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DISEASES AND DISORDERS

NPRC deletion attenuates cardiac fibrosis in diabetic
mice by activating PKA/PKG and inhibiting TGF-f1/

Smad pathways

Linlin Meng, Yue Lu, Xinlu Wang, Cheng Cheng, Fei Xue, Lin Xie, Yaoyuan Zhang, Wenhai Sui,

Meng Zhang, Yun Zhang*, Cheng Zhang*

Cardiac fibrosis plays a key role in the progression of diabetic cardiomyopathy (DCM). Previous studies demon-
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strated the cardioprotective effects of natriuretic peptides. However, the effects of natriuretic peptide receptor C
(NPRC) on cardiac fibrosis in DCM remains unknown. Here, we observed that myocardial NPRC expression was
increased in mice and patients with DCM. NPRC~/~ diabetic mice showed alleviated cardiac fibrosis, as well as
improved cardiac function and remodeling. NPRC knockdown in both cardiac fibroblasts and cardiomyocytes
decreased collagen synthesis and proliferation of cardiac fibroblasts. RNA sequencing identified that NPRC de-
letion up-regulated the expression of TGF-B-induced factor homeobox 1 (TGIF1), which inhibited the phosphor-
ylation of Smad2/3. Furthermore, TGIF1 up-regulation was mediated by the activation of CAMP/PKA and cGMP/
PKG signaling induced by NPRC deletion. These findings suggest that NPRC deletion attenuated cardiac fibrosis
and improved cardiac remodeling and function in diabetic mice, providing a promising approach to the treat-

ment of diabetic cardiac fibrosis.

INTRODUCTION

The prevalence of diabetes mellitus (DM) has been continually in-
creasing in the last decade, imposing a substantial burden on global
public health. Epidemiologic studies, such as the Framingham
Heart Study, have established a strong association between diabetes
and an increased risk of heart failure (HF), known as diabetic car-
diomyopathy (DCM), which refers to a series of abnormalities in
cardiac structure and function independent of diabetic macrovascu-
lar complications (I). Despite numerous studies on DCM, there
exist few effective therapies, and glycemic control alone often fails
to improve cardiac function and prognosis (2). Therefore, further
studies on novel therapeutic approaches of DCM are highly
warranted.

DCM initially manifests as diastolic dysfunction but gradually
progresses to systolic dysfunction. The pathogenesis of DCM is ini-
tiated by metabolic disturbances, resulting in mitochondrial dys-
function, oxidative stress, and impaired autophagy. Together,
these effects may induce cardiac hypertrophy, fibrosis and inflam-
mation, and cardiomyocyte (CM) death, which inevitably contrib-
ute to DCM (3). Ample evidence suggests that patients with diabetes
exhibit marked myocardial fibrosis, characterized by the excessive
accumulation of extracellular matrix (ECM) in both left and right
ventricles (4). Currently, no evidence-based therapies have shown
beneficial effects on cardiac fibrosis in diabetic patients (5), indicat-
ing that the mechanism of cardiac fibrosis in diabetes should be
further explored to identify new therapeutic targets.

The most important progress in the pathogenesis of HF involves
neurohumoral activation, which generates many neurohumoral
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factors that may promote or prevent HF. Among these, natriuretic
peptides (NPs) have been recognized as a new class of cardioprotec-
tive factors, which consist of three typical members: atrial natriuret-
ic peptide (ANP), brain natriuretic peptide (BNP), and C-type
natriuretic peptide (CNP). ANP and BNP are mainly synthesized
and secreted by CMs (6) and less produced by cardiac fibroblasts
(CFs) (7, 8). CNP is predominantly secreted by the vascular endo-
thelial cells (9), but CMs and CFs can also produce CNP (10, 11).
These NPs bind to three kinds of natriuretic peptide receptors
(NPRs): guanylyl cyclase A receptor (GCA), guanylyl cyclase B re-
ceptor (GCB), and NPRC. In the heart, NPRC is more abundantly
expressed than GCA and GCB, and NPRC expression is more com-
monly detected in myofibroblasts than CMs (12, 13). GCA and GCB
are coupled to guanylyl cyclase (GC), which increases intracellular
cyclic guanosine monophosphate (cGMP) and activates protein
kinase G (PKG) (14). Unlike GCA or GCB, NPRC is devoid of
GC activity, but contains an inhibitory guanine nucleotide regula-
tory protein (Gi) binding domain in the intracellular region, which
inhibits the activity of adenylate cyclase (AC), leading to a reduced
level of cyclic adenosine monophosphate (cAMP) and less activated
protein kinase A (PKA) (I15). In addition to its signaling activity,
NPRC also acts as a clearance receptor for NPs to maintain homeo-
stasis (16). ANP, BNP, and CNP, by binding to GCA and GCB, exert
multiple cardioprotective roles, such as diuretic (17), anti-hyperten-
sion (18), and anti-cardiac fibrosis (19), whereas GCA or GCB de-
letion worsens cardiac remodeling and dysfunction (20, 21). The
clinical application of nesiritide, a recombinant human BNP (22),
and sacubitril/valsartan, a drug that inhibits both neprilysin and an-
giotensin type I receptor (23), has demonstrated a salutary effect of
NPs on cardiac remodeling and dysfunction. However, the role of
NPRC and its signaling activity in cardiovascular disease remains
unclear. NPRC knockout increased atrial fibrosis under angiotensin
II treatment, but attenuated atrial fibrosis under transforming
growth factor—B1 (TGF-P1) treatment in mice (24, 25). There was
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evidence that NPRC expression was up-regulated in adipose tissue
(26) and skeletal muscles (27) in diabetes, but the expression of
NPRC in the diabetic heart has not been observed. Recently, our
group conducted a multicenter genome-wide association study in
a large Chinese population, which revealed that NPRC gene poly-
morphisms were associated with increased susceptibility to coro-
nary artery disease (CAD) (28), suggesting the crucial role of
NPRC in cardiovascular diseases. Nonetheless, the effect and mech-
anism of NPRC on DCM have not been reported yet. Here, we hy-
pothesized that NPRC deletion may attenuate cardiac fibrosis in
diabetic mice by activating PKA/PKG and inhibiting TGF-p1/
Smad pathways, and a series of in vivo and in vitro experiments
were designed and performed to test this hypothesis.

RESULTS

NPRC expression was increased in the hearts of diabetic
mice and patients with DM and HF

To clarify the role of NPRC in the development of DCM, we con-
structed a mouse model of DCM by consecutive injections of strep-
tozotocin (STZ), followed by 16 weeks of feeding, as described in the
first part of the in vivo experiments. Immunofluorescent staining
and Western blot showed increased NPRC expression in the
hearts of the DM relative to the control group of mice (Fig. 1). In
contrast, no significant difference in GCA and GCB expression was
detected between the hearts of the DM and control groups (fig. S3).
NPRC expression in hearts from healthy donors and patients with
DM and severe HF but without hypertension and coronary artery
stenosis were analyzed by Western blot. The results showed that
NPRC expression was notably increased in patients with DM and
HF compared with that in healthy donors (Fig. 1).

As the heart is composed of approximately 30% CMs and 70%
non-CMs, predominantly CFs (29), we compared the expression of
NPRC in primary neonatal rat CMs (NRCMs) and CFs (NRCFs).
Polymerase chain reaction (PCR) analysis showed a higher
mRNA level of npr3 in NRCFs than in NRCMs (Fig. 1). The distri-
bution of the three NPRs in NRCFs was determined by immunoflu-
orescent staining, which showed that under the same exposure
conditions, the intensity of NPRC was much higher than that of
GCA or GCB. PCR analysis also showed a higher mRNA level of
npr3 than that of nprl and npr2 (fig. S3). These results suggested
that NPRC accounted for most of the NPRs in cultured NRCFs,
which was consistent with previous reports (12, 13). Then,
primary NRCFs were treated with different concentrations of
glucose. Compared with the normal glucose group (NG; 5.5 mM),
the mRNA and protein expression of NPRC in NRCFs in the high
glucose group (HG; 33.3 mM) increased significantly, as detected by
Western blot and PCR analyses, while no significant difference in
NPRC expression was observed between the high osmotic (HO)
and NG groups, thus excluding the impact of elevated osmotic pres-
sure on NPRC expression. Moreover, human CFs differentiated
from human induced pluripotent stem cells (hiPSC-CFs) were
also treated with NG, HG, and HO. Western blot showed that
NPRC increased in the HG group compared with the NG and
HO groups in hiPSC-CFs (Fig. 1). These results indicated that
NPRC may be involved in the function of CFs and the development
of DCM. Additionally, we treated NRCMs with NG, HG, and HO
and found that the expression of NPRC was also higher in HG-
treated NRCMs than in NG- or HO-treated NRCMs (fig. S3),
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suggesting that NPRC in CMs may likely participate in the develop-
ment of DCM.

NPRC deletion improved cardiac function and remodeling
in diabetic mice

To investigate the role of NPRC in DCM progression, we generated
NPRC™~ mice and the deletion of NPRC was confirmed by
Western blot analysis of the heart tissues from wild-type (WT)
and NPRC ™'~ mice (fig. $4). In the second part of the in vivo exper-
iments, NPRC™'~ nondiabetic and diabetic mice exhibited skeletal
abnormalities, including hunched backs, elongated tails, and in-
creased body length, compared with the littermate WT mice (fig.
S4). For the next 16 weeks, blood glucose levels and body weight
of the mice in the DM group differed significantly from those of
the control group. However, neither body weight nor blood
glucose levels showed significant differences between WT and
NPRC™~ mice (WT + control versus NPRC™'~ + control; WT +
DM versus NPRC™~ + DM). Systolic blood pressure (SBP) of
NPRC™'~ mice was lower than that of WT mice, whereas no signifi-
cant difference was observed in diastolic blood pressure (DBP) and
heart rate (WT + control versus NPRC™'~ + control; WT + DM
versus NPRC™'~ + DM). There were no significant differences in
the serum levels of total cholesterol (TC), triglycerides (TG), low-
density lipoprotein cholesterol (LDL-C), and high-density lipopro-
tein cholesterol (HDL-C) among the four groups of mice (fig. S5).

To explore the effect of NPRC deletion on cardiac function and
remodeling, echocardiography was performed before the mice were
euthanized. Compared with the mice in the WT + control group,
mice in the WT + DM group developed cardiac systolic and dia-
stolic dysfunction, as indicated by a significant decrease in left ven-
tricular ejection fraction (LVEF), left ventricular fractional
shortening (LVEFS), and the ratio of early to late diastolic mitral
flow velocities (E/A) and an increase in the ratio of early diastolic
mitral flow to mitral annular velocities (E/e’). NPRC deletion im-
proved cardiac function induced by diabetes in the NPRC™'~ +
DM group, as demonstrated by restored LVEF, LVES, E/A, and E/
¢’ compared with those in the WT + DM group. Furthermore, DM-
induced enlargement in left ventricular end-diastolic diameter
(LVEDD) and left ventricular end-systolic diameter (LVESD) in
the WT + DM group was also restored by NPRC deletion in the
NPRC™'~ + DM group, indicating an improvement in cardiac re-
modeling (Fig. 2).

