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microRNA Expression Levels Change
In Neonatal Patients During and After
Exposure to Cardiopulmonary Bypass
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BACKGROUND: The systemic inflammation that occurs after exposure to cardiopulmonary bypass (CPB), which is especially
severe in neonatal patients, is associated with poorer outcomes and is not well understood. In order to gain deeper insight
into how exposure to bypass activates inflammatory responses in circulating leukocytes, we studied changes in microRNA
(miRNA) expression during and after exposure to bypass. miRNAs are small noncoding RNAs that have important roles in
modulating protein levels and function of cells.

METHODS AND RESULTS: We performed miRNA-sequencing on leukocytes isolated from neonatal patients with CPB (n=5) at
7 time points during the process of CPB, including before the initiation of bypass, during bypass, and at 3 time points dur-
ing the first 24 hours after weaning from bypass. We identified significant differentially expressed miRNAs using generalized
linear regression models, and miRNAs were defined as statistically significant using a false discovery rate—adjusted P<0.05.
We identified gene targets of these miRNAs using the TargetScan database and identified significantly enriched biological
pathways for these gene targets. We identified 54 miRNAs with differential expression during and after CPB. These miRNAs
clustered into 3 groups, including MiRNAs that were increased during and after CPB (3 miRNAs), miRNAs that decreased
during and after CPB (10 miRNAs), and miRNAs that decreased during CPB but then increased 8 to 24 hours after CPB. A
total of 38.9% of the target genes of these miRNAs were significantly differentially expressed in our previous study. miRNAs
with altered expression levels are predicted to significantly modulate pathways related to inflammation and signal transduction.

CONCLUSIONS: The unbiased profiling of the miRNA changes that occur in the circulating leukocytes of patients with by-
pass provides deeper insight into the mechanisms that underpin the systemic inflammatory response that occurs in patients
after exposure to CPB. These data will help the development of novel treatments and biomarkers for bypass-associated
inflammation.
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is associated with significant morbidity, mortality,
and cost. Neonatal patients are particularly at
risk, having a 10% mortality and a 30% complication
rate."? The majority of pediatric open-heart surgeries
require the patient to be supported by cardiopulmo-
nary bypass (CPB) to give the surgeon a bloodless field

Surgical palliation/repair of congenital heart defects

to operate in, while also minimizing ischemic damage
to the body. However, patients with CPB experience
significant post-CPB inflammation—which includes
increased cytokine levels, inflammatory cell infiltra-
tion, vascular leak, and multiorgan dysfunction. In
neonates recovering from complicated cardiac surger-
ies, increased cytokine levels are associated with high
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CLINICAL PERSPECTIVE
What Is New?

We address a critical gap in knowledge by sys-
tematically mapping how microRNAs, small
noncoding RNAs that play an important role in
regulating genes, change in the circulating leu-
kocytes of neonatal patients during and after
cardiopulmonary bypass.

e The data presented in this publication will
advance the understanding of the molecu-
lar mechanisms that drive cardiopulmonary
bypass—associated inflammation and facilitate
efforts to reduce cardiopulmonary bypass—
associated morbidity and mortality.

What Are the Clinical Implications?

e Our findings have translational implications for
patients with cardiopulmonary bypass and for
other conditions that involve blood being ex-
posed to increased shear stresses, such as
ventricular assist devices, extracorporeal live
support, and hemodialysis.

Nonstandard Abbreviations and Acronyms

CPB cardiopulmonary bypass

DEG differentially expressed gene

FDR false discovery rate

KEGG Kyoto Encyclopedia of Genes and
Genomes

MAPK mitogen-activated protein kinase

miRNA microRNA

mortality and extended intensive care stays®; however,
the molecular mechanisms that underlie this inflamma-
tory response are not fully understood.

In an effort to understand how CPB instigates in-
flammation, we have quantified functional changes in
circulating leukocytes using unbiased and comprehen-
sive ‘omics approaches. Recently, we have measured
global gene expression changes that occur in neonatal
patients during and after CPB exposure using RNA se-
quencing.* In this report, we examine the microRNA
(miRNA) changes that occur in neonatal patients with
CPB. miRNAs are small noncoding RNAs that gener-
ally bind to the 3’ untranslated regions of messenger
RNA (MRNA) based on complimentary base pairing
to target sites. miRNAs suppress gene expression
through inhibition of protein translation and/or promot-
ing degradation of the target MRNAs.® miRNAs mod-
ulate the protein levels of their target genes by either
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attenuating mRNA translation and/or promoting deg-
radation of the target mRNAs.® Through disruption of
these target genes, miRNAs play a vital role in numer-
ous cellular and biological processes, including inflam-
matory signaling, and have been demonstrated to be
differentially expressed in many human diseases, such
as cardiovascular diseases.’

There has been great interest in identifying miRNA
biomarkers for post-CPB complications. For example,
miRNAs have been studied as biomarkers of myo-
cardial injury.2® Currently, a limited amount is known
about the miRNA changes that occur in leukocytes in
response to CPB. This knowledge gap is significant
since leukocytes are crucial regulators of inflammation.
Understanding global changes of miRNA in leukocytes
is a critical step to better understand the mechanisms
of CPB-induced inflammation.

