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Abstract: The use of extracorporeal membrane oxygenation (ECMO) for acute respiratory distress
syndrome (ARDS) has increased in the last decade. However, mortality remains high, and the
complexity of ECMO requires individualized treatment. There are some biomarkers to monitor
progression and predict clinical outcomes of ARDS. This project aims to advance the management of
ARDS patients treated with ECMO by exploring miRNA expression in whole blood. The analysis
was conducted on two groups with different length of ECMO: Group A (longer runs) and group
B (shorter runs). We analyzed miRNAs before ECMO cannulation, and at 7 and 14 days of ECMO
support. Our results showed that in the group B patients, 11 deregulated miRNAs were identified,
and showed an opposite trend of expression compared to the group A patients. In silico analysis
revealed that these 11 miRNAs were related to processes involved in the pathogenesis and evolution
of ARDS. This scenario could represent homeostatic mechanisms by which, in ECMO responsive
patients, pathways activated during ARDS progression are switched-off. Circulating miRNAs could
represent promising biomarkers to monitor the evolution of ARDS under ECMO support. Further
studies may shed light on this topic to improve a personalized approach in such a complex setting
of patients.
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1. Introduction

The use of veno-venous extracorporeal membrane oxygenation (ECMO) is an estab-
lished tool in the most severe cases of patients with acute respiratory distress syndrome
(ARDS). ECMO provides a temporary circulatory support that can substitute the lung
function for days to months if mechanical ventilation (MV) cannot adequately guarantee
gas exchanges or the risk of ventilator-induced lung injury is too high. In a wide clinical
view, ECMO aims at allowing the “lung rest” by lowering airway pressures and tidal
volumes. However, despite numerous advances in ECMO treatment, the mortality rate of
patients remains unacceptably high [1,2].

The wide use of ECMO is derived both from the improvements of ECMO technology
and the increased knowledge acquired since the 2009 HIN1 pandemic [3,4]. Despite a
recent randomized clinical trial [5], its efficacy and benefits are still questioned. Indeed,
the mortality rates are very variable [2,6-8], and it has been highlighted that an appro-
priate patient selection and experience in ECMO management are the keys for successful
treatment [9].
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Though several studies have shown that many scoring systems used in the intensive
care unit (ICU) can predict the outcomes for ECMO patients [10,11], those scorings need a
number of laboratory data integrated with physiological parameters, are sometimes too
complex to calculate, and have a low grade of predictivity. On the other hand, several
biomarkers have been applied to determine neurological and renal dysfunction as outcome
predictors of ECMO treatment [12,13]. Moreover, it has been shown that serum biomarkers
of endothelial injury and activation might represent prognostic factors in this setting [14].

MicroRNAs (miRNAs) are non-coding RNA with gene/pathway-regulatory func-
tion [15], and their altered expression in biological fluids such as blood has been linked to
the presence of many disease states, including ARDS, in which a diffuse alveolar damage
is determined by the activation of inflammation and apoptosis pathways [16]. Moreover,
during ECMO, several coagulative and inflammatory cascades similar to systemic inflam-
matory response syndrome (SIRS) are activated when the patient’s blood is exposed to the
surface of the ECMO circuit [17]. Different miRNAs are able to regulate both platelet activa-
tion and crucial proteins involved in the regulation of hemostatic processes [18,19]. miRNA
biomolecules also seem to play an important role in the regulation of gene expression
during the pathogenesis of ARDS, being deregulated in pulmonary and extrapulmonary
ARDS patients [20], as well as in patients with different severity status of ARDS [21].

To date, there are some available biomarkers to monitor progression and to predict
outcomes of ECMO patients. On the other hand, there is a lack of standardized markers
to measure the evolution of ARDS and detect the nuances among the patients of a very
severe population of the critically ill. In this paper, to obtain future reliable markers, we
preliminarily tested the hypothesis that whole blood miRNAs are differently regulated
during ECMO according to a shorter or longer ECMO stay.

2. Materials and Methods
2.1. Characteristics of Patients and Sample Acquisition

This study was approved by the IRCCS-ISMETT Ethics Committee (EC Code: IRRB/34/19)
and conducted in accordance with the ethical standards laid down in the 1964 Declaration
of Helsinki and its later amendments. Written informed consent was initially obtained
from the next of kin and later confirmed directly by the patients, if recovered. We enrolled
ARDS patients supported by ECMO and performed miRNA measurement for this study.
Patients were recorded for anthropometric data: age, weight, height, and body mass index
(BMI), severity of disease (Simplified Acute Physiology Score (SAPS II)), Sequential Organ
Failure Assessment (SOFA) score, creatinine, hematocrit (HTC), bilirubin, PaO, /FiO, ratio,
and ECMO related score. Moreover, the length of ECMO course was evaluated and used
to stratify patients into two groups: group A (late ECMO responders) and group B (early
ECMO responders).

The weaning from ECMO does not currently follow a standardized protocol, but some
principles, also highlighted in recent literature, should be verified before decannulation: (1)
patient has to be recovered or relevantly improved at chest x ray; (2) mechanical ventilation
should be eventually still needed but with a protective strategy still in place—preferably
6-8 mL/kg of ideal body weight, driving pressure < 15 cm H,O, and respiratory frequency
less than 25 breaths per minute; (3) hemodynamics should be stable with a heart rate less
than 110 beats per minute; (4) gas exchanges should be in normal range with progressive
reduction of need for blood flow and sweep gas flow to be maintained; (5) a cycle of
complete ECMO off (sweep gas flow off as well as any FiO,) should be tolerated for at least
24 h for ECMO lasting 7-10 days, and a complete ECMO off tolerated for 48 h in the case of
longer ECMO stay [22-24].

For miRNA evaluation, whole blood was collected in PAXgene tubes (Qiagen, Hilden,
Germany) before cannulation (pre-ECMO), and after 7 and 14 days of ECMO. Unprocessed
samples were immediately stored at —80 °C until further analysis.
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2.2. miRNA Expression Profiling

We analyzed miRNA expression with TagMan® low-density arrays (TLDA) (TagMan®
Array Human MicroRNA A+B Cards Set v3.0) according to the manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was extracted with RiboPure™
RNA Purification Kit, blood (ThermoFisher Scientific, Waltham, MA, USA). The purity
and quantity of isolated RNA were determined by OD260/280 using a NanoDrop Spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The RNA integrity of all
samples was assessed by calculating RIN values using the 4200 TapeStation System (Agilent
technologies, Santa Clara, CA, USA). Then, 300 ng of RNA was reverse-transcribed with
the high-capacity RNA-to-cDNA kit according to the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA, USA). We analyzed the expression of 754 human miRNAs
with the Applied Biosystems 7900 Real-Time PCR (Thermo Fisher Scientific, Waltham, MA,
USA). The fold change in miRNA expression was determined according to the 274A¢t
method, using the U6 as reference gene. Hierarchical cluster analysis of miRNA expression
was used to group patients at the same treatment time. miRNNA expression data were
grouped using the Cluster3.0 program, and a heat map was generated using the Java
TreeView program.

