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ABSTRACT
The alterations in carbohydrate metabolism that fuel tumor growth have been 

extensively studied. However, other metabolic pathways involved in malignant progression, 
demand further understanding. Here we describe a metabolic acyl-CoA synthetase/ stearoyl-
CoA desaturase ACSL/SCD network causing an epithelial-mesenchymal transition (EMT) 
program that promotes migration and invasion of colon cancer cells. The mesenchymal 
phenotype produced upon overexpression of these enzymes is reverted through reactivation 
of AMPK signaling. Furthermore, this network expression correlates with poorer clinical 
outcome of stage-II colon cancer patients. Finally, combined treatment with chemical 
inhibitors of ACSL/SCD selectively decreases cancer cell viability without reducing normal 
cells viability. Thus, ACSL/SCD network stimulates colon cancer progression through 
conferring increased energetic capacity and invasive and migratory properties to cancer 
cells, and might represent a new therapeutic opportunity for colon cancer treatment.

INTRODUCTION

Colorectal cancer (CRC) is one of the most deathly 
tumors worldwide. In addition to genetic modifications, 
factors causing metabolic alterations such as obesity, 
sedentarism and westernized diet, are risk factors for the 
disease [1]. Metabolic reprogramming is a distinguished 
cancer hallmark [2]. It is well known the Warburg effect by 
which cancer cells preferentially drive glucose metabolism 
to lactate production under aerobic conditions [3]. In 
addition to carbohydrate metabolism, other metabolic 
pathways have been found to be altered in cancer [4]. 
Lipid metabolism, represents an extremely relevant source 
of energy and structural and biosynthetic resources [5, 6].

De novo fatty acid synthesis is required for 
membrane production, essential for cell growth and 

proliferation. In addition, an appropriate ratio between 
saturated and monounsaturated fatty acids (SFA and 
MUFA, respectively) is needed for proper membrane 
fluidity and cell function. An increased content of MUFA 
has been observed in several cancers [7] and it has been 
proposed as a predictive marker [8]. The rate-limiting 
enzyme converting SFA into MUFA is steraroyl-CoA 
desaturase-1 (SCD), which introduces a double bound into 
palmitic acid and stearic acid giving rise to palmitoleic 
and oleic acid, respectively [9]. SCD have been 
described upregulated in several types of human tumors 
and its expression has been correlated with malignant 
transformation, proliferation and survival [10–14].

Acyl-CoA synthetases (ACSL) catalyze the 
conversion of long chain fatty acids to acyl-CoA, which 
is critical for phospholipid and triglyceride synthesis, 
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lipid modification of proteins as well as for fatty acid 
β-oxidation [15]. These enzymes have been related to 
carcinogenesis [16, 17]. Although involved in the same 
reaction, enzymes of ACSL family differ in substrate 
specificity, subcellular localization, and tissue distribution. 
In fact, these enzymes use saturated and unsaturated fatty 
acids of 8–22 carbons as substrates with the exception 
of ACSL4 that shows a clear preference for arachidonic 
acid as a substrate [6]. ACSL4 increases proliferation, 
tumor growth and survival in breast, prostate, colon 
and liver malignancies [18–21]. Remarkably, ACSL4 
overexpression channels fatty acids preferentially 
towards phosphatidylinositol, an effect not observed 
for ACSL1 [22]. ACSL1 has been recently involved in 
lipid metabolism alterations in cancer [23], including in 
a screening in colon cancer of lipid metabolism-related 
genes recently conducted in our research group [24, 25].

Epithelial-mesenchymal transition (EMT) is a conserved 
morphogenetic program characterized by the loss of epithelial 
phenotype and the gain of mesenchymal features [26]. 
Epithelial cells discard their cell polarity and cell-cell adhesion 
and acquire a mesenchymal morphology with migration and 
invasion capability. These properties promote metastasis and 
the development of several neoplasias [27]. Loss of E-Cadherin 
and nuclear translocation of β-Catenin constitute known EMT 
biomarkers. β-Catenin trans location to the nucleus leads to 
invasion genes transcription [28]. This requires avoiding 
β-Catenin rapid cytosolic degradation by the proteasome, 
achieved upon GSK3β phosphorylation [29]. An implication of 
carbohydrates metabolism in the EMT phenotype acquisition 
and maintenance has been reported [30, 31] although no 
connection has been yet described with fatty acid metabolism.

Here we identify a cooperative metabolic network 
comprising ACSL1, ACSL4 and SCD, involved in CRC 
progression. The simultaneous overexpression of ACSL1, 
ACSL4 and SCD induces EMT, increases cellular migration 
and invasion and stimulates several survival pathways. 
Besides, the combination of low doses of pharmacological 
inhibitors for ACSL and SCD, dramatically decreases 
cancer cell viability in a synergistic manner. Moreover, such 
combination also reduces cell viability of chemotherapy 
resistant colon cancer cells without having any effect in normal 
colonocytes. Finally, the clinical relevance of these findings is 
underscored in CRC patients with tumors displaying ACSL1/
ACSL4/SCD simultaneous overexpression that show an 
increased risk of relapse compared to other patients within 
the same clinicopathological stage.

RESULTS

Lipid metabolism enzymes overexpression 
confers EMT properties to colon cancer cells

The aim of this study was to perform a comparative 
analysis of the potential involvement of ACSL1 and ACSL4 
in CRC, in addition to analyzing whether their combination 

with the related enzyme SCD might increase tumorigenesis 
due to the probable role of SCD in preventing lipotoxic 
effects that could result from ACSL overexpression. For 
this purpose we generated human colon cancer stable 
cell lines overexpressing either ACSL1, ACSL4 or SCD 
(ACSL1 cells, ACSL4 cells, and SCD cells, respectively) 
or the three genes simultaneously (x3 cells), transducing 
the DLD-1 CRC cell line with specific lentiviruses. An 
equivalent control vector which does not express any ORF 
was also used to generate the No ORF cell line. Transcript 
levels of ACSL1, ACSL4 and SCD were measured to 
ensure that stable expression of the constructs was achieved 
(Figure 1A), which was further confirmed by Western Blot 
analysis of the proteins levels (Figure 1B).

Unlike No ORF controls, nor any of the cell lines 
overexpressing any of these genes individually, x3 cells 
displayed a more spindle-like shape with a more scattered 
distribution, resembling mesenchymal or fibroblast-like 
phenotype (Figure 1C). Since this morphological change 
resembled an EMT phenotype characterized by loss of 
cell-cell adhesion, we next analyzed the expression of the 
epithelial marker E-Cadherin. As shown in Figure 1D, 
the membrane-associated pattern of expression of 
E-Cadherin was disrupted upon ACSL1, ACSL4 and 
SCD simultaneous overexpression. Mislocalization of 
E-cadherin was more evident in the areas where the more 
fusiform and rounded x3 cells were present (Figure 1D, 
bottom panel, arrow). Moreover, loss of β-Catenin from 
the membrane and a clear increase in nuclear localization 
was also found in x3 cells when compared with No ORF 
control cells (Figure 1E). This is also in agreement with 
a loss of epithelial characteristics and gain of an EMT 
phenotype, since its translocation to the nucleus would 
lead to the transcription of invasion genes [28]. Figure 1F 
shows how GSK3β inhibitory phosphorylation is 
highly increased in x3 cells, allowing β-Catenin nuclear 
translocation. β-Catenin acts as a transcriptional 
coactivator at the nucleus promoting the transcription of 
EMT genes [32]. Accordingly, together with a decrease in 
the expression of the epithelial markers E-Cadherin, K18 
and Na+/K+ATPase β1, x3 cells increased the expression 
levels of EMT associated genes N-cadherin, Slug and 
Vimentin (Figure 1G) which are normally not expressed in 
the markedly epithelial DLD-1 cells.

