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Abstract: Despite considerable efforts in prevention and therapy, breast cancer remains a major
public health concern worldwide. Numerous studies using breast cancer cell lines have shown the
antiproliferative and pro-apoptotic effects of docosahexaenoic acid (DHA). Some studies have also
demonstrated the inhibitory effect of DHA on the migration and invasion of breast cancer cells, making
DHA a potential anti-metastatic agent. Thus, DHA has shown its potential as a chemotherapeutic
adjuvant. However, the molecular mechanisms triggering DHA effects remain unclear, and the aim
of this study was to provide a transcriptomic basis for further cellular and molecular investigations.
Therefore, MDA-MB-231 cells were treated with 100 µM DHA for 12 h or 24 h before RNA-seq
analysis. The results show the great impact of DHA-treatment on the transcriptome, especially after
24 h of treatment. The impact of DHA is particularly visible in genes involved in the cholesterol
biosynthesis pathway that is strongly downregulated, and the endoplasmic reticulum (ER)-stress
response that is, conversely, upregulated. This ER-stress and unfolded protein response could explain
the pro-apoptotic effect of DHA. The expression of genes related to migration and invasion (especially
SERPINE1, PLAT, and MMP11) is also impacted by DHA. In conclusion, this transcriptomic analysis
supports the antiproliferative, pro-apoptotic and anti-invasive effects of DHA, and provides new
avenues for understanding its molecular mechanisms.

Keywords: apoptosis; breast cancer; cholesterol metabolism; docosahexaenoic acid; ER-stress;
migration; invasion; lipid metabolism; unfolded protein response

1. Introduction

Breast cancer is the most frequent malignant tumor in women and accounts for about 25% of all
carcinomas diagnosed in women worldwide [1,2]. Despite increasing developments in therapeutic
strategies, breast cancer remains a deadly threat to patients [2]; therefore, in addition to efforts for new
therapeutic approaches, it is also necessary to promote prevention strategies.

Bioactive molecules from natural sources have increased interest as therapeutics and adjuvants, or
for their beneficial dietary effects. Polyunsaturated fatty acids (PUFAs) have demonstrated several, and
sometimes controversial benefits for human health [3,4]. Increasing evidence suggests that n-3 PUFA,
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but not n-6 PUFAs, have anticancer activity and improve the effectiveness of conventional cancer
therapy [5–14]. However, the analysis of PUFAs-enriched diet effects on breast cancer appearance and
progression is complex and controversial due to the multitude of cancer typologies and origins and the
pleiotropic effect of PUFAs [15–17].

Docosahexaenoic acid (DHA, 22:6n-3) is a polyunsaturated fatty acid with its first double bond at
the n-3 (or omega-3) position (n-3 PUFA). DHA is synthesized from the essential fatty acid precursor
alpha-linolenic acid (18:3n-3), and its main nutritional sources are currently fatty fishes and oily fish.
Microalgae such as Diacronema lutheri or Tisochrysis lutea appear as promising alternatives for DHA
supply [11,12,18]. DHA has shown anticancer effects in several types of cancers and, at the cellular
level, has demonstrated promising antiproliferative and pro-apoptotic effects in several types of cancers
and cell lines [9,19–21], among which breast cancer cells [17,22,23]. The mechanisms underlying the
anticancer effect of DHA include the regulation of Wnt/β-catenin inhibition, oxidative DNA damage,
and mitogen-activated protein kinase activation (reviewed in [18,22,23]). DHA was also shown to
induce autophagy whilst suppressing mTOR in human cervical cancer, prostate cancer, lung cancer,
and glioblastoma cells [24–27]. More specifically for breast cancer, several intracellular targets have
been identified as being involved in the DHA effect, among which the PKB/akt, and p53 pathways and
increased caspase activity (reviewed in [18,23]). Additional mechanisms involved in the pro-apoptotic
effect of DHA in breast cancer cells include, but are not limited to, decreased Erk activity [28,29],
increased Bax pro-apoptotic enzyme levels or activity and decreased Bcl-XL, increased death receptors
(DR-4, TRAIL, and Fas) expression and mitochondrial release of the caspase activator SMAC/Diablo
in the MCF-7 cell line [30], PPAR-α overexpression in breast cancer tissue or cells [31,32], increased
expression of the stress-induced growth inhibitor 1 (OSGIN1) and transcription factor NFE2L2 in
MCF-7 and Hs578T breast cancer cells [33]. However, DHA also increased the activity of antioxidant
enzymes (SOD, CAT, and GPX) in breast cancer tissues [31], suggesting that the anti-/pro-oxidant
effects of DHA may be dependent on the cell type and concentration used. Finally, DHA also acts as an
antiproliferative agent by lengthening the cell cycle at the G2/M transition, such as in the MDA-MB-231
breast cancer cell line [34].

A few studies have shown that diet can affect the metastatic potential of cancer cells known
to have a high metastatic phenotype such as breast cancer [35,36]. The anti-invasive effect of DHA,
at a concentration ranging from 10 to 100 µM, was highlighted in breast cancer cell lines [31,37–43].
Moreover, this anti-metastatic effect is corroborated by in vivo animal studies using fat-1 transgenic
mice capable of producing n-3 FA from the n-6 type, leading to abundant n-3 FA with reduced levels of
n-6 FA in their organs and tissues, and this was without the need of a dietary n-3 supply [44]. The use
of fat-1 transgenic mice has shown a decrease in tumor growth and the diminution of lung metastasis
of syngeneic breast cancer cells in this DHA-rich environment [42].

Therefore, DHA appears as a safe, natural compound that can greatly improve the anticancer
properties of anticancer drugs by additive or synergistic interactions [14,45,46]. In addition, n-3
PUFA reduced the risk of obesity-related breast cancer [47] and had protective effects towards the
cardiotoxicity of anthracyclines, the most extensively used chemotherapeutics [48,49]. Thus, current
results of cohort studies and investigations in cell lines or animal models demonstrated that DHA
could reduce tumor cell number by acting as soon as the cell begins its neoplastic transformation
through a decrease in proliferation and an increase in apoptosis. However, the cellular targets and
mechanisms of action of DHA remain to be further understood, and genome-wide transcriptomic
studies are few.

In the present study, MDA-MB-231 cells, which are a commonly used model of triple-negative
breast cancer, were submitted to DHA treatment and then analyzed by RNA-sequencing.
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2. Materials and Methods

2.1. Cell Culture and Treatment

The triple-negative breast cancer cell line MDA- MB-231 was purchased from ATCC (Manassas,
VA, USA) and routinely grown as monolayers at 37 ◦C, in a humidified atmosphere with 5% CO2,
in minimum essential medium (MEM) (Sigma-Aldrich, Saint-Quentin Fallavier, France) supplemented
with 10% fetal calf serum (FCS) (Gibco; Invitrogen, Cergy Pontoise, France), 20 mM Hepes, and 2 mM
L-glutamine, 100 U/ml penicillin/streptomycin (Sigma-Aldrich).

For subsequent RNA analysis experiments, cells were plated in four biological replicates in
six-wells plates for 24 h, then the medium was removed and replaced by fresh medium containing or
not 100 µM DHA for 12 h or 24 h. Cells were then dissociated with 0.5 mL of non-enzymatic dissociation
solution. After homogenizing, cell viability was determined using the Trypan blue dye exclusion test
(Sigma-Aldrich), and counts were performed using a Malassez hemocytometer. The remaining cells
were washed with 5 mL sterile phosphate buffer saline (PBS), and centrifuged for 10 min at 200× g.
The pellet was homogenized, washed again with PBS, and centrifuged under the same conditions.
The supernatants were discarded, and cells kept at –80 ◦C until RNA extraction.

2.2. RNA Extraction

Cell pellets (1.6 × 106 cells) were first lysed and homogenized using the QIAshredder kit
(Qiagen, Courtaboeuf, France), then total RNAs were extracted using the RNeasy mini kit (Qiagen)
according to manufacturer’s instructions. The total RNA was quantified using a Nanodrop®ND-1000
spectrophotometer (Thermo Fisher Scientific, Illkirch, France). The quality and integrity of RNA
samples were assessed using the 2100 Bioanalyzer and RNA 6000 Nano LabChip kit series II (Agilent
Technologies, Les Ulis, France). The RNAs extracted were of good quality, and the RNA integrity
number (RIN) was >9 in all cases.

2.3. Library Construction and RNA-seq Analysis

For each of the four biological replicates per condition, the library construction was performed
from 500 ng of total RNA with SureSelect Strand-Specific RNA Library Prep for Illumina Multiplexed
kit (#5190-6410, Agilent Technologies) according to manufacturer’ protocol as previously described [50].
Purifications were carried out with NucleoMag NGS Clean-up and Size Select (#744970.50,
Macherey-Nagel, Hoerdt, France). The fragments size of libraries was controlled on D1000 ScreenTape
with 2200 TapeStation system (Agilent Technologies). Libraries with P5–P7 adaptors were specifically
quantified on the LightCylcer ® 480 Instrument II (Roche Life Science, Meylan, France) and normalized
with DNA Standards (1–6) (#KK4903, Kapa Biosystems—CliniSciences, Nanterre, France). Then,
11.5 picomolar of each library was pooled and prepared according to the denaturing and diluting
libraries protocol for the Hiseq and GAIIx (part#15050107 v02, Illumina, Paris, France) for cluster
generation on the cBotTM system. Paired-end sequencing (2 × 100 cycles) was carried out in four
lanes on HiSeq® 2500 system (Illumina) in TruSeq v3 chemistry according to the instructions of
HiSeq® 2500 System Guide (part#15035786 v01, Illumina). After demultiplexing and quality control
with fastQC_0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), Illumina adapter
were trimmed with Cutadapt-1.2.120 and reads with a Phred quality score below 30 were filtered
with prinseq-lite-0.20.321,22. Reads were aligned against the human hg19 reference genome with
Tophat2.0.1023 counted with the HTseq-count from HTSeq-0.5.4p524, and differential analysis was
performed with DESeq225. Differentially expressed genes were selected when the Log2 fold change ≥1
and p < 0.001.

2.4. Quantitative RT-PCR

RNA reverse transcription was performed using the GoScript reverse transcriptase (Promega,
Madison, WI) with random primers and 1 µg of total RNA. The obtained RT-products were diluted
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1/16 for quantitative real-time PCR (qPCR), which was performed in triplicates using the GoTaq®qPCR
Master Mix (Promega) with CXR reference dye (Promega) and the real-time thermal cycler StepOne
Plus (Applied Biosystems). The fold change was calculated as previously described in [51] using
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and Actin-β (ACTB) as housekeeping genes
(N = 3). Primers used for qPCR amplification are displayed in Table S1 and were purchased from
Eurofins (Nantes, France).

2.5. Statistical Analysis

The RNA-seq analysis was done in four biological replicates, while quantitative RT-PCR was done
using three biological replicates. Individual data points are plotted with mean ± SD. Statistical analyses
were done using two-way ANOVA-multiple comparisons with difference considered statistically
significant at p < 0.001 (GraphPad Prism 6, GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

3.1. Global Overview of DHA Impact on MDA-MB-231 Cells Transcriptome

In order to gain further insights into the molecular mechanisms triggered by DHA in breast
cancer cells, we have undertaken a transcriptomic analysis of MDA-MB-231 cells treated with 100 µM
of DHA, a concentration that has proven its efficiency to reduce proliferation, induce apoptosis,
and prevent invasion in this cell line [37,38]. The RNA-seq analyses were performed on biological
quadruplicates, and the average depth of coverage obtained after sequencing was 37 million pairs
of reads. The principal component analysis (PCA) of the samples shows a very high intra-group
homogeneity, since more than 90% of the variability of the data is explained by the first two axes
(Figure 1). The samples treated with DHA for 24 h stand out clearly (PC1: 79.5%) from the rest of
the samples, which shows that the effect of the treatment appears particularly between 12 and 24 h
of treatment.

