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LncRNA ZNF593-AS alleviates diabetic
cardiomyopathy via suppressing
IRF3 signaling pathway
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Diabetes could directly induce cardiac injury, leading to car-
diomyopathy. However, treatment strategies for diabetic
cardiomyopathy remain limited. ZNF593-AS knockout and
cardiomyocyte-specific transgenic mice were constructed. In
addition, high-fat diet (HFD)-induced diabetic mouse model
and db/db mice, another classic diabetic mouse model, were
employed. ZNF593-AS was silenced using GapmeR, a modi-
fied antisense oligonucleotide, while overexpressed using a re-
combinant adeno-associated virus serotype 9-mediated gene
delivery system. Transcriptome sequencing, RNA pull-down
assays, and RNA immunoprecipitation assays were also per-
formed to investigate the underlying mechanisms. ZNF593-
AS expression was decreased in diabetic hearts. ZNF593-AS
attenuated the palmitic acid-induced apoptosis of cardiomyo-
cytes in vitro. In HFD-induced diabetic mice, ZNF593-AS
deletion aggravated cardiac dysfunction and enhanced cardiac
apoptosis and inflammation. In contrast, HFD-induced car-
diac dysfunction was improved in ZNF593-AS transgenic
mice. Consistently, ZNF593-AS exerted the same cardiopro-
tective effects in db/db mice. Mechanistically, ZNF593-AS
directly interacted with the functional domain of interferon
regulatory factor 3 (IRF3), and suppressed fatty acid-induced
phosphorylation and activation of IRF3, contributing to the
amelioration of cardiac cell death and inflammation. In
conclusion, our results identified the protective role of
ZNF593-AS in diabetic cardiomyopathy, suggesting a novel
potential therapeutic target.
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INTRODUCTION
Diabetes mellitus is a widespread metabolic disorder with a substan-
tially increasing prevalence.1 Among patients with diabetes, cardio-
vascular disease, as a common comorbidity, is the major cause of
death.2 Coronary artery disease is known to increase the prevalence
of heart failure in patients with diabetes. Metabolic abnormalities
can also directly damage cardiomyocytes, leading to diabetic cardio-
myopathy. Diabetic cardiomyopathy refers to a clinical condition in
patients with diabetes combined with ventricular dysfunction in the
absence of coronary artery disease and hypertension.3 The patho-
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physiological abnormalities contributing to cardiac dysfunction in
diabetic hearts involve impaired mitochondrial function, increased
oxidative stress, exacerbated insulin resistance, abnormal calcium
handling, and enhanced apoptosis.4 In addition to the pivotal roles
of cardiomyocytes, the immune system also contributes greatly.
Some bio-mediators, such as cytokines and chemokines, released by
diabetes-damaged cardiomyocytes, can trigger the maladaptive pro-
inflammatory response, which in turn aggravates metabolic disor-
ders.5 For instance, high glucose and elevated fatty acid-induced
reactive oxygen species (ROS) overproduction could promote the
activation of the NLRP3 inflammasome in cardiomyocytes and
trigger the subsequent processing and secretion of mature interleukin
(IL)-18 and IL-1b, which contributed to the influx of immune cells,
apoptosis of cardiomyocytes, and activation of fibroblasts in diabetic
hearts.6,7 Thus, blocking the process of inflammation may be impor-
tant to treat diabetic cardiomyopathy.

Long non-coding RNAs (lncRNAs) are a class of functional tran-
scripts longer than 200 nucleotides without protein-coding capacity.
In recent years, various lncRNAs have been reported to regulate gene
expression at both transcriptional and post-transcriptional levels in
cardiovascular diseases via multiple molecular mechanisms, which
suggests the possibility for lncRNAs to serve as potential therapeutic
targets.8,9 For instance, lncRNA Mhrt could sequester Brg1, a
chromatin-remodeling factor from its chromatin targets, such as
MYH6 and MYH7, to inhibit MYH6/MYH7 isoform switch in
pressure-overloaded hearts, thereby preventing stress-induced car-
diac remodeling.10 Recently, we have identified a novel conserved
herapy: Nucleic Acids Vol. 32 June 2023 ª 2023 The Author(s). 689
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cardiomyocyte-enriched lncRNA, ZNF593-AS, which improves cal-
cium handling and contractile function of cardiomyocytes by stabiliz-
ing RYR2 mRNA in pressure-overload-induced heart failure.11 How-
ever, positive inotropic therapies have failed to improve long-term
clinical outcomes of patients with chronic heart failure in multiple
clinical trials.12,13 Diabetes is particularly prevalent in chronic heart
failure patients and associated with a poor prognosis.14 Considering
the direct myocardial damage caused by diabetes, we wonder whether
ZNF593-AS can also participate in diabetes-induced cardiac injury.

Interferon regulatory factor 3 (IRF3) is a transcription factor that acts
as an important mediator of the cGAS-STING signaling pathway.
Generally, cGAS senses cytosolic pathogen DNA during viral or bac-
terial infection and activates its adaptor STING. Subsequently, IRF3
dimerizes and translocates to the nucleus after being phosphorylated
by TBK1, which is activated by interaction with STING. Functioning
as a transcription factor, activated nuclear IRF3 triggers the expres-
sion of type I interferon and chemokines to defend against infec-
tions.15 It is worth noting that in addition to these classical path-
ogen-associated molecular patterns, damage-associated molecular
patterns such as cytosolic double-stranded DNA released from
damaged mitochondria can activate IRF3 via the cGAS-STING
signaling pathway. Under such non-infectious conditions, an overac-
tivated IRF3 pathway can cause sterile autoinflammation, contrib-
uting to tissue injury.16–18

In the present study, we found that ZNF593-AS expression was
decreased in diabetic hearts, and ZNF593-AS overexpression attenu-
ated diabetes-induced cardiac dysfunction in two diabetic mouse
models. Mechanistically, we demonstrated that cytosolic ZNF593-
AS sequestered IRF3 in the cytoplasm by inhibiting IRF3 phosphor-
ylation, thereby preventing the release of the downstream pro-inflam-
matory factors. Taken together, our results suggest that ZNF593-AS is
a potential therapeutic target in diabetic cardiomyopathy.

