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� miR-155 suppresses splicing factor
SKIV2L2 expression by targeting it’s 30

UTR.
� miR-155 deletion enhances SKIV2L2
expression and its interaction with
TRA2A.

� SKIV2L2/TRA2A complex suppresses
alternative splicing of HIF1a pre-
mRNA to form circHIF1a.

� circHIF1a deletion contributes to
fructose metabolism by increasing
the production of KHK-C.

� Exogenous delivery of SKIV2L2
reduces damage in the infarcted
heart.

� miR-155 downregulation protects the
heart from hypoxic injury by
activating fructose metabolism.
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Introduction: Hypoxia-inducible factor (HIF)1a has been shown to be activated and induces a glycolytic
shift under hypoxic condition, however, little attention was paid to the role of HIF1a-actuated fructolysis
in hypoxia-induced heart injury.
Objectives: In this study, we aim to explore the molecular mechanisms of miR-155-mediated fructose
metabolism in hypoxic cardiac fibroblasts (CFs).
Methods: Immunostaining, western blot and quantitative real-time reverse transcription PCR (qRT-PCR)
were performed to detect the expression of glucose transporter 5 (GLUT5), ketohexokinase (KHK)-A and
KHK-C in miR-155�/� and miR-155wt CFs under normoxia or hypoxia. A microarray analysis of circRNAs
was performed to identify circHIF1a. Then CoIP, RIP and mass spectrometry analysis were performed and
identified SKIV2L2 (MTR4) and transformer 2 alpha (TRA2A), a member of the transformer 2 homolog
family. pAd-SKIV2L2 was administrated after coronary artery ligation to investigate whether SKIV2L2
can provide a protective effect on the infarcted heart.
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Results: When both miR-155�/� and miR-155wt CFs were exposed to hypoxia for 24 h, these two cells
exhibited an increased glycolysis and decreased glycogen synthesis, and the expression of KHK-A and
KHK-C, the central fructose-metabolizing enzyme, was upregulated. Mechanistically, miR-155 deletion
in CFs enhanced SKIV2L2 expression and its interaction with TRA2A, which suppresses the alternative
splicing of HIF1a pre-mRNA to form circHIF1a, and then decreased circHIF1a contributed to the activa-
tion of fructose metabolism through increasing the production of the KHK-C isoform. Finally, exogenous
delivery of SKIV2L2 reduced myocardial damage in the infarcted heart.
Conclusion: In this study, we demonstrated that miR-155 deletion facilitates the activation of fructose
metabolism in hypoxic CFs through regulating alternative splicing of HIF1a pre-mRNA and thus
circHIF1 formation.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction 155 is an important mediator of cardiovascular disease, and that
Ischemic heart disease is the leading cause of death worldwide,
which has become a global burden. To maintain the high energy
consumption required by pumping oxygenated blood throughout
the body, ATP must be continuously synthesized in the heart. In
a normal heart, most of the ATP is produced by oxidizing free fatty
acids [1]. Upon myocardial ischemia, however, glucose uptake and
glycolysis are dramatically increased to ensure sufficient ATP pro-
duction under hypoxia condition to maintain cardiac function [2].
Under hypoxia stress, hypoxia-inducible factor (HIF)1a is activated
to mediate adaptive transcriptional responses to low-oxygen ten-
sion and to exert important beneficial roles [2], maintaining car-
diomyocyte survival and promoting myocardial angiogenesis and
reprogramming of metabolism [3]. On the one hand, HIF1a induces
the metabolism from glucose to lactate to provide sufficient energy
and glycolytic intermediates that support biosynthesis in hypoxia-
induced cardiac hypertrophy. On the other hand, HIF1a actuates
fructose metabolism by acting as a major regulator of the alterna-
tive splicing machinery, transcriptionally activating a number of
splicing factors [4]. Mechanistic studies have shown that HIF1a
activates fructolysis via facilitating SF3B1 binding to fructose-
metabolizing enzyme (ketohexokinase, KHK) pre-mRNA, which
contributes to the alternative splicing of KHK pre-mRNA to gener-
ate KHK-C isoform, an active form of KHK. Under hypoxia, induc-
tion of HIF1a leads to increased binding of SF3B1 to the branch
point ahead of KHK exon 3c, resulting in the production of the
KHK-C isoform [2,4] and thus enforcing fructolysis and inducing
pathological cardiac hypertrophy [4]. Despite increased knowledge
of the metabolic alterations that occur in hypoxic myocardial tis-
sue, the molecular mechanisms linking HIF1a to fructose metabo-
lism in hypoxic cardiac fibroblasts (CFs) remain poorly understood.
Significance of fructolysis in hypoxic CFs is also unclear.

Accumulating evidence suggests that hypoxic modulation of
cell function can be mediated by microRNAs (miRs), which are
single-stranded noncoding RNAs of 22–25 nucleotides. miR-155
is a multifunctional microRNA and is critical for various physiolog-
ical and pathological processes including inflammation, differenti-
ation, proliferation, oxidative stress, and cardiovascular
remodeling [5,6]. Several studies have shown that HIF1a upregu-
lates miR-155 expression in human cancer by direct binding to
hypoxia response elements on the miR-155 promoter [7,8], and
in turn, miR-155 suppresses HIF1a expression via targeting it’s 30

untranslated region, forming a HIF1a-miR-155 negative feedback
loop to maintain the oxygen homeostasis, and thus leading to
oscillatory behavior of HIF1a-dependent transcription [8]. Our pre-
vious studies revealed that a positive feedback loop between TNF-
a and miR-155 can be formed in macrophages, which participates
in the process of atherosclerosis [9], and that miR-155 mediates
the activation of p47phox and NF-jB by MST2 and integrates
inflammation and oxidative stress, which cooperatively promotes
vascular smooth muscle cell (VSMC) proliferation, migration and
vascular remodeling [5]. These observations suggest that miR-
104
its dysregulation might be implicated in hypoxia-induced heart
injury. However, it remains unknown whether miR-155 partici-
pates in hypoxia-induced metabolic alterations in CFs, and what
mechanisms are involved in this process?

In this study, we investigated whether and how miR-155 dele-
tion facilitates the activation of fructose metabolism in hypoxic CFs
through regulating alternative splicing of HIF1a pre-mRNA and
thus circHIF1ɑ formation.
Materials and methods

Ethics statement

All procedures involving experimental animals were performed
in accordance with the principles and guidelines established by the
National Institute of Medical Research (INSERM) and were
approved by the local Animal Care and Use Committee. The inves-
tigation conforms to the directive 2010/63/EU of the European
parliament.

