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Circular RNA circHIPK3 is downregulated in diabetic cardiomyopathy and
overexpression of circHIPK3 suppresses PTEN to protect cardiomyocytes from

high glucose-induced cell apoptosis
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ABSTRACT

It has been reported that circHIPK3 can be downregulated by high glucose, suggesting its
potential involvement in diabetes and diabetic complications. This study aimed to explore the
role of circHIPK3 in diabetic cardiomyopathy (DC). PTEN is a kind of tumor suppressor gene, which
is very commonly lost in human cancer. We detected the expression of circHIPK3 and PTEN in
plasma samples from DC patients, diabetic patients without complications diabetes mellitus (DM)
and health controls by RT-gPCR and ELISA. In vitro cell experiment, AC16 cells (cardiomyocytes)
were treated with high glucose, followed by expression analysis of circHIPK3 and PTEN mRNA by
RT-gPCR. CircHIPK3 or PTEN expression vector were used to overexpress circHIPK3 and PTEN in
AC16 cells to explore the relationship between them. The role of circHIPK3 and PTEN in regulating
the apoptosis of AC16 cells was analyzed by cell apoptosis assay. The result showed that CircHIPK3
was downregulated in diabetes and further downregulated in DC. In AC16 cells, high glucose
treatment decreased the expression levels of circHIPK3. Across DC samples, the expression of
circHIPK3 was inversely correlated with PTEN. In AC16 cells, overexpression of circHIPK3 decreased
the expression levels of PTEN. CircHIPK3 may suppress AC16 cell apoptosis induced by high
glucose and inhibited the role of PTEN in cell apoptosis. Therefore, circHIPK3 may downregulate
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PTEN to protect cardiomyocytes from high glucose-induced cell apoptosis.
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Introduction

Diabetes, also known as DM, is the most common
type of metabolic disorder worldwide [1-3]. It is
estimated that more than 10.5% of the population
in the US are suffering from DM [4]. Even worse,
with the growth of aging population and changes
in people’s dietary structure, the incidence of DM
is expected to be increasing in the near future
[5,6]. DM itself is not a lethal condition, however,
long-term of DM will inevitably cause damages to
most of the important organs of the human body,
including the heart [7,8]. DC refers to a disorder

PTEN?

in the heart muscle of DM patients [9]. DC sig-
nificantly affects the circulation, eventually leading
to heart failure that is related to high mortal-
ity [10].

PTEN (Phosphatase and tensin homologue
deleted on chromosome 10, also called MMACI,
mutated in multiple advanced cancers 1) is
a tumor suppressor as it can regulate cell prolif-
eration, cell growth, and prevent tumor formation.
In addition, studies have shown that PTEN can
regulate the PI3K signaling pathway, which is
a key factor in the negative regulation of insulin
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Table 1. Clinical Characteristics of patients included.

BIOENGINEERED 6273

Index Control (n = 60) DM (n = 60) DC (n = 60)
Gender (male/female) 30/30 25/35 28/32
Age (years) 5242 + 9.85 54.64 + 8.83 55.62 + 10.27
BMI (kg/ m?) 2133 £ 294 2231 £ 1.57 2191 £ 1.22
Fasting blood glucose (mmol/l) 468 + 1.12 6.94 + 1.28* 7.16 + 135
Postprandial blood glucose (mmol/l) 6.96 + 1.84 13.38 + 4.55* 1417 + 494
LDL(mmol/L) 2.74 + 047 215+ 0.23 455 £ 0.75
HDL(mmol/L) 1.47 = 0.70 1.56 + 0.53 1.25 + 0.71
TG(mmol/L) 1.15 + 0.54 1.24 + 0.65 3.21 + 0477
TC(mmol/L) 443 + 095 472 £1.18 589 + 0.84*
Left ventricular end-diastolic diameter (mm) 48.17 + 3.55 48.10 + 6.66 59.8 + 6.18"*
Ventricular septal thickness(mm) 823 +2.13 8.55 + 1.46 9.45 + 1.99*
Aortic root diameter (mm) 2332 + 256 2402 + 446 3212 £335"
Left atrial diameter(mm) 33.12 + 4.56 35.25 + 5.54 40.55 + 8.2
EF(%) 59.75 £ 7.11 57.98 + 6.78 4445 + 577"

*P < 0.05 vs control, *P < 0.05 vs DM

[11]. Studies have also shown that PTEN is not
only the target gene of miR-10b-5p, but the down-
stream gene of miR-10b-5p as well, which regu-
lates the apoptosis of cardiomyocytes induced by
hypoxia. Hypoxia inducible factor-1 a (HIF-1la)
regulates the expression of tumor suppressive
gene PTEN, thus reducing the apoptosis of cardi-
omyocytes after hypoxia [12,13].

