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Abstract An abnormal acyl-CoA synthetase/stearoyl-CoA
desaturase (ACSL/SCD) lipid network fuels colon cancer
progression, endowing cells with invasive and migratory
properties. Therapies against this metabolic network may be
useful to improve clinical outcomes. Because micro-RNAs
(miRNAs/miRs) are important epigenetic regulators, we in-
vestigated novel miRNAs targeting this pro-tumorigenic axis;
hence to be used as therapeutic or prognostic miRNAs. Thirty-
one putative common miRNAs were predicted to simultane-
ously target the three enzymes comprising the ACSL/SCD
network. Target validation by quantitative RT-PCR, Western
blotting, and luciferase assays showed miR-544a, miR-142,
and miR-19b-1 as major regulators of the metabolic axis,
ACSL/SCD. Importantly, lower miR-19b-1 expression was
associated with a decreased survival rate in colorectal cancer
(CRC) patients, accordingly with ACSL/SCD involvement
in patient relapse. Finally, miR-19b-1 regulated the pro-
tumorigenic axis, ACSL/SCD, being able to inhibit invasion
in colon cancer cells.Bll Because its expression correlated
with an increased survival rate in CRC patients, we propose
miR-19b-1 as a potential noninvasive biomarker of disease-
free survival and a promising therapeutic miRNA in CRC.—
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Colorectal cancer (CRC), one of the most commonly di-
agnosed cancers, has one of the highest prevalence and
mortality rates among malignant tumors (1). Energetic
metabolism reprogramming is one of the emerging hall-
marks of cancer. Adjustments of energy metabolism are
triggered to fuel the uncontrolled growth of cancer cells.
Lipid metabolism is altered in cancer, among other meta-
bolic pathways (2, 3), and it represents an important source
of energy and structural and biosynthetic resources funda-
mental for carcinogenic processes (3, 4).

Our group identified cooperative lipid metabolism-
related genes involved in CRC (5): two members of the acyl-
CoA synthetase (ACSL) family, ACSLI and ACSL4, and
stearoyl-CoA desaturase (SCD). ACSL1 and ACSL4 catalyze
the conversion of long chain FAs to acyl-CoA (6) and
have been related to carcinogenesis (4, 7). SCD, the rate-
limiting enzyme converting saturated FAs into monoun-
saturated FAs, is also related to malignant transformation,
proliferation, or survival (8-10). The ACSL/SCD lipid net-
work fuels migratory and invasive properties through epi-
thelial-mesenchymal transition (EMT) induction and is
associated with an increased risk of relapse in CRC patients
(5).

Micro-RNAs (miRNAs) are endogenous noncoding small
RNAs that have recently emerged as potent epigenetic
modulators, which specifically bind to complementary re-
gions within mRNAs to promote their degradation and/or
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to inhibit translation (11, 12). miRNAs regulate cellular
homeostasis and development and also several processes
involved in tumorigenesis (12-14). The reported cross-talk
between miRNAs and several lipid metabolism processes,
like lipogenesis, lipolysis, or lipophagy (13), could contribute
to their action as tumor suppressors or as oncomiRNAs.
Here, we characterize novel regulators of the whole
ACSL/ SCD network through miRNA screening: first by using
bioinformatics approaches and then by testing the effect of
the strongest miRNA candidates on the ACSL/SCD axis
and validating their specificity through the action on their
3’UTR. Finally, we evaluated the expression of the most re-
markable regulator in stage II and stage III CRC patients.

MATERIALS AND METHODS

Cell culture and reagents

SW620, DLD-1, LoVo, and HEK-293T cell lines were obtained
from ATCC, maintained under standard conditions, and Myco-
plasma tested every 2 weeks. Three to four passages (2-3 weeks)
for each cell line were used for experiments between collection
and thawing. The commercial antibodies used are listed in sup-
plemental Table S3. Antibody against SCD (15) was a gentle con-
tribution from Dr. Jean-Baptiste Demoulin, Université Catholique
de Louvain, Brussels, Belgium. Anti-human ACSL4 was gener-
ously granted by Dr. Stephen Prescott, University of Utah, Salt
Lake, UT and Dr. Diana Stafforini, Huntsman Cancer Institute,
University of Utah and was used as indicated (16).