Animals and treatment

miR-155�/� and SKIV2L2�/� mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). C57BL/6J mice were obtained
from Vital River Laboratory Animal Technology Co., Ltd. (Bejing,
China). Mice were fed in a SPF-rated animal house at Hebei Medical
University and housed on a 12-hour light–dark cycle (7:00 am to
7:00 pm, light). Mice used for experiments were adult mice over
8 weeks of age. In vivo, a mouse myocardical infraction (MI) model
(n = 5 mice/group) was established by ligating the left coronary
artery, and adenovirus (pAd-GFP or pAd-SKIV2L2, 109 PFU/ml, 50
ul/mouse) was injected at multiple points in the ischemic area at
the same time.

Cell culture and transfection

Primary CFs were isolated from the P1–P3 newborn mice
[10]. Briefly, mouse heart was removed and dissected rapidly.
Then the tissues were washed with cold PBS for 3 times and
digested using 0.25 % Trypsin-EDTA Solution at 4 �C overnight
to hydrolyze extracellular matrix. Next day, the heart fragments
were retrieved and incubated with digestion buffer (complete
culture medium + 0.5 mg/ml-1.0 mg/ml collagenase II + 5
mg/ml albumin) at 37 �C for several times in a short time. After
digestion, cell suspension was subjected to centrifugation at
1000 � g for 5 min. 1 � 106 cells were seeded in culture plates.
After 60 min, changed the culture medium in order to remove
unattached cardiomyocytes. The second and third generation
CFs were used for experiments. All the cells were cultured in
DMEM/F12 medium with 10% fetal bovine serum (FBS) at
37 �C and 5% CO2. For hypoxia conditions, cells were cultured
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at 37 �C in the presence of 5% CO2 and 1% O2. Lipofectamine
2000 (Invitrogen) and miR-155 inhibitor/inhibitor NC or siRNA
(si-SKIV2L2, si-TRA2A) were used for transfection [11]. Cells
were harvested and analyzed 24 h after transfection.

Adenoviral vectors

pAd-GFP and pAd-SKIV2L2 were constructed by Shanghai Han-
heng Biotechnology company. Cells were allowed to grow in com-
plete medium to 70% density and cultured for 24 h without FBS.
Then virus infection was performed.

Analysis of stained sections

Formalin-fixed, paraffin-embedded myocardial specimens were
sectioned at 4 lm and analyzed by hematoxylin/eosin (HE) stain-
ing for morphology. The sections were visualized using a Leica light
microscope (Leica Microsystems Gmbh, Wetzlar, Germany). A min-
imum of 8 mice per genotype was analyzed for the morphometric
measurements. Protein expression and distribution were detected
by Immunofluorescence. The antibodies used included monoclonal
anti-CD34 (1:50; ab81289, Abcam) and monoclonal anti-CD31
(1:50; ab281583, Abcam).

RNA isolation, reverse transcription and real-time PCR

The total RNA from the miR-155�/� or miR-155wt CFs [12] was
isolated using RNeasy Micro Kit (QIAGEN, Germany). The RNA pur-
ity and concentration were assessed in an UV spectrophotometer
(Thermo). Reverse transcription was performed with the RevertAid
First Strand cDNA Synthesis Kit (K1622, Thermo Fisher Scientific-
CN) according to the manufacturers’ procedure. miRNA was
extracted using the miRNeasy Mini Kit (Qiagen, ON, Canada) and
reverse-transcribed with the RT2 miRNA First Strand Kit (Qiagen,
ON, Canada) according to the manufacturers’ instructions. Primers
used in this study are listed in Table S3.

Cell viability assay

The cell viability was evaluated by CCK-8, as described previ-
ously [13]. In brief, 1 � 104 CFs/well were seeded in triplicate into
96-well plates and incubated overnight. After treatment, the CCK-8
working solution (10 mL) was added to the wells, and the plates
were then incubated for 2 h at 37 �C. The absorbance was mea-
sured in a Thermo Fluoroscan Ascent spectrometer at 450 nm.
Results were shown as the mean ± SEM of absorbance relative to
time 0 or control.

Western blotting

Proteins were extracted from CFs as previously described [14],
and then separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE). The separated proteins were trans-
ferred from the gel onto polyvinylidene difluoride membranes.
Membranes were incubated with 5% milk for 2 h at 37 �C and over-
night at 4 �C with primary antibodies: GLUT5 antibody (1:1000,
27571–1-AP, Proteintech), GLUT1 antibody (1:1000, ab115730,
Abcam), HIF1a antibody (1:1000, ab179483, Abcam), SKIV2L2 anti-
body (1:1000, ab70551, Abcam), TRA2A antibody (1:100,
ab169052, Abcam), GAPDH antibody (1:1000, Santa Cruz, USA)
and b-actin antibody (1:5000, Santa Cruz, USA). The membranes
were then incubated for 1 h at room temperature with the
corresponding secondary antibodies (1:2000, CST, USA).
Immunoreactive bands were tested by chemiluminescence (ECL
reagents, Millipore, Massachusetts, USA) and exposed to an X-ray
film for densitometric analysis.
105
Immunofluorescence

CFs were seeded in 6-well plates, cultured overnight and trea-
ted with or without miR-155 inhibitors or mimics. Then cells were
washed with cold 1 � PBS, fixed with 4% paraformaldehyde for
10 min at room temperature, after blocking with 10% goat serum,
they were incubated with the primary antibodies at 4 �C overnight
and then probed with Alexa Fluor-conjugated secondary antibod-
ies. Fluorescence images of the cells were captured using Confocal
microscope [15].

Luciferase assay (30-UTR reporter assays)

CFs were transfected with 100 pmol of pre-miR-Ctrl or pre-miR-
155 and 1 lg of psiCHECK2 vector (Promega) expressing the 30-
UTR of the SKIV2L2 mRNA or the mutated 30-UTR of the SKIV2L2
mRNA. After 24 h, the luciferase activity was tested using the
Dual-Luciferase Reporter Assay System (Promega).

2-NBDG assay

CFs were seeded in 96-well plates and incubated at 37 �C for the
different times. Each group consisted of 6 subsidiary pores. After
incubation for 24 h, the cell density grew to about 90%, and 2-[N
-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose
(2-NBDG) (Life Technologies) with final concentration of 100 lm/
L was added. After incubation at 37 �C for 20 min, washed the cells
with PBS solution 3 times, and then added 100 lL of PBS solution
into each pore. Cells were observed and photographed by fluores-
cence microscope [16].

Affinity purification with biotinylated nucleotide (Oligo pull down)

CFs were collected after appropriate stimulation for 24 h. Cell
lysis was performed by adding 1 mL of lysis solution (50 mM Tris,
10 mM EDTA, 5 mM NaF, 1% SDS, 1 mM DTT, 150 mM NaCl, and
protease and phosphatase inhibitors) to the collected cells. Then
2 mL of hybridization buffer (1 mM DTT, 1 mM EDTA, 1% SDS,
5 mM NaF, 50 mM Tris, 750 mM NaCl, and phosphatase and pro-
tease inhibitors) was added. The mixture was incubated with
streptavidin-agarose beads for 30 min at 37 �C. The lysates were
separated from the beads by a magnetic holder. The presence of
SKIV2L2 binding was detected by Western blot [15].

