with HFD or CD. A. Mice body weight follow up during the experiment. B.
Cholesterol, C. Glucose, and D. Triglycerides serum levels determined after mice euthanasia. Histograms show media and SD values of one
representative experiment from two biological replicates. Significance was analyzed by t-test (*, p < 0.05; **, p <0.01). E. H&E staining
from liver from animals fed with CD or HFD. Magnifications x400. F. Mammary glands from mice fed with HFD or CD were whole
mounted and stained with aluminum carmine red solution. G. Branches, lateral buds and TEB from mammary ducts were quantified. Plots
show media and SD values of one representative experiment (N=2) with seven replicates each (*, p value < 0.05). H. H&E staining and
IHC using anti-CtBP1 and anti-Cyclin D1 specific antibodies were performed in mammary tissue from mice fed with CD or HFD. HFD
Group 1: mammary glands from HFD fed mice that show normal ducts; HFD Group 2: mammary glands from HFD fed mice that show
prominent duct pattern. Magnifications are x40. I. RNA from mammary tissue was isolated and Cyclin D1 and E-cadherin expression were
determined by RT-qPCR. Data were normalized to -actin and CD (*, p value < 0.05).
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by WB and RT-qPCR, respectively (Figure 3B-3C). As
shown, shRNA CtBP1 transfection decreased 60% of
CtBP1 expression (Figure 3B); while pcDNA3 CtBP1
transfection induced 2 fold CtBP1 expression (Figure 3C).

We assessed proliferation of CtBP1 expression
modulated cells growing at the FBS range 0 to 10%. We
found that CtBP1 significantly increased MDA-MB-231
cell proliferation at low (< 2%) FBS concentration
(Figure 3D). In addition, CtBP1 depletion induced
an accumulation of cells in Gl phase comparing to
controls, when cells were cultured without FBS (Figure
3E). Furthermore, CtBP1 depletion (Figure 3F) and
overexpression (Figure 3G) significantly decreased or
induced Cyclin D1 expression, compared to control cells.

Altogether, these results demonstrate that CtBP1 is
implicated in cell proliferation since its depletion induces
cell cycle arrest and inhibits cell proliferation in breast
cancer cells.

CtBP1 increased breast tumor growth in mice

We inoculated CtBP1 depleted (shRNA CtBP1) or
control (shRNA Scramble) MDA-MB-231 cells into the
MFP from control or MeS nu/nu mice. Tumor size was

monitored and after 41 days animals were sacrificed and
tumor samples were collected for histological and RT-
qPCR analysis. A significantly decreased tumor growth
was observed in CtBP1 depleted xenografts compared to
controls in both, HFD or CD fed mice (Figure 4A). As
shown in Figure 4B and 4C, the diminution of CtBP1
expression levels was confirmed in tumors from each

group.

CtBP1 and MeS regulated the expression of
genes that are involved in cell proliferation,
progenitor cells phenotype, EMT and mammary
development in breast tumors

Expression of genes involved in cell proliferation
(Cyclin D1I), progenitor cell phenotype (Glil, RIP140),
EMT (Vimentin, Slug, Snail) and mammary development
(RANK, OPG, RIP140) were determined by RT-qPCR
from CtBP1 depleted or control xenografts developed in
MeS or control mice. We found that CtBP1 modulated
expression of genes which conferred to tumors a
highly proliferative, dedifferentiated and mesenchymal
phenotype (Figure 4D). HFD significantly decreased
Glil, RIP140, Slug, RANK and OPG expression. CtBP1
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Figure 2: Serum from mice with MeS increased the stem-like/progenitor cell population in breast cancer cells. A.
CtBP1 expression was determined by WB in the indicated cell lines. Band quantifications performed by Image J software are indicated.
Data were normalized to B-actin and NIH 3T3 cells. B. LM38-LP cells were exposed to CDS or HFDS during 6 days, and mammosphere
formation assay was performed. Number of mammospheres was quantified. C. Left panel: Diameter of mammospheres (¥, p value <
0.05). Right panel: mammospheres images. D. Mammospheres derived from LM38-LP were exposed to CDS or HFDS during 6 days and
secondary mammosphere formation assay was performed. Number and diameter of mammosphere were determined. E. Clonogenic assay
was performed in LM38-LP cells exposed to CDS or HFDS during 6 days. Histograms show media and SD values from three replicates (*,