Figure 1. Principal component analysis (PCA) of RNA-seq samples. PCA of samples analyzed in
quadruplicate. PC1 (79.5%) shows a very significant difference between the samples treated with DHA
for 24 h (violet spots) versus all other samples. PC2 (11.7%) discriminates control samples (red and
blue spots) from treated samples (green and violet spots). These two axes explain 91.2% of the data
variability, with a very good intra-group homogeneity.

This obvious change in the pattern of gene expression in treated cells compared to control cells
concerns a total of 390 genes differentially expressed in a statistically significant manner (i.e., Log2 fold
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change ≥1 and p < 0.001) after 24 h in the presence of DHA. A total number of 23 and 213 genes were
upregulated in DHA-treated cells versus controls at 12 h and 24 h time points, respectively (Table 1
and Table S2). Among the 23 genes upregulated after 12 h of treatment, 16 were also differentially
expressed at 24 h and only seven among them (i.e., AKR1C1, EPGN, HMOX1, PLIN2, SLCO2B1,
and two LncRNA/pseudogene) are further upregulated showing a time-dependent effect of DHA
(Figure 2a). By contrast, five genes (i.e., AKR1C3, CPT1A, GCLM, HSPA6, SLC25A20) and two LncRNA
(RP5-875H18.4 and LINC01363) among those upregulated at 12 h were not differentially expressed at
24 h.

Figure 2. Differentially expressed genes with time-dependent effects of DHA. Log2 fold change of
upregulated (a) and downregulated (b) genes at 12 h and 24 h after DHA treatment. Data were extracted
from Tables 1 and 2; the p values between DHA-treated samples and corresponding control samples
were below 0.001 (Tables S2 and S3), and the comparison between treated samples at 12 h and 24 h was
significantly different (*) with p < 0.001.
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Table 1. Top 25 of DHA-upregulated genes (with the exception of pseudogenes and LncRNA).

Official Symbol * Official Full Name
(According to GeneCards®)

Main Functions
(According to GeneCards®)

Log2 Fold Change

12h 24h

DLEC1 DLEC1 Cilia and Flagella Associated Protein May act as a tumor suppressor by inhibiting cell proliferation 4.93

ESRP1 pithelial Splicing Regulatory Protein 1 mRNA splicing factor 4.12

C5AR1 Complement C5a Receptor 1 Signal transduction; immune response 3.96

GDF15 Growth Differentiation Factor 15 Signal transduction 3.95

SHANK2 SH3 And Multiple Ankyrin Repeat Domains 2 Synapse component 3.73

MOV10L1 Mov10 Like RISC Complex RNA Helicase 1 piRNA processing; transposable element inhibition 3.67

INHBE Inhibin Subunit Beta E Apoptosis inductor; proliferation inhibitor, ER stress response 3.43

FLRT1 Fibronectin Leucine Rich Transmembrane Protein 1 Signal transduction; cell adhesion 3.39

ANGPTL4 Angiopoietin Like 4 Lipoprotein metabolism; Regulation of lipid metabolism by PPARalpha 3.58 3.06

SPX (C12orf39) Spexin Hormone modulation of cardiovascular and renal function;
energy metabolism and storage; inhibits adrenocortical cell proliferation 2.96

KLHDC7B Kelch Domain Containing 7B Unknown 2.91

ASNS Asparagine Synthetase (Glutamine-Hydrolyzing) Asparagin synthesis 2.81

ECM2 Extracellular Matrix Protein 2 Cell adhesion 2.78

EPGN Epithelial Mitogen Signal transduction; proliferation 1.23 2.67

CTH Cystathionine Gamma-Lyase Cysteine metabolism 2.59

NUPR1 Nuclear Protein 1, Transcriptional Regulator Transcriptional regulator; stress response 2.48

CLDN1 Claudin 1 Tight junction component; water permeability 2.43

IL1A Interleukin 1 Alpha Signal transduction; inflammatory response 2.39

SLC16A1 Solute Carrier Family 16 Member 1 Monocarboxylate transporter 2.37

HSPA5 Heat Shock Protein Family A (Hsp70) Member 5 Endoplasmic reticulum chaperone; ER stress response 2.28

AKR1C1 Aldo-Keto Reductase Family 1 Member C1 Progesterone metabolism 1.26 2.25

TRIB3 Tribbles Pseudokinase 3 Signal transduction; inhibition of NF-KB pathway 2.22

SLC6A9 Solute Carrier Family 6 Member 9 Glycine transporter 2.18

HMOX1 Heme Oxygenase 1 Heme catabolism 1.47 2.17

PLIN2 Perilipin 2 Lipid droplets component; marker of lipid accumulation;
Regulation of lipid metabolism by PPARalpha 1.86 2.12

* Gene symbol in brackets corresponds to former gene name.
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Table 2. Top 25 of DHA-downregulated genes.

Official Symbol * Official Full Name
(According to GeneCards®)

Main Functions
(According to GeneCards®)

Log2 Fold Change

12h 24h

INSIG1 Insulin Induced Gene 1 Regulation of cholesterol biosynthesis by SREBP (SREBF). −1.95 −2.50

SCD Stearoyl-CoA Desaturase Fatty Acyl-CoA Biosynthesis;
Regulation of cholesterol biosynthesis by SREBP (SREBF). −1.82 −2.28

PLEKHS1 Pleckstrin Homology Domain Containing S1 Unknow −1.07 −2.21

SORBS2 Sorbin And SH3 Domain Containing 2 Signal transduction; adaptator protein −2.15

SHISA3 Shisa Family Member 3 Signal transduction; adaptator protein; Wnt pathway −2.05

LINC00263 Long Intergenic Non-Protein Coding RNA 263 Unknow −1.64 −1.92

PDE4B Phosphodiesterase 4B Signal transduction −1.86

NEURL1B Neuralized E3 Ubiquitin Protein Ligase 1B E3 ubiquitin-protein ligase; Notch pathway −1.82

F13A1 Coagulation Factor XIII A Chain Clotting −1.82

LIPG Lipase G, Endothelial Type Lipoprotein metabolism −1.55 −1.82

WT1 Wilms’ Tumor-1 Transcription Factor Transcription factor; cell proliferation; tumor suppressor −1.81

CD34 CD-34 molecule Surface antigen; possible adhesion molecule −1.26 −1.80

MEOX1 Mesenchyme Homeobox 1 Transcription factor −1.08 −1.76

FADS2 Fatty Acid Desaturase 2 Biosynthesis of highly unsaturated fatty acids −1.03 −1.74

MVK Mevalonate Kinase Terpenoid backbone biosynthesis; Regulation of cholesterol biosynthesis by SREBP −1.19 −1.72

OLFML2B Olfactomedin Like 2B Extracellular matrix binding −1.63

CAVIN2 (SDPR) Caveolae Associated Protein 2 Regulation of caveolae morphology −1.62

ACOT1 Acyl-CoA Thioesterase 1 Fatty acid biosynthesis −1.46 −1.61

TENT5C (FAM46C) Terminal Nucleotidyltransferase 5C mRNA stability; Mainly targets mRNAs encoding endoplasmic
Reticulum-targeted protein; may be involved in the induction of cell death −1.61

RHOV Ras Homolog Family Member V Signal transduction −1.60

IDI1 Isopentenyl-Diphosphate Delta Isomerase 1 Terpenoid backbone biosynthesis; Regulation of cholesterol biosynthesis by SREBP −1.11 −1.60

ANO1 Anoctamin 1 Calcium-activated chloride channel −1.57

HMGCS1 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 Regulation of lipid metabolism by PPARalpha −1.32 −1.56

SESN3 Sestrin 3 Protection against oxidative stress; negative regulation of mTOR pathway −1.55

FAM13C Family With Sequence Similarity 13 Member C Unknow −1.55

* Gene symbol in brackets corresponds to former gene name.
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Furthermore, 32 and 177 additional genes were downregulated in DHA-treated cells versus
controls at 12 h and 24 h time points, respectively (Table 2 and Table S3). Among them, 17 genes were
downregulated at 12 h and further decreased at 24 h (Figure 2b), showing a time-dependent effect
of DHA. Besides, the expression level was less decreased at 24 h for three genes (i.e., OLR1, SREBF1,
TMPRSS9) and one LncRNA.

These differentially expressed genes could be categorized in several Gene Ontology classes
grouped into eight main groups (Table S4), including: (1) lipid and sterol metabolism, (2) cell
growth/proliferation, (3) apoptosis, (4) cell adhesion, migration and invasion, (5) angiogenesis,
(6) ER-stress response, (7) signaling pathways, and (8) miscellaneous. The main unidirectionally
modulated pathways are represented in Figure 3, which show the percentage of genes per category
that are up- or downregulated following 24 h of DHA treatment. The cholesterol biosynthesis pathway
appears as clearly downregulated, and the ER-stress response pathway as obviously upregulated
(Figure 3).

Figure 3. Percentage of genes per Gene Ontology category up- or downregulated following 24 h DHA
treatment. Data were extracted from Table S4. Green bars on the left represent downregulated genes,
whereas red hatched bars on the right are for upregulated group of genes.

3.2. Quantitative RT-PCR Validation of the Results

To validate the RNA-seq data, the expression level of nine genes was determined using quantitative
RT-PCR (Figure 4). Even though the Log2 fold change varied to some extent between the RNA-seq
data and the quantitative RT-PCR data due to technical differences and limitations, the expression
trend of the tested genes was consistent between the two data sets. This indicates that the RNA-seq
results are a reliable resource for further analysis.
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Figure 4. Quantitative RT-PCR validation of mRNA expression level. The results are expressed as the
Log2 fold variation with respect to the corresponding control and GAPDH was used as a reference
gene. Numeric values are the RNA-seq Log2 fold change values as per Supp. Table S2 for comparison;
n.d. means that this gene was not differentially expressed in the RNA-seq dataset at the 12 h timepoint.
Data are the mean +/– S.D. of three independent experiments; * means a significant difference with a
corresponding control with p < 0.001 and # means significative difference between 24 h and 12 h treated
timepoints with p < 0.001.

3.3. DHA Impacted the Regulation of Lipids, Fatty Acid, and Sterol Metabolisms

Although the CPT1A (Carnitine Palmitoyltransferase 1A), the key enzyme of fatty acid degradation,
gene was upregulated at 12 h post-DHA treatment, it was not differentially expressed thereafter.
However, most of the genes (i.e., 11 out of 20) that were downregulated by DHA at both 12 h and
24 h are involved in fatty acid and cholesterol metabolisms and their regulation (Figure 2B, Table 2
and Tables S3 and S4). Ten additional genes involved in lipid or lipid-related metabolisms were also
downregulated at 24 h, whereas seven genes of such pathways were upregulated. Thus, the number of
genes related to lipid metabolism reaches 7% of the differentially expressed genes.

As it could be expected, the incorporation of DHA into the cells [23,37] resulted in the inhibition
of the biosynthesis pathway of long-chain fatty acid as shown by the decreased expression of
Acyl-CoA thioesterase 1 (ACOT1), Fatty Acid Elongase 3 (ELOVL3), Stearoyl-CoA Desaturase (SCD) and
moreover long-chain polyunsaturated fatty acids (LCPUFAs) by decreasing the expression of the
delta-6 desaturase Fatty Acid Desaturase 2 (FADS2). Twenty-four hours of DHA treatment also decreased
by 2.3-fold the expression of the Fatty Acid Synthase (FASN), and even if Oleoyl-ACP Hydrolase (OLAH)
gene expression was four-fold increased. Besides, the PNPLA3 gene, which encodes a triacylglycerol
lipase, is two-fold decreased. Altogether, these data indicate that fatty acid metabolism and then energy
metabolism may be strongly affected by DHA treatment, which may explain in part its antiproliferative
effect. Besides, DHA was shown to inhibit the increase of lipogenic activity and gene expression
(especially that of FASN) in HER2-overexpressing breast cancer cells, which was independent of the
mTOR and PPARγ pathways [52], suggesting that DHA effect is also independent of these pathways.

