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Dysregulation of the miRNome unveils a crosstalk
between obesity and prostate cancer: miR-107
asa personalized diagnostic and therapeutic tool
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Prostate-specific antigen (PSA) is the gold-standard marker to
screen prostate cancer (PCa) nowadays. Unfortunately, its lack
of specificity and sensitivity makes the identification of novel
tools to diagnose PCa an urgent medical need. In this context,
microRNAs (miRNAs) have emerged as potential sources of
non-invasive diagnostic biomarkers in several pathologies.
Therefore, this study was aimed at assessing for the first time
the dysregulation of the whole plasma miRNome in PCa pa-
tients and its putative implication in PCa from a personalized
perspective (i.e., obesity condition). Plasma miRNome from a
discovery cohort (18 controls and 19 PCa patients) was deter-
mined using an Affymetrix-miRNA array, showing that the
expression of 104 miRNAs was significantly altered, wherein
six exhibited a significant receiver operating characteristic
(ROC) curve to distinguish between control and PCa patients
(area under the curve [AUC] = 1). Then, a systematic validation
using an independent cohort (135 controls and 160 PCa pa-
tients) demonstrated that miR-107 was the most profoundly
altered miRNA in PCa (AUC = 0.75). Moreover, miR-107 levels
significantly outperformed the ability of PSA to distinguish be-
tween control and PCa patients and correlated with relevant
clinical parameters (i.e., PSA). These differences were more
pronounced when considering only obese patients (BMI >
30). Interestingly, miR-107 levels were reduced in PCa tissues
versus non-tumor tissues (n = 84) and in PCa cell lines versus
non-tumor cells. In vitro miR-107 overexpression altered key
aggressiveness features in PCa cells (i.e., proliferation, migra-
tion, and tumorospheres formation) and modulated the
expression of important genes involved in PCa pathophysi-
ology (i.e., lipid metabolism [i.e., FASN] and splicing process).
Altogether, miR-107 might represent a novel and useful
personalized diagnostic and prognostic biomarker and a poten-
tial therapeutic tool in PCa, especially in obese patients.
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INTRODUCTION
Prostate cancer (PCa) has emerged as the most frequent tumor type
among men and represents a severe health problem worldwide.1 A
key limitation in PCa management is that the gold-standard screen
test is based on the plasma levels of prostate-specific antigen (PSA),
a biomarker that exhibits profound drawbacks, especially in the so-
called “gray zone” (defined as a PSA range of 3–10 ng/mL).2 In
fact, PSA test displays low specificity in that multiple factors can
increase PSA levels without necessarily indicating the presence of a
tumor, such as benign prostatic hyperplasia or inflammatory condi-
tions. In addition, PSA test is not able to accurately distinguish clin-
ically relevant tumors from indolent cases.3 For these reasons, the
anatomo-pathological analysis of prostate biopsies, which represent
a highly invasive technique, is still necessary to appropriately
diagnose PCa nowadays. Therefore, there is an important unmet clin-
ical need for the identification and validation of new, reliable, and spe-
cific non-invasive diagnostic biomarkers, ideally showing prognostic
and/or therapeutic potential.

In this context, microRNAs (miRNAs) have emerged as promising
clinical tools, especially due to their potential as diagnostic and thera-
peutic targets.4 miRNAs are RNA transcripts that lack protein-coding
capacity. Specifically, miRNAs are short non-coding RNAs (20–22 nt)
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that act at post-transcriptional level, negatively regulating translation
of target mRNAs by altering their stability, resulting either in the
degradation of the target or in the translational repression through
different mechanisms.5 In fact, miRNAs are attractive biomarker can-
didates as they can be reproducibly extracted from awide range of bio-
logic samples and are generally stable and resistant to various storage
conditions.6,7 Indeed, recent studies have suggested a relationship
between circulatingmiRNAs and PCa presence and outcome.8–10 Spe-
cifically, recent studies have identified some miRNAs differentially
present in plasma samples from PCa patients; however, only some
of them seem to be specifically derived from PCa tissues.11–13 Unfor-
tunately, although various studies have identified some putative PCa-
specific miRNAs (e.g., miR-141,11,14 miR-375,8,15 and miR-2116),
there is not a consensus in the utility of plasmamiRNAs as circulating
non-invasive biomarkers for PCa. In fact, to the best of our knowledge,
there are no studies describing the dysregulation of the whole miR-
Nome in PCa versus healthy patients. For these reasons, this field re-
quires further investigation in order to ascertain whether a specific
miRNA or a plasma or serum miRNA signature could be associated
with PCa risk and provide diagnostic and prognostic value through
a fast, easy, and non-invasive test.

Likewise, it should be noted that, during the last years, many studies
have demonstrated the implication of the metabolic status, especially
the obese condition, in the development, progression, or aggressiveness
of several pathologies, including PCa.17–19 However, the metabolic sta-
tus of the patients has not been taking into account in the previous
studies implemented to define a diagnostic andprognosticmodel based
on miRNAs expression profile, suggesting the necessity of considering
the metabolic status of the patients, especially the obesity condition,
when developing and validating new biomarkers to improve the diag-
nostic and/or prognostic models in PCa.

Therefore, this study was aimed to explore for the first time the dysre-
gulation of the human miRNome in PCa patients, considering the
obesity condition of the patients (normoweight, overweight, or obesity)
in order to discover and develop new andmore personalized diagnostic,
prognostic, and therapeutic tools for the management of PCa. In addi-
tion, we explored the potential pathophysiological role and the molec-
ular mechanisms underlying the role of miR-107 in PCa, the most
consistently altered miRNA in PCa patients found in our study.

RESULTS
Plasma miRNAs landscape is dysregulated in PCa subjects

Results obtained from the Affymetrix miRNA array 4.1 (which ana-
lyzes the complete list of mature humanmiRNAs from themiRNome;
n = 2,578) using plasma samples from PCa and healthy volunteers
revealed that all miRNAs, with the exception of 18 transcripts, were
detected in all the plasma samples analyzed. Specifically, this analysis
revealed a significant dysregulation (p < 0.01) in the circulating
pattern of 104 miRNAs, wherein 74 miRNAs showed higher levels
and 30 miRNAs exhibited lower levels in PCa compared with control
patients (Figure 1A). An unsupervised clustering of healthy volun-
teers and PCa patients revealed that the plasma levels of these 104
differentially expressed miRNAs effectively discriminated between
both groups (Figure 1B). Of note, six of these significantly altered
miRNAs (i.e., let-7d-5p, miR-24-5p, miR-26a-5p, miR-103a-3p,
miR-107, and miR-191-5p) accurately distinguished between healthy
volunteers and PCa patients, showing an area under the curve
(AUC) = 1 (Figure 1C).

The expression profile of these six miRNAs was analyzed using quan-
titative real-time PCR (PCR) in an ampler cohort of subjects (valida-
tion cohort B). This analysis confirmed that the levels of miR-107 and
miR-191-5p were higher in plasma from PCa patients compared with
control patients (Figure 1D). In addition, both miR-107 and miR-
191-5p significantly distinguished between PCa and control patients,
exhibiting AUCs of 0.75 and 0.67, respectively (Figure 1D). Based on
these data, miR-107 was selected for further analyses in order to more
profoundly characterize its potential value as biomarker.