p value < 0.05; **, p value < 0.01). Magnifications x40.
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Figure 3: CtBP1 expression increased breast cancer cell proliferation inhibiting cell cycle arrest and inducing
Cyclin D1 expression. A. CtBP1 expression was determined in MCF7, T-47D, MDA-MB-231, MDA-MB-453, MDA-MB-468 and
BT-474 cells by RT-qPCR. B. CtBP1 expression was determined in CtBP1-diminished expression stable transfected MDA-MB-231 cells
and control cells by WB (/eft) and RT-qPCR (right). Numbers below bands indicate quantification using Image J software. Data were
normalized to lamin A/C for WB or B-actin for RT-qPCR and control cells (¥, p value < 0.05). C. CtBP1 expression was determined by
WB and RT-qPCR as indicated above in MDA-MB-231 transiently transfected with CtBP1 overexpression or control vector. D. Stable
(left) or transient (right) transfected MDA-MB-231 cells were exposed to the indicated percentages of FBS during 72 h and cell viability
was determined by MTS assay. Media and SD values of one representative experiment (N=2) from three replicates are shown (*, p value <
0.05). E. Stable transfected MDA-MB-231 cells were grown with media without FBS during 72 h and cell cycle analysis was performed.
Media and SD values from two biological replicates are shown. F-G. Cyclin D1 expression was determined in the indicated cells by RT-
qPCR. Data were normalized to B-actin and control cells (¥, p value < 0.05).
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Figure 4: CtBP1 increased breast tumor growth in mice with MeS. A. Tumor growth from CD or HFD orthotopic xenografts
inoculated with shRNA scramble or shRNA CtBP1 cell lines. Curves indicate media and SD values of one representative experiment with
6 mice. B. CtBP1 RT-qPCR from HFD or CD xenograft samples. Data were normalized to -actin and control. C. CtBP1 IHC from tumor
xenografts. Magnification x400. D. RT-qPCR from xenograft tumors described above. Specific primers for the indicated genes were used.
Data were normalized to B-actin and control. (*, p < 0.05; **, p <0.01).
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depletion diminished Vimentin and Cyclin D1 expression.
Interestingly, Cyclin D1 was the only tested target that was
significantly regulated by CtBP1 in the MeS group.

Altogether these results suggest that Cyclin D1 is an
important CtBP1 target modulated in the mammary gland
and in breast tumor by MeS.

CtBP1 modulated multiple miRNAs involved
in metabolic process, cell cycle and cell
communication in breast cancer associated to
MeS

To determine miRNA expression profile associated
to CtBP1 and MeS, GeneChip miRNA 4.0 Affymetrix was
hybridized to total RNA isolated from CtBP1 depleted or
control xenograft tumors generated in mice with MeS.
After data normalization, we set the threshold at 1.5 fold
induction for up- and -1.5 for down-regulated miRNAs.
We identified 42 CtBP1 regulated miRNAs: 28 up- and 14
down-regulated (Table 1).

Using miRecords data base, we obtained 77 predicted
miRNAs target genes up- and 30 genes down-regulated by
this set of 42 differentially expressed miRNA (Supplemental
Table 2). Functional GO analysis of all these genes revealed
an enrichment of localization, metabolic processes, cellular
process and biological regulation categories, among other
biological functions (Figure 5). Interestingly, examining
processes within these GO functions; we found important
categories overrepresented, such as cell cycle, cell
communication, vesicle-mediated transport and primary
metabolic process (Figure 5).

Furthermore, we defined validated miRNA target
genes using miRTarBase. We found a complete list of
867 miRNAs validated target genes, 430 genes from
up- and 437 from down-regulated miRNAs (Supplemental
Table 3). GO functional analysis displayed enrichment at
metabolic process, cellular process, biological regulation
and developmental process categories (Supplemental
Figure 1A). Interestingly, analyzing these top four
enriched sets, we found again enrichment of genes
involved in cell cycle, cell communication and primary
metabolic processes (Supplemental Figure 1B).

DISCUSSION

In this work we generated a MeS experimental
mouse model chronically feeding animals with HFD.
We found that this diet increased postnatal mammary
gland development and proliferation observed by two
particular features: high number of branches and TEB; and
prominent duct patterns (44% of mice).

Previously it was reported a positive association
between number of TEB and breast cancer risk in rodents
[23]. It was suggested that this is due to the presence of
stem cells in this undifferentiated structure that support
mammary gland proliferation and branching [24]. Several

studies proposed that early life dietary components, such
as HFD, induce the formation of TEB and correlates with
increased breast tumorigenesis [25-29]. The increase in
proliferation of ductal tree that augment mammographic
density is consider a risk factor for breast cancer in
humans [30].