Periodic acid schiff (PAS) staining

The cells were fixed by 4% paraformaldehyde, stained by PAS
according to the manufacturer’s protocols (Solarbio, G1280) and
then observed under a light microscope (Leica DFC 310) [17].

RNA immunoprecipitation (RIP)

CFs were cross-linked by adding 10% formaldehyde solution and
shaken slowly for 10 min at room temperature. Added 10 times the
volume of 2.66 M glycine to the cross-linking system, leave it at
room temperature for 5 min and ice bath for 10 min, then collected
the cells and performed lysis. The supernatant was added to the
protein-A/G magnetic bead mixture coated with antibodies and
incubated for 4 h at room temperature or overnight at 4 �C. Added
1 mL of pre-cooled IP buffer (150 mM NaCl, 10 mM Tris-HCl
(pH 7.4), 1 mM EDTA, 1 mM EGTA (pH 8), 1 % Triton X-100, 0.5%
NP-40, 1 mM DTT, 200 units/ml RNase OUT, EDTA-free protease
inhibitor Cocktail), and mixed with strong shaking. After a short
centrifugation, the sample was shaken to the bottom of the tube,
placed on a magnetic holder in an ice bath, and the supernatant
was discarded after 1 min, and repeated 5 times. The precipitate
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was the sample obtained from the RIP experiment, which can be
further digested by proteinase K to extract RNA for subsequent
analysis. The RNA enrichment was assessed by RT-qPCR. Primers
used in this study are listed in Table S2 [18].

Lactic acid and pyruvic acid assay

Lactic acid and pyruvic acid were determined by derivatization
USAEME-GC. The specific steps were as follows: 2 � 105 cells were
seeded in 6-well plates and treated for 24 h. Then the cell culture
media were diluted with deionized water 4 times. The treated
samples were mixed with methoxyamine hydrochloride solution
and incubated at 60 �C for 5 min. Then, a mixture of isobutyl chlo-
roformate and carbon tetrachloride was rapidly injected followed
by vigorous shaking and ultrasonic treatment. After centrifugation,
1 lL of carbon tetrachloride layer was injected for analysis by GC-
FID [19].

Statistical analysis

Statistical analyses were performed by Student t-test and one-
way ANOVA. Differences between the mean values were analyzed
using Bonferroni post hoc tests or a Mann-Whitney U test (non-
parametric). The data are presented as the mean ± SEM. P < 0.05
was considered statistically signifificant. P > 0.05 means no statis-
tical significance.
Results

miR-155 downregulation enhances fructose metabolism in hypoxia-
exposed CFs

miR-155 is a multifunctional microRNA that is implicated in
hypoxia-induced heart injury [20,21] and we found that miR-155
gene knockout (miR-155�/�) mice exhibited a stronger anti-
hypoxia ability than miR-155wt mice, showing that the survival
time of miR-155�/� mice was much longer than that of miR-
155wt mice after acute hypoxia (Supplemental data, SFig.1). There-
fore, we sought to determine the relationship between miR-155
expression and hypoxia exposure in CFs. The results showed that
the expression level of miR-155 was gradually decreased with
the prolongation of hypoxia time (Fig. 1A). Next, we isolated CFs
from miR-155�/� and miR-155wt mice and confirmed a signifi-
cantly lower expression of miR-155 in CFs from miR-155�/� mice
(thereafter known as miR-155�/� CF) than those from miR-155wt

mice (thereafter known as miR-155wt CF) (Supplemental data,
SFig. 2A). We found that the cell viability of miR-155�/� CFs was
significantly enhanced upon exposure to hypoxia for 24 and 48 h
relative to that of miR-155wt CFs (Fig. 1B). We then examined the
effect of hypoxia on glucose metabolism and found that in miR-
Fig. 1. miR-155 downregulation enhances fructose metabolism in hypoxia-exposed CF
detected by qRT-PCR. ***P < 0.001 vs. 0 h. (B) The cell viability of miR-155�/� and miR-15
miR-155wt (C) Glucose uptake was detected using 2-NBDG in a final concentration of 100
vs. miR-155wt (D) Glycogen content was detected with periodic acid-Schiff (PAS) staini
images (left) and semi-quantitative chart (right). ***P < 0.001 vs. miR-155wt (E) The expre
155�/� or miR-155wt CFs exposed to hypoxia for 24 h. *P < 0.05 vs. miR-155wt (F) The l
derivatization USAEME-GC after exposure to normoxia or hypoxia for 24 h. **P < 0.01 a
medium of miR-155�/� or miR-155wt CFs was detected by derivatization USAEME-GC a
control. (H) Raw traces of extracellular acidification in miR-155�/� and miR-155wt CFs e
expression was detected by Western blot in miR-155�/� or miR-155wt CFs exposed to nor
(right). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. miR-155wt (J) GLUT1 and GLUT5 mRNA w
vs. miR-155wt + hypoxia. (K) miR-155�/� and miR-155wt CFs were treated as in (I), KHK
155wt + hypoxia. (L) miR-155�/� and miR-155wt CFs were treated as in (I), KHK-A and K
quantitative chart (right). The data are expressed as the mean ± SEM of three independ
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155�/� CFs vs. miR-155wt CFs, the hypoxia caused an increased glu-
cose uptake into CFs (Fig. 1C), a decreased level of intracellular
glycogen content (Fig. 1D) as well as a trend for increased expres-
sion of the major genes involved in glycolysis, such as pyruvate
dehydrogenase kinase isozyme 1 (PDK1) [22,23], M2 pyruvate
kinase (PKM2) [24], triokinase and hexokinase (Fig. 1E). However,
the knockout of miR-155 in CFs had little effect on uncoupling pro-
tein 2 (UCP2) and acyl-coenzyme aoxidase 1 (ACOX1), the major
genes of fatty acid metabolism. UCP2 is a protein critical for sup-
porting fatty acid oxidation and acts as a critical regulator of
glucose-dependent de novo lipid synthesis [25,26]. ACOX1 is
another key enzyme of the fatty acid oxidation pathway [27,28],
which catalyzes the first step of peroxisomal b-oxidation, desatu-
rating acyl-CoA to 2-trans-enoyl-CoA (Supplemental data,
SFig. 2B). At the same time, increased contents of lactate and pyru-
vate were observed in the culture media of miR-155�/� CFs vs.
miR-155wt CFs regardless of treatment with hypoxia. Moreover,
hypoxia further increased the content of these two metabolites
in miR-155�/� CFs (Fig. 1F, G), suggesting that the absence of
miR-155 facilitates glycolysis in hypoxia-exposed CFs. Accordingly,
the extracellular acidification rate (ECAR) was significantly
increased in miR-155�/� CFs relative to miR-155wt CFs under
hypoxia (Fig. 1H), reflecting a compromised energy metabolism
in miR-155�/� CFs.