RESULTS
LncRNA ZNF593-AS expression is decreased in diabetic hearts

To determine whether ZNF593-AS participates in diabetic cardiomy-
opathy, we first examined ZNF593-AS expression levels in twomouse
models of diabetes: leptin receptor-deficient db/db mice and high-fat
diet (HFD)-induced obese mice. The expression level of ZNF593-AS
was decreased by half in the hearts of the two diabetic models (Fig-
ure 1A). Previously, we identified ZNF593-AS as a cardiomyocyte-en-
riched lncRNA mainly localized in the cytoplasm.11 To further
confirm the expression pattern of cardiac ZNF593-AS in diabetes,
we conducted a fluorescence in situ hybridization (FISH) assay in
the heart, and found that the intensity of ZNF593-AS signal that
co-localized with the cardiomyocyte-specific marker, cTnT, was sub-
stantially decreased in the diabetic state (Figure 1B).

In diabetic hearts, due to insulin resistance and/or insulin deficiency,
the utilization of glucose decreases with fatty acids becoming almost
the complete energy source.19 As a result, excessive fatty acids infu-
sion induces intramyocardial lipid accumulation and lipotoxic injury,
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contributing to cardiomyocyte apoptosis and cardiac dysfunction.20

Therefore, in the in vitro cell model, we used palmitic acid (PA) to
mimic such fatty acids overload condition, a feature closely related
to diabetic cardiomyopathy.21–24 As expected, PA reduced the tran-
script levels of ZNF593-AS in human AC16 and murine HL-1 cells
(Figure 1C). Consistently, the expression of ZNF593-AS was
decreased in highly purified neonatal murine ventricular myocytes
(NMVMs) under PA treatment, as well (Figures S1A and S1B). In
addition, FISH assay further confirmed that ZNF593-AS was pre-
dominantly localized in the cytoplasm and decreased by PA treatment
in cultured AC16 and HL-1 cells (Figure 1D).

Collectively, the decreased abundance of ZNF593-AS in the hearts of
mice with diabetes indicated a potential role of ZNF593-AS in dia-
betic cardiomyopathy.

LncRNA ZNF593-AS attenuates diabetes-induced cardiac

dysfunction

To investigate the potential function of ZNF593-AS in vivo, we gener-
ated ZNF593-AS knockout (KO) mice using the CRISPR-Cas9-medi-
ated genome editing system (Figure 2A). The PCR assay confirmed
the deletion of exons 1–3 region in the genome of ZNF593-AS KO
mice (Figure S2A). We further validated ZNF593-AS expression in
the hearts of ZNF593-AS KO mice using RT-qPCR (Figure S2B)
and did not observe any change in the expression of the Zfp593
gene, which encodes ZNF593 on the opposite strand of ZNF593-AS
(Figure S2C).

A diabetic mouse model was established through HFD feeding. Echo-
cardiography was performed 6 months after HFD feeding. HFD
remarkably induced systolic and diastolic dysfunction with reduced
ejection fraction, fractional shortening, and mitral E/A ratio
(Figures 2B, 2C, S3A, and S3B). Consistently, hemodynamic param-
eters, the maximum rate of rise of left ventricular pressure during
contraction (dp/dtmax), and the maximum rate of rise of left ventric-
ular pressure during relaxation (dp/dtmin) measured by Millar pres-
sure catheter indicated that ZNF593-AS KO mice developed aggra-
vated systolic and diastolic dysfunction compared with littermate
wild-type mice when fed with HFD (Figure 2D). A considerable in-
crease in the percentage of TUNEL-positive nuclei was observed in
the hearts of ZNF593-AS KO mice fed with HFD, suggesting
enhanced apoptosis (Figures 2E and 2F). However, the HFD-induced
increase in body weight and fasting blood glucose were unaffected by
ZNF593-AS deletion (Figures S4A and S4B).

To further confirm the function of ZNF593-AS under diabetic condi-
tions, we used another two classic diabetic models, db/db mice and
streptozotocin (STZ)-induced diabetes, in which ZNF593-AS was
silenced with GapmeR, a modified antisense oligonucleotide. At the
end of the treatment period, we observed elevated blood glucose in
db/db and STZ-treated mice (Figures S5A and S5B). As expected,
the GapmeR-mediated knockdown of ZNF593-AS exacerbated car-
diac dysfunction in db/db and STZ-treated mice (Figures S5C–
S5H). Silencing efficiency was validated using RT-qPCR (Figures S5I



Figure 1. LncRNA ZNF593-AS expression is decreased in diabetic hearts

(A) ZNF593-AS expression in the hearts of db/db mice and high-fat-diet mice using RT-qPCR. (B) Co-localization of ZNF593-AS with cardiomyocyte-specific marker using

FISH assay. (C) RT-qPCR analysis of ZNF593-AS in AC16 and HL-1 cells under the stimulation of PA. (D) FISH of ZNF593-AS in AC16 and HL-1 cells under the stimulation of

PA. Comparisons were performed by Student’s t test for (A) and (C).
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and S5J). In addition, we did not observe any obvious effects of
ZNF593-AS on cardiac function in non-diabetic mice, suggesting
that ZNF593-AS functions selectively in the diabetic state.