We performed a comprehensive unbiased profiling
of miRNA expression from pediatric patient leukocytes.
Blood samples were collected pre-bypass, during
bypass, and post-bypass surgery at 7 different time
points from 5 infants with congenital heart diseases
undergoing CPB surgery. Leukocytes were isolated
from whole blood from each set of patient samples and
miRNA levels were subsequently quantified by high-
throughput small RNA sequencing. This study aimed
to characterize CPB-affected leukocyte miRNA profiles
and to holistically analyze how differential expression
of these miIRNAs may impact target gene expression
and corresponding changes in biological pathways.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Human Blood Samples

Pediatric patients aged <1month with different con-
genital heart defects requiring repair utilizihng CPB
were enrolled in our study at Mercy’s Children Hospital
(Kansas City, MO) (institutional review board protocol
number 14110493). Written informed consent was re-
ceived from participants’ parents or legal guardians
before inclusion into the study. A standard CPB pro-
tocol was used in all of the patients. The approach in
all cases was via median sternotomy. Aortic cannula-
tion was used for the arterial access, with either single
venous cannula being placed in the right atrium or bi-
caval cannulation, depending on the type of the defect
requiring repair. The CPB circuit was blood primed,
and standard additives included methylprednisolone,
sodium bicarbonate, cefazolin, and tranexamic acid.
After initiation of CPB, the patients were cooled to 18 to
30 °C. Mean perfusion pressure was maintained at 25
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to 35mmHg, and the minimum hematocrit was kept
at 24%. On completion of repair, the patients were re-
warmed and weaned from CPB. Modified ultrafiltration
was performed in all of the patients after weaning from
CPB. Blood samples of 2.5mL were collected from an
indwelling patient line or from the CPB pump, depend-
ent on the time of the blood draw (for blood draws per-
formed while the patient was on CPB, these samples
were pulled from the CPB pump). These samples were
collected in EDTA tubes at 7 time points: before CPB,
1hour into CPB, at the end of CPB, at the end of modi-
fied ultrafiltration, and 1hour, 8hours, and 24 hours
during postoperative recovery. Blood was centrifuged
at 1000g for 20minutes at room temperature, and
plasma was removed. Red blood cells were lysed in
RNase-free red blood cell lysis solution (PerfectPure
RNA blood kit, 5Prime) for 5minutes at room tempera-
ture. The tubes were centrifuged at 2000g for 5min-
utes at room temperature. The pellets of nucleated
cells were lysed in the cell lysis buffer and immediately
stored at —80 °C until RNA extraction. The design and
time course of the study are illustrated in Figure 1A.
Patient demographics are shown in Table 1.

miRNA Sequencing

Total RNA from the nucleated cells was extracted
using a MirVana RNA extraction kit (Invitrogen). The
concentration and quality of total RNA for each sample
were quantified and evaluated by spectrophotometry
(Epoch; Thermo Scientific) and automated chip elec-
trophoresis analyses (Experion, BioRad), respectively.
Each sample met the quality standards of a 260/280
ratio >2.0 and an RNA integrity number >9. lllumina
TruSeq RNA libraries were prepared from 1ug of
total RNA and sequenced to generate 50 base pair
single-end reads using a HiSeq 1500 (lllumina) at the
Children’s Mercy OMICs Research Core Lab (Kansas
City, MO).

Bioinformatics

Small RNA sequencing data sets were analyzed using
the TIGER pipeline.® Briefly, raw reads were preproc-
essed for quality control using FastQC ( www.bioin
formatics.babraham.ac.uk/projects/fastqc). Cutadapt
(v2.9) was used to trim 3’ adapters and reads <16
nucleotides in length were removed." Preprocessed
small RNA reads were collapsed into nonredundant
identical files and aligned to the human genome using
bowtie (v1.2.3) allowing 1 mismatch.” For miRNAs,
nontemplated additions were clipped from the 3’ ter-
minal end, and small RNA reads overlapping mature
miRNA coordinates were counted allowing for offset
positions -2, -1, O, +1, and +2. Results were reported
as raw read count and reads per million total reads.
Our RNA sequencing results were processed and
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analyzed using DEseq2 (v1.24.0), which is a stand-
ardized approach to RNA sequencing analysis'™ with
>36000 citations to date. We performed adjust-
ment for multiple comparisons using the Benjamini-
Hotchberg approach.* miRNAs were considered
statistically significant at a false discovery rate (FDR)-
adjusted P<0.05. miRNAs were considered to be sig-
nificantly altered during either surgery or recovery if
there were significant differences for at least one time
point compared with baseline within each respec-
tive stage of CPB (surgery or recovery). A cutoff of 25
reads per million was used to filter out any miRNAs
with low expression. Differentially expressed miRNAs
were manually clustered based on the directional-
ity of the log fold change and visualized using the R
package “pheatmap” (version 1.0.12, R Foundation
for Statistical Computing) (https://www.rdocumenta
tion.org/packages/pheatmap/versions/1.0.12/topic
s/pheatmap). Volcano plots and other miRNA data
visualization were generated by the TIGER pipeline.'®

Identification of Putative miRNA Targets
Putative mRNA targets for miRNAs within each clus-
ter were assessed using TargetScan software (v7.2,
targetscan.org), which predicts canonical targeting of
miRNAs based on 14 features.' For cluster 3, which
contained >10 miRNAs, we included the top 10 miR-
NAs based on log fold change. All MRNA targets that
were not present in the paired total (NRNA) RNA se-
quencing data (n=12709 genes) were removed. We
performed additional filtering using the absolute value
of the “context++” score, which is a metric of miRNA
target prediction accuracy used by TargetScan.' For
each miRNA, we removed all putative targets with a
context++ score of 0. We also eliminated all mMRNAs
that were not present in our ancillary mRNA analy-
sis. We then selected the top 200 genes (based on
context++ score). This filtering ensured that only the
highest quality relationships were validated. The list
of gene targets from each filtering step is provided in
Table S1.

Pathway Enrichment Analysis of miRNA
Target Genes

We performed pathway enrichment analysis of the
genes regulated by each cluster of miRNAs using the
EnrichR R package (v2.1).'® For this analysis, we in-
cluded only the top 200 genes (based on context++
score) for each miBNA. Through Enrichr, we analyzed
Kyoto Encyclopedia of Genes and Genomes (KEGG) bi-
ological pathways (excluding KEGG “Human Disease”
pathways). Pathways were considered statistically sig-
nificant with an FDR-adjusted P<0.05. miRNA-gene
pathway networks were visualized using cytoscape
(version 3.7.2)."


http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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All data were analyzed and visualized using R
(v4.0.3; R Foundation for Statistical Computing).

Cytokine-Receptor Networks
A subnetwork of receptor-ligand networks was
generated for target genes using the Fantom5
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database,'® which contained 708 ligands and 691 re-
ceptors. We performed a subanalysis of predefined
cytokines, chemokines, and integrin/adhesion mole-
cules from within this receptor ligand network, based
on the class of molecules known to be mediators of
inflammation.
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Figure 1. Changes in microRNA (miRNA) expression during and after cardiopulmonary bypass (CPB).