In general, WT mice in the WT + DM group had a larger heart
size than those in the WT + control group, which was attenuated by
NPRC deletion in the NPRC™~ + DM group. This phenotype was
also demonstrated by the ratio of heart weight to body weight (HW/
BW). Morphological analysis showed that WT mice in the WT +
DM group exhibited significant myocardial disarray under H&E
staining, which was attenuated in the NPRC™~ + DM
group (Fig. 2).

To examine the specific effect of NPRC knockdown on diabetic
myocardium and eliminate the undesirable systemic effects of
NPRC deletion, type 9 adeno-associated virus (AAV9) was
applied, which delivers NPRC short hairpin RNA (shRNA)
(shNPRC) or scramble shRNA (Scr) more specifically to the heart
than other virus (30, 31), in the third part of the in vivo experiments.
Western blot showed that cardiac NPRC expression was down-reg-
ulated in the AAV9-shNPRC + control and AAV9-shNPRC + DM
groups, compared with those in the AAV9-Scr + control and AAV9-
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Fig. 1. NPRC expression was increased in the hearts of diabetic patients, diabetic mice, and glucose-treated CFs. (A) Representative immunofluorescence staining
of NPRC (green) in tissue sections from the left ventricle of control and diabetic mice. The nuclei were counterstained with DAPI (blue). Bar = 50 um. (B) Quantification of
fluorescence intensity of NPRC in (A). n = 6 per group. (C) Representative Western blot images of NPRC expression in the left ventricular samples from control and diabetic
mice. (D) Quantification of the protein expression of NPRC in (C). n = 6 per group. (E) Western blot images of NPRC expression in human heart samples from healthy
donors and patients with DM and HF. (F) Relative mRNA levels of npr3 in primary NRCMs and NRCFs. n = 6 per group. (G) Representative Western blot images of NPRC
expression in NRCFs treated with normal concentration of glucose (NG), high concentration of glucose (HG), and high osmotic medium (HO). (H) Quantification of the
protein expression of NPRC in (G). n = 6 per group. (I) Relative mRNA levels of npr3 in NRCFs treated with NG, HG, or HO. n = 6 per group. (J) Representative Western blot
images of NPRC expression in hiPSC-CFs treated with NG, HG, or HO. (K) Quantification of the protein expression of NPRC in (J). n = 6 per group. Normal distributions were
tested by Shapiro-Wilk method. Unpaired two-tailed Student's t tests were applied in (B), (D), and (F). One-way ANOVA was applied in (H), (1), and (K).
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Fig. 2. NPRC deficiency improved left ventricular function and remodeling in diabetic mice. (A) Representative echocardiographic images for four groups of mice. B
Mode represents a two-dimensional echocardiogram showing left ventricular long-axis view; M Mode represents M-mode echocardiogram showing left ventricular di-
mensions; PW represents pulse-wave Doppler echocardiogram depicting diastolic mitral flow; Tissue represents tissue Doppler echocardiogram displaying mitral annular
velocities. (B) Quantification of left ventricular ejection fraction (LVEF) in four groups of mice. n = 9 to 10 per group. (C) Quantification of left ventricular fractional short-
ening (LVFS) in four groups of mice. n =9 to 10 per group. (D) Quantification of the ratio of early to late diastolic mitral flow velocities (E/A) in four groups of mice.n =9 to
10 per group. (E) Quantification of the ratio of early diastolic mitral flow to early diastolic mitral annular velocities (E/€’) in four groups of mice. n = 8 to 9 per group. (F)
Quantification of left ventricular end-diastolic diameter (LVEDD) in four groups of mice. n = 9 to 10 per group. (G) Quantification of left ventricular end-systolic diameter
(LVESD) in four groups of mice. n =9 to 10 per group. (H) Representative photographs of the hearts from four groups of mice (the first row), cross-sectional images of
hematoxylin and eosin (H&E) staining at the papillary muscle level of the hearts (the second row, scale bar, 500 pm), and H&E-stained sections of hearts from four groups
of mice (the third row, scale bar, 100 um). (I) Quantification of the ratio of heart weight (HW) to body weight (BW) in four groups of mice. n = 9 to 14 per group. Normal

distributions were tested by Shapiro-Wilk method. Two-way ANOVA with Turkey’s post hoc test was used in (B) to (G) and (I).
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Scr + DM groups, respectively, which demonstrated the validity of
AAV9-shNPRC transfection in our mouse model. Different from
the results in NPRC™'~ mice, AAV9-shNPRC delivery did not
induce skeletal abnormalities including hunched backs, elongated
tails, and increased body length in the AAV9-shNPRC + DM
group compared with the AAV9-Scr + DM group. In addition,
SBP was similar between the two groups (fig. S6). By contrast,
AAV9-shNPRC delivery improved cardiac function and remodeling
induced by diabetes in the AAV9-shNPRC + DM group, as demon-
strated by restored LVEF, LVFES, E/A, E/¢/, LVEDD, and LVESD in
NPRC™'~ mice, compared with those in the AAV9-Scr + DM group.
Moreover, HW/BW and hematoxylin and eosin (H&E) staining
showed that heart size and myocardial disarray of mice were allevi-
ated in the AAV9-shNPRC + DM group relative to those in the
AAV9-Scr + DM group (fig. S6).

NPRC deficiency alleviated cardiac fibrosis induced by
diabetes in vivo

As cardiac fibrosis is a salient feature of DCM, we detected the
extent of myocardial fibrosis in the second part of the in vivo exper-
iments (WT + control, NPRC™~ + control, WT + DM, and
NPRC™'~ + DM). Masson's trichrome staining showed that mice in
the WT + control and NPRC™~ + control groups rarely displayed
myocardial fibrosis. Diabetes increased collagen accumulation in
the cardiac perivascular and interstitial spaces in WT + DM mice,
compared with the NPRC™'~ + DM mice. Immunohistochemistry
(IHC) for collagen I and collagen III revealed higher collagen ex-
pression in the WT + DM group than in the NPRC™~ + DM
group. Western blot revealed similar changes in collagen expression
in the four groups of mice (Fig. 3). These findings suggested that
NPRC deficiency alleviated cardiac fibrosis in diabetic hearts in
vivo. We also examined the extent of left atrial fibrosis in the four
groups of mice. Masson's trichrome staining and THC for collagen I
and collagen III revealed that mice in the WT + control and
NPRC™'~ + control groups displayed similar extent of left atrial
fibrosis, while mice in the NPRC™'~ + DM group showed decreased
left atrial collagen accumulation relative to that in the WT + DM
group, which was similar to the changes in the left ventricle (fig.
S§7).In addition, the extent of the myocardial fibrosis in the left ven-
tricle was also examined in the third part of the in vivo experiments.
Masson's trichrome staining and IHC for collagen I and collagen III
displayed sparse collagen accumulation in the AAV9-Scr + control
and AAV9-shNPRC + control groups, whereas mice in the AAV9-
shNPRC + DM group showed decreased collagen accumulation
relative to that in the AAV9-Scr + DM group. Western blot
showed similar results (fig. S8).

TGEF-PB1 is a key profibrotic cytokine implicated in the progres-
sion of fibrogenesis, which is partially related to the canonical Smad
signaling pathway (32). Thus, we examined the expression levels of
relevant mediators in the TGF-Pf1/Smad signaling pathway by
Western blot. The results showed that compared with the WT +
DM group, the expression levels of TGF-B1, p-Smad2, and p-
Smad3 decreased in the NPRC™'~ + DM group, indicating that
NPRC deletion inhibited the activation of the TGF-B1/Smad signal-
ing pathway (Fig. 3). Western blot analysis of the hearts in the
AAV9-delivered mice showed similar results that the levels of
TGF-B1, p-Smad2, and p-Smad3 decreased in the AAV9-shNPRC
+ DM group compared with that in the AAV9-Scr + DM group
(fig. S8).
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NPRC deficiency inhibited collagen synthesis and
proliferation of CFs

As NPRC is involved in the inhibition of the cAMP/PKA signaling
pathway through its intracellular domain and the clearance of NPs
from circulation (33), we assumed that NPRC deficiency may affect
the intracellular cAMP/PKA signaling and extracellular NP clear-
ance. To verify this hypothesis, we performed in vitro experiments
in two parts. In the first part, the NPRC protein expression was
knocked down by transfecting si-NPRC into NRCFs and hiPSC-
CFs, and the cells were then treated with NG (5.5 mM) or HG
(33.3 mM) for 72 hours. In the second part, considering that NPs
are expressed and secreted not only by CFs but also by CMs, and the
expression of NPRC in CMs was increased under HG stimulation
(34), we first knocked down the protein expression of NPRC by si-
NPRC transfection in NRCMs and hiPSC-CMs, followed by NG or
HG stimulation for 48 hours. Subsequently, the NRCFs were treated
with the NRCM supernatant, while the hiPSC-CFs were treated
with the hiPSC-CM supernatant for 72 hours (fig. S2).

In the first part, the NPRC expression of NRCFs and hiPSC-CFs
was significantly reduced in si-NPRC groups than in si-NC groups.
NPRC knockdown significantly decreased the protein expression of
collagen I and collagen III, which were initially increased by HG
treatment. In addition, NRCFs and hiPSC-CFs were subjected to
5-ethynyl-2'-deoxyuridine (EDU) and cell counting kit-8 (CCK-
8) assays to detect cell proliferation, which showed that HG treat-
ment promoted the proliferation of CFs in the si-NC + HG
group, which was decreased by NPRC knockdown in the si-
NPRC + HG group. The protein expression of proliferating cell
nuclear antigen (PCNA) showed similar changes, as determined
by Western blot (Fig. 4). To further explore the effects of NPRC de-
letion on CF function in the DCM mice, we isolated adult mouse
CFs (MCFs) from WT + DM mice and NPRC™'~ + DM mice.
Western blot showed that the expression of collagen I and collagen
I1I decreased in MCFs from NPRC™~ + DM mice, compared with
that from WT + DM mice (fig. S9).

As earlier described, the TGF-B1/Smad signaling pathway plays a
crucial role in the regulation of collagen synthesis and proliferation
in CFs (32). Therefore, we assessed changes in the TGF-B1/Smad
signaling pathway of NRCFs. Western blot showed that the
protein expression of TGF-B1 and phosphorylation of Smad2 and
Smad3 (p-Smad2 and p-Smad3) were increased by HG treatment in
the si-NC + HG group, which were reversed by NPRC knockdown
in the si-NPRC + HG group. In contrast, the protein expression of
TGEF-p receptor 2 (TGF-PR2) did not exhibit significant changes.
These results suggested that NPRC knockdown in NRCFs decreased
the expression of TGF-B1 and phosphorylation of Smad2/3, leading
to inhibited collagen synthesis and proliferation. Similar results
were observed in hiPSC-CFs by Western blot (fig. S10).