In this work HFD induced prominent ducts
formation in the mammary glands. The prominent duct
pattern was first described by Wolfe who associated
this feature with increased breast cancer risk in women
[31]. More important, we found that the prominent ducts
showed increased expression levels of CtBP1 and Cyclin
D1 proteins.

We previously found that CtBP1 depletion impairs
prostate tumor growth in mice with MeS [13]. Although,
that report demonstrated that CtBP1 is crucial for prostate
tumor growth; it was unsuccessful to determine CtBP1
role in prostate carcinogenesis. Here, using breast cancer
model we found two significant differences with prostate
cancer. First, MeS induces mammary glands proliferation
triggering breast carcinogenesis. Second, CtBP1 depletion
dramatically decreases breast orthotopic tumor growth
in these mice independent of diet. We speculate that
HFD induces NADH activating CtBP1 expression in
the mammary gland which, in turn, induce prominent
epithelia ducts and trigger TEB formation. After tumor
growth initiates, high CtBP1 expression might provide
a worse prognosis to the patients. Future studies should
be performed to determine CtBP1 role in breast tumor
progression (See hypothetical model at Figure 6). Hence,
we propose to NADH/CtBP1 as a metabolic linker
between HFD and breast carcinogenesis.

Importantly, xenograft gene expression analysis
determined that CtBP1 significantly increased tumor
growth in mice with MeS regulating expression of
genes involved in proliferation, stem cell phenotype,
EMT and breast development. Previous preclinical and
clinical studies demonstrated that CtBP1 overexpression
associates with poor breast cancer prognostic [17, 18].
Our work improves this finding showing that CtBP1 might
confer a worse outcome for patients with breast cancer
associated to MeS.

miRNAs function as master regulators of a
wide range of cellular processes by modulating gene
expression. Here, we identified 42 miRNAs differentially
expressed in CtBP1 depleted xenografts grown in MeS
mice that could be promising biomarkers or therapeutic
targets (Table 1). Numerous miRNAs from this list were
previously found altered in cancer, such as hsa-let-7e-
3p, hsa-miR-4448, hsa-miR-223-3p, hsa-miR-3151-5p,
hsa-miR-940, hsa-miR-378a-3p and hsa-miR-146a-5p.
Previously, it was reported that CtBP1 regulates miR-124
in prostate cancer [32]; however, this is the first report
showing that CtBP1 regulates multiple miRNAs in breast
cancer. Moreover, GO analysis of miRNA target genes
demonstrated that CtBP1 regulates miRNAs associated to
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Table 1: List of differentially expressed miRNAs