A, The design and time course of the study. Neonates with different congenital heart diseases underwent CPB surgery that lasted 1.4 to
2.7hours on average, followed by a short duration of modified ultrafiltration (MUF). Body temperature was cooled down to 18 to 30 °C
during surgery and quickly rewarmed to 37 °C after MUF. Blood samples were collected at 7 time points; miRNA from isolated nucleated
cells were submitted for sequencing (n=5 patients). The number of mMiRNAs were significantly downregulated or upregulated at different
time points compared with the expression level before surgery (CPB-0h). Significance was defined as false discovery rate—-adjusted
P<0.05. B, A total of 54 miRNAs were divided into 3 clusters: cluster 1 with miRNAs upregulated in both phases, cluster 2 with miRNAs
downregulated in both phases, and cluster 3 with miRNAs downregulated in the surgery phase but upregulated in the recovery phase.
The heatmap shows the log, fold changes in miRNAs in each cluster compared with before CPB. C, Bar plot showing the total number
of messenger RNA (MRNA) targets within each cluster. A subset of the targets was previously associated with CPB.* Only the top 200
targets for each miRNA was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (C). The number of mMRNA
targets for each individual miRNA are presented in Table S1. D, Overlapping and distinct target genes within each cluster that were
previously associated with CPB.* CPB indicates Cardiopulmonary bypass; DE, differentially expressed; MUF, modified ultrafiltration.

RESULTS

miRNA Sequencing Analysis of Total
Patient Nucleated Cells Throughout CPB

To characterize the miRNA expression profiles of pa-
tient blood affected by CPB, miRNA sequencing analy-
sis was performed on RNA-isolated miRNA from total
nucleated cells of 5 neonate patients undergoing CPB
surgery (Table 1). Neonates with varying congenital
heart diseases (Table 1) underwent CPB surgery (by-
pass time range, 86—161 minutes; mean bypass time,
138 minutes [SD 37.33 minutes]), outlined in Figure 1A,
with blood samples collected at 7 different time points
before, during, and after CPB. miRNAs contributed
to >60% of the small noncoding RNAs present in
the blood collected during these times (Figure S1A).
Detection of unique miRNAs were characterized as
normalized expression in reads per million averaged
over all 5 patient samples, within each CPB time point.
The 4 most abundant miRNAs across all time points
were hsa-miR-486-5p, hsa-miR-92a-3p, hsa-miR-
451a, and hsa-miR-16-5p (Figure S1B).

Identification of Differentially Expressed
miRNAs in Different Stages of CPB

To obtain a better understanding of how CPB affects
mMiRNA expression, we compared the expression of miR-
NAs at surgery and recovery time points with the pre-
CPB time point (before CPB). Differentially expressed
miRNAs were identified through generalized linear regres-
sion models within DEseg2."? Within each time point, we
observed that there were more differentially expressed
miRNAs that were significantly downregulated compared
with baseline than miRNAs that were upregulated com-
pared with baseline (Figure 1A). Forty-two of these miR-
NAs had significantly altered expression at one time point
during surgery compared with baseline, 54 miRNAs had
significantly altered expression both during bypass and
after bypass, and 13 miRNAs had altered expression
compared with pre-CPB only in the recovery from CPB
phase, using a cutoff for significance of an FDR-adjusted
P<0.05 and a reads per million of >25.
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To determine the effect of CPB on miRNA expres-
sion, the 54 miRNAs had significant modulation of ex-
pression at least one time point in both surgery and
recovery were clustered into 3 groups (Table S2) based
on their expression patterns throughout the course of
CPB and recovery (Figure 1B). Cluster 2 had a total
of 41 miRNAs with significantly decreased expression
based upon our clustering threshold. The top 10 miR-
NAs based upon fold change are listed in Figure 1B.
Cluster 1 (green) represents the miRNAs that remained
significantly upregulated in both CPB and recovery
phases (Figure 1B), cluster 2 (pink) represents the miR-
NAs that remained significantly downregulated in both
CPB and recovery, and cluster 3 (purple) represents
the miRNAs that were significantly downregulated in
at least one time point during CPB and significantly
upregulated in at least one time point in recovery.
We used the TargetScan database to identify puta-
tive mRNA targets of the miRNAs within each of the 3
clusters. The number of genes associated with each
miRNA and within each cluster is displayed in Table S1.
We filtered out genes that were not present in a par-
allel mRNA sequencing analysis done by our group.*
(Figure 1C).

In a previous study using a separate population,
we identified 2688 genes that exhibited temporal dys-
regulation after CPB, which were categorized into 5
distinct groups.* We expanded on this analysis to in-
vestigate relationships between these differentially ex-
pressed genes (DEGs) and the miRNA target genes
identified in this analysis. A total of 1046 of these 2688
DEGs (38.9%) were reported targets of differentially ex-
pressed miRNAs, as shown in Table 2 and Figure 1C.
Seventy DEGs were targeted by miRNAs in all 3 clus-
ters, 48 DEGs were targeted by miRNAs in clusters 1
and 3, 60 mRNAs were targeted by miRNAs in clus-
ters 1 and 2, 208 DEGs were targeted by miRNAs in
clusters 2 and 3, 75 DEGs were targeted by miRNAs
in cluster 1 alone, 250 DEGs were targeted by miR-
NAs in cluster 3 alone, and 335 DEGs were targeted
by miRNAs in cluster 2 alone (Figure 1D). Many of
these DEGs were targeted by multiple miRNAs within
the same cluster. miRNA target genes contained DEGs
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Table 1. Patient Demographics
Surgery

ID Age, d Weight, kg Sex Diagnosis Lowest temp, °C time, min Bypass time, min
1 5 3.3 Male TGA, IVS, ASD 274 270 161

2 5 3.3 Male HLHS, PDA, ASD 18.2 234 158

3 19 2.7 Female TAPVC 18.0 163 86

4 12 34 Female TAPVC 21.4 173 99

5 4 3.9 Male HLHS, PDA 17.6 295 161

ASD indicates atrial septal defect; HLHS, hypoplastic left heart syndrome; IVS, intact ventricular septum; PDA, patent ductus arteriosis; TAPVC, total

anomalous pulmonary venous return; and TGA, transposition of the great artery.

across all 5 mRNA categories (Table 2), with most miR-
NAs across all clusters targeting genes in the “blue”
category (indicating gene expression downregulated
across all time points) or “red” category (ie, gene ex-
pression increased then decreased). Thus, these
changes in miRNA expression may be attributable to
some of the previously observed changes in gene ex-
pression after CPB.