Accordingly with the lack of any morphological 
change, no mislocalization of E-cadherin nor changes 
in epithelial markers were observed in cell lines singly 
overexpressing any of these genes (Supplementary 
Figure S1A–S1B). Interestingly, an increase in GSK3β 
phosphorylation was also observed in SCD cells 
(Supplementary Figure S1C). In contrast, only cells 
overexpressing ACSL1, but not ACSL4 or SCD (data not 
shown) displayed an up-regulation of N-cadherin and Slug 
expression (Supplementary Figure S1D). These results 
suggest that each gene might be contributing in different 
aspects of EMT, though the cooperation of the three genes 
is needed to trigger the EMT program.
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Cells undergoing EMT have been described to 
present cancer stem cells features [33]. Accordingly, x3 
cells were significantly enriched in the well-established 
markers of CRC stem cells CD44, LGR5, ALDH1A1, 
EpCAM and CD29 when compared with No ORF cells 
(Figure 1H). Moreover, x3 cells form tridimensional 
colonies with differential morphologies when grown 
in matrigel. While No ORF cells displayed the normal 

DLD-1 spheroid round morphology termed as “mass” 
[34, 35] (Figure 1I, left panel), x3 cells whether presented 
“grape-like” spheroids with loose cell-cell contacts 
(Figure 1I, central panel) or even “stellate” colonies 
with invasive projections able to bridge several cell 
colonies (Figure 1I, right panel). This again highlights 
the more mesenchymal behavior of x3 cells and suggests 
an invasive capacity for these cells.

Figure 1: ACSL1, ACSL4 and SCD overexpression induces EMT in CRC cells. A. Stable cell lines overexpressing ACSL1, 
ACSL4 and SCD, alone or in combination (x3) were generated using lentiviral transduction and expression levels of every gene were 
measured by RT-QPCR. B. Protein expression levels of ACSL1(upper band), ACSL4 and SCD for each cell line were detected by Western 
Blot with specific antibodies. β-Actin detection was used as a loading control. C. Representative phase contrast images showing atypical 
morphology of x3 cells compared to control No ORF cells. Scale bars, 100 μm. D–E. Representative immunofluorescence images of 
E-Cadherin (green) (D) or β-Catenin (green) (E) cellular distribution of No ORF and x3 cells. Arrows indicate the different expression 
patterns in the cellular distribution of E-Cadherin (D) or β-Catenin (E) in both types of cells. Nuclei were stained with DAPI (blue) and 
equivalent phase contrast images were taken. Scale bars, 50 μm. F. Levels of GSK3 phosphorylation detected by Western Blot using a 
phospho-specific antibody (Ser21/9). Total GSK3β levels detection and Ponceau-stained band served as loading controls. Bottom panel: 
Quantification of bands intensity showing the ratio of phosphorylated to total protein. (Continued )
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ACSL/SCD metabolic network fuels migration, 
invasion and cell survival

The acquisition of migratory and invasive properties 
is a general feature of cells undergoing EMT, crucial for 
metastasis formation and cancer progression. In order to 
check if the combination of ACSL and SCD overexpression 
could confer cancer cells a gain of migratory capacity, we 
performed wound healing assays. Figure 2A shows how x3 
cells present an increased migration ability compared to 
No ORF cells. As illustrated in the magnification, x3 cells 
close the wound upon random migration, characteristic 
of a mesenchymal behavior. In contrast, No ORF control 
cells, ACSL1, SCD, and more markedly ACSL4, display 
the collective unidirectional migration of cohesive epithelial 
sheets. Furthermore, poorly invasive DLD-1 cells gain 
the ability to invade through Matrigel (Figure 2B) upon 
ACSL1, ACSL4 and SCD simultaneous overexpression 
(x3). The invasion capacity was also increased upon 
individual overexpression, especially in the case of ACSL1 
cells. However, any of these individual effects was less 
prominent that the one observed in x3 cells. These results 
highlight the cooperative effect in promoting migration and 
invasion achieved when these three metabolic genes act in 
a combined manner.

Cancer cells often use metabolic strategies to 
promote cell survival and proliferation. To analyze 
whether an increased lipid metabolism caused by ACSL1, 
ACSL4 and SCD overexpression could be implicated in 
these processes, we first performed clonogenic assays to 
monitor long-term growth and survival. Figure 2C shows 
that x3 cells present more than twice efficiency in colony 
formation compared to control cells. In contrast, none of 
the individual overexpression caused this increase in the 
number of colonies formed indicating again that it is the 
combination of the three genes that confers the cells the 
more aggressive characteristics.

To directly assay cell proliferation we analyzed the 
incorporation of EdU as a measure of DNA synthesis rate. 
No significant changes in proliferation were found in any 
of the stable cell lines (Figure 2D). Since colony formation 
needs cell proliferation, we also performed those EdU 
assays in conditions of confluence to make these assays 
more comparable to the growth conditions in the colonies 
produced during clonogenic assays. Again, we do not find 
substantial differences in proliferation in any of the cell lines 
(Supplementary Figure S2). A number of EMT regulators 
have been reported not to increase proliferation, and invasive 
cells associated to decreased cell cycle progression [36, 37]. 
We next analyzed Erk and Akt activation, two well-known 

Figure 1: (Continued ) ACSL1, ACSL4 and SCD overexpression induces EMT in CRC cells. G. RT-QPCR analysis of 
epithelial (E-Cadherin, K18 and Na+/K+ATPase β1) and mesenchymal genes (N-Cadherin, Slug and Vimentin) for x3 cells compared to 
levels in No ORF control cells. H. The expression levels of the colon cancer stem cell markers CD44, Lgr5, ALDH1A1, EpCAM and CD29 
were measured by RT-QPCR in x3 cells and compared to the levels in No ORF control cells. I. Phase contrast pictures showing the different 
morphology of spheroids formed by No ORF and x3 cells cultured under 3D on-top assay conditions. Scale bars, 100 μm. Experiments in 
A, G and H were performed in triplicates (n = 3). Results represent the mean ±SD (n = 3). *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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pathways for cell survival involved in EMT induction mainly 
through GSK3β regulation [38]. We found a significant 
activation of both cascades in x3 cells (Figure 2E). Besides, 
a clear increase in Erk and Akt phosphorylation was found 
in SCD cells, as well as in ACSL4 cells in the case of Akt 
phosphorylation. These partial activations per se may 
be insufficient but may contribute to the full effect and 
phenotype observed in x3 cells.

All these data suggest that unlike other tumor 
metabolic pathways such as the Warburg effect, the 
ACSL/SCD network acts specifically promoting invasive 
and pro-survival properties without major effects on cell 
proliferation. In agreement with that, x3 cells did not show 

increased glycolytic activity when compared with No ORF 
control cells (Figure 2F). This reveals that EMT promotion 
might require particular metabolic advantages other than 
pro-proliferative aerobic glycolysis.

AMPK signaling counteracts the EMT 
phenotype triggered by the ACSL/SCD 
signaling network

In addition to classical oncogenic pathways [38], 
nutrient sensing and inflammation regulators have 
been more recently added to the list of EMT-inducers 
[39, 40]. Since ACSL/SCD overexpression may represent 

Figure 2: Combination of ACSL with SCD overexpression stimulates migration, invasion and colony formation 
without major effects on proliferation. A. Phase contrast pictures of wound healing assay comparing migratory capacities of No 
ORF, ACSL1, ACSL4, SCD and x3 cells. Magnification (right panels) shows the different behavior of control and x3 cells at 36 hours of 
wound closure. Scale bars, 100 μm. B. Boyden chamber transwell assay of invasion through Matrigel. After 48 hours, cells were fixed and 
stained with crystal violet (bottom panels) and counted under an optical microscope. Migratory cells were quantified as the average number 
of cells found in five random microscope fields in three independent inserts. Scale bars, 50 μm. (Continued)
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an energetic advantage, we wondered if the master 
regulator of energy balance, AMPK, was involved. 
This kinase, considered to act as a tumor suppressor by 
inhibiting tumor metabolism and associated cell growth 
signaling pathways [41] has been described to suppress 
EMT by regulating the Akt-MDM2-Foxo3 signaling axis 
[42]. Accordingly, treatment with three different AMPK 
activators; metformin, phenformin and AICAR, was able 
to rescue the DLD-1 epithelial phenotype (Figure 3A).