In the second part, treatment of NRCFs with the NRCM super-
natant in the si-NPRC + HG group significantly reduced the protein
expression of collagen I and collagen IIT compared with that in the
si-NC + HG group. Similar results were observed in hiPSC-CFs
treated with hiPSC-CM supernatant. The EDU and CCK-8 assays
also demonstrated that the proliferation of NRCFs and hiPSC-CFs
was markedly inhibited by treatment with the NRCM and hiPSC-
CM supernatant from the si-NPRC + HG group than from the si-
NC + HG group. The protein expression of PCNA showed similar
changes as determined by Western blot (Fig. 5). The changes in the
TGF-B1/Smad signaling pathway were also detected by Western
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Fig. 3. NPRC deficiency alleviated cardiac fibrosis induced by diabetes in vivo. (A) Representative images of Masson’s trichrome staining of the myocardium (first and
second rows) and immunohistochemistry (IHC) of collagen | (Col I) and collagen Il (Col Ill) in the myocardium (third and fourth rows) in four groups of mice. Scale bar, 100
um. (B) Quantification of perivascular collagen volume fraction (CVF) in four groups of mice. n = 9 per group. (C) Quantification of interstitial CVF in four groups of mice. n
=9 per group. (D) Quantification of IHC of collagen I in four groups of mice. n =9 per group. (E) Quantification of IHC of collagen Il in four groups of mice. n = 9 per group.
(F) Representative Western blot images of collagen |, collagen Ill, TGF-B1, p-Smad2, and p-Smad3 in the hearts of the four groups of mice. (G to K) Quantification of the
protein expression of collagen |, collagen I, TGF-B1, p-Smad2, and p-Smad3 in (F). n = 6 per group. IOD, integrated optical density. Normal distributions were tested by
Shapiro-Wilk method. Two-way ANOVA with Turkey’s post hoc test was used in (B) to (E) and (H) to (J). Two-way ANOVA with Bonferroni post hoc test was used in (G)
and (K).
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Fig. 4. NPRC deficiency inhibited collagen synthesis and proliferation of CFs in vitro. (A) Representative Western blot images of collagen |, collagen III, PCNA, and
NPRC of NRCFs transfected with si-NC or si-NPRC and treated with NG or HG. (B to E) Quantification of the protein expression of collagen |, collagen Ill, PCNA, and NPRC in
(A). n = 6 per group. (F) Representative images of EDU (red) assays of NRCFs transfected with si-NC or si-NPRC and treated with NG or HG. The nuclei were stained with
Hoechst 33342. Scale bar, 100 pum. (G) Quantification of EDU-positive cell percent in (F). n = 6 per group. (H) Quantification of the relative cell viability detected by CCK-8
assay in NRCFs transfected with si-NC or si-NPRC and treated with NG or HG. n = 6 per group. (I) Representative Western blot images of collagen |, collagen IIl, PCNA, and
NPRC in hiPSC-CFs transfected with si-NC or si-NPRC and treated with NG or HG. (J to M) Quantification of the protein expression of collagen |, collagen Ill, PCNA, and
NPRC in (I). n = 6 per group. (N) Representative images of EDU (red) assays of hiPSC-CFs transfected with si-NC or si-NPRC and treated with NG or HG. The nuclei were
stained with Hoechst 33342. Scale bar, 100 um. (0) Quantification of EDU-positive cell percent in (N). n = 6 per group. (P) Quantification of the relative cell viability
detected by CCK-8 assay in hiPSC-CFs transfected with si-NC or si-NPRC and treated with NG or HG. n = 6 per group. Normal distributions were tested by Shapiro-

Wilk method. Two-way ANOVA with Turkey's post hoc test was used in (E), (G), (J), (M), and (P). Two-way ANOVA with Bonferroni post hoc test was used in (B) to (D),
(H), (K), (L), and (O).
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Fig. 5. NPRC deficiency in CMs inhibited collagen synthesis and proliferation of CFs in vitro. (A) Representative Western blot images of collagen |, collagen Ill, and
PCNA in NRCFs treated with the supernatant of NRCMs. (B to D) Quantification of the protein expression of collagen |, collagen lll, and PCNA in (A). n = 6 per group. (E)
Representative images of EDU (red) assays of NRCFs treated with the supernatant of NRCMs. The nuclei were stained with Hoechst 33342. Scale bar, 100 pum. (F) Quan-
tification of EDU-positive cell percent in (E). n = 6 per group. (G) Quantification of the relative cell viability in NRCFs treated with the supernatant of NRCMs using CCK-8
assay. (H) Representative Western blot images of collagen |, collagen Ill, and PCNA in hiPSC-CFs treated with the supernatant of hiPSC-CM:s. (I to K) Quantification of the
protein expression of collagen |, collagen Ill, and PCNA in (H). n = 6 per group. (L) Representative images of EDU (red) assays of hiPSC-CFs treated with the supernatant of
hiPSC-CMs. The nuclei were stained with Hoechst 33342. Scale bar, 100 um. (M) Quantification of EDU-positive cell percent in (L). n = 6 per group. (N) Quantification of the
relative cell viability in hiPSC-CFs treated with the supernatant of hiPSC-CMs using CCK-8 assay. Normal distributions were tested by Shapiro-Wilk method. Two-way

ANOVA with Turkey's post hoc test was used in (F), (K), and (M). Two-way ANOVA with Bonferroni post hoc test was used in (B) to (D), (G), (I), (J), and (N).
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blot, which showed that TGF-p1 expression was not changed by
treatment with NPRC-deficient NRCM supernatant. However, the
expression of p-Smad2 and p-Smad3 was still reduced in NRCFs
treated with the NRCM supernatant from the si-NPRC + HG
group than from the si-NC + HG group. Similar results were ob-
served in hiPSC-CFs treated with hiPSC-CM supernatant by
Western blot (fig. S11). These results suggested that mechanisms
regulating the TGF-P1/Smad signaling pathway may differ in
NPRC-deficient CFs and CFs treated with NPRC-deficient CM
supernatant.

NPRC regulated collagen synthesis and proliferation of CFs
by targeting TGIF1

To further explore the mechanism underlying the effect of NPRC on
the regulation of collagen synthesis and proliferation, we performed
transcriptome RNA sequencing using NRCFs in the first part of the
in vitro experiments. The gene expression profiles were highly re-
producible in the samples within each group. Gene ontology
(GO) enrichment revealed that among the top 10 biological pro-
cesses that exhibited significant differences between the si-NC +
NG and si-NC + HG groups of NRCFs, chromosome segregation
and cell cycles were mostly involved. This finding was consistent
with the aforementioned results that the proliferation of NRCFs
was increased in the si-NC + HG group versus that in the si-NC
+ NG group. Moreover, we found that response to organic sub-
stance, regulation of signal transduction, and cell proliferation
were among the most affected biological processes in comparison
with the si-NC + HG and si-NPRC + HG groups. Then, we selected
24 up-regulated and 16 down-regulated genes that were most fre-
quently repeated in these processes. Among these genes, we
focused on 7 up-regulated and 2 down-regulated genes related to
fibrosis, and by analyzing their expression levels and fold changes
in NRCFs, we finally chose TgifI for further investigation (fig. S12).

Tgifl is responsible for encoding protein TGIF1, which is known
as a nuclear co-repressor of TGF-f signaling through multiple
mechanisms including recruitment of transcriptional repressor
complex to repress the transcription of TGF-f signaling, promotion
of ubiquitin-dependent proteasomal degradation of Smad2, and se-
questering of cytoplasmic promyelocytic leukemia (cPML) in the
nucleus to prevent its shuttling to the cytoplasm, where it promotes
Smad2/3 phosphorylation (35). We found that NPRC knockdown
increased the mRNA level of #gifl in NRCFs in both NG and HG
treatments in the first part of the in vitro experiments (Fig. 6, si-NC
+ NG versus si-NPRC + NG, and si-NC + HG versus si-NPRC +
HG, all P < 0.001). Similarly, NPRC knockdown increased protein
expression of TGIF1 in NRCFs (Fig. 6) and hiPSC-CFs (fig. S13). In
the second part of the in vitro experiments, treatment with NRCM
and hiPSC-CM supernatant from both the si-NPRC + NG or si-
NPRC + HG groups increased the protein expression of TGIF1 in
NRCFs (Fig. 6) and hiPSC-CFs (fig. S13). TGIF1 protein expression
increased in the mice of the NPRC™~ + control and NPRC™'~ +
DM groups relative to the WT + control and WT + DM groups,
respectively (Fig. 6). Similar results were observed in AAV9-
shNPRC—delivered mice (fig. S13).

To further investigate the mechanisms through which elevated
TGIF1 inhibited the TGF-B1/Smad signaling pathway in CFs, we
transfected NRCFs with small interfering RNA (siRNA) (si-
TGIF1) to knock down the expression of TGIF1 in NRCFs.
Western blot showed that the protein expression of collagen I and

Meng et al., Sci. Adv. 9, eadd4222 (2023) 2 August 2023

collagen IIT increased significantly after TGIF1 knockdown. There
was no significant change in the protein expression of Smad2 and
Smad3, but the levels of p-Smad2 and p-Smad3 markedly increased
after TGIF1 knockdown (fig. S14). These results indicated that
TGIF1 inhibited TGF-B1/Smad signaling in NRCFs by attenuating
Smad2 and Smad3 phosphorylation rather than degrading Smad2
and Smad3 per se.

Previous studies have shown that cPML is a crucial protein that
shuttles between the nucleus and cytoplasm to facilitate phosphor-
ylation of Smad2/3 (35). To explore whether NPRC knockdown in
NRCFs was related to changes in cPML localization, immunofluo-
rescent staining was performed in the first part of the in vitro exper-
iments, which showed that nuclear localization of cPML was
markedly enhanced in the si-NPRC + NG and si-NPRC + HG
groups, relative to the si-NC + NG and si-NC + HG groups, respec-
tively. In addition, we separated nuclear and cytoplasmic proteins,
and found that the ratio of nuclear to cytoplasmic cPML expression
levels was significantly higher in the si-NPRC + NG and si-NPRC +
HG groups than in the si-NC + NG and si-NC + HG groups, respec-
tively. Furthermore, the coimmunoprecipitation assay showed that
NPRC knockdown in NRCFs resulted in an increased binding of
cPML with TGIF1 (Fig. 6).

To further investigate whether TGIF1 mediates the effects of
NPRC on collagen synthesis, we knocked down both NPRC and
TGIF1 through transfection of siRNA, as described in the third
part of the in vitro experiments. Compared with NRCFs transfected
with si-NC, si-NPRC transfection decreased the protein expression
of collagen I 'and collagen III and increased the protein expression of
TGIF1 in the si-NPRC group. However, when the elevated levels of
TGIF1 were knocked down by si-TGIF1, the protein expression of
collagen I and collagen III was partially reversed in the si-NPRC +
si-TGIF group (Fig. 6). Similar results were observed in hiPSC-CFs
(fig. S15). These results suggested that TGIF1 played a crucial role in
the mechanism through which NPRC deficiency regulated TGF-1/
Smad signaling as well as collagen synthesis and proliferation
in CFs.