KEGG Pathway and Target Gene Analysis

To identify biologic pathways that were modulated by
miRNA clusters, we performed KEGG biological path-
ways analysis. For this analysis, we used the top 200
target genes for every miRNA based on context score.
Overall, we observed that the target genes of these
miRNAs were involved in the cell growth and death,
cellular community, immune, and signal transduction
KEGG subgroups (Figure 2). MiRNAs from cluster 1
targeted 512 genes that were enriched with the p53
signaling pathway and the cell cycle pathway (FDR-
adjusted P<0.05), which are both involved in cellular
growth and death (Figure 2). MiRNAs from cluster 2
targeted 1708 genes that were enriched within 32 dif-
ferent biological pathways (Figure 2). Several pathways
related to immunity, such as phagocytosis, B-cell re-
ceptors, and T-cell receptors, were identified as being
modulated by this cluster. The most significantly en-
riched pathway was for neurotrophin signaling. Nine
of these pathways were signal transduction pathways,
and 6 of these pathways were pathways related to the
immune system (Figure 2). MiRNAs from cluster 3 tar-
geted 1430 genes that were enriched with 5 different

biological pathways. We also examined similarities and
differences in the pathways targeted by these miRNAs.
The p53 signaling pathway was enriched for genes,
which were targets of miRNAs in both cluster 1 and
cluster 2. There were no overlapping pathways be-
tween clusters 1 and 3. There were 4 pathways that
overlapped between clusters 2 and 3. Overall, the
most statistically significant pathway for each clus-
ter were those related to the P53 signaling pathway
(FDR-adjusted P=4.77x1075, cluster I), the Fc gamma
R-mediated phagocytosis pathway (FDR-adjusted
3.44x1074, cluster 2) (Figure 2), and the neurotrophin
signaling pathway (FDR-adjusted 6.84x10-3, cluster 3).
From our previous research, we have demonstrated
that MEK/ERK signaling is important for CPB-induced
expression of interleukin (IL) 8 and tumor necrosis fac-
tor o (TNF-a).* miRNAs from cluster 2 were predicted
targets of 38 genes in the mitogen-activated protein
kinase (MAPK) pathway, and this pathway was signifi-
cantly enriched for these genes (P<0.05). Some of the
miRNA target genes included regulatory kinases of dif-
ferentially expressed mRNAs found in our correspond-
ing MRNA sequencing data (Figure 3).4

Cytokine-Receptor Networks

Since the many KEGG pathways enriched for the
miRNA target genes involved immune signaling, includ-
ing the chemokine signaling pathway, we generated
a subnetwork of all receptor-ligand network reactions
for our miRNA target genes using the FANTOM5 da-
tabase.'” Overall, cluster 1 was a potential regulator of
17 ligands and 11 receptors, cluster 3 was a potential

Table 2. Proportion of Target Genes in Each miRNA Cluster That Were Differentially Expressed in a Previous Analysis*

Blue (n=775) Orange (n=435) Red (n=640) Sky blue (n=422) Yellow (n=407)
mRNA/miRNA No. of No. of No. of No. of No. of
cluster mRNAs % mRNAs % mRNAs % mRNAs % mRNAs %
Cluster 1 88 1.4 29 3.7 68 8.8 35 4.5 38 4.9
Cluster 2 263 33.9 157 20.3 281 36.3 143 18.5 146 18.8
Cluster 3 198 25.5 17 1561 244 31.5 98 12.6 100 12.9
No cluster 511 65.9 270 34.8 325 41.9 269 34.7 258 33.3

miRNA indicates microRNA; and mRNA, messenger RNA.
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Figure 2. Pathway enrichment analysis of the microRNA (miRNA) target genes in each cluster.

The heatmap showing significant Kyoto Encyclopedia of Genes and Genomes (KEGG) biological pathways enriched for the top genes
regulated by the miRNAs in each cluster. The numbers indicate the adjusted P-values for the pathways. FDR indicates false discovery
rate; MAPK, mitogen-activated protein kinase pathway; and VEGF, vascular endothelial growth factor.

regulator of 43 ligands and 31 receptors, and cluster 2
was a potential regulator of 47 receptors and 25 ligands
(Table S1). We performed a targeted analysis by look-
ing at different mediators of inflammation associated
with each of the miRNA targets from each cluster. We
filtered target genes of each miRNA by cytokines and
their receptors (Figure 4A), chemokines and their recep-
tors (Figure 4B), and integrin receptors and adhesion

J Am Heart Assoc. 2022;11:e025864. DOI: 10.1161/JAHA.122.025864

molecules (Figure 4C). The color code of each miRNA
denotes which cluster each is derived from.

DISCUSSION

miRNAs play important roles in post-transcriptional
regulation of target genes. Thus, understanding how
miRNA levels in leukocytes fluctuate during and after
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predicted as the regulatory kinases of differentially expressed mRNAs in the matched mRNA sequencing data set are highlighted with

the red border.