With protein coding capacity, circular RNAs
(circRNAs) participate in human diseases mainly
by indirectly affecting protein accumulation [14-
18]. A recent study showed that circHIPK3 (also
known as circRNA homeodomain-interacting pro-
tein kinase 3) has protective effects on high glu-
cose-induced cell injury [19], suggesting the
involvement of circHIPK3 in diabetic complica-
tions. Meanwhile, preliminary microarray analysis
data showed an inverse correlation between
circHIPK3 and PTEN, which may promote DC
by inducing cell apoptosis [20]. In order to explore
the interaction between PTEN and circHIPK3 in
DC, the content of circHIPK3 and PTEN in
patients’ serum and high glucose culture of cardi-
omyocytes in vitro were detected in this study, and
through overexpression plasmid transfection
experiment to find the regulatory relationship
between circHIPK3 and PTEN.

Materials and methods
Patients and healthy participants

This study enrolled DC patients (n = 60), diabetic
patients without complications (DM group, n = 60),

and health controls (the Control group, n = 60) who
were admitted at Baoquanling Central Hospital
between May 2018 and May 2020. This study was
approved by the Ethics Committee of this hospital.
Healthy controls exhibited normal functions in sys-
temic physiological exam and participants with pre-
vious histories of diabetes were excluded. The
following criterion were used to diagnose diabetes: 1)
glucose level (2-h plasma) higher than 11.1 mmol/
L. 2) plasma glucose under fasting condition was
higher than 7.0 mmol/L. DM and DC patients with
other severe clinical disorders were excluded.
Exclusion criteria: 1) patients who were complicated
with severe mental illness and were unable to coop-
erate. 2) patients with severe hematological dis-
eases. 3) patients with congenital heart disease and
other severe organic diseases. 4) patients who were
allergic to drugs in this study. 5) patients who
initiated therapy within 3 months prior to enroll-
ment. All the three groups included 40 males and 20
females, with the mean age of 53.4 + 6.6 years old.
All participants signed the written informed consent

(Table 1).

Plasma and AC16 cell preparation

Prior to therapy, fasting blood (2 ml) was extracted
from each participant. To isolate plasma, blood
samples were mixed with citric acids to a ratio of
10:1, followed by centrifugation at room tempera-
ture for 15 min.

AC16 cells (cardiomyocytes, Sigma-Aldrich,
Shanghai, China, serial number TCH-G119) were
used in this study. In cardiomyocyte growth medium
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(90% D/F12 + 12.5% FBS + 2 mM L-Glutamine + 1%
P/S, ScienCell Research, Shanghai, China) AC16 cells
were cultivated. To evaluate the effects of high glu-
cose on gene expression, AC16 cells were treated
with D-glucose (Sigma-Aldrich, Shanghai, China) at
dosages of 10, 20, 30 and 40 mM for 48 h prior to the
subsequent assays [21].

Cell transfections

The expression vector of circHIPK3 or PTEN was
established with pcDNA3.1 vector (Invitrogen,
California, USA) as the backbone. To overexpress
circHIPK3 and PTEN, AC16 cells were transfected
with either 1 pg of expression vector or the same
amount of empty vector (negative control group,
NC) wusing lipofectamine 2000 (Invitrogen,
California, USA). Untransfected cells were
included as the control (C) cells.

RNA isolation

RNAzol (Sigma-Aldrich, Shanghai, China) was
applied for total RNA isolation from both plasma
samples and AC16 cells, followed by gDNA removal
using DNase I (Invitrogen, California, USA) at 37°C
for 100 min. RNA samples were separated by 6%
urea-PAGE gel to check integrity. The OD 260/280
ratio was checked for all RNA samples to detect RNA

purity.

Quantitative reverse transcription polymerase
chain reaction (RT-qPCR) assay

The synthesis of cDNA samples was done with SS-
III-RT (Invitrogen, California, USA) from RNA
samples with satisfactory quality (an OD260/280
ratio close to 2.0 and satisfactory integrity) as the
templates. To determine the expression of
circHIPK3 and PTEN mRNA, qPCRs were carried
out using SYBR Green Master Mix (Bio-Rad) with
GAPDH as an internal control. The Ct values of
circHIPK3 or PTEN were normalized to GAPDH
using the 2-AACt method. The primer sequences
were: circHIPK3, 5’-
TATGTTGGTGGATCCTGTTCGGCA-3* (forwar
d) 5-TGGTGGGTAGACCAAGA

CTTGTGA-3 (reverse); PTEN, 5-CGAACTGG
TGTAATGATATGT-3 (forward) 5-CATGAACT
TGTCTTCCCGT-3’ (reverse).

Enzyme linked immunosorbent assay (ELISA)

The expression levels of PTEN in plasma samples
were determined using a human PTEN ELISA Kit
(ab206979, Abcam, Hangzhou, China). The sensi-
tivity was 39.9 pg/ml and the assay range was
125 pg/ml - 8000 pg/ml.

