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Abstract: Hepatocellular carcinoma (HCC) is the most common primary liver cancer, often
diagnosed at advanced stages due to insufficient early screening and monitoring. Mi-
croRNAs (miRNAs) are key regulators of gene expression and potential biomarkers for
cancer diagnosis. This study investigated the diagnostic potential of miRNAs in Extracel-
lular Vesicles (EVs) from HCC. miRNA expression in EVs was analyzed using HCC cell
lines, circulating EVs from a Diethylnitrosamine (DEN)-induced liver tumor rat model,
and plasma samples from HCC patients. Receiver Operating Characteristics (ROCs) were
applied to evaluate the diagnostic accuracy of circulating EV miRNAs in patients. Five
miRNAs (miR-183-5p, miR-19a-3p, miR-148b-3p, miR-34a-5p, and miR-215-5p) were con-
sistently up-regulated in EVs across in vitro and in vivo HCC models. These miRNAs
showed statistically significant differences in HCC patients stratified by TNM staging and
Edmondson-Steiner grading compared to healthy controls. They also differentiated HCC
patients with various etiologies from the control group and distinguished HCC patients,
with or without liver cirrhosis, from cirrhotic and healthy individuals. Individually and
as a panel, they demonstrated high sensitivity, specificity, and accuracy in identifying
HCC patients. Their consistent upregulation across models and clinical samples highlights
their robustness as biomarkers for HCC diagnosis, offering the potential for early disease
management and prognosis.
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1. Introduction

Liver cancer comprises several hepatic neoplasms [1], and hepatocellular carcinoma
(HCC) is the most common type, accounting for approximately 80% of cases [2], and is
considered the third leading cause of cancer-related mortality [3].

The lack of early diagnosis is a significant factor contributing to high mortality, con-
sidering the low detection rate and the rapid progression of the tumor stages. Imaging
techniques combined with serum markers, such as ultrasound testing with serum alpha-
fetoprotein determination [4], constitute a standard diagnostic panel for HCC; however,
deficient early screening and monitoring, as well as limited timely detection programs,
significantly delay diagnosis [5]. The detection of abnormal liver mass by computed tomog-
raphy and magnetic resonance imaging is commonly used for monitoring cirrhotic patients,
and these methods may be sufficient to confirm HCC [6]. However, in cases where imaging
is inconclusive, a liver biopsy and histological analysis have been recommended for con-
firmation [7], and sometimes, up to three biopsies are necessary to establish a conclusive
HCC diagnosis [8].

The HCC prognosis is known to be unfavorable due to rapid tumor growth, although
early detection increases life expectancy [9]. However, the HCC diagnosis is mainly made
at the advanced stage, which reduces treatment options and estimated survival of pa-
tients [10]. Therefore, HCC patients urgently need novel diagnostic methods for screening
and monitoring that are non-invasive, sensitive, specific, and relatively easy to use.

Accordingly, previous studies have proposed serum/plasma biomarkers as a new
diagnostic strategy, including circulating levels of tumor proteins and epigenetic markers
such as noncoding RNAs [11,12]. In addition to soluble factors, cells in the tumor mi-
croenvironment secrete vesicle-enclosed signals in a nonclassical mechanism to regulate
intercellular communication. Extracellular Vesicles (EVs) are cell-derived secretory vesicles
originating from multivesicular endosomal bodies or the plasma membrane [13]. EV cargo
in cancer cells has been reported to include oncogenes, signaling and extracellular matrix
proteins, RNA transcripts, and microRNAs (miRNAs), suggesting that they may influence
the tumor microenvironment [14].

miRNAs are a class of short noncoding RNAs that alter posttranscriptional and transla-
tional mRNA targets to regulate various functions such as cell proliferation, differentiation,
migration, and apoptosis, as well as pathological processes, including cancer [15-17].
Previously, impaired expression of miRNAs has been associated with the tumorigenesis,
invasion, and metastasis of HCC [18-20], and several miRNAs have been proposed as
biomarkers for HCC. Moreover, EVs released by cancer cells change their content depend-
ing on cancer development, cell origin, and tumor microenvironment [21], and they could
be a potentially sensitive diagnostic tool. This study aimed to analyze the expression of
miRNAs associated with EVs in different HCC cell lines and a DEN-induced liver tumor rat
model to characterize their differential expression according to cancer progression stages
and validate their sensitivity and specificity as potential biomarkers in HCC patients. We
identified a five-panel of circulating miRNAs with > 99% sensitivity and specificity for a
novel diagnostic test for HCC patients.
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2. Results
2.1. Isolation and Characterization of EVs Secreted by HCC Cell Lines

Non-tumoral liver cell line (THLE-2) and five hepatoma cell lines subclassified by
differentiation stages, two well-differentiated (PLC/PRF/5 and C3A-HepG2) and three
poorly differentiated (SNU-449, SNU-475, and SNU-423), were cultured. EVs from cultured
cell lines were isolated through sequential ultracentrifugation and characterized by their
physical and molecular properties. The EV morphology analyzed by TEM exhibited a
quasi-spherical shape for EVs derived from non-tumoral and tumoral cells (Figure 1A and
B, respectively). Also, the DLS analysis showed the presence of two size-distributed EV
subpopulations, with a range from 30 nm to 700 nm and a peak at the size of 40-100 nm
(Polydispersity Index (PDI), 0.428 to 0.709) in the first subpopulation and 200-700 nm
(PDI, 0.415 to 0.724) in the second subpopulation (Figure 1C,D, Supplementary Table 52).
According to the International Society of Extracellular Vesicles (ISEV) guidelines, these two
subpopulations can be referred to as small (first peak) and medium/large EVs (second
peak). Furthermore, EVs produced by hepatic cell lines showed the presence of EV markers
Alix, Hsp90 /3, Flotilin-1, and Tsg101 and the absence of the negative marker calnexin
(Figure 1E). Additionally, the average protein content in EV-enriched fractions from tumoral
cells (5.23 & 1.16 mg/mL) exhibited an increase greater than four-fold compared to non-
tumoral THLE-2-EVs (Figure 1F). In addition, the RNA concentration in EVs secreted
specifically by PLC/PRF/5 exhibited two-fold more RNA (9.80 + 0.624 ng/mL) than
non-tumoral EVs. Interestingly, the RNA content in EVs from the other tumoral cell lines
evaluated was similar (6.94 &+ 1.79 ng/mL) to non-tumoral THLE-2-derived EVs (Figure 1G).
Therefore, these findings suggest that changes in the RNA expression profile, rather than
RNA concentrations, may play a role in EV-derived signaling from cancer cell lines.