CPB may significantly help to both advance the un-
derstanding of the mechanisms that underpin CPB-
associated inflammation and develop biomarkers of
CPB-related complications. To our knowledge, this
study is the first to characterize the novel global miRNA
changes that occur in circulating leukocytes of patients
with CPB. The data set presented here significantly
advanced the state of knowledge since the previously
reported studies (Table S3) examined only a limited
number of MiRNAs change in patients with CPB using
mainly serum or plasma samples. Our study specifically
examined changes in circulating nucleated cells, a cell
population that is an important driver of inflammation.
In addition, the global profiling of all mIRNA changes in
an unbiased manner significantly advances the under-
standing of how circulating leukocytes are responding
to CPB. The data presented in this study, especially re-
garding the miRNAs that are predicted to facilitate the
resolution of inflammation, may form the basis of novel
therapeutic and risk stratification strategies.
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Given that miRNA typically reduce the protein levels
of their target genes,® our data suggest that miRNAs
are involved in the development and resolution of CPB-
associated inflammation. During CPB, the changes in
miRNA levels promote inflammation. miRNAs that are
upregulated during CPB (cluster 1) target genes that
are typically anti-inflammatory, such as IL-10 and IL-
1R2 (Figure 4A). At the same time, miRNAs that are
downregulated during CPB (clusters 2 and 3) target re-
ceptors for key inflammatory signaling pathways, such
as TNF-a and IL-8 (Figure 4A and 4B). These changes
have the net result of increasing the activity of inflam-
matory pathways.

The role of the members of cluster 2, miRNAs that
are decreased during and after CPB, is especially in-
teresting given that this cluster is predicted to uniquely
modulate pathways and receptors involved with in-
flammation. As these miRNAs generally are thought to
decrease gene expression, reduction of expression of
these negative regulators during and after surgery may
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Figure 4. Receptor-ligand networks for the target genes in each cluster.
Analysis of receptor-ligand networks were performed for target genes using the Fantom5 database. The networks of cytokines and
receptors (A), chemokines and receptors (B) and integrin receptors and adhesion molecules (C) targeted by the microRNA (miRNA) in

each cluster were demonstrated. IL indicates interleukin.

lead to corresponding increased expression of their
target genes involved in immune regulation. As shown
in Figure 2, members of this cluster are predicted to re-
press pathways such as leukocyte migration, chemo-
kine signaling, and MAPK signaling. Cytokines that
are activated during CPB,*'9-?% such as IL-6, IL-8, and
TNF-a, or their receptors are targeted by members of
this cluster of miRNAs.

Cluster 3, miRNAs that are decreased during CPB
and rise after CPB, modulate genes related to cyto-
kine signaling. For example, miR-223-3p (a member
of cluster 3) has been shown to target IL-6.26 miR-23a
is an miRNA that targets and inhibits proinflammatory
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cytokine IL-8 via signal transducer and activator of
transcription 3 inhibition.?” The IL-8 receptor, CXCR1, is
predicted to be targeted by miR-1248, while another of
its receptors, CXCR2 is targeted by miR-223.26 miRNA-
29-3p?8 and miR-223-5p?° target TNFRSF1, which en-
codes a key receptor for TNF signaling. Based on these
data, we believe that the members of miRNA cluster 3
play important roles in modulating CPB-associated in-
flammation in circulating leukocytes.

Our study is limited by its small sample size; how-
ever, there are clear patterns of specific miRNA differ-
ential expression among all patient samples, based on
dense temporal mapping and comparisons within each
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patient. We also based our analyses on the assump-
tion that miRNAs negatively regulate gene expression,
when in reality this relationship is more complex.6 More
research is necessary to validate and isolate specific
functions of these miRNAs. The sample size pre-
cludes our ability to correlate the miBRNA changes to
clinical parameters—such as steroid treatment, patient
age, cardiac lesion, or clinical outcomes. Some of the
strengths of this study are the global miRNA profiling
of circulating miRNAs at several time points during
and after CPB. It is important to expand our under-
standing the role that miRNAs play in the context of
CPB-induced inflammation to help us further uncover
all of the mechanisms in which inflammation is induced
and operates. Furthermore, miRNAs may also have the
potential to be a noninvasive, nonpharmacologic treat-
ment in moderating this inflammation.

ARTICLE INFORMATION

Received February 22, 2022; accepted June 27, 2022.

Affiliations

Department of Pediatrics (Cardiology), University of Washington, Seattle,
WA (L.H., L.N.T., V.N.); Center for Developmental Biology and Regenerative
Medicine, Seattle Children’s Research Institute, Seattle, WA (L.H., L.N.T,,
A.P., V.N.); Department of Biostatistics, Vanderbilt University Medical Center,
Nashville, TN (Q.S., S.Z); Ward Family Heart Center, Children’'s Mercy
Hospital, Kansas City, MO (D.B., J.0O.); College of Biosciences, Kansas City
University of Medicine and Biosciences, Kansas City, MO (D.B.); Department
of Medicine, Vanderbilt University Medical Center, Nashville, TN (K.V.); and
Department of Cardiovascular Surgery, Ilcahn School of Medicine at Mount
Sinai, New York, NY (P.P.).

Acknowledgments

The authors would like to acknowledge Nataliya Kibiryeva and Jennifer
Marshall for their contributions to this project.

Sources of Funding

Ward Heart Center at Mercy Children’s Hospital, Seattle Children’s Research
Institute, and Seattle Children’s Heart Center. L.S. and V.N. were supported
by NIH ROTHD106628.

Disclosures
None.

Supplemental Material

Tables S1-S3
Figure S1
References 30-37

REFERENCES

1. Kansy A, Tobota Z, Maruszewski P, Maruszewski B. Analysis of
14,843 neonatal congenital heart surgical procedures in the European
Association for Cardiothoracic Surgery Congenital Database. Ann
Thorac Surg. 2010;89:1255-1259. doi: 10.1016/j.athoracsur.2010.01.003

2. Smith AH, Gay JC, Patel NR. Trends in resource utilization associ-
ated with the inpatient treatment of neonatal congenital heart disease.
Congenit Heart Dis. 2014;9:96-105. doi: 10.1111/chd.12103

3. Appachi E, Mossad E, Mee RB, Bokesch P. Perioperative serum inter-
leukins in neonates with hypoplastic left-heart syndrome and transposi-
tion of the great arteries. J Cardiothorac Vasc Anesth. 2007;21:184-190.
doi: 10.1053/j.jvca.2006.02.027

4. TuLN, Hsieh L, Kajimoto M, Charette K, Kibiryeva N, Forero A, Hampson
S, Marshall JA, O'Brien J, Scatena M. Shear stress associated with

J Am Heart Assoc. 2022;11:e025864. DOI: 10.1161/JAHA.122.025864

20.