Bioinformatics tools

Four different algorithms were used simultaneously in order to
identify miRNA-gene interactions: miRanda, PITA, TargetScan,
and PicTar5. miRanda (17) and TargetScan (18) use the degree
of sequence complementarity as the primary key parameter to
identify miRNA-mRNA interactions. PITA (19) utilizes thermody-
namics as the main criterion and miRanda has also included this
feature. PicTarb (20) or the mirSVR scoring model (21) collect
different types of features derived from the latest in vivo and in
vitro assays and utilize machine learning techniques to find the
feature patterns shared by true miRNA-target interactions. A pre-
diction was considered valid whenever it co-occurred in at least
two algorithms. For miRNA functional analysis, Genecodis 3 (22)
determined overrepresented biological processes from Gene On-
tology or overrepresented pathways from the Panther database.

To provide a miRNA-mRNA interaction scoring schema, we
used the miRanda/mirSVR scoring schema. The miRanda algo-
rithm provides alignment, thermodynamic, and conservation
scores and the mirSVR algorithm uses the machine learning-
based score (http://www.microrna.org/). Alignment and con-
servation scores reflect the level of complementarity between
sequences and conservation of the target site among vertebrates,
respectively. The seed category represents the number of nucleo-
tides interacting at the seed level. An eight seed-category or eight
monomer site (8mer site) means an interaction between all nucle-
otides from two to nine, a 7mer site between all nucleotides from
two to eight, and a 6mer site between all nucleotides from two to
seven. However, zero represents a mismatch somewhere along the
nucleotides two to seven within the seed, so five or fewer nucleo-
tides interact. The mirSVR score (21) detects experimentally veri-
fied noncanonical miRNA-mRNA interactions. The higher the
probability of downregulation, the lower the mirSVR score is. Cut-
off was set at —0.5 because 15% of all the predicted targets had a

score lower than 0.5 and, at such a score, the expected probability
of observing a minimal log expression change of —0.1 is approxi-
mately 50%.

Quantitative real-time PCR and interaction score method
generation

Mimic miRNAs (30 nM) were transfected into HEK-293T cells
(Lipofectamine® 2000; Thermo Fisher Scientific). Total RNA was
extracted 48 h post transfection using Tri Reagent (Sigma) and
reverse-transcribed using the High Capacity RNA-to-cDNA Master
Mix system (Life Technologies). Quantitative RT-PCR (RT-QPCR)
was performed using VeriQuest SYBR Green qPCR Master Mix
(Affymetrix, Santa Clara, CA) and gene-specific primers are listed
in supplemental Table S1. miRNA expression in patients was
monitored using TagMan® microRNA reverse transcription kit
(Thermo Fisher Scientific) and TagMan miRNA probes for RT-
QPCR (supplemental Table S2). The 2 %% method was applied
to calculate the relative gene or miRNA expression.

Regarding the interaction scoring method, an individual score
(IS) was obtained by subtracting the replica’s mean (2% for
each miRNA-gene interaction by the global mean (2 **“* average
among the 31 miRNAs for each gene). In this way, we selected only
the best interactions for each gene. Consequently, the final score
(FS) represents the average of the three ISs of each miRNA for the
three target genes, ACSL1, ACSL4, and SCD. The FS gets lower
as the probability of downregulation increases. Individual g Asct
data (fold change), replica mean, global mean, and IS and FS are
listed in supplemental Table S5 for each miRNA-gene interaction.

Western blot

Mimic miRNAs (60 nM) were transfected into HEK-293T cells
(Lipofectamine® 2000; Thermo Fisher Scientific). Cell lysates
were separated on SDS-PAGE, transferred onto nitrocellulose
membranes, blocked with 5% nonfat dry milk, and probed with
the antibodies listed in supplemental Table S3. Signal detection
was performed using the Clarity Western ECL substrate (Bio-
Rad). Vinculin determination was used as loading control.

Dual-luciferase assays (cloning and cotransfection)

Sequences for ACSLI (ENST00000281455), ACSL4
(ENST00000348502), and SCD (ENST00000370355) were cloned
into psiCheck2 by DNA 2.0. Fifty thousand HEK-293T cells were
transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s recommendations. Each cotransfection reaction
contained 100 ng of either psiCheck2-3'UTR-ACSLI, psiCheck2-
3"UTR-ACSL4, or psiCheck2-3'UTR-SCD and 30 nM of each mimic
miRNA. The relative luciferase activity (Renilla luminescence/
firefly luminescence) was determined after transfection using the
Dual-Luciferase Reporter assay system (Promega) representing the
translational repression of ACSLI, ACSL4, and SCD upon binding
to their 3’'UTR of candidate miRNAs.