To explore how miR-155 affects glucose metabolism under
hypoxia, we examined the expression of some genes related to glu-
cose transport. As shown in Fig. 1I and J, the exposure of miR-
155�/� and miR-155wt CFs to hypoxia markedly increased GLUT1
protein and mRNA expression levels. Interestingly, the expression
of GLUT5 mRNA and protein, a fructose transporter, was signifi-
cantly upregulated in miR-155�/� CFs (Fig. 1I, J). Further studies
showed that mRNA expression level of the fructose metabolism-
related ketohexokinase-A (KHK-A) and its active form
ketohexokinase-C (KHK-C) was significantly increased only in
miR-155�/� CFs exposed to hypoxia (Fig. 1K), while an increased
protein level of KHK-C seems to be related to both hypoxia and
deletion of miR-155 in CFs (Fig. 1L). These results suggest that
miR-155 deletion in CFs facilitates the activation of KHK-A by
hypoxia, indicating that besides increasing glycolysis, hypoxia
could possibly trigger fructose metabolism in miR-155�/� CFs.

The absence of miR-155 in CFs actuates fructose metabolism by
inducing circHIF1a and thus KHK-C generation

To dissect the molecular mechanism whereby miR-155 down-
regulation triggers frutcose metabolism in CFs under hypoxia, we
performed a microarray analysis of circRNAs in miR-155�/� vs.
miR-155wt CFs exposed to hypoxia for 24 h. As a result, 5991 cir-
cRNAs were shown to be differentially expressed in these two cells
(ANOVA, p < 0.05). In addition, 112 of these circRNAs were down-
regulated (>2-fold) and 270 were upregulated (<�2-fold) (Fig. 2A;
"

s. (A) CFs were exposed to hypoxia for different times. miR-155 expression was
5wt CFs exposed to hypoxia for 24 and 48 h was detected using CCK-8. **P < 0.01 vs.
lM. Cells were observed and photographed by fluorescence microscope. **P < 0.01
ng in miR-155�/� and miR-155wt CFs exposed to hypoxia for 24 h. Representative
ssion of PDK1, PKM2, triokinase and hexokinase was detected using qRT-PCR in miR-
actic acid in the culture medium of miR-155�/� or miR-155wt CFs was detected by
nd ***P < 0.001 vs. their corresponding control. (G) The pyruvic acid in the culture
fter exposure to normoxia or hypoxia for 24 h. **P < 0.01 vs. their corresponding
xposed to hypoxia for 24 h. ***P < 0.001 vs. miR-155wt (I) GLUT1, GLUT5 and HIF1a
moxia or hypoxia for 24 h. Representative images (left) and semi-quantitative chart
as detected by qRT-PCR in miR-155�/� and miR-155wt CFs treated as in (I). *P < 0.05
-A and KHK-C mRNA was detected by qRT-PCR. *P < 0.05 and **P < 0.01 vs. miR-

HK-C protein was detected by Western blot. Representative images (left) and semi-
ent experiments. *P < 0.05 and **P < 0.01 vs. miR-155wt.
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Fig. 2. miR-155 downregulation in CFs induces circHIF1a and thus KHK-C generation. (A) Microarray analysis of circRNAs in miR-155�/� vs. miR-155wt CFs exposed to
hypoxia for 24 h. (B) circHIF1a expression was detected by qRT-PCR in miR-155�/� and miR-155wt CFs exposed to normoxia or hypoxia for 24 h. *P < 0.05 vs. miR-155wt (C)
circHIF1a expression in CFs transfected with circHIF1a expression vector was detected using qRT-PCR. **P < 0.01 vs. pcDNA3.1. (D) CF migration was detected by wound-
healing assay immediately after scratching and at 24 h later. Representative photomicrographs (left), Quantification of cells migrating into the scratch gap (right). #P < 0.05 vs.
pcDNA3.1 + hypoxia. (E) CFs were transfected with circHIF1a expression vector and then exposed to hypoxia for 24 and 48 h. The cell viability was detected using CCK-8. (F)
CFs were transfected with circHIF1a expression vector and then exposed to normoxia or hypoxia for 24 h. GLUT5 expression was detected by Western blot. Representative
images (left) and semi-quantitative chart (right). *P < 0.05 vs. pcDNA3.1. (G) GLUT5 mRNA expression in CFs treated as in (F) was detected using qRT-PCR. **P < 0.01 and
***P < 0.001 vs. their corresponding control. (H) KHK-A mRNA expression in CFs treated as in (F) was detected using qRT-PCR. *P < 0.05 vs. pcDNA3.1. (I) KHK-A and KHK-C
expression in CFs treated as in (F) was detected using Western blot. Representative images (left) and semi-quantitative chart (right). *P < 0.05 and ***P < 0.001 vs. pcDNA3.1.
(J, K) CFs were transfected with circHIF1a expression vector and miR-155 inhibitor either alone or together, and then KHK-A and KHK-C protein (J) and mRNA (K) expression
was detected using Western blot and qRT-PCR, respectively. *P < 0.05 and **P < 0.01 vs. miR-155 inhibitor. The results in (A)–(K) are mean ± SEM from 3 independent
experiments.
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Supplemental data, Table S1). Among the downregulated circRNAs,
circHIF1a, a circRNA derived from hypoxia-inducible factor 1a
(HIF1a), has attracted our attention. We further validated a signif-
icant decrease of circHIF1a in miR-155�/� CFs exposed to hypoxia
for 24 h (Fig. 2B). Sequence analysis showed that circHIF1a is gen-
erated from exon 2 and exon 8 of HIF1a gene by back-splicing.
Considering that miR-155 regulates the expression of HIF1a [29]
and that myocardial hypoxia actuates fructose metabolism
through HIF1a activation of SF3B1 and SF3B1-mediated splice
switching of KHK-A to KHK-C [4], we investigated whether the
downregulation of circHIF1a by miR-155 depletion is responsible
for hypoxia-activated fructose metabolism. To do this, we con-
structed the expression vector of circHIF1a and confirmed its suc-
cessful expression in CFs regardless of treatment with hypoxia
(Fig. 2C). Overexpression of circHIF1a obviously inhibited the
migration of CFs induced by hypoxia (Fig. 2D), but had little effect
on the proliferation of CFs (Fig. 2E). Simultaneously, circHIF1a
overexpression downregulated GLUT5 mRNA and protein levels
(Fig. 2F, G) as well as KHK-C protein level (Fig. 2I) in CFs exposed
to hypoxia. Reversely, under normoxia, its overexpression signifi-
cantly increased the expression levels of GLUT5 protein (Fig. 2F)
and mRNA (Fig. 2G), KHK-A mRNA (Fig. 2H) and protein (Fig. 2I)
as well as KHK-C protein (Fig. 2I). These results suggest that
circHIF1a-mediated regulation of fructose metabolism in CFs is
different between normoxia and hypoxia.