2.2. miRNA Expression Profiles of EVs Derived from Hepatoma Cell Lines

To analyze the cell and EV miRNA profiles, we performed a microarray to detect 84
cancer-related miRNAs. The heat maps showed several up-regulated and down-regulated
miRNAs in hepatoma cell lines and their produced EVs compared to non-tumoral THLE-2
cells and EVs, respectively (Figure 1H,I). Although miRNA expression patterns in HCC
cell lines were not related to their differentiation stage (Figure 1H), the miRNAs contained
in EVs from poorly differentiated HCC cell lines showed an upregulation compared to
THLE-2, suggesting a relationship with the differentiation stage (Figure 1I). Also, we
examined the miRNA expression profiles exclusively found in HCC cell lines and their EV's
using Venn diagrams (Figure 2A and B, respectively). Ten miRNAs were uniquely expressed
in PLC/PRE/5, four in C3A (HepG2), one in SNU-449, and ten in SNU-475. Moreover,
miR-183-5p was the only common miRNA expressed in all HCC cell lines (Figure 2A
and Supplementary Table S3). Only SNU-449 and SNU-423 from EVs displayed seven
and one uniquely expressed miRNAs, respectively (Figure 2B and Supplementary Table
54). miR-183-5p, miR-19a-3p, miR-148b-3p, miR-34a-5p, and miR-215-5p were common
miRNAs expressed in EVs secreted from hepatoma cell lines (Figure 2B). To confirm these
results, we evaluated the miRNA expression by RT-qPCR (Figure 2C,D). Among the five
miRNAs commonly expressed in EVs, only miR-183-5p was detected in all HCC cells.
In contrast, miR-19a-3p, miR-148b-3p, miR-34a-5p, and miR-215-5p were differentially
expressed in some tumoral cell lines (Figure 2C). Interestingly, these five miRNAs showed
higher expression in EVs derived from HCC cell lines (Figure 2D), suggesting that they are
significantly modulated when they are contained in EVs.
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Figure 1. Physical and molecular characterization of HCC cell-derived EVs. The EVs purified by
the ultracentrifugation of culture supernatants of non-tumoral and HCC cell lines were evaluated
by TEM and DLS. The representative microphotographs show the morphology of EVs secreted by
THLE-2 (A) and PLC/PRFE/5 (B) cell lines. DLS analysis for EV subpopulation size-distribution (C)
and PDI (D). The PDI values are represented by blue points over each bar (* peak 1 and ** peak 2)
with the scale on the right side of the graph. Total RNAs and protein extracts were obtained from
liver cell-derived EVs. The EV markers (50 mg protein/lane) were analyzed by Western blot (E). A
representative image for Western blot is shown. The protein (F) and RNA (G) of EVs secreted per 1 x
10° cells were measured by Bradford assay and fluorometry, respectively. Real-time gPCR miRNA
microarrays miScript miRNA Array Human Cancer PathwayFinder kit (331221 MIHS-102ZD, Qiagen,
Hilden, Germany) were effectuated using 300 ng of the RNA of cells and EVs. The heat maps reveal
the miRNA expression for cells (H) and their secreted EVs (I). The miRNA amounts were normalized
with U6 levels (ACt). The miRNA expressions were calculated as relative expressions (28ACH The
values in the heat maps for tumoral cells or EVs represent the fold change (logarithmic scale) to
non-tumoral THLE-2 cells and EVs. The up-regulated and down-regulated miRNAs are indicated
by squares colored with a scale of red to blue, respectively. Data are means + SD in DLS analysis
or protein and RNA quantification of at least three independent experiments. *** p < 0.001 and
#*** p < 0.0001 vs. THLE-2 cells or EVs.
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Figure 2. Microarray validation by RT-qPCR of shared miRNAs identified in HCC cell lines and their
secreted EVs. The up-regulated miRNAs (>2-fold change vs. THLE-2) of the HCC cells (A) and their
secreted EVs (B) obtained from microarray data analysis were evaluated by Venn diagrams. The
expression of common miRNAs in hepatoma cells (C) and EVs (D) was determined by RT-qPCR.
The miRNA amounts were normalized with U6 levels (ACt). The miRNA expression was calculated
as relative expression (2~22Ct) to non-tumoral THLE-2 cells or their EVs. Data are means + SD of
at least three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs.
THLE-2 cells or EVs.

2.3. miRNA Expression Profiles in Circulating Plasma EVs of DEN-Induced Liver Tumor Rat
Model