Potential value of miR-107 as a non-invasive biomarker in PCa

Further analyses of miR-107 plasma levels in the validation cohort B
revealed a positive association with plasma PSA levels in PCa patients
(Figure S1), but not with glucose level or other available clinical
parameters (such as insulin level or plasma lipids [cholesterol and tri-
glycerides (TGs)]; data not shown). Interestingly, miR-107 outper-
formed the capacity of PSA to distinguish between control and PCa
patients (miR-107 [AUC = 0.75; p < 0.0001] versus PSA [AUC =
0.5884; p = 0.0094]; Figure 2A). Remarkably, when the same analysis
was performed considering only patients with PSA levels in the gray
zone (3–10 ng/mL; n = 238), we found that plasma levels of miR-107
were significantly higher in PCa patients compared with control pa-
tients (Figure 2B, middle panel), while no changes were observed
when comparing PSA levels (Figure 2B, left panel). Consequently,
miR-107 (but not PSA) levels are able to significantly distinguish be-
tween control and PCa patients (AUC = 0.66; p < 0.001; Figure 2B,
right panel).

Remarkably, plasma miR-107 levels were higher in patients with sig-
nificant PCa (Sig PCa; defined as Gleason > 6) as compared with Non-
Sig PCa patients (defined as Gleason = 6; Figure 2C). Interestingly,
although the levels of miR-107 could not significantly discriminate
between NonSigPCa and SigPCa patients (Figure 2C), circulating
levels of miR-107 were clearly associated with several key clinical pa-
rameters, such as PSA levels, tumor volume, testosterone, and C-reac-
tive protein (CRP) levels in SigPCa patients, but not in NonSigPCa
subjects (Figure 2D).

miR-107 exerts a dual suppressive/oncogenic role in PCa

We then compared the expression levels of miR-107 between tumor
regions and the adjacent non-tumor regions from PCa patients
included in cohort C and found that miR-107 was downregulated
in PCa tissues (Figure 3A). Similarly, all PCa cell lines analyzed herein
exhibited lower expression levels of miR-107 compared with the
normal-like, prostate-derived cell line PNT2 (Figure 3B). Specifically,
LNCaP, an androgen-sensitive PCa cell, and DU145, a more aggres-
sive PCa cell line, showed the lowest expression level of miR-107
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Figure 1. Landscape of circulating miRNAs in prostate

cancer (PCa)

(A) Volcano plot representing the alteration in the circulating

levels of the whole human miRNome. (B) Heatmap of the

dysregulated miRNAs (n = 104) in PCa patients compared

with healthy volunteers is shown. (C) Plasma level and ROC

curve analysis of the selected miRNAs (let-7d-5p, 24-3p,

26a-5p, 103a-3p, 107, and 191-5p) comparing plasma

samples from PCa patients and healthy volunteers (cohort A)

are shown. All these data are derived from the array analysis.

(D) Plasma level and ROC curve analysis of the selected

miRNAs (let-7d-5p, 24-3p, 26a-5p, 103a-3p, 107, and 191-

5p) comparing plasma samples from PCa and control in-

dividuals (cohort B) are shown. These data derive from

quantitative PCR analysis. AUC, area under the curve. As-

terisks indicate significant differences between compared

groups (**p < 0.01; ****p < 0.0001).
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(Figure 3B). In order to further explore this apparent contradiction
between plasma and tissue levels of miR-107, we analyzed miR-107
levels in the conditioned and secreted media from PNT2, LNCaP,
and DU145 cells. Interestingly, miR-107 secretion in DU145 was
1166 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
significantly higher compared with PNT2 and
LNCaP cell lines (PNT2 = LNCaP < DU145;
Figure 3C). Moreover, the ratio between the
secretion and the expression of miR-107 was
significantly higher in PCa DU145 and LNCaP
compared with normal-like PNT2 cells (PNT2 <
LNCaP < DU145; Figure 3D), suggesting that
the low levels observed in PCa tissue and the
high levels observed in plasma from PCa patients
could be due to the prominent secretion of miR-
107 from PCa cells, especially in the most agg-
ressive models (SigPCa patients [observed in
Figure 2C] and DU145 cells [Figure 3C]).

Next, and in order to study the potential role of
miR-107 in functional parameters of aggressive-
ness, overexpression of miR-107 in DU145 and
LNCaP cells were performed by transfection.
The intracellular overexpression of miR-107 in
DU145 cells (validation results are shown in Fig-
ure S2) significantly reduced proliferation (at 72
h; Figure 3E, right panel), migration (Figure 3F),
and the number and area of tumorospheres (Fig-
ures 3G, right graphic, and 3H, respectively).
However, miR-107 overexpression increased pro-
liferation and the number and area of tumoro-
spheres in LNCaP cells (Figures 3E, left panel;
3G, left panel; and 3H, respectively).

In silico and in vitro analyses of targets and

pathways regulated by miR-107

The predicted target genes of miR-107 were ob-

tained by implementing different bioinformatics enrichment analyses
to gain novel insights on the putative role of miR-107. Firstly, a Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
showed that miR-107 might be implicated in 26 pathways (Figure 4A,



Figure 2. Circulating levels of miR-107 are altered in PCa and associated to oncogenic parameters

(A) ROC curve analysis of miR-107 and PSA comparing plasma samples from PCa and control patients (cohort B). (B) Plasma level and ROC curve analysis of miR-107 and

PSA comparing plasma sample from PCa and control patients included in the gray zone of PSA are shown. (C) Plasma level and ROC curve analysis of miR-107 comparing

control, non-significant, and significant PCa patients are shown. (D) Correlation between plasma level of miR-107 and PSA, tumor volume, testosterone, and CRP in non-

significant and significant PCa patients is shown. Data represent mean ± SEM. Asterisks indicate significant differences between compared groups (**p < 0.01;

****p < 0.0001).
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left panel). In fact, most of these pathways could be grouped in the
main pathway observed, the fatty acid metabolism, which is repre-
sented by the putative targeting of 14 genes (Figure 4A, right panel).
Complementary Gene Ontology (GO) analysis also confirmed that
miR-107 might be involved, among others processes, in cellular lipid
metabolic process (Figure 5A, black arrow). In order to further analyze
the regulatory role of miR-107 in this complex metabolic pathway, the
expression of these 14 genes was analyzed in LNCaP and DU145 cell
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1167
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Figure 3. Dual suppressive and oncogenic role of miR-107 in PCa

(A) miR-107 expression level in PCa tissues compared with adjacent non-tumor regions from PCa patients included in cohort C. (B) miR-107 expression level in PCa cells

(LNCaP, 22Rv1, PC-3, and DU145) compared with the normal-like prostate cell line (PNT2) is shown. (C) miR-107 secretion levels in media obtained from PNT2, LNCaP, and

