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LncRNA CFRL aggravates cardiac

fibrosis by modulating both
miR-3113-5p/CTGF and miR-3473d/FN1 axis

Yue Cui,"? Bozhong Shi,"? Zijie Zhou,"? Bo Chen,"! Xiaoyang Zhang," Cong Li," Kai Luo,” Zhongqun Zhu,’
Jinghao Zheng,"* and Xiaomin He':3*

SUMMARY

Cardiac fibrosis is a major type of adverse remodeling, predisposing the disease progression to ultimate
heart failure. However, the complexity of pathogenesis has hampered the development of therapies. One
of the key mechanisms of cardiac diseases has recently been identified as long non-coding RNA (IncRNA)
dysregulation. Through in vitro and in vivo studies, we identified an IncRNA NONMMUTO067673.2, which
is named as a cardiac fibrosis related IncRNA (CFRL). CFRL was significantly increased in both mouse
model and cell model of cardiac fibrosis. In vitro, CFRL was proved to promote the proliferation and migra-
tion of cardiac fibroblasts by competitively binding miR-3113-5p and miR-3473d and indirectly up-regu-
lating both CTGF and FN1. In vivo, silencing CFRL significantly mitigated cardiac fibrosis and improved
left ventricular function. In short, CFRL may exert an essential role in cardiac fibrosis and interfering
with CFRL might be considered as a multitarget strategy for cardiac fibrosis and heart failure.

INTRODUCTION

Cardiac fibrosis is a major type of adverse remodeling in response to chronic pressure overload. The aberrant proliferation of fibroblasts and
excessive deposition of extracellular matrix (ECM) discoordinate myocardial excitation-contraction coupling, impair systolic and diastolic
function, and thus predisposing the disease progression to ultimate heart failure (HF)." However, the wide variety of molecular signals impli-
cated in the fibrotic progress and the complexity of their interactions has hampered understanding the mechanistic basis of cardiac fibrosis.”
Therefore, there is few effective therapeutics for cardiac fibrosis in clinical practice, and further mechanistic studies are necessary for devel-
oping strategies and improving treatment efficacy.

In the development and progression of cardiac fibrosis, the deposition of ECM plays a vital role. The activated cardiac fibroblasts (CFs)
undergo a series of transcriptome changes and produce non-cellular three-dimensional macromolecules to disrupt the myocardial architec-
ture. Importantly, CFs upregulated two well-known fibrotic protein-coding genes, connective tissue growth factor (CTGF) and fibronectin 1
(FN1), to promote cell proliferation, motility, adhesion, and matrix turnover. The two culprit genes have become novel therapeutic targets to
prevent cardiac fibrosis in recent endeavors. CTGF-neutralizing antibody pamrevlumab or FN1 inhibitor pUR4, respectively, attenuated
fibrosis and presented protective effect in mouse HF model.>* However, limited studies attempt to combine the multitarget, where suppress-
ing both genes necessitate drug regimens with unwarranted effect. Exploring a common upstream of CTGF and FN1 helps to develop a
simplified therapeutic method to improve treatment efficacy.

To this end, long non-coding RNAs (IncRNAs) have become increasingly intriguing in regulating multitargets. They are transcripts
of > 200 nucleotides in length without protein-coding function that arise from intergenic, antisense or promoter-proximal regions.’
Growing evidence has indicated that IncRNAs can function as competing endogenous RNA (ceRNA). In ceRNA network, IncRNAs sponge
and block the effect of miRNAs, a class of ncRNA that suppresses target genes expression at their translational level.® As one IncRNA can
regulate multiple miRNAs, IncRNAs are able to form a complex regulatory network and regulate multitargets.” The advent of deep
sequencing led to the identification of a considerable amount of IncRNAs, which are increasingly recognized for their functions in control-
ling cardiovascular diseases.'”