21.

22.

23.

miRNA Changes After Cardiopulmonary Bypass

cardiopulmonary bypass induces expression of inflammatory cyto-
kines and necroptosis in monocytes. JCI Insight. 2021;6:e141341. doi:
10.1172/jci.insight. 141341

Kehl T, Backes C, Kern F, Fehimann T, Ludwig N, Meese E, Lenhof
HP, Keller A. About miRNAs, miRNA seeds, target genes and tar-
get pathways. Oncotarget. 2017;8:107167-107175. doi: 10.18632/
oncotarget.22363

O’Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA bio-
genesis, mechanisms of actions, and circulation. Front Endocrinol
(Lausanne). 2018;9:402. doi: 10.3389/fendo.2018.00402
Momen-Heravi F, Bala S. miRNA regulation of innate immunity. J Leukoc
Biol. 2018;103:1205-1217. doi: 10.1002/JLB.3MIR1117-459R

Kiss A, Heber S, Kramer AM, Hackl M, Skalicky S, Hallstrom S,
Podesser BK, Santer D. MicroRNA expression profile changes after
cardiopulmonary bypass and ischemia/reperfusion-injury in a porcine
model of cardioplegic arrest. Diagnostics (Basel). 2020;10:240. doi:
10.3390/diagnostics10040240

Abu-Halima M, Poryo M, Ludwig N, Mark J, Marsollek |, Giebels C,
Petersen J, Schafers HJ, Grundmann U, Pickardt T, et al. Differential
expression of microRNAs following cardiopulmonary bypass in children
with congenital heart diseases. J Trans/ Med. 2017;15:117. doi: 10.1186/
512967-017-1213-9

Allen RM, Zhao S, Ramirez Solano MA, Zhu W, Michell DL, Wang Y,
Shyr Y, Sethupathy P, Linton MF, Graf GA, et al. Bioinformatic analysis
of endogenous and exogenous small RNAs on lipoproteins. J Extracell
Vesicles. 2018;7:1506198. doi: 10.1080/20013078.2018.1506198
Kechin A, Boyarskikh U, Kel A, Filipenko M. cutPrimers: a new tool
for accurate cutting of primers from reads of targeted next genera-
tion sequencing. J Comput Biol. 2017;24:1138-1143. doi: 10.1089/
cmb.2017.0096

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol. 2009;10:R25. doi: 10.1186/gb-2009-10-3-r25

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
doi: 10.1186/s13059-014-0550-8

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practi-
cal and powerful approach to multiple testing. J R Stat Soc B Methodol.
1995;57:289-300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA
target sites in mammalian mRNAs. Elife. 2015;4:e05005. doi: 10.7554/
eLife.05005

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang
Z, Koplev S, Jenkins SL, Jagodnik KM, Lachmann A, et al. Enrichr: a
comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res. 2016;44:W90-W97. doi: 10.1093/nar/gkw377
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin
N, Schwikowski B, Ideker T. Cytoscape: a software environment for in-
tegrated models of biomolecular interaction networks. Genome Res.
2003;13:2498-2504. doi: 10.1101/gr.1239303

Ramilowski JA, Goldberg T, Harshbarger J, Kloppmann E, Lizio M,
Satagopam VP, ltoh M, Kawaji H, Carninci P, Rost B, et al. A draft net-
work of ligand-receptor-mediated multicellular signalling in human. Nat
Commun. 2015;6:7866. doi: 10.1038/ncomms8866

Butler J, Pathi VL, Paton RD, Logan RW, MacArthur KJ, Jamieson MP,
Pollock JC. Acute-phase responses to cardiopulmonary bypass in chil-
dren weighing less than 10 kilograms. Ann Thorac Surg. 1996;62:538—
542. doi: 10.1016/0003-4975(96)00325-6

Ashraf SS, Tian Y, Cowan D, Shaikh R, Parsloe M, Martin P, Watterson
KG. Proinflammatory cytokine release during pediatric cardiopulmo-
nary bypass: influence of centrifugal and roller pumps. J Cardiothorac
Vasc Anesth. 1997;11:718-722. doi: 10.1016/s1053-0770(97)90164-6
Hauser GJ, Ben-Ari J, Colvin MP, Dalton HJ, Hertzog JH, Bearb M,
Hopkins RA, Walker SM. Interleukin-6 levels in serum and lung lavage
fluid of children undergoing open heart surgery correlate with postop-
erative morbidity. Intensive Care Med. 1998;24:481-486. doi: 10.1007/
5001340050600

Bokesch PM, Kapural MB, Mossad EB, Cavaglia M, Appachi E,
Drummond-Webb JJ, Mee RB. Do peritoneal catheters remove pro-
inflammatory cytokines after cardiopulmonary bypass in neonates? Ann
Thorac Surg. 2000;70:639-643. doi: 10.1016/s0003-4975(00)01453-3
Hovels-Gurich HH, Vazquez-Jimenez JF, Silvestri A, Schumacher K,
Minkenberg R, Duchateau J, Messmer BJ, von Bernuth G, Seghaye MC.
Production of proinflammatory cytokines and myocardial dysfunction

10


https://doi.org/10.1016/j.athoracsur.2010.01.003
https://doi.org/10.1111/chd.12103
https://doi.org/10.1053/j.jvca.2006.02.027
https://doi.org/10.1172/jci.insight.141341
https://doi.org/10.18632/oncotarget.22363
https://doi.org/10.18632/oncotarget.22363
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1002/JLB.3MIR1117-459R
https://doi.org/10.3390/diagnostics10040240
https://doi.org/10.1186/s12967-017-1213-9
https://doi.org/10.1186/s12967-017-1213-9
https://doi.org/10.1080/20013078.2018.1506198
https://doi.org/10.1089/cmb.2017.0096
https://doi.org/10.1089/cmb.2017.0096
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.7554/eLife.05005
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1093/nar
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/ncomms8866
https://doi.org/10.1016/0003-4975(96)00325-6
https://doi.org/10.1016/s1053-0770(97)90164-6
https://doi.org/10.1007/s001340050600
https://doi.org/10.1007/s001340050600
https://doi.org/10.1016/s0003-4975(00)01453-3

Hsieh et al

24,

25.