To determine the expression levels of miR-183-5p, miR-19a-3p, miR-148b-3p,
miR-34a-5p, and miR-215-5p in circulating plasma EVs, we developed a DEN-induced liver
tumor rat model. First, we evaluated liver injury markers in plasma (ALT and GGT) and
hepatic tissue (lipid peroxidation), HCC markers in liver biopsies (Afp and Gpc3 expres-
sion), and morphometric analysis in both groups (Figure 3A,B and Supplementary Table S5).
Liver injury markers revealed a twofold increase in plasmatic ALT concentrations and no
changes in GGT levels; however, we found a fivefold increase in hepatic lipid peroxidation
in DEN-treated rats compared with control rats (Supplementary Table S5). Morphometric
analysis showed the presence of nodules and tumors in the liver tissue of DEN-treated
rats (Figure 3A). Also, the Afp and Gpc3 expression levels in hepatic tissue increased
more than two-fold and four-fold, respectively, and the histopathological analysis of liver
biopsies confirmed the development of liver tumors in DEN-treated rats (Figure 3A,B
and Supplementary Table S6). Once the liver tumor model was validated, we purified
plasmatic EVs by sequential ultracentrifugation and examined the EV markers by Western
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blot and particle size and distribution by TEM and DLS. Protein levels of Alix, Hsp90 «/ 3,
Flotilin-1, and Tsg101 in circulating EVs were similar between control and DEN-treated
rats (Figure 3C). TEM analysis exhibited a quasi-spherical shape for EVs derived from
the plasma of control and DEN-treated rats (Figure 3D). The DLS analysis revealed three
distinct subpopulations of EVs in DEN-treated rats, which had different sizes ranging from
16 nm to 338 nm. The size distribution of these three EVs peaked at 16—24 nm, 36-67 nm,
and 208-338 nm, while the control rats exhibited a unique population of EVs ranging
from 629 to 762 nm (Figure 3E,F and Supplementary Table S7). These subpopulations
of EVs can be classified as small (first peak) and medium/large EVs (second and third
peak) in DEN-treated rats and only medium/large EVs in control rats. In addition, the
protein and RNA levels in plasma-circulating EVs did not significantly differ in both groups
(p = 0.488 and p = 0.068, respectively) (Figure 3G,H). Next, we studied the expression lev-
els of miRNAs by RT-qPCR in liver tissue and plasma-circulating EVs (Supplementary
Table S6). The relative expression of these five miRNAs did not display differences in
hepatic miRNA expression in DEN-treated rats compared to control rats (p = 0.49, p = 0.07,
p=0.59, p =059, and p = 0.17, respectively) (Supplementary Figure S1). Interestingly,
their expression levels were higher in plasma-circulating EVs obtained from DEN-treated
rats compared with control rats (p = 0.005, p = 0.0014, p = 0.003, p = 0.036, and p = 0.0016,
respectively) (Figure 3I). Furthermore, the most significant change in expression was for
miR-183-5p, miR-19a-3p, and miR-148b-3p (Figure 3I). These results suggest a potential
application of these five miRNAs as HCC biomarkers.

2.4. miRNA Expression Assessment in Plasma EV's Obtained from HCC Patients

We recruited 90 HCC patients with different clinicopathological features and 41 healthy
volunteers without liver pathologies. First, we confirmed liver injury (AST and ALT) and
HCC markers (AFP) in the plasma of both groups and reported the clinical pathological
features of HCC patients (Supplementary Table S1). Next, we purified plasma-circulating
EVs and analyzed the expression levels of the five candidate miRNAs by RT-qPCR to
confirm our previous results (Figure 4). Our results demonstrated that RNA concentration
in plasma EVs was significantly higher in HCC patients compared to healthy subjects
(p < 0.0001) (Supplementary Figure S2). In addition, the five miRNAs evaluated showed
a higher expression in circulating plasma EVs from HCC patients compared to control
subjects (p < 0.0001) (Figure 4A-E). Moreover, we assessed miRNA expression data by
classifying patients according to HCC etiologies (HBV, HCV, ethanol, and unknown), as
well as the presence or absence of cirrhosis (Figure 5A,B). The five miRNAs showed signifi-
cant upregulation in HCC patients across all etiologies compared to healthy individuals
(p < 0.0001), but no significant differences were observed among the different etiologies
analyzed (p > 0.05) (Figure 5A). Interestingly, the miRNA set did not distinguish healthy
controls from cirrhotic patients (Figure 5B). Furthermore, the miRNAs differentiated HCC
patients with and without cirrhosis from both healthy individuals and cirrhotic patients.
(p < 0.0001); however, no significant differences were observed between cirrhotic and
non-cirrhotic HCC patients (p > 0.05) (Figure 5B). Additionally, we analyzed the miRNA
expression levels in plasmatic EVs across different TNM stages (I to IV) and Edmondson-
Steiner grades (I-1I to III-IV) of HCC (Figure 6). The five candidate miRNAs showed signifi-
cant upregulation in all TNM stages (Figure 6A-E, right panels) and Edmondson-Steiner
grades (Figure 6A-E, left panels) compared to healthy subjects (p < 0.0001). Remarkably,
the expression levels of all analyzed miRNAs effectively differentiated HCC patients of
any tumoral stage and grade from healthy subjects (Figure 6). Moreover, the expression
levels of miR-183-5p, miR-148b-3p, miR-34a-5p, and miR-215-5p in EVs from patients
stratified by TNM staging and Edmondson-Steiner grading exhibited an overall upward
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trend as tumor stage or grade progressed (Figure 6). However, in most TNM classification
stages, they did not show a statistically significant difference (p > 0.05). In contrast, in the
Edmondson-Steiner grading system, the expression levels of miR-183-5p, miR-148b-3p,
and miR-34a-5p (Figure 6A,C,D, left panels) displayed a significant difference across grades
(p < 0.0001). Finally, miR-34a-5p was significantly increased in TNM stage III and IV com-
pared to stage I of HCC (p = 0.049 and p = 0.027, respectively) and miR-148b-3p in TNM
stage IV compared to stage I (p = 0.008) (Figure 6 C,D, right panels). Overall, the results
suggest a possible clinical application of these five candidate miRNAs contained in EVs
(miR-183-5p, miR-34a-5p, miR-148b-3p, miR-19a-3p, and miR-215-5p).