In the present study, we discovered a long non-coding RNA, IncRNA NONMMUTO067673.2, in transverse aorta constriction (TAC) mice
model to promote cardiac fibrosis by targeting both CTGF and FN1, named cardiac fibrosis related IncRNA (CFRL) in the following
section.
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Figure 1. Increased expression of IncRNA NONMMUTO067673.2 (CFRL) in LVs of TAC mice

(A) The results from hierarchical clustering showing the distinct IncRNA expression profiles between TAC and sham. “Red” indicated high relative expression and
"blue” low relative expression.

(B) Volcano plot provided a convenient way to visualize the distribution of datasets of IncRNAs. Red plots represented up regulation and blue plots meant down

regulation.

(C) gRT-PCR analysis showing dysregulated IncRNAs in LVs of TAC mice, including up-regulated CFRL. GAPDH mRNA served as an internal control. n = 3 mice.
**p < 0.01 vs. Sham.

(D) The hierarchical clustering showing the distinct mRNA expression between TAC and sham.

(E) Venn diagram showing the intersection of the predicted mRNAs targeted by CFRL and the differential mRNAs.

RESULTS
Up-regulation of CFRL in TAC-induced mice
To study chronic pressure-overloaded HF, transverse aortic constriction mice model was established. After 6 weeks, a whole transcriptome
RNA-sequencing was performed in left ventricle (LV) tissues isolated from mice undergoing TAC or sham surgery (n = 3 vs. 3). Differentially
expressed RNAs were filtered by fold change >2.0 or <0.5. We found 179 (97 up and 82 down) of 43234 detected IncRNAs that were sig-
nificant different between TAC and sham LVs (FDR <0.05) (Figures 1A, 1B, and Table S1).

Since it was easier to knockdown an IncRNA compared with overexpressing it, suppressing pro-fibrotic IncRNAs might be an effective
treatment for cardiac fibrosis. We then performed gRT-PCR to detect the expression of top-ten upregulated IncRNAs found by RNA-seq.

2 iScience 26, 108039, October 20, 2023



iScience ¢? CellPress
OPEN ACCESS

Among them, IncRNA NONMMUT067673.2 (Figure S1), named CFRL in the following section, was markedly increased in the LV tissue of TAC-
induced mice (Figure 1C). In brief, our findings suggested that CFRL was increased in mouse model of HF.

Target genes of IncRNA were predicted by trans-regulation and cis-regulation. And the Pearson correlation coefficient was used to test the
expression correlation of INcRNAs and mRNAs. There were 637 (494 up and 143 down) of 20968 mRNAs significant different between TAC and
sham LVs (FDR <0.05) (Figure 1D and Table S1). The intersection of the target genes and the differential MRNAs was taken subsequently (Fig-
ure 1E), including Anxa4, Slc13a4, FN1, Actal, Gas2I3, and Ctgf. Among them, CTGF and FN1 were significantly up-regulated and had been
proved to participate in fibrosis. We thus predicted that CTGF and FN1 might both be the target genes of CFRL.

CFRL increases cell viability and proliferation by targeting both CTGF and FN1 in mouse cardiac fibroblasts (mCFs)

Since CFRL might target two well-known fibrosis genes, it was speculated to participate in the pathologic process of cardiac fibrosis. To verify
the hypothesis, we treated mouse cardiac fibroblasts (mCFs) with angiotensin Il (Ang Il, 100 nM), and discovered that the level of CFRLin mCFs
was significantly raised (Figures 2A and S2B). However, Angll-treated mouse cardiomyocytes (MCMs) did not show the increase of CFRL, indi-
cating a less important role of CFRL in cardiomyocytes (Figure S2A). Moreover, CFRL expression in Angll-treated mCFs was also higher than
that in Angll-treated mCMs (Figure 2B). For further confirming the correlation of CFRL and CTGF/FN1, the plasmid DNA of CFRL was con-
structed and transfected into mCFs to overexpress CFRL (oe-CFRL). RT-gPCR results showed that CTGF and FN1 were both up-regulated
after the overexpression of CFRL in mCFs (Figures S3A, 2C, and 2D). Meanwhile, the CTGF and FN1 protein levels examined by western
Blot were elevated upon CFRL overexpression in mCFs (Figure 2E and S8A). To assess the effects of CFRL on CFs, mCFs were treated
with oe-CFRL or negative control for in vitro functional assays. A scratch wound-healing assay was applied to investigate the effect on cell
migration, and the results showed that overexpressing CFRL markedly enhanced the motility of mCFs (Figures 2F and 2G). The proliferation
of mCFs was quantified by CCK-8 analysis, which demonstrated that CFRL overexpression led to a significant increase in cell proliferation
(Figure 2H). gRT-PCR and western Blot results also revealed that CFRL raised the expression of collagen type | alpha 1 chain (COL1A1)
and alpha-smooth muscle actin (a-SMA), two biomarkers of CF activation (Figures 2, 2J, and S8B).