DU145 cell lines are shown. (D) Ratio between secretion and expression of miR-107 in PNT2, LNCaP, and DU145 cell lines is shown. (E) Proliferation rate analysis of LNCaP

and DU145 cell lines overexpressing miR-107 is shown. (F) Migration rate and representative images of DU145 cells overexpressing miR-107 are shown. Data are expressed

as percentage of control (set at 100%). (G) Analysis of tumorosphere formation assay and representative images of LNCaP and DU145 cells overexpressing miR-107 is

shown. Data represent number of tumorospheres. (H) Comparison of tumorospheres area in LNCaP and DU145 cells overexpressing miR-107 compared with control cells is

shown. Data are expressed as percentage of control (set at 100%). Asterisks indicate significant differences between compared groups (*p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001).
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lines overexpressing miR-107, being represented in Figure 4B the
genes significantly altered (results of the genes that were not altered
are shown in Figure S3). Remarkably, a dysregulation in acyl-coen-
zyme A (CoA) dehydrogenase (ACAD) chains was observed in these
cells, resulting in an upregulation of the short chain (ACADSB) in
LNCaP and a downregulation of the long chain (ACADVL) in
1168 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
DU145 (Figure 4B). A downregulation of carnitine palmitoyltransfer-
ase 2 (CPT2) was also observed inDU145 (Figure 4B). Remarkably, the
main gene involved in this cellular pathway, fatty acid synthase
(FASN), was significantly downregulated in both prostate cancer cell
lines (Figure 4B), but not in the normal-like prostate cell model
(PNT2; Figure 4C), in response to miR-107 overexpression. However,



(legend on next page)
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at protein level, a distinct regulation was observed in both PCa cell
lines since FASN protein levels were increased in LNCaP and
decreased inDU145 (Figure 4D). FASN protein levels were not altered
in the normal-like prostate cell model (Figure 4D).

Interestingly, GO analysis also showed that miR-107 might be also
involved in the RNA splicing process (Figure 5A), a molecular event
that we have recently demonstrated to be critically altered in PCa and
associated with PCa aggressiveness.20 For this reason, we analyzed the
expression of key components of the splicing machinery and associ-
ated splicing factors in LNCaP and DU145 cell lines overexpressing
miR-107. Intriguingly, a profound dysregulation of several genes
was observed in both cell lines (11 altered genes; Figure 5B).

miR-107 as a personalized non-invasive biomarker in the

pathophysiological crosstalk between PCa and obesity

Based on the results obtained from the in silico and in vitro analyses
linking the dysregulation of miR-107 with the metabolic milieu of
PCa cells, we further analyzed the plasma levels of miR-107 in the pa-
tients included in cohort B, considering themetabolic status of the pa-
tients (i.e., obesity state). To that end, control and PCa patients from
cohort B were subdivided according to their body mass index (BMI)
in three different subgroups (normoweight [18.5 < BMI < 25], over-
weight [25% BMI < 30], and obese [BMIR 30]), as shown in Table
3. This analysis showed a clear influence of the obese status in miR-
107 plasma levels, especially in PCa patients (Figure 6A). Specifically,
miR-107 levels were not affected by obesity in control patients, while
in PCa patients, miR-107 levels were significantly higher in over-
weight and obese patients (Figure 6A, left panel). This was confirmed
by the receiver operating characteristic (ROC) curve analysis, wherein
the maximal difference, represented by an AUC = 0.73, was found in
the comparison between obese PCa and obese control patients (Fig-
ure 6A, right panel).

Moreover, when considering those patients included in the gray zone
of the PSA (3–10 ng/mL), plasma miR-107 levels exhibited signifi-
cantly improved ROC curve analysis compared with PSA, when these
comparative analyses were carried out in overweight (n = 100; Fig-
ure 6B, middle right panel) and obese (n = 69; Figure 6B, bottom right
panel) conditions, but not in the normoweight condition (n = 69; Fig-
ure 6B, top right panel). Notably, the highest statistical difference with
the ROC curve analyses was observed when comparing PSA and
miR107 in obese PCa patients (Figure 6B, right panels). Specifically,
we observed an increasing AUC of the miR-107 ROC curve analysis
dependent on the obesity state (AUC normoweight [NW] = 0.53,
Figure 4. Fatty acid metabolism pathway alteration by miR-107

(A) (Left) Data represent �log of the p value of each category and pathway. The arrow

Representation of target genes of this pathway and gene ensemble ID are shown. (B) E

related to the fatty acid metabolism pathway in LNCaP and DU145 cell lines is shown. (C

in the normal-like prostate cell model (PNT2) is shown. mRNA levels of (B) and (C) were

from ACTB, GAPDH, and HPRT expression levels. (D) Representative western blots a

overexpression of miR-107 are shown. Data are expressed as percentage of control c

dependent experiments. Asterisks indicate significant differences versus controls (*p <
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overweight [OW] = 0.65, and obese [OB] = 0.74), a result that was
not observed on the PSA ROC curve analyses (AUC NW = 0.68,
OW = 0.51, and OB = 0.52; Figure 6B, right panels).

Remarkably, when comparing PCa patients stratified by Gleason
score and obese status, we found that the levels of miR-107 were
significantly higher in obese-SigPCa patients compared with obese-
NonSigPCa patients (Figure 6C, bottom panel). In fact, obese patients
with SigPCa exhibited the highest AUC in the ROC analysis per-
formed herein (AUC = 0.8025; p < 0.0001; Figure 6C). In this sense,
the plasma levels of miR-107 were able to discriminate between
SigPCa and NonSigPCa in obese patients, exhibiting a potential prog-
nostic value (Figure 6C).

DISCUSSION
Plasma PSA levels remain the current gold-standard biomarker to di-
agnose PCa, which represents one of the tumor types with the highest
incidence worldwide.21 Unfortunately, PSA continues to show impor-
tant limitations (especially in the range of 3–10 ng/mL, also named
the “gray zone”), including compromised specificity, inasmuch as
non-tumor conditions (e.g., infections and inflammation) can also in-
crease PSA levels. Therefore, considerable research efforts have been
focused on the identification of novel biomarkers that could comple-
ment or even replace plasma PSA in order to improve the diagnosis of
PCa. In this line, we explored herein for the first time the dysregula-
tion of the whole known miRNome in human plasma samples from
PCa patients compared with those from healthy volunteers in order
to identify novel and useful personalized diagnostic and prognostic
biomarkers and potential therapeutic tools in PCa.