2.5. Efficacy Validation of miRNA Contained in Plasma-Circulating EVs as Diagnostic Biomarkers
of HCC

To validate the diagnostic accuracy of miR-183-5p, miR-34a-5p, miR-148b-3p, miR-19a-
3p, and miR-215-5p as HCC biomarkers, we evaluated the ROC curves for each miRNA
in HCC patients compared to a control group (Supplementary Figure S3 and Table A1,
part I and II). ROC analysis revealed that the AUC for each miRNA was the following:
0.9233 for miR-183-5p (95% CI, 0.879-0.967, p < 0.0001); 0.9224 for miR-19a-3p (95% CI,
0.877-0.967, p < 0.0001); 0.9576 for miR-183-5p (95% CI, 0.926-0.989, p < 0.0001); and 0.9115
for miR-34a-5p (95% CI, 0.861-0.961, p < 0.0001) (Table A1, part I and II). Furthermore, the
miRNAs analyzed had a sensitivity of 84.44% to 94.44%, a specificity of 82.93% to 95.12%,
an accuracy of 83.68% to 88.56%, a Youden’s Index of 0.6737 to 0.7981, a positive likelihood
ratio (LR+) in an interval between 5 to 17, and a negative likelihood ratio (LR-) close to
zero. Furthermore, miR-148b-3p showed the highest sensitivity (94.44%) and accuracy
(89.90%), while miR-215-5p presented the maximum LR+ (17.303) and specificity (95.12%)
(Table A1, part I and II). These results suggested that the five candidate miRNAs provided
promising metrics for discriminating HCC patients from healthy subjects. In addition, we
performed the ROC analysis for every miRNA in HCC patients stratified by TNM staging
and Edmondson-Steiner grading compared with the control group (Tables A1 and A2 and
Supplementary Figures S4 and S5). The results showed that the five candidate miRNAs
had an interval of sensitivity 80.65% to 95.45%, specificity of 75.61% to 97.56%, accuracy
of 78.28% to 94.21%, Youden’s Index of 0.5656 to 0.8743, LR+ of 3.318 to 35.393, and LR-
close to zero in HCC patients classified by the TNM system. Moreover, the evaluation
of diagnostic accuracy parameters of EV-derived miRNAs in HCC patients stratified by
Edmondson-Steiner grades revealed sensitivity ranging from 79.41% to 92.86%, specificity
of 73.17% to 95.12%, accuracy of 80.00% to 93.26%, Youden’s Index of 0.6141 to 0.875,
and LR+ of 3.29 to 87.50, while LR- was close to zero. Also, these results indicated that
among the five miRNAs analyzed, miR-148b-3p and miR-215-5p had the most influential
parameters in HCC patients by TNM staging, while miR-183-5p and miR-215-5p exhibited
the best parameters in HCC patients by Edmondson-Steiner grading. However, we were
unable to discriminate between specific stages or grades of HCC. Despite this limitation,
the five candidate miRNAs successfully distinguished HCC patients stratified by TNM
staging and Edmondson-Steiner grading from healthy subjects (Tables A1 and A2).
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Figure 3. miRNA expression measurement in plasma EVs of DEN-induced liver tumor rat model.
To induce liver tumors in rats, they were injected i.p. with DEN (50 mg/kg) once a week for
16 weeks (n = 10). The rats were euthanized at 22 weeks after the first DEN injection, and the liver
and plasma were obtained for further analysis (1 = 5, death percentage = 50%). Hepatic tissue of
control and DEN-treated rats ((A), upper left and right panels) and histological analysis of H&E
stained slices from liver biopsies ((A), lower left and right panels). Total RNAs were obtained
from liver tissue in both analyzed groups. Afp and Gpc3 mRNA expression levels in hepatic tissue
by RT-qPCR (B). The mRNA amounts were normalized with Gapdh levels (ACt). The mRNA
expressions of DEN-treated rats were calculated as relative expression (2~22<*) to control rats. EVs
were purified by ultracentrifugation of the plasma DEN-induced liver tumor rat model. The EV
markers (50 mg protein/lane) were evaluated by Western blot (C) and the morphology by TEM
(D). Representative images for Western blot and microphotography are shown. DLS analysis for
plasmatic EV subpopulation size-distribution (E) and PDI (F). The PDI values are represented by blue
points over each bar (* peak 1, ** peak 2, *** peak3) with the scale on the right side of the graph. Total
RNA and protein extracts were obtained from plasmatic EVs for control (n = 3) and DEN-treated
rats (n = 5). The protein (G) and RNA (H) of circulating EVs were measured by Bradford assay and
fluorometry. The miRNA expressions in EVs of control and DEN-treated rats were determined by
RT-gPCR (I). Both groups calculated miRNA expressions as relative expressions and normalized U6
levels. Data are means £ SD for mRNA expression, DLS analysis, RNA, and protein quantification in
at least three independent experiments. The box plot graphs represent the median and interquartile
ranges for miRNA data expression. * p < 0.05 and ** p < 0.01 vs. control group.
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Figure 4. Evaluation of miRNA expression in plasma-circulating EVs of HCC patients. EVs were
purified by ultracentrifugation of the plasma of HCC patients with different clinicopathological
features (n = 90) and healthy subjects without hepatic pathologies (n = 41). Total RNAs were
obtained from the circulating EVs of plasma patients. The miRNA expressions in control subjects
and HCC patients were determined by RT-qPCR (A-E). The miRNA expressions were calculated
as relative expressions and normalized U6 levels in both patient groups. miRNA data expressions
are represented in box plot graphs indicating the median and interquartile ranges. **** p < 0.0001 vs.
healthy subjects.

2.6. miRNA Contained in Plasma-Circulating EV's as a Diagnostic Panel for HCC Detection

To increase the diagnostic accuracy of the analyzed miRNAs, we determined the
optimal correlation between miRNA expression by combiROC (Supplementary Figure S6).
The analysis exhibited several miRNA arrangements to obtain the best diagnostic panel
for categorizing HCC patients of all TNM stages from healthy subjects (Supplementary
Figure S6 and Supplementary Table S8). These results showed that increasing the number
of miRNAs (two to five) included in each combination improves the accuracy in AUC,
sensitivity, and specificity metrics (Tables Al and A2 and Supplementary Tables S9-513).
Thus, combining the five candidate miRNAs was the most suitable for a diagnostic panel
to discriminate HCC patients in all tumoral stages with AUC = 1 and sensitivity, specificity,
and accuracy of 100% (Supplementary Table S8). Moreover, for HCC stages III and IV, the
optimal number of miRNAs combined in a diagnostic panel is reduced to three with similar
results (Supplementary Figure S6 and Supplementary Tables S8-513). The findings suggest
that the five candidate miRNAs analyzed provided a novel diagnostic panel for detecting
HCC across tumor stages, grades, and etiologies.
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Figure 5. Analysis of miRNA expression in EVs circulating in the plasma of HCC patients with
diverse etiologies. miRNA expression data by classifying patients according to HCC etiologies (A):
HBV (n = 18), HCV (n = 35), ethanol (1 = 25), and unknown (1 = 12), as well as the presence (1 = 60)
or absence (1 = 30) of cirrhosis (B) compared with healthy individuals (n = 41) or cirrhotic patients
(n = 10). The miRNA expression levels were determined as relative values and normalized to U6

levels in both patient groups. The expression data are presented using box plots, showing the median
and interquartile ranges. n.s. not significant **** p < 0.0001 vs. healthy subjects or cirrhotic patients,
*p <0.05,** p <0.01, ** p < 0.001.
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Figure 6. Expression assessments of miRNA contained in circulating EVs of HCC patients stratified
by Edmondson-Steiner grading and TNM staging. EVs were purified by the plasma of HCC patients
classified by Edmondson-Steiner grading I-II (1 = 34) and III-1IV (n = 56) and stratified by TNM staging
I(n=21), I (n=21),1II (n = 26), and IV(n = 22) and control subjects (1 = 41). Total RNAs were obtained
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RT-gPCR. The miRNA expressions were calculated as relative expressions and normalized U6 levels
in both patient groups. miRNA data expressions are represented in box plot graphs indicating the
median and interquartile ranges. ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control subjects,
*p <0.05,** p <0.01, *** p < 0.001.
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3. Discussion