Indeed, ZNF593-AS KO led to global deletion of ZNF593-AS, and the
same case for GapmeR. However, we observed that kidney and liver
function, and serum levels of blood glucose, as well as hepatic meta-
bolic parameters remained unchanged in ZNF593-AS KO mice
(Figures S6A–S6H), suggesting that the deteriorated cardiac function
mediated by ZNF593-AS KO might be directly contributed by the
heart rather than the indirect effects from other metabolic organs
such as the liver.

To further confirm the cardioprotective role of ZNF593-AS in cardi-
omyocytes, cardiomyocyte-specific transgenic (Tg) mice with
ZNF593-AS overexpression driven by the myosin heavy chain 6
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(Myh6) promoter were constructed (Figures 2G, S7A, and S7B). After
6 months of HFD feeding, blood glucose level was increased in HFD-
fed mice (Figure S8). Cardiac function was ameliorated in ZNF593-
AS Tg mice compared with that of WT mice, characterized by
increased ejection fraction, fractional shortening, E/A ratio, dp/dtmax,
and dp/dtmin (Figures 2H–2J, S9A, and S9B), and we observed a
decrease in the number of apoptotic cells in the hearts of ZNF593-
AS Tg mice (Figures 2K and 2L). In line with this, we attempted to
overexpress ZNF593-AS in diabetic db/db mice using a gene delivery
system mediated by recombinant adeno-associated virus serotype 9
(rAAV9) with a cardiomyocyte-specific troponin T promoter
(Figures S10A and S10B). We found that cardiac overexpression of
ZNF593-AS attenuated left ventricular contractile dysfunction in dia-
betic db/db mice (Figures S10C and S10D).

Together, these in vivo data indicated that ZNF593-AS could alleviate
diabetes-induced cardiac dysfunction.
LncRNA ZNF593-AS interrupts IRF3-dependent signaling via

suppressing IRF3 phosphorylation

Next, we confirmed the function of ZNF593-AS following PA stimu-
lation in vitro. In HL-1 cells, silencing of ZNF593-AS with GapmeR
enhanced PA-induced apoptosis (Figures 3A and S11A). By contrast,
PA-induced apoptosis was suppressed by ZNF593-AS overexpression
(Figures 3B and S11B).

To further investigate the underlying molecular mechanism, we
performed transcriptome analysis of HL-1 cells with or without
ZNF593-AS overexpression under PA stimulation, which identified
approximately 400 differentially expressed genes (fold change >2 or
<0.5, p < 0.05). Among the downregulated genes in volcano plots,
the majority were prototypical IRF3-dependent genes, such as
Ifnb1, Cxcl10, Ifit1, Ccl2, Ccl5, Mx1, and Isg15 (Figure 3C). Consis-
tently, a dramatic decrease in the expression of these IRF3-dependent
genes was confirmed using RT-qPCR (Figure 3D); however, the
mRNA levels of IRF3 were not affected by ZNF593-AS (Figure 3C,
black point). Then, we investigated whether the protein level of
IRF3 was regulated by ZNF593-AS. Results showed that IRF3 protein
levels were not affected by ZNF593-AS overexpression following PA
treatment, either (Figure 3E). Therefore, we further measured the
levels of the activated form of IRF3, phosphorylated IRF3 (pIRF3).
As expected, we observed that ZNF593-AS overexpression decreased
the level of pIRF3, suggesting that ZNF593-AS inhibited the tran-
scription of IRF3-related cytokines and chemokines by suppressing
the phosphorylation of IRF3 (Figure 3E). In addition, overexpression
Figure 2. ZNF593-AS attenuates diabetes-induced cardiac dysfunction

(A) Schematic of the strategy used for ZNF593-AS deletion. (B, C, and D) Echocardiograp

high-fat or normal diet: EF value, FS value (B), E/A ratio (C), dp/dtmax and dp/dtmin (D). (E

mice fed with high-fat or normal diet. (G) Schematic of the strategy used for ZNF593

analysis and hemodynamic parameters of ZNF593-AS Tg andWTmice fedwith high-fat

Immunostaining of TUNEL staining in the hearts of ZNF593-AS Tg and WT mice fed w

comparisons.
of ZNF593-AS suppressed the phosphorylation level of IRF3 in
NMVMs, as well as in HL-1 cells (Figure S12).

Taken together, these data suggested that ZNF593-AS could inhibit
the IRF3 signaling pathway by suppressing IRF3 phosphorylation un-
der PA treatment.
IRF3 signaling pathway is activated in diabetic hearts

PA could activate the STING-IRF3 pathway by triggering the leakage
of mtDNA from damaged mitochondria into the cytosol in endothe-
lial cells and cardiomyocytes.18,25 Consistently, we found that PA
treatment substantially increased the amount of mtDNA in the
cytosol of HL-1 cells (Figure 4A), which could lead to the phosphor-
ylation of IRF3 by subsequent activation of the cGAS-STING
pathway. As expected, we observed that pIRF3 was dramatically
increased in the hearts of db/db and HFD-induced diabetic mice, sug-
gesting the activation of IRF3 signaling (Figure 4B).