To provide additional evidence that miR-155 depletion in CFs
triggers fructose metabolism under hypoxia by inducing circHIF1a
formation, we performed another experiment in which miR-155
was silenced by its antagomir in circHIF1a-overexpressing CFs
(Supplemental data, SFig. 3A). As shown in Fig. 2J and K, combining
circHIF1a overexpression with miR-155 silencing significantly
enhanced the expression of fructose-metabolizing enzymes KHK-
A and KHK-C in CFs. These results further suggest that decreased
expression of circHIF1a by miR-155 downregulation contributes
to the activation of fructose metabolism through inducing produc-
tion of the KHK-C isoform.

miR-155 targets SKIV2L2 that regulates GLUT5 and KHK-A expression

To investigate how miR-155 regulates circHIF1a formation, we
carried out RNA pull-down and mass spectrometry analysis to
screen circHIF1a-interacting proteins that are differentially
Fig. 3. miR-155 targets SKIV2L2 that regulates GLUT5 and KHK-A expression. (A) SKIV2
exposed to hypoxia for 24 h. *P < 0.05 vs. miR-155wt (B) SKIV2L2 protein expression in m
blot. Representative images (left) and semi-quantitative chart (right). *P < 0.05 vs. miR-1
hypoxia for 24 h. GLUT1, GLUT5 and KHK-A expression was detected by Western blot. R
and ***P < 0.001 vs. pAd. (D) CFs were treated as in (C), the lactic acid in the culture me
SKIV2L2 and then exposed to normoxia or hypoxia for 24 h. SKIV2L2 mRNA expression wa
and then exposed to hypoxia for 24 h. SKIV2L2, GLUT5 and KHK-A expression was detect
*P < 0.05 and **P < 0.01 vs. si-con. (G) Luciferase reporter assays were performed in CFs
155 inhibitor. *P < 0.05 vs. NC mimic. Data in (A)-(G) are mean ± SEM from 3 to 5 indep
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expressed in miR-155�/� and miR-155wt CFs under hypoxia. As a
result, 590 RNA binding proteins (RBPs) were identified to be
significantly different between these two cells (ANOVA, p < 0.01).
Among them, 16 RBPs were identified to be participated in RNA
splicing regulation, including circRNA stability, reverse splicing,
translation and circRNA export. Among these candidates, we
focused on SKIV2L2 (also named as MTR4), an ATP-dependent
RNA helicase [30] that is involved in pre-mRNA splicing. Our study
showed that knockout of miR-155 in CFs significantly elevated the
expression of SKIV2L2 mRNA (Fig. 3A) and protein (Fig. 3B) regard-
less of hypoxia treatment. To identify whether SKIV2L2 affects
fructose metabolism, we constructed adenovirus-mediated
SKIV2L2 expression vector and verified its successful overexpres-
sion in CFs (Supplemental data, SFig. 3B). Overexpression of
SKIV2L2 substantially increased the expression of GLUT5 and
KHK-A, but had little effect on glucose transporter GLUT1
(Fig. 3C) and lactic acid concentration regardless of treatment with
hypoxia (Fig. 3D). On the contrary, knockdown of SKIV2L2 (Fig. 3E)
in hypoxia-exposed CFs by siRNA decreased the expression of
GLUT5 and KHK-A protein (Fig. 3F), demonstrating that SKIV2L2
may be implicated in the regulation of GLUT5 and KHK-A expres-
sion and subsequent switch to fructose metabolism in CFs.

To further understand the actual relationship between SKIV2L2
and miR-155, bioinformatics analysis was performed and identi-
fied that SKIV2L2 harbors a conserved binding site for miR-155
within its 30 untranslated region (30 UTR). Reporter gene assay
showed that miR-155 significantly downregulated luciferase activ-
ity driven by SKIV2L2 30 UTR (Fig. 3G). These findings indicated
that increased SKIV2L2 by miR-155 downregulation facilitates
GLUT5 and KHK-A expression probably through inducing cir-
cHIF1a formation, which in turn actuates fructose metabolism.

SKIV2L2 mediates miR-155 regulation of circHIF1a expression

To investigate how SKIV2L2 regulates circHIF1a formation,
adenovirus-mediated SKIV2L2 transfection was performed, and
the results showed that overexpression of SKIV2L2 decreased
circHIF1a biogenesis under hypoxia (Fig. 4A), whereas
siRNA-mediated knockdown of SKIV2L2 facilitated circHIF1a
expression compared with those transfected with control siRNA
(si-con) (Fig. 4B). To examine the specificity of SKIV2L2-regulated
circHIF1a expression, we detected the effect of SKIV2L2
"