miRNA_ID Accession shRNA Scramble/ ANOVA FDR
shRNA CtBP1 p-value p-value
hsa-miR-4697-5p MIMAT0019791 4.32 0.018 0.994
hsa-miR-664b-3p MIMAT0022272 3.24 0.018 0.994
hsa-let-7e-3p MIMAT0004485 2.72 0.015 0.994
hsa-miR-4448 MIMAT0018967 2.71 0.007 0.994
hsa-miR-223-3p MIMAT0000280 24 0.015 0.994
hsa-miR-6885-5p MIMAT0027670 2.37 0.031 0.994
hsa-miR-6721-5p MIMAT0025852 2.25 0.035 0.994
hsa-miR-3151-5p MIMAT0015024 2.13 0.045 0.994
hsa-miR-6746-3p MIMAT0027393 2.05 0.006 0.994
hsa-miR-6770-3p MIMAT0027441 1.97 0.014 0.994
hsa-miR-6743-3p MIMAT0027388 1.95 0.008 0.994
hsa-miR-6080 MIMAT0023705 1.87 0.040 0.994
hsa-miR-6840-5p MIMAT0027582 1.78 0.020 0.994
hsa-mir-4632 MI0017259 1.76 0.032 0.994
hsa-miR-3180 MIMATO0018178 1.76 0.035 0.994
hsa-miR-6781-5p MIMAT0027462 1.68 0.042 0.994
hsa-miR-146a-5p MIMAT0000449 1.66 0.032 0.994
hsa-miR-4442 MIMAT0018960 1.65 0.006 0.994
hsa-miR-1231 MIMAT0005586 1.61 0.017 0.994
hsa-miR-6881-5p MIMAT0027662 1.61 0.043 0.994
hsa-miR-3180-3p MIMAT0015058 1.61 0.043 0.994
ENSG00000199370 ENSG00000199370 1.59 0.047 0.994
hsa-miR-6863 MIMAT0027627 1.57 0.034 0.994
hsa-miR-637 MIMAT0003307 1.55 0.005 0.994
hsa-miR-4750-5p MIMAT0019887 1.55 0.047 0.994
U101 U101 1.54 0.045 0.994
hsa-miR-4302 MIMATO0016855 1.52 0.041 0.994
hsa-miR-1271-3p MIMAT0022712 1.5 0.047 0.994
hsa-mir-194-5p MI0000488 -1.5 0.040 0.994
hsa-miR-1285-3p MIMAT0005876 -1.51 0.048 0.994
hsa-miR-494-3p MIMAT0002816 -1.53 0.012 0.994
hsa-mir-381 MI0000789 -1.53 0.037 0.994
hsa-mir-433 MI0001723 -1.59 0.032 0.994
hsa-mir-548n MI0006399 -1.59 0.037 0.994
hsa-miR-6791-3p MIMAT0027483 -1.62 0.048 0.994
hsa-mir-522 MI0003177 -1.74 0.033 0.994
ENSG00000201042 ENSG00000201042 -1.76 0.023 0.994
SNORA38B SNORA38B -1.76 0.023 0.994
hsa-miR-4793-5p MIMAT0019965 -1.77 0.010 0.994
hsa-miR-6798-3p MIMAT0027497 -2.12 0.007 0.994
hsa-miR-940 MIMAT0004983 -2.48 0.035 0.994
hsa-miR-378a-3p MIMAT0000732 -3.11 0.044 0.994
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A. CtBP1 Downregulated miRNAs
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Figure 5: CtBP1 modulates miRNAs involved in metabolic process, proliferation and cell communication in breast
cancer associated to MeS. GeneChip miRNA 4.0 Affymetrix was hybridized to total RNA from xenografts with CtBP1 knockdown or
control grown in mice fed with HFD. Predicted target genes for the A. CtBP1 downregulated miRNAs; or B. CtBP1 upregulated miRNAs
were determined using miRecords data base. Pie charts show GO analysis of predicted target genes using GO Panther. Four top processes
over-represented were drilled down to smaller categories.
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Figure 6: Model proposed for CtBP1 in breast carcinogenesis induced by MeS. HFD induces NADH activating CtBP1
expression in the mammary gland which, in turn, induce prominent epithelia ducts and trigger TEB formation. After tumor growth initiates,
high CtBP1 expression might provide a worse prognosis to the patients modulating the expression of genes and miRNAs that are involved
in cell proliferation, progenitor cells phenotype, EMT and mammary development in breast tumors.

metabolism and processes linked to cell communication
and cell cycle. Thus, future studies using one particular
or multiple miRNAs might be carried out to understand
the mechanism of action and future applications of these
molecules.

Some recent studies suggest that gastrointestinal
tract microbiota modulates cancer development in
distant non-intestinal tissues [33]. In addition, HFD has
been shown to alter gut microbial communities in both
rodents [34] [35] and human beings [36]. Lakritz et al
demonstrated that host neutrophil-associated immune
responses to intestinal tract microbes significantly impact
cancer progression in distal tissues such as mammary
glands, and identified gut microbes as novel targets
for extra-intestinal cancer therapy [33]. Furthermore,
it was demonstrated that postmenopausal women with
breast cancer have altered composition and estrogen-
independent low diversity of their gut microbiota [37].
Hence, gut microbiota analysis from HFD fed mice
should be studied to determine its influence over breast
carcinogenesis.

In summary, we identified CtBP1 as a new
molecular link that associates MeS and breast cancer.

CtBP1 expression in breast cancer tumors might be a
powerful tool for diagnosis, prognosis and therapy in a
subgroup of breast cancer patients with MeS.

MATERIALS AND METHODS

Cell culture, plasmids and transfections

MCEF7 (ATCC: HTB-22), T-47D (ATCC: HTB-
133), MDA-MB-231 (ATCC: HTB-26), MDA-MB-453
(ATCC: HTB-131), MDA-MB-468 (ATCC: HTB-132),
BT-474 (ATCC: HTB-20) cell lines and its derivatives
were grown in DMEM medium (GIBCO) supplemented
with 10% of fetal bovine serum (FBS) and antibiotics.
NIH/3T3 (ATCC: CRL-1658) cell line was grown in
DMEM medium (GIBCO) supplemented with 10% of calf
serum and antibiotics.