Besides sharing arachidonic acid as a substrate, 
ACSL4 regulates COX-2 expression and thus 
prostaglandin production [19], also implicated in cell 
malignancy and EMT promotion [43]. Since x3 cells, but 
not any of individually overexpressing cell lines, show 
increased levels of COX-2 expression (Figure 3B); we 
surmised that x3 EMT might be mediated by a COX-2 
dependent mechanism. Conversely, treatment with the 
COX-2 inhibitor NS-398 had no effect on the x3 cells 
phenotype reversion (Figure 3C, central panel). Moreover, 
despite the strong Akt activation in x3 cells (Figure 2E), 
the treatment with Akt inhibitor IV (Figure 3C, right 
panel) was also inefficient to revert x3 mesenchymal 
features. This drug only inhibited cell viability of both 
cell lines without altering their morphological features. 
These data pointed towards AMPK signaling as key for 

maintaining the DLD-1 cells epithelial phenotype. This 
was further demonstrated by analysis of the downstream 
AMPK target, Acetyl-CoA Carboxylase (ACC), which 
is inactivated upon phosphorylation at Ser79 (P-ACC). 
The ACC inhibitory phosphorylation was induced upon 
metformin or phenformin treatment in x3 cells (Figure 
3D). Furthermore, metformin treatment stimulated the 
expression of the epithelial markers E-Cadherin, K18 and 
Na+/K+ATPase β1 and decreased the expression levels of 
the EMT-induced genes N-Cadherin and Slug in x3 cells 
without increasing those levels in control No ORF cells 
(Figure 3E).

Stage-II CRC patients with simultaneous 
overexpression of ACSL1, ACSL4 and SCD 
have worse clinical outcome

In order to determine the clinical relevance of ACSL/
SCD network activation in CRC, we analyzed the putative 
association between the simultaneous overexpression of 
ACSL1, ACLS4 and SCD with clinical outcome in a 
set of 77 samples from stage-II CRC patients. Towards 
this aim we have recently developed a global analysis of 
lipid metabolism-related genes [25]. Median follow-up 
of these patients was 71.5 months. The 3-year disease 

Figure 2: (Continued) Combination of ACSL with SCD overexpression stimulates migration, invasion and colony 
formation without major effects on proliferation. C. Clonogenic assay quantification. Individual cells were plated and colonies 
formed were grown during 2 weeks. Data are presented as the average number of colonies resultant for each cell line. D. Quantification 
using fluorescence microscopy of EdU incorporation as a measure of cell proliferation. E. Erk1/2 and Akt phosphorylation were detected 
by Western Blot with phospho-specific antibodies (Tyr204 Erk and Thr308 Akt). Total Erk and Akt were used as their respective controls. 
Bottom panels: Quantification of bands intensity showing the ratio of phosphorylated to total protein. F. Quantification of extracellular 
L- Lactate produced by No ORF and x3 cells. Experiments in B, C, D and F were performed in triplicates (n = 3). Results represent the 
mean ±SD (n = 3). *, p < 0.05, **, p < 0.01.
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free survival (DFS) was 72.3%, 22 patients (28.57%) 
relapsed. Clinico-histopathological characteristics of 
these patients are detailed in Supplementary Table S1. An 
initial screening performed showed that 16 out of 70 lipid 
metabolism-related genes analyzed, including ACSL1, 
ACLS4 and SCD, might have a putative association 
with tumor aggressiveness [25]. Thus, we performed 
a comparative analysis of the relationship between the 
individual expression of these genes and their combined 
overexpression in these patients. As expected from the 
screening, Kaplan-Meier plots for disease free-survival of 
ACLS1, ACSL4 or SCD showed an association between 
high expression of each of these genes and poorer 
clinical outcome (Figure 4A, 4B and 4C). Moreover, 
the multivariable model x3 (combined expression of 
ACSL1, ACSL4 and SCD) showed that the simultaneous 
overexpression of the ACSL/SCD network resulted in a 
stronger and more potent association with patient relapse 
(Figure 4D and Table 1), confirming the acquisition of 
increased aggressive properties of CRC tumors with these 
characteristics.

We validated these results in an independent 
and bigger cohort of 119 stage II CRC patients with a 
median follow-up of 43 months and 3-year DFS of 86.1% 
respectively, from which 18 patients relapsed (15.3%) 
(Clinico-pathological characteristics summarized in 
Supplementary Table S1). The univariate cox regression 
analysis in this validation group also showed a statistical 
association between overexpression of each gene and 
clinical outcome (Figure 4, Table 1). The multivariate 
analysis in this validation group further demonstrated 
that the combined overexpression of these genes was 
associated with a higher increased risk of relapse of 
stage-II CRC patients, with higher power and statistical 
strengthening than any of these genes individually (x3: 
HR (95% CI) = 8.68 (1.9–39.66); p = 6e-04), which is 
more than 2-fold higher than any of these genes separately, 
results that were confirmed after adjusting for clinical 
confusing factors (Table 1).

These results, not only show the clinical relevance 
of the overexpression of these genes in CRC, but also 
demonstrate that their combination is associated with an 

Figure 3: AMPK activation rescues normal DLD-1 epithelial phenotype. A. Representative phase contrast pictures of No ORF 
and x3 cells treated either with 5 mM metformin, 1 mM phenformin, 1 mM AICAR or vehicle (water) for 48 hours. Scale bars, 100 μm. 
B. COX-2 expression levels of x3 cells compared to control No ORF cells, measured by RT-QPCR. C. Pictures represent cells treated for 
48 hours either with the COX-2 inhibitor NS-398 (10 μM), the Akt inhibitor IV (Akt-inIV, 2 μM), or with an equivalent amount of DMSO 
as control. Scale bars, 100 μm. (Continued)
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increased aggressiveness of CRC tumors in a clinical setting. 
Collectively, these results imply that ACSL1, ACSL4 and 
SCD increased expression might act as a marker of poor 
prognosis which contributes to reduced disease free survival 
of colon cancer patients. Very likely, the EMT program 
triggered by the ACSL1/ACSL4/SCD axis would be 
implicated in facilitating the spread of the disease.

Combined pharmacological inhibition of the 
ACSL/SCD network synergy to selectively inhibit 
cancer cells viability and mesenchymal features

The robust protumor action of ACSL1/ACSL4/
SCD network, together with the fact that all three of them 
are lipid metabolism enzymes, makes these druggable 
proteins attractive targets for cancer therapy. For this 
reason, we evaluated the combined effect on colon cancer 
cell viability of Triacsin C, a specific inhibitor of ACSL, 
and the SCD inhibitor A939572, both previously reported 
to reduce tumor growth both in vitro and in vivo [14, 17]. 
Triacsin C was able to decrease cell viability in DLD-1 

and SW620 cell lines in a dose-dependent manner (Figure 
5A). A similar effect was achieved upon treatment with 
A939572 (Figure 5B). Since the use of high concentrations 
of pharmacological inhibitors may cause side effects and act 
on other pathways, the combination of the two compounds 
might inhibit ACSL/SCD network and exert a similar action 
using much lower concentrations of both compounds .

Lower concentrations of Triacsin C and A939572 
alone or in combination were used in a panel of colon 
cancer cell lines (Figure 5C). As expected, treatment with 
1 μM Triacsin C or with 0.5 μM A939572 moderately 
decreased DLD-1 and SW620 cells viability, but 
importantly, the combined action of both inhibitors caused 
a strong cancer cell viability reduction. Furthermore, 
Triacsin C and A939572 individually had no effect on the 
viability of the more resistant HT-29 and LS174T cells; 
however, a potent inhibition was observed when those low 
doses of both compounds were used (Figure 5C).