Western-blot analysis

RIPA solution (Invitrogen, California, USA) and
BCA assay were used for protein extraction and
quantification, respectively. Protein samples were
first denatured in boiling water for 5 min, followed
by separation using 7% SDS-PAGE gels. After gel
transfer and blocking, incubation with PTEN
(ab31392, Abcam, Hangzhou, China) or GAPDH
(ab8245, Abcam, Hangzhou, China) primary anti-
bodies was done at 4°C for overnight. Then, HRP
IgG secondary antibody (ab6721, Abcam,
Hangzhou, China) was used to incubate the mem-
branes at room temperature for 3 h. ECL
(ab65623, Abcam, Hangzhou, China) was used
for the production of signals. Quantity One soft-
ware was used for signal normalizations.

Cell apoptosis assay

In brief, AC16 cells were cultivated in medium
supplemented with 60 mM D-glucose for further
48 h, followed by washing using pre-cold PBS.
After that, cells were resuspended in binding buf-
fer, and Annexin V FITC and PI (BioLegend,
Shanghai, China) staining was performed for
15 min in dark. Finally, flow cytometry was per-
formed to analyze apoptotic cells.

Statistical analyses

ANOVA Tukey’s test was applied for comparisons.
Correlations were analyzed by Pearson’s correla-
tion coefficient. P < 0.05 was considered as statis-
tically significant.
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Results plasma expression levels of circHIPK3 compared
to that in the Control group. In addition, plasma
expression levels of circHIPK3 were also lower in
DC group compared to that in DM group
RT-qPCR and ELISA results showed that DM and  (Figure 1la, n = 3, p < 0.05). In contrast, highest
DC groups exhibited significantly decreased  plasma expression levels of PTEN were observed

Altered expression of circHIPK3 and PTEN were
observed in DM and DC groups
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Figure 1. Altered expression of circHIPK3 and PTEN were observed in DM and DC groups.

Plasma samples from Control (n = 60), DM (n = 60) and DC (n = 60) groups were subjected to RNA preparations and RT-gPCR or
ELISA to determine the expression levels of circHIPK3 (A) and PTEN (B). Data were compared among the three groups. *, p < 0.05.
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Figure 2. CircHIPK3 was inversely correlated with PTEN only in DC group.

The correlations between circHIPK3 and PTEN across Control (A), DC (B), and DM (C) samples were analyzed by Pearson’s correlation
coefficient.
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in DC group, followed by DM group, and then the
control group (Figure 1b, n = 3, p < 0.05).

CircHIPK3 was inversely correlated with PTEN
only in DC group

There was no difference between the expression of
circHIPK3 and PTEN in the Control (Figure 2a)
and DM (Figure 2b) groups. In contrast,
circHIPK3 and PTEN were significantly and inver-
sely correlated across DC group (Figure 2c).
Therefore, circHIPK3 and PTEN may interact
with each other in DC.

High glucose treatment altered the expression of
circHIPK3 and PTEN in AC16 cells

To explore the effects of high glucose on gene
expression, ACIL6 cells were treated with
D-glucose at dosages of 10, 20, 30, and 40 mM
for 48. High glucose treatment decreased the
expression levels of circHIPK3 (Figure 3a, n = 3,
p < 0.05) and increased the expression levels of
PTEN (Figure 3b, n = 3, p < 0.05) in a dose-
dependent manner. In addition, the expression of
circHIPK3 was not different between 10 mM and
20 mM glucose treatment, and the expression of
PTEN was not differed between 30 mM and
30 mM glucose treatment (Figure 3a, b).
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Overexpression of circHIPK3 decreased the
expression levels of PTEN in AC16 cells

To analyze the interaction between circHIPK3 and
PTEN, ACI16 cells were transfected with
circHIPK3 or PTEN expression vector, followed
by RT-qPCR to determine the expression of
circHIPK3 and PTEN. It was observed that
circHIPK3 and PTEN were significantly upregu-
lated. Meanwhile, transfected si-circHIPK3 vector
into AC16 cells can significantly downregulate the
expression of circHIPK3 (Figure 4a, n = 3,
p < 0.05). Moreover, overexpression of
circHIPK3 decreased the expression levels of
PTEN. In contrast, overexpression of PTEN did
not alter the expression of circHIPK3 at each time
point (Figure 4b, n = 3, p > 0.05). We also detected
lower PTEN protein expression levels in the
circHIPK3 group than in the other groups, while
the highest PTEN protein expression levels were
found in the si-circHIPK3 group. (Figure 4c, n = 3,
p > 0.05).