MDA-MB-231 shRNA Scramble and MDA-
MB-231 shRNA CtBP1 stable expressing cell lines
were generated by lentiviral transduction as previously
described [13]. Stable transfected cells were selected with
2 ng/ml puromycin (Sigma-Aldrich) during 10 days and
then maintained with puromycin (1 pg/ml).
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MDA-MB-231 pcDNA3 cells and pcDNA3 CtBP1
cells were generated by transient transfection using 6 pg
of plasmid and polyethylenimine methodology (PEI -
PolySciences INC) with PEI:DNA ratio 2:1.

pcDNA3 plasmid was from Invitrogen. pcDNA3
CtBP1 plasmid was kindly provided by Dr. Richard H.
Goodman (Vollum Institute, Oregon Health & Sciences
University Portland). pGIPZ shRNA Scramble plasmid
was from Open Biosystems. sShRNA CtBP1 plasmids mix
was from Santa Cruz Biotechnology Inc.

LM38-LP cell line, derived from a murine
mammary papillary adenocarcinoma [38], were grown in
DMEM/F12 medium with non-essential amino acids and
2 pM L-glutamine (Gibco), supplemented with 10% FBS
(Internegocios) and 80 mg/ml gentamicin at 37°C.

Western blot (WB)

Cells were lysed and immunoblotted as previously
described [39] using specific antibodies: anti-CtBP1
(621042, BD Transduction Laboratories), anti-B-Actin
(4967, Cell Signaling Technology), anti-Lamin A/C (Santa
Cruz Biotechnology Inc.).

RNA isolation, cDNA synthesis and qPCR (RT-
qPCR)

RNA was isolated using Tri Reagent (Genbiotech,
Buenos Aires, Argentina). cDNA was synthesized
from RNA (2 pg) using RevertAid First Strand
(ThermoScientific). gPCR was performed as previously
described [13] using Taq polymerase (Embiotec, Buenos
Aires, Argentina) in a Biorad CFX (Biorad). Data was
normalized to B-actin and control. Primer sequences are
shown in Supplemental Table 1.

Cell viability and cell cycle analysis

Cell viability was assayed by MTS (Cell-Titer-96-
wells Aqueous non-Radioactive Cell-Proliferation Assay,
Promega) according to manufacturer instructions [39].
Cells were exposed to the indicated treatments and after 48
h were stained with propidium iodide (PI) and analyzed by
fluorescence activated cell sorting (FACS) as previously
described [40].

Orthotopic xenograft and MeS murine models

Four weeks old female nu/nu mice (N=24), were
housed under pathogen free conditions following the
IBYME’s animal care guidelines. Mice were randomized
into 2 dietary groups and fed ad libitum during 16 weeks
with control diet (CD; 4,640 kcal/kg, 5% fat) or high
fat diet (HFD; 6,040 kcal/kg, 37% fat) as previously
described [13]. For HFD, the regular chow food mouse
was supplemented with 37% of bovine fat first juice

(Fatty, Buenos Aires, Argentina). Body weight was
monitored once a week. After 10 weeks mice were
randomly distributed into 2 groups and injected in the
mammary fat pad (MFP) with MDA-MB-231 shRNA
Scramble or shRNA CtBP1 cells (4,8X10°). Tumor
volume was determined three times a week and calculated
as previously described [39]. Animals were sacrificed in
the 16" week and tumor, contralateral breast, liver, kidney
and blood samples were collected. Mice serum glucose,
cholesterol and triglycerides levels were determined as
previously described [13]. Histological analysis and IHC
studies were performed in 5 um tissue sections using
hematoxilin and eosin (H&E) or specific antibodies.

Mammosphere formation and clonogenic assays

Four weeks old female nu/nu mice (N=24), were
housed under pathogen free conditions following the
University of Buenos Aires’s animal care guidelines. Mice
were randomized into 2 dietary groups and fed during 16
weeks with CD (2,900 kcal/kg, 5% fat) or HFD (4,450
kcal/kg, 30% fat) as previously described [13]. Then
animals were sacrificed, blood samples were extracted
by heart puncture and serum was separated. For primary
mammosphere formation assay, LM38-LP cells were
exposed 144 h to 2.5% of CD or HFD serum (CDS or
HFDS). Then 10* cells were seeded in low attachment
plates and grown in DMEM-F12 medium (Gibco)
supplemented with B27 (1:50) (Life Technologies)
and 20 ng/ml EGF (BD Biosciences) for 7 days and
mammosphere number and diameter were determined as
previously described [41].

For secondary mammosphere formation assay,
LM38-LP-derived mammospheres were treated with 2.5%
of CDS or HFDS for 144 h. Primary mammospheres were
enzymatically dissociated with 0.05% of trypsin for 15
min at 37°C and cell suspension was used to generate a
second mammosphere assay [41].