L2 mRNA expression was detected by qRT-PCR in miR-155�/� and miR-155wt CFs
iR-155�/� and miR-155wt CFs exposed to hypoxia for 24 h was detected by Western
55wt (C) CFs were transfected with pAd-SKIV2L2 and then exposed to normoxia or
epresentative images (left) and semi-quantitative chart (right). *P < 0.05, **P < 0.01
dium was detected by derivatization USAEME-GC. (E) CFs were transfected with si-
s detected by qRT-PCR. *P < 0.05 vs. si-con. (F) CFs were transfected with si-SKIV2L2
ed by Western blot. Representative images (left) and semi-quantitative chart (right).
co-transfected with SKIV2L2 30 UTR-luciferase reporter and miR-155 mimic or miR-
endent experiments.
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Fig. 4. SKIV2L2 mediates miR-155 regulation of circHIF1a expression. (A) CFs were transfected with pAd-SKIV2L2 and then exposed to normoxia or hypoxia for 24 h.
circHIF1a expression was detected by qRT-PCR. *P < 0.05 vs. their corresponding control. (B) CFs were transfected with si-SKIV2L2 and then exposed to normoxia or hypoxia
for 24 h. circHIF1a expression was detected by qRT-PCR. *P < 0.05 vs. si-con + hypoxia. (C) circMyh9, circFOXO1 and circDnmt3a expression in CFs treated as in (B) was
detected by qRT-PCR. **P < 0.01 and ***P < 0.001 vs. si-con. (D) A schematic of HIF1a exons 2 through 8 (top). CF lysates were immunoprecipitated with anti-SKIV2L2, and the
immunoprecipitates were detected by qRT-PCR with primers specific for the CS1-6 sequences (bottom). **P < 0.01. (E) An oligo pull-down assay was done with CF lysates and
biotinylated double-stranded oligonucleotide (�150 nt) surrounding and in the CS4 of HIF1a pre-mRNA. The oligo-bound protein was detected by Western blot with anti-
SKIV2L2 antibody.**P < 0.01.(F) qRT-PCR detected the enrichment of the CS4 fragment by anti-SKIV2L2 in miR-155�/� and miR-155wt CFs. ***P < 0.001 vs. miR-155wt (G) CFs
were transfected with the ASO of the CS4 and pAd-SKIV2L2 for 24 h. circHIF1a expression was detected by qRT-PCR. *P < 0.05 vs. Con, **P < 0.01 vs. ASO. (H) miR-155�/� CFs
were transfected with with the ASO of the CS4 and then exposed to normoxia or hypoxia for 24 h. circHIF1a expression was detected by qRT-PCR, **P < 0.01 and ***P < 0.001
vs. miR-155-/-. Data shown in (A)-(H) are mean ± SEM, n = 3 independent experiments.
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knockdown on other circRNA expression. As shown in Fig. 4C,
knockdown of SKIV2L2 did not affect the biogenesis of circFOXO1
and circDnmt3a, but decreased the expression of circMyh9, sug-
gesting that SKIV2L2-induced formation of circRNA is specific for
circHIF1a. Considering that exon cyclization can be facilitated by
complementary sequences in opposite directions of RNA pairing
across flanking introns and protein factors that are able to bind
flanking introns and ligate unfavorable reverse splice sites into a
close proximity [31], we hypothesized that SKIV2L2 might directly
bind to flanking intronic cis-complementary sequences and stabi-
lize RNA pairing to promote exon circularization. We thus analyzed
the cis-complementary sequences in the intron upstream of exon 2
and downstream of exon 8 of HIF1a gene and predicted potential
binding sites of SKIV2L2 on HIF1a pre-mRNA (Fig. 4D). Further,
RNA-binding protein immunoprecipitation (RIP) assays were per-
formed with antibody against SKIV2L2 and the primers shown in
Supplemental Table S2 to detect the binding sites of SKIV2L2 on
HIF1a pre-mRNA. The results showed that SKIV2L2 could bind to
the fourth part of the cis-complementary sequences (CS4)
(Fig. 4D). Since 1 kb long RNA fragments may bind with many pro-
teins, we made a series of smaller (�150 nt) RNA decoys (oligo-1, 2,
3 and 4) around CS4 of the HIF1a pre-mRNA to more specifically
identify the binding site of SKIV2L2. We observed that the oligo-
3 fragment could bind to SKIV2L2, whereas the oligos 1, 2 and 4
could not (Fig. 4E). These findings imply that SKIV2L2 acts as a
component of the splicing factor complex to direct HIF1a pre-
mRNA splicing.

Further experiments revealed that miR-155�/� CFs exhibited a
significantly increased binding of SKIV2L2 to the CS4 compared
with miR-155wt CFs (Fig. 4F). To further verify this, we transfected
CFs with antisense oligonucletoide (ASO) specific for the CS4 (CS4-
ASO) and detected the expression of circHIF1a. As shown in Fig. 4G,
the CS4-ASO attenuated circHIFa formation probably through
blocking binding of SKIV2L2 to the CS4, whereas SKIV2L2 overex-
pression mediated by pAd-SKIV2L2 abolished the suppressive
effect of the CS4-ASO on the circularization of the exon 2 and 8
of HIF1a gene. Furthermore, miR-155 deficiency in CFs could also
abrogate the inhibitory effects of the CS4-ASO on circHIFa forma-
tion (Fig. 4H). Overall, our results clearly indicated that circulariza-
tion of the exon 2 and 8 of HIF1a gene is induced by SKIV2L2
binding to the CS4 of HIF1a pre-mRNA.
Fig. 5. SKIV2L2 mediates miR-155 regulation of circHIF1a expression by interacting wit
24 h was detected by qRT-PCR. *P < 0.05 vs. normoxia (n = 3 independent experiment
Representative images (left) and semi-quantitative chart (right). **P < 0.01 vs. normoxia (
exposed to normoxia or hypoxia for 24 h. HIF1amRNA was detected by qRT-PCR. *P < 0.0
in SKIV2L2�/� and SKIV2L2 CFs exposed to normoxia or hypoxia for 24 h was detected
*P < 0.05 and ***P < 0.001 vs. SKIV2L2. (E) Mass spectrometry analysis detected TRA2A in
of miR-155�/� and miR-155wt CFs were immunoprecipitated with anti-TRA2A. SKIV2L2 in
(upper) and semi-quantitative chart (lower), ***P < 0.001 vs. miR-155wt + Normoxia, ##

transfected with si-TRA2A and then exposed to normoxia or hypoxia for 24 h. circHIF1a
independent experiments).
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SKIV2L2 mediates miR-155 regulation of circHIF1a expression by
interacting with TRA2A

It is well known that hypoxia induces HIF-1a expression [32],
and that formation of circRNA can affect its parental gene expres-
sion [33]. Next, we sought to explore the relationship between cir-
cHIF1a formation and its parent linear RNA. Firstly, we examined
the effect of hypoxia on SKIV2L2 expression and found that expo-
sure of CFs to hypoxia for 24 h significantly increased SKIV2L2
mRNA (Fig. 5A) and protein levels (Fig. 5B). Intriguingly, siRNA-
mediated knockdown of SKIV2L2 in CFs upregulated HIF1a mRNA
and protein expression under normoxia, but downregulated its
mRNA and protein levels in hypoxia-exposed CFs (Fig. 5C, D). These
findings prompted us to study whether SKIV2L2 plays different
roles in the regulation of HIF1a expression under normoxia and
hypoxia conditions by interacting with different protein factors.
We therefore performed a mass spectrometry analysis of the com-
plexes precipitated with antibody against SKIV2L2. As shown in
Fig. 5E, 250 proteins were identified to be differentially expressed
in normoxia vs. hypoxia. Among them, only 3 proteins have been
reported to be involved in splicing regulation. We here focused
on TRA2A, which mediates alternative mRNA splicing [34], and
investigated whether TRA2A is indeed able to influence alternative
pre-mRNA splicing. Co-IP assays revealed that the interaction
between TRA2A and SKIV2L2 was apparently strengthened in
hypoxia-exposed miR-155wt and miR-155�/� CFs although miR-
155 deletion in CFs slightly attenuated the association of TRA2A
with SKIV2L2 compared with miR-155wt CFs (Fig. 5F). Furthermore,
knockdown of TRA2A (Supplemental data, SFig.3C) increased the
expression of circHIF1a regardless of hypoxia treatment (Fig. 5G,
left panel) but did not significantly affect HIF1a mRNA expression
level (Fig. 5G, right panel), suggesting that miR-155 deletion in CFs
reduces circHIF1a expression via facilitating the association of
TRA2A with SKIV2L2.