2.3. miRNAs Functional Analysis

We performed miRNA enrichment analysis on differentially expressed miRNAs with
DIANA miRpath v3.0 [25] (http://snf-515788.vm.okeanos.grnet.gr/, date of access: 31
March 2021), and the miRNet online database [26] (https://www.minet.ca/faces/home.
xhtml, date of access: 31 March 2021). Using known or predicted interactions between
miRNAs and target genes, each software allowed for the elucidation of molecular pathways
controlled by miRNAs. In particular, with DIANA miRPath, our investigation was based
on the microT-CDS algorithm; we performed Gene Ontology (GO) analysis and merged
results by miRNAs and pathways with default settings. The miRNet database is a com-
prehensive atlas of miRNA—target interactions that can integrate the information resulting
from 11 existing miRNA-target prediction programs (TarBase, miRTarBase, miRecords, mi-
Randa, miR2Disease, HMDD, PhenomiR, SM2miR, PharmacomiR, EpimiR, and starBase).
The software uses standard enrichment analysis based on the hypergeometric tests after
adjustment for false discovery rate (FDR). With miRNET we investigated the functional
implications of miRNA deregulation in ECMO-treated ARDS patients and generated a
protein—protein interaction network of proteins targeted by deregulated miRNAs and
involved in crucial pathways of ARDS pathogenesis.

2.4. Statistical Analysis

Anthropometric and clinical characteristics of patients are reported as medians and
25th and 75th percentiles for continuous data and frequencies, and percentages for cat-
egorical data. To test the significant differences of miRNA expression between samples,
we performed multi-step statistical tests with both a parametric Student’s t-test and a
non-parametric Mann-Whitney U-test. An appropriate paired or unpaired Student’s t-test
was used for the comparison of fold change values (2~#A%t). We also analyzed multiple
pair-wise comparisons of each 2~4¢t value per group through both one-way ANOVA with
a post hoc Tukey test and Mann-Whitney U test (GraphPad Prism 6.0, San Diego, CA USA).
p < 0.05 was considered as significant. We clustered and correlated data using hierarchical
clustering and Euclidean distance algorithms. Both sensitivity and specificity of miRNAs
to discriminate between the two groups of patients were assessed with receiver operating
characteristic (ROC) curve analysis.

3. Results
3.1. Patients Characteristics and Stratification

We collected blood samples from ten consecutive ARDS patients supported by ECMO.
Causes of ARDS were viral pneumonia (n = 3), bacterial pneumonia (n = 6), and severe
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polytrauma with pulmonary contusion and bacteria lover-infection (n = 1). Baseline an-
thropometric and clinical characteristics of the overall population are shown in Table 1. All
the patients were screened before cannulation by transthoracic echocardiogram and no
relevant abnormalities were found with an ejection fraction of at least 50% in all the pa-
tients. In order to identify deregulated miRNAs related to the efficacy of ECMO treatment,
considering the usual duration of the treatment (7-10 days) in patients with ARDS who
benefit from it [27], we stratified patients into two groups based on ECMO duration: group
A, with longer ECMO support (median 40 days) and group B, with short ECMO support
(median 9 days). Patient characteristics at the baseline showed no statistically significant
differences between the two groups (all p-values > 0.05), showing a homogeneous cohort
at least from the clinical standpoint (Table 1). Moreover, during the ECMO stay no relevant
complications related to ECMO were recognized, and the clinical reason for longer ECMO
stay was principally the lack or slow recover of pulmonary function.

Table 1. Patients” anthropometric and clinical characteristics according to ECMO duration outcome.

Variable Overall Group A (n=5) Group B (n=5) p-Value
o Male 8 (80%) Male, 4 (80%) Male, 4 (80%)
Gender, N (%) Female 2 (20%)  Female, 1(20%)  Female, 1 (20%) >0.9
Age (years) 50.7 (£15.04) 44.6 (£18.57) 56.8 (£8.44) 0.217
Causes of ARDS (%)

Viral pneumonia 3 (30%) 2 (20%) 1 (10%) 0.698
Bacterial pneumonia 6 (60%) 2 (20%) 4 (40%) 0.698
Polytrauma with bacterialover-infection 1 (10%) 1 (10%) 0 (0%) 0.423
BMI (kg/m?) 28.3(26.2,28.7) 29 (26.6, 34.8) 26.5(26.2,27.7) 0.174
SAPS II (Admission) 37.5(34.5,54.7) 34 (32, 45) 39 (36, 58) 0.548
SOFA (Admission) 5.5(3.2,9.5) 6 (4,10) 5(3,8) 0.603
RESP Score (Admission) 0.5(—2.5,4.7) 4(-1,5) —-1(-3,2) 0.572
PaO2/FiO2 PRE-ECMO (mmHg) 60.5 (56.2, 68.5) 61 (60, 70) 60 (55, 64) 0.573
Creatinine (mg/dL) 1.48 (0.85, 3.17) 0.8 (0.6, 1.6) 2.8 (1.36, 3.3) 0.291
HTC (%) 30.3 (30, 38.3) 30.5 (30.2, 40) 30 (30, 33.2) 0.972
Bilirubin (mg/dL) 0.96 (0.79, 1.28) 0.86 (0.77, 1.3) 1(0.92,1.23) 0.811
ECMO Duration (Days) 25.5(11.5,39.7) 40 (39, 65) 9(9,19) 0.022

Continuous variables are presented as median value (25th to 75th percentile range) or mean 4 SD, and nominal variables are presented as
absolute quantity (percentage). BMI: body mass index; SAPS II Score: Simplified Acute Physiology 2 score; SOFA score: Sequential Organ
Failure Assessment score; RESP score: Respiratory Extracorporeal Membrane Oxygenation Survival Prediction score; PaO,:FiO,: ratio of
fraction of partial pressure of O, to inspired O,; HTC: Hematocrit; ECMO: Extracorporeal membrane oxygenation.