26.

27.

28.

29.

30.

J Am Heart Assoc. 2022;11:e025864. DOI: 10.1161/JAHA.122.025864

after arterial switch operation in neonates with transposition of the great
arteries. J Thorac Cardiovasc Surg. 2002;124:811-820. doi: 10.1067/
mtc.2002.122308

Alcaraz AJ, Manzano L, Sancho L, Vigil MD, Esquivel F, Maroto E, Reyes
E, Alvarez-Mon M. Different proinflammatory cytokine serum pattern in
neonate patients undergoing open heart surgery. Relevance of IL-8. J
Clin Immunol. 2005;25:238-245. doi: 10.1007/s10875-005-4081-7

Gu CH, Cui Q, Wang YY, Wang J, Dou YW, Zhao R, Liu Y, Wang J,
Pei JM, Yi DH. Effects of insulin therapy on inflammatory mediators
in infants undergoing cardiac surgery with cardiopulmonary bypass.
Cytokine. 2008;44:96-100. doi: 10.1016/j.cyt0.2008.06.014

Dorhoi A, lannaccone M, Farinacci M, Fae KC, Schreiber J, Moura-
Alves P, Nouailles G, Mollenkopf HJ, Oberbeck-Muller D, Jorg S, et al.
MicroRNA-223 controls susceptibility to tuberculosis by regulating lung
neutrophil recruitment. J Clin Invest. 2013;123:4836-4848. doi: 10.1172/
JCI67604

QuJQ, YiHM, Ye X, Li LN, Zhu JF, Xiao T, Yuan L, Li JY, Wang YY, Feng
J, et al. MiR-23a sensitizes nasopharyngeal carcinoma to irradiation by
targeting IL-8/Stat3 pathway. Oncotarget. 2015;6:28341-28356. doi:
10.18632/oncotarget.5117

Gao XZ, Zhang ZX, Han GL. MiR-29a-3p enhances the viability of
rat neuronal cells that injured by oxygen-glucose deprivation/reoxy-
genation treatment through targeting TNFRSF1A and regulating NF-
kappaB signaling pathway. J Stroke Cerebrovasc Dis. 2020;29:105210.
doi: 10.1016/j.jstrokecerebrovasdis.2020.105210

Qin D, Wang X, LiY, Yang L, Wang R, Peng J, Essandoh K, Mu X, Peng T,
Han Q, et al. MicroRNA-223-5p and -3p cooperatively suppress necro-
ptosis in ischemic/reperfused hearts. J Biol Chem. 2016;291:20247—
20259. doi: 10.1074/jbc.M116.732735

Bolkier Y, Nevo-Caspi Y, Salem Y, Vardi A, Mishali D, Paret G. Micro-
RNA-208a, -208b, and -499 as biomarkers for myocardial damage after

31.

32.

33.

34.

35.

36.

37.

miRNA Changes After Cardiopulmonary Bypass

cardiac surgery in children. Pediatr Crit Care Med. 2016;17:¢193-e197.
doi: 10.1097/PCC.0000000000000644

Zloto K, Tirosh-Wagner T, Bolkier Y, Bar-Yosef O, Vardi A, Mishali D,
Nevo-Caspi Y, Paret G. MiRNA-208a as a sensitive early biomarker
for the postoperative course following congenital heart defect surgery.
Pediatr Cardiol. 2018;39:1565-1571. doi: 10.1007/s00246-018-1931-7
Poon KS, Palanisamy K, Chang SS, Sun KT, Chen KB, Li PC, Lin TC, Li
CY. Plasma exosomal miR-223 expression regulates inflammatory re-
sponses during cardiac surgery with cardiopulmonary bypass. Sci Rep.
2017;7:10807. doi: 10.1038/s41598-017-09709-w

Kang Z, Li Z, Huang P, Luo J, Liu P, Wang Y, Xia T, Zhou Y. Remote
ischemic preconditioning upregulates microRNA-21 to protect the
kidney in children with congenital heart disease undergoing cardio-
pulmonary bypass. Pediatr Nephrol. 2018;33:911-919. doi: 10.1007/
s00467-017-3851-9

Zhou X, Mao A, Wang X, Duan X, Yao Y, Zhang C. Urine and serum
microRNA-1 as novel biomarkers for myocardial injury in open-heart
surgeries with cardiopulmonary bypass. PLoS One. 2013;8:662245.
doi: 10.1371/journal.pone.0062245

Mazzone AL, Baker RA, McNicholas K, Woodman RJ, Michael MZ,
Gleadle JM. Circulating and urinary miR-210 and miR-16 increase
during cardiac surgery using cardiopulmonary bypass—a pilot study. J
Extra Corpor Technol. 2018;50:19-29.

Yang K, Gao B, Wei W, Li Z, Pan L, Zhang J, Zhao Q, Chen W, Xu Z.
Changed profile of microRNAs in acute lung injury induced by cardio-
pulmonary bypass and its mechanism involved with SIRT1. Int J Clin
Exp Pathol. 2015;8:1104-1115.