In particular, results from the analysis of the whole miRNome demon-
strated a significant dysregulation of the plasmatic levels of 104 miR-
NAs, wherein six of them exhibited a great capacity to discriminate be-
tween PCa patients and healthy volunteers. The dysregulation of these
miRNAs in PCa patients further supports previous data reporting the
alteration of some of these miRNAs, including miR-107,9,10,22–25 in
certain studies.However, any of these studies have explored its putative
role as a diagnostic biomarker as well as prognostic or therapeutic tool.
Interestingly, the dysregulation of miR-107 and miR-191-5p was
corroborated by qPCR in a second, ampler, and independent cohort
of subjects (n = 295). The fact that the dysregulation of other miRNAs
was not corroboratedmay be explained by the fact that control patients
from this ampler cohort are patients with suspect of PCa but negative
results in the biopsy instead of healthy volunteers, as used in cohort A.
Nonetheless, we demonstrated that diagnostic capacity of plasma
indicates fatty acid metabolism, the main pathway associated to miR-107. (Right)

ffect of miR-107 overexpression in the modulation of the expression level of genes

) Effect of miR-107 overexpression in the modulation of the expression level of FASN

determined by quantitative PCR and normalized by a normalization factor calculated

nd quantification of FASN and B-TUB in LNCaP, DU145, and PNT2 cell lines after

ells (set at 100%). In (B)–(D), values represent the mean ± SEM of at least n = 3 in-

0.05; **p < 0.01; ****p < 0.0001).



Figure 5. GO terms associated with miR-107 target genes

(A) Data represent �log of the p value of each category and pathway. The black arrow indicates the association of miR-107 with the category of the cellular lipid metabolic

process, while gray arrows indicate the association of miR-107 with the category of the splicing process. (B) Effect of miR-107 overexpression in the modulation of the

expression level of key genes related with the category of splicing process in LNCaP and DU145 cell lines is shown. mRNA levels were determined by quantitative PCR and

normalized by a normalization factor calculated from the expression levels of three housekeeping genes (ACTB, GAPDH, and HPRT). Values represent the mean ± SEM.

Asterisks indicate significant differences versus controls (*p < 0.05; **p < 0.01; ****p < 0.0001).
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Figure 6. Circulating levels of miR-107 represent a

personalized biomarker in the pathological association

between PCa and obesity

(A) Plasma level and ROC curve analysis of miR-107 comparing

plasma samples from PCa and control patients categorized in nor-

moweight, overweight, and obese groups (cohort B). a, b, and c

indicate significant differences compared with normoweight (NW),

overweight (OW), and obese OB) control groups, respectively (a, b, c,

p < 0.05; aa, bb, cc, p < 0.01). (B) Plasma level and ROC curve

analysis of PSA and miR-107 comparing plasma sample from PCa

and control patients included in the gray zone of PSA subdividing in

NW, OW, and OB groups (cohort B) is shown. Asterisks indicate

significant differences between compared groups (*p < 0.05; **p <

0.01). (C) Plasma level and ROC curve analysis of miR-107

comparing between control, non-significant, and significant PCa

patients and subdividing in NW, OW, and OB groups (cohort B) are

shown. a and b indicate significant differences compared with control

and non-significant PCa groups, respectively (a, b, p < 0.05; aaa, p <

0.001; aaaa, p < 0.0001). GZ means gray zone. Data represent

mean ± SEM.
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miR-107 levels to discriminate between tumor and control patients
significantly outperformed that of PSA levels. Most importantly, this
improvement in the diagnostic ability of miR-107 persists when
comparing only patients in the gray zone (wherein the capacity of
PSA is extremely low). Remarkably, although miR-107 levels were
higher in SigPCa patients compared with controls, these levels did
not allow to discriminate between SigPCa and NonSigPCa patients;
however, miR-107 levels correlated with relevant oncogenic parame-
ters, such as PSA levels,26 tumor volume,27 testosterone levels,28 and
CRP29 in SigPCa patients, but not in NonSigPCa patients, reinforcing
also a putative prognostic capacity of plasma miR-107 levels.

Despite miR-107 plasma levels being increased in PCa patients, this
miRNA exhibits an apparently controversial reduced expression in
PCa tissue samples compared with their non-tumoral adjacent tissues
as well as in all PCa cell lines analyzed compared with a non-tumor
prostate cell line. These results are consistent with a previous study,
which also suggests a tumor suppressor role of miR-107 in PCa cells.25

However, it has not beendemonstrated the reasonwhy the levels of this
miRNA increase in plasma samples from PCa patients while their
levels are reduced in PCa cells. Here, we found that this discrepancy
could be possibly explained by the higher capacity of PCa cells to
secrete miR-107 to the extracellular medium compared with control
prostate cells (possibly through a direct extracellular vesicle release
and/or by a PCa-derived exosomal miRNA release), resulting in a
lower level of miR-107 in PCa tissues compared with the plasma levels.
These results are in line with several studies demonstrating the same
cellular phenomenon in the case of other miRNAs.30,31 Moreover,
this is also consistent with the previously suggested tumor suppressor
role ofmiR-107 in PCa,25 whichwas corroborated in the present study.
Indeed,whenmiR-107 is overexpressed in androgen-independent PCa
cells (i.e., DU145), several oncogenic features, including cell prolifera-
tion, migration, and tumorosphere formation, were significantly
reduced. However, it should be noted that the overexpression of
miR-107 in an androgen-dependent PCa cell line (i.e., LNCaP) trig-
gered an increase in cell proliferation and tumorosphere formation.
These results obtained from androgen-dependent versus androgen-in-
dependent PCa cells have not been reported before and suggest the idea
that miR-107 could play a different endogenous role in PCa cells, de-
pending on the degree of tumor aggressiveness, maybe due to the so-
phisticatedmolecularmechanismof regulation ofmiRNAs in different
cell types.5 Therefore, although differential responses in androgen-
dependent versus androgen-independent PCa cells have been previ-
ously reported,32–34 this particular phenomenon observed in our study
warrants further investigation in order to unveil its clinical implication.

Interestingly, more profound in silico (KEGG analysis) and in vitro
studies demonstrated for the first time that miR-107 is implicated
in the modulation of fatty acid metabolism, one of the main energy
pathways used by tumor cells and whose dysregulation represents a
hallmark of PCa.35 In this sense, we observed several transcriptional
dysregulations in genes implicated in this pathway in response to the
overexpression of miR-107 in LNCaP and DU145, such as ACADSB,
ACADVL, and CPT2. Remarkably, only the expression level of FASN,
the main driver of fatty acid metabolism,36 was decreased at mRNA
level in both cancer cell lines. However, it should be noted that the
protein levels of FASN were decreased in the androgen-independent
PCa cell line DU145, while its levels were increased in LNCaP.
Notably, these alterations could explain, at least in part, the differen-
tial functional in vitro results previously discussed in DU145 versus
LNCaP cells, as FASN is a well-known oncogenic driver.37,38 Interest-
ingly, the alteration in the expression of FASN (at mRNA and protein
levels) observed in both prostate cancer cell models in response to the
overexpression of miR-107 was not found in the normal-like prostate
cell model (PNT2). These results might suggest that the association of
miR-107 with the cellular lipid metabolic process could be specific of
prostate cancer cells that reinforce the idea that this metabolic cellular
process could be one of the main energy pathways used by prostate
tumor cells to enhance their aggressiveness features. Likewise, the
in silico GO analysis revealed that miR-107 could be also associated
with another relevant cellular process, the RNA splicing, which has
been recently reported by our laboratory to be tightly implicated in
PCa aggressiveness.39 In support of this idea, we found that several
relevant splicing-related genes (such as PTBP1, SRRM1, and SRSF6)
were significantly altered in response to miR-107 overexpression in
prostate cancer cells. Although more studies are necessary to better
understand the cellular and molecular implication of miR-107 in
PCa, our results clearly suggest that the dysregulation of the expres-
sion of this miRNA triggers defects in the splicing process but espe-
cially in the fatty acid metabolism (possible due to the dysregulation
of FASN), which are two relevant cellular and molecular processes
that represent hallmarks of cancer.40,41 Therefore, these observations
unveiled new conceptual and functional avenues, with potential ther-
apeutic implications, which are worth to be explored in future studies.