To verify whether IRF3 was activated in human diabetic hearts, we
obtained several heart samples from patients with heart failure com-
bined with diabetes. Consistently, the ratio of pIRF3/IRF3 was
remarkably increased in diabetic failing hearts compared with that
in non-diabetic failing hearts (Figure 4C). Collectively, these data pro-
vide strong evidence for the activation of IRF3 in diabetic hearts.
Meanwhile, we examined the expression of ZNF593-AS in the same
human heart samples and found that hsa-ZNF593-AS expression
was decreased in diabetic failing hearts compared with that in non-
diabetic failing hearts (Figure 4D). Furthermore, correlation analysis
revealed a negative correlation between ZNF593-AS expression and
the IRF3 phosphorylation ratio, indicating that hsa-ZNF593-AS
could potentially suppress the phosphorylation of IRF3 in diabetic
cardiomyopathy (Figure 4E).

These data implied that phosphorylation of IRF3 was significantly
enhanced in diabetic hearts, which might lead to the activation of
downstream pathways.
LncRNAZNF593-AS inhibits diabetes-induced activation of IRF3

signaling pathway

As a transcription factor, IRF3 translocates to the nucleus and triggers
the transcription of pro-inflammatory factors when it is phosphory-
lated. Therefore, to further evaluate the function of ZNF593-AS, we
isolated a highly purified nuclear fraction (Figure S13). In HL-1
and AC16 cells, ZNF593-AS overexpression substantially blocked
the PA-induced-IRF3 nuclear translocation (Figures 5A and 5B).
hic analysis and hemodynamic parameters of ZNF593-AS KO andWTmice fed with

and F) Immunostaining of TUNEL staining in the hearts of ZNF593-AS KO and WT

-AS cardiomyocyte-specific Tg mice construction. (H, I, and J) Echocardiographic

or normal diet: EF value, FS value (H), E/A ratio (I), dp/dtmax, and dp/dtmin (J). (K and L)

ith high-fat or normal diet. One-way ANOVA with the Tukey post-test was used for
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Given that we demonstrated that ZNF593-AS could prevent PA-
induced-IRF3 activation in vitro, we next investigated this in vivo.
As predicted, we found that ZNF593-AS deletion significantly
enhanced IRF3 phosphorylation and nuclear translocation in the car-
diac tissues of HFD-fed mice (Figures 5C and 5D). The HFD-induced
expression of typical IRF3-dependent chemokines, such as Cxcl10,
Ccl5, and Ccl2, were further enhanced by ZNF593-AS deletion
(Figure 5E).

HFD-induced cardiac IRF3 activation, manifested by phosphoryla-
tion and nuclear translocation, was inhibited in ZNF593-AS Tg
mice (Figures 5F and 5G). In addition, we observed a modest reduc-
tion in the expression of IRF3-dependent chemokines in the hearts of
ZNF593-AS Tg mice fed with HFD (Figure 5H).

To determine if nuclear translocation was increased in which cell type
of IRF3, we stained IRF3 with different cardiac cell type markers such
as troponin I (TNI), CD31, and vimentin. Interestingly, reduced
nuclear IRF3 was observed in cardiomyocytes, fibroblasts, and endo-
thelial cells in ZNF593-AS global KOmice heart (Figure S14A). How-
ever, in ZNF593-AS Tg mice heart, only cardiomyocyte localized
nuclear IRF3 was decreased while nuclear IRF3 in fibroblasts and
endothelial cells remained unchanged (Figure S14B). These results
indicated that cardiac-specific ZNF593-AS overexpression-mediated
IRF3 nuclear translocation was specifically localized in cardiomyo-
cytes. However, global ZNF593-AS KO clearly regulated nuclear
IRF3 translocation in non-cardiomyocytes, and therefore, it is
possible that ZNF593-AS overexpression in cardiomyocytes and
non-cardiomyocytes might synergistically protect against diabetic
cardiomyopathy, which is an intriguing subject for future
investigation.

Collectively, these in vitro and in vivo data confirmed that ZNF593-
AS can interrupt diabetes-induced-IRF3 activation and chronic
inflammation.
LncRNA ZNF593-AS directly binds IRF3

To investigate whether the effect of ZNF593-AS on diabetes was
attributed to the inhibition of IRF3 phosphorylation, we used IRF3
small interfering RNA (siRNA) and BX795, a TBK1 inhibitor, to sup-
press the IRF3 signaling pathway (Figures S15A and S15B).26 Under
the stimulation of PA, the protection of ZNF593-AS against apoptosis
was diminished when treated with IRF3 siRNA or BX795, suggesting
the function of ZNF593-AS was mediated via IRF3 signaling
(Figures 6A, 6B, S16A, and S16B).
Figure 3. ZNF593-AS interrupts IRF3-dependent signaling via suppressing IRF

(A) Flow cytometry analysis showed ZNF593-AS knockdown accelerated PA-induced

expression antagonized PA-induced apoptosis of HL-1 cells. (C) Scatterplot diagram of

cells. Blue points represent downregulated genes, red points represent upregulated gen

or <0.5, p < 0.05). (D) RT-qPCR validation of the expression of representative IRF3-depe

lysates of control and ZNF593-AS overexpression under PA treatment. Student’s t test

was used in (A) and (B).
We then investigated whether ZNF593-AS affected the phosphoryla-
tion state of IRF3 by directly binding to IRF3. First, we synthesized
ZNF593-AS and its antisense strand via in vitro transcription, labeled
the 30 end of the RNA with biotin, and performed RNA pull-down as-
says using HL-1 and AC16 cell lysates. As expected, hsa-ZNF593-AS
and mmu-ZNF593-AS strongly bound to IRF3 (Figure 6C). To
further confirm the interaction between ZNF593-AS and IRF3 in vivo,
an RNA immunoprecipitation (RIP) assay was conducted
(Figures S17A and S17B). Consistent with the results of the RNA
pull-down assay, ZNF593-AS was substantially enriched with IRF3
antibody (Figure 6D).