NPRC deficiency activated cAMP/PKA signaling in vivo and
in vitro

The aforementioned results confirmed that NPRC was involved in
the regulation of TGF-P1/Smad signaling through TGIF1, but the
mechanism through which NPRC deficiency increased TGIF1 ex-
pression remained to be elucidated. As previously reported,
NPRC not only acts as a clearance receptor for ANP, BNP, and
CNP but also has a binding domain of Gi in its intracellular
portion, which can inhibit AC activity and reduce intracellular
cAMP levels (34). To explore the effect of NPRC deficiency on
cAMP levels, we first detected the intracellular cAMP levels of
NRCFs in the first part of the in vitro experiments and found that
the intracellular cAMP levels were substantially higher in the si-
NPRC + HG group than in the si-NC + HG group. Furthermore,
we investigated the intracellular PKA activity by measuring the
phosphorylation level of PKA substrates (RRXS*/T*) and cAMP re-
sponse element-binding protein (CREB). Consistent with the
change in cAMP levels, the protein expression of p-PKA substrates
and p-CREB increased in the si-NPRC + NG and si-NPRC + HG
groups, in comparison with the si-NC + NG and si-NC + HG
groups, respectively. We also detected the expression of p-PKA sub-
strates and p-CREB in hiPSC-CFs and found that the level of p-PKA
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Fig. 6. NPRC regulated collagen synthesis and proliferation of CFs by targeting TGIF1. (A) Relative mRNA levels of tgifT in NRCFs transfected with si-NC or si-NPRC
and treated with NG or HG. n = 6 per group. (B and C) Representative Western blot images and quantification of the protein expression of TGIF1 in NRCFs transfected with
si-NC or si-NPRC and treated with NG or HG. n = 6 per group. (D and E) Representative Western blot images and quantification of the protein expression of TGIF1 in NRCFs
treated with the supernatant of NRCMs. n = 6 per group. (F and G) Representative Western blot images and quantification of the protein expression of TGIF1 in the hearts
of four groups of mice. n = 6 per group. (H) Representative immunofluorescence staining of cPML (green) in NRCFs transfected with si-NC or si-NPRC and treated with NG
or HG. Scale bar, 100 um. (I) Quantification of relative mean fluorescence intensity of nuclear cPML in (H). n = 6 per group. (J and K) Representative Western blot images of
nuclear and cytoplasmic cPML expression and quantification of the ratio of nuclear to cytoplasmic cPML protein expression in NRCFs transfected with si-NC or si-NPRC
and treated with NG or HG. n = 6 per group. (L) Representative Western blot images of TGIF1 expression assayed by immunoprecipitation with cPML antibody in NRCFs
transfected with si-NC or si-NPRC. (M and N) Representative Western blot images and quantification of collagen |, collagen IlI, TGIF1, and NPRC expression in NRCFs
transfected with si-NC, si-NPRC, or si-NPRC + si-TGIF1. n = 6 per group. Normal distributions were tested by Shapiro-Wilk method. Two-way ANOVA with Bonferroni
post hoc test was used in (A), (Q), (E), (G), (I), and (K). One-way ANOVA was applied in (N).
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substrates and p-CREB increased in the si-NPRC-transfected
groups, compared with the si-NC—transfected groups. In particular,
mice in the NPRC™'~ + control and NPRC™~ + DM groups exhib-
ited increased protein expression of p-PKA substrates and p-CREB,
relative to the WT + control and WT + DM groups, respectively, as
detected by Western blot and IHC (Fig. 7). Similarly, the protein
expression of p-PKA substrates and p-CREB increased in the
AAV9-shNPRC—delivered groups, relative to the AAV9-Scr—deliv-
ered groups, as detected by Western blot and IHC (fig. S16).

NPRC deficiency activated cGMP/PKG signaling in vivo and
in vitro

THC and Western blot showed that the phosphorylation level of va-
sodilator-stimulated phosphoprotein (VASP), an indicator of
cGMP/PKG activation, increased in the NPRC™'~ + control and
NPRC™'~ + DM groups, in comparison with the WT + control
and WT + DM groups, respectively, suggesting that the cGMP/
PKG signaling pathway was activated in NPRC™'~ mice (Fig. 8).
Similarly, the protein expression of p-VASP increased in the
AAV9-shNPRC—delivered groups, relative to the AAV9-Scr—deliv-
ered groups, as detected by Western blot and IHC (fig. S17).

As NPRC is responsible for the clearance of ANP, BNP, and CNP
in vivo, we assumed that the activated cGMP/PKG signaling in
NPRC™'~ mice may be due to the weakened ability of NPRC to
degrade NPs. To test this hypothesis, we measured the protein ex-
pression levels of ANP, BNP, and CNP in the hearts of WT and
NPRC ™'~ mice with or without DM by IHC. The results showed
that mice in the NPRC™'~ + control and NPRC™'~ + DM groups
had elevated levels of ANP, BNP, and CNP in the cardiac tissues,
compared with the WT + control and WT + DM groups, respective-
ly (fig. S18). Furthermore, serum levels of ANP and CNP were in-
creased in the NPRC™'~ + control and NPRC™~ + DM groups
relative to the WT + control and WT + DM groups, respectively.
On the other hand, although the serum level of BNP was higher
in the WT + DM group than in the WT + control group, NPRC
deletion did not significantly affect the serum level of BNP (fig.
S18), likely due to the fact that the physiological serum level of
BNP is considerably low, which did not increase significantly after
NPRC deletion in the WT + control group. In contrast, the serum
level of BNP increased dramatically in the WT + DM group as a
consequence of cardiac dysfunction, which may have covered up
the effect of NPRC deletion in this group of mice. As expected,
there was no significant difference in the protein expression levels
of GCA and GCB among the four groups of mice (Fig. 8). These
results suggested that NPRC deletion in vivo resulted in elevated
serum levels of NPs and local NP expression in the heart, which ac-
tivated intracellular cGMP/PKG signaling through the unaffected
GCA and GCB.

Furthermore, we detected the intracellular cGMP/PKG activity
in the first part of the in vitro experiments and found that the in-
tracellular cGMP levels of NRCFs were significantly higher in the si-
NPRC + NG and si-NPRC + HG groups than in the si-NC + NG
and si-NC + HG groups, respectively. Consistently, the expression
of p-VASP increased in the si-NPRC + NG and si-NPRC + HG
groups, in comparison with the si-NC + NG and si-NC + HG
groups, respectively. No significant difference was observed in the
expression of GCA and GCB (Fig. 8). As CFs are capable of secret-
ing NPs (7, 8, 11), we examined the NP levels in the supernatant of
NRCFs and found that the three NPs were all increased in the si-
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NPRC + NG and si-NPRC + HG groups, compared with the si-
NC + NG and si-NC + HG groups, respectively (fig. S18). Similar
results were observed in hiPSC-CFs that the levels of p-VASP in-
creased in the si-NPRC + NG and si-NPRC + HG groups, in com-
parison with the si-NC + NG and si-NC + HG groups, respectively
(fig. S19).

Thereafter, we examined the intracellular levels of cGMP and p-
VASP in NRCFs in the second part of the in vitro experiment. Treat-
ment with the NRCM supernatant from the si-NPRC + NG or si-
NPRC + HG groups increased the intracellular level of cGMP and
protein level of p-VASP in NRCFs (Fig. 8), which might be attrib-
utable to the elevated levels of NPs in the NRCM supernatant (fig.
S$18). Similar results were observed in hiPSC-CFs that treatment
with hiPSC-CM supernatant from the si-NPRC-transfected
groups increased the expression of p-VASP (fig. S19). These
results indicated that cGMP/PKG signaling was activated in
NPRC™'~ mice because of the elevated NP levels. In addition, the
c¢GMP/PKG signaling was also activated in NPRC-deficient CFs
by elevated NPs in an autocrine manner. Moreover, in CFs
treated with the CM supernatant, NPRC deficiency in CMs also ac-
tivated the cGMP/PKG signaling in CFs in a paracrine manner, sug-
gesting the existence of CM-CF cross-talk. Western blot of MCFs
from WT + DM and NPRC™'~ + DM mice revealed that the
levels of p-PKA substrates, p-CREB, and p-VASP increased in
NPRC-deficient CFs derived from diabetic mice (fig. S20), indicat-
ing that NPRC deletion activated cAMP/PKA and cGMP/PKG sig-
naling in CFs under diabetic condition.

To compare the protective effect of ANP, BNP, and CNP infu-
sion versus NPRC knockout on diabetic cardiac fibrosis, we per-
formed the fourth part of the in vivo experiment in which
diabetic WT mice received ANP, BNP, or CNP infusion and the
effects of ANP, BNP, and CNP were compared with those in diabet-
ic NPRC™'~ mice. Enzyme-linked immunosorbent assay (ELISA)
showed that the serum levels of ANP, BNP, and CNP were substan-
tially increased in the DM + ANP, DM + BNP, and DM + CNP in-
fusion groups, respectively, in comparison with the DM + saline
group, demonstrating the efficacy of NP infusion. By comparison,
the serum levels of ANP, BNP, and CNP in the DM + NPRC™/~
group were also elevated relative to the DM + saline group and
similar to those in the DM + ANP, DM + BNP, or DM + CNP in-
fusion group (fig. S21). Although ANP, BNP, and CNP infusion and
NPRC deletion all decreased myocardial collagen accumulation, the
NPRC ™'~ mice showed the most profound improvement among the
four treatment groups (fig. S21). The results demonstrated that
NPRC deletion exhibited a more potent cardioprotective effect
than exogenous NP infusion. This interesting effect is probably
due to the fact that NPRC deletion activates both cAMP/PKA and
c¢GMP/PKG pathways, whereas NPs activate only the cGMP/PKG
pathway, resulting in a better salutary effect by NPRC deletion.