In addition, to analyze the effect of these compounds 
on CRC cells resistant to conventional chemotherapy, we 
used a subclone of SW620 cells previously described [44], 

Figure 3: (Continued) AMPK activation rescues normal DLD-1 epithelial phenotype. D. Western blotting of ACC phosphorylation 
upon 48 hours of metformin (5 and 10 mM) or phenformin (0.5 and 2 mM) treatment in No ORF and x3 cells. Total protein extracts were blotted 
using a phospho-specific antibody (Ser79) and a total ACC antibody. β-Actin detection was used as a loading control. E. RT-QPCR analysis 
shows mRNA levels of epithelial markers (E-Cadherin, K18 and Na+/K+ATPase β1) upon 48 hours of metformin treatment (5 and 10 mM) 
in No ORF and x3 cells (left panel). Similarly, right panel presents the levels of the mesenchymal markers N-Cadherin and Slug in these cell 
lines under similar treatments. The values for every gene are presented as fold change referenced to their respective control (0 mM metformin) 
within each cell line. Results in C and E were performed in triplicates, and represent the mean ±SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Figure 4: Prognostic value of ACSL1/ACSL4/SCD individual or simultaneous (x3) overexpression in early-stage CRC 
patients. Kaplan-Meier plots representing DFS for ACSL1 A. ACSL4 B. SCD C. and x3 D. overexpressing early-stage CRC patients and 
p Log Rank value in the training and validation groups are shown.
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which is resistant to 5-Fluorouracil. The drugs had little 
(Triacsin C), or no effect (A939572) on SW620–5FU-R 
when applied separately. Nonetheless, a strong cooperative 
effect was found upon simultaneous treatment with ACSL 
and SCD inhibitors (Figure 5D).

Since the EMT program observed in x3 cells is 
triggered by the combined action of ACSL with SCD, 
we wanted to assay the effect on EMT of their inhibitors. 
Combined treatment with low doses of these drugs was 
able to reverse the mesenchymal phenotype of x3 cells 
to a situation resembling No ORF cells (Figure 5E). 
Furthermore, this was accompanied by an increase 
in the expression of epithelial markers and a reduced 
expression of EMT-genes in x3 cells (Figure 5F). Hence, 
the pharmacological inhibition of ACSL/SCD network is 
able to counteract the x3 cells EMT features.

Finally, the ability of a compound to discriminate 
cancer cells from their normal counterparts is the basis for 
successful cancer treatment. For this reason, we assayed 
the effect of Triacsin C and A939572 on the viability of 
normal colonocytes. Very importantly, the same inhibitors 
concentrations that caused a massive loss of viability of 
colon cancer cell lines (Figure 5C and 5D) were completely 
ineffective when applied to normal colonocytes CCD18Co 
(Figure 5G). This was further confirmed using another 
normal colon cell line, CCD841 (Figure 5H) resulting in 
a similar behavior. Thus, the inhibition of ACSL1/ACSL4/
SCD axis by means of the selective effect of these drugs on 
cancer cells arises as a promising therapeutic strategy.

DISCUSSION

We show for the first time how the overexpression 
of lipid metabolism genes can lead to EMT induction and 
increased migratory and invasive properties. ACSL1/
ACSL4/SCD overexpression in CRC cells causes a 
phenotypic switch to a mesenchymal-like condition 
characterized by rounded cell morphology and E-Cadherin 
and β-Catenin mislocalization (Figure 1D and 1E). 
This phenotypic change, which leads to an increased 
migration and invasion (Figure 2) is only achieved upon 
overexpression of the three proteins, presumably having 
each of them more partial but differential functions. ACSL1 
may be an initiator of the process since its overexpression 
stimulates EMT genes expression (Supplementary 
Figure S1D). ACSL1 seems also to be fundamental for 
invasive abilities (Figure 2B) which could be caused by 
an increased expression of invasive genes such as matrix 
degrading enzymes. For its part, SCD overexpression 
strongly increases inhibitory phosphorylation of GSK3β 
(Supplementary Figure S1C). This may be a consequence 
of SCD overexpression-induced Akt activation (Figure 2E) 
which phosphorylates and inactivates GSK3β [38, 45, 46], 
avoiding β-catenin degradation and allowing further EMT 
signaling . Indeed, SCD knock-down impairs β-catenin 
signaling and inhibits EMT-like behavior of metastatic 
breast cancer cells [47]. SCD may maintain the network 
signaling through Erk and Akt stimulation (Figure 2E) 

Table 1: Univariate and Multivariate Cox regression analyses for Disease-free survival of the 
ACSL1, ACSL4 and SCD genes, the multivariable model x3 (combined expression of ACSL1, 
ACSL4 and SCD) in stage II CRC samples from the training group and the validation group
Variable Training group (n = 77) Validation group (n = 119)

Low Risk High Risk Unadjusted Adjusted# Low Risk High Risk Unadjusted Adjusted#

R N R N HR (95% 
CI)

P HR (95% 
CI)

P R N R N HR (95% 
CI)

P HR (95% 
CI)

P

ACSL1 10 51 12 26
2.93 

(1.26–
6.81)

0.013
2.34 

(0.91–
6.02)

0.082 5 61 13 58 3.12 
(1.11–8.76) 0.021

3.86 
(1.16–
12.79)

0.017

ACSL4 9 54 13 23
4.92 

(2.09–
11.62)

0 5.6 (2.19–
14.32) 0 8 78 10 41 2.59 (1.02–

6.57) 0.045
2.31 

(0.85–
6.27)

0.1

SCD 3 26 19 51
3.57 

(1.06–
12.08)

0.018 3.13 (0.9–
10.93) 0.046 3 57 15 62 5.32 (1.54–

18.38) 0.002
4.08 

(1.12–
14.9)

0.017

x3 6 46 16 31
5.36 

(2.09–
13.74)

0.000
4.99 

(1.81–
13.77)

0.001 2 58 16 61 9 (2.07–
39.21) 0.0002 8.68 (1.9–

39.66) 6E-04

Abbreviations: HR (95% CI), hazard ratio and corresponding 95% confidence interval from adjusted or unadjusted Cox 
regression analyses; P, p value from adjusted or unadjusted Cox regression analyses; N, N° of patients in each risk group; R, 
N° of patients with relapse.
#Cox regression analyses were adjusted for T stage, Vascular invassion, Perineural invassion, Bowel Obstruction/
Perforation and Age > 70.
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which are key for EMT programs [48]. In fact, oleic acid, 
the main product of SCD, activates Akt pathway while 
palmitic acid has the opposite effect [49]. Very likely, SCD 
maintenance of the cancer preferred MUFA/SFA ratio, is 
the driving force of Erk and Akt signaling as observed in 
lung and prostate cancers [10, 50]. Hence, the SCD-induced 
increase in MUFA content seems crucial to maintain 
EMT and tumor dissemination. We found no evidence 
highlighting any specific role of ACSL4 overexpression 
in EMT onset. However, due to its substrate preference for 
arachidonic acid, and the reported crosstalk with COX-2 

[18, 19], ACSL4 could favor prostaglandin production and 
other inflammatory mediators of EMT [40, 43]. Conversely, 
ACSL4-overexpressing cells display a more epithelial-like 
behavior in wound healing assays (Figure 2A). It could be 
possible that upon feeding EMT, ACSL4 could provide the 
necessary plasticity to revert to the epithelial phenotype 
through a mesenchymal–epithelial transition (MET) [26], 
crucial for the growth and establishment of metastasis.