Clonogenic assay was performed as previously [42]
with 3x10° cells treated with CDS or HFDS for 6 days.

Mammary whole mount

Mammary whole mount was performed as previously
[43]. Briefly, fourth inguinal MFP were whole mounted
in a slide, fixed with Carnoy, hydrated and stained with
aluminum carmine red solution. Samples were dehydrated
and cleared with xylene. Number of branches, lateral
branches and terminal end buds (TEB) were quantified
from pictures with x10 magnification of each mammary
whole mount using Cell count tool of Image J software.

miRNA microarrays

GeneChip miRNA 4.0 arrays (Affymetrix) were
hybridized with RNA from shRNA Scramble and shRNA
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CtBP1 MeS xenograft tumors. Data normalization and
analysis were performed using Expression Console™
Software 1.3.1 and Affymetrix® Transcriptome Analysis
Console (TAC) Software. Differentially expressed
miRNAs were identified using ANOVA and fold change
(p<0.05).

CtBP1 regulated miRNAs were divided into up-
and down-regulated miRNAs. The threshold was set
to 1.5 fold change for up-regulated and -1.5 for down-
regulated genes. Predicted miRNAs target genes from
each group were obtained using miRecords which
integrates predictions from 11 different data bases (http://
cl.accurascience.com/miRecords/). We only consider as
valid targets those genes that were predicted by at least 3
data bases. Duplicated genes between both groups were
eliminated.

Furthermore, validated target genes of differentially
expressed miRNAs were determined using MiRTarBase
(http://mirtarbase.mbc.nctu.edu.tw/). Gene Ontology (GO)
analysis was performed using Panther software (http://
www.pantherdb.org/).

Statistical analysis

All results are given as mean and standard deviation
(SD) of three independent experiments. Student t tests
were used to ascertain statistical significance with a
threshold of P < 0.05. For in vivo experiments, two-way
ANOVA followed by Bonferroni test were performed.
Shapiro—Wilk and Levene tests were used to assess
normality and homogeneity of variances. *, P < 0.05; **,
P <0.01;*** P<0.001.

ACKNOWLEGMENTS

This research was supported by the Argentinean
Agency of Science and Technology (ANPCyT PICT 2014-
324; ANPCyT PICT 2013-2151; ANPCyT PICT 2012-
00374). We thank the Fundacion Williams (Argentina)
and Fundacion Rene Baron (Argentina) for their support.
Part of the figures in this work was completed for the
undergraduate thesis of G.N. Dalton.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J and
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
2015; 65:87-108.

2. Czene K, Lichtenstein P and Hemminki K. Environmental
and heritable causes of cancer among 9.6 million

10.

11.

12.

13.

14.

individuals in the Swedish Family-Cancer Database. Int J
Cancer. 2002; 99:260-266.

Willett WC. Balancing life-style and genomics research for
disease prevention. Science. 2002; 296:695-698.

Kushi LH, Doyle C, McCullough M, Rock CL, Demark-
Wahnefried W, Bandera EV, Gapstur S, Patel AV, Andrews
K and Gansler T. American Cancer Society Guidelines
on nutrition and physical activity for cancer prevention:
reducing the risk of cancer with healthy food choices and
physical activity. CA Cancer J Clin. 2012; 62:30-67.
National Cholesterol Education Program (NCEP) Expert
Panel on Detection E, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III). Third
Report of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation, and
Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III) final report. Circulation. 2002;
106:3143-3421.

Harvie M, Hooper L and Howell AH. Central obesity and
breast cancer risk: a systematic review. Obes Rev. 2003;
4:157-173.

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

Reeves GK, Pirie K, Beral V, Green J, Spencer E and Bull
D. Cancer incidence and mortality in relation to body mass
index in the Million Women Study: cohort study. BMJ.
2007; 335:1134.

Vona-Davis L, Howard-McNatt M and Rose DP. Adiposity,
type 2 diabetes and the metabolic syndrome in breast
cancer. Obes Rev. 2007; 8:395-408.

Capasso I, Esposito E, Pentimalli F, Crispo A, Montella M,
Grimaldi M, De Marco M, Cavalcanti E, D'Aiuto M, Fucito
A, Frasci G, Maurea N, Esposito G, Pedicini T, Vecchione
A, D'Aiuto G, et al. Metabolic syndrome affects breast
cancer risk in postmenopausal women: National Cancer
Institute of Naples experience. Cancer Biol Ther. 2010;
10:1240-1243.