In this study, we examined miRNA expressions in EVs from tumoral liver cell lines,
plasma samples of a DEN-induced liver tumor model in rats, and HCC patient plasma.
Our findings revealed consistent miRNA expression patterns in EVs, which may be helpful
in HCC diagnosis and prognosis.

The physical and molecular properties of EVs were similar across hepatoma tumor
cell lines. We identified small and medium-sized EV populations based on established
classification criteria and detected EV-specific markers, including Flotilin-1 and Hsp90 o/ 3,
in all cell lines [22]. Variations in Alix and Tsg-101 expression may reflect heterogeneity in
the exosome biogenesis process [23].

We observed differences in EV total protein content but not EV RNA content across all
hepatoma cell lines compared to the non-tumoral THLE-2 line. While previous studies have
reported proteomic and RNA profile differences in carcinoma cells, these variations have
not been linked to total concentrations [24-26]. Despite similar total RNA content, distinct
RNA expression profiles were evident, as confirmed by differential miRNA expression in
EVs, and the selective sorting of miRNAs into EVs is associated with cancer progression
and metastasis [27]. Notably, no consistent miRNA expression pattern was observed in
total cell lines; however, a clear distinction emerged between well-differentiated and poorly
differentiated tumor cells. Previous studies have identified 167 differentially expressed EV
miRNAs in hepatoma cell lines, targeting genes involved in key cancer pathways such as
proliferation, angiogenesis, and metastasis [28].

In our study, more than 50 deregulated EV miRNAs were found, and to refine the
association of miRNA expression with HCC, we searched for commonly deregulated
miRNAs across all tumor cell lines and identified miR-183-5p as the only miRNA consis-
tently expressed in total cell samples from all HCC cell lines. In contrast, five miRNAs,
including miR-183-5p, were consistently expressed in EVs from all HCC cell lines and
showed differential expression compared to the non-tumoral cell line. Previous studies
have described miRNA transfer from cells to exosomes as a mechanism of intercellular
communication [29,30] in normal cells and as a modulator of the tumor microenvironment
in cancer cells [31].

To validate these findings, we developed a DEN-induced liver tumor model in rats to
assess miRNA expression in circulating EVs. Plasma-derived EVs were purified, revealing
three size-based subpopulations. However, EV sizes were comparable across all tumor cell
lines. The presence of multiple EV subpopulations may reflect the greater heterogeneity of
EVs in a living system compared to cell lines [32]. Additionally, the diverse EV subpop-
ulations identified in DEN-treated rats may be linked to the pleiotropic effects of tumor
cell-derived EVs [33-35].

We examined the expression of the five miRNAs commonly found in EVs from HCC
hepatoma cell lines and plasma-derived EVs from a DEN-induced liver tumor model. Inter-
estingly, their expression levels remained similar in total hepatic tissue but were elevated in
purified EVs compared to healthy rats. Previous studies suggest that cancer progression and
metastasis may be influenced by EV-mediated signaling in hepatocellular carcinoma [27,36].
Several miRNAs have been identified as exclusive or differentially expressed in HEpG2
and PLC/PRF/5 hepatoma cell-derived EVs, playing roles in cell growth, viability [25],
proliferation [37], and metastasis [38]. In addition, miRNAs carried by circulating EVs can
modulate the tumor microenvironment and affect distant tissues [31,39-41]. Given these
findings, miRNAs in circulating EVs have been proposed as more precise biomarkers for
cancer detection and progression [40].

We confirmed the elevated expression of the same five EV-contained miRNAs in HCC
patient samples, stratified by TNM stage, Edmondson-Steiner grade, etiologies, and hepatic
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cirrhosis, compared to healthy subjects. These findings strongly support the potential of
miRNAs in plasma-derived EVs as biomarkers for HCC detection. Previous research has
linked increased miR-92b expression in circulating EVs to early HCC recurrence after
transplantation [41]. Moreover, miR-665, miR-224, and miR-638 levels in EVs have been
associated with tumor size and disease stage in HCC patients [42—44]. A recent study
also identified five miRNAs (hsa-let-7a, hsa-miR-21, hsa-miR-125a, hsa-miR-200a, and
hsa-miR-150) in fucosylated serum EVs that distinguished HCC patients, stratified by the
BCLC staging system, from non-HCC controls [45]. Supporting our results, miR-215-5p
was found to be elevated in circulating EVs from HCC patients [46], while serum exosomal
miR-34a was significantly down-regulated, although the specific expression of its 3p or 5p
arm was not determined [47]. Collectively, these findings, including our study, underscore
the potential of EVs as a valuable source of biomarkers for HCC diagnosis.

The five miRNAs analyzed in this study were significantly up-regulated in HCC
patients across all etiologies compared to healthy individuals; however, no statistically
significant differences were observed between etiologies. Previous investigations have
reported elevated levels of miR-222 and miR-223 in the serum of HCC patients, regardless
of HBV status, compared to healthy controls [48]. Additionally, five plasma EV-derived
miRNAs (miR-19-3p, miR-16-5p, miR-223-3p, miR-30d-5p, and miR-451a) were significantly
increased in HCC patients without hepatitis B or C compared to healthy subjects, though
this study did not analyze HBV- or HCV-associated HCC [49]. Furthermore, plasma
levels of miR-21-5p and miR-155-5p were notably up-regulated in HCC patients with HCV
etiology compared to cirrhotic patients, although healthy individuals were not included in
the comparison [50].