In addition, ten genes involved in cholesterol metabolism were differentially expressed after DHA
treatment. Nine genes involved in the cholesterol biosynthesis pathway (i.e., HMGCS1, HMGCR,
MVK, IDI1, FDFT1, LSS, MSMO1, DHCR24, and DHCR7) are downregulated (Figure 5), whereas one
gene (CH25H) coding an enzyme involved in cholesterol catabolism was upregulated indicating that
cholesterol may be dramatically affected by DHA treatment as previously observed [53,54].
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Figure 5. Schematic view of genes downregulated (green) and upregulated (red) in the biosynthesis
and degradation pathway of cholesterol.

In addition, some genes involved directly or indirectly in fatty acid and cholesterol metabolism
regulation by the Sterol Regulatory Element Binding Transcription Factor 1 (SREBF1/SREBP1) or
Peroxisome Proliferator-Activated Receptor alpha (PPAR-α) were downregulated. A three-fold
decrease of SREBF1 gene itself was observed at 12 h post-DHA treatment. This gene encodes a basic
helix-loop-helix-leucine zipper (bHLH-Zip) transcription factor that binds to the sterol regulatory
element-1 and then regulates transcription of the LDL receptor (LDLR) gene, as well as the fatty acid and
to a lesser degree the cholesterol synthesis pathway. Indeed, the LDLR gene was also downregulated by
about three-fold following DHA treatment. The INSIG1 gene was dramatically downregulated by DHA
both after 12 h (about four-fold) and 24 h (about five-fold) of treatment (Figure 2b). This gene encodes
a transmembrane protein of the endoplasmic reticulum (ER) that regulates cholesterol metabolism,
lipogenesis, and glucose homeostasis [55]. The INSIG1 protein binds the sterol-sensing domains of
SREBP cleavage-activating protein (SCAP) and 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMG-CoA reductase), and is essential for the sterol-mediated trafficking of these two proteins [56].
In the same way, the PDK4 gene, which encodes a pyruvate dehydrogenase kinase that plays a key
role in the regulation of glucose and fatty acid metabolism and homeostasis via phosphorylation of
the two pyruvate dehydrogenase subunits [57], is upregulated by 5.5- and four-fold at 12 h and 24 h,
respectively (Figure 2a). By contrast, the ANKRD1 gene is only early downregulated at 12 h but not at
24 h. The encoded protein may be a transcription factor involved in the regulation of lipid metabolism
by PPAR-α [58].

The lipoprotein metabolism is also affected by the downregulation of the LIPG gene, which
encodes a triglyceride lipase involved in high-density lipoproteins hydrolysis. The Oxidized Low-Density
Lipoprotein Receptor 1 (OLR1) gene expression is also reduced, at both time points (Figure 2b). However,
the impact in cell cultures should rather be due to the role of OLR1 in the regulation of Fas-induced
apoptosis [59].

By contrast, several genes involved in eicosanoid, lipophilic hormones, and vitamins are
upregulated. This includes the aldo-keto reductases genes AKR1B10, AKR1C1, and AKR1C3, which
are involved in retinoids, progesterone, and prostaglandin metabolisms, respectively. In addition,
the ALOX5AP gene encoding a 5-lipoxygenase activating protein required for leukotriene synthesis
is also upregulated, as well as the PTGS2 gene encoding Prostaglandin-Endoperoxide Synthase 2
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(or cyclooxygenase-2), the key enzyme of prostaglandin synthesis. This suggests that increasing
PUFA content leads to the stimulation of storage and use paths. In agreement with this suggestion,
the Perilipin (PLIN2) gene, which encodes a protein involved in the coating of intracellular lipid
droplets [60,61], is strongly upregulated at both time points (Figure 2a). Finally, the GPCPD1 gene that
encodes Glycero-phosphocholine Phosphodiesterase 1 is also upregulated at 24 h (Tables S2 and S4).

It should be noted that the effect of DHA on breast cancer cells may be different in other cell
lines due to their mesenchymal versus epithelial status. Indeed, the breast cancer epithelial cell model
MCF7, with respect to the MDA-MB-231 mesenchymal model, displays increased lipogenic activity as
highlighted by the higher level of FASN and other lipogenic enzymes whose expression is controlled
transcriptionally [62]. Therefore, in further work, the transcriptomic response to DHA should also be
investigated in MCF-7 cells.

3.4. Antiproliferative Effect and Induction of Apoptosis

Several genes involved in the control of cell growth and the proliferation, and cell death by
apoptosis or autophagy were found as differentially expressed, as highlighted in Table S4. Many
genes contribute to both cell growth and cell death pathways, as well as other biological processes.
In addition, some of these gene products act in an opposite way depending on the cell type or
condition. For example, NUPR1 may act as a negative regulator of apoptosis as well as a facilitator
of apoptosis [63,64] or FGFR3, which may promote apoptosis in chondrocytes, but can also promote
cancer cell proliferation [65,66]. Therefore, it is not surprising to find these genes either down- or
upregulated in the same category. However, some clear trends could be highlighted from Table S4.

Genes identified as negative regulators of cell proliferation such as DLEC1, which is the highest
upregulated gene (about 30-fold increase), KLF4, HMOX1, IL12A, NUPR1, TRIB1 are rather upregulate,
whereas positive regulators of cell proliferation are downregulated such as BMP4, CDKN2C, ERBB3,
FGFR3, TGFB3, and WT1. Interestingly, the PLK1 gene is also downregulated in DHA-treated cells.
It encodes a CDC5/Polo-Like Kinase that acts as a negative regulator of p53 family members and then
as a critical regulator of cell cycle progression, mitosis, and cytokinesis [67,68]. The INSIG1 metabolic
regulator, whose expression is downregulated in DHA-treated cells (see above), may also play a
regulatory role during the G0/G1 transition of cell growth [69]. Genes that are involved in the mitotic
process, such as ASPM and SAPCD2 may also play a role in the positive regulation of cell proliferation,
and tumor cell growth [70–74], the DHA-induced decrease of their expression is then consistent with
the antiproliferative effect of DHA.

However, the most striking finding is the upregulation of 25% of the genes involved in the apoptotic
signaling pathway in response to ER-stress, namely ATF4, CEBPB (or NF-IL6), CHAC1, DDIT3 (also
known as CHOP), ERN1 (IRE1-α), PPP1R15A (GADD34), TRIB3, and XBP1 (Table S4, Figures 3 and 6) [75,76].
The upregulation of INHBE is also a marker of the ER-stress induction in DHA-treated cells and may
act on cell growth inhibition [77]. The triggering of ER-stress-induced apoptosis by DHA agrees with
previous studies using colon, colorectal, and glioma cancer cells [54,78–80] and even in non-alcoholic
steatohepatitis patients [81]. In addition, the Glutathione-Specific Gamma-Glutamyl-cyclo-transferase
encoded by the CHAC1 gene, which is also upregulated, induces a glutathione depletion that
is an important factor for apoptosis initiation and execution, and thus, acts as a pro-apoptotic
component of the unfolded protein response pathway by mediating the pro-apoptotic effects of the
ATF4-DDIT3/CHOP cascade [82]. Although it is always difficult to generalize results from one cancer
lineage to another, previous studies in different cancer cell lines may provide some suggestions of the
mechanisms by which DHA might act in MDA-MB-231 breast cancer cells to induce ER-stress and
then apoptosis. In colon cancer cell lines, DHA enhanced lipid peroxidation followed by the increased
levels of phosphorylated eIF2a, an early hallmark of ER-stress [54]. Prolonged ER-stress may lead to
apoptosis through the activation of the ATF-4 transcription factor and DDIT3/CHOP [54], which agrees
with our present results. In addition to being the principal site for protein synthesis and folding, ER is
also the major site of Ca++ storage and signaling. In colon cancer cells, Jacobsen et al. have shown that
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DHA treatment mobilizes Ca++ from ER into the cytosol by an unknown mechanism, and then this
Ca++ perturbation may promote ER-stress [54]. The perturbation of biosynthesis of fatty acids and
cholesterol may also induce ER-stress. However, DHA reduced the cholesterol synthesis pathway in
colon cancer cells [54], contrasting with our transcriptomic results in breast cancer cells (see above).
The results of Shin et al., using the cisplatin-resistant gastric cancer cell line SNU601/cis2, suggest that
increased ROS generation by DHA could induce ER stress via direct action on eIF2α kinases, working
upstream of the inositol 1,4,5-triphosphate receptor and Ca++-mediated induction of the ER-stress
response and apoptosis [80]. They also highlighted the involvement of the G-protein coupled receptor
120 (GPR120), a receptor of long-chain fatty acid [80], but this receptor does not appear to be expressed
in MDA-MB-231 cells contrarily to MCF-7 breast cancer cells [83].

Figure 6. Schematic representation of upregulated genes (red boxes) related to ER-stress and leading to
apoptosis and protein degradation. Common names of related proteins are indicated in brackets.

In addition, some other pro-apoptotic pathways may be stimulated by DHA through the
up-regulation of CEBPG, DDIT4, G0S2, PPP1R15A, UNC5B, PTPRH, SESN2, and TNFSF15 (Table 1
and Table S2). The CEBPG (CCAAT Enhancer Binding Protein Gamma) bZIP transcription factor may
stimulate the Akt-dependent apoptotic pathway through its cooperation with FOS [84]. The G0/G1
Switch 2 (G0S2) protein promotes apoptosis by binding to BCL2, hence preventing the formation
of protective BCL2-BAX heterodimers, and is related to the regulation of lipid metabolism by
PPAR-α [85,86]. Besides, the PPP1R15A gene transcript levels are increased as previously reported
following stressful growth arrest conditions and treatment with DNA-damaging agents [87]. The level
of the PPP1R15A (Protein Phosphatase 1 Regulatory Subunit 15A) protein, also known as GADD34, is
correlated with apoptosis through the recruitment of the serine/threonine-protein phosphatase PP1.
Then, PPP1R15A downregulates the TGF-β signaling pathway by promoting dephosphorylation of
TGFB1 by PP1 and apoptosis by inducing TP53 phosphorylation on Ser-15 [88,89]. The DDIT4 proteins
also regulate p53/TP53-mediated apoptosis in response to DNA damage, but via its effect on mTORC1
activity [90]. The mTORC1 pathway may also be inhibited by Sestrin-2 (SESN2), which is known as a
stress-inducible metabolic regulator stimulated, among other stresses, by ER-stress [91]. However,
the CASTOR3 and Sestrin-3 (SES3) genes for mTORC1 regulators were found downregulated (Table 2
and Table S3). Finally, Sestrin-2, the expression of which is upregulated in DHA-treated cells, may
also positively regulate the transcription by NFE2L2 of genes involved in response to oxidative stress
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by facilitating the SQSTM1-mediated autophagic degradation of KEAP1 [92]. The expression of the
SQSTM1 gene being also upregulated in DHA-treated cells (Table S2).