Esposito K, Chiodini P, Colao A, Lenzi A and Giugliano D.
Metabolic syndrome and risk of cancer: a systematic review
and meta-analysis. Diabetes Care. 2012; 35:2402-2411.

Bhandari R, Kelley GA, Hartley TA and Rockett IR.
Metabolic syndrome is associated with increased breast
cancer risk: a systematic review with meta-analysis. Int J
Breast Cancer. 2014; 2014:189384.

Moiola CP, De Luca P, Zalazar F, Cotignola J, Rodriguez-
Segui SA, Gardner K, Meiss R, Vallecorsa P, Pignataro
0, Mazza O, Vazquez ES and De Siervi A. Prostate tumor
growth is impaired by CtBP1 depletion in high-fat diet-fed
mice. Clin Cancer Res. 2014; 20:4086-4095.

Chinnadurai G. Transcriptional regulation by C-terminal
binding proteins. Int J Biochem Cell Biol. 2007;
39:1593-1607.

www.impactjournals.com/oncotarget

18809

Oncotarget



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Fjeld CC, Birdsong WT and Goodman RH. Differential
binding of NAD+ and NADH allows the transcriptional
corepressor carboxyl-terminal binding protein to serve
as a metabolic sensor. Proc Natl Acad Sci U S A. 2003;
100:9202-9207.

Zhang Q, Piston DW and Goodman RH. Regulation of
corepressor function by nuclear NADH. Science. 2002;
295:1895-1897.

Di LJ, Byun JS, Wong MM, Wakano C, Taylor T, Bilke S,
Baek S, Hunter K, Yang H, Lee M, Zvosec C, Khramtsova
G, Cheng F, Perou CM, Miller CR, Raab R, et al. Genome-
wide profiles of CtBP link metabolism with genome
stability and epithelial reprogramming in breast cancer. Nat
Commun. 2013; 4:1449.

Deng Y, Deng H, Liu J, Han G, Malkoski S, Liu B, Zhao
R, Wang XJ and Zhang Q. Transcriptional down-regulation
of Brcal and E-cadherin by CtBP1 in breast cancer. Mol
Carcinog. 2012; 51:500-507.

Mittal MK, Singh K, Misra S and Chaudhuri G. SLUG-
induced elevation of D1 cyclin in breast cancer cells
through the inhibition of its ubiquitination. J Biol Chem.
286:469-479.

Tripathi MK, Misra S, Khedkar SV, Hamilton N,
Irvin-Wilson C, Sharan C, Sealy L and Chaudhuri G.
Regulation of BRCA2 gene expression by the SLUG
repressor protein in human breast cells. J Biol Chem. 2005;
280:17163-17171.

Stossi F, Madak-Erdogan Z and Katzenellenbogen BS.
Estrogen receptor alpha represses transcription of early
target genes via p300 and CtBP1. Mol Cell Biol. 2009;
29:1749-1759.

Choi HJ, Lee JM, Kim H, Nam HJ, Shin HJ, Kim D, Ko E,
Noh DY, Kim KI, Kim JH and Baek SH. Bcl3-dependent
stabilization of CtBP1 is crucial for the inhibition of
apoptosis and tumor progression in breast cancer. Biochem
Biophys Res Commun. 2010; 400:396-402.

Russo J and Russo IH. Biological and molecular bases of
mammary carcinogenesis. Lab Invest. 1987; 57:112-137.

Russo J and Russo IH. Differentiation and breast cancer.
Medicina (B Aires). 1997; 57:81-91.

Hilakivi-Clarke L. Nutritional modulation of terminal end
buds: its relevance to breast cancer prevention. Curr Cancer
Drug Targets. 2007; 7:465-474.

Hiatt RA, Haslam SZ and Osuch J. The breast cancer and
the environment research centers: transdisciplinary research
on the role of the environment in breast cancer etiology.
Environ Health Perspect. 2009; 117:1814-1822.
Fenton SE. Endocrine-disrupting compounds
mammary gland development: early exposure and later life
consequences. Endocrinology. 2006; 147:S18-24.

Olivo SE and Hilakivi-Clarke L. Opposing effects of
prepubertal low- and high-fat n-3 polyunsaturated fatty acid

and

diets on rat mammary tumorigenesis. Carcinogenesis. 2005;
26:1563-1572.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Munoz-de-Toro M, Markey CM, Wadia PR, Luque
EH, Rubin BS, Sonnenschein C and Soto AM. Perinatal
exposure to bisphenol-A alters peripubertal mammary gland
development in mice. Endocrinology. 2005; 146:4138-4147.
Oza AM and Boyd NF. Mammographic parenchymal
patterns: a marker of breast cancer risk. Epidemiol Rev.
1993; 15:196-208.