Even though Warburg-like metabolism seems 
to be present in most malignancies, alternative energy 
sources can be used depending on the tumor context 

Figure 5: Synergistic effect of ACSL and SCD inhibitors on CRC cells. A–B. Dose–response curves of the MTT cell viability 
assays after 48 hours treatment of SW620 and DLD-1 colon cancer cells with increasing concentrations of ACSL inhibitor Triacsin C (A) or 
SCD inhibitor A939572 (B). C. MTT cell viability assays in DLD-1, SW620, HT-29 and LS174T colon cancer cell lines show synergistic action 
on cell viability of low doses of Triacsin C (1 μM) and A939572 (0.5 μM) upon 48 hours treatment. D. Response of SW620–5FU-R cells in 
MTT assays to the 48 hours treatment with different concentrations of Triacsin C and/or A939572. E. Representative phase contrast pictures of 
No ORF and x3 cells treated with vehicle (DMSO), Triacsin C (1 μM) and/or A939572 (0.1 μM) for 48 hours. Scale bars, 100 μm. (Continued )
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[4], suggesting an intrinsic metabolic flexibility for 
cancer cells. ACSL/SCD network promotes migration 
and invasion without main effects on cell proliferation 
(Figure 2). Hence, it is reasonable to think that an 
enhanced lipid metabolism has more implications other 
than support proliferation like pro-proliferative aerobic 
glycolysis. In fact, x3 cells show no increase, but a 
slight decrease in lactate production (Figure 2F). Altered 
lipid metabolism may be more directed to provide 
EMT and invasion. Interestingly, it has been reported a 
monoacylglycerol lipase-governed fatty acid network 
which drives invasion and cancer pathogenesis [51]. This 
could be initially driven by an EMT mechanism as the one 
generated by the ACSL1/ACSL4/SCD axis. On the other 
hand, lipids are important signaling molecules triggering 
a number of protumor pathways. SCD inhibition decreases 
the synthesis of PIP3, crucial for Pi3K/Akt signaling 
[10]. Furthermore, arachidonic acid, the main ACSL4 
substrate, is one of the most common fatty acids of PIP3. 
ACSL, especially ACSL4, also stimulate fatty acid entry 
into β-oxidation [15] which generates not only ATP but 
also redox power necessary to counteract tumor oxidative 
stress [5]. Lipid anabolism and catabolism alterations have 
been proposed to coexist in tumor cells [52]. Therefore, 
an increased fatty acid catabolism caused by ACSL 
overexpression, along with increased de novo fatty acid 
synthesis and advantageous MUFA content upon SCD 
upregulation could generate an array of protumorigenic 

signals capable of supporting malignancies through an 
initial EMT program.

The abnormal metabolism of x3 cells provides 
an energetic advantage crucial to EMT promotion and 
invasiveness. Such is the case, that if energy homeostasis 
is disrupted either upon AMPK signaling reactivation 
(Figure 3) or upon simultaneous chemical inhibition of 
ACSL and SCD (Figure 5E and 5F), epithelial features 
are rescued. Defective AMPK signaling seems to be 
the main mechanism to drive EMT by the ACSL/SCD 
network since interference with other pathways already 
described to cause EMT such as Pi3K/Akt or COX-2 
[43, 48] had no effect on the original phenotype recovery 
(Figure 3C). AMPK could be suppressing EMT through 
the regulation of the Akt-MDM2-Foxo3 signaling axis 
as recently proposed [42]. This is in agreement with the 
increased Akt signaling observed in x3 cells (Figure 2E). 
However, Akt inhibitor IV fails to revert EMT suggesting 
additional pathways affected by AMPK signaling that are 
also needed for a complete rescue. On the other hand, 
SCD downregulation activates AMPK [10, 53] but no link 
has been established between AMPK and ACSL. Since 
free fatty acids are able to activate AMPK [54] ACSL 
overexpression could prevent this activation through the 
conversion of fatty acids into Acyl-CoAs.

ACSL1 implication in triglyceride synthesis [55] 
together with the function of ACSL4 in phospholipids 
channeling [22] suggests an increased lipid synthesis upon 

Figure 5: (Continued ) Synergistic effect of ACSL and SCD inhibitors on CRC cells. F. RT-QPCR analysis showing the x3 cells 
mRNA levels of the epithelial markers E-Cadherin, K18 and Na+/K+ATPase β1 and the mesenchymal markers N-Cadherin and Slug upon 
48 hours of treatment with Triacsin C (1 μM) and/or A939572 (0.1 μM). G–H. MTT cell viability assays in normal colonocytes. CCD18Co 
(G), or CCD841 cells (H), were treated for 48 hours with different concentrations of Triacsin C and/or A939572. Data are represented as 
the mean ±SD (n = 3) in all the plots. C = Vehicle, T = Triacsin C, A = A939572, A+T = A939572+Triacsin C. *, p < 0.05, ***, p < 0.001.
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ACSL overexpression. Its associated lipotoxicity would 
be counteracted by SCD overexpression. Accordingly, x3 
cells have 20% less fat content than No ORF cells (data not 
shown). Thus, either a more efficient energetic use of lipids 
or an abnormally increased metabolism allows malignant 
features of x3 cells. Their advantage does not rely on 
exogenous lipid supply as no variations were found when 
experiments were performed upon serum lipid depletion or 
serum content reduction (data not shown). Besides, there 
was no increase in lipid incorporation neither of oleic acid 
nor palmitic acid into lipid vesicles upon ACSL1, ACSL4 
or SCD overexpression (data not shown). In agreement 
with that, the described monoacylglycerol-lipase invasive 
signature also shows independence from extrinsic fatty 
acids supply [51].

The combined overexpression of ACSL1/ACSL4/
SCD shows a poorer outcome and higher risk of relapse 
when compared to the upregulation of each of the genes 
separately in stage II-CRC patients (Figure 4 and Table 1). 
This suggests an increased aggressiveness of tumors 
overexpressing ACSL/SCD network. This fatty acid 
metabolism switch that acts through an EMT program 
is thus an example of how different types of metabolic 
reprogramming can be used by tumors to increase their 
malignity depending on the needs and the environment 
(Figure 6). The combination of ACSL/SCD inhibitors 
synergistically reduces cancer cells viability without 
decreasing normal cells viability (Figure 5C, 5G and 5H). 
Furthermore, this is also effective in CRC cells resistant 
to conventional chemotherapy (Figure 5D). Therefore, 
this sort of “synthetic lethality” caused by the combined 
action of ACSL and SCD inhibitors represents a new way 
of addressing tumor metabolism and may designate the 
ACSL/SCD axis interference as a promising opportunity 
for cancer treatment.

MATERIALS AND METHODS

Cell culture

Colon cancer cell lines, normal colon cell lines, 
and HEK-293T cells, were obtained from American Type 
Culture Collection (ATCC, Manassas, VA, USA), cultured 
in DMEM supplemented with 10% FBS and maintained 
under standard conditions. SW620–5FU-R cells were 
generated by exposing parental cells to increasing 
concentrations of the drug for 15 months as previously 
described [44]. All cell lines were authenticated by 
microsatellite genotyping. The 3D on top assays were 
performed as previously described [56]. Cells were plated 
in Matrigel (BD Biosciences, Franklin Lakes, NJ. USA) 
at a density of 10000 cells per well in 24-well plates 
and cultured for up to a week. Images were captured 
using a Leica DM IL microscope (Leica Microsystems, 
Wetzlar, Germany), with a 10X Plan Fluotar objective and 
registered using Leica Application Suite (LAS, Leica).

Reagents

Commercial antibodies used are listed in 
Supplementary Table S2. Antibody against SCD-1 [57] 
was a kind gift from Dr. Jean-Baptiste Demoulin, Université 
Catholique de Louvain, Brussels, Belgium. Anti-human 
ACSL4 was generously provided by Dr. Stephen Prescott, 
University of Utah, Salt Lake, USA and Dr. Diana Stafforini, 
Huntsman Cancer Institute, University of Utah, USA, and 
used as indicated in [58]. Triacsin C was purchased from 
Santa Cruz (Santa Cruz, CA, USA); A939572 was from 
Biofine International (Biofine International Inc, Vancouver, 
Canada); Metformin, Phenformin, AICAR, NS-398 and Akt 
Inhibitor IV were from Sigma-Aldrich, (Sigma-Aldrich, St. 
Louis, MO, USA).