Patients and samples

Eighty CRC stage IT and 46 CRC stage III patients from La Paz
University Hospital were enrolled in the study. Formalin-fixed
paraffin-embedded samples were obtained with the patients’ au-
thorization and with the approval of the human research ethics
review committee of La Paz University Hospital (HULP-PI-1452).
Clinical-histopathological data of patients were prospectively col-
lected on clinical history and were confirmed by oncologists of
the hospitals implicated in this study (supplemental Table S4).

Invasion assays

SW620 or LoVo cells were nucleotransfected (Neon® trans-
fection system; Thermo Fisher) with 30 nM mimic miR-19b-1
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(miR-19b-1) or a control miRNA. For rescue experiments, miRNAs
were cotransfected with 300 ng of vectors expressing the coding
sequence of ACSLI, ACSL4, and SCD (DNA 2.0; Menlo Park,
CA). Cells were seeded in 0.1% FBS-DMEM using Matrigel in-
vasion chambers (Corning). DMEM 10% FBS was used as che-
moattractant. After fixation and staining, images were captured
(Olympus CKX41) and registered (getIT software, Olympus).

Neutral lipid content distribution

DLD-1 cells were transfected with Lipofectamine 2000 with mimic
miRNAs (30 nM) for 48 h. Oleic acid (OA) conjugated with BSA
(0.5 mM) was added the day before the analysis to increase the lipid
content. FA-free BSA was used as vehicle for the control group.

Triglyceride analysis. Cell lipids were extracted with chloro-
form-methanol (23) and analyzed enzymatically using commer-
cial kits (from Spinreact, Sant Esteve de Bas, Spain). Lipid content
was expressed as micrograms of triglyceride (TG) per milligram
of protein.

BODIPY staining for microscopy. Cells were treated with 2 uM
BODIPY staining solution (BODIPY™ 493/503; Invitrogen) in
PBS for 15 min at 37°C and fixed with 4% paraformaldehyde. Im-
ages were captured using a Leica DM IL microscope with a 40x
Plan Fluotar objective and registered using Leica Application
Suite.

Oxygen consumption rate

The oxygen consumption rate (OCR) was monitored as an in-
dicator of mitochondrial respiration with an XF96 extracellular
flux analyzer using the XF Cell Mito stress test kit according to the
manufacturer’s instructions (Seahorse Biosciences, North Biller-
ica, MA). Cells were seeded into XF96 plates with DMEM 10%
FBS at a density of 90,000 cells per well for SW620 cells, as de-
scribed in (24), and transfected the following day with mimic
miRNAs (30 nM) using Lipofectamine 2000. Upon several washes,
medium was replaced for 1 h prior to assay with Krebs-Henseleit
buffer (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl,, 2 mM MgSO,,
and 1.2 mM NaH,PO,) supplemented with 2.5 mM glucose, 0.5 mM
carnitine, and 5 mM HEPES, as FA oxidation (FAO) medium.
Etomoxir (Sigma), a carnitine palmitoyltransferase-1 (CPT-1) in-
hibitor and therefore a FAO inhibitor, was added to the medium
15 min prior to assay. Once basal rate measurements were taken,
mitochondrial respiratory chain drugs were added, following
Mito Stress kit specifications. Oligomycin (2 wM) was used to
block ATP-linked oxygen consumption, 0.6 pM FCCP as an un-
coupling agent to obtain maximal respiration, and 0.5 pM rote-
none/antimycin A to inhibit complex I and complex III, stopping
all mitochondrial respiration. The OCR was measured three times
following injection of each drug and normalized to total protein
content. At least six replicates per condition were done for each
experiment.

Statistical analysis

Time to relapse was obtained for the analysis of 3 year disease-
free survival (DFS), defined from the time of the surgical proce-
dure. The Kaplan-Meier method was used to estimate DFS.
Log-rank test for univariate Cox regression analysis was performed
to test association between DFS and individual miRNA expres-
sion. Hazard ratios (HRs) and 95% CI were calculated from the
adjusted Cox regression model (vascular invasion, lymphatic inva-
sion, and perineural invasion, together with age >70). All reported
Pvalues were two-sided. Statistical significance was defined as P <
0-05. Statistical analyses were done by R statistical software v3.1
(https://www.r-project.org).
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RESULTS

Bioinformatics prediction of common miRNAs regulating
the ACSL1/ACSLA4/SCD pro-tumorigenic axis

miRanda, PITA, TargetScan, and PICTARS were run in
order to identify miRNA-gene interactions. A prediction
was considered valid whenever it co-occurred in at least two
algorithms; we identified 31 putative miRNAs (Fig. 1A) ca-
pable of targeting ACSL1, ACSL4, and SCD simultaneously.
A more restrictive prediction based on the co-occurrence
of atleast three algorithms was also performed. A Venn dia-
gram shows the intersection of predictions for 28 common
miRNAs of ACSL1/ACSL4/SCD (Fig. 1B). Because the
number did not vary significantly, we thus considered the
initial 31 candidate miRNAs for further in vitro validation.