We performed ROC analysis to evaluate the diagnostic potential of these five miRNAs
in HCC patients, stratified by TNM stage and Edmondson-Steiner grade, compared to
healthy individuals. Previous studies have identified EV-derived miRNAs with high di-
agnostic accuracy for distinguishing HCC from healthy individuals. Notably, miR-10b-5p
exhibited the highest AUC of 0.932 in a cohort of 90 HCC patients compared to 28 healthy
individuals, highlighting the strong discriminatory power of EV miRNAs in HCC diag-
nosis [46]. A study involving 72 HCC patients demonstrated that serum EV miRNAs had
higher diagnostic performance than the same miRNAs freely circulating in plasma for
distinguishing HCC from HBV or cirrhotic patients [51]. Additionally, another study with
80 patients reported an AUC of 0.850 for miR-17-5p in serum-derived EVs, with increased
miR-106a expression strongly correlating with poor survival [52]. However, some of these
studies did not account for differences between tumor stages or assess diagnostic perfor-
mance in distinguishing HCC from healthy individuals. In contrast, our study showed
that most of the analyzed miRNAs effectively discriminated HCC even when patients were
stratified by tumor stage, further supporting their potential as diagnostic biomarkers.

Previous research has demonstrated that combining multiple miRNAs enhances di-
agnostic accuracy. For instance, a three-miRNA ratio signature exhibited high diagnostic
accuracy in differentiating HCC patients from non-HCC controls [45]. Interestingly, a
computational screening of differentially expressed liver miRNAs across three large HCC
datasets further demonstrated improved diagnostic performance using a two-miRNA
combination in a combiROC analysis [53]. Compared to a single miRNA with the highest
AUC for distinguishing HCC from healthy patients (miR-215-5p; AUC 0.9642), a com-
biROC analysis using two miRNAs (miR-215-5p/miR-19a-3p) increased the AUC to 0.992,
achieving maximum accuracy with a five-miRNA panel contained in EVs. Previous studies
have similarly reported improved diagnostic performance using EV miRNA combinations.
For instance, a serum EV miRNA combiROC analysis increased the AUC to 0.780 in a
cohort of 24 HCC patients compared to 17 healthy controls, while a plasma EV miRNA
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combiROC analysis raised the AUC to 0.85 in 48 HCC patients versus 20 healthy individu-
als [54]. However, it is crucial to recognize that combining ROC parameters for multiple
markers does not inherently improve diagnostic performance, as the right combination
of biomarkers is necessary to achieve high accuracy. For example, in a study involving
40 HCC patients with liver cirrhosis, the combiROC analysis of miR-199a with miR-21-5p
resulted in a lower AUC for differentiating HCC from cirrhosis compared to the combined
AUC of AFP and miR-21-5p. Similarly, the miR-199a/miR-155-5p combination had the
same AUC as miR-155-5p alone, emphasizing the need for careful biomarker selection to
enhance diagnostic precision [50].

Our findings suggest that the five-miRNA panel identified in EVs from hepatoma
cell lines, as well as in circulating EVs from the DEN-induced liver tumor model and
patients with different HCC stages, grades, and etiologies, may represent a novel strategy
for screening and monitoring, facilitating HCC diagnosis.

4. Materials and Methods
4.1. Cell Culture

The cell lines used were classified as the control human liver cell line THLE-2, and
the tumoral HCC cell lines were subclassified as well-differentiated (PLC/PRF/5 and
C3A-HepG2) and poorly differentiated (SNU-449, SNU-475, and SNU-423), these cell lines
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
THLE-2 cells were grown in DMEM/F12 (Gibco, Thermo Fisher Scientific, MA, USA),
while well-differentiated HCC tumor cell lines were grown in MEM (11095080, Gibco,
Thermo Fisher Scientific, MA, USA) and poorly differentiated in RPMI-1640 (11875093,
Gibco, Thermo Fisher Scientific, MA, USA). For all conditions, cells were supplemented
with 10% FBS (26140079, Gibco, Thermo Fisher Scientific, MA, USA) and antibiotics
(100 pg/mL penicillin and streptomycin and 10 pg/mL gentamicin). Culture conditions
were maintained in 10 cm culture plates in a humidified incubator (37 °C) and 5% COx.

4.2. Isolation of Extracellular Vesicles

EVs were obtained from the culture supernatant of liver non-tumoral and tumoral
HCC cell lines, plasma samples of a DEN-induced liver tumor rat model, and plasma
samples from healthy volunteers and HCC patients. Cells were grown (2 x 10°) on a
10 cm plate in 10% FBS-supplemented culture medium (26140079, Gibco, Thermo Fisher
Scientific, MA, USA) to 80% confluence and subsequently placed in Exo-Depleted serum
(A2720801, Gibco, Thermo Fisher Scientific, MA, USA) and incubated for 48h to avoid
FBS exosome contamination. The culture supernatants and 1 mL of plasma samples were
collected immediately and centrifuged at 2000x g (30 min) and subsequently at 12,000x g
(30 min) to remove cell detritus. EVs were isolated by ultracentrifugation (acceleration rate
from 0 to 500 rpm in 1 min and deceleration rate from 500 to 0 in 6 min) at 100,000 g for
3 h. All centrifugation cycles were performed at 4 °C. Purified EVs were processed for the
intended specific analysis (Supplementary Materials and Methods).