3.5. Reduction of Migration and Invasion

Migration and invasion of MBA-MD-231 cells were reduced by DHA-treatment as previously
reported [37], but the mechanism of this still remains unknown. From the present RNA-seq analysis,
no clear scheme could be drawn, and any specific pathway appears really modulated. However,
several genes known, as involved in cell migration and invasion, are differentially expressed (Table S4).
The protein encoded by the TMPRSS9 gene is a membrane-bound type II serine polyprotease that is
cleaved to release three different proteases. Two of the proteases are active and can be inhibited by
serine protease inhibitors, and one is thought to be catalytically inactive. The TMPRSS9 expression
was reported to enhance the invasive capability of pancreatic cancer cells [93] and may be involved
in cancer progression. Therefore, the two-fold downregulation of TMPRSS9 may account, at least
in part, for the reduction of the invasive phenotype of MDA-MB-231 cells. Similarly, the 2.5-fold
downregulation of ADAMTS4, which encodes a protein of the “disintegrin and metalloproteinase with
thrombospondin motifs” family responsible for the degradation of aggrecan, a major proteoglycan of
cartilage, and brevican, a brain-specific extracellular matrix protein [94,95], may also account from
some reduction of the invasive phenotype.

Maybe more relevant is the 2.3-fold downregulation of ASAP3, which encodes a member of
a subfamily of ADP-ribosylation factor (Arf) GTPase-activating proteins. Indeed, the reduction of
ASAP3 expression levels slowed cell migration and invasion of hepatocellular carcinoma HepG2 and
MDA-MB-231 breast cancer cells [96]. The 2.7-fold decrease of CDC42BPG gene expression, which is
known as a key regulator of cell migration and cancer dissemination [97], is also a potential explanation
of the reduction of MDA-MB-231 cell migration and invasion induced by DHA. The CEMIP (KIAA1190)
gene was previously shown to play an important role in breast tumor growth and invasiveness [98,99],
but, by contrast with previous genes, its early downregulation after 12 h of DHA-treatment was lost at
24 h (Table S3). The two-fold downregulation of the CSTK gene, encoding the Cathepsin-K lysosomal
cysteine proteinase, which is initially involved in bone remodeling and resorption, is also of interest
since Cathepsin-K is obviously involved in migration, invasion, and finally, bone metastasis of breast
cancer cells [100,101].

In addition, the strong increase of ANGPTL4 gene expression (12- and eight-fold at 12 h and
24 h, respectively—Table 1) can also be involved in the reduction of invasion. Indeed, ANGPTL4
encodes a glycosylated, secreted protein containing a C-terminal fibrinogen domain, which is induced
by peroxisome proliferation activators and functions as a serum hormone that mediates inactivation
of the lipoprotein lipase LPL and, thereby, regulates glucose homeostasis, lipid metabolism, and
insulin sensitivity [102]. However, this protein can also act as an apoptosis survival factor for vascular
endothelial cells [103] and can prevent metastasis by inhibiting vascular growth and tumor cell
invasion [103–105] although opposite effects can be observed under certain conditions or different cell
types [106–108].

The SERPINE1 gene is also upregulated. SERPINE-1 (previously known as PAI-1) is the principal
inhibitor of tissue plasminogen activator (PLAT or tPA) and urokinase (PLAU or uPA), and hence,
is an inhibitor of fibrinolysis, and also of breast cancer cell migration and invasion [109,110]. It is
noteworthy that the PLAT gene is downregulated after 24 h of DHA treatment (Table S3). Altogether,
the increase of SERPINE-1 and the decrease of PLAT and MMP11, which act as SERPIN inhibitors [111],
expression may lead to an important inhibitory effect on migration and invasion of DHA-treated cells,
as previously observed [37].

Some other genes that are more or less directly involved in cell adhesion and migration are
downregulated, such as CD34, CLDN2, COL1A1, COL9A3, FAM20C, and NDNF (Table S3). However,
some inconsistencies should be noted such as the downregulation of the known negative regulator of
breast cancer invasion or epithelial-mesenchymal transition KLF17 [112–114] or the upregulation of
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extracellular matrix protein 2 (ECM2) gene and the collagen-induced receptor tyrosine kinase DDR2
gene, which is positively involved in breast tumor metastasis [115]. Similarly, the 2.4-fold upregulation
of calcireticulin (CALR) and S100P genes, both of which encode calcium-binding proteins involved in
the increased migration and invasion of breast cancer cells [116–119], is surprising and further research
is needed to explain these apparent contradictions.

4. Conclusions

The transcriptomic analysis of DHA-treated MDA-MB-231 cells has confirmed that DHA
incorporation leads to an important modification of gene expression profile, especially after 24 h of
treatment. The impact of DHA-treatment is particularly visible concerning genes involved in the
cholesterol biosynthesis pathway that is strongly downregulated and concerning the ER-stress response
that is, conversely, upregulated. This transcriptomic induction of the ER-stress and unfolded protein
response by DHA agreed with the results of a previous transcriptomic analysis of MDA-MB-231 cells
showing a very similar pattern of differentially expressed genes after a short exposure time (6–8 h) to
Boswellia Serrata ethanolic extract [120], which is rich in pentacyclic triterpenic acids but no DHA or
eicosapentaenoic acid [121]. A second transcriptomic analysis of MDA-MB-231 cells after treatment
with anacardic acid (24:1n5) for 6 h also showed the upregulation of ER-stress related genes, and
highlighted the downregulation of INSIG1 and SCD and upregulation of PDK4 genes as observed
in the present study [69]. Based on colon cancer studies [54], the perturbation of Ca++ storage and
signaling, as well as lipid and cholesterol biosynthesis pathways by DHA are promoters of ER-stress.
Besides the ER-stress and unfolded protein response, which could lead to the pro-apoptotic and
antiproliferative effect of DHA, some other signaling pathways for cell growth and cell death are
impacted such as the mTORC1, SMAD, Erk, and, to a lesser extent, Wnt pathways. Finally, DHA
also impacted the expression of genes related to migration and invasion such as CEMIP (KIAA1190),
as previously observed by Mazzio et al. [120], and especially the SERPINE1, PLAT, and MMP11 trio.
This transcriptomic analysis provides new evidence supporting the antiproliferative, pro-apoptotic,
and anti-invasive effects of DHA. It will open new lines of investigation to understand its molecular
mechanisms and support further research into the potential of DHA in the prevention of breast cancer.
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upregulated (red) and downregulated (green) genes after 24h of DHA treatment.

Author Contributions: Conceptualization, B.C., V.B.; investigations, B.C., M.C., S.D., V.B.; methodology, M.C.,
S.D., J.M., and B.C.; data curation, S.D. and B.C.; writing—original draft preparation, B.C.; writing—review and
editing, B.C., S.D., M.C., J.M. and V.B.; funding acquisition, V.B. and B.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the RÉGION PAYS DE LA LOIRE, France for the “ERRATA” project.

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

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

2. Cardoso, F.; Kyriakides, S.; Ohno, S.; Penault-Llorca, F.; Poortmans, P.; Rubio, I.T.; Zackrisson, S.; Senkus, E.
Early breast cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up†. Ann. Oncol.
2019, 30, 1194–1220. [CrossRef] [PubMed]

3. Saini, R.K.; Keum, Y.-S. Omega-3 and omega-6 polyunsaturated fatty acids: Dietary sources, metabolism,
and significance—A review. Life Sci. 2018, 203, 255–267. [CrossRef] [PubMed]

http://www.mdpi.com/1660-4601/17/10/3746/s1
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1093/annonc/mdz173
http://www.ncbi.nlm.nih.gov/pubmed/31161190
http://dx.doi.org/10.1016/j.lfs.2018.04.049
http://www.ncbi.nlm.nih.gov/pubmed/29715470


Int. J. Environ. Res. Public Health 2020, 17, 3746 15 of 21

4. Shahidi, F.; Ambigaipalan, P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annu. Rev.
Food Sci. Technol. 2018, 9, 345–381. [CrossRef]

5. Chénais, B.; Blanckaert, V. The Janus Face of Lipids in Human Breast Cancer: How Polyunsaturated Fatty
Acids Affect Tumor Cell Hallmarks. Int. J. Breast Cancer 2012, 2012, 712536. [CrossRef]

6. D’Archivio, M.; Scazzocchio, B.; Vari, R.; Santangelo, C.; Giovannini, C.; Masella, R. Recent Evidence on
the Role of Dietary PUFAs in Cancer Development and Prevention. Curr. Med. Chem. 2018, 25, 1818–1836.
[CrossRef]

7. Freitas, R.D.S.; Campos, M.M. Protective Effects of Omega-3 Fatty Acids in Cancer-Related Complications.
Nutrients 2019, 11, 945. [CrossRef]

8. Marventano, S.; Kolacz, P.; Castellano, S.; Galvano, F.; Buscemi, S.; Mistretta, A.; Grosso, G. A review of recent
evidence in human studies of n-3 and n-6 PUFA intake on cardiovascular disease, cancer, and depressive
disorders: Does the ratio really matter? Int. J. Food Sci. Nutr. 2015, 66, 611–622. [CrossRef]

9. Nabavi, S.F.; Bilotto, S.; Russo, G.L.; Orhan, I.E.; Habtemariam, S.; Daglia, M.; Devi, K.P.; Loizzo, M.R.;
Tundis, R.; Nabavi, S.M. Omega-3 polyunsaturated fatty acids and cancer: Lessons learned from clinical
trials. Cancer Metastasis Rev. 2015, 34, 359–380. [CrossRef]

10. Serini, S.; Calviello, G. Long-chain omega-3 fatty acids and cancer: Any cause for concern? Curr. Opin. Clin.
Nutr. Metab. Care 2018, 21, 83–89. [CrossRef]

11. Ulmann, L.; Mimouni, V.; Blanckaert, V.; Pasquet, V.; Schoefs, B.; Chénais, B. The polyunsaturated fatty acids
from microalgae as potential sources for health and disease. In Polyunsaturated Fatty Acids; Catala, A., Ed.;
Nova Science Publishers: New York, NY, USA, 2014; pp. 23–43, ISBN 978-1-62948-151-7.

12. Ulmann, L.; Blanckaert, V.; Mimouni, V.; Andersson, M.X.; Schoefs, B.; Chénais, B. Microalgal Fatty Acids and
Their Implication in Health and Disease. Mini Rev. Med. Chem. 2017, 17, 1112–1123. [CrossRef] [PubMed]

13. Vaughan, V.C.; Hassing, M.R.; Lewandowski, P.A. Marine polyunsaturated fatty acids and cancer therapy.
Br. J. Cancer 2013, 108, 486–492. [CrossRef] [PubMed]

14. Volpato, M.; Hull, M.A. Omega-3 polyunsaturated fatty acids as adjuvant therapy of colorectal cancer. Cancer
Metastasis Rev. 2018, 37, 545–555. [CrossRef] [PubMed]

15. Liu, J.; Ma, D. The Role of n-3 Polyunsaturated Fatty Acids in the Prevention and Treatment of Breast Cancer.
Nutrients 2014, 6, 5184–5223. [CrossRef] [PubMed]

16. Shapira, N. The potential contribution of dietary factors to breast cancer prevention. Eur. J. Cancer Prev. 2017,
26, 385–395. [CrossRef] [PubMed]

17. Zanoaga, O.; Jurj, A.; Raduly, L.; Cojocneanu-Petric, R.; Fuentes-Mattei, E.; Wu, O.; Braicu, C.; Gherman, C.D.;
Berindan-Neagoe, I. Implications of dietaryω-3 andω-6 polyunsaturated fatty acids in breast cancer. Exp.
Ther. Med. 2018, 15, 1167–1176. [CrossRef]

18. Terme, N.; Chénais, B.; Fournière, M.; Bourgougnon, M.; Bedoux, G. Algal derived functional lipids and
their role in promoting health. In Recent Advancements in Micro and Macroalgal Processing: Food and Health
Perspectives; Wiley: Hoboken, NJ, USA, 2020, in press; ISBN 978-1-119-54258-2.