Finally, our study also revealed that miR-107 is tightly associated with
obese condition in patients, which suggests its putative role as a person-
alized diagnostic biomarker based on the obese status of the patients. In
this sense, it should be emphasized that PCa is strongly influenced by
metabolic dysregulations, including obesity.17,42 Particularly, we
observed that thediagnostic capacity ofmiR-107 significantly increased
together with the increase of BMI, reaching its higher AUC value when
comparing obese PCa patients versus obese control patients. Further-
more, miR-107 significantly outperformed the diagnostic capacity of
the gold-standard PSA, especially when considering patients in the
gray zone of PSA. Indeed, in the case of patients with obesity, miR-
107 did not only discriminate between tumor and non-tumor patients
but also between NonSigPCa and SigPCa, which further reinforces its
potential value as prognostic biomarker for this pathology.

In conclusion, this study represents the first demonstration that the
plasma levels of miR-107 might represent a useful personalized diag-
nostic biomarker of PCa since its levels are increased in plasma from
PCa patients compared with control subjects using two independent
cohorts. In addition, we found that plasma miR-107 levels are ass-
ociated with key oncogenic parameters, such as PSA levels, tumor
volume, testosterone, or CRP levels, suggesting that high plasma
miR-107 levels could also be related to PCa aggressiveness and
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Table 1. General characteristics of the samples included in the discovery

cohort (cohort A)

Control patients Prostate cancer patients p value

n 18 19

Age 59.61 ± 7.29 67 ± 8.01 0.90

Body mass index (BMI) 27.73 ± 3.72 28.76 ± 3.85 0.41

PSA levels (ng/mL) 0.7 ± 0.41 5.51 ± 2.11 <0.0001

Control patients represent healthy volunteers who donated blood samples. Data are rep-
resented as mean ± SD.
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progression. Moreover, in vitro and in silico data revealed that miR-
107 is implicated in the regulation of the splicing process and the fatty
acid metabolism, altering the expression of the main driver FASN,
resulting in a reduction of aggressiveness features in androgen-inde-
pendent cells. Interestingly, this study also shows novel evidence
demonstrating that miR-107 could represent a promising personal-
ized biomarker for PCa, in that miR-107 levels were higher in plasma
from obese patients with PCa compared with PCa patients with nor-
moweight. Indeed, miR-107 also allowed a strong discriminatory ca-
pacity between SigPCa and NonSigPCa in obese PCa patients, thus
representing not only a diagnostic but also a potential prognostic
biomarker in that an obesity condition has been reported to represent
a risk factor for PCa development, aggressiveness, and mortality.43,44

Altogether, our results provide new, compelling evidence supporting
the contention that miR-107 represents a promising diagnostic, prog-
nostic, and/or therapeutic tool, worth to be further explored, in the
pathological association between PCa and obesity.

MATERIALS AND METHODS
Patients and samples

The study protocol was approved by the Reina Sofia University Hos-
pital Ethics Committee, according to institutional and Good Clinical
Practice guidelines (protocol number 20052020) and in compliment
with the Declaration of Helsinki. Informed consent was obtained
from all patients or their relatives. Plasma samples from two cohorts
of male patients were collected: (1) cohort A or discovery cohort
(n = 37; Table 1) divided in controls (healthy volunteers, n = 18)
and PCa patients (n = 19) and (2) cohort B or validation cohort (n =
295; Table 2) divided in controls (patients with suspect of PCa but
with a negative result in the biopsy; n = 135) and PCa patients (n =
160; who also were divided in patients with non-significant PCa [Non-
SigPCa; defined as Gleason score of 6 in the biopsy; n = 70] or with
significant PCa [SigPCa; defined as Gleason score R7 on the biopsy;
n = 90]). In addition, patients included in cohort B were also classified
according to their BMI in normoweight (BMI < 25), overweight (BMI
R 25 and <30), and obese (BMI R 30) for additional analyses as
shown in Table 3. All samples were obtained through the Andalusian
Biobank (NodoCordoba, Servicio Andaluz de Salud, Spain). Inclusion
and exclusion criteria have been reported previously.45 This represents
a retrospective analysis wherein patients were enrolled between 2013
and 2015 by consecutive recruitment of individuals with suspicion
of PCa that underwent a transrectal ultrasound (TRUS)-guided pros-
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tate biopsy according to clinical practice in the Urology Service of Re-
ina Sofia Hospital (Córdoba, Spain). Specifically, blood and plasma
samples were collected early in the morning after an overnight fast
and just before the prostate biopsy. Recommendations for biopsy indi-
cation were suspicious findings on digital rectal examination (DRE),
PSA > 10 ng/mL, or PSA 3–10 ng/mL if free PSA ratio was low (usually
<25%–30%) and in patients with previous biopsies, a persistent suspi-
cion of PCa (i.e., persistently elevated PSA, suspicious DRE, etc.). For
transrectal prostate biopsy, 12 biopsy cores were obtained from pa-
tients undergoing the first biopsy procedure and a minimum of 16 bi-
opsy cores for those who had a previous biopsy. All biopsy specimens
were analyzed by experienced urologic pathologists according to the
International Society ofUrological Pathology 2005modified criteria.46

In addition, a set of available formalin-fixed paraffin-embedded
(FFPE) tissue samples were used from a cohort of 84 patients with
clinically localized PCa subjected to radical prostatectomies (PCa tu-
mor regions [n = 84] and their adjacent non-tumor region [used as
control tissues; n = 84] isolated by expert urologic pathologists; cohort
C; Table 4) to isolate RNA and perform gene expression analyses, as
previously reported.47,48

Determination of plasma PSA, testosterone, and C-reactive

protein (CRP) levels

As previously reported,29,39 measurement of PSA, testosterone, and
CRP levels were performed in the laboratory service of the Reina Sofia
University Hospital of Cordoba using technology of Chemilumines-
cent Microparticle Immunoassays (References 7k70, 7k73, and
6k26-30/41, respectively; Abbott, Madrid, Spain), following the man-
ufacturer’s instructions.

miRNA extraction and retrotranscription

All plasma and FFPE samples were processed using the Maxwell 16
miRNA Tissue Kit and Maxwell 16 miRNA FFPE kit (Promega, Wis-
consin, USA) respectively, and extracted using the Maxwell 16 MDx
Instrument (Promega) in order to isolate and purify miRNAs as pre-
viously described.49 The quality and concentration of RNA extracted
from these samples were evaluated using Nanodrop One Spectropho-
tometer (Thermo Fisher Scientific). Retrotranscription of these
samples was performed using the miRCURY LNA RT Kit (Qiagen,
Hilden, Germany), following manufacturer instructions.