Exogenous delivery of SKIV2L2 has a protective effect on the infarcted
heart

To address the translational implications of the SKIV2L2 in
ischemic heart disease, we investigated whether manipulating
SKIV2L2 expression can provide a protective effect on the infarcted
"

h TRA2A. (A) SKIV2L2 mRNA expression in CFs exposed to hypoxia or normoxia for
s). (B) SKIV2L2 expression in CFs treated as in (A) was detected by Western blot.
n = 3 independent experiments). (C) CFs were transfected with si-SKIV2L2 and then
5 and ***P < 0.001 vs. si-con (n = 4 independent experiments). (D) HIF1a expression
by Western blot. Representative images (left) and semi-quantitative chart (right).
anti-SKIV2L2 immunoprecipitates (n = 3 independent experiments). (F) The lysates
the immunoprecipitates was measured byWestern blotting. Representative images
P < 0.01 vs. miR-155-/- + Normoxia (n = 3 independent experiments). (G) CFs were
and HIF1a mRNA expression was detected by qRT-PCR. *P < 0.05 vs. si-con (n = 3
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Fig. 6. Exogenous delivery of SKIV2L2 has a protective effect on the infarcted heart. (A) The infarct area of pAd and pAd-SKIV2L2-transduced mouse heart was detected by TTC
staining at 14 days after MI. ***P < 0.001 vs. pAd. (B) Hematoxylin-eosin (bottom) and Masson trichrome staining (top) of the cardiac tissue harvested at 2 weeks after MI in
control and pAd-SKIV2L2-transduced mice. ***P < 0.001 vs. pAd. (C-F) Immunofluorescence staining of PCNA (C, green), KHK-C (D, red), CD34 (E, red) and CD31 (F, red) in pAd
and pAd-SKIV2L2-transduced mouse cardiac tissue. Representative images (left) and semi-quantitative chart (right). Data are presented as mean ± SEM from a minimum of 3
independent experiments (n = 5 mice/group). *P < 0.05 and **P < 0.01 vs. pAd.
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heart. We therefore established an acute myocardial infarction
(MI) model in mice by ligation of the left anterior descending
branch of the coronary artery, and pAd-SKIV2L2 was intramyocar-
114
dially injected immediately after coronary artery ligation. Negative
control mice received no treatment after MI. TTC staining was per-
formed at 14 days after MI to measure the infarct area. As shown in
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Fig. 6A, the infarct area was largely reduced in SKIV2L2-transduced
heart. Left ventricle morphometry imaged by Masson’s trichrome
staining revealed that enforced expression of SKIV2L2 in myocar-
dial tissues significantly decreased collagen accumulation, indicat-
ing a protective effect of SKIV2L2 on the infarcted heart (Fig. 6B).
To reveal the mechanisms underlying the protective effect of
SKIV2L2, we investigated whether the enforced expression of
SKIV2L is able to activate fructose metabolism and improve cell
survival in the infarcted heart. Immunofluorescence staining for
PCNA, KHK-C, CD34, and CD31 showed that SKIV2L2-transduced
hearts exhibited an increased expression of KHK-C, CD34 and
CD31, with a concomitant decline in PCNA expression (Fig. 6C–F).
We also found that the tube formation ability of endothelial cells,
such as the number and the length of the tubes, was significantly
increased in SKIV2L2-overexpressing cells (SFig.4). The increase
in CD31 expression and the tube formation indicated that angio-
genesis is improved by overexpression of SKIV2L2. Altogether,
these results suggest that increased expression of SKIV2L2 by
exogenous gene transfer may exert a protective effect on the
infarcted heart through activating fructose metabolism and pro-
moting angiogenesis.
Discussion

Metabolic disturbances contribute to the development of a
number of diseases, such as diabetes, obesity, cancer, and cardio-
vascular diseases. On the other hand, in response to chronic patho-
logic stress, pathophysiological changes that occur in different
tissues and organs lead to the production of some growth signals
and tissue hypoxia, which directs the cell to reprogram its metabo-
lism to support energy homeostasis [35]. In the cardiovascular
system, myocardial ischemia-induced glycolysis, referred to as
the Warburg effect, has been shown to be activated in many
disease-relevant cell types, including smooth muscle cells (SMC),
endothelial cells (EC), cardiac fibroblasts (CFs) and ventricle
cardiomyocytes [35]. In the present study, we found that both
miR-155�/� and miR-155wt CFs exposed to hypoxia exhibited an
increased glycolysis, but only in miR-155�/� CFs exposed to
hypoxia, the expression of ketohexokinase (KHK)-A and KHK-C
was significantly upregulated, implying that fructose metabolism
is actuated. These suggest that miR-155 downregulation in
hypoxia-exposed CFs is responsible for the activation of fructose
metabolism. Mechanistically, we showed that miR-155 deletion
in CFs exposed to hypoxia enhanced SKIV2L2 expression and its
interaction with TRA2A, which in turn suppresses alternative
splicing of HIF1a pre-mRNA to form circHIF1a, and then decreased
circHIF1a contributes to the activation of fructose metabolism
through inducing production of the KHK-C isoform. In this study,
we provided a novel insight into the functional significance of
fructolysis in hypoxia-exposed CFs.

In this study, there exist some differences between the protein
and mRNA levels of GLUT1 under normoxia condition. Our results
showed that the expression level of GLUT1 protein was substan-
tially decreased in normoxia-treated miR-155�/� CFs compared
with that in normoxia-treated miR-155wt CFs, whereas its mRNA
expression did not reveal significant difference between these
two cells under the same condition. We speculated that miR-155
deficiency in CFs could probably induce a currently unknown bind-
ing partner, which facilitates GLUT1 ubiquitination and the subse-
quent degradation. However, the excise mechanisms whereby
GLUT1 protein stability is regulated by miR-155 need to be further
elucidated.

The key enzyme for fructose metabolism is ketohexokinase
(KHK) [36]. KHK has two different isoforms, KHK-A and KHK-C
[37,38]. Among them, the KHK-C isoform has a very high affinity
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for fructose, which is beneficial to fructose metabolism [39]. This
enzyme catalyzes the conversion of fructose to fructose-1-
phosphate (F-1-P). Therefore, the decomposition reaction of fruc-
tose can bypass the rate-limiting step of the glycolysis pathway
to directly generate fructose 1,6-diphosphate and then enter the
glycolysis pathway. Thus, bypassing the rate-limiting step of the
glycolysis pathway may make cardiomyocytes more sensitive to
changes in energy requirements, increasing glycolysis flux to meet
the energy needs of the myocardium to maintain cardiac contrac-
tility. However, if the hypoxic environment is not relieved for a
long time, increased glucose metabolism is not sufficient to com-
pensate for the energy loss of fatty acid oxidation, fructose meta-
bolism will be actuated to compensate for the lack of energy,
which will eventually cause myocardial pathological hypertrophy
and heart failure.