19. D’Eliseo, D.; Velotti, F. Omega-3 Fatty Acids and Cancer Cell Cytotoxicity: Implications for Multi-Targeted
Cancer Therapy. J. Clin. Med. 2016, 5, 15. [CrossRef]

20. Jing, K.; Wu, T.; Lim, K. Omega-3 polyunsaturated fatty acids and cancer. Anticancer Agents Med. Chem. 2013,
13, 1162–1177. [CrossRef]

21. Moloudizargari, M.; Mortaz, E.; Asghari, M.H.; Adcock, I.M.; Redegeld, F.A.; Garssen, J. Effects of the
polyunsaturated fatty acids, EPA and DHA, on hematological malignancies: A systematic review. Oncotarget
2018, 9, 11858–11875. [CrossRef]

22. Song, E.; Kim, H. Docosahexaenoic Acid Induces Oxidative DNA Damage and Apoptosis, and Enhances the
Chemosensitivity of Cancer Cells. Int. J. Mol. Sci. 2016, 17, 1257. [CrossRef]

23. VanderSluis, L.; Mazurak, V.; Damaraju, S.; Field, C. Determination of the Relative Efficacy of Eicosapentaenoic
Acid and Docosahexaenoic Acid for Anti-Cancer Effects in Human Breast Cancer Models. Int. J. Mol. Sci.
2017, 18, 2607. [CrossRef] [PubMed]

24. Kim, S.; Jing, K.; Shin, S.; Jeong, S.; Han, S.-H.; Oh, H.; Yoo, Y.-S.; Han, J.; Jeon, Y.-J.; Heo, J.-Y.; et al.
ω3-polyunsaturated fatty acids induce cell death through apoptosis and autophagy in glioblastoma cells:
In vitro and in vivo. Oncol. Rep. 2018, 39, 239–246. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-food-111317-095850
http://dx.doi.org/10.1155/2012/712536
http://dx.doi.org/10.2174/0929867325666171204160231
http://dx.doi.org/10.3390/nu11050945
http://dx.doi.org/10.3109/09637486.2015.1077790
http://dx.doi.org/10.1007/s10555-015-9572-2
http://dx.doi.org/10.1097/MCO.0000000000000439
http://dx.doi.org/10.2174/1389557516666160722132736
http://www.ncbi.nlm.nih.gov/pubmed/27457215
http://dx.doi.org/10.1038/bjc.2012.586
http://www.ncbi.nlm.nih.gov/pubmed/23299528
http://dx.doi.org/10.1007/s10555-018-9744-y
http://www.ncbi.nlm.nih.gov/pubmed/29971573
http://dx.doi.org/10.3390/nu6115184
http://www.ncbi.nlm.nih.gov/pubmed/25412153
http://dx.doi.org/10.1097/CEJ.0000000000000406
http://www.ncbi.nlm.nih.gov/pubmed/28746163
http://dx.doi.org/10.3892/etm.2017.5515
http://dx.doi.org/10.3390/jcm5020015
http://dx.doi.org/10.2174/18715206113139990319
http://dx.doi.org/10.18632/oncotarget.24405
http://dx.doi.org/10.3390/ijms17081257
http://dx.doi.org/10.3390/ijms18122607
http://www.ncbi.nlm.nih.gov/pubmed/29207553
http://dx.doi.org/10.3892/or.2017.6101
http://www.ncbi.nlm.nih.gov/pubmed/29192322


Int. J. Environ. Res. Public Health 2020, 17, 3746 16 of 21

25. Jing, K.; Song, K.-S.; Shin, S.; Kim, N.; Jeong, S.; Oh, H.-R.; Park, J.-H.; Seo, K.-S.; Heo, J.-Y.; Han, J.; et al.
Docosahexaenoic acid induces autophagy through p53/AMPK/mTOR signaling and promotes apoptosis in
human cancer cells harboring wild-type p53. Autophagy 2011, 7, 1348–1358. [CrossRef] [PubMed]

26. Shin, S.; Jing, K.; Jeong, S.; Kim, N.; Song, K.-S.; Heo, J.-Y.; Park, J.-H.; Seo, K.-S.; Han, J.; Park, J.-I.;
et al. The Omega-3 Polyunsaturated Fatty Acid DHA Induces Simultaneous Apoptosis and Autophagy
via Mitochondrial ROS-Mediated Akt-mTOR Signaling in Prostate Cancer Cells Expressing Mutant p53.
Available online: https://www.hindawi.com/journals/bmri/2013/568671/ (accessed on 9 May 2020).

27. Kim, N.; Jeong, S.; Jing, K.; Shin, S.; Kim, S.; Heo, J.-Y.; Kweon, G.-R.; Park, S.-K.; Wu, T.; Park, J.-I.; et al.
Docosahexaenoic Acid Induces Cell Death in Human Non-Small Cell Lung Cancer Cells by Repressing
mTOR via AMPK Activation and PI3K/Akt Inhibition. Biomed. Res. Int. 2015, 2015, 239764. [CrossRef]

28. Mason, J.K.; Klaire, S.; Kharotia, S.; Wiggins, A.K.A.; Thompson, L.U. α-linolenic acid and docosahexaenoic
acid, alone and combined with trastuzumab, reduce HER2-overexpressing breast cancer cell growth but
differentially regulate HER2 signaling pathways. Lipids Health Disease 2015, 14, 91. [CrossRef] [PubMed]

29. Sun, H.; Hu, Y.; Gu, Z.; Owens, R.T.; Chen, Y.Q.; Edwards, I.J. Omega-3 fatty acids induce apoptosis in human
breast cancer cells and mouse mammary tissue through syndecan-1 inhibition of the MEK-Erk pathway.
Carcinogenesis 2011, 32, 1518–1524. [CrossRef]

30. Xue, M.; Ge, Y.; Yu, C.; Zheng, Z.; He, X.; Zhao, J. Apoptosis is induced by docosahexaenoic acid in breast
cancer cells via death receptor and mitochondria-mediated pathways. Mol. Med. Rep. 2017, 16, 978–982.
[CrossRef]

31. Geng, L.; Zhou, W.; Liu, B.; Wang, X.; Chen, B. DHA induces apoptosis of human malignant breast cancer
tissues by the TLR-4/PPAR-α pathways. Oncol. Lett. 2018, 15, 2967–2977. [CrossRef]

32. Yousefnia, S.; Momenzadeh, S.; Seyed Forootan, F.; Ghaedi, K.; Nasr Esfahani, M.H. The influence of
peroxisome proliferator-activated receptor γ (PPARγ) ligands on cancer cell tumorigenicity. Gene 2018, 649,
14–22. [CrossRef]

33. Tsai, C.H.; Shen, Y.C.; Chen, H.W.; Liu, K.L.; Chang, J.W.; Chen, P.Y.; Lin, C.Y.; Yao, H.T.; Li, C.C.
Docosahexaenoic acid increases the expression of oxidative stress-induced growth inhibitor 1 through the
PI3K/Akt/Nrf2 signaling pathway in breast cancer cells. Food Chem. Toxicol. 2017, 108, 276–288. [CrossRef]

34. Barascu, A.; Besson, P.; Le Floch, O.; Bougnoux, P.; Jourdan, M.L. CDK1-cyclin B1 mediates the inhibition of
proliferation induced by omega-3 fatty acids in MDA-MB-231 breast cancer cells. Int. J. Biochem. Cell Biol.
2006, 38, 196–208. [CrossRef] [PubMed]

35. Bougnoux, P.; Hajjaji, N.; Ferrasson, M.N.; Giraudeau, B.; Couet, C.; Le Floch, O. Improving outcome of
chemotherapy of metastatic breast cancer by docosahexaenoic acid: A phase II trial. Br. J. Cancer 2009, 101,
1978–1985. [CrossRef] [PubMed]

36. Bougnoux, P.; Hajjaji, N.; Maheo, K.; Couet, C.; Chevalier, S. Fatty acids and breast cancer: Sensitization to
treatments and prevention of metastatic re-growth. Prog. Lipid Res. 2010, 49, 76–86. [CrossRef] [PubMed]

37. Blanckaert, V.; Ulmann, L.; Mimouni, V.; Antol, J.; Brancquart, L.; Chénais, B. Docosahexaenoic acid intake
decreases proliferation, increases apoptosis and decreases the invasive potential of the human breast
carcinoma cell line MDA-MB-231. Int. J. Oncol. 2010, 36, 737–742. [CrossRef]

38. Blanckaert, V.; Kerviel, V.; Lépinay, A.; Joubert-Durigneux, V.; Hondermarck, H.; Chénais, B. Docosahexaenoic
acid inhibits the invasion of MDA-MB-231 breast cancer cells through upregulation of cytokeratin-1. Int. J.
Oncol. 2015, 46, 2649–2655. [CrossRef] [PubMed]

39. Brown, I.; Lee, J.; Sneddon, A.A.; Cascio, M.G.; Pertwee, R.G.; Wahle, K.W.J.; Rotondo, D.; Heys, S.D.
Anticancer effects of n-3 EPA and DHA and their endocannabinoid derivatives on breast cancer cell growth
and invasion. Prostaglandins Leukot. Essent. Fatty Acids 2019, 102024. [CrossRef]

40. Javadian, M.; Shekari, N.; Soltani-Zangbar, M.S.; Mohammadi, A.; Mansoori, B.; Maralbashi, S.;
Shanehbandi, D.; Baradaran, B.; Darabi, M.; Kazemi, T. Docosahexaenoic acid suppresses migration
of triple-negative breast cancer cell through targeting metastasis-related genes and microRNA under
normoxic and hypoxic conditions. J. Cell. Biochem. 2020, 121, 2416–2427. [CrossRef]

41. Lii, C.-K.; Chang, J.-W.; Chen, J.-J.; Chen, H.-W.; Liu, K.-L.; Yeh, S.-L.; Wang, T.-S.; Liu, S.-H.; Tsai, C.-H.;
Li, C.-C. Docosahexaenoic acid inhibits 12-O-tetradecanoylphorbol-13- acetate-induced fascin-1-dependent
breast cancer cell migration by suppressing the PKCδ- and Wnt-1/β-catenin-mediated pathways. Oncotarget
2016, 7, 25162–25179. [CrossRef]

http://dx.doi.org/10.4161/auto.7.11.16658
http://www.ncbi.nlm.nih.gov/pubmed/21811093
https://www.hindawi.com/journals/bmri/2013/568671/
http://dx.doi.org/10.1155/2015/239764
http://dx.doi.org/10.1186/s12944-015-0090-6
http://www.ncbi.nlm.nih.gov/pubmed/26282560
http://dx.doi.org/10.1093/carcin/bgr132
http://dx.doi.org/10.3892/mmr.2017.6678
http://dx.doi.org/10.3892/ol.2017.7702
http://dx.doi.org/10.1016/j.gene.2018.01.018
http://dx.doi.org/10.1016/j.fct.2017.08.010
http://dx.doi.org/10.1016/j.biocel.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16194618
http://dx.doi.org/10.1038/sj.bjc.6605441
http://www.ncbi.nlm.nih.gov/pubmed/19920822
http://dx.doi.org/10.1016/j.plipres.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19715726
http://dx.doi.org/10.3892/ijo_00000549
http://dx.doi.org/10.3892/ijo.2015.2936
http://www.ncbi.nlm.nih.gov/pubmed/25825023
http://dx.doi.org/10.1016/j.plefa.2019.102024
http://dx.doi.org/10.1002/jcb.29464
http://dx.doi.org/10.18632/oncotarget.7301