Lentivirus-mediated stable overexpression  
of ACSL1, ACSL4 and SCD

HEK 293T cells were transfected using Lipofectamine 
2000 (Life Technologies, Carlsbad CA, USA) with 
lentiviral vectors expressing ACSL1, ACSL4, SCD or No 
ORF empty vector (DNA 2.0, Menlo Park CA, USA) along 
with a set of packaging plasmids (Addgene, Cambridge 
MA, USA). DLD-1 cells were infected with supernatant 
produced upon 48 hours transfection in HEK293T 
cells and 4 μg/μl polybrene (Millipore) as coadjutant. 
Selection was performed during 1 week by adding 
2 μg/ml puromycin, 3 μg/ml blasticidin, and 150 μg/
ml hygromycin, (Sigma) for SCD, ACSL4, and ACSL1 
constructs respectively.

Western blot

Cells were lysed in Laemmli buffer, proteins were 
separated by SDS–polyacrylamide gel electrophoresis 
and transferred onto a nitrocellulose membrane (Bio-Rad 
Laboratories, Hercules, CA, USA). The membranes 
were blocked using 5% nonfat dry milk in TBS 0.05% 
Tween-20. Primary antibodies were incubated overnight at 
4°C and upon 1 hour incubation with secondary antibodies 
signal detection was performed using the Clarity Western 
ECL Substrate (Bio-Rad). β-actin determination or 
Ponceau stain were used as loading controls.

Cell viability assay

Cell viability was determined by seeding 25000 
cells per well in 24-well plates and treated with the 
corresponding compounds for 48 hours. Upon treatment, 
cells were incubated 3 hours with 3-(4,5-dimethyl-thyazol-
2-yl)-2,5-diphenyl-tetrazolium (MTT, Sigma). The 
resultant formazan was dissolved in DMSO and its quantity 
determined by measuring absorbance at 560 nm. Data were 
expressed as the ratio of viable cells (%) which represents 
the percentage of viable cells upon treatment compared with 
the non-treated cells (100% ratio of viable cells).
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L-Lactate quantification

Cells were seeded at a density of 5000 cells per well 
in a 96-well plate. At 12 hours, medium was changed to 2% 
FBS and kept for 24 hours at 37°C before quantification. 
Using Cayman’s Glycolysis cell-based assay (Cayman, 
Ann Arbor, MI, USA, 600450) extracellular L-Lactate was 
measured by determining absorbance at 490 nm.

Quantitative real-time PCR

Total RNA was extracted using Tri Reagent 
(Sigma). 400 ng of RNA were reverse-transcribed using 
the High Capacity RNA-to-cDNA Master Mix system 
(Life Technologies). qPCR was performed in the 7900HT 
Real-Time PCR System (Life Technologies) using 
VeriQuest SYBR Green qPCR Master Mix (Affymetrix, 
Santa Clara, CA, USA) and gene specific primers listed 
in Supplementary Table S3. Values were corrected by 
GAPDH expression. The 2−∆∆Ct method was applied to 
calculate the relative gene expression.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 
10 minutes at room temperature, then permeabilized 20 
minutes with 0.5% triton X-100, and stained with the 
primary antibody (1:100) followed with incubation with 
Alexa 488-conjugated anti-mouse secondary antibody 
(1:1000) and/or with DAPI (Prolong Gold antifade, Life 
Technologies) to visualize nuclei. Images were captured 
using a Leica DM IL microscope, with a 20X Plan Fluotar 
objective and registered using Leica Application Suite 
(LAS).

EdU incorporation assay

Cells were plated on coverslips and incubated 
24 hours before treatment with 10 μM EdU for 3 hours. 
In the case of the EdU assays in confluent conditions, 
EdU treatment was added once cells reached 
confluence. Cells were fixed with paraformaldehyde 
(4%) for 8 minutes and incorporation of EdU was 

Figure 6: ACSL/SCD-mediated tumor metabolic reprogramming. The combined action of ACSL1, ACSL4 and SCD confers an 
energetic advantage to tumor cells that stimulates several EMT-promoting and survival pathways. Lipid metabolism switches Warburg-like 
tumor metabolism into EMT-like tumor metabolism leading to a gain of mesenchymal and stem cell properties as well as migratory and 
invasive capabilities. This process can be reversed upon re-activation of AMPK signaling.
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assayed using Click-iT® EdU Alexa Fluor® 488 
Imaging Kit (Life Technologies). Coverslips were 
mounted on slides and nuclear DNA stained with 
DAPI. Images were captured using a Leica DM IL 
microscope, with a 40X Plan Fluotar objective and 
registered using LAS software.

Invasion assays

A density of 50000 cells was seeded into the inserts 
of a BD MatrigelTM invasion chamber (BD Biosciences) 
in serum-free DMEM. Medium containing 10% FBS 
was placed in the lower chamber as a chemoattractant. 
After 48 hours, inserts were fixed and stained with crystal 
violet, non-migrated cells removed using cotton swabs and 
images captured using an Olympus CKX41 microscope 
(Olympus, Tokyo, Japan), with a 20X LCAch objective 
and registered using analysis getIT software (Olympus)

Clonogenic assay

Single cell suspensions were seeded in 6-well plates 
at a density of 300 cells per well in 10% FBS DMEM. 
After 2 weeks, colonies were fixed and stained with crystal 
violet. Wells were photographed and colonies counted.

Wound healing assays

Cell migration was assayed using 24-well plates 
with IBIDI Culture-Inserts (IBIDI GmbH, München, 
Germany), where no cell damage occurs. 40000 cells were 
seeded into the two reservoirs of the same culture insert 
and incubated until confluence was reached. Inserts were 
removed and migration was monitored by taking pictures 
every 12 hours using a Leica DM IL microscope, with a 
10X Plan Fluotar objective.

Patients and samples

80 patients as training and 120 as validation set of 
stage II CRC patients undergoing surgery between 2000–
2004 and 2004–2008 respectively in La Paz University 
Hospital, were enrolled in the study. Formalin-Fixed, 
Paraffin-Embedded (FFPE) samples were obtained with 
the patient's authorization and with the approval of the 
human research Ethics review Committee of La Paz 
University Hospital (HULP-PI-1452). Inclusion criteria: 
Age ≥18, completely resected rectal cancer or colon 
adenocarcinoma located at ≥15 cm of the anal verge as 
determined by endoscopy or above the peritoneal reflection 
in the surgical resection, confirmed Stage II AJCC/
UICC primary CRC and follow-up of at least 36 months. 
Exclusion criteria: death within 30 days after surgery, 
other cancers in previous 5 years and inflammatory bowel 
disease or specific gene-related cancer.

Statistical analysis

Significance between groups was determined by 
t-test analyses. Data with P < 0.05 were considered 
statistically significant (*, P < 0.05; **, P < 0.01; ***, P 
< 0.001). Disease free survival (DFS) was estimated using 
Kaplan-Meier method. Log-rank test and Univariate Cox 
regression analysis was performed to test the association 
between DFS and gene expression. Hazard ratios (HR) 
and 95% CI were calculated from the Cox regression 
model, adjusted for potential confounding factors. All 
reported p values were two-sided. Statistical significance 
was defined as p < 0.05. The statistical analyses were 
performed using the R statistical software version 2.15 
(http://www.r-project.org).

ACKNOWLEDGMENTS AND FUNDING

We thank Dr. Jean-Baptiste Demoulin for the anti-
SCD1 antibody and Dr. Stephen Prescott and Dr. Diana 
Stafforini for anti-ACSL4 antibody.

CONFLICTS OF INTEREST

Authors declare no potential conflict of interest

GRANT SUPPORT

This work has been supported by Ministerio de 
Economía y Competitividad del Gobierno de España 
(MINECO, Plan Nacional I+D+i AGL2013-48943-C2), 
Gobierno regional de la Comunidad de Madrid (P2013/
ABI-2728, ALIBIRD-CM) and EU Structural Funds.

REFERENCES

1. Esposito K, Chiodini P, Capuano A, Bellastella G, 
Maiorino MI, Rafaniello C, Panagiotakos DB, Giugliano D. 
Colorectal cancer association with metabolic syndrome and 
its components: a systematic review with meta-analysis. 
Endocrine. 2013; 44:634–647.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell. 2011; 144:646–674.