To further determine the domain of IRF3 that contributed to the
binding with ZNF593-AS, we constructed a series of vectors, express-
ing full-length IRF3 and different domain deletion mutants with
FLAG tag, respectively (Figure 6E). Next, we performed RIP assay us-
ing an FLAG antibody. The truncation-deleting signal response
domain (SRD), also called serine-rich domain, which contained
several phosphorylation sites and contributed to the activation of
IRF3, showed less enrichment for ZNF593-AS, suggesting that the
interaction between IRF3 and ZNF563-AS depends on the SRD re-
gion (Figure 6F).

Thus, we speculated that ZNF593-AS may directly bind to the SRD of
IRF3, impairing IRF3 phosphorylation and activation.

DISCUSSION
In the current study, we identified a diabetes-related lncRNA,
ZNF593-AS, that could attenuate diabetes-induced cardiac dysfunc-
tion by preventing the activation of the IRF3 pathway, which pro-
vided a novel therapeutic strategy to target cardiac injury in diabetes
(Figure 6G).

Glycemic control has long been the focus of diabetes treatment. How-
ever, considering the prevalence of cardiac dysfunction in diabetic
patients, evidence from clinical studies has revealed that glucose man-
agement with insulin is associated with worse outcomes in diabetic
patients with heart failure.27,28 Therefore, in addition to intensive gly-
cemic control therapy, treatments targeting diabetes-induced cardiac
injury need to be taken into consideration. Sodium-glucose cotrans-
porter 2 (SGLT2) inhibitors, a novel class of hypoglycemic agents,
reduce adverse cardiovascular outcomes in heart failure patients
with diabetes; this cardiovascular benefit is independent of the hypo-
glycemic ability, given that cardioprotective effects also exist in the
absence of diabetes.29 Numerous new potential treatment strategies
targeting the pathophysiology of diabetic cardiomyopathy, including
3 phosphorylation

apoptosis of HL-1 cells. (B) Flow cytometry analysis showed ZNF593-AS over-

DEGs between control and ZNF593-AS overexpression groups in PA-treated HL-1

es, gray points represent non-DEGs, and black points represent Irf3 (fold change >2

ndent genes. (E) Western blotting analysis of phosphorylated and total IRF3 in HL-1

was used for comparisons in (D) and (E). One-way ANOVA with the Tukey post-test
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Figure 4. IRF3 signaling pathway is activated in diabetic heart

(A) qPCR analysis of mtDNA in cytosolic fraction. Nuclear DNA,18S rDNA served as loading control. (B) Western blotting analysis of phosphorylated and total IRF3 in the

hearts of HFD and db/dbmice (mouse IRF3 band was observed in approximately 50 kDa). (C) Western blotting analysis of phosphorylated and total IRF3 in the hearts of heart

failure patients with or without diabetes (human IRF3 band was observed in approximately 55 kDa). (D) RT-qPCR analysis of ZNF593-AS levels in the hearts of heart failure

patients with or without diabetes. (E) Correlation analysis between ZNF593-AS expression and IRF3 phosphorylation level. Student’s t test was used for comparisons in (A),

(B), (C), and (D). Pearson correlation analysis was used in (E).
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increased oxidative stress, overactivated inflammation, and metabolic
disturbances, show favorable outcomes in animal models of diabetes
for preclinical research.30–32 Over the past decades, lncRNAs have
696 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
been identified to regulate the expression of various genes to exert
biological functions, thus emerging as a new prospect for therapy.33,34

Many studies have demonstrated that lncRNAs play an important



Figure 5. ZNF593-AS inhibits diabetes-induced activation of IRF3 signaling pathway

(A and B) Western blotting analysis of IRF3 in cytoplasmic and nuclear extracts of HL-1 (A) and AC16 cells (B) transfected with ZNF593-AS under the stimulation of PA.

GAPDH and Lamin B1 served as loading control. (C, D, and E) Western blotting analysis of phosphorylated and total IRF3 (C), western blotting analysis of cytoplasmic and

nuclear IRF3 (D), and RT-qPCR analysis of the expression of Cxcl10, Ccl2, and Ccl5mRNA levels (E) in ZNF593-AS KO and WT mice hearts. (F, G, and H) Western blotting

analysis of phosphorylated and total IRF3 (F), western blotting analysis of cytoplasmic and nuclear IRF3 (G), and RT-qPCR analysis of the expression of Cxcl10, Ccl2, and

Ccl5 mRNA levels (H) in ZNF593-AS Tg and WT mice hearts. One-way ANOVA with the Tukey post-test was used for comparisons.
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Figure 6. ZNF593-AS directly binds IRF3

(A and B) Anti-apoptotic effect of ZNF593-AS overexpression was blocked by IRF3 knockdown (A) and BX795 treatment (4 mM) (B). (C) RNA pull-down assay followed by

western blotting of IRF3. HL-1 and AC16 cell lysates were incubated with biotin-labeled sense or antisense (negative control) of ZNF593-AS. (D) RIP assay to determine the