3.2. Differentially Expressed miRNAs in Patients with Long and Short ECMO Duration

To identify differentially expressed miRNAs during ECMO, we analyzed their expres-
sion in group A and B at the study time points. Analyses were carried out on 229 miRNAs
selected from 754 miRNAs after quality control screening (amplification score > 1.1, Cq con-
fidence > 0.8). After differential analysis with Student’s t-test, in group A, by volcano plot
analysis (p < 0.05 and fold change > 2), we identified one up-regulated miRNA and nine
up-regulated miRNAs after 7 and 14 days of ECMO treatment, respectively (Figure la—c).
In group B, one miRNA was up-regulated, and one miRNA was down-regulated after
7 days of ECMO treatment, while eight miRNAs were up-regulated and three miRNAs
were down-regulated after 14 days (Figure 1d—f). The subsequent analyses were directed
on those.
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Figure 1. RT-PCR analysis of miRNAs in ARDS patients supported with ECMO for 14 days. (a) Volcano plot analysis
(p < 0.05) plot analysis of RNAs in ARDS patients supported with ECMO group A patients after 7 and (b) 14 days of ECMO
support. (c) Up-regulated miRNAs in group A patients after 7 and 14 days of ECMO support. (d) Volcano plot analysis
(p < 0.05 and fold change > 0) of deregulated miRNAs analyzed in group B patients after 7 and (e) 14 days of ECMO
support. (f) Up- and down-regulated miRNAs in group B patients after 7 and 14 days of ECMO support. miRNA levels
were normalized to those of U6. Data are means + SD. (Comparisons made by Student’s {-test). * p < 0.05 vs. pre-ECMO

(patients before cannulation).

We then conducted differential analysis with the Mann—-Whitney U test and identified
two miRNAs as significantly differentially expressed in group A patients, while 11 deregu-
lated miRNAs were identified in group B (Figure 2). In particular, miR-1282 and miR-6886
were significantly up-regulated after 14 days of ECMO support in group A. In group B,
let-7f, miR-25, miR-191, miR-200b, miR-708, miR-1271, miR-566, and miR-584 were signif-
icantly up-regulated after 14 days of ECMO support, while miR-432 and miR-636 were
significantly down-regulated after 14 days, and miR-328 was significantly down-regulated
after both 7 and 14 days (Figure 2).

3.3. Enrichment of the Deregulated miRNAs in Biological Processes

In order to find associations between the aforementioned miRNAs and the evolution
of ARDS, we conducted a GO enrichment analysis with the DIANA database. No relevant
pathways were found with the examination of the two deregulated miRNAs in group A.
On the other hand, the in silico analysis of the 11 deregulated miRNAs of patients in group
B revealed that, in the biological process category, most of the miRNAs were related to
crucial processes potentially involved in the pathogenesis of ARDS.
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Figure 2. Blood expression levels of thirteen miRNAs in group A and group B patients after 7 and 14 days of ECMO support.
Data are presented as expression relative to U6. Box plots are displayed where the horizontal bar represents the median,
the box represents the IQR, and the whiskers represent the maximum and minimum values. Comparisons were made by
Mann-Whitney U test. * p < 0.05.
In particular, different terms are involved in the regulation of tissue remodeling.
Moreover, specific terms were involved in the regulation of both coagulation and immune
system (Figure 3).
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Figure 3. GO analysis of eleven miRNAs deregulated in group B patients. Partial list of biological process enrichment analysis.

3.4. miRNA Target Network Construction and Analysis of ARDS-Related miRNAs in Group

B Patients

To explore whether the 11 differentially expressed miRNAs of patients in group B can
be involved in the regulation of the ARDS-related pathways, we also analyzed them using
the miRNET database. A miRNA-target network of representative pathways involved in
the pathogenesis of ARDS was analyzed: 1. Tissue remodeling; 2. Regulation of immune
system; 3. Regulation of coagulation. The selected 11 miRNA (let-7f, miR-25, miR-191, miR-
200b, miR-708, miR-1271, miR-566, miR-584, miR-432, miR-636, and miR-328) target genes
were implicated in all aforementioned pathways (Figure 4 top and Table 2). Interestingly,
some miRNAs, such as let-7f, miR-708, miR-200b, miR-584, miR-328, and miR-636, showed
an evident opposed trend of expression after 14 days of ECMO support between group A

and B (Figure 5).
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Figure 4. Protein—protein interaction network generated for shared miRNA target genes after miRNET analysis. Top images
show networks with all interactions between deregulated miRNAs and genes involved in tissue remodeling, regulation
of the immune system and regulation of coagulation. Bottom images show schematic representation of crucial proteins

involved in the regulation of each pathway and their interaction with some deregulated miRNAs.

Table 2. Top ranked miRNAs and genes found in the network analysis.

Tissue Remodeling

Regulation of Immune System

Regulation of Coagulation

Top miRNAs Genes Top miRNAs Genes Top miRNAs Genes
hsa-mir-200b-3p 47 hsa-let-7f-5p 44 hsa-let-7f-5p 30
hsa-let-7f-5p 37 hsa-mir-200b-3p 36 hsa-mir-200b-3p 20
hsa-mir-328-3p 20 hsa-mir-636 19 hsa-mir-25-5p 13
hsa-mir-708-5p 16 hsa-mir-328-3p 18 hsa-mir-432-5p 12
hsa-mir-25-5p 15 hsa-mir-25-5p 14 hsa-mir-636 11
hsa-mir-636 11 hsa-mir-708-5p 14 hsa-mir-328-3p 9
hsa-mir-584-5p 10 hsa-mir-584-5p 13 hsa-mir-566 9
hsa-mir-432-5p 8 hsa-mir-1271-5p 11 hsa-mir-708-5p 9
hsa-mir-566 8 hsa-mir-566 8 hsa-mir-584-5p 8
hsa-mir-1271-5p 8 hsa-mir-432-5p 7 hsa-mir-191-3p 6
hsa-mir-191-3p 6 hsa-mir-191-3p 6 hsa-mir-1271-5p 5
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Figure 5. Temporal expression of miRNAs after 7 and 14 days of ECMO support in group A and in group B patients. Data

shown are mean values £ SE of miRNA expression of 10 patients for each time point.

Furthermore, we carried out hierarchical cluster analysis of the eight miRNAs that
target crucial proteins involved in the regulation of major pathways implicated in ARDS
(Figure 4 bottom). The analysis revealed that those miRNAs were able to predict ARDS
progression in relation to their expression (Figure 6).
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Figure 6. Hierarchical clustering analysis based on eight selected miRNA expression levels in ARDS

patients supported with ECMO for 14 days. Heatmap colors represent relative miRNA expression

normalized to housekeeping.