Activation of cAMP/PKA or cGMP/PKG signaling increased
TGIF1 expression

As both cAMP/PKA and cGMP/PKG signaling were activated by
NPRC deficiency through different mechanisms, we hypothesized
that both activated cAMP/PKA and cGMP/PKG signaling may
up-regulate the expression of TGIF1. To test this hypothesis, we
conducted the fourth part of the in vitro experiments (fig. S2) by
first treating NRCFs or hiPSC-CFs with forskolin, a cAMP
agonist, and H89, a PKA antagonist. The results revealed that
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Fig. 7. NPRC deficiency activated cAMP/PKA signaling in vivo and in vitro. (A) Quantification of intracellular cAMP in NRCFs transfected with si-NC or si-NPRC and
treated with NG or HG. n = 6 per group. (B) Representative Western blot images of the protein expression of p-PKA substrates and p-CREB in NRCFs transfected with si-NC
or si-NPRC and treated with NG or HG. (C and D) Quantification of the protein expression of p-PKA substrates and p-CREB in (B). n = 6 per group. (E) Representative Western
blot images of the protein expression of p-PKA substrates and p-CREB in hiPSC-CFs transfected with si-NC or si-NPRC and treated with NG or HG. (F and G) Quantification
of the protein expression of p-PKA substrates and p-CREB in (E). n = 6 per group. (H). Representative Western blot images of p-PKA substrates and p-CREB expression in the
hearts of four groups of mice. (I and J) Quantification of the protein expression of p-PKA substrates and p-CREB in (H). n = 6 per group. (K) Representative IHC images of p-
PKA substrates and p-CREB expression in the hearts of four groups of mice. Scale bar, 100 pm. (L and M) Quantification of the protein expression of p-PKA substrates and
p-CREB in (K). n = 9 per group. Normal distributions were tested by Shapiro-Wilk method. Two-way ANOVA with Bonferroni post hoc test was used in (A), (C), (D), (F), (G), (1),
(), (), and (M).
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Fig. 8. NPRC deficiency activated cGMP/PKG signaling in vivo and in vitro. (A) Representative IHC images of p-VASP in the hearts of four groups of mice. (B) Quan-
tification of IHC staining of p-VASP in (A). n = 9 per group. (C) Representative Western blot images of p-VASP, GCA, and GCB expression in the hearts of four groups of mice.
(D to F) Quantification of the protein expression of p-VASP, GCA, and GCB in (C). n = 6 per group. (G) Quantification of intracellular cGMP in NRCFs transfected with si-NC or
si-NPRC and treated with NG or HG. n = 6 per group. (H) Representative Western blot images of p-VASP, GCA, and GCB expression in NRCFs transfected with si-NC or si-
NPRC and treated with NG or HG. (I to K) Quantification of the protein expression of p-VASP, GCA, and GCB in (H). n = 6 per group. (L) Quantification of intracellular cGMP of
NRCFs treated with the supernatant of NRCMs. n = 6 per group. (M and N) Representative Western blot images and quantification of the protein expression of p-VASP in
NRCFs treated with the supernatant of NRCMs. n = 6 per group. Normal distributions were tested by Shapiro-Wilk method. Two-way ANOVA with Bonferroni post hoc test
was used in (B), (D) to (G), (I) to (L), and (N).
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forskolin substantially activated PKA signaling, as indicated by the
increased levels of p-PKA substrates and p-CREB, and that H89 re-
versed the activation of PKA signaling induced by forskolin. In ad-
dition, forskolin increased the protein expression of TGIF1 but
decreased that of p-Smad2/3, both of which were counteracted by
treatment with H89. Moreover, forskolin decreased the expression
level of TGF-B1, which was abrogated by H89 (Fig. 9 and fig. S22).
These results suggested that the activation of PKA inhibited TGF-
B1/Smad signaling by inhibiting TGF-B1 and enhancing TGIF1
expression.

To further investigate the relationship between PKG signaling
activation and changes in TGF-B1/Smad signaling, we transfected
NRCFs by Ad-GFP (green fluorescent protein), Ad-ANP, Ad-
BNP, and Ad-CNP, respectively, and found that overexpression of
NPs increased p-VASP level, indicating an activation of PKG signal-
ing in NRCFs. In contrast, there was no significant difference in
TGF-B1 expression among the four groups of NRCFs. However,
the protein and mRNA expression of TGIF1 increased in NP-over-
expressing NRCFs (Fig. 9). In addition, we treated NRCFs or hiPSC-
CFs with 8-br-cGMP, a cGMP agonist, to activate PKG signaling,
followed by KT5823, a PKG antagonist, to reverse the activation
of PKG induced by 8-br-cGMP, and these effects were confirmed
by the changes in p-VASP expression (Fig. 9 and fig. S22). Treat-
ment with 8-br-cGMP increased TGIF1 level and decreased p-
Smad2/3 levels, and these effects were reversed by treatment with
KT5823. Although no significant change was observed in TGF-f1
expression, p-Smad2/3 expression was significantly inhibited by ac-
tivated PKG signaling through an increased level of TGIF1 (Fig. 9
and fig. 522). Together, these results suggested that both activation
of PKA and PKG signaling increased the expression level of TGIF1,
but PKA activation effectively inhibited TGF-B1 expression and
TGF-B1/Smad signaling synergistically.

DISCUSSION
There were several important findings in the present study. First,
NPRC expression was up-regulated in the hearts of patients with
diabetes and HF and diabetic mice, and in HG-treated CFs.
Second, NPRC deletion improved left ventricular function and re-
modeling by alleviating cardiac fibrosis in vivo. Third, NPRC defi-
ciency decreased collagen synthesis and proliferation in CFs in vitro
through the inhibition of TGF-f1/Smad signaling by targeting
TGIF1 and TGF-B1. Finally, the effect of NPRC deletion on
cardiac fibrosis and CFs was induced by activation of cAMP/PKA
and cGMP/PKG signaling. To the best of our knowledge, our study
is the first in the literature to report the beneficial effects of NPRC
deletion on cardiac fibrosis in DM and the molecular mechanisms
involved.

Among all NPRs, NPRC was the least studied receptor for NPs.
In our previously reported multicenter study, six single-nucleotide
polymorphisms (SNPs) of NPRC were found to be strongly associ-
ated with CAD in a large Chinese Han population (28), indicating a
possible link between NPRC and cardiovascular diseases. Another
study from our group demonstrated that NPRC deletion alleviated
inflammation in the adipose tissue and promoted browning in the
white adipose tissue through cAMP/PKA signaling in ApoE™/~
mice (36), suggesting an underlying relationship between NPRC
and metabolic diseases. Here, we demonstrated that NPRC expres-
sion was up-regulated in the hearts of patients with diabetes and HF
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and diabetic mice. It has been reported that NPRC expression in the
left ventricle of patients with end-stage HF mostly induced by
dilated cardiomyopathy was higher than that in healthy donors
(37). In addition, NPRC expression was increased in experimental
rats with isoproterenol-induced cardiac hypertrophy (38). Here,
NPRC expression was up-regulated in the hearts of patients with
diabetes and HF, and diabetic mice. In addition, NPRC expression
was higher in CFs than in CMs, and high-glucose treatment en-
hanced NPRC expression in NRCFs and hiPSC-CFs, suggesting
that NPRC was involved in the pathogenesis of DCM.

To explore the regulatory role of NPRC in DCM, we generated
NPRC™'~ mice and established a diabetic phenotype by STZ injec-
tion in NPRC ™'~ and littermate WT mice. NPRC™'~ mice exhibited
improved cardiac remodeling and function, compared with WT di-
abetic mice. As no significant change was observed in blood glucose
levels, NPRC deletion protected the mice from DCM likely through
direct targeting effects rather than through glycemic control.
Among the pathological mechanisms associated with DCM,
cardiac fibrosis leads to cardiac dysfunction and ventricular ar-
rhythmias, resulting in a poor prognosis (39). As CFs are known
to play a key role in cardiac fibrosis, we focused on the relation
between CFs and DCM in this study. We found that CFs expressed
more NPRC than CMs and NPRC deletion inhibited cardiac fibro-
sis in mice with DCM. In addition, NPRC knockdown in human
and rat CFs decreased collagen synthesis and proliferation of
these cells, while NPRC knockdown in human and rat CMs also de-
creased collagen synthesis and proliferation in CFs through cell-cell
cross-talk. Consistently, MCFs isolated from NPRC™'~ mice
showed decreased collagen synthesis relative to MCFs derived
from WT mice. These results verified that NPRC deletion alleviated
diabetes-induced cardiac fibrosis, but were contradictory to some
previous studies. Egom et al. (40) demonstrated that NPRC-
deleted mice exhibited impaired sinoatrial node function and in-
creased susceptibility to atrial fibrillation owing to increased fibrosis
in the atria. In addition, NPRC deletion promoted angiotensin II—
induced sinoatrial node disease and atrial fibrillation by increasing
atrial fibrosis (24, 41). In contrast, another study by Rahmutula et al.
(25) revealed that NPRC deletion in mice attenuated atrial fibrosis
and fibrillation under the condition of TGF-B1 overexpression or
transverse aortic constriction—induced pressure overload, and the
mechanism identified in primary atrial fibroblasts was related
with the enhanced NP/GCA signaling induced by NPRC deletion.
There were fundamental differences between our study and previ-
ous ones, which may explain these discrepant findings. First, previ-
ous studies focused on atrial fibrosis but our study focused on left
ventricular fibrosis. Similar to our findings in the NPRC™'~ +
control group, Egom et al. (40) did not find any effect of NPRC de-
letion on left ventricular fibrosis. Here, we also examined the left
atrial cross sections and found that NPRC deletion did not increase
left atrial fibrosis in the NPRC™'~ + control and NPRC™'~ + DM
mice versus the WT + control and WT + DM mice, respectively.
Second, most previous studies used angiotensin II infusion, which
may itself induce extensive atrial fibrosis. Third, no in vitro exper-
iments in CFs were performed in previous studies. In contrast, our
findings were not only based on the results from in vivo experi-
ments but also supported by a series of in vitro molecular studies
that demonstrated the associated mechanisms.

A major drawback of systemic NPRC deletion in mice is skeletal
abnormalities and reduced SBP. Thus, here, we used AAV9 carrying
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Fig. 9. Activation of cAMP/PKA or cGMP/PKG signaling increased TGIF1 expression, but cAMP/PKA activation inhibited TGF-B1 expression. (A) Representative
Western blot images of p-PKA substrates and p-CREB expression in NRCFs, which were treated with either forskolin or forskolin combined with H89 followed by HG
treatment. (B) Quantification of the protein expression of p-PKA substrates and p-CREB in (A). n = 6 per group. (C) Representative Western blot images of TGF-f1,
TGIF1, p-Smad2, and p-Smad3 expression in NRCFs, which were treated with either forskolin or forskolin combined with H89 followed by HG treatment. (D) Quantification
of the protein expression of TGF-B1, TGIF1, p-Smad2, and p-Smad3 in (C). n = 6 per group. (E) Representative Western blot images of TGF-f1, TGIF1, and p-VASP expression
in NRCFs transfected with Ad-GFP, Ad-ANP, Ad-BNP, or Ad-CNP. (F) Quantification of the protein expression of TGF-B1, TGIF1, and p-VASP in (E). n = 6 per group. (G)
Relative mRNA level of tgifT in NRCFs transfected with Ad-GFP, Ad-ANP, Ad-BNP, or Ad-CNP. n = 6 per group. (H) Representative Western blot images of p-VASP in NRCFs
treated with either 8-br-cGMP or 8-br-cGMP combined with KT5823 followed by HG treatment. (I) Quantification of the protein expression of p-VASP in (H). n = 6 per
group. (J) Representative Western blot images of TGF-B1, TGIF1, p-Smad2, and p-Smad3 expression in NRCFs treated with either 8-br-cGMP or 8-br-cGMP combined with
KT5823 followed by HG treatment. (K) Quantification of the protein expression of TGF-1, TGIF1, p-Smad2, and p-Smad3 in (J). n = 6 per group. Normal distributions were
tested by Shapiro-Wilk method. One-way ANOVA was used in (B), (D), (I), and (K). One-way ANOVA with Dunnett’s post hoc test was used in (F) and (G).
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shNPRC to specifically knock down the expression of NPRC in
myocardium, as AAV9 has been reportedly the most effective
virus for cardiac gene intervention (30, 31). Similar to the results
observed in NPRC™'~ mice, AAV9-shNPRC alleviated cardiac fi-
brosis and improved cardiac remodeling and function in diabetic
mice while avoiding the undesirable effect on skeleton and blood
pressure. These results demonstrated that the protective effects of
NPRC deletion on myocardium in diabetic mice were independent
of the effect of NPRC deletion on other tissues.