A B
miRNA miRBase ID ACSLT AcsLe
hsa-miR-544-a MI0003515
hsa-miR-142 MI0000458
hsa-miR-19b-1 MI0000074
hsa-miR-224 MI0000301
hsa-miR-106a MI0000113
hsa-miR-31 MI0000089
hsa-miR-20b MI0001519
hsa-miR-20a MI0000076
hsa-miR-342 MI0000805
hsa-miR-205 MI0000285
hsa-miR-449b MI0003673
hsa-miR-26b MI0000084
hsa-miR-548b MI0003596
hsa-miR-199b MI0000282
hsa-miR-106b MI0000734
hsa-miR-548a-3 MI0003612
hsa-miR-515-1 MI0003144
hsa-miR-519d MI0003162
hsa-miR-19a MI0000073
hsa-miR-195 MI0000489
hsa-miR-556 MI0003562
hsa-miR-186 MI0000483
hsa-miR-369 MI0000777
hsa-miR-17 MI0000071
hsa-miR-578 MI0003585
hsa-miR-34c MI0000743
hsa-miR-93 MID000095
hsa-miR-875 MI0005541
hsa-miR-548¢c MI0003630
hsa-miR-940 MI0005762
hsa-miR-944 MI0005769
Fig. 1. Bioinformatics prediction of common miRNAs regulat-

ing ACSL1, ACSL4, and SCD. A: miRanda, PITA, TargetScan, and
PICTARS algorithms were run to predict 31 common miRNAs puta-
tively regulating ACSL1, ACSL4, and SCD. A prediction was consid-
ered valid whenever co-occurring in at least two algorithms. MiRbase
identification (ID) for all the candidates is also shown. B: Venn dia-
gram showing the intersection of predictions for ACSLI, ACSL4,
and SCD based on the co-occurrence of at least three predicting
algorithms.
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Screening of the predicted miRNAs shows miR-544a,
miR-142, and miR-19b-1 as regulators of the ACSL1/
ACSL4/SCD network

Because in vitro screening and validation are essential to
avoid false predictions, HEK-293T cells were transfected
with miRNA mimics and the ACSL1/ACSL4/SCD protein
expression levels were measured. We next developed an
interaction scoring method based on RT-QPCR data to se-
lect stronger miRNA-gene interactions based on better
mRNA depletions. Figure 2A shows ISs and FSs from
miRNA-gene interactions (the lower the scores are, the
higher the target’s depletion is). We defined a FS cutoff of
—0.35, which selects miR-544a (FS = —0.474), miR-142 (FS =
—0.416), and miR-19b-1 (FS = —0.354) as the best candidates.

We further confirmed their action on their targets by
Western blot (WB) (Fig. 2B). The FS (—0.474) for miR-
544a is in accordance with a reduction of the target’s pro-
tein expression (52, 80, and 26% of protein downregulation
of ACSL1, ACSL4, and SCD, respectively). miR-142 ob-
tained a FS of —0.416 (—0.421/—0.25/—0.577 as IS for
ACSL1/ACSL4/SCD, respectively), which is in agreement
with 70, 57, and 49% of protein downregulation of ACSL1I,
ACSL4, and SCD, respectively. Finally, miR-19b-1 (FS =
—0.354) showed 38, 89, and 77% of protein downregula-
tion of ACSL1, ACSL4, and SCD, respectively; also in agree-
mentwith previous ISs (—0.298/—0.295/—0.468 for ACSL1/
ACSL4/SCD, respectively). Additionally, two miRNAs not
preselected, miR-578 and miR-199b, with higher FSs and
therefore less predicted capacity to downregulate the tar-
gets, were also able to downregulate the three target pro-
teins in the case of miR-199b (44, 54, and 75% of protein
downregulation of ACSL1, ACSL4, and SCD, respectively)
and ACSL4 and SCD proteins in the case of miR-578 (0, 48,
and 33% of protein downregulation of ACSL1, ACSL4, and
SCD, respectively). We also analyzed miR-205, whose prog-
nostic value in CRC has been described (14), and miR-106,
characterized as a biomarker in CRC (25, 26). Although
miR-205 and miR-106-a were good candidates globally
(FS —0.205 and —0.282, respectively), only miR-205 pre-
sented significant protein downregulation (45, 92, and
67% of ACSL1, ACSL4, and SCD protein downregulation,
respectively).