Total RNA from the human normal-like, prostate-derived PNT2 and
the PCa-derived LNCaP, 22Rv1, PC-3, and DU145 cell lines was iso-
lated using TRI Reagent (Sigma-Aldrich, Madrid, Spain), followed by
DNAse treatment using the RNase-Free Dnase Kit (Qiagen), as pre-
viously reported.50 The amount and purity of RNA recovered was
determined using the Nanodrop One Spectrophotometer (Thermo
Scientific). One microgram of RNA was retrotranscribed to cDNA,
using random hexamer primers and the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific). To analyze the expression
level of miR-107, retrotranscription of the samples was performed us-
ing the miRCURY LNA RT Kit (Qiagen), following the manufacturer
instructions.



Table 2. General characteristics of the samples included in the validation

cohort (cohort B)

Control patients Prostate cancer patients p value

n 135 160

Age 66 ± 5.67 64 ± 7.21 0.90

BMI 27.43 ± 0.36 28.16 ± 0.3 0.11

PSA levels (ng/mL) 7.13 ± 0.42 27.87 ± 7.14 0.008

Sig PCa (n [%]) – 90 [56.25%] –

Tumor volume (cm3) – 35.64 ± 1.14 –

Testosterone (ng/mL) 5.30 ± 0.17 4.95 ± 0.13 0.11

CRP (mg/L) 4.05 ± 0.59 5.37 ± 0.95 0.26

Control patients represent subjects with suspect of prostate cancer but with a negative
biopsy result. Data are represented as mean ± SD or no. total (% [no./total]). BMI, body
mass index; CRP, C-reactive protein; PSA, prostate-specific antigen; Sig PCa, significant
prostate cancer.
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Moreover, miRNAs secreted by PNT2, LNCaP, and DU145 cells were
evaluated by isolating miRNAs from the cell culture media (condi-
tioned media) using the miRNeasy Serum/Plasma kit (Qiagen)
following the manufacturer’s protocol. Retrotranscription of these
samples was performed using the miRCURY LNA RT Kit (Qiagen)
as described below.

miRNome analysis

Circulating levels of the whole miRNome were determined and
compared between control (healthy volunteers; n = 18) and PCa pa-
tients (n = 19) from cohort A using 50 ng of the extracted plasma
miRNAs and the Affymetrix miRNA 4.1 array (Affymetrix, Santa
Clara, USA), as previously described.49 This array is able to detect
all mature humanmiRNAs identified to date (total of 2,578miRNAs).
Biotin-labeled RNA was synthesized using the FlashTag Biotin HSR
RNA Labeling Kit (Thermo Fisher Scientific). Each sample was hy-
bridized onto a GeneChip miRNA 4.1 Array Plate (Thermo Fisher
Scientific) following the manufacturer’s protocol.

In order to determine themost stably expressedmiRNA and therefore
the best housekeeping gene for our study, several standard criteria
were established: (1) sufficiently high levels in order to allow its quan-
tification by qPCR; (2) lower difference in the levels between different
experimental groups, attending to higher (closer to 1) p value; and (3)
lower standard error of the mean. According to these parameters, the
results revealed that miR-16-5p was the most stable miRNA and the
most appropriate housekeeping for the normalization of miRNA
levels in these samples. Subsequently, the most altered miRNAs in
plasma from PCa patients compared with healthy volunteers were
selected according to lower fold-change p value (<0.0001) and higher
AUC of the ROC curve analysis.

Analysis of miRNA levels by quantitative real-time PCR

Quantitative real-time PCR was used to determine the levels of
selected miRNAs in the validation cohort of human patients (cohort
B), in the different human cell lines, and in the conditioned media of
the specific cell lines mentioned above. Particularly, to validate the
previous results obtained from the Affymetrix miRNA 4.1 array,
the levels of six miRNAs (let-7d-5p, miR-24-3p, 26a-5p, 103a-3p,
107, and 191-5p; based on a p < 0.0001 and ROC curve with
AUC = 1) were measured. Specific primers for these miRNAs (miR-
CURY miRNA assay, Qiagen) were used in combination with GoTaq
qPCRMaster Mix (Promega) using the Stratagene Mx3000P (Agilent
Technologies, Madrid, Spain), following manufacturer’s instructions.
mRNA levels were normalized according to the levels of miR-16-5p,
whose levels did not significantly vary among the different experi-
mental groups in both human cohorts A and B (data not shown).
Similar approaches were used to determine the expression of
miR-107 in the different cell lines (PNT2, LNCaP, 22Rv1, PC-3,
and DU145) as well as in the conditioned media collected from
PNT2, LNCaP, and DU145 cells. In these cases, data were normalized
using RNU6 expression, the most accepted housekeeping for tissues
and cells.

Cell cultures, reagents, and transfection with miR-107

PNT2 was a kindly gift from Prof. De Bono lab (London), and
LNCaP, 22Rv1, PC-3, and DU145 cell lines were obtained from
ATCC, cultured, and maintained under manufacturer’s recommen-
dations, as previously reported.18,20 These cell lines were validated
by analysis of short tandem repeats (GenePrint 10 System; Promega,
Barcelona, Spain) and systematically checked for mycoplasma
contamination.49,51

Moreover, LNCaP and DU145 cells were seeded onto 12-well tissue
culture plates and serum starved for 24 h previous to the transfection
with miR-107 Mimic (1 nM; Qiagen, Hilden, Germany) using Lipo-
fectamine 2000 (Thermo Fisher Scientific, Waltham, USA) and
following the guidelines provided by the manufacturer. Proliferation,
migration, and tumorospheres assays were performed in transfected
(mock versus miR-107 overexpression) cells. Transfected cells were
collected for RNA and protein isolation. Conditioned media (incu-
bated during 24 h) from transfected cells were also collected for
miRNA isolation.

Cell proliferation, migration, and tumorospheres formation

assays in response to miR-107 overexpression

Cell proliferation in LNCaP andDU145 cells was evaluated using Ala-
mar-Blue assay (Bio-Source International, Camarillo, CA, USA), as
previously reported.20,52 Briefly, cells were seeded in 96-well culture
plates at a density of 3,000–5,000 cells/well and serum starved for
24 h. Then, fluorescence (560 nm) was evaluated using the FlexStation
III system (Molecular Devices, Sunnyvale, CA, USA) after 3 h of in-
cubation with Alamar-Blue compound at 10%. Cell proliferation was
measured at 24, 48, and 72 h after miR-107 overexpression. Cell cul-
ture media was replaced by Alamar-Blue free fresh media after each
measurement.