To study the specific mechanisms underlying the effect of NPRC
deletion on DCM development, we focused on TGF-p1/Smad sig-
naling, as it plays an essential role in cardiac fibrosis (42). We ob-
served that NPRC deletion decreased TGF-PB1 expression in the
hearts of diabetic mice, accompanied by a decrease in p-Smad2
and p-Smad3 levels, which indicated that TGF-B1/Smad signaling
was inhibited by NPRC deletion. We also observed a decrease in
TGEF-B1 expression and p-Smad2 and p-Smad3 levels in NPRC-de-
ficient CFs in vitro. Our results also showed that NPRC-deficient
CM supernatant decreased p-Smad2 and p-Smad3 levels but did
not attenuate TGF-P1 expression in corresponding CFs, suggesting
that different mechanisms may have been involved in the latter
situation.

Here, RNA sequencing identified tgifI as a target gene of NPRC
deletion in CFs. TgifI encodes the protein TGIF1, which is related to
TGF-B1/Smad signaling. TGF-B1 initiates the canonical Smad
pathway by interacting with TGF-PRs. Activated TGF-PR transmits
signals by phosphorylating Smad2 and Smad3, followed by binding
to Smad4 to form a heteromeric Smad complex, which then trans-
locates to the nucleus and regulates the transcription of target genes
(32). The phosphorylation of Smad2 and Smad3 depends on their
interaction with ¢cPML, which bridges Smad2/3 to TGF-BR for
phosphorylation. TGIF1 acts as a suppressor of TGF-p1 signaling
through multiple mechanisms including the recruitment of the
transcriptional repressor complexes on the Smad target promoter
to repress the transcription of TGF-f signaling (43), promotion of
the degradation of Smad2 by interacting with the E3 ubiquitin ligase
(44), and sequestering of cPML in the nucleus to prevent its shut-
tling to the cytoplasm where cPML contributes to the phosphoryla-
tion of Smad2/3 (45). As previous studies on TGIF1 were conducted
in the context of tumor progression, we first verified the aforemen-
tioned mechanisms by knocking down TGIF1 in CFs. We observed
that TGIF1 knockdown did not alter the expression of Smad2 and
Smad3, but increased the levels of p-Smad2 and p-Smad3, suggest-
ing that TGIFI inhibited TGF-p1/Smad signaling mainly by atten-
uating phosphorylation of Smad2/3, rather than promoting their
degradation in CFs. Furthermore, we demonstrated that NPRC de-
ficiency increased the binding of TGIF1 to ¢cPML, resulting in the
sequestration of cPML in the nucleus of CFs. Moreover, after TGIF1
knockdown, the effect of NPRC deficiency on CFs was counteract-
ed. Together, these results revealed the following mechanism by
which NPRC deficiency inhibited TGF-p1/Smad signaling: NPRC
deficiency induced the up-regulation of TGIF1, which sequestered
cPML in the nucleus, prevented its shuttling to the cytoplasm, and
thus decreased the phosphorylation of Smad2 and Smad3.

Here, we explored the detailed mechanism through which NPRC
deletion induced TGIF1 expression. As previously reported, NPRC
comprises an intracellular domain that activates Gi proteins to
inhibit AC activity and cAMP/PKA signaling when combined
with NPs (15). Increases in cAMP levels induced an anti-fibrotic
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effect manifested as decreased cell proliferation and collagen syn-
thesis (46). As one of the most crucial effectors of cAMP, PKA
also exhibited an anti-fibrotic effect. Previous studies revealed
that activation of PKA by different receptors suppressed DNA syn-
thesis, collagen deposition, and myofibroblast differentiation, and
activation of PKA in CFs inhibited the activity of ras homolog
family member A (RhoA) (47), which regulated cytoskeleton dy-
namics and migration of CFs. Here, we demonstrated that cAMP
levels were elevated and PKA was activated by NPRC deletion in
vivo and by NPRC knockdown in CFs. In addition, activation of
PKA by the cAMP agonist forskolin increased TGIF1 expression,
whereas this effect was reversed by the PKA antagonist H89, indi-
cating that NPRC deficiency up-regulated TGIF1 expression
through cAMP/PKA signaling. These findings were in line with a
study by Saito et al. (48) showing that parathyroid hormone
(PTH) activated cAMP/PKA signaling, increased activator protein
1 (AP1) expression, and promoted TGIF1 transcription. We also
observed that NPRC deficiency decreased TGF-B1 expression in
CFs. Treatment with forskolin also decreased TGF-P1 expression,
which was restored by treatment with H89, indicating that apart
from TGIF1, NPRC deficiency also reduced TGF-p1 expression
through activation of cAMP/PKA signaling.

An interesting finding in this study was that TGIF1 expression
was up-regulated not only in NPRC-deficient CFs but also in CFs
treated with the supernatant of NPRC-deficient CMs, indicating the
involvement of intercellular cross-talk. As NPRC is responsible for
the clearance of NPs, we believe that the intercellular cross-talk is
probably undertaken by NPs, which was supported by the increased
NP levels in the supernatant of CMs and increased intracellular
c¢GMP levels and PKG activity in CFs. Furthermore, increased
NPs in the supernatant of CFs also increased intracellular cGMP
levels and PKG activity in CFs through an autocrine manner. As
an upstream molecule that triggers the cGMP-PKG pathway, NPs
exerted anti-fibrotic effects, such as inhibiting TGF-B1-induced
myofibroblast transformation and suppressing stimulated DNA
and collagen synthesis in CFs (49). Moreover, pharmacological
therapies that enhance NPs and cGMP/PKG signaling, such as sa-
cubitril/valsartan and nesiritide, have been recommended by inter-
national guidelines to treat patients with HF (22, 23). Here, we
demonstrated that activation of cGMP by 8-br-cGMP increased
the TGIF1 expression and decreased the levels of p-Smad2 and p-
Smad3, which was counteracted by the PKG antagonist KT5823.
However, TGF-f1 expression did not change during these treat-
ments, suggesting that cGMP/PKG inhibited TGF-p1/Smad signal-
ing mainly by increasing TGIF1 expression, independent of TGF-
B1. Consistent with the in vitro results, intracellular PKG activity
was also increased in vivo, which might be attributed to increased
NP expression in the heart. Furthermore, the serum levels of ANP
and CNP also increased significantly in NPRC™~ mice, inducing
declined SBP and elongated bones consistent with previous
reports (16, 50).

In the in vitro experiments of the present study, NRCFs isolated
from rats and MCFs isolated from mice were used to explore the
effect of NPRC deficiency on CFs. To further verify the experimen-
tal results obtained from animal cells, CFs and CMs differentiated
from hiPSCs were also used, which have been increasingly applied
for cardiac disease modeling and drug screening (51, 52). Here,
NPRC deficiency in hiPSC-CFs activated cAMP/PKA and cGMP/
PKG signaling, regulated TGIF1 and TGF-B1/Smad signaling, and
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decreased collagen synthesis under HG stimulation. Furthermore,
NPRC deficiency in hiPSC-CMs activated cGMP/PKG signaling,
regulated TGF-P1/Smad signaling, and decreased collagen synthesis
under HG stimulation via CM-CF communications. These findings
provide insights into NPRC-related signaling in human CFs and
CMs under high-glucose stimulation and reveal a promising thera-
peutic target for cardiac fibrosis in DCM.

The present study has several limitations. First, we used systemic
NPRC knockout mice and cardiac-specific AAV in the present
study. As fibroblast is primarily involved in the pathogenesis of
DCM, the generation of CF-specific NPRC knockout mice is neces-
sary to further elucidate the mechanism underlying the effect of
NPRC deletion on cardiac fibrosis. Unfortunately, the commercially
available fibroblast-specific Cre mice induce gene deletion in the fi-
broblasts of multiple organs including kidney and lung, causing sys-
temic side effects. Thus, CF-specific Cre mice are highly warranted.
Second, although we demonstrated that a cross-talk between CM
and CF was involved in the mechanism underlying the beneficial
effect of NPRC deficiency, the specific molecular target of these
cross-talks needs further elucidation.

In conclusion, NPRC expression was increased in DCM and
NPRC deficiency attenuated cardiac fibrosis and improved cardiac
remodeling and function. Loss of NPRC decreased collagen synthe-
sis and proliferation in CFs by increasing TGIF1 expression and in-
hibiting TGF-B1/Smad signaling through activation of cAMP/PKA
and cGMP/PKG pathways (Fig. 10). Thus, inhibition of NPRC by
cardiac-specific gene or drug therapy provides a promising ap-
proach to the treatment of diabetes-associated cardiac fibrosis.
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Fig. 10. Potential mechanisms of the effect of NPRC deficiency on cardiac
fibrosis in DCM. In the setting of DCM, NPRC is up-regulated, which leads to in-
hibited cAMP/PKA signaling. The deficiency of NPRC restores cAMP/PKA activity,
which increases TGIF1 expression and inhibits TGF-B1 expression. In addition,
NPRC deficiency decreases the clearance of NPs, which in turn enhances intracel-
lular cGMP/PKG signaling through GCA and GCB. Activation of cGMP/PKG also in-
creases TGIF1 expression but does not affect the expression of TGF-f1. Increased
TGIF1 sequesters cPML in the nucleus to prevent its shuttling to the cytoplasm
where it contributes to the phosphorylation of Smad2/3. Decreased TGF-31 also
inhibited the phosphorylation of Smad2/3. Altogether, these factors decrease col-
lagen synthesis and proliferation in CFs, inhibit left ventricular fibrosis, and protect
left ventricular function in DCM.
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MATERIALS AND METHODS

Generation of NPRC knockout mice

NPRC knockout mice (NPRC™'7) were constructed from C57BL/6]
background mice using CRISPR technology by Beijing Viewsolid
Biotechnology Co. Ltd. (Beijing, China). On the basis of a previous
report (16), we constructed a frameshift mutation at exon 1 (amino
acids 1 to 252) of the npr3 genomic sequence by replacing
GCTGGCGGCGCGAGCAGCGGCGCCG with CC before the
GGGACACCCG sequence, resulting in an inactivation of protein
function (fig. S1A). Genomic DNA was isolated from the mouse
tails, and the fragments in the CRISPR-targeting region were ampli-
fied with the following primers for the genotyping of NPRC™/~
mice: 5-TTGGCGAGTTACTGAAGG-3' (forward) and 5'-
CGGTCCACAAGACTGAAG-3' (reverse) by the PCR.