Even though miR-205 and miR-199b presented significant
downregulation capacity at the protein level, we decided to
continue studying miR-b44a, miR-142, and miR-19b-1 as
the most robust candidates downregulating both RNA and
protein levels of the ACSL/SCD pro-tumorigenic axis.

To complement WB results, those mRNA-miRNA inter-
actions were quantified based on the miRanda/mirSVR
scoring schema. Regarding ACSLI (Fig. 2C, upper table),
selected miRNA alignment scores were quite low because
120 is the minimum score for a target to be considered as
valid. It is remarkable that four out of five interactions were
canonical at the seed level. mirSVR scores, which get lower
as downregulation probability increases, were better for

7mer sites. Curiously, miR-544a had a high probability to
downregulate ACSLI, stated by a mirSVR score of —1.0027,
demonstrating this score’s ability to detect noncanonical
miRNA-mRNA interactions. Thus, miR-142-3p, which had a
canonical 7mer interaction site together with good align-
ment, energy, and conservation scores, and miR-544a,
which was not a canonical interaction, but presented a sig-
nificantly low mirSVR score, may be among the best candi-
dates. Regarding miR-19b-1 mature forms [miR-19b-1-5p
(MIMAT0004491) and miR-19b-3p (MIMATO0000074) ], fur-
ther in vitro assessment is needed because they presented
the minimal alignment score to be considered as valid can-
didates and the mirSVR did not reflect a high downregula-
tion probability. In the case of ACSL4 (Fig. 2C, middle
table), the highest alignment scores corresponded to 7mer
canonical sites, which, in addition, had acceptable mirSVR
scores based on our cutoff. The miR-19b-1-5p interac-
tion did not account for a canonical site type, and the
mirSVR score did not reflect a potential noncanonical
interaction. Regarding SCD (Fig. 2C, lower table), the
alignment and energy scores were strong and all the in-
teraction sites were canonical with a seven nucleotide
interaction along the seed, with the exception of miR-19b-
1-5p, whose interaction was not potent enough to over-
come the detection threshold. This was also the case for
the ACSL4miR-142-5p interaction. Considering the above-
mentioned results, we reaffirmed the decision to consider
miR-544a, miR-142, and miR-19b-1 as the best candidates
to regulate the ACSL1/ACSL4/SCD pro-tumorigenic axis
for more detailed analysis.

miR-142, miR-544a, and miR-19b-1 target the 3'UTR of
ACSL1, ACSL4, and SCD

To validate the direct interaction of these miRNAs to
their targets, we performed dual-luciferase assays (Fig. 2D).
In agreement with previous results, miR-544a, miR-142,
and miR-19b-1 downregulated the activity of the three re-
porter constructions reflecting their binding on the corre-
sponding 3"UTRs. Hence, we assumed miR-b44a, miR-142,
and miR-19b-1 as validated miRNAs regulating the ACSL/
SCD pro-tumorigenic axis.

Low expression of miR-19b-1 correlates with a poorer
prognosis in CRC stage II and stage III patients

In order to confirm the potency of these miRNAs as
regulators of the ACSL/SCD axis involved in CRC prog-
nosis, their expression levels were evaluated in CRC pa-
tients. For both mature forms of miR-142 [miR-142-3p
(MIMATO0000434) and miR-142-5p (MIMAT0000433)]
and for miR-544a, significant correlation with DFS was not
found (data not shown). However, both miR-19b mature
forms significantly predicted DFS in CRC stage II patients.
miR-19b-5p displayed a HR(95% CI) of 0.27(0.09-0.78),
log-rank P = 0.0097 (Fig. 3A) and miR-19b-3p displayed a
HR(95% CI) of 0.27(0.09-0.77), log-rank P=0.0087 (Fig. 3B).

miRNAs (miR-142, miR-544a, and miR-19b-1). The relative luciferase activity (Renilla luminescence/firefly luminescence) was determined
48 h after transfection, representing the translational repression of the proteins upon binding to the 3'UTR of candidate miRNAs. A miRNA
with no predictive target was used as a negative control. Results represent the fold-change mean + SD (n = 3).
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Fig. 3. Prognostic value of miR-19b-1 in CRC stage II patients. Kaplan-Meier survival curves for CRC patients showing correlation between
DFS in stage II patients and the expression levels of miR19b-1-5p (A) or miR19-b-3p (B), or in stage III patients and the expression levels of
miR19b-1-5p (C) or miR19-b-3p (D). E: Univariate and multivariate Cox regression analyses. (CRC stage II patients n = 80, 17.50% of recur-

rence; CRC stage III patients n = 46, 39.13% of recurrence).