(legend continued on next page)
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role in the development and progression of diabetic cardiomyopa-
thy.35–37 ZNF593-AS is a cardiomyocyte-enriched lncRNA, which
is conserved between humans andmice, and is known to exert protec-
tive effects in pressure-overload-induced heart failure. In this study,
we found that the expression of ZNF593-AS was decreased in diabetic
failing hearts of patients and mouse models. Using HFD and db/db
mouse models, we demonstrated that ZNF593-AS knockdown exac-
erbated cardiac dysfunction, increased apoptosis, and aggravated in-
flammatory reactions, and ZNF593-AS overexpression showed the
opposite effect. Although ZNF593-AS knockdown is global in vivo,
global knockdown of ZNF593-AS had no effects on kidney and liver
function, as well as hepatic metabolic parameters, which suggested
that ZNF593-AS might exert its cardioprotective function directly
on the heart. To specifically target the heart, our subsequent study us-
ing cardiomyocyte-specific promoter to drive ZNF593-AS overex-
pression further confirmed the protective role of ZNF593-AS directly
in cardiomyocytes. However, we are indeed unable to rule out the ef-
fects of ZNF593-AS in other cardiac cells, such as cardiac fibroblasts
or cardiac endothelial cells, which is an intriguing subject for future
study.

Next, IRF3 was identified as the target of ZNF593-AS in cardiomyo-
cytes in the diabetic state. ZNF593-AS directly binds to IRF3 to block
its phosphorylation, leading to prevention of apoptosis and
inflammation.

The activated STING-IRF3 signaling pathway has been previously re-
ported to participate in the lipotoxic damage of islet b cells in type 2
diabetes, and IRF3 knockdown can ameliorate inflammation and
apoptosis of insulinoma cells induced by PA in vitro.38 Similarly, in
high-fat-fed mice, IRF3 is involved in the inflammation and insulin
resistance of adipose tissues.18,39 Here, we observed that IRF3 was
phosphorylated and activated in the cardiac tissue of heart failure pa-
tients with diabetes and diabetic mice, which was consistent with the
results of a previous study using the db/db mouse model.25 In addi-
tion, inhibition of the STING-IRF3 pathway by using an STING in-
hibitor has been reported to ameliorate cardiac remodeling and
inflammation in an animal model of diabetic cardiomyopathy.25

The elevated level of non-esterified fatty acids, which could induce
mitochondrial damage and leakage of mtDNA into the cytosol, might
be the main contributor to the activation of IRF3 in diabetic hearts.
Consistently, under PA treatment, IRF3 was phosphorylated and
translocated into the nucleus in cultured cardiomyocytes. Further-
more, transcriptome analysis revealed that ZNF593-AS markedly in-
hibited the IRF3 signaling pathway in vitro. Next, we found that IRF3
phosphorylation and activation of downstream IRF3-regulated genes
were blocked by ZNF593-AS overexpression in the hearts of HFD-fed
mice. In our heart samples of heart failure patients with diabetes, the
IRF3 phosphorylation ratio was negatively correlated with the expres-
binding of IRF3 and ZNF593-AS by using IRF3 antibody or IgG (negative control) in HL-1

different domain with FLAG tag at C-terminal (upper panel). Western blotting analysis o

(F) RIP assay with FLAG antibody in HL-1 cells transfected with IRF3 full-length and dif

cardiomyopathy. Student’s t test was used for comparisons in (D). One-way ANOVA w
sion of ZNF593-AS, providing additional supporting evidence. In
addition, we demonstrated that the protective effect of ZNF593-AS
was mediated by inhibition of IRF3 phosphorylation by knocking
down IRF3 and using a TBK1 inhibitor in vitro. However, further
in vivo studies are required to validate this hypothesis.

Considering that the downstream genes of IRF3 such as Ccl2/Cxcl10
are more macrophage-enriched compared with cardiomyocytes, we
wondered whether ZNF593-AS and IRF3 also play roles in macro-
phages. In RAW 264.7 cells, a murine macrophage cell line, we found
that ZNF593-AS indeed suppressed PA-induced IRF3 phosphoryla-
tion, similar to that observed in cardiomyocytes (Figure S18A). How-
ever, ZNF593-AS expression remained unchanged under PA stimula-
tion in RAW 264.7 cells (Figure S18B), different from the
downregulation of ZNF593-AS in cardiomyocytes under the same
PA treatment. These findings suggested that even though exogenous
ZNF593-AS overexpression in macrophages might have some regula-
tory effects, endogenous ZNF593-AS in macrophages was not the
leading trigger for cardiomyopathy during diabetic condition.

Previously, we have identified RYR2 as a downstream target of
ZNF593-AS in pressure-overload-induced heart failure. To further
explore the relationship between RYR2 and the new target IRF3 in
diabetic cardiomyopathy, we first examined the expression of RYR2
in ZNF593-AS KO and Tg mice hearts using RT-qPCR, and found
that RYR2 mRNA level was decreased in ZNF593-AS KO hearts,
and conversely, RYR2 mRNA level was increased in ZNF593-AS
TG mice hearts. (Figures S19A and S19B). However, RYR2 was un-
able to affect IRF3 phosphorylation, and IRF3 was unable to regulate
RYR2 expression, vice versa (Figures S19C and S19D). These results
suggested that ZNF593-AS might regulate RYR2 expression and IRF3
phosphorylation simultaneously, but independently, in diabetic car-
diomyopathy. Notably, we have demonstrated that ZNF593-AS in-
hibited PA-induced apoptosis via suppressing IRF3 phosphorylation.
However, RYR2 knockdown failed to diminish such anti-apoptotic
effect mediated by ZNF593-AS overexpression (Figures S19E and
S19F). Therefore, even though we were unable to completely rule
out the participation of the ZNF593-AS/RYR2 pathway in diabetic
cardiomyopathy, our in vitro data showed that ZNF593-AS/IRF3
rather than the ZNF593-AS/RYR2 pathway alleviated lipotoxicity-
induced cardiomyocyte apoptosis and inflammation, the character-
istic pathophysiological abnormalities that contributed to cardiac
dysfunction in diabetic hearts.