Construction and delivery of AAV9

A type 9 AAV system (AAV9) carrying scramble shRNA (Scr) and
NPRC shRNA (shNPRC) was constructed by Genechem Technol-
ogies (Shanghai, China) and applied to knock down the cardiac ex-
pression of NPRC. AAV9 has been reportedly the most effective
virus for cardiac gene intervention (30, 31). Each mouse was inject-
ed with 4 x 10" vector genomes (vg) AAV9-Scr or AAV9-shNPRC
via the tail vein.

Animal protocols

Animal experiments were divided into four parts. In the first part of
the animal experiment (fig. S1B), to examine the effect of diabetes
on NPRC expression and cardiac fibrosis, 20 eight-week-old male
C57BL/6] mice purchased from Beijing Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China) were used. The
mice were fed a chow diet and randomly divided into two groups
(n = 10 per group): control and DM groups. Diabetes was
induced in the DM group through intraperitoneal injection of
STZ (Sigma-Aldrich, USA; 55 mg/kg per day) dissolved in citrate
buffer (0.1 mM, pH 4.5) at a final concentration of 10 mg/ml for
5 consecutive days. In the control group, the mice were intraperito-
neally injected with vehicle (citrate buffer) for 5 days. Two weeks
after STZ injection, only mice with fasting blood glucose (FBG) >
16.7 mM were considered diabetic who were continuously fed a
chow diet for another 16 weeks before euthanasia (53). In the
second part of the animal experiment (fig. S1C), to observe the
effect of NPRC knockout on cardiac fibrosis and function in diabe-
tes, NPRC™'~ mice and their NPRC*'* littermates serving as WT
controls were selected, and these mice were randomly divided
into four groups (n = 15 per group): WT nondiabetic group (WT
+ control), WT diabetic group (WT + DM), NPRC™~ nondiabetic
group (NPRC™~ + control), and NPRC™'~ diabetic group
(NPRC™/~ + DM). Diabetes was induced as earlier described.
Sixteen weeks after diabetes was successfully induced, echocardiog-
raphy and hemodynamic measurement were performed before the
mouse hearts were harvested for pathological and molecular analy-
sis. In the third part of the animal experiment (fig. S1D), to explore
the specific effect of NPRC knockdown on diabetic myocardium, 24
eight-week-old male C57BL/6] mice were intraperitoneally injected
with STZ or vehicle before receiving intravenous injection of AAV9
and divided into four groups (n = 6 per group): AAV9-scr (scramble
shRNA) in control mice, AAV9-shNPRC in control mice, AAV9-scr
in DM mice, and AAV9-shNPRC in DM mice. The mice were fed
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with a chow diet as earlier described for another 16 weeks before
euthanasia. In the fourth part of the animal experiment,
to compare the protective effect of ANP, BNP, and CNP infusion
versus NPRC knockout on diabetic cardiac fibrosis,
NPRC™~ mice and their NPRC*'* littermates (WT) were selected
and divided into six groups (n = 6 per group; fig. S1E): control
group, DM + saline group, DM + ANP group, DM + BNP group,
DM + CNP group, and DM + NPRC™'~ group. After diabetes was
successfully induced, mice were fed a chow diet for 12 weeks. At
week 14, all mice were implanted with osmotic pumps (Alzet
model 2004, Alza Corp., USA). A continuous subcutaneous infu-
sion of saline was conducted in the DM + saline and DM +
NPRC™'~ groups, respectively, and infusion of ANP (ANP1-28,
MCE, USA; 0.5 pg/kg per minute), BNP (BNP1-32, MCE, USA;
0.03 pg/kg per minute), and CNP (CNP1-22, TargetMol, USA;
0.1 pg/kg per minute) was performed in the DM + ANP, DM +
BNP, and DM + CNP groups, respectively. The dose of ANP,
BNP, and CNP was chosen by referring to previous studies (27,
54-58). After 28 days of infusion, these mice were euthanized for
morphological and pathological detection. All the mice were
housed under specific pathogen—free conditions on a 12-hour
light/12-hour dark cycle with free access to food and water. The
mice were randomly assigned to different groups, and the investiga-
tors were blinded to the grouping of animals when assessing the
outcomes. Animal care and experimental procedures were approved
by the Ethics Committee and the Scientific Investigation Board of
Shandong University Qilu Hospital and performed according to the
Animal Management Rules of the Chinese Ministry of Health.

Human heart samples

Human heart tissues were obtained from three healthy donors and
two patients with diabetes and severe HF [New York Heart Associ-
ation Class IV (NYHA IV)] without hypertension and coronary
artery stenosis as revealed by coronary angiography. Informed
consent was obtained from all participants. Human study was ap-
proved by the Ethical Committee of Qilu Hospital of Shandong
University and conforms to the ethical guidelines of the Declaration
of Helsinki. Protein was extracted from the cardiac samples and
subjected to Western blot.

Echocardiography

Transthoracic echocardiography was performed at the end of the
experiment using the Vevo 2100 Imaging System (VisualSonics
Inc., Canada) to evaluate the cardiac function in mice. The mice
were anesthetized with 2% inhaled isoflurane and placed on a
heating platform at 37°C. LVEDD and LVESD were measured by
M-mode echocardiography in the parasternal long-axis view, and
LVEFS and LVEF were calculated automatically using the imaging
system. The peak mitral flow velocities in early diastole (E) and
late diastole (A) were measured by pulsed-wave Doppler in the
apical four-chamber view. The mitral annular velocities in early di-
astole (¢') were measured using tissue Doppler imaging in the apical
four-chamber view. The ratios of E/A and E/e’ were calculated.

Body weight and biochemical assay

The body weight of the mice was measured by an electronic balance
(Shimadzu Corp., Japan). FBG was measured in tail venous blood
by an Accu-Chek glucose meter with matched blood glucose strips
(Roche, Germany). Body weight and FBG levels were monitored

Meng et al., Sci. Adv. 9, eadd4222 (2023) 2 August 2023

every 4 weeks. Serum lipid levels, including TC, TG, LDL-C, and
HDL-C, were measured by an automatic biochemical analyzer
(Chemray 240, Shenzhen, China).

Blood pressure and heart rate measurement

At the end of the experiment, blood pressure and heart rate of the
mice were measured by a mouse tail-cuff blood pressure analysis
system (Softron BP-98A, Japan). All mice were first trained to get
accustomed to the device for accurate and reproducible measure-
ments. Measurements were conducted between 9 a.m. to noon in
a warm and quiet environment by the same investigator. The
mice were warmed inside of a hyperthermia cylinder for 5 min,
and the cuff sensor was placed at the base of the tail to record the
measurements. At least three consecutive measurements were re-
corded to get the average values from each mouse.

Histology and IHC

The hearts of mice were isolated and fixed in 4% paraformaldehyde,
embedded in paraffin, and cut into 5-um cross-sections. H&E,
Sirius red, and Masson's trichrome staining were performed accord-
ing to the manufacturer’s instructions using staining kits (Solarbio,
Beijing, China).

For THC, the sections were dewaxed and subjected to antigen re-
trieval with citrate buffer (pH 6.0), followed by treatment with 3%
H,0,. The sections were then blocked with 5% goat serum for 30
min at 37°C and incubated with primary antibodies at 4°C over-
night. The next day, the sections were incubated with horseradish
peroxidase (HRP)—conjugated secondary antibodies (ZSGB-Bio,
Beijing, China) for 30 min at room temperature, and detection
was performed using a 3'-diaminobenzidine (DAB) kit (ZSGB-
Bio, Beijing, China). Hematoxylin was used for nuclear staining.
All histological images were examined and photographed under a
microscope (Ti-S, Nikon) and analyzed with the Image-Pro Plus
6.0 software (Media Cybernetics Inc., USA). The primary antibod-
ies used are listed in table S1. Sections reacting with nonimmune
immunoglobulin G (IgG) as well as secondary antibodies were
used as negative controls.

Immunofluorescent staining

For immunofluorescent staining of tissue sections, the sections were
dewaxed, blocked with 5% bovine serum albumin (BSA) for 30 min,
and incubated with primary antibodies at 4°C overnight. For immu-
nofluorescent staining of cells, the cells were first seeded on glass
coverslips in the corresponding plates. Next, the cells were fixed
in 4% paraformaldehyde for 15 min, permeabilized in 0.1%
Triton X-100 in phosphate-buffered saline (PBS) for 5 min,
blocked with 5% BSA, and incubated with primary antibodies at
4°C overnight. On the next day, the sections or cell coverslips
were incubated with Alexa Fluor 488/594—conjugated secondary an-
tibodies (Abcam, UK). The cell nuclei were stained with 4’,6-diami-
dino-2-phenylindole (DAPI; Abcam, UK). Staining was observed
and photographed using a fluorescent microscope (Ti-S, Nikon).
The primary antibodies used are listed in table S1. Sections reacting
with nonimmune IgG as well as secondary antibodies were used as
negative controls.

Measurement of ANP, BNP, CNP, cGMP, and cAMP levels
ANP, BNP, and CNP levels in the serum of mice and in cell super-
natants were measured using ANP EIA kits (EIAM-ANP-1,
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Raybiotech, USA), BNP EIA kits (EIAM-BNP-1, Raybiotech, USA),
and CNP EIA kits (ETAM-CNP-1, Raybiotech, USA). The levels of
intracellular cGMP and cAMP were measured using the corre-
sponding kits (4339, 4360; Cell Signaling Technology, USA) accord-
ing to the manufacturer’s instructions.