Overexpression of circHIPK3 suppressed the
apoptosis of AC16 cells induced by high
glucose through PTEN

ACI6 cells with transfections were first incubated
in medium supplemented with 30 mM D-glucose
for 48 h, followed by cell apoptosis assay to analyze
cell apoptosis. It was observed that overexpression
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Figure 3. High glucose treatment altered the expression of circHIPK3 and PTEN in AC16 cells.

To analyze the effects of high glucose on the expression of circHIPK3 (A) and PTEN mRNA (B), AC16 cells were treated with D-glucose
at dosages of 10, 20, 40, and 60 mM for 48 h prior to the subsequent assays. *, n = 3, p < 0.05.
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Figure 4. Overexpression of circHIPK3 decreased the expression levels of PTEN in AC16 cells.

To analyze the interaction between circHIPK3 and PTEN, AC16 cells overexpressed with circHIPK3 or PTEN (A). The effect of PTEN
overexpression on circHIPK3 expression and the effect of circHIPK3 overexpression on PTEN expression were analyzed by RT-qPCR
(B). The effects of overexpression of circHIPK3 on the expression of PTEN at protein (C) level were analyzed by Western blot,
respectively. *** n = 3, vs pcDNA3.1 group p < 0.01. # n =3, vs si-RNA group p < 0.05.

of PTEN increased cell apoptosis. Moreover, over-
expression of circHIPK3 suppressed the apoptosis
of AC16 cells induced by high glucose and attenu-
ated the effects of overexpression of PTEN on cell
apoptosis (Figure 5, n = 3, p < 0.05).

Discussion

This study mainly explored the involvement of
circHIPK3 and its function in DC. We found
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o
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that circHIPK3 was downregulated in DC and
overexpression circHIPK3 may protect ACI16
cells from high glucose-induced apoptosis by sup-
pressing the expression of PTEN.

CircHIPK3 is a well-characterized oncogenic
RNA in many types of cancer. For instance,
circHIPK3 is upregulated in renal cancer and may
inhibit the apoptosis of cancer cells by decreasing
the expression levels of miR-485-3p [22]. A recent
study reported that circHIPK3 was downregulated
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Figure 5. Overexpression of circHIPK3 suppressed the apoptosis of AC16 cells induced by high glucose through PTEN.
AC16 cells with transfections were first incubated in medium supplemented with 60 mM D-glucose for 48 h, followed by cell

apoptosis assay to analyze cell apoptosis. *, n = 3, p < 0.05.
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in endothelial cells by high glucose treatment, which
in turn induced cell injury [19]. Consistently, our
study also observed decreased expression levels of
circHIPK3 in AC16 cells after treatment with high
D-glucose treatment. Moreover, downregulation of
circHIPK3 was observed in DM, and further down-
regulation was observed in DC. Therefore, the
downregulation of circHIPK3 in DM is likely
induced by high glucose treatment, and the further
downregulation may result in the development of
DC. Our study also showed inhibitory effects of
overexpression of circHIPK3 on high-glucose
induced apoptosis of AC16 cells. Therefore, over-
expression of circHIPK3 may serve as a potential
target for the treatment of DC. However, clinical
trials are needed to verify our hypothesis.

Although the direct role of PTEN in DC has
not been extensively explored, its potential role in
heart injury has been studied in animal models
[21]. It was observed that PTEN was upregulated
in rats with myocardial injury, and the targeting
of PTEN by miR-26a reduces myocardial injury
[21]. In this study, we observed the upregulation
of PTEN in DC. In addition, high glucose treat-
ment also increased the expression levels of
PTEN in ACI16 cells. Therefore, PTEN is also
high glucose-inducible and may promote DC
development by increasing cell apoptosis. At pre-
sent, there is no evidence to prove whether
circHIPK3 affects the expression of miR-26a,
which is one of the directions we are considering
at present, and we will continue to explore it in
future experiments and improve the research in
this direction.

We showed that overexpression of circHIPK3
decreased the expression levels of both PTEN
mRNA and protein. Therefore, circHIPK3 may
affect the transcription of PTEN or affect PTEN
mRNA stability. However, future studies are still
needed to verify this.

In this study, circHIPK3 can negatively regulate the
expression of PTEN, and it has been confirmed that
PTEN is a downstream protein of circHIPK3. In
clinical treatment, the therapeutic effect can be
achieved by targeting the expression of PTEN. It is
well known that PTEN can regulate the release of
insulin [11] and also plays a key role in the cardiovas-
cular system [23]. This may be good news for patients
with DC. PTEN may be able to combine the treatment

of diabetes and heart disease. The direct regulation of
PTEN or the indirect regulation of PTEN by
circHIPK3 may be a therapeutic approach for DC.

Conclusion

In conclusion, circHIPK3 is downregulated in DC.
In addition, circHIPK3 may downregulate PTEN
to suppress the apoptosis of AC16 cells induced by
high glucose, thereby improving DC.
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