3. Hsu PP, Sabatini DM. Cancer Cell Metabolism: Warburg 
and Beyond. Cell. 2008; 134:703–707.

4. Cairns RA, Harris IS, Mak TW. Regulation of cancer cell 
metabolism. Nat Rev Cancer. 2011; 11:85–95.

5. Carracedo A, Cantley LC, Pandolfi PP. Cancer metabolism: 
fatty acid oxidation in the limelight. Nat Rev Cancer. 2013; 
13:227–232.

6. Mashima T, Seimiya H, Tsuruo T. De novo fatty-acid syn-
thesis and related pathways as molecular targets for cancer 
therapy. Br J Cancer. 2009; 100:1369–1372.



Oncotarget38734www.impactjournals.com/oncotarget

7. Patra SK. Dissecting lipid raft facilitated cell signal-
ing pathways in cancer. Biochim Biophys Acta. 2008; 
1785:182–206.

8. Chajès V, Thiébaut ACM, Rotival M, Gauthier E, Maillard V, 
Boutron-Ruault M-C, Joulin V, Lenoir GM, Clavel-
Chapelon F. Association between Serum trans-Monounsat-
urated Fatty Acids and Breast Cancer Risk in the E3N-EPIC 
Study. Am J Epidemiol. 2008; 167:1312–1320.

9. Enoch HG, Catalá A, Strittmatter P. Mechanism of rat liver 
microsomal stearyl-CoA desaturase. Studies of the substrate 
specificity, enzyme-substrate interactions, and the function 
of lipid. J Biol Chem. 1976; 251:5095–5103.

10. Fritz V, Benfodda Z, Rodier G, Henriquet C, Iborra F, 
Avancès C, Allory Y, de la Taille A, Culine S, Blancou H, 
Cristol JP, Michel F, et al. Abrogation of de novo lipogen-
esis by stearoyl-CoA desaturase 1 inhibition interferes with 
oncogenic signaling and blocks prostate cancer progression 
in mice. Mol Cancer Ther. 2010; 9:1740–1754.

11. Igal RA. Stearoyl-CoA desaturase-1: a novel key player 
in the mechanisms of cell proliferation, programmed cell 
death and transformation to cancer. Carcinogenesis. 2010; 
31:1509–1515.

12. Mason P, Liang B, Li L, Fremgen T, Murphy E, Quinn A, 
Madden SL, Biemann H-P, Wang B, Cohen A, Komarnitsky S, 
Jancsics K, et al. SCD1 inhibition causes cancer cell death 
by depleting mono-unsaturated fatty acids. PloS One. 2012; 
7:e33823.

13. Roemeling CA von, Marlow LA, Wei JJ, Cooper SJ, 
Caulfield TR, Wu K, Tan WW, Tun HW, Copland JA. 
Stearoyl-CoA Desaturase 1 Is a Novel Molecular 
Therapeutic Target for Clear Cell Renal Cell Carcinoma. 
Clin Cancer Res. 2013; 19:2368–2380.

14. Roongta UV, Pabalan JG, Wang X, Ryseck R-P, Fargnoli J, 
Henley BJ, Yang W-P, Zhu J, Madireddi MT, Lawrence RM, 
Wong TW, Rupnow BA. Cancer cell dependence on unsat-
urated fatty acids implicates stearoyl-CoA desaturase as 
a target for cancer therapy. Mol Cancer Res MCR. 2011; 
9:1551–1561.

15. Coleman RA, Lewin TM, Horn CGV, Gonzalez-Baró MR. 
Do Long-Chain Acyl-CoA Synthetases Regulate Fatty Acid 
Entry into Synthetic Versus Degradative Pathways? J Nutr. 
2002; 132:2123–2126.

16. Gaisa NT, Reinartz A, Schneider U, Klaus C, Heidenreich A, 
Jakse G, Kaemmerer E, Klinkhammer BM, Knuechel R, 
Gassler N. Levels of acyl-coenzyme A synthetase 5 in uro-
thelial cells and corresponding neoplasias reflect cellular 
differentiation. Histol Histopathol. 2013; 28:353–364.

17. Mashima T, Oh-hara T, Sato S, Mochizuki M, Sugimoto Y, 
Yamazaki K, Hamada J, Tada M, Moriuchi T, Ishikawa Y, 
Kato Y, Tomoda H, et al. p53-defective tumors with a func-
tional apoptosome-mediated pathway: a new therapeutic 
target. J Natl Cancer Inst. 2005; 97:765–777.

18. Cao Y, Pearman AT, Zimmerman GA, McIntyre TM, 
Prescott SM. Intracellular unesterified arachidonic acid 

signals apoptosis. Proc Natl Acad Sci U S A. 2000; 
97:11280–11285.

19. Maloberti PM, Duarte AB, Orlando UD, Pasqualini ME, 
Solano AR, López-Otín C, Podestá EJ. Functional interac-
tion between acyl-CoA synthetase 4, lipooxygenases and 
cyclooxygenase-2 in the aggressive phenotype of breast 
cancer cells. PloS One. 2010; 5:e15540.

20. Monaco ME, Creighton CJ, Lee P, Zou X, Topham MK, 
Stafforini DM. Expression of Long-chain Fatty Acyl-CoA 
Synthetase 4 in Breast and Prostate Cancers Is Associated 
with Sex Steroid Hormone Receptor Negativity. Transl 
Oncol. 2010; 3:91–98.

21. Sung YK, Hwang SY, Park MK, Bae HI, Kim WH, Kim J-C, 
Kim M. Fatty acid-CoA ligase 4 is overexpressed in human 
hepatocellular carcinoma. Cancer Sci. 2003; 94:421–424.

22. Küch E-M, Vellaramkalayil R, Zhang I, Lehnen D, Brügger B, 
Sreemmel W, Ehehalt R, Poppelreuther M, Füllekrug J. 
Differentially localized acyl-CoA synthetase 4 isoenzymes 
mediate the metabolic channeling of fatty acids towards 
phosphatidylinositol. Biochim Biophys Acta. 2014; 
1841:227–239.

23. Cui M, Wang Y, Sun B, Xiao Z, Ye L, Zhang X. MiR-205 
modulates abnormal lipid metabolism of hepatoma cells via 
targeting acyl-CoA synthetase long-chain family member 1 
(ACSL1) mRNA. Biochem Biophys Res Commun. 2014; 
444:270–275.

24. Vargas T, Moreno-Rubio J, Herranz J, Cejas P, Molina S, 
González-Vallinas M, Ramos R, Burgos E, Aguayo C, 
Custodio AB, Reglero G, Feliu J, et al. Genes associated 
with metabolic syndrome predict disease-free survival in 
stage II colorectal cancer patients. A novel link between 
metabolic dysregulation and colorectal cancer. Mol Oncol. 
2014.

25. Vargas T, Moreno-Rubio J, Herranz J, Cejas P, Molina S, 
González-Vallinas M, Mendiola M, Ramírez de Molina A. 
ColoLipidGene: signature of lipid metabolism-related 
genes to predict prognosis in stage-II colon cancer patients. 
Oncotarget.  Oncotarget. 2015; 6:7348–7363.

26. Nieto MA, Cano A. The epithelial-mesenchymal transition 
under control: global programs to regulate epithelial plastic-
ity. Semin Cancer Biol. 2012; 22:361–368.

27. Gupta GP, Massagué J. Cancer metastasis: building a 
framework. Cell. 2006; 127:679–695.

28. Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, 
Kinzler KW, Vogelstein B, Clevers H. Constitutive tran-
scriptional activation by a beta-catenin-Tcf complex in 
APC-/- colon carcinoma. Science. 1997; 275:1784–1787.

29. Clevers H. Wnt/beta-catenin signaling in development and 
disease. Cell. 2006; 127:469–480.

30. Dong C, Yuan T, Wu Y, Wang Y, Fan TWM, Miriyala S, 
Lin Y, Yao J, Shi J, Kang T, Lorkiewicz P, St Clair D, et al. 
Loss of FBP1 by Snail-mediated repression provides meta-
bolic advantages in basal-like breast cancer. Cancer Cell. 
2013; 23:316–331.