To evaluate the diagnostic power of the eight selected miRNAs, we performed ROC
curve analyses for detection of ECMO efficacy. A scoring approach revealed a good
diagnostic accuracy with an AUC ranged from 0.52 to 0.92 (Figure 7).
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Figure 7. ROC curves of the diagnostic potential of the individual blood miRNAs (miR-200b-3p,
miR-1271-5p, miR-566, miR-328-3p, miR-432-5p, miR-25-5p, let-7f-5p and miR-708-5p) after 14 days
of ECMO support discriminating between group A and group B patients. ROC curves were made

with values of relative expression of each miRNA at 14 days of ECMO support. The area under curve
(AUC) values ranged from 0.52 to 0.92.
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4. Discussions

In this study, we preliminarily tested the hypothesis that circulating miRNAs might
help to identify the proper ECMO management for different ARDS patients. Therefore, we
recognized a different regulation for 11 miRNAs between patients with a short ECMO stay
and patients with a longer ECMO duration.

Because of the extensive use of ECMO treatment, there is a need to allocate appro-
priate ECMO support for each patient. Indeed, despite impressive developments in the
field, significant complications, such as thrombosis and bleeding, commonly occur despite
anticoagulation [28,29]. All this strongly suggests the need for a personalized approach.
miRNAs are altered in both physiological and pathological conditions [20,30-33], and circu-
lating miRNAs are stable molecules found in blood that represent promising biomarkers in
many disorders, including lung diseases [21,34]. In fact, miRNAs are candidate biomarkers
to monitor clinical conditions that may require ECMO support [35,36]. They might also be
considered indicators of disease progression/resolution.

This study is aimed at exploring whether deregulated miRNAs can be indicative
of disease progression in two groups of patients that differ for a different response to
ECMO support: group A (late ECMO responders with a median of 40 days) and group B
(early ECMO responders with a median of 9 days). Using high-throughput qPCR, based
on previous works demonstrating an association between a specific miRNA profile and
ARDS [16,20,21,37,38], we screened 754 circulating miRNAs extracted from the whole
blood of 10 patients before ECMO cannulation, and 7 and 14 days after ECMO support.
To the best of our knowledge, only one study has investigated the potential role of serum
circulating miRNAs as biomarkers to predict hematological complications and outcomes
in ECMO treated patients. In that study, it was shown that the expression of miRNAs was
not altered by ECMO support itself [39]. In our study, we used whole blood samples to
explore both circulating exosomal and non-exosomal blood miRNAs [40]. Furthermore,
considering that the usual ECMO duration in ARDS patients is 7-10 days [27], differently
from Scettri and colleagues, who examined the expression of miRNAs after both 24 and
72 h [39], we analyzed miRNA expression after 7 and 14 days of ECMO support. We found
that ECMO itself did not influence the expression of circulating miRNAs in patients with
long ECMO runs, while 11 miRNAs were significantly deregulated in shorter ECMO runs.
In particular, our retrospective analysis showed no significant deregulated miRNAs after
7 days of ECMO treatment while, mainly in a group of patients with a low median of
ECMO duration (group B), 11 miRNAs (let-7f, miR-25, miR-191, miR-200b, miR-708, miR-
1271, miR-566, miR-584, miR-432, miR-636, and miR-328) were deregulated after 14 days
(Figure 2). GO enrichment analysis revealed that those miRNAs were related to ARDS
pathways affected during ECMO treatment (Figure 3). Instead, in another group of patients
with a median ECMO duration of 40 days (group A), only two miRNAs (miR-1282 and
miR-6886) were significantly deregulated after 14 days, and the GO enrichment analysis
for those miRNAs revealed no relation to ARDS pathways.

We hypothesized that ECMO treatment in group B patients affected the evolution of
ARDS-related pathways. Therefore, we performed an in silico analysis of the 11 deregu-
lated miRNAs found in group B, and observed that those miRNAs were related to major
pathways involved in ARDS: (1) Tissue remodeling; (2) Regulation of immune system;
(3) Regulation of coagulation (Figure 4 top). The analysis also revealed that crucial pro-
teins regulating the aforementioned pathways are targeted by eight deregulated miRNAs
(Figure 4 bottom). During ECMO, due to both ARDS pathogenesis [17,41] and the contin-
uous contact surface between the blood and the ECMO circuit [18], different coagulative
pathways were also regulated by F2, FN1, MPL, and TBXA2R protein (which are known
as positive regulators of these pathways) [18,42—44] and tissue factor pathway inhibitor
(TFPI) (a negative regulator of coagulation processes) [45]. We found that let-7f, miR-25,
miR-200b and miR-566 were up-regulated after 14 days of ECMO treatment in group B
patients, and those miRNAs target the aforementioned positive regulators. Conversely,
TFPI, a negative regulator of coagulation, was targeted by miR-432, which appears to be
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down-regulated after 14 days of ECMO treatment, (Figure 4 bottom). Moreover, crucial
proteins involved in the regulation of the immune system seem to be controlled by our
deregulated miRNAs. Indeed, MAP2K?7, IL6, STAT2, and C3 protein, which positively
regulate immune responses [46-48], were targeted by up-regulated miRNAs such as let-7f
and miR-25, while the OTUD?5 protein (negative regulator of inflammation) [49] was tar-
geted by down-regulated miRNAs, such as miR-328. It has been shown that pulmonary
alveolar tissue is subject to remodeling during the evolution of ARDS. In this context,
PAK2, FLT1, CCND1, VEGFA, KDR, MYC, and FRS2 have been found to be involved
in the two major pathways implicated in tissue remodeling, such as apoptosis and cell
proliferation [50-55]. We found that those proteins were targeted by let-7f, miR-25, miR-
200b, miR-708, and miR-1271, which we observed being up-regulated after 14 days of
ECMO support, while HIF1AN, a negative regulator of proliferation [56], is targeted by
miR-328, which is down-regulated.

Therefore, the deregulation of eight circulating miRNAs during ECMO support in the
group B patients can regulate inflammation, coagulation, and tissue remodeling that govern
tissue injury and the repair process of lung parenchyma in ARDS patients. Furthermore, as
shown in Figure 6, those miRNAs can help classify ARDS patients in relation to the timing
of their ECMO course, and we were able to reach a discriminatory power with AUC ranged
from 0.52 to 0.92 (Figure 7). Our results are also in line with several studies that show
that some of our deregulated miRNAs were implicated in ARDS pathogenesis [16,30,57].
In addition, the present data sustain, at the miRNA level (at a deeper cell and system
interaction), the clinical evidence that during ARDS and during ECMO, a consistent
activation of pro-coagulant and anticoagulant pathways coexist at the same time. The
clinical meaning of these observations is still to be grasped but, potentially, knowledge
on the topic may contribute to understanding, in the single patient, a different behavior
unmasked by standard laboratory data.