4.3. Hepatocellular Carcinoma-Induced Rat Model

Male adult Wistar rats (Crl:WI) weighing 250 to 300 g were acquired (Charls River
Laboratories, NC, USA) and housed at the Animal Facility of the Universidad Nacional
Auténoma de México. All animal experiments were conducted following the Mexican
federal regulations NOM-ZOO-1999-062 [55] regarding the protection of animals used
for scientific purposes and received approval by the Ethics Committee for the Care and
Handling of Laboratory Animals of the Universidad Nacional Auténoma de México with
national authorization SAGARPA-SENASICA AUT-B-C-1216-030 (permission number of



Int. J. Mol. Sci. 2025, 26, 2563

15 of 21

institutional protocol approval CICUAL-VCHH156-19). All procedures were approved and
supervised, and this study is reported following the ARRIVE guidelines. The animals were
fed ad libitum and housed under controlled conditions (22 £ 2 °C, 50-60% relative humidity,
and 12 h light-dark cycles). To induce HCC, rats selected by simple randomization and
housed in separated rooms were injected intraperitoneally with DEN (50 mg/kg) once
a week for 16 weeks (n = 10) and maintained without DEN injection for an additional
six weeks as recovery time. Rats were sacrificed 22 weeks after the first DEN injection
(n = 5, death percentage 50%) and liver injury and HCC markers in serum and hepatic
tissue were evaluated. Alanine aminotransferase (ALT) levels were determined by an ALT
activity assay (MAKO052, Merck, Darmstadt, Germany), and gamma-glutamyl transferase
(GGT) was evaluated by a fluorometric GGT activity assay kit (MAK089, Merck, Darmstadt,
Germany), according to the manufacturer’s specifications. Lipid peroxidation (mmol
MDA /mg protein) was determined by measuring malondialdehyde (MDA) formation
using the thiobarbituric acid method previously described by Ohkawa et al. [56].

As described in the previous sections, Afp and Gpc3 expression in hepatic rat tissue
was determined by RT-qPCR. Morphometric analysis determined body, liver, and spleen
weight and the liver /body weight ratio. Finally, liver tissue samples were processed for
histological analysis using the hematoxylin and eosin technique.

4.4. Ethical Approval, Informed Consent for Participation, and Sample Collection from
Human Subjects

This case—control study comprised 90 patients with clinical and histopathological
diagnoses of hepatocellular carcinoma at different tumor stages or grades who underwent
percutaneous liver biopsy and had not received antiviral or antitumoral treatment or un-
dergone liver surgery, 10 cirrhotic patients, and 41 healthy control subjects, as described
in Supplementary Table S1. All HCC patients were included based on tumor stage (TNM
classification) or grade (Edmondson-Steiner system) and the presence of steatosis, necroin-
flammation, and cirrhosis, and then biopsy results were classified. The cirrhotic patients
were evaluated using clinical and biochemical studies, as well as the imaging test for HCC
discarding. The healthy volunteers were subjected to various biochemical studies to verify
that they did not present metabolic or liver function alterations; the control subjects were
not infected with hepatitis B or C virus and were not alcohol consumers (Supplementary
Table S1). Patients included were individuals with at least three generations of residence
in Mexico, aged between 30 and 70 years, and diagnosed with HCC that had undergone
liver tissue biopsy along with clinical and imaging studies to determine tumoral stage
or grade and have a record of full medical history. Exclusion criteria considered patients
with antiviral or antitumoral treatment, renal or cardiac disease, lipid and/or carbohydrate
metabolism disorders, pregnancy, immunological diseases, or mental disabilities prevent-
ing informed consent. Also, patients were eliminated from the study when primary tumors
were confirmed outside the liver by biopsy or all required research procedures could not
be completed. Peripheral venous blood samples were collected in a sodium citrate Va-
cutainer tube (BD, Franklin Lakes, NJ, USA) and centrifugated at 1500 x g by 15 min to
separate plasma from the globular package. This study was conducted in accordance with
the Declaration of Helsinki, and all human samples were collected following informed
consent. Participants were allowed to withdraw voluntarily at any stage, and the study
was terminated accordingly. All procedures were approved and supervised by the local
ethics committees of Juarez Hospital of Mexico (approval no. CEI-HJM-P/014/2015) and
Ixtapaluca High Specialty Regional Hospital (approval no. NR-014-2022). This study was
reported following the STARD guidelines for reporting diagnostic accuracy studies [57].
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4.5. Data Analysis

According to the normal distribution, data are expressed as the mean = standard devi-
ation (SD) or median = interquartile range (IQR). One-way analysis of variance (ANOVA)
with Dunnett’s post hoc test was employed for multiple comparisons. Two-tailed Student’s
t-tests were used for two unpaired sample comparisons. For relative miRNA expression
in patients, a two-tailed Mann-Whitney U test for two unpaired sample comparisons and
Kruskal-Wallis with Dunn’s post hoc test for multiple comparisons were applied. Statistical
significance was set at 95% (p <0.05). Prism software v.9.5.1 (GraphPad, San Diego, CA,
USA) and Origin Pro v.9.95 (OriginLab Corporation, Northampton, MA, USA) were used
for statistical analysis.

Receiver operating characteristics (ROCs) were applied to miRNA expression data
to differentiate HCC patients from control non-tumoral patients. The ROC parameters
considered were the area under the curve (AUC), sensitivity, specificity, and accuracy. In
addition, a combiROC analysis was conducted by combining the cut-off values of each
candidate miRNA.

5. Conclusions

Our findings indicate that five miRNAs (miR-19a-3p, miR-34a-5p, miR-148b-3p, miR-
183-5p, and miR-215-5p) contained in EVs are differentially expressed in hepatoma cell
lines compared to non-tumor liver cells, suggesting their potential as HCC biomarkers.
We confirmed their expression in circulating EVs in both a DEN-induced liver tumor
rat model and in plasma samples from HCC patients with various tumor stages, grades,
and etiologies. Each of these five EV-derived miRNAs demonstrated high diagnostic
performance for discriminating HCC, and their combined analysis further increases their
potential as biomarkers. Finally, we recognize as a limitation of our study that the miRNA
set only discriminates healthy individuals from HCC patients. Therefore, future research
should evaluate this miRNA set in other liver pathologies. Moreover, prospective cohort
studies remain essential for confirming the effectiveness of these biomarkers in early
detection under clinical conditions.
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Appendix A

Table A1. ROC analysis of miRNAs (ACt) in HCC patients vs. healthy group.