Yao Y, Du J, Cao X, Wang Y, Huang Y, Hu S, Zheng Z. Plasma lev-
els of microRNA-499 provide an early indication of perioperative myo-
cardial infarction in coronary artery bypass graft patients. PLoS One.
2014;9:e104618. doi: 10.1371/journal.pone.0104618

11


https://doi.org/10.1067/mtc.2002.122308
https://doi.org/10.1067/mtc.2002.122308
https://doi.org/10.1007/s10875-005-4081-7
https://doi.org/10.1016/j.cyto.2008.06.014
https://doi.org/10.1172/JCI67604
https://doi.org/10.1172/JCI67604
https://doi.org/10.18632/oncotarget.5117
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105210
https://doi.org/10.1074/jbc.M116.732735
https://doi.org/10.1097/PCC.0000000000000644
https://doi.org/10.1007/s00246-018-1931-7
https://doi.org/10.1038/s41598-017-09709-w
https://doi.org/10.1007/s00467-017-3851-9
https://doi.org/10.1007/s00467-017-3851-9
https://doi.org/10.1371/journal.pone.0062245
https://doi.org/10.1371/journal.pone.0104618

SUPPLEMENTAL MATERIAL



Table S1. Ligands and receptors as target genes of differentially expressed miRNAs in each

cluster
Cluster mMiRNA Receptors Ligands
TGFBR1, ADRB2, FAS, CCR7, EDNZ1, IL10, S100A8,
let-7-5p IGF1R, PGRMCL1, ITGB3, TGFBR3, | CCL3L1, FASLG, CCL3,
FAS CCL3L3
Cluster 1
miR-182-5p EDNRB, VLDLR HBEGF
ILIR2, LEPR, IFNGR1, ASGR2,
miR-183-3p BMP3, LPL, LYZ
KLRD1, ITGA8, CD109
DDR1, BCAM, CELSR1, FZD6,
miR-199-5p ITGA8, ACVR1B, PLXNC1, ACVR1B, | LIN7C, HG
ACVR1B
miR-582-3p TFRC, BMPR2, TFRC TNFSF4
miR-223-3p IL6ST, ACVR2A, SCARB1, SDC2 HSP90B1, SORBS1
TNFSF14, TIMP3, TNFSF10,
DPP4, CD177, ERAP1, LRP8, DPP4,
miR-223-5p OLAH, ICAM4, HSPA1A,
CD177, ERAP1, LRP8
EFNB2, FBN1
Cluster 3
ROBO1, TNFRSF1A, CNR1, F11R, COL1A1L, COL3AL, COLT7AL,
miR-29-3p
CNR1 PDGFC, VEGFA, COL6A3
miR-23-3p ABCA1, NRXN3 PROK2, CXCL5
CD93, EDNRB, CXCR5, VANGL1,
miR-181a-3p COL9A2, APP, ADAM10
F2R
miR-24-3p LMBRLL, SIRPA FASLG, LAMB3
KLRK1, CD81, EPHB6, CD28, HBEGF, HMGB1, PDGFB,
miR-1248

CXCR1, ADCY7, LEPR

DUSP18




ORAI2, IFNAR1, GFRA2, MGRN1,

miR-941 TIMP2
TLR6, IL15RA
miR-127-3p ITGAG DLK1
miR-136-3p ERAP1, IL6R, NPTN, CANX, NPTN CLCF1
miR-144-5p TMEMG67, F2R, TLR2, TFR2, CD3G RELN
ADORAZ2B, NRP2, CD28, ST14,
miR-27-3p HBEGF, COLQ, SEMAGA
BMPR2
miR-381-3p IL15RA, LRRC4, SLC18A2 PDAP1, PDGFC
S1PR1, LRP6, PLXNC1, TGFBR3, CXCL1, CALM1, LINTC,
miR-409-3p
MYLK, ACVR2B SEMA4F
Cluster 2
NRXN3, PLXNA2, ITGA9, CXCR5,
miR-410-3p HMGB1, ADM, RGMB
MCAM, IFNAR2
miR-411-5p TGFBR2 CLEC11A
CXCR2, TFRC, DYSF, OLR1,
miR-654-3p ITGAM, ITGAV, SLC37A1, KCNJ15, | MST1, FLT3LG, APP
KLRC1, CNR1, KLRC2, PLXNA4
VEGFB, CALM3, LTBP3,
miR-374a-3p KLRG1, LGR4, AMFR, CCR2

EDIL3, B2M, LPL




Table S2. The number of miRNA gene targets used in sub-analyses

MiRNA Cluster Target Genes | Target Genes with | Target Genes Pres:ent in _Tqr_get Genes Genes used fo_r KEGG

(Targetscan) | |Context Score|>0 MRNA Analysis* significantly DE* | Pathway Enrichment
miR-183-3p 2599 1722 1128 194 200
let-7-5p Cl 332 332 237 41 200
miR-182-5p 172 172 119 23 119
miR-654-3p 2523 1921 1264 232 200
miR-27-3p 1092 1055 751 135 200
miR-136-3p 1155 1137 726 128 200
miR-374a-3p 1355 737 487 73 200
miR-144-5p C2 938 715 485 79 200
miR-410-3p 604 558 395 68 200
miR-409-3p 316 286 199 21 199
miR-381-3p 128 128 93 13 93
miR-411-5p.1 123 118 89 7 89
miR-127-3p 25 25 17 1 17
miR-1248 2843 2013 1347 223 200
miR-582-3p 1622 1622 1101 174 200
miR-29-3p 755 755 562 112 200
miR-23-3p 713 713 517 87 200
miR-199-5p 3 634 610 462 64 200
miR-223-5p 994 662 432 83 200
miR-223-3p 415 405 329 60 200
miR-941 387 362 222 41 200
miR-181a-3p 322 322 201 49 200
miR-24-3p 119 119 81 14 81




Table S3. Plasma and serum miRNAs reported in the literature as biomarkers for

complications in CPB surgery

MiRNA Age Elevation time point Associated complications Reference
miR-208a/b Myocardial injury

Pediatric | 6-24h post CPB 3031
miR-499 Length of hospital stay
miR-223 Adult 2-6h after start of CPB | Inflammation 3
miR-21 Pediatric | 6-24h post CPB Acute kidney injury 3
miR-1 Adult 1-24h post CPB Myocardial injury 3
miR-210

Adult CPB & 4h post CPB Myocardial injury %
miR-16
miR-320
miR-200c Adult 8-16h post CPB Acute lung injury %
miR-205
miR-133a

Adult 1-6h post CPB Myocardial injury 37
miR-499




Figure S1. miRNA sequencing analysis of total nucleated cells from pediatric patients

undergoing CPB

A. Distribution of small RNA species B.Most abundantmiRNAs presentacrossall samples
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(A) Pie chart showing the mean distribution of different small RNA species in all sequenced
samples. (B) Normalized expression in Reads per millions (RPM) of the most abundant miRNAs

detected in patient samples at different time points.
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