This is a pilot study intended to serve as the basis for a larger investigation designed
for an accurate profile of miRNAs as biomarkers for ECMO monitoring in ARDS patients.
We acknowledge several limitations in our study. First, the sample is quite small, and
despite a complete similarity between the two studied groups this may have altered the
results. The female gender is poorly represented and, therefore, the miRNAs may be
biased by the high prevalence of males. Second, the consecutive patients all survived;
consequently, we may have chosen the length of stay in ECMO as a parameter strongly
different from overall survival on ECMO, despite the fact that duration of ECMO seems to
have a clinical significance. Third, we analyzed blood samples 14 days after cannulation,
but some patients in the group B were supported with ECMO for less than 14 days, which
may have altered the results.

The assessment of patients during ECMO support is imperative in order to select the
most appropriate therapeutic approach, which may lead to improvement in the quality
and timing of treatment itself. Though ECMO technology has improved survival, many
fields of its management are still unknown. Thus, miRNAs can serve as biomarkers for
the monitoring of ECMO course, and the identification of patient responses to ECMO can
contribute to increasing the precision of ARDS patient management.

Author Contributions: Conceptualization, methodology—G.M., PG.C., VM,; original draft preparation—
V.M.; writing—G.M.; major contribution to review—A.A., PG.C., G.P,, A.B.; supervision—A.A.,
P.G.C,; data curation, software, formal analysis—FE.T.; data collection, data curation—G.O., G.M.,
V.M.; methodology, laboratory section—C.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of IRCCS-ISMETT (protocol code
IRRB/34/19, 27 February 2020.



Membranes 2021, 11, 551 13 of 15

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. The consent was initially signed by relatives and subsequently signed again by the survivors.

Data Availability Statement: The datasets used and analyzed are available from the corresponding
author on reasonable request.

Acknowledgments: The authors thank Warren Blumberg for his editing of the manuscript.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Aubron, C.; Cheng, A.C,; Pilcher, D.; Leong, T.; Magrin, G.; Cooper, D.J.; Scheinkestel, C.; Pellegrino, V. Factors associated
with outcomes of patients on extracorporeal membrane oxygenation support: A 5-year cohort study. Crit. Care 2013, 17, R73.
[CrossRef]

Zangrillo, A.; Landoni, G.; Biondi-Zoccai, G.; Greco, M.; Greco, T.; Frati, G.; Patroniti, N.; Antonelli, M.; Pesenti, A.; Pappalardo, F
A meta-analysis of complications and mortality of extracorporeal membrane oxygenation. Crit. Care Resusc. J. Australas. Acad.
Crit. Care Med. 2013, 15, 172-178.

Holzgraefe, B.; Broome, M.; Kalzen, H.; Konrad, D.; Palmer, K.; Frenckner, B. Extracorporeal membrane oxygenation for pandemic
HINT1 2009 respiratory failure. Minerva Anestesiol. 2010, 76, 1043-1051.

Makdisi, G.; Wang, L. W. Extra Corporeal Membrane Oxygenation (ECMO) review of a lifesaving technology. J. Thorac. Dis. 2015,
7, E166-E176. [PubMed]

Combes, A.; Hajage, D.; Capellier, G.; Demoule, A.; Lavoue, S.; Guervilly, C.; Da Silva, D.; Zafrani, L.; Tirot, P.; Veber, B.; et al.
Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome. N. Engl. . Med. 2018, 378, 1965-1975.
[CrossRef]

Anselmi, A.; Flecher, E.; Corbineau, H.; Langanay, T.; Le Bouquin, V.; Bedossa, M.; Leguerrier, A.; Verhoye, ].P.; Ruggieri, V.G.
Survival and quality of life after extracorporeal life support for refractory cardiac arrest: A case series. J. Thorac. Cardiovasc. Surg.
2015, 150, 947-954. [CrossRef]

Camporota, L.; Meadows, C.; Ledot, S.; Scott, I.; Harvey, C.; Garcia, M.; Vuylsteke, A.; NHS England ECMO Service. Consensus
on the referral and admission of patients with severe respiratory failure to the NHS ECMO service. Lancet Respir. Med. 2021, 9,
el6—el7. [CrossRef]

Friedrichson, B.; Mutlak, H.; Zacharowski, K.; Piekarski, F. Insight into ECMO, mortality and ARDS: A nationwide analysis of
45,647 ECMO runs. Crit. Care 2021, 25, 38. [CrossRef] [PubMed]

Combes, A.; Brodie, D.; Bartlett, R.; Brochard, L.; Brower, R.; Conrad, S.; De Backer, D.; Fan, E.; Ferguson, N.; Fortenberry, J.; et al.
Position paper for the organization of extracorporeal membrane oxygenation programs for acute respiratory failure in adult
patients. Am. J. Respir. Crit. Care Med. 2014, 190, 488-496. [CrossRef] [PubMed]

D’Arrigo, S.; Cacciola, S.; Dennis, M.; Jung, C.; Kagawa, E.; Antonelli, M.; Sandroni, C. Predictors of favourable outcome after
in-hospital cardiac arrest treated with extracorporeal cardiopulmonary resuscitation: A systematic review and meta-analysis.
Resuscitation 2017, 121, 62-70. [CrossRef] [PubMed]

Lin, C.Y,; Tsai, EC.; Tian, Y.C.; Jenq, C.C.; Chen, Y.C,; Fang, ].T.; Yang, C.W. Evaluation of outcome scoring systems for patients on
extracorporeal membrane oxygenation. Ann. Thorac. Surg. 2007, 84, 1256-1262. [CrossRef]

Bembea, M.M.; Rizkalla, N.; Freedy, J.; Barasch, N.; Vaidya, D.; Pronovost, P.J.; Everett, A.D.; Mueller, G. Plasma Biomarkers of
Brain Injury as Diagnostic Tools and Outcome Predictors After Extracorporeal Membrane Oxygenation. Crit. Care Med. 2015, 43,
2202-2211. [CrossRef]

Zwiers, A.].; Cransberg, K.; De Rijke, Y.B.; Van Rosmalen, ]J.; Tibboel, D.; De Wildt, S.N. Urinary Neutrophil Gelatinase-Associated
Lipocalin Predicts Renal Injury Following Extracorporeal Membrane Oxygenation. Pediatr. Crit. Care Med. 2015, 16, 663—670.
[CrossRef]