Group miRNA C\l;;l?:f Ser(l;i);ivity Spfs/(ijicity Aci;or)acy ?g:;l:r(l}’:
miR-183-5p 2.614 84.44 92.68 88.56 0.7712
E U miR-19a-3p 1.801 88.89 82.93 85.91 0.7182
% &'—_;) miR-148b-3p 1515 94.44 85.37 89.90 0.7981
S miR-34a-5p 1.810 84.44 82.93 83.68 0.6737
miR-215-5p 3.163 84.44 95.12 89.78 0.7956
miR-183-5p 2.495 80.95 90.24 85.59 0.7119
E — miR-19a-3p 1.801 90.48 82.93 86.70 0.7341
g ED miR-148b-3p 1.515 90.48 85.37 87.92 0.7585
V) miR-34a-5p 1.510 90.48 78.05 84.24 0.6853
miR-215-5p 2.833 85.71 90.24 87.97 0.7595
. miR-183-5p 2.480 85.71 90.24 87.97 0.7595
E = miR-19a-3p 2.700 80.95 92.68 86.81 0.7363
g §° miR-148b-3p 1.982 95.24 90.24 92.74 0.8548
V) miR-34a-5p 1.400 80.95 75.61 78.28 0.5656
miR-215-5p 3.213 80.95 95.12 88.03 0.7607
miR-183-5p 3.457 88.46 97.56 93.01 0.8602
E = miR-19a-3p 1.635 88.46 80.49 84.47 0.6895
% gb miR-148b-3p 1.982 96.15 90.24 93.19 0.8639
ot miR-34a-5p 2.582 88.46 92.68 90.57 0.8114
miR-215-5p 3.163 92.31 95.12 94.21 0.8743
_ miR-183-5p 3.457 86.36 97.56 91.96 0.8392
E & miR-19a-3p 1.873 90.91 82.93 86.92 0.7384
% go miR-148b-3p 3.010 86.36 97.56 91.96 0.8392
S® miR-34a-5p 2.582 86.36 92.68 89.52 0.7904

miR-215-5p 2.669 95.45 87.80 91.62 0.8325
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Table Al. Cont.

Cowp  mitna o Sehivi Srefdy Ay youders
Group AUC LR* LR— SE 95% CI p-Value
' 0.9233 11.535 0.167 0.02232 0.879-0.967 <0.0001
E O 0.9224 5.207 0.133 0.02281 0.877-0.967 <0.0001
% % 0.9576 6.455 0.065 0.01604 0.926-0.989 <0.0001
8 0.9115 4.946 0.187 0.02537 0.861-0.961 <0.0001
0.9642 17.303 0.163 0.01328 0.938-0.990 <0.0001
0.8827 8.294 0.211 0.05029 0.784-0.981 <0.0001
%3 = 0.9199 5.300 0.114 0.03475 0.851-0.988 <0.0001
%3 %D 0.9181 6.184 0.111 0.03396 0.851-0.984 <0.0001
v 0.8705 4.122 0.121 0.04410 0.784-0.957 <0.0001
0.9506 8.781 0.158 0.02526 0.901-1.000 <0.0001
. 0.8995 8.781 0.158 0.04988 0.801-0.997 <0.0001
E = 0.9274 11.058 0.205 0.03496 0.858-0.995 <0.0001
-‘é ED 0.9559 9.758 0.052 0.02877 0.899-1.000 <0.0001
) 0.8339 3.318 0.251 0.05851 0.719-0.948 <0.0001
0.9547 16.588 0.200 0.02591 0.903-1.000 <0.0001
' 0.9587 36.254 0.118 0.02505 0.909-1.000 <0.0001
E = 0.9203 4.534 0.143 0.03738 0.847-0.993 <0.0001
g gb 0.9822 9.851 0.042 0.01154 0.959-1.000 <0.0001
8 @ 0.9601 12.084 0.124 0.02177 0.917-1.000 <0.0001
0.9737 18.915 0.080 0.01801 0.938-1.000 <0.0001
0.9429 35.393 0.139 0.03764 0.869-1.000 <0.0001
E &, 0.9224 5.325 0.109 0.03873 0.846-0.998 <0.0001
% gb 0.9678 35.393 0.139 0.02057 0.927-1.000 <0.0001
SP 0.9673 11.797 0.147 0.01856 0.930-1.000 <0.0001
0.9751 7.823 0.051 0.01619 0.943-1.000 <0.0001

Table A2. ROC analysis of miRNAs (ACt) in HCC patients (Edmondson-Steiner grade) vs. healthy

group.
Group miRNA Cut-Off Value Sen(soi/ltjvity Spe(coj:;city Accuracy (%) }{1(:3::1(1]’)8
miR-183-5p 2.48 82.35 90.24 86.67 0.7259
E _ miR-19a-3p 2.515 79.41 92.68 86.67 0.7209
% I miR-148b-3p 1.515 91.18 85.37 88.00 0.7655
8 miR-34a-5p 1.24 88.24 73.17 80.00 0.6141

miR-215-5p 2.833 82.35 90.24 86.67 0.7259
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Table A2. Cont.

Group miRNA Cut-Off Value Sen(soi/:;vity Spe(c;)f;city Accuracy (%) TI(ISS:]:],;
. miR-183-5p 3.582 87.5 100 93.26 0.875
E = miR-19a-3p 1.801 89.29 82.93 86.60 0.7222
-'g E miR-148b-3p 1.982 92.86 90.24 91.75 0.831
8 miR-34a-5p 2.582 85.96 92.68 88.78 0.7864
miR-215-5p 3.163 89.58 95.12 92.13 0.847
Group miRNA LR+ LR— AUC SE 95% CI p-Value
. miR-183-5p 8.44 0.12 0.892 0.03877 0.8161-0.9680 <0.0001
E . miR-19a-3p 10.85 0.09 0.9186 0.03082 0.8582-0.9790 <0.0001
-'g I miR-148b-3p 6.23 0.16 0.9258 0.02952 0.8679-0.9836 <0.0001
8 miR-34a-5p 3.29 0.30 0.8375 0.04707 0.7453-0.9298 <0.0001
miR-215-5p 8.44 0.12 0.9426 0.02386 0.8958-0.9894 <0.0001
_ miR-183-5p 87.50 0.00 0.9515 0.02246 0.9074-0.9955 <0.0001
E = miR-19a-3p 523 0.19 0.9247 0.02624 0.8732-0.9761 <0.0001
% E miR-148b-3p 9.51 0.11 0.9769 0.01139 0.9546-0.9992 <0.0001
8 miR-34a-5p 11.74 0.09 0.9572 0.01746 0.9230-0.9914 <0.0001
miR-215-5p 18.36 0.05 0.9743 0.01323 0.9484-1.000 <0.0001
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