Several lncRNAs, such as lncRNA-ISIR, lncLrrc55-AS, and lncBST2-2,
have been shown to enhance the phosphorylation of IRF3 via different
regulatory mechanisms, which play important roles in the immune
response to viral infection.40–42 For instance, lncLrrc55-AS can pro-
mote phosphatasemethylesterase 1 (PME-1)-mediated demethylation
and AC16 cells. (E) Schematic diagram of IRF3 full-length and truncations deleting

f HL-1 cells transfected with IRF3 full-length and different truncations (lower panel).

ferent truncations. (G) Schematic diagram of the function of ZNF593-AS in diabetic

ith the Tukey post-test was used (A) and (B).
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and inactivation of phosphatase 2A, an inhibitor of the IRF3 signaling
pathway, by binding to PME-1, thus strengthening IRF3 phosphoryla-
tion.42 In this study, we found an lncRNA exerting a suppressive effect
on the phosphorylation of IRF3. By performing RNA pull-down and
RIP assays, we demonstrated that ZNF593-AS could directly bind to
the IRF3 protein. Specifically, the SRD region of IRF3, which possesses
a phosphorylation site, interacts with ZNF593-AS. A previous study
revealed that the cytosolic lncRNA NKILA can inhibit IkB phosphor-
ylation by directly masking the phosphorylation motifs of IkB.43

Therefore, we speculated that the interaction between ZNF593-AS
and IRF3 could mask the phosphorylation site of IRF3 in the SRD re-
gion, contributing to the suppression of IRF3 phosphorylation.

Our study revealed the cardioprotective role of a conserved lncRNA,
ZNF593-AS, in diabetic cardiomyopathy. By suppressing IRF3 phos-
phorylation, ZNF593-AS ameliorated diabetes-induced cardiac
injury, providing a new strategy for the treatment of diabetic
cardiomyopathy.
MATERIALS AND METHODS
Cell culture and treatments

Human cardiomyocyte AC16 cells were cultured in DMEM (Gibco,
Grand Island, NY, USA) containing 10% fetal bovine serum (FBS,
Gibco) at 37�C in 5% CO2. Murine HL-1 cells were maintained in
Claycomb medium (Sigma-Aldrich, St. Louis, MO, USA) with 10%
FBS, supplemented with 100 mM norepinephrine and 4 mM
L-glutamine. NMVMs were separated from 1- to 3-day-old C57BL/
6 mice and cultured in DMEM medium containing 10% FBS, BrdU
(0.1 mM), and penicillin/streptomycin, as described previously.44

RAW 264.7 cells were cultured in DMEM medium with 10% FBS.

HL-1 and AC16 cells were treated with 0.3 mM PA conjugated with
10% fatty acid-free bovine serum albumin (BSA) for 24 h, and cells in
the control group were treated with equal concentrations of BSA so-
lution. The plasmid, siRNA, and GapmeR were transfected into cells
using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s instructions.
Animals

All experiments were approved by the Animal Care andUse Commit-
tee of Tongji Medical College, Huazhong University of Science and
Technology (Wuhan, China). The animals were maintained under
a 12-h light/12-h dark cycle at constant temperature (22 �C).

ZNF593-AS KO mice were generated by GemPharmatech Co., Ltd.
(Nanjing, China) using the CRISPR-Cas9 system in a C57BL/6 back-
ground. In brief, four guide RNAs (gRNAs) were designed and synthe-
sized to target the exon1–3 region of the ZNF593-AS gene. Cas9mRNA
and gRNA were injected into zygotes that were subsequently trans-
planted into pseudo-pregnant female mice. Founder mice were back-
crossed with wild-type mice for five generations to remove potential
off-target sites. PCR assays were performed to confirm the genotypes
of the mice. The sequences of the primers used are as follows: KO-F:
700 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
50-CCTTTGTCACCCTCAAGCCC-30 and KO-R: 50-CGTGCCCA
CAGAAGTGTCCA-30.

ZNF593-AS cardiomyocyte-specific transgenic (CM-Tg) mice were
generated according to standard procedures under control of Myh6
promoter. The presence of the ZNF593-AS transgene was identified
via PCR by using the following primer pair: F: 50-CTACATTG
TTGGCTGTCCTCG-30 and R: 50-CAGGAGGTACTTCATCGATT
CAG-30.

The KO and CM-Tg mice used in the experiments were males. At the
age of 8 weeks, the mice were randomly divided into chow diet and
HFD groups, followed by continuous feeding of the corresponding di-
ets for 6 months. The HFD (containing 60% fat, Cat# 12033) and
normal control diet (containing 10% fat, Cat# 12031) were purchased
from MediScience Diets Co. Ltd. (Yangzhou, China).