Given the fact that miR-155�/� mice has a stronger anti-hypoxia
ability than miR-155wt mice, we therefore speculated that, in order
to adapt to the hypoxic survival environment caused by myocar-
dial hypoxia, miR-155�/� cardiomyocytes undergo metabolic
remodeling and a switch to fructose metabolism mediated by
KHK-C. How does miR-155 deletion in CFs affect glucose metabo-
lism under hypoxia? In recent years, circRNA, as a star molecule,
has led to many research fields to make important breakthroughs.
Our microarray analysis of circRNAs in miR-155�/� vs. miR-155wt

CFs exposed to hypoxia showed that circHIF1a expression level
was significantly different between these two cells. It is well
known that HIF1a is the core transcription factor of the body’s
response to low oxygen tension [40]. Under pathologic stress,
HIF1a, as a regulator of the alternative splicing machinery, tran-
scriptionally activates a number of splicing factors, including
SF3B1. SF3B1 leads to the production of the KHK-C isoform by
binding to the branch point in front of the KHK 3c exon [4]. How-
ever, it is still unclear (1) Is the circHIF1a generated by alternative
splicing in hypoxia-exposed CFs? (2) How does miR-155 regulate
the formation of circHIF1a? (3) How does circHIF1a regulate meta-
bolic remodeling in hypoxia-exposed CFs? (4) Which splicing fac-
tors participate in the alternative splicing of HIF1a pre-mRNA?
To answer these questions, we constructed the expression vector
of circHIF1a and demonstrated that overexpression of circHIF1a
inhibited the migration of CFs induced by hypoxia and decreased
GLUT5 mRNA and protein expression as well as KHK-C protein
level under hypoxia. Under normoxia, however, its overexpression
significantly increased the expression levels of GLUT5, KHK-A and
KHK-C. More importantly, combining circHIF1a overexpression
with miR-155 silencing enhanced the expression of fructose-
metabolizing enzymes KHK-A and KHK-C in hypoxia-exposed
CFs, accompanied by a transcriptional induction of the fructose-
specific transporter GLUT5. These suggest that decreased expres-
sion of circHIF1a by miR-155 downregulation contributes to the
activation of fructose metabolism through inducing GLUT5 expres-
sion and the production of the KHK-C isoform.

To further investigate how miR-155 deletion affects circHIF1a
formation under hypoxic conditions, we screened the splicing-
associated proteins differentially expressed in miR-155�/� vs.
miR-155wt CFs exposed to hypoxia. The results showed that knock-
out of miR-155 in CFs could significantly upregulate the expression
of SKIV2L2, also named as MTR4. The biochemical role of SKIV2L2,
as an RNA helicase in RNA processing, has been extensively stud-
ied, but its role in alternative splicing is still poorly understood.
Yu L et al. found that MTR4 facilitates liver tumorigenesis by pro-
moting cancer metabolic conversion through alternative splicing
[41]. Consistent with their results, our findings reveal that SKIV2L2
also played an important role in regulating alternative splicing
associated with metabolic remodeling in hypoxia-exposed CFs,
identifying a novel role of SKIV2L2 in CFs. Considering that cir-
cRNAs exert their functions generally through the regulation of
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their target genes and miRNAs, we speculated that there may be an
intermediate that is negatively regulated by miR-155 and trans-
mits its signal to drive changes in the expression of metabolic
genes. Since the SKIV2L2 is known to participate in circRNA bio-
genesis and we found that circHIF1a was differentially expressed
in miR-155�/� vs. miR-155wt CFs, we selected SKIV2L2 as such a
mediator candidate for further investigation. Indeed, we found that
SKIV2L2 expression was dramatically upregulated in miR-155�/�

CFs, suggesting that the ratio of circHIF1a and HIF1a mRNA is
probably regulated by SKIV2L2, and that the ratio change between
themmay be related to hypoxia-induced metabolic remodeling. To
further determine whether other factors are also involved in the
regulation of circHIF1a/HIF1a mRNA balance, RIP and mass spec-
trometry analysis were performed and identified TRA2A, a known
splicing factor, as an important splicing factor that can enhance
HIF1a pre-mRNA alternative splicing under hypoxia. Based on
the experimental results of Mirtschink et al [4] and our observa-
tions, we reasonably speculate that in hypoxia-exposed myocardial
tissues, miR-155 can couple a series of molecular and cellular bio-
logical events including alternative splicing of HIF1a pre-mRNA
and myocardial metabolic remodeling.

It is worth noting that the heart contains various types of cells,
including cardiomyocytes, CFs, many kinds of immune cells and
vascular cells. Among these cells, cardiomyocytes directly reflect
the contractile function of the heart, whereas CFs play pivotal func-
tions in the maintenance of cardiac function, physiological cardiac
remodeling after heart stress and pathological remodeling [42].
Although it is possible that the pathological crosstalk exists
between cardiomyocytes and CFs under stress condition, their
crosstalk pathways and the underlying mechanisms remain to be
clarified. Based on our existing knowledge, we reasonably specu-
late that (1) CFs regulate cardiomyocyte metabolism and function
in a paracrine manner through releasing bioactive factors; (2) exo-
somes secreted by CFs exert the regulatory effects on the car-
diomyocytes. The activation of fructose metabolism in hypoxic
CFs by miR-155 downregulation can alter the secretion of bioactive
factors and exosomes, thus protecting the cardiomyocytes from the
damage mediated by hypoxic CFs. However, the precise mecha-
nisms underlying cardiomyocyte protection by the activation of
fructose metabolism from the hypoxia damage need to be
addressed in future studies.
Conclusion

Deficiency of miR-155 in CFs can significantly upregulate the
expression of SKIV2L2 which plays an important role in regulating
alternative splicing of HIF1a pre-mRNA by interacting with TRA2A.
Our findings indicated that increased SKIV2L2 facilitates GLUT5
and KHK-C expression through inducing circHIF1a formation,
which in turn actuates fructose metabolism. Our results also sug-
gested that increased expression of SKIV2L2 by exogenous gene
transfer may exert a protective effect on the infarcted heart
through activating fructose metabolism and promoting angiogene-
sis, thus providing a new research direction for the mechanisms of
occurrence and development of hypoxia-related cardiovascular
diseases.
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