Cell migration was evaluated by wound-healing assay in DU145 cells,
as previously reported.20 Briefly, cells were serum starved for 24 h to
achieve cell synchronization, and then the “wound” was made using a
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Table 3. General distribution of patients from validation cohort (cohort B) based on body mass index (BMI) (normoweight [BMI < 25], overweight [BMIR 25

and <30], and obese [BMI R 30])

Control patients (n = 135) Prostate cancer patients (n = 160)

p valueNormoweighta Overweightb Obesityc Normoweighta Overweightb Obesityc

n 52 50 33 40 74 46

Age 65.24 ± 6.31 67.3 ± 5.58 63.26 ± 8.12 65.65 ± 7.5 62.8 ± 5.12 62.43 ± 8.31 0.99a; 0.9b; 0.83c

BMI 23.44 ± 1.46 27.8 ± 1.47 33.17 ± 2.73 23.83 ± 1.1 27.65 ± 1.13 32.76 ± 2.84 0.91a; 0.99b; 0.93c

PSA levels (ng/mL) 7.66 ± 6.09 6.89 ± 3.98 6.64 ± 4.04 37.75 ± 127.5 32.35 ± 91.66 12.37 ± 23.98 0.26a; 0.29b; 0.99c

Sig PCa (n [%]) – – – 26 (65%) 35 (47.29%) 29 (63.04) –

Control patients represent subjects with suspect of prostate cancer but with a negative biopsy result. Data are represented as no. total, mean ± SD. or no. total (% [no./total]).
aRefers to the comparison between normoweight control patients and normoweight prostate cancer patients.
bRefers to the comparison between overweight control patients and overweight prostate cancer patients.
cRefers to the comparison between obese control patients and obese prostate cancer patients.
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200-mL sterile pipette tip. Wells were rinsed with sterile PBS, and cells
were then incubated for 48 h with supplemented medium without
FBS. Wound healing was compared with the area just after the wound
was performed. Images were acquired along the “wound” to calculate
the area by ImageJ software. Results were expressed as percentage
referred to control.

Tumorospheres formation assay was carried out in LNCaP and
DU145 cells cultured in a Corning Costar ultra-low attachment plate
(no. CLS3473) with DMEM F-12 (Gibco, no. 11320033) with
epidermal growth factor (EGF) (20 ng/mL; no. SRP3027) for
10 days (refreshed every 48 h), as previously reported.47 After
10 days of incubation, an inverted microscope coupled to a digital
camera was used to take photographs to visualize and measure tu-
morospheres morphology and area in order to calculate the number
of generated tumorospheres.

qPCR dynamic array based on microfluidic technology

A qPCR dynamic array based on microfluidic technology (Fluidigm,
San Francisco, CA, USA) was used to simultaneously determine the
gene expression of 14 components of the fatty acid metabolism, as
well as of different components of the major spliceosome (n = 13), mi-
Table 4. Demographic, biochemical, and clinical parameters of the patients

with low aggressive PCa (cohort C)

General characteristic

n 84

Age, years (median [interquartile range (IQR)]) 61 (57–66)

PSA levels, ng/mL (median [IQR]) 5.2 (4.2–8.0)

Sig PCa (n [%]) 76 (90.5%)

pT R 3a (n [%]) 59 (70.2%)

PI (n [%]) 72 (85.7%)

VI (n [%]) 8 (9.52%)

Recurrence (n [%]) 35 (41.7%)

Metastasis (n [%]) 0 (0%)

PI, perineural invasion; pT, pathological primary tumor staging; VI, vascular invasion.
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nor spliceosome (n = 4), and associated splicing factors (n = 14) in
LNCaP and DU145 cell lines overexpressing miR-107 (Table S1).
The expression of FASN was also determined in the prostate
normal-like cell model (PNT2) in response to miR-107 overexpres-
sion. Moreover, the expression of three housekeeping genes (ACTB,
GAPDH, and HPRT) was analyzed in the same samples. Specific
primers for these transcripts were specifically designed with the
Primer3 software and StepOne Real-Time PCR System software
v.2.3 (Applied Biosystems, Foster City, CA, USA). Preamplification,
exonuclease treatment, and qPCR dynamic array based on microflui-
dic technology were implemented as previously reported,49,52

following manufacturer’s instructions, using the Biomark System
and the Real-Time PCR Analysis Software (Fluidigm).

Western blotting

Prostate cancer cells (LNCaP and DU145) and the prostate normal-
like cell model (PNT2) were processed to analyze protein levels by
western blot after transfection with miR-107 using methods previ-
ously reported.20,53 Specifically, 200,000 cells were seeded in 12-well
plates, and 48 h after transfection, proteins were collected using pre-
warmed (65�C) SDS-dithiothreitol (DTT) buffer (62.5 mM Tris-HCl,
2% SDS, 20% glycerol, 100 mM DTT, and 0.005% bromophenol
blue). Then, proteins were sonicated for 10 s and boiled for 5 min
at 95�C. Proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes (Millipore, Billerica, MA). Membranes
were blocked with 5% nonfat dry milk in Tris-buffered saline/
0.05% Tween 20 and incubated overnight with the specific antibodies
for FASN (sc-55580 mouse monoclonal immunoglobulin G [IgG],
Santa Cruz Biotechnology) and b-tubulin (rabbit monoclonal anti-
body [mAb] 2128S, Cell Signaling Technology) and secondary horse-
radish peroxidase (HRP)-conjugated antibodies (anti-mouse IgG no.
7076S and anti-rabbit IgG antibody no. 7074S, Cell Signal). Proteins
were detected using an enhanced chemiluminescence detection sys-
tem (GE Healthcare, Madrid, Spain). Densitometric analysis of the
bands obtained was carried out with ImageJ software.

In silico analyses

TheGOenrichment analysis for biological process andKEGGpathway
were generated by DIANA-miRPath v.3.0. Predicted miR-107 target
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genes were obtained from top KEGG pathway and evaluated using the
different in vitro approaches described above.

Statistical analysis

Kolmogorov-Smirnov test was used to analyze the normality of the
datasets. Parametric data were compared by two-tailed t test, while
nonparametric data were compared by Mann-Whitney test. AUC
from ROC curves were compared by DeLong test.54 Correlations
were studied using Spearman’s correlation test. Representation of
volcano plot and clustering analysis by heatmaps were created using
MetaboAnalyst.55 All data were obtained from at least three indepen-
dent experiments from different cellular passages and expressed as
mean ± SEM. p values lower than 0.05 were considered statistically
significant. All statistical analyses were performed using the Graph-
Pad Prism 6 (La Jolla, CA, USA) and SPSS v.17.0 (SPSS, Chicago,
IL, USA).

SUPPLEMENTAL INFORMATION
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Supplemental Figure 1

Supplemental Figure 1. Left-panel) Correlation of circulating levels of miR-107 with PSA levels in subjects from cohort B. Right-panel) Plasma

level of PSA comparing plasma samples from PCa and control patients (cohort B).