Int. J. Environ. Res. Public Health 2020, 17, 3746 17 of 21

42. Yun, E.-J.; Song, K.-S.; Shin, S.; Kim, S.; Heo, J.-Y.; Kweon, G.-R.; Wu, T.; Park, J.-I.; Lim, K. Docosahexaenoic
acid suppresses breast cancer cell metastasis by targeting matrix-metalloproteinases. Oncotarget 2016, 7,
49961–49971. [CrossRef]

43. Zheng, W.; Li, J.; Wang, X.; Yuan, Y.; Zhang, J.; Xiu, Z. Effects of Antarctic krill docosahexaenoic acid on
MCF-7 cell migration and invasion induced by the interaction of CD95 with caveolin-1. Life Sci. 2018, 192,
270–277. [CrossRef]

44. Kang, J.X. Fat-1 transgenic mice: A new model for omega-3 research. Prostaglandins Leukot. Essent. Fatty
Acids 2007, 77, 263–267. [CrossRef] [PubMed]

45. Corsetto, P.; Colombo, I.; Kopecka, J.; Rizzo, A.; Riganti, C.ω-3 Long Chain Polyunsaturated Fatty Acids as
Sensitizing Agents and Multidrug Resistance Revertants in Cancer Therapy. Int. J. Mol. Sci. 2017, 18, 2770.
[CrossRef] [PubMed]

46. Siddiqui, R.A.; Harvey, K.A.; Xu, Z.; Bammerlin, E.M.; Walker, C.; Altenburg, J.D. Docosahexaenoic acid: A
natural powerful adjuvant that improves efficacy for anticancer treatment with no adverse effects. BioFactors
2011, 37, 399–412. [CrossRef] [PubMed]

47. Manni, A.; El-Bayoumy, K.; Thompson, H. Docosahexaenoic Acid in Combination with Dietary Energy
Restriction for Reducing the Risk of Obesity Related Breast Cancer. Int. J. Mol. Sci. 2017, 19, 28. [CrossRef]
[PubMed]

48. Serini, S.; Ottes Vasconcelos, R.; Nascimento Gomes, R.; Calviello, G. Protective Effects of ω-3 PUFA in
Anthracycline-Induced Cardiotoxicity: A Critical Review. Int. J. Mol. Sci. 2017, 18, 2689. [CrossRef]

49. Xue, H.; Ren, W.; Denkinger, M.; Schlotzer, E.; Wischmeyer, P.E. Nutrition Modulation of Cardiotoxicity and
Anticancer Efficacy Related to Doxorubicin Chemotherapy by Glutamine andω-3 Polyunsaturated Fatty
Acids. J. Parenter. Enter. Nutr. 2016, 40, 52–66. [CrossRef]

50. Rabé, M.; Dumont, S.; Álvarez-Arenas, A.; Janati, H.; Belmonte-Beitia, J.; Calvo, G.F.; Thibault-Carpentier, C.;
Séry, Q.; Chauvin, C.; Joalland, N.; et al. Identification of a transient state during the acquisition of
temozolomide resistance in glioblastoma. Cell Death Dis 2020, 11, 19. [CrossRef]

51. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

52. Ravacci, G.R.; Brentani, M.M.; Tortelli, T.C.; Torrinhas, R.S.M.M.; Santos, J.R.; Logullo, A.F.; Waitzberg, D.L.
Docosahexaenoic Acid Modulates a HER2-Associated Lipogenic Phenotype, Induces Apoptosis, and Increases
Trastuzumab Action in HER2-Overexpressing Breast Carcinoma Cells. Biomed Res. Int. 2015, 2015, 838652.
[CrossRef] [PubMed]

53. Gelsomino, G.; Corsetto, P.A.; Campia, I.; Montorfano, G.; Kopecka, J.; Castella, B.; Gazzano, E.; Ghigo, D.;
Rizzo, A.M.; Riganti, C. Omega 3 fatty acids chemosensitize multidrug resistant colon cancer cells by
down-regulating cholesterol synthesis and altering detergent resistant membranes composition. Mol. Cancer
2013, 12, 137. [CrossRef]

54. Jakobsen, C.H.; Størvold, G.L.; Bremseth, H.; Follestad, T.; Sand, K.; Mack, M.; Olsen, K.S.; Lundemo, A.G.;
Iversen, J.G.; Krokan, H.E.; et al. DHA induces ER stress and growth arrest in human colon cancer cells:
Associations with cholesterol and calcium homeostasis. J. Lipid Res. 2008, 49, 2089–2100. [CrossRef] [PubMed]

55. Li, J.; Takaishi, K.; Cook, W.; McCorkle, S.K.; Unger, R.H. Insig-1 “brakes” lipogenesis in adipocytes and
inhibits differentiation of preadipocytes. Proc. Natl. Acad. Sci. USA 2003, 100, 9476–9481. [CrossRef]
[PubMed]

56. Han, Y.; Hu, Z.; Cui, A.; Liu, Z.; Ma, F.; Xue, Y.; Liu, Y.; Zhang, F.; Zhao, Z.; Yu, Y.; et al. Post-translational
regulation of lipogenesis via AMPK-dependent phosphorylation of insulin-induced gene. Nat. Commun.
2019, 10, 623. [CrossRef] [PubMed]

57. Sugden, M.C.; Holness, M.J. Recent advances in mechanisms regulating glucose oxidation at the level of
the pyruvate dehydrogenase complex by PDKs. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E855–E862.
[CrossRef]

58. Casey, W.M.; Brodie, T.; Yoon, L.; Ni, H.; Jordan, H.L.; Cariello, N.F. Correlation analysis of gene expression
and clinical chemistry to identify biomarkers of skeletal myopathy in mice treated with PPAR agonist
GW610742X. Biomarkers 2008, 13, 364–376. [CrossRef]

59. Imanishi, T.; Hano, T.; Sawamura, T.; Takarada, S.; Nishio, I. Oxidized low density lipoprotein potentiation
of Fas-induced apoptosis through lectin-like oxidized-low density lipoprotein receptor-1 in human umbilical
vascular endothelial cells. Circ. J. 2002, 66, 1060–1064. [CrossRef]

http://dx.doi.org/10.18632/oncotarget.10266
http://dx.doi.org/10.1016/j.lfs.2017.11.011
http://dx.doi.org/10.1016/j.plefa.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18042365
http://dx.doi.org/10.3390/ijms18122770
http://www.ncbi.nlm.nih.gov/pubmed/29261109
http://dx.doi.org/10.1002/biof.181
http://www.ncbi.nlm.nih.gov/pubmed/22038684
http://dx.doi.org/10.3390/ijms19010028
http://www.ncbi.nlm.nih.gov/pubmed/29271901
http://dx.doi.org/10.3390/ijms18122689
http://dx.doi.org/10.1177/0148607115581838
http://dx.doi.org/10.1038/s41419-019-2200-2
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1155/2015/838652
http://www.ncbi.nlm.nih.gov/pubmed/26640797
http://dx.doi.org/10.1186/1476-4598-12-137
http://dx.doi.org/10.1194/jlr.M700389-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18566476
http://dx.doi.org/10.1073/pnas.1133426100
http://www.ncbi.nlm.nih.gov/pubmed/12869692
http://dx.doi.org/10.1038/s41467-019-08585-4
http://www.ncbi.nlm.nih.gov/pubmed/30733434
http://dx.doi.org/10.1152/ajpendo.00526.2002
http://dx.doi.org/10.1080/13547500801903545
http://dx.doi.org/10.1253/circj.66.1060


Int. J. Environ. Res. Public Health 2020, 17, 3746 18 of 21

60. Kuniyoshi, S.; Miki, Y.; Sasaki, A.; Iwabuchi, E.; Ono, K.; Onodera, Y.; Hirakawa, H.; Ishida, T.; Yoshimi, N.;
Sasano, H. The significance of lipid accumulation in breast carcinoma cells through perilipin 2 and its
clinicopathological significance. Pathol. Int. 2019, 69, 463–471. [CrossRef]

61. Sztalryd, C.; Brasaemle, D.L. The perilipin family of lipid droplet proteins: Gatekeepers of intracellular
lipolysis. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 1221–1232. [CrossRef]

62. Giudetti, A.M.; De Domenico, S.; Ragusa, A.; Lunetti, P.; Gaballo, A.; Franck, J.; Simeone, P.; Nicolardi, G.; De
Nuccio, F.; Santino, A.; et al. A specific lipid metabolic profile is associated with the epithelial mesenchymal
transition program. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2019, 1864, 344–357. [CrossRef]

63. Chowdhury, U.R.; Samant, R.S.; Fodstad, O.; Shevde, L.A. Emerging role of nuclear protein 1 (NUPR1) in
cancer biology. Cancer Metastasis Rev. 2009, 28, 225–232. [CrossRef]

64. Clark, D.W.; Mitra, A.; Fillmore, R.A.; Jiang, W.G.; Samant, R.S.; Fodstad, O.; Shevde, L.A. NUPR1 interacts
with p53, transcriptionally regulates p21 and rescues breast epithelial cells from doxorubicin-induced
genotoxic stress. Curr. Cancer Drug Targets 2008, 8, 421–430. [CrossRef] [PubMed]

65. Katoh, M.; Nakagama, H. FGF Receptors: Cancer Biology and Therapeutics. Med. Res. Rev. 2014, 34, 280–300.
[CrossRef] [PubMed]

66. L’Hôte, C.G.M.; Knowles, M.A. Cell responses to FGFR3 signalling: Growth, differentiation and apoptosis.
Exp. Cell Res. 2005, 304, 417–431. [CrossRef] [PubMed]

67. Colicino, E.G.; Hehnly, H. Regulating a key mitotic regulator, polo-like kinase 1 (PLK1). Cytoskeleton 2018, 75,
481–494. [CrossRef]

68. Kumar, S.; Sharma, A.R.; Sharma, G.; Chakraborty, C.; Kim, J. PLK-1: Angel or devil for cell cycle progression.
Biochim. Biophys. Acta Rev. Cancer 2016, 1865, 190–203. [CrossRef]

69. Schultz, D.J.; Krishna, A.; Vittitow, S.L.; Alizadeh-Rad, N.; Muluhngwi, P.; Rouchka, E.C.; Klinge, C.M.
Transcriptomic response of breast cancer cells to anacardic acid. Sci. Rep. 2018, 8, 8063. [CrossRef]

70. Chen, X.; Huang, L.; Yang, Y.; Chen, S.; Sun, J.; Ma, C.; Xie, J.; Song, Y.; Yang, J. ASPM promotes glioblastoma
growth by regulating G1 restriction point progression and Wnt-β-catenin signaling. Aging 2020, 12, 224–241.
[CrossRef]

71. Jia, X.; Niu, P.; Xie, C.; Liu, H. Long noncoding RNA PXN-AS1-L promotes the malignancy of nasopharyngeal
carcinoma cells via upregulation of SAPCD2. Cancer Med. 2019, 8, 4278–4291. [CrossRef]

72. Pai, V.C.; Hsu, C.-C.; Chan, T.-S.; Liao, W.-Y.; Chuu, C.-P.; Chen, W.-Y.; Li, C.-R.; Lin, C.-Y.;
Huang, S.-P.; Chen, L.-T.; et al. ASPM promotes prostate cancer stemness and progression by augmenting
Wnt-Dvl-3-β-catenin signaling. Oncogene 2019, 38, 1340–1353. [CrossRef]

73. Sun, W.; Dong, W.-W.; Mao, L.-L.; Li, W.-M.; Cui, J.-T.; Xing, R.; Lu, Y.-Y. Overexpression of p42.3 promotes
cell growth and tumorigenicity in hepatocellular carcinoma. World J. Gastroenterol. 2013, 19, 2913–2920.
[CrossRef]