Tsai, T.Y,; Tu, K.H.; Tsai, E.C.; Nan, Y.Y.; Fan, P.C.; Chang, C.H.; Tian, Y.C; Fang, ].T.; Yang, C.W.; Chen, Y.C. Prognostic value of
endothelial biomarkers in refractory cardiogenic shock with ECLS: A prospective monocentric study. BMC Anesthesiol. 2019, 19,
73. [CrossRef]

Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215-233. [CrossRef]

Ferruelo, A.; Penuelas, O.; Lorente, J.A. MicroRNAs as biomarkers of acute lung injury. Ann. Transl. Med. 2018, 6, 34. [CrossRef]
[PubMed]

Millar, J.E.; Fanning, ].P.; McDonald, C.I; McAuley, D.E; Fraser, ].F. The inflammatory response to extracorporeal membrane
oxygenation (ECMO): A review of the pathophysiology. Crit. Care 2016, 20, 387. [CrossRef] [PubMed]

Piacente, C.; Martucci, G.; Miceli, V.; Pavone, G.; Papeo, A.; Occhipinti, G.; Panarello, G.; Lorusso, R.; Tanaka, K.; Arcadipane, A.
A narrative review of antithrombin use during veno-venous extracorporeal membrane oxygenation in adults: Rationale, current
use, effects on anticoagulation, and outcomes. Perfusion 2020, 35, 452-464. [CrossRef] [PubMed]

Teruel-Montoya, R.; Rosendaal, ER.; Martinez, C. MicroRNAs in hemostasis. J. Thromb. Haemost. 2015, 13, 170-181. [CrossRef]
Zheng, Y.; Liu, S.Q.; Sun, Q; Xie, ].E; Xu, J.Y,; Li, Q.; Pan, C.; Liu, L.; Huang, Y.Z. Plasma microRNAs levels are different between
pulmonary and extrapulmonary ARDS patients: A clinical observational study. Ann. Intensiv. Care 2018, 8, 23. [CrossRef]


http://doi.org/10.1186/cc12681
http://www.ncbi.nlm.nih.gov/pubmed/26380745
http://doi.org/10.1056/NEJMoa1800385
http://doi.org/10.1016/j.jtcvs.2015.05.070
http://doi.org/10.1016/S2213-2600(20)30581-6
http://doi.org/10.1186/s13054-021-03463-2
http://www.ncbi.nlm.nih.gov/pubmed/33509228
http://doi.org/10.1164/rccm.201404-0630CP
http://www.ncbi.nlm.nih.gov/pubmed/25062496
http://doi.org/10.1016/j.resuscitation.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29020604
http://doi.org/10.1016/j.athoracsur.2007.05.045
http://doi.org/10.1097/CCM.0000000000001145
http://doi.org/10.1097/PCC.0000000000000476
http://doi.org/10.1186/s12871-019-0747-1
http://doi.org/10.1016/j.cell.2009.01.002
http://doi.org/10.21037/atm.2018.01.10
http://www.ncbi.nlm.nih.gov/pubmed/29430451
http://doi.org/10.1186/s13054-016-1570-4
http://www.ncbi.nlm.nih.gov/pubmed/27890016
http://doi.org/10.1177/0267659120913803
http://www.ncbi.nlm.nih.gov/pubmed/32228213
http://doi.org/10.1111/jth.12788
http://doi.org/10.1186/s13613-018-0370-1

Membranes 2021, 11, 551 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Martucci, G.; Arcadipane, A.; Tuzzolino, F.; Occhipinti, G.; Panarello, G.; Carcione, C.; Bonicolini, E.; Vitiello, C.; Lorusso, R.;
Conaldi, P.G.; et al. Identification of a Circulating miRNA Signature to Stratify Acute Respiratory Distress Syndrome Patients. J.
Pers. Med. 2020, 11, 15. [CrossRef] [PubMed]

Al-Fares, A.A.; Ferguson, N.D.; Ma, J.; Cypel, M.; Keshavjee, S.; Fan, E.; Del Sorbo, L. Achieving Safe Liberation During Weaning
from VV-ECMO in Patients with Severe ARDS: The role of Tidal Volume and Inspiratory Effort. Chest 2021. [CrossRef] [PubMed]
Gannon, W.D; Stokes, ].W.; Bloom, S.; Sherrill, W.; Bacchetta, M.; Rice, TW.; Semler, M.W.; Casey, J.D. Safety and Feasibility of a
Protocolized Daily Assessment of Readiness for Liberation from Venovenous Extracorporeal Membrane Oxygenation. Chest 2021.
[CrossRef]

Tonna, J.E.; Abrams, D.; Brodie, D.; Greenwood, J.C.; Rubio Mateo-Sidron, J.A.; Usman, A.; Fan, E. Management of Adult
Patients Supported with Venovenous Extracorporeal Membrane Oxygenation (VV ECMO): Guideline from the Extracorporeal
Life Support Organization (ELSO). ASAIO . 2021, 67, 601-610. [CrossRef]

Vlachos, 1.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.; Hatzigeorgiou,
A.G. DIANA-miRPath v3.0: Deciphering microRNA function with experimental support. Nucleic Acids Res. 2015, 43, W460-W466.
[CrossRef] [PubMed]

Fan, Y,; Xia, J. miRNet-Functional Analysis and Visual Exploration of miRNA-Target Interactions in a Network Context. Methods
Mol. Biol. 2018, 1819, 215-233. [PubMed]

Rosenberg, A.A.; Haft, ] W,; Bartlett, R.; Iwashyna, T.J.; Huang, S.K.; Lynch, W.R.; Napolitano, L.M. Prolonged duration ECMO
for ARDS: Futility, native lung recovery, or transplantation? ASAIO J. 2013, 59, 642-650. [CrossRef] [PubMed]

Panigada, M.; Artoni, A.; Passamonti, S.M.; Maino, A.; Mietto, C.; L’Acqua, C.; Cressoni, M.; Boscolo, M.; Tripodi, A.; Bucciarelli,
P; et al. Hemostasis changes during veno-venous extracorporeal membrane oxygenation for respiratory support in adults.
Minerva Anestesiol. 2016, 82, 170-179. [PubMed]

Thiagarajan, R.R.; Barbaro, R.P;; Rycus, P.T.; McMullan, D.M.; Conrad, S.A.; Fortenberry, ].D.; Paden, M.L.; ELSO Member Centers.
Extracorporeal Life Support Organization Registry International Report 2016. ASAIO J. 2017, 63, 60-67. [CrossRef]