Supplemental Figure 2

Supplemental Figure 2. miR-107 expression level validation after transfection in prostate cancer cells. Data are expressed as percentage in

LNCaP (left) and DU145 (right) cells compared with the respective non-transfected control cells. Values represent the mean ± SEM of at least

n=3 independent experiments. Asterisks indicate significant differences vs. controls (****, p<0.001).
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Supplemental Figure 3

Supplemental Figure 3. Fatty acid metabolism pathway alteration associated to miR-107. Effect of miR-107 overexpression in the

modulation of the expression level of genes related to the fatty acid metabolism pathway in LNCaP and DU145 cell lines. mRNA levels were

determined by qPCR and normalized by normalization factor calculated from ACTB, GAPDH and HPRT expression levels
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Supplemental Table 1

Supplemental Table 1. Specific primers for human transcripts used in this study, including components of the major and minor

spliceosomes, associated splicing factors, genes involved in the fatty acid metabolism pathway and three housekeeping genes that were

specifically designed and used in qPCR-based microfluidic assays and qPCR. NCBI accession number, primers sequences and expected

product sizes for the genes studied are included.

Gene Accession Number Primer Sequence (Sense) Primer Sequence (Antisense) Product Size 
(bp)

Sp
lic

eo
so

m
e 

Co
m

po
ne

nt
s

PRPF40A NM_017892.3 GCTCGGAAGATGAAACGAAA TGTCCTCAAATGCTGGCTCT 130
RBM22 NM_018047.2 CTCTGGGTTCCAACACCTACA GGCACAGATTTTGCATTCCT 137

RNU12 NR_029422.1 ATAACGATTCGGGGTGACG CAGGCATCCCGCAAAGTA 106
RNU4 NR_003925.1 TCGTAGCCAATGAGGTCTATCC AAAATTGCCAGTGCCGACTA 103
RNU6 NR_004394.1 CGCTTCGGCAGCACATATA AAAATATGGAACGCTTCACGAA 101

SF3B1 NM_012433.3 CAGTTCCGTCTGTGTGTTCG GCTGCCTTCTTGCCTTGA 101
SNRNP200 NM_014014.4 GGTGCTGTCCCTTGTTGG CTTTCTTCGCTTGGCTCTTCT 103

Sp
lic

in
g F

ac
to

rs

ESRP1 NM_020180.3 TTTTGGGATCACTGCTGGGG TGTCCCACCTTCTTGTTGGC 108
ESRP2 NM_024939.2 AGAGCCCAGCAGTCAATTGTT GTCTCACTGTCCACCACATCAG 96

KHDRBS1 NM_006559.2 GAGCGAGTGCTGATACCTGTC CACCAGTCTCTTCCTGCAGTC 106
MAGOH NM_002370.3 GCCAACAACAGCAATTACAAGA TTATTCTCTTCAGTTCCTCCATCAC 88
NOVA1 NM_002515.2 TACCCAGGTACTACTGAGCGAG CTGGTTCTGTCTTGGCCACAT 124

PTBP1 NM_002819.4 TGGGTCGGTTCCTGCTATT CAGATCCCCGCTTTGTAC 111
RBM3 NM_006743.4 AAGCTCTTCGTGGGAGGG TTGACAACGACCACCTCAGA 98

RBM45 NM_152945.3 CCCATCAAGGTTTTCATTGC TTCCCGCAGATCTTCTTCTG 123
SFPQ NM_005066.2 TGGTAGGGGGTGAAAGTG TTAAAAACAAGAAATGGGGAAATG 125

SND1 NM_014390.3 ACTACGGCAACAGAGAGGTCC GAAGGCATACTCCGTGGCT 101
SRRM1 NM_001303448.1 GTAGCCCAAGAAGACGCAAA TGGTTCTGTGACGGGGAG 108
SRRM4 NM_194286.3 CCTTCACCACCTCCTCAC TTCGGCACATTCCAGACA 113

SRSF1 NM_006924.4 TGTCTCTGGACTGCCTCCA TGCCATCTCGGTAAACATCA 98
SRSF2 NM_003016.4 TGTCCAAGAGGGAATCCAAA GTTTACACTGCTTGCCGATACA 113

SRSF3 NM_003017.4 TAACCCTAGATCTCGAAATGCATC CATAGTAGCCAAAAGCCCGTT 117
SRSF4 NM_005626.4 GGAACTGAAGTCAATGGGAGAA CTTCGAGAGCGAGACCTTGA 110
SRSF5 NM_001039465.1 GCAAAAGGCACAGTAGGTCAA TTTGCGACTACGGGAACG 92

SRSF6 NM_006275.5 AGACCTCAAAAATGGGTACGG CTTGCCGTTCAGCTCGTAA 82
SRSF9 NM_003769.2 CCCTGCGTAAACTGGATGAC AGCTGGTGCTTCTCTCAGGA 87

SRSF10 NM_006625.5 CTACACTCGCCGTCCAAGAG CCGTCCACAAATCCACTTTC 103
TIA1 NM_022037.2 TAAATCCCGTGCAACAGCAGA TATGCAGGAACTTGCCAACCA 124

TRA2A NM_013293.4 TCAAAGGAGGCTATGGAAAGG TGTGTGCGCTCTCTTGGTTA 90

Fa
tty

 a
cid

 m
et

ab
ol

ism

ACADSB NM_001609.4 ATCTGTGGCTGTCTTTTGTGAG GCCTTTTGTTCTTCTGTTCCA 81
ACADVL NM_000018.4 GCCCCCTGAGAAGAAGATG TTGAAGCCACTCCCAACC 111

ACAT1 NM_001386677.1 ACGCTGCTGTAGAACCTATTGA GGCTTCATTTACTTCCCACATT 116
ACOX1 NM_004035.7 GACACTTGGCTCTGTGCTTG GATTCGTGGACCTCTGCTTT 102

ACSL1 NM_001995.5 GGCGAGGTGTGTGTGAAAG CAATGTCCCCTGTGTGTAACC 109
ACSL3 NM_004457.5 TTGAACCCGATGGATGCT GCTGCCTCTACTTTCCCAAGA 97

ACSL4 NM_004458.3 CCCGCTATCTCCTCAGACAC GTAACTGTCCCAGCACCACA 102
CPT2 NM_000098.3 TGTGCCTTCCTCTCTGTCCT GTTCATCCCGACTGGGTTT 119
ECHS1 NM_004092.4 ATGGAGATGGTCCTCACTGG TTTTTCTGCACACTGGATGG 120

FASN NM_004104.5 CTACGACTACGGCCCTCATTT TCCATGAAGCTCACCCAGTT 99
HADH NM_001184705.4 CCTCCTGGTTCCATACCTCA CTTTGGATGCGTCACCTTTT 113

HADHA NM_000182.5 CGACCGAGAAAACTTCCAAA AGCCAGGTCCATCCTTAACC 96
HSD17B12 NM_016142.3 GCATGGAATGAAGGTTGTCC CTGATGCAAAGTCAACAGCAA 119

SCD NM_005063.5 CGTGGCTTTTTCTTCTCTCAC TGGAACATCACCAGTTTCTCA 119

HK
 ge

ne
s

ACTB NM_001101 ACTCTTCCAGCCTTCCTTCCT CAGTGATCTCCTTCTGCATCCT 176
GAPDH NM_002046 AATCCCATCACCATCTTCCA AAATGAGCCCCAGCCTTC 122

HPRT NM_000194.2 CTGAGGATTTGGAAAGGGTGT TAATCCAGCAGGTCAGCAAAG 157
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