Cell culture

The following cells were used in the in vitro experiments: primary
CMs (NRCMs) and CFs (NRCFs) from neonatal rat, and human
CMs and CFs differentiated from hiPSCs (hiPSC-CM and hiPSC-
CF). Primary NRCMs and NRCFs were isolated from the hearts of
1- to 3-day-old Sprague-Dawley rats as previously reported (59).
Briefly, the hearts were removed and cut into small pieces in pre-
cooled D-Hank's solution. The pieces were then transferred to a
conical flask containing digestive solution (0.75 mg/ml collagenase
type I in D-Hank's solution) and spun on a magnetic stirrer at 37°C
for 1 hour. Thereafter, the supernatant was collected and the pieces
were digested. The supernatants from the whole digestion process
were seeded into flasks, and NRCMs were isolated from NRCFs
using a differential attachment technique. After culture at 37°C in
5% CO, for 2 hours, most of the NRCFs were adherent to the flasks
and the supernatant containing NRCMs was reseeded onto culture
plates precoated with gelatin. Differentiated hiPSC-CM and hiPSC-
CF were provided by NanJing Cosmos Biotechnology Co. Ltd.
(Nanjing, China). NRCFs and hiPSC-CFs were cultured in Dulbec-
co's modified Eagle’s medium (DMEM; Gibco, USA) containing
10% fetal bovine serum (Sigma-Aldrich, USA) and 1% penicillin/
streptomycin (Gibco, USA). HiPSC-CMs were cultured in CM
maintenance medium (Cosmos, Nanjing, China) and refreshed
every 2 days. NRCMs were cultured in DMEM containing 8%
fetal equine serum (Solarbio, Beijing, China), 5% newborn calf
serum (Solarbio, Beijing, China), and 1% penicillin/streptomycin,
and 5-bromo-2'-deoxyuridine (BrdU; 0.1 mM, Sigma-Aldrich,
USA) was used to inhibit the proliferation of residual CFs at 37°C
in 5% C02

In the first part of the in vitro experiments (fig. S2A), to inves-
tigate the effect of NPRC deficiency on CFs, siRNA targeting NPRC
(si-NPRC) was transfected into NRCFs to knock down the expres-
sion of NPRC. Briefly, the primary NRCFs (F0O generation) were
passaged to the corresponding plates. NRCFs were transfected
with si-NPRC or negative control siRNA (si-NC) with Lipofect-
amine RNAiIMAX (Invitrogen, USA) according to the manufactur-
er's instructions. After 24 hours of transfection, the supernatant was
replaced with fresh medium and the cells were treated with normal
glucose (NG; 5.5 mM) or high glucose (HG; 33.3 mM) for 72 hours
before cell collection. Similar experiments were performed for
hiPSC-CFs.

In the second part of the in vitro experiments (fig. S2B), to in-
vestigate the effect of NPRC deficiency on the communication
between CM and CF, the primary NRCMs were transfected with
si-NPRC or si-NC as described earlier. After 24 hours of transfec-
tion, the supernatant was replaced with fresh medium and the cells
were treated with NG (5.5 mM) or HG (33.3 mM) for 48 hours. The
cell supernatant was collected and added to primary NRCFs for
another 72 hours before cell collection. Similar experiments were
conducted for hiPSC-CMs and hiPSC-CFs.

In the third part of the in vitro experiments (fig. S2C), to inves-
tigate the role of TGF-p—-induced factor homeobox 1 (TGIF1) in
NPRC deficiency—induced effects, the primary NRCFs were
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transfected with si-NC, si-NPRC, or combinational si-NPRC and
si-TGIF1. After 24 hours of transfection, the supernatant was re-
placed with fresh medium and the cells were treated with HG
(33.3 mM) for 72 hours before cell harvest. The sequences of the
above siRNAs were listed in table S2. Similar experiments were
carried out for hiPSC-CFs.

In the fourth part of the in vitro experiments (fig. S2D), to inves-
tigate the role of PKA and PKG activation in NPRC deficiency-
induced effects, the primary NRCFs were treated with the corre-
sponding agonist and antagonist. To study the role of PKA activa-
tion, the primary NRCFs were first treated with forskolin (20 uM), a
cAMP agonist, for 15 min, followed by treatment with H89 (10 uM),
a PKA antagonist. After another incubation for 15 min, the NRCFs
were treated with HG (33.3 mM) for 24 hours before cell harvest. To
study the role of PKG activation, the primary NRCFs were first
treated with 8-br-cGMP (1 uM), a cGMP agonist, for 15 min, fol-
lowed by treatment with KT5823 (1 uM), a PKG antagonist. After
another incubation for 15 min, the NRCFs were treated with HG
(33.3 mM) for 24 hours before cell harvest. Similar experiments
were performed for hiPSC-CFs.

Isolation of adult MCFs

Adult CFs were isolated from diabetic WT and NPRC™'~ mice as
reported (60). Briefly, the hearts were removed and cut into small
pieces, digested with collagenase type II (0.125 mg/ml in D-Hank's
solution) at 4°C overnight. On the next day, the supernatant was
discarded and the pieces were digested with pancreatin (0.05% in
PBS) for 2 min at 37°C. The supernatant was collected and the di-
gestion was repeated for six to seven times until no visible tissue
existed. Then, the supernatant from the whole digestion was
seeded in plates and allowed cell attachment for 2 hours. After 48
hours of culture, the protein was extracted from the MCFs and sub-
jected to Western blot.

Adenovirus-mediated overexpression

To achieve overexpression of ANP, BNP, and CNP in NRCFs, ade-
novirus carrying plasmids expressing ANP, BNP, CNP, and GFP
were added to the cell culture medium (multiplicity of infection =
300), followed by incubation for 12 hours. After 12 hours of trans-
fection, the supernatant was replaced with fresh medium for
another 48 hours before cell harvest.

EDU labeling and CCK-8 assay

The in vitro cell proliferation of NRCFs and hiPSC-CFs was detect-
ed using an EDU kit (RiboBio, Guangzhou, China). In the first and
second parts of the in vitro experiments, the EDU labeling reagent
was added to the culture medium (1:2500), followed by culture for
16 hours before cell collection. Next, the cells were fixed with 4%
paraformaldehyde, incubated with Apollo staining solution, and
counterstained with Hoechst 33342 for cell nuclei. Finally, fluores-
cence images were captured by a microscope (Ti-S, Nikon).

The cell viability of NRCFs and hiPSC-CFs was assessed by the
CCK-8 (Proteintech, Wuhan, China) according to the manufactur-
er’s instructions. In the first and second parts of the in vitro exper-
iments, the CCK8 reagent was added to a 96-well plate of NRCFs or
hiPSC-CFs, and after incubation for 4 hours, the absorbance at 450
nm was measured by a microplate reader (BioTek, USA).
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Extraction of cytoplasmic and nuclear proteins

Cytoplasmic and nuclear proteins were separated using Minute Cy-
toplasmic & Nuclear Extraction Kits (SC-003, Invent, USA) accord-
ing to the manufacturer’s protocol. Briefly, cytoplasmic extraction
buffer was added to the cell plates, and the plates were incubated on
ice for 5 min, followed by a vigorous vortex for 15 s and centrifuga-
tion for 5 min at top speed. The supernatant (cytoplasmic fraction)
was transferred to a new tube, and nuclear extraction buffer was
added to the pellets. The pellets were vortexed vigorously for 15 s
and then incubated on ice for 1 min, and this process was repeated
for four times. The nuclear extract was transferred to a filter car-
tridge with a collection tube and centrifuged at top speed for 30 s.
The cytoplasmic and nuclear proteins were further subjected to
Western blot analysis.

Coimmunoprecipitation assay

NRCFs were cultured in a 100-mm cell dish and transfected with si-
NC or si-NPRC. After 48 hours of culture, the cells were lysed with
radioimmunoprecipitation assay (RIPA) lysis buffer (CWbio,
China) supplemented with a protease inhibitor cocktail (CWbio,
China) on ice for 30 min. After centrifugation, the supernatants
were transferred to a new tube and incubated with 1 pg of
primary antibodies or IgG (Proteintech, Wuhan, China) for 1
hour at 4°C. Protein A/G-agarose beads (Santa Cruz Biotechnology,
USA) were then incubated with the mixture at 4°C overnight. On
the second day, the beads were washed for five times through cen-
trifugation with lysis buffer, and immunoprecipitated proteins were
used for Western blot analysis after incubation with loading buffer
at 99°C for 10 min.

Transcriptome RNA sequencing

Total RNA from NRCFs in the first part of the in vitro experiments
was isolated using the RNeasy Mini Kit (Qiagen, Germany). After
assessment of the integrity of total RNA using the Agilent 2100 Bio-
analyzer (Agilent Technologies Inc., USA), the samples with RNA
integrity number > 7.0 were used for sequencing. RNA-sequencing
strand-specific libraries were constructed using the VAHTS Total
RNA-seq (H/M/R) Library Prep Kit (Vazyme, Nanjing, China).
The library was then diluted to 10 pM, after which clusters were gen-
erated and sequenced on the Illumina NovaSeq 6000 platform (Il-
lumina, USA). Differential expression analysis of mRNA was
performed using the R package edgeR.

Real-time PCR assay

Total RNA was extracted from cultured cells using RNA fast200 kits
(220010, Fastagen, Shanghai, China). Total RNA was reverse-tran-
scribed to cDNA using the HiScript RT Mix kit with a gDNA wiper
(R323-01, Vazyme, Nanjing, China) following the manufacturer'’s
instructions. Reverse transcription products were amplified on a
LightCycler 480 instrument (Roche, Switzerland) using SYBR
Green qPCR Mix (Q711, Vazyme, Nanjing, China). All samples
were measured in triplicates. B-Actin was used for normalization
in each experiment, and relative gene expression was determined
using the 27**“" method. The primer sequences are listed in
table S2.

Western blot analysis
Total protein was extracted from the left ventricular apex of mice
using the Total Protein Extraction Kit (SD-001, Invent, USA).
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Protein lysates were extracted from cultured cells using RIPA lysis
buffer (R0010, Solarbio, China) supplemented with a protease in-
hibitor cocktail (CWbio, China). Equal amounts of protein
samples were separated on 10 to 12% SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene difluor-
ide (PVDF) membranes (Millipore, USA). The membranes were
blocked with 5% skim milk for 1 hour at room temperature and in-
cubated with primary antibodies at 4°C overnight. On the next day,
the membranes were incubated with peroxidase-conjugated sec-
ondary antibodies (1:5000, Jackson ImmunoResearch Laboratories,
USA) for 1 hour at room temperature, followed by detection using a
chemiluminescent substrate (Millipore, USA) and chemilumines-
cent instrument (GE, Amersham Imager 680RGB, USA). Images
were analyzed with Image] software (Media Cybernetics Inc.,
USA), and B-actin was used as a control to verify equal protein
loading. The primary antibodies used were listed in table S1.

Statistical analysis

All data were presented as mean + SEM of at least three independent
experiments. All analyses were performed with GraphPad Prism 8
software (GraphPad, USA). The normality assumption of the data
distribution was assessed using the Shapiro-Wilk test. Unpaired
two-tailed Student's ¢ tests were used to determine the statistical dif-
ference between two groups. One-way analysis of variance
(ANOVA) followed by Turkey's post hoc test was performed to de-
termine the statistical difference between multiple groups with one
variable. Two-way ANOVA was used to compare multiple groups
with more than one variable. For two-way ANOVA with significant
interaction (P < 0.05), Turkey post hoc test was used. For two-way
ANOVA without significant interaction, Bonferroni post hoc test
was used. For all statistical comparisons, P < 0.05 was considered
statistically significant.

Supplementary Materials
This PDF file includes:

Figs. S1 to S22

Table S1 and S2
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