Cao, Y.; Lyu, Y.I; Tang, J.; Li, Y. MicroRNAs: Novel regulatory molecules in acute lung injury/acute respiratory distress syndrome.
Biomed. Rep. 2016, 4, 523-527. [CrossRef]

Clauss, S.; Wakili, R.; Hildebrand, B.; Kaab, S.; Hoster, E.; Klier, I.; Martens, E.; Hanley, A.; Hanssen, H.; Halle, M.; et al.
MicroRNAs as Biomarkers for Acute Atrial Remodeling in Marathon Runners (The miRathon Study—A Sub-Study of the Munich
Marathon Study). PLoS ONE 2016, 11, e0148599. [CrossRef] [PubMed]

Cui, S.; Sun, B.; Yin, X.; Guo, X.; Chao, D.; Zhang, C.; Zhang, C.Y.; Chen, X.; Ma, J. Time-course responses of circulating microRNAs
to three resistance training protocols in healthy young men. Sci. Rep. 2017, 7, 2203. [CrossRef] [PubMed]

Jiang, Z.F.; Zhang, L.; Shen, J. MicroRNA: Potential biomarker and target of therapy in acute lung injury. Hum. Exp. Toxicol. 2020,
39, 1429-1442. [CrossRef] [PubMed]

Lee, L.K.; Medzikovic, L.; Eghbali, M.; Eltzschig, H.K.; Yuan, X. The Role of MicroRNAs in Acute Respiratory Distress Syndrome
and Sepsis, From Targets to Therapies: A Narrative Review. Anesth. Analg. 2020, 131, 1471-1484. [CrossRef]

D’Alessandra, Y.; Devanna, P.; Limana, F; Straino, S.; Di Carlo, A.; Brambilla, P.G.; Rubino, M.; Carena, M.C.; Spazzafumo, L.;
De Simone, M.; et al. Circulating microRNAs are new and sensitive biomarkers of myocardial infarction. Eur. Heart J. 2010, 31,
2765-2773. [CrossRef]

Oerlemans, M.I.; Mosterd, A.; Dekker, M.S.; De Vrey, E.A.; Van Mil, A.; Pasterkamp, G.; Doevendans, P.A.; Hoes, A.W.; Sluijter,
J.P. Early assessment of acute coronary syndromes in the emergency department: The potential diagnostic value of circulating
microRNAs. EMBO Mol. Med. 2012, 4, 1176-1185. [CrossRef]

Wu, X.; Wu, C; Gu, W,; Ji, H.; Zhu, L. Serum Exosomal MicroRNAs Predict Acute Respiratory Distress Syndrome Events in
Patients with Severe Community-Acquired Pneumonia. BioMed Res. Int. 2019, 2019, 3612020. [CrossRef]

Zhu, Z.; Liang, L.; Zhang, R.; Wei, Y.; Su, L.; Tejera, P.; Guo, Y.; Wang, Z.; Lu, Q.; Baccarelli, A.A.; et al. Whole blood microRNA
markers are associated with acute respiratory distress syndrome. J. Int. Med. Res. 2017, 5, 38. [CrossRef] [PubMed]

Scettri, M.; Seeba, H.; Staudacher, D.L.; Robinson, S.; Stallmann, D.; Heger, L.A.; Grundmann, S.; Duerschmied, D.; Bode, C.;
Wengenmayer, T.; et al. Influence of extracorporeal membrane oxygenation on serum microRNA expression. J. Int. Med. Res.
2019, 47, 6109-6119. [CrossRef] [PubMed]

Nik Mohamed Kamal, N.; Shahidan, W.N.S. Non-Exosomal and Exosomal Circulatory microRNAs: Which Are More Valid as
Biomarkers? Front. Pharmacol. 2019, 10, 1500. [CrossRef] [PubMed]

Ozolina, A.; Sarkele, M.; Sabelnikovs, O.; Skesters, A.; Jaunalksne, I.; Serova, J.; Ievins, T.; Bjertnaes, L.J.; Vanags, I. Activation
of Coagulation and Fibrinolysis in Acute Respiratory Distress Syndrome: A Prospective Pilot Study. Front. Med. 2016, 3, 64.
[CrossRef]

Capra, V.,; Back, M.; Angiolillo, D.J.; Cattaneo, M.; Sakariassen, K.S. Impact of vascular thromboxane prostanoid receptor
activation on hemostasis, thrombosis, oxidative stress, and inflammation. J. Thromb. Haemost. 2014, 12, 126-137. [CrossRef]

Van Dijk, W.E.M.; Brandwijk, O.N.; Heitink-Polle, K.M.].; Schutgens, R.E.G.; Van Galen, K.PM.; Urbanus, R.T. Hemostatic changes
by thrombopoietin-receptor agonists in immune thrombocytopenia patients. Blood Rev. 2020, 47, 100774. [CrossRef]

Wang, Y.; Carrim, N.; Ni, H. Fibronectin orchestrates thrombosis and hemostasis. Oncotarget 2015, 6, 19350-19351. [CrossRef]
Mast, A.E. Tissue Factor Pathway Inhibitor: Multiple Anticoagulant Activities for a Single Protein. Arterioscler. Thromb. Vasc. Biol.
2016, 36, 9-14. [CrossRef]


http://doi.org/10.3390/jpm11010015
http://www.ncbi.nlm.nih.gov/pubmed/33375484
http://doi.org/10.1016/j.chest.2021.05.068
http://www.ncbi.nlm.nih.gov/pubmed/34166645
http://doi.org/10.1016/j.chest.2021.05.066
http://doi.org/10.1097/MAT.0000000000001432
http://doi.org/10.1093/nar/gkv403
http://www.ncbi.nlm.nih.gov/pubmed/25977294
http://www.ncbi.nlm.nih.gov/pubmed/30421406
http://doi.org/10.1097/MAT.0b013e3182a9e341
http://www.ncbi.nlm.nih.gov/pubmed/24172270
http://www.ncbi.nlm.nih.gov/pubmed/25990432
http://doi.org/10.1097/MAT.0000000000000475
http://doi.org/10.3892/br.2016.620
http://doi.org/10.1371/journal.pone.0148599
http://www.ncbi.nlm.nih.gov/pubmed/26859843
http://doi.org/10.1038/s41598-017-02294-y
http://www.ncbi.nlm.nih.gov/pubmed/28526870
http://doi.org/10.1177/0960327120926254
http://www.ncbi.nlm.nih.gov/pubmed/32495695
http://doi.org/10.1213/ANE.0000000000005146
http://doi.org/10.1093/eurheartj/ehq167
http://doi.org/10.1002/emmm.201201749
http://doi.org/10.1155/2019/3612020
http://doi.org/10.1186/s40635-017-0155-0
http://www.ncbi.nlm.nih.gov/pubmed/28856588
http://doi.org/10.1177/0300060519884502
http://www.ncbi.nlm.nih.gov/pubmed/31760868
http://doi.org/10.3389/fphar.2019.01500
http://www.ncbi.nlm.nih.gov/pubmed/32038230
http://doi.org/10.3389/fmed.2016.00064
http://doi.org/10.1111/jth.12472
http://doi.org/10.1016/j.blre.2020.100774
http://doi.org/10.18632/oncotarget.5097
http://doi.org/10.1161/ATVBAHA.115.305996

Membranes 2021, 11, 551 15 of 15

46.