Wolfe JN. The prominent duct pattern as an indicator of
cancer risk. Oncology. 1969; 23:149-158.

Chakravarthi BV, Pathi SS, Goswami MT, Cieslik M,
Zheng H, Nallasivam S, Arekapudi SR, Jing X, Siddiqui
J, Athanikar J, Carskadon SL, Lonigro RJ, Kunju LP,
Chinnaiyan AM, Palanisamy N and Varambally S. The
miR-124-prolyl hydroxylase PAHA1-MMP1 axis plays
a critical role in prostate cancer progression. Oncotarget.
2014; 5:6654-6669. doi: 10.18632/oncotarget.2208.
Lakritz JR, Poutahidis T, Mirabal S, Varian BJ, Levkovich
T, Ibrahim YM, Ward JM, Teng EC, Fisher B, Parry
N, Lesage S, Alberg N, Gourishetti S, Fox JG, Ge Z and
Erdman SE. Gut bacteria require neutrophils to promote
mammary tumorigenesis. Oncotarget. 2015; 6:9387-9396.
doi: 10.18632/oncotarget.3328.

Poutahidis T, Kleinewietfeld M, Smillie C, Levkovich T,
Perrotta A, Bhela S, Varian BJ, Ibrahim YM, Lakritz JR,
Kearney SM, Chatzigiagkos A, Hafler DA, Alm EJ and
Erdman SE. Microbial reprogramming inhibits Western
diet-associated obesity. PLoS One. 2013; 8:68596.

de Assis S, Warri A, Cruz M1, Laja O, Tian Y, Zhang
B, Wang Y, Huang TH and Hilakivi-Clarke L. High-fat
or ethinyl-oestradiol intake during pregnancy increases
mammary cancer risk in several generations of offspring.
Nat Commun. 2012; 3:1053.

Kallus SJ and Brandt LJ. The intestinal microbiota and
obesity. J Clin Gastroenterol. 2012; 46:16-24.

Goedert JJ, Jones G, Hua X, Xu X, Yu G, Flores R, Falk RT,
Gail MH, Shi J, Ravel J and Feigelson HS. Investigation
of the association between the fecal microbiota and breast
cancer in postmenopausal women: a population-based case-
control pilot study. J Natl Cancer Inst. 2015; 107.

Bumaschny V, Urtreger A, Diament M, Krasnapolski M,
Fiszman G, Klein S and Joffe EB. Malignant myoepithelial
cells are associated with the differentiated papillary
structure and metastatic ability of a syngeneic murine
mammary adenocarcinoma model. Breast Cancer Res.
2004; 6:R116-129.

De Luca P, Vazquez ES, Moiola CP, Zalazar F, Cotignola
J, Gueron G, Gardner K and De Siervi A. BRCAI loss
induces GADDI153-mediated doxorubicin resistance in
prostate cancer. Mol Cancer Res. 2011; 9:1078-1090.

Lahusen T, De Siervi A, Kunick C and Senderowicz
AM. Alsterpaullone, a novel cyclin-dependent kinase
inhibitor, induces apoptosis by activation of caspase-9 due
to perturbation in mitochondrial membrane potential. Mol
Carcinog. 2003; 36:183-194.

WWW

.impactjournals.com/oncotarget

18810

Oncotarget



41.

42.

Berardi DE, Flumian C, Rodriguez CE, Diaz Bessone MI,
Cirigliano SM, Bal de Kier Joffe ED, Fiszman GL, Urtreger
Al and Todaro LB. PKCdelta Inhibition Impairs Mammary
Cancer Proliferative Capacity But Selects Cancer Stem
Cells, Involving Autophagy. J Cell Biochem. 2015.

Berardi DE, Flumian C, Campodonico PB, Urtreger AJ,
Diaz Bessone MI, Motter AN, Bal de Kier Joffe ED, Farias

43.

EF and Todaro LB. Myoepithelial and luminal breast cancer
cells exhibit different responses to all-trans retinoic acid.
Cell Oncol (Dordr). 2015; 38:289-305.

Kordon EC and Smith GH. An entire functional mammary

gland may comprise the progeny from a single cell.
Development. 1998; 125:1921-1930.

www.impactjournals.com/oncotarget

18811

Oncotarget