Oncotarget38735www.impactjournals.com/oncotarget

31. Lin C-C, Cheng T-L, Tsai W-H, Tsai H-J, Hu K-H, Chang H-C, 
Yeh C-W, Chen Y-C, Liao C-C, Chang W-T. Loss of 
the respiratory enzyme citrate synthase directly links the 
Warburg effect to tumor malignancy. Sci Rep. 2012; 2:785.

32. Gilles C, Polette M, Mestdagt M, Nawrocki-Raby B, 
Ruggeri P, Birembaut P, Foidart J-M. Transactivation of 
Vimentin by β-Catenin in Human Breast Cancer Cells. 
Cancer Res. 2003; 63:2658–2664.

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

34. Luca AC, Mersch S, Deenen R, Schmidt S, Messner I, 
Schäfer K-L, Baldus SE, Huckenbeck W, Piekorz RP, 
Knoefel WT, Krieg A, Stoecklein NH. Impact of the 3D 
Microenvironment on Phenotype, Gene Expression, and 
EGFR Inhibition of Colorectal Cancer Cell Lines. PLoS 
ONE. 2013; 8:e59689.

35. Kenny PA, Lee GY, Myers CA, Neve RM, Semeiks JR, 
Spellman PT, Lorenz K, Lee EH, Barcellos-Hoff MH, 
Petersen OW, Gray JW, Bissell MJ. The morphologies of 
breast cancer cell lines in three-dimensional assays correlate 
with their profiles of gene expression. Mol Oncol. 2007; 
1:84–96.

36. Browne G, Sayan AE, Tulchinsky E. ZEB proteins link cell 
motility with cell cycle control and cell survival in cancer. 
Cell Cycle Georget Tex. 2010; 9:886–891.

37. Evdokimova V, Tognon C, Ng T, Ruzanov P, Melnyk N, 
Fink D, Sorokin A, Ovchinnikov LP, Davicioni E, Triche TJ, 
Sorensen PHB. Translational activation of snail1 and other 
developmentally regulated transcription factors by YB-1 
promotes an epithelial-mesenchymal transition. Cancer 
Cell. 2009; 15:402–415.

38. Lamouille S, Xu J, Derynck R. Molecular mechanisms of 
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 
2014; 15:178–196.

39. Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, Chen M, 
Lee EY, Weiss HL, O’Connor KL, Gao T, Evers BM. 
mTORC1 and mTORC2 regulate EMT, motility, and metas-
tasis of colorectal cancer via RhoA and Rac1 signaling path-
ways. Cancer Res. 2011; 71:3246–3256.

40. Wang H, Wang H-S, Zhou B-H, Li C-L, Zhang F, Wang X-F, 
Zhang G, Bu X-Z, Cai S-H, Du J. Epithelial-Mesenchymal 
Transition (EMT) Induced by TNF-α Requires AKT/GSK-
3β-Mediated Stabilization of Snail in Colorectal Cancer. 
PLoS ONE. 2013; 8:e56664.

41. Shackelford DB, Shaw RJ. The LKB1-AMPK pathway: 
metabolism and growth control in tumour suppression. Nat 
Rev Cancer. 2009; 9:563–575.

42. Chou C-C, Lee K-H, Lai I-L, Wang D, Mo X, Kulp SK, 
Shapiro CL, Chen C-S. AMPK Reverses the Mesenchymal 
Phenotype of Cancer Cells by Targeting the Akt-MDM2-
Foxo3a Signaling Axis. Cancer Res. 2014. canres.0135.2014.

43. Neil JR, Johnson KM, Nemenoff RA, Schiemann WP. 
Cox-2 inactivates Smad signaling and enhances EMT 
stimulated by TGF-beta through a PGE2-dependent mecha-
nisms. Carcinogenesis. 2008; 29:2227–2235.

44. González-Vallinas M, Molina S, Vicente G, de la Cueva A, 
Vargas T, Santoyo S, García-Risco MR, Fornari T, Reglero G, 
Ramírez de Molina A. Antitumor effect of 5-fluoroura-
cil is enhanced by rosemary extract in both drug sensitive 
and resistant colon cancer cells. Pharmacol Res Off J Ital 
Pharmacol Soc. 2013; 72:61–68.

45. Behrens J, Jerchow BA, Würtele M, Grimm J, Asbrand C, 
Wirtz R, Kühl M, Wedlich D, Birchmeier W. Functional 
interaction of an axin homolog, conductin, with beta-
catenin, APC, and GSK3beta. Science. 1998; 280:596–599.

46. Kim K, Lu Z, Hay ED. Direct evidence for a role of beta-
catenin/LEF-1 signaling pathway in induction of EMT. Cell 
Biol Int. 2002; 26:463–476.

47. Mauvoisin D, Charfi C, Lounis AM, Rassart E, Mounier C. 
Decreasing stearoyl-CoA desaturase-1 expression inhibits 
β-catenin signaling in breast cancer cells. Cancer Sci. 2013; 
104:36–42.

48. Ha G-H, Park J-S, Breuer E-KY. TACC3 promotes epithe-
lial-mesenchymal transition (EMT) through the activation 
of PI3K/Akt and ERK signaling pathways. Cancer Lett. 
2013; 332:63–73.

49. Hardy S, Langelier Y, Prentki M. Oleate activates phos-
phatidylinositol 3-kinase and promotes proliferation and 
reduces apoptosis of MDA-MB-231 breast cancer cells, 
whereas palmitate has opposite effects. Cancer Res. 2000; 
60:6353–6358.

50. Scaglia N, Igal RA. Inhibition of Stearoyl-CoA Desaturase 
1 expression in human lung adenocarcinoma cells impairs 
tumorigenesis. Int J Oncol. 2008; 33:839–850.

51. Nomura DK, Long JZ, Niessen S, Hoover HS, Ng S-W, 
Cravatt BF. Monoacylglycerol lipase regulates a fatty acid 
network that promotes cancer pathogenesis. Cell. 2010; 
140:49–61.

52. Feizi A, Bordel S. Metabolic and protein interaction sub-
networks controlling the proliferation rate of cancer cells 
and their impact on patient survival. Sci Rep. 2013; 3.

53. Scaglia N, Chisholm JW, Igal RA. Inhibition of stearoylCoA 
desaturase-1 inactivates acetyl-CoA carboxylase and impairs 
proliferation in cancer cells: role of AMPK. PloS One. 2009; 
4:e6812.

54. Za’tara G, Bar-Tana J, Kalderon B, Suter M, Morad E, 
Samovski D, Neumann D, Hertz R. AMPK activation by 
long chain fatty acyl analogs. Biochem Pharmacol. 2008; 
76:1263–1275.

55. Li LO, Ellis JM, Paich HA, Wang S, Gong N, Altshuller G, 
Thresher RJ, Koves TR, Watkins SM, Muoio DM, Cline GW, 
Shulman GI, et al. Liver-specific loss of long chain acyl-
CoA synthetase-1 decreases triacylglycerol synthesis and 
beta-oxidation and alters phospholipid fatty acid composi-
tion. J Biol Chem. 2009; 284:27816–27826.



Oncotarget38736www.impactjournals.com/oncotarget

56. Lee GY, Kenny PA, Lee EH, Bissell MJ. Three-dimensional 
culture models of normal and malignant breast epithelial 
cells. Nat Methods. 2007; 4:359–365.

57. Demoulin J-B, Ericsson J, Kallin A, Rorsman C, 
Rönnstrand L, Heldin C-H. Platelet-derived growth factor 
stimulates membrane lipid synthesis through activation of 

phosphatidylinositol 3-kinase and sterol regulatory element-
binding proteins. J Biol Chem. 2004; 279:35392–35402.

58. Cao Y, Murphy KJ, McIntyre TM, Zimmerman GA, 
Prescott SM. Expression of fatty acid-CoA ligase 4 during 
development and in brain. FEBS Lett. 2000; 467:263–267.