Furthermore, the miR-19b-3p prognostic value was also ob-
served in stage III CRC patients’ DFS [HR(95% CI) of
0.37(0.14-0.97), log-rank P=0.034] (Fig. 3C, D). Finally, to
evaluate whether miR-19b-1 might constitute independent

prognostic classifiers, clinical and histopathological data
were included in both univariate and multivariate Cox re-
gression analyses (Fig. 3E) revealing that both miR-19b-1
forms were DFS-independent prognostic biomarkers in
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stage II CRC patients [miR-19b-1-5p: HR(95% CI) of
0.22(0.07-0.74), P = 0.0111; miR-19b-3p: HR(95% CI) of
0.25(0.08-0.78), P=0.0173] (Fig. 3E). Again, only miR-19b-3p
[HR(95% CI) of 0.37(0.14-0.98), P= 0.041] constituted a
DFS-independent prognostic biomarker in stage III CRC
patients (Fig. 3E). Hence, miR-19b-1 could be considered
as a potential miRNA with predictive value related to good
prognosis in CRC patients through the inhibition of the
ACSL/SCD network activation.

miR-19b-1 blocks cell invasion and regulates lipid
metabolism in CRC cells

To further validate miR-19b-1 interference with CRC cell
invasiveness mediated by the ACSL/SCD axis, we per-
formed an in silico functional analysis, elucidating putative
miRNA biological effects. Figure 4A shows biological pro-
cesses ordered according to the increasing number of genes
involved in each statistically significant process (Hyp_c <
0.05); while in Fig. 4B, they are ordered by corrected hy-
pergeometric test (Hyp_c). Interestingly, focal adhesions
(Hyp_c = 0.001) and actin cytoskeleton regulation (Hyp_c =
0.011), both related to invasion and migration (27, 28), are
putatively elicited by miR-19b-1, in accordance with the
reported ACSL/SCD effect promoting invasion and mi-
gration (5). To confirm the miR-19b-1 implication in these
processes, we performed a Matrigel-based invasion assay in
two well-known invasive CRC cell lines, SW620 and LLoVo
(Fig. 4C). Remarkably, in both cases, a clear decrease in
the number of invasive cells was observed upon miR-19b-1
electroporation. Therefore, miR-19b-1 blocked CRC cell
invasion, which was in agreement with the opposite effect
exerted by its targets, ACSLI, ACSL4, and SCD (5). To dem-
onstrate whether the effect of miR-19b-1 in CRC cell invasion
is regulated directly by the suppression of ACSLI, ACSL4,
and SCD, we performed rescue experiments by reintroduc-
ing ACSL1, ACSL4, and SCD in miR-19b-1-transfected cells.
As shown in Fig. 4D, the invasive phenotype of CRC cells
was significantly recovered when miR-19b-1 transfection
was combined with ACSL/SCD expression vectors lacking
the 3’'UTR and, thus, was not affected by miR-19b-1 regulation.
This demonstrates that re-expression of the ACSL/SCD
axis is able to recover the lost invasion upon miR-19b-1 treat-
ment of SW620 cells; therefore, it evidences the specific
role of the miR-19b-1/ACSL/SCD regulatory axis in con-
trolling CRC invasion.