74. Yuan, X.-S.; Zhang, Y.; Guan, X.-Y.; Dong, B.; Zhao, M.; Mao, L.-L.; Lu, Y.-Y.; Tian, X.-Y.; Hao, C.-Y. p42.3:
A promising biomarker for the progression and prognosis of human colorectal cancer. J. Cancer Res. Clin.
Oncol. 2013, 139, 1211–1220. [CrossRef] [PubMed]

75. Ord, T.; Ord, T. Mammalian Pseudokinase TRIB3 in Normal Physiology and Disease: Charting the Progress
in Old and New Avenues. Curr. Protein Pept. Sci. 2017, 18, 819–842. [CrossRef] [PubMed]

76. Rozpedek, W.; Pytel, D.; Mucha, B.; Leszczynska, H.; Diehl, J.A.; Majsterek, I. The Role of the
PERK/eIF2α/ATF4/CHOP Signaling Pathway in Tumor Progression During Endoplasmic Reticulum Stress.
Curr. Mol. Med. 2016, 16, 533–544. [CrossRef] [PubMed]

77. Dombroski, B.A.; Nayak, R.R.; Ewens, K.G.; Ankener, W.; Cheung, V.G.; Spielman, R.S. Gene Expression and
Genetic Variation in Response to Endoplasmic Reticulum Stress in Human Cells. Am. J. Hum. Genet. 2010,
86, 719–729. [CrossRef]

78. Jeong, S.; Kim, D.Y.; Kang, S.H.; Yun, H.K.; Kim, J.L.; Kim, B.R.; Park, S.H.; Na, Y.J.; Jo, M.J.; Jeong, Y.A.;
et al. Docosahexaenoic Acid Enhances Oxaliplatin-Induced Autophagic Cell Death via the ER Stress/Sesn2
Pathway in Colorectal Cancer. Cancers 2019, 11. [CrossRef]

79. Samdal, H.; Sandmoe, M.A.; Olsen, L.C.; Jarallah, E.A.H.; Høiem, T.S.; Schønberg, S.A.; Pettersen, C.H.H.
Basal level of autophagy and MAP1LC3B-II as potential biomarkers for DHA-induced cytotoxicity in
colorectal cancer cells. FEBS J. 2018, 285, 2446–2467. [CrossRef]

http://dx.doi.org/10.1111/pin.12831
http://dx.doi.org/10.1016/j.bbalip.2017.07.009
http://dx.doi.org/10.1016/j.bbalip.2018.12.011
http://dx.doi.org/10.1007/s10555-009-9183-x
http://dx.doi.org/10.2174/156800908785133196
http://www.ncbi.nlm.nih.gov/pubmed/18690848
http://dx.doi.org/10.1002/med.21288
http://www.ncbi.nlm.nih.gov/pubmed/23696246
http://dx.doi.org/10.1016/j.yexcr.2004.11.012
http://www.ncbi.nlm.nih.gov/pubmed/15748888
http://dx.doi.org/10.1002/cm.21504
http://dx.doi.org/10.1016/j.bbcan.2016.02.003
http://dx.doi.org/10.1038/s41598-018-26429-x
http://dx.doi.org/10.18632/aging.102612
http://dx.doi.org/10.1002/cam4.2227
http://dx.doi.org/10.1038/s41388-018-0497-4
http://dx.doi.org/10.3748/wjg.v19.i19.2913
http://dx.doi.org/10.1007/s00432-013-1434-0
http://www.ncbi.nlm.nih.gov/pubmed/23576022
http://dx.doi.org/10.2174/1389203718666170406124547
http://www.ncbi.nlm.nih.gov/pubmed/28393700
http://dx.doi.org/10.2174/1566524016666160523143937
http://www.ncbi.nlm.nih.gov/pubmed/27211800
http://dx.doi.org/10.1016/j.ajhg.2010.03.017
http://dx.doi.org/10.3390/cancers11070982
http://dx.doi.org/10.1111/febs.14488


Int. J. Environ. Res. Public Health 2020, 17, 3746 19 of 21

80. Shin, J.-I.; Jeon, Y.-J.; Lee, S.; Lee, Y.G.; Kim, J.B.; Lee, K. G-Protein-Coupled Receptor 120 Mediates
DHA-Induced Apoptosis by Regulating IP3R, ROS and, ER Stress Levels in Cisplatin-Resistant Cancer Cells.
Mol. Cells 2019, 42, 252–261. [CrossRef]

81. Okada, L.S.D.R.R.; Oliveira, C.P.; Stefano, J.T.; Nogueira, M.A.; Silva, I.D.C.G.d.; Cordeiro, F.B.; Alves, V.A.F.;
Torrinhas, R.S.; Carrilho, F.J.; Puri, P.; et al. Omega-3 PUFA modulate lipogenesis, ER stress, and mitochondrial
dysfunction markers in NASH—Proteomic and lipidomic insight. Clin. Nutr. 2018, 37, 1474–1484. [CrossRef]

82. Mungrue, I.N.; Pagnon, J.; Kohannim, O.; Gargalovic, P.S.; Lusis, A.J. CHAC1/MGC4504 Is a Novel
Proapoptotic Component of the Unfolded Protein Response, Downstream of the ATF4-ATF3-CHOP Cascade.
J. Immunol. 2009, 182, 466–476. [CrossRef]

83. Hopkins, M.M.; Zhang, Z.; Liu, Z.; Meier, K.E. Eicosopentaneoic Acid and Other Free Fatty Acid Receptor
Agonists Inhibit Lysophosphatidic Acid- and Epidermal Growth Factor-Induced Proliferation of Human
Breast Cancer Cells. J. Clin. Med. 2016, 5. [CrossRef]

84. Davydov, I.V.; Bohmann, D.; Krammer, P.H.; Li-Weber, M. Cloning of the cDNA encoding human C/EBP
gamma, a protein binding to the PRE-I enhancer element of the human interleukin-4 promoter. Gene 1995,
161, 271–275. [CrossRef]

85. Wang, Y.; Zhang, Y.; Zhu, Y.; Zhang, P. Lipolytic inhibitor G0/G1 switch gene 2 inhibits reactive oxygen
species production and apoptosis in endothelial cells. Am. J. Physiol. Cell Physiol. 2015, 308, C496–C504.
[CrossRef] [PubMed]

86. Welch, C.; Santra, M.K.; El-Assaad, W.; Zhu, X.; Huber, W.E.; Keys, R.A.; Teodoro, J.G.; Green, M.R.
Identification of a protein, G0S2, that lacks Bcl-2 homology domains and interacts with and antagonizes
Bcl-2. Cancer Res. 2009, 69, 6782–6789. [CrossRef] [PubMed]

87. Chen, N.; Nishio, N.; Ito, S.; Tanaka, Y.; Sun, Y.; Isobe, K.-I. Growth arrest and DNA damage-inducible
protein (GADD34) enhanced liver inflammation and tumorigenesis in a diethylnitrosamine (DEN)-treated
murine model. Cancer Immunol. Immunother. 2015, 64, 777–789. [CrossRef] [PubMed]

88. Hollander, M.C.; Zhan, Q.; Bae, I.; Fornace, A.J. Mammalian GADD34, an Apoptosis- and DNA
Damage-inducible Gene. J. Biol. Chem. 1997, 272, 13731–13737. [CrossRef] [PubMed]

89. Moriguchi, M.; Watanabe, T.; Fujimuro, M. Capsaicin Induces ATF4 Translation with Upregulation of CHOP,
GADD34 and PUMA. Biol. Pharm. Bull. 2019, 42, 1428–1432. [CrossRef] [PubMed]

90. Du, F.; Sun, L.; Chu, Y.; Li, T.; Lei, C.; Wang, X.; Jiang, M.; Min, Y.; Lu, Y.; Zhao, X.; et al. DDIT4 promotes
gastric cancer proliferation and tumorigenesis through the p53 and MAPK pathways. Cancer Commun. 2018,
38, 45. [CrossRef]

91. Park, H.-W.; Park, H.; Ro, S.-H.; Jang, I.; Semple, I.A.; Kim, D.N.; Kim, M.; Nam, M.; Zhang, D.; Yin, L.; et al.
Hepatoprotective role of Sestrin2 against chronic ER stress. Nat. Commun. 2014, 5, 4233. [CrossRef]

92. Bae, S.H.; Sung, S.H.; Oh, S.Y.; Lim, J.M.; Lee, S.K.; Park, Y.N.; Lee, H.E.; Kang, D.; Rhee, S.G. Sestrins activate
Nrf2 by promoting p62-dependent autophagic degradation of Keap1 and prevent oxidative liver damage.
Cell Metab. 2013, 17, 73–84. [CrossRef]

93. Fontanil, T.; Mohamedi, Y.; Esteban, M.M.; Obaya, A.J.; Cal, S. Polyserase-1/TMPRSS9 induces pro-tumor
effects in pancreatic cancer cells by activation of pro-uPA. Oncol. Rep. 2014, 31, 2792–2796. [CrossRef]

94. Fontanil, T.; Álvarez-Teijeiro, S.; Villaronga, M.Á.; Mohamedi, Y.; Solares, L.; Moncada-Pazos, A.; Vega, J.A.;
García-Suárez, O.; Pérez-Basterrechea, M.; García-Pedrero, J.M.; et al. Cleavage of Fibulin-2 by the
aggrecanases ADAMTS-4 and ADAMTS-5 contributes to the tumorigenic potential of breast cancer cells.
Oncotarget 2017, 8, 13716–13729. [CrossRef] [PubMed]

95. Mochizuki, S.; Okada, Y. ADAMs in cancer cell proliferation and progression. Cancer Sci. 2007, 98, 621–628.
[CrossRef] [PubMed]

96. Ha, V.L.; Bharti, S.; Inoue, H.; Vass, W.C.; Campa, F.; Nie, Z.; de Gramont, A.; Ward, Y.; Randazzo, P.A. ASAP3
is a focal adhesion-associated Arf GAP that functions in cell migration and invasion. J. Biol. Chem. 2008, 283,
14915–14926. [CrossRef] [PubMed]

97. Di Blasio, L.; Gagliardi, P.A.; Puliafito, A.; Primo, L. Serine/Threonine Kinase 3-Phosphoinositide-Dependent
Protein Kinase-1 (PDK1) as a Key Regulator of Cell Migration and Cancer Dissemination. Cancers 2017, 9.
[CrossRef]

98. Evensen, N.A.; Kuscu, C.; Nguyen, H.-L.; Zarrabi, K.; Dufour, A.; Kadam, P.; Hu, Y.-J.; Pulkoski-Gross, A.;
Bahou, W.F.; Zucker, S.; et al. Unraveling the role of KIAA1199, a novel endoplasmic reticulum protein, in
cancer cell migration. J. Natl. Cancer Inst. 2013, 105, 1402–1416. [CrossRef]

http://dx.doi.org/10.14348/molcells.2019.2440
http://dx.doi.org/10.1016/j.clnu.2017.08.031
http://dx.doi.org/10.4049/jimmunol.182.1.466
http://dx.doi.org/10.3390/jcm5020016
http://dx.doi.org/10.1016/0378-1119(95)00271-7
http://dx.doi.org/10.1152/ajpcell.00317.2014
http://www.ncbi.nlm.nih.gov/pubmed/25588877
http://dx.doi.org/10.1158/0008-5472.CAN-09-0128
http://www.ncbi.nlm.nih.gov/pubmed/19706769
http://dx.doi.org/10.1007/s00262-015-1690-8
http://www.ncbi.nlm.nih.gov/pubmed/25832002
http://dx.doi.org/10.1074/jbc.272.21.13731
http://www.ncbi.nlm.nih.gov/pubmed/9153226
http://dx.doi.org/10.1248/bpb.b19-00303
http://www.ncbi.nlm.nih.gov/pubmed/31366879
http://dx.doi.org/10.1186/s40880-018-0315-y
http://dx.doi.org/10.1038/ncomms5233
http://dx.doi.org/10.1016/j.cmet.2012.12.002
http://dx.doi.org/10.3892/or.2014.3146
http://dx.doi.org/10.18632/oncotarget.14627
http://www.ncbi.nlm.nih.gov/pubmed/28099917
http://dx.doi.org/10.1111/j.1349-7006.2007.00434.x
http://www.ncbi.nlm.nih.gov/pubmed/17355265
http://dx.doi.org/10.1074/jbc.M709717200
http://www.ncbi.nlm.nih.gov/pubmed/18400762
http://dx.doi.org/10.3390/cancers9030025
http://dx.doi.org/10.1093/jnci/djt224