Male db/db (BKS-Leprem2Cd479/Gpt) mice and their wild-type litter-
mates were purchased from GemPharmatech Co., Ltd. (Nanjing,
China). GapmeR specific to ZNF593-AS and its negative control
(20 mg/kg), designed and synthesized by Qiagen (Valencia, CA, USA),
were administered weekly via intraperitoneal injection. At 10 weeks,
db/db and control mice received via tail vein injection 5 � 1011 copies
of the rAAV9 harboring either the ZNF593-AS or GFP sequence under
the control of the troponin T (tnt) promoter. After 16 weeks, the cardiac
functionof db/dbmiceand theirwild-type littermateswas assessedusing
echocardiography and the Millar catheter system.

As for STZ (Sigma-Aldrich) administration, 8-week-old male C57BL/
6 mice were intraperitoneally injected with 40 mg/kg STZ (dissolved
in sodium citrate buffer) for 5 consecutive days, and the control mice
were injected with an equivalent volume of sodium citrate buffer.
GapmeR (20 mg/kg) was administered weekly via intraperitoneal in-
jection. Eight weeks after STZ administration, cardiac function was
assessed using echocardiography and the Millar catheter system.

Echocardiography was performed using the Vero 1100 system
(FUJIFILM VisualSonics, ON, Canada), and hemodynamic parame-
ters were measured using the Millar catheter system, as described
previously.11

Human donors

Human heart tissues were collected according to a protocol approved
by the Clinical Research Committee of Tongji Medical College (Wu-
han, China). The study also conformed to the principles outlined in
the Declaration of Helsinki. The participants recruited in the study
provided informed consent from individual participants or their im-
mediate family members. Heart tissues were collected from patients
with heart failure during heart transplantation. The clinical character-
istics of patients are presented in Table S1.

RNA sequencing

RNA sequencing and data analysis were performed by Seqhealth
Technology Co., LTD (Wuhan, China). Briefly, total RNA was
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extracted fromHL-1 cells using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). The KCTM Stranded mRNA Library Prep Kit was used to
prepare the RNA sequencing library (Seqhealth), by following the
manufacturer’s protocol. The libraries were then submitted to the No-
vaseq 6000 platform for high-throughput sequencing, and differen-
tially expressed genes (DEGs) were analyzed using the edgeR software
package. The raw sequencing data have been uploaded to the GEO
database (GEO: GSE230434).

RNA FISH

RNA FISH of ZNF593-AS was performed as described previously.11

RNA pull-down

ZNF593-AS was synthesized by in vitro transcription using the
TranscriptAid T7 High-Yield Transcription Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA), and then the Pierce RNA 30 End Des-
thiobiotinylation Kit (Thermo Fisher Scientific) was used to label
ZNF593-AS with biotin. Next, the biotin-labeled RNA-protein com-
plex was pulled down using the Pierce Magnetic RNA-Protein Pull-
Down Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The captured proteins were eluted for immunoblot
analysis.

RNA immunoprecipitation

In brief, lysates from ultraviolet light cross-linked cells were incubated
with IRF3 antibody or normal rabbit immunoglobulin G (IgG) (Pro-
teintech, Chicago, IL, USA) at 4�C overnight. Next, the protein-RNA
complex was enriched with protein A/G agarose beads. The RNA in
the precipitate was extracted using TRIzol and analyzed using real-
time quantitative PCR (qPCR).

Cytosolic mitochondrial DNA detection

The cytosolic fraction was isolated without mitochondrial contamina-
tion using the Mitochondria Isolation Kit (Cat# 89874, Thermo Fisher
Scientific) according to themanufacturer’s instructions, and thenDNA
was extracted from the cytosolic fraction using the QIAquick Nucleo-
tide Removal Kit (Qiagen). The quantity of mitochondrial DNA
(mtDNA)wasmeasured using qPCR and normalized to the copy num-
ber of nuclear DNA. The primer sequences used are as follows: mouse-
ND1-F: 50-TCCGAGCATCTTATCCACGC-30, coupled with mouse-
ND1-R: 50-GTATGGTGGTACTCCCGCTG-30, 18S rDNA-F: 50-TA
GAGGGACAAGTGGCGTTC-30, coupled with 18S rDNA-R: 50-CGC
TGAGCCAGTCAGTGT-30.

Subcellular fractionation

Nuclear and cytosolic fractions were separated using a Cell Fraction-
ation Kit (Cell Signaling Technology, Danvers, MA, USA), according
to the manufacturer’s instructions.

Western blotting

Western blotting was performed as previously described.11 The spe-
cific primary antibodies used in this study included IRF3 polyclonal
antibody (Cat# 11312-1-AP, Proteintech), phospho-IRF3 (Ser396)
polyclonal antibody (Cat# 4947, Cell Signaling Technology), lamin
B1 polyclonal antibody (Cat# 12987-1-AP, Proteintech), and
GAPDH monoclonal antibody (Cat# 60004-1-lg, Proteintech).

Quantitative reverse-transcription PCR

Total RNA was extracted with TRIzol and reverse-transcribed into
cDNA using HiScript III First Strand cDNA Synthesis Kit (+gDNA
wiper) (Vazyme Biotech Co., Ltd, China). RT-qPCR was performed
using SYBR Green Mix (KAPA Biosystems, Wilmington, MA,
USA) on a 7900HT FAST real-time PCR system (Life Technologies).
GAPDH or 18S rRNA expression was used as a normalization con-
trol. The primer sequences used are listed in Table S2.

Statistical analysis

Data are presented as mean ± SEM, and statistical analyses were per-
formed using GraphPad Prism (v8.0) (San Diego, CA, USA). Statistical
differences in multiple comparisons were analyzed using one-way
ANOVA, and Student’s t test was used to compare the statistical signif-
icance between two groups. Statistical significance was set at p < 0.05.
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