47.

48.

49.
50.

51.
52.

53.

54.

55.

56.

57.

Lee, C.J.; An, HJ.; Cho, E.S.; Kang, H.C,; Lee, ].Y.; Lee, H.S.; Cho, Y.Y. Stat2 stability regulation: An intersection between immunity
and carcinogenesis. Exp. Mol. Med. 2020, 52, 1526-1536. [CrossRef]

Min, S.; Li, L.; Zhang, M.; Zhang, Y.; Liang, X.; Xie, Y.; He, Q.; Li, Y.; Sun, J.; Liu, Q.; et al. TGF-beta-associated miR-27a inhibits
dendritic cell-mediated differentiation of Th1 and Th17 cells by TAB3, p38 MAPK, MAP2K4 and MAP2K?7. Genes Immun. 2012,
13, 621-631. [CrossRef]

Yang, R.; Zheng, T.; Cai, X.; Yu, Y; Yu, C.; Guo, L.; Huang, S.; Zhu, W.; Zhu, R,; Yan, Q.; et al. Genome-wide analyses of amphioxus
microRNAs reveal an immune regulation via miR-92d targeting C3. J. Immunol. 2013, 190, 1491-1500. [CrossRef] [PubMed]
Sun, S.C. Deubiquitylation and regulation of the immune response. Nat. Rev. Immunol. 2008, 8, 501-511. [CrossRef] [PubMed]
Bokoch, G.M. Caspase-mediated activation of PAK2 during apoptosis: Proteolytic kinase activation as a general mechanism of
apoptotic signal transduction? Cell Death Differ. 1998, 5, 637-645. [CrossRef] [PubMed]

Bretones, G.; Delgado, M.D.; Leon, ]J. Myc and cell cycle control. Biochim. Biophys. Acta 2015, 1849, 506-516. [CrossRef]
Chappell, ].C.; Mouillesseaux, K.P.; Bautch, V.L. Flt-1 (vascular endothelial growth factor receptor-1) is essential for the vascular
endothelial growth factor-Notch feedback loop during angiogenesis. Arter. Thromb. Vasc. Biol. 2013, 33, 1952-1959. [CrossRef]
Coppola, S.; Narciso, L.; Feccia, T.; Bonci, D.; Calabro, L.; Morsilli, O.; Gabbianelli, M.; De Maria, R.; Testa, U.; Peschle, C. Enforced
expression of KDR receptor promotes proliferation, survival and megakaryocytic differentiation of TF1 progenitor cell line. Cell
Death Differ. 2006, 13, 61-74. [CrossRef]

Wang, Q.; He, G.; Hou, M.; Chen, L.; Chen, S.; Xu, A.; Fu, Y. Cell Cycle Regulation by Alternative Polyadenylation of CCNDI. Sci.
Rep. 2018, 8, 6824. [CrossRef] [PubMed]

Zhang, K.; Chu, K.; Wu, X,; Gao, H.; Wang, J.; Yuan, Y.C,; Loera, S.; Ho, K.; Wang, Y.; Chow, W.; et al. Amplification of FRS2 and
activation of FGFR/FRS2 signaling pathway in high-grade liposarcoma. Cancer Res. 2013, 73, 1298-1307. [CrossRef] [PubMed]
Chen, T,; Ren, Z; Ye, L.C.; Zhou, PH.; Xu, ].M.; Shi, Q.; Yao, L.Q.; Zhong, Y.S. Factor inhibiting HIFlalpha (FIH-1) functions as a
tumor suppressor in human colorectal cancer by repressing HIFlalpha pathway. Cancer Biol. Ther. 2015, 16, 244-252. [CrossRef]
[PubMed]

He, B.; Zhou, W.; Rui, Y; Liu, L.; Chen, B.; Su, X. MicroRNA-574-5p Attenuates Acute Respiratory Distress Syndrome by Targeting
HMGBI1. Am. ]. Respir. Cell Mol. Biol. 2021, 64, 196-207. [CrossRef]


http://doi.org/10.1038/s12276-020-00506-6
http://doi.org/10.1038/gene.2012.45
http://doi.org/10.4049/jimmunol.1200801
http://www.ncbi.nlm.nih.gov/pubmed/23335747
http://doi.org/10.1038/nri2337
http://www.ncbi.nlm.nih.gov/pubmed/18535581
http://doi.org/10.1038/sj.cdd.4400405
http://www.ncbi.nlm.nih.gov/pubmed/10200518
http://doi.org/10.1016/j.bbagrm.2014.03.013
http://doi.org/10.1161/ATVBAHA.113.301805
http://doi.org/10.1038/sj.cdd.4401698
http://doi.org/10.1038/s41598-018-25141-0
http://www.ncbi.nlm.nih.gov/pubmed/29717174
http://doi.org/10.1158/0008-5472.CAN-12-2086
http://www.ncbi.nlm.nih.gov/pubmed/23393200
http://doi.org/10.1080/15384047.2014.1002346
http://www.ncbi.nlm.nih.gov/pubmed/25602156
http://doi.org/10.1165/rcmb.2020-0112OC

	Introduction 
	Materials and Methods 
	Characteristics of Patients and Sample Acquisition 
	miRNA Expression Profiling 
	miRNAs Functional Analysis 
	Statistical Analysis 

	Results 
	Patients Characteristics and Stratification 
	Differentially Expressed miRNAs in Patients with Long and Short ECMO Duration 
	Enrichment of the Deregulated miRNAs in Biological Processes 
	miRNA Target Network Construction and Analysis of ARDS-Related miRNAs in Group B Patients 

	Discussions 
	References