To further assess the impact of our miRNA candidate in
lipid metabolism, we measured the TG levels in miR-19b-1-
transfected cells, as shown in Fig. 4E. Because CRC cells do
not normally store substantial amounts of neutral lipids,
cells were exposed to OA to favor lipid storage. Under these
conditions, cells transfected with miR-19b-1 presented a
clear reduction in the cellular TG content, indicating that
miR-19b-1 diminishes neutral lipid accumulation in the cells.
As a complementary analysis, we also used the BODIPY
fluorophore, a specific dye for cellular neutral lipid drop-
lets. Figure 4F shows again that cells transfected with miR-
19b-1 are less prone to neutral lipid droplet accumulation
upon OA supplementation (OA-BSA), compared with the
vehicle control alone (BSA).
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To get further insight into the metabolic role of miR-19b-1
on CRC cells, we performed bioenergetics experiments us-
ing the Seahorse XF bioanalyzer. Figure 4G shows that
miR-19b-1 did not only trigger an overall effect on lipid drop-
let maintenance or mobilization, but also at the bioener-
getic level. Upon treatment with a (B-oxidation inhibitor
(etomoxir), which inhibits FA transport to mitochondria
and therefore respiration dependent on FA, miR-19b-1-
transfected cells presented a lower maximal OCR compared
with miR control cells. As a consequence of this, the spare
capacity (measured as the difference between maximal res-
piration and the correspondent basal respiration) was null
in cells transfected with miR-19b-1, differently from cells
transfected with miR control. This spare respiratory capac-
ity indicates the presence of a reserve that is accessible for
the cells in case of a bioenergetic demand or a stressful situ-
ation. These results suggest that miR-19b-1 compromises
respiratory capacity of cells, leading to an even more dra-
matic effect upon FAO inhibition, eliminating the spare
respiratory capacity of cells.

DISCUSSION

The ACSL/SCD network is a clear example of how can-
cer cells reprogram their metabolism to promote cell inva-
sion and poorer disease prognosis (5). Hence, it is crucial
to unveil this network’s regulating mechanisms in order to
design effective cancer therapies. In this sense, regulatory
miRNAs emerge as promising therapeutic tools and noninva-
sive biomarkers because they can be detected in body fluids.

Combined bioinformatics tools led us to a miRNA library
with 31 candidates (Fig. 1) that were screened by analyzing
their effect on their targets’ ACSLI/ACSL4/SCD expres-
sion using a novel interaction scoring method (Fig. 2A).
WB, miRanda/mirSVR scoring schema, and dual-luciferase
assays (Fig. 2) validated miR-544a, miR-142, and miR-19b-1
as ACSL/ SCD regulators. Importantly, miR-19b-1’s lower ex-
pression correlated with a poorer prognosis in stage II and
stage IIT CRC patients (Fig. 3), suggesting a protective role
for this miRNA in CRC, very likely through its involvement
in cell invasion and lipid metabolism regulation (Fig. 4).
The overall workflow to obtain the tumorigenic axis ACSL/
SCD candidate miRNAs is clearly represented in Fig. 5.

Here we have used novel scoring approaches for more
convenient managing and screening of bioinformatics
data. For instance, the interaction scoring method enabled
us to select the best miRNA candidates for a combination
of targets. Furthermore, the combination of two important
bioinformatic tools in the defined miRanda/mirSVR scor-
ing schema allowed us to detect canonical and noncanoni-
cal interaction sites, which are often filtered out during the
prediction process by most algorithms, such as miRanda,
making it hard to detect experimentally verified nonca-
nonical interactions. This was the case for the miR-544a-
ACSLI interaction, whose mirSVR score of —1.0027
represented a high downregulation probability, which was
further validated despite not having a canonical interac-
tion (17).
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miR-19b-1 is a member of the miR-17-92 cluster fre-
quently recognized as an oncomiR (29). This cluster has
been associated with CRC (30), among other cancers (31).
However, recent studies describe miR-19 to be decreased
in gastric cancer (32, 33), suggesting that the role of the
miR-17-92 cluster needs to be further investigated. Proba-
bly these miRNAs’ roles and expression may be tissue- and
tumor-stage dependent (34). This study opens a new ave-
nue for miR-17-92 cluster involvement in CRC regulation;
particularly, miR-19b-1, because its potential role as a tu-
mor suppressor is described here.

An important finding was miR-19b-1’s ability to inhibit
CRC cell invasion. In silico analysis indicated this miRNA’s
implication in processes like focal adhesions and regulation
of the actin cytoskeleton. Focal adhesions, which regulate
cellular behaviors, such as cell proliferation, migration, and
invasion (35), also connect ECM and, thus, the tumor mi-
croenvironment to the actin cytoskeleton, which is also in-
volved in cancer cell migration and invasion (28). The fact
that miR-19b-1 may be able to inhibit these processes is in
agreementwith previous findings describing the ACSL/SCD
metabolic signature to promote invasion and migration (5).