Int. J. Environ. Res. Public Health 2020, 17, 3746 20 of 21

99. Jami, M.-S.; Hou, J.; Liu, M.; Varney, M.L.; Hassan, H.; Dong, J.; Geng, L.; Wang, J.; Yu, F.; Huang, X.; et al.
Functional proteomic analysis reveals the involvement of KIAA1199 in breast cancer growth, motility and
invasiveness. BMC Cancer 2014, 14, 194. [CrossRef]

100. Duong, L.T.; Wesolowski, G.A.; Leung, P.; Oballa, R.; Pickarski, M. Efficacy of a cathepsin K inhibitor in a
preclinical model for prevention and treatment of breast cancer bone metastasis. Mol. Cancer Ther. 2014, 13,
2898–2909. [CrossRef]

101. Gu, X.; Peng, Y.; Zhao, Y.; Liang, X.; Tang, Y.; Liu, J. A novel derivative of artemisinin inhibits cell proliferation
and metastasis via down-regulation of cathepsin K in breast cancer. Eur. J. Pharmacol. 2019, 858, 172382.
[CrossRef]

102. La Paglia, L.; Listì, A.; Caruso, S.; Amodeo, V.; Passiglia, F.; Bazan, V.; Fanale, D. Potential Role of ANGPTL4
in the Cross Talk between Metabolism and Cancer through PPAR Signaling Pathway. PPAR Res. 2017, 2017,
8187235. [CrossRef]

103. Cazes, A.; Galaup, A.; Chomel, C.; Bignon, M.; Bréchot, N.; Le Jan, S.; Weber, H.; Corvol, P.; Muller, L.;
Germain, S.; et al. Extracellular matrix-bound angiopoietin-like 4 inhibits endothelial cell adhesion, migration,
and sprouting and alters actin cytoskeleton. Circ. Res. 2006, 99, 1207–1215. [CrossRef]

104. Hsieh, H.-Y.; Jou, Y.-C.; Tung, C.-L.; Tsai, Y.-S.; Wang, Y.-H.; Chi, C.-L.; Lin, R.-I.; Hung, S.-K.; Chuang, Y.-M.;
Wu, S.-F.; et al. Epigenetic silencing of the dual-role signal mediator, ANGPTL4 in tumor tissues and its
overexpression in the urothelial carcinoma microenvironment. Oncogene 2018, 37, 673–686. [CrossRef]
[PubMed]

105. Shin, S.-S.; Song, J.-H.; Hwang, B.; Park, S.L.; Kim, W.T.; Park, S.-S.; Kim, W.-J.; Moon, S.-K. Angiopoietin-like
protein 4 potentiates DATS-induced inhibition of proliferation, migration, and invasion of bladder cancer EJ
cells; involvement of G2/M-phase cell cycle arrest, signaling pathways, and transcription factors-mediated
MMP-9 expression. Food Nutr. Res. 2017, 61, 1338918. [CrossRef] [PubMed]

106. Adhikary, T.; Brandt, D.T.; Kaddatz, K.; Stockert, J.; Naruhn, S.; Meissner, W.; Finkernagel, F.; Obert, J.;
Lieber, S.; Scharfe, M.; et al. Inverse PPARβ/δ agonists suppress oncogenic signaling to the ANGPTL4 gene
and inhibit cancer cell invasion. Oncogene 2013, 32, 5241–5252. [CrossRef] [PubMed]

107. Tripathy, J.; Tripathy, A.; Thangaraju, M.; Suar, M.; Elangovan, S. α-Lipoic acid inhibits the migration and
invasion of breast cancer cells through inhibition of TGFβ signaling. Life Sci. 2018, 207, 15–22. [CrossRef]

108. Inácio Pinto, N.; Carnier, J.; Oyama, L.M.; Otoch, J.P.; Alcântara, P.S.; Tokeshi, F.; Nascimento, C.M. Cancer as
a Proinflammatory Environment: Metastasis and Cachexia. Mediat. Inflamm. 2015, 2015, 791060. [CrossRef]

109. Fortenberry, Y.M.; Brandal, S.M.; Carpentier, G.; Hemani, M.; Pathak, A.P. Intracellular Expression of
PAI-1 Specific Aptamers Alters Breast Cancer Cell Migration, Invasion and Angiogenesis. PLoS ONE 2016,
11, e0164288. [CrossRef]

110. Melzer, C.; von der Ohe, J.; Otterbein, H.; Ungefroren, H.; Hass, R. Changes in uPA, PAI-1, and TGF-β
Production during Breast Cancer Cell Interaction with Human Mesenchymal Stroma/Stem-Like Cells (MSC).
Int. J. Mol. Sci. 2019, 20. [CrossRef]

111. Zhang, X.; Huang, S.; Guo, J.; Zhou, L.; You, L.; Zhang, T.; Zhao, Y. Insights into the distinct roles of MMP-11
in tumor biology and future therapeutics (Review). Int. J. Oncol. 2016, 48, 1783–1793. [CrossRef]

112. Gao, S.-P.; Sun, H.-F.; Li, L.-D.; Fu, W.-Y.; Jin, W. UHRF1 promotes breast cancer progression by suppressing
KLF17 expression by hypermethylating its promoter. Am. J. Cancer Res. 2017, 7, 1554–1565.

113. Gumireddy, K.; Li, A.; Gimotty, P.A.; Klein-Szanto, A.J.; Showe, L.C.; Katsaros, D.; Coukos, G.; Zhang, L.;
Huang, Q. KLF17 is a negative regulator of epithelial-mesenchymal transition and metastasis in breast cancer.
Nat. Cell Biol. 2009, 11, 1297–1304. [CrossRef]

114. Ismail, I.A.; Kang, H.S.; Lee, H.-J.; Kim, J.-K.; Hong, S.-H. DJ-1 upregulates breast cancer cell invasion by
repressing KLF17 expression. Br. J. Cancer 2014, 110, 1298–1306. [CrossRef] [PubMed]

115. Corsa, C.A.S.; Brenot, A.; Grither, W.R.; Van Hove, S.; Loza, A.J.; Zhang, K.; Ponik, S.M.; Liu, Y.; DeNardo, D.G.;
Eliceiri, K.W.; et al. The Action of Discoidin Domain Receptor 2 in Basal Tumor Cells and Stromal
Cancer-Associated Fibroblasts Is Critical for Breast Cancer Metastasis. Cell Rep. 2016, 15, 2510–2523.
[CrossRef] [PubMed]

116. Jiang, H.; Hu, H.; Tong, X.; Jiang, Q.; Zhu, H.; Zhang, S. Calcium-binding protein S100P and cancer:
Mechanisms and clinical relevance. J. Cancer Res. Clin. Oncol. 2012, 138, 1–9. [CrossRef] [PubMed]

117. Gibadulinova, A.; Tothova, V.; Pastorek, J.; Pastorekova, S. Transcriptional regulation and functional
implication of S100P in cancer. Amino Acids 2011, 41, 885–892. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1471-2407-14-194
http://dx.doi.org/10.1158/1535-7163.MCT-14-0253
http://dx.doi.org/10.1016/j.ejphar.2019.05.011
http://dx.doi.org/10.1155/2017/8187235
http://dx.doi.org/10.1161/01.RES.0000250758.63358.91
http://dx.doi.org/10.1038/onc.2017.375
http://www.ncbi.nlm.nih.gov/pubmed/29035390
http://dx.doi.org/10.1080/16546628.2017.1338918
http://www.ncbi.nlm.nih.gov/pubmed/28680385
http://dx.doi.org/10.1038/onc.2012.549
http://www.ncbi.nlm.nih.gov/pubmed/23208498
http://dx.doi.org/10.1016/j.lfs.2018.05.039
http://dx.doi.org/10.1155/2015/791060
http://dx.doi.org/10.1371/journal.pone.0164288
http://dx.doi.org/10.3390/ijms20112630
http://dx.doi.org/10.3892/ijo.2016.3400
http://dx.doi.org/10.1038/ncb1974
http://dx.doi.org/10.1038/bjc.2014.40
http://www.ncbi.nlm.nih.gov/pubmed/24504364
http://dx.doi.org/10.1016/j.celrep.2016.05.033
http://www.ncbi.nlm.nih.gov/pubmed/27264173
http://dx.doi.org/10.1007/s00432-011-1062-5
http://www.ncbi.nlm.nih.gov/pubmed/21947242
http://dx.doi.org/10.1007/s00726-010-0495-5
http://www.ncbi.nlm.nih.gov/pubmed/20155429


Int. J. Environ. Res. Public Health 2020, 17, 3746 21 of 21

118. Venkateswaran, K.; Verma, A.; Bhatt, A.N.; Shrivastava, A.; Manda, K.; Raj, H.G.; Prasad, A.; Len, C.;
Parmar, V.S.; Dwarakanath, B.S. Emerging Roles of Calreticulin in Cancer: Implications for Therapy. Curr.
Protein Pept. Sci. 2018, 19, 344–357. [CrossRef]

119. Lu, Y.-C.; Weng, W.-C.; Lee, H. Functional roles of calreticulin in cancer biology. Biomed Res. Int. 2015, 2015,
526524. [CrossRef]

120. Mazzio, E.A.; Lewis, C.A.; Soliman, K.F.A. Transcriptomic Profiling of MDA-MB-231 Cells Exposed to
Boswellia Serrata and 3-O-Acetyl-B-Boswellic Acid; ER/UPR Mediated Programmed Cell Death. Cancer
Genom. Proteom. 2017, 14, 409–425. [CrossRef]

121. Schmiech, M.; Lang, S.J.; Werner, K.; Rashan, L.J.; Syrovets, T.; Simmet, T. Comparative Analysis of
Pentacyclic Triterpenic Acid Compositions in Oleogum Resins of Different Boswellia Species and Their
In Vitro Cytotoxicity against Treatment-Resistant Human Breast Cancer Cells. Molecules 2019, 24, 2153.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2174/1389203718666170111123253
http://dx.doi.org/10.1155/2015/526524
http://dx.doi.org/10.21873/cgp.20051
http://dx.doi.org/10.3390/molecules24112153
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Treatment 
	RNA Extraction 
	Library Construction and RNA-seq Analysis 
	Quantitative RT-PCR 
	Statistical Analysis 

	Results and Discussion 
	Global Overview of DHA Impact on MDA-MB-231 Cells Transcriptome 
	Quantitative RT-PCR Validation of the Results 
	DHA Impacted the Regulation of Lipids, Fatty Acid, and Sterol Metabolisms 
	Antiproliferative Effect and Induction of Apoptosis 
	Reduction of Migration and Invasion 

	Conclusions 
	References