In this vein, miR-19b-1’s implication in lipid metabo-
lism agrees with the lipid metabolism enzyme condition of
its targets ACSLI, ACSL4, and SCD. The use of two different

tracers of lipid trafficking pointed toward the role of
this miRNA in the maintenance of lipid droplets, either
causing decreased intake, impaired incorporation of the
FAs into neutral lipids, or increased mobilization. miR-
19b-1 could act by inhibiting de novo lipogenesis by target-
ing FA-activating enzymes (ACSLs and SCD) and, therefore,
the previous steps to TG synthesis, leading to less accumu-
lation of lipid droplets. Furthermore, Seahorse analysis
suggested that miR-19b-1 compromises the respiratory capac-
ity of cells, potentiating the effect of the B-oxidation in-
hibitor, etomoxir. Again, by inhibiting ACSL-mediated FA
activation, miR-19b-1 would lead to diminished B-oxidation
and to a limited maximal mitochondrial respiration and im-
paired spare capacity. Nevertheless, further studies will help
to elucidate the mechanisms underlying the miRNA’s fine-
tuning control of lipid metabolism fueling cancer energy.

Considering miR-19b-1 interacting together with the
other selected candidates, miR-142 and miR-544a, a Pan-
ther analysis designated the Wnt route as the most repre-
sented biological pathway common to these three miRNAs
(supplemental Fig. S1). Wnt activation requires avoiding
B-catenin degradation upon GSK3f inhibitory phosphory-
lation leading to invasion gene transcription (36). ACSL/
SCD increases GSK3B phosphorylation, activating Wnt
signaling and EMT (5); therefore, the downregulation

Results represent the number of migrated cells found in six random microscope fields in two independent inserts in three independent
experiments + SEM (n = 3). *P<0.05, **P< 0.01, ¥¥*¥P< 0.001, ****P < 0.0001. E: TG analysis content in DLD-1 cells transfected with mimic
miR-19b-1 or a mimic miRNA control upon a 0.5 mM OA-BSA or FA-free BSA (vehicle control) input. Lipid content is expressed in micro-
grams of TG per milligram of protein in two independent experiments + SEM (n = 2). ¥*P < 0.05. F: Representative immunofluorescence
images of the distribution of the fluorophore, BODIPY, in DLD-1 cells transfected with mimic miR-19b-1 or a mimic miRNA control, upon a
0.5 mM OA-BSA or FA-free BSA (vehicle control) input. Images were captured using a Leica DM IL microscope from a representative experi-
ment, with a 40x Plan Fluotar objective and registered using Leica Application Suite (n = 2). G: Bioenergetic profile (OCR) of cells trans-
fected with miR-19b-1 or a mimic miRNA control with or without the addition of etomoxir. Injection schema (oligomycin, FCCP, antimycin
A/rotenone) and key parameters assayed (basal respiration, maximal respiration, and spare capacity) are also indicated. H: Basal respira-
tion and spare respiratory capacity quantification of cells transfected with miR-19b-1 or a mimic miRNA control with or without the addition
of etomoxir. Both results show a representative experiment of two independent experiments with at least six replicates per condition + SEM

(n=2).
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elicited by these miRNAs over this network suggests a role
for them in Wnt regulation. Although with an opposite
role, miR-544a has been involved in Wnt pathway actions in
gastric and lung cancer (37, 38). miR-142-3p has been re-
ported to target cancer stem cell markers, such as the Wnt
target, LGR5, in CRC cells (39), in agreement with its ac-
tion on the ACSL/SCD network, which is also involved in
cancer stem cell feature generation (5). Furthermore, re-
ported miR-142-3p downregulation in CRC patients (40)
supports our bioinformatics analysis. All of this data sup-
ports the idea of miRNA networks controlling functional
gene interactions, such as ACSL/SCD.

Finally, we propose miR-19b-1 as a potential noninvasive
biomarker, given its strong association with a better prog-
nosis in CRC patients and as a promising therapeutic
miRNA inhibiting CRC cell invasion. miR-19b-1 could be
used as a biomarker of CRC prognosis, which could be
done either by directly evaluating its expression in biopsy
tissues, as described here, or its circulating levels in serum,
as previously described for other types of cancer (33). From
a therapeutic point of view, miRNA replacement therapy
could be an alternative to increase the expression of this
particular miRNA in colorectal tissue, as exemplified by the
use of miR-34 for other types of human neoplasias (41). Other
alternatives, such as the dietary modulation of miRNAs
could also be a possibility, because miR-19b-1, induced by
low protein diet in piglets has been recently reported (42).
However, more in vivo research to test efficacy and safety
issues is needed before we could benefit from therapeutic
approaches to increase miRNA levels in humans. il
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