Furthermore, we transfected mCFs with siRNAs targeting CFRL to silence it. RT-gPCR results showed the decreased expression of CFRL in
mCFs (Figure S3A). In contrast to the effect of overexpression, compared with NC-transfected mCFs, si-CFRL transfected mCFs showed the
decrease in cell viability, cell proliferation, and expression of fibrosis biomarkers (Figures 2F-2J), as well as the RNA and protein levels of CTGF
and FN1 (Figures 2C-2E). To further verify that CTGF and FN1 were the functional target of CFRL, siRNAs targeting CTGF or FN1 were con-
structed and transfected into mCFs for knockdown (Figure S3B). CFRL was found to decrease dramatically with silencing CTGF or FNT,
measuring by gRT-PCR (Figure 2K). All these data suggested that CFRL enhanced CF function by targeting both CTGF and FN1.

CFRL functions as a sponge for miR-3113-5p and miR-3473d

It has been shown that IncRNAs can act as miRNAs sponge to regulate downstream targets.'' " The function of non-coding RNA, including
INcRNA, has a close relationship with its subcellular location. FISH assay with a probe targeting the back-spliced junction of CFRL revealed the
predominately cytoplasmic enrichment of CFRL in mCFs (Figure 3A). Therefore, we speculated that CFRL might be involved in cardiac fibrosis
by acting as a ceRNA. LncRNAs and mRNA may share the same miRNAs according to the ceRNA theory.'” Therefore, we constructed a CFRL-
miRNAs-CTGF/FN1 network through miRanda prediction, and found that CFRL might function as a sponge for miR-3113-5p to target CTGF,
also a sponge for miR-3473d to target FN1 (Figure S4).

To confirm CFRL could bind to miR-3113-5p/miR-3473d, we constructed luciferase reporters containing wild type and mutated putative
binding sites of CFRL (Figure S5). Dual-luciferase reporter assays showed that the luciferase activities of CFRL wild type reporter were signif-
icantly reduced when transfected with miR-3113-5p/miR-3473d mimics compared with control reporter or mutated luciferase reporter
(Figures 3B and 3C).

Next, we constructed biotin-labeled CFRL-specific probes and performed an experiment to test whether CFRL could pull down miR-3113-
5p and miR-3473d. The gRT-PCR results demonstrated binding of CFRL to miR-3113-5p and miR-3473d (Figures 3D and 3E). Taken together
these results suggested that CFRL interacts directly with miR-3113-5p and miR-3473d.

For further verification, we suppress CFRL by transfect siRNAs in mCFs, the RNA levels for both miR-3113-5p and miR-3473d were markedly
increased (Figure 3F). Meanwhile, miR-3113-5p and miR-3473d overexpression or knockdown through their mimics or inhibitors (Figures S3C
and S3D) significantly decreased or increased RNA levels of CFRL separately (Figure 3G). These results suggested that CFRL functioned as a
molecular sponge for miR-3113-5p and miR-3473d in mCFs.

MiR-3113-5p and miR-3473d target CTGF and FN1 respectively

The bioinformatics analysis data also showed that the 3-UTR of CTGF and FN1 contained potential binding sites for miR-3113-5p and miR-
3473d (Figure 4A). To confirm CTGF/FN1 could be regulated by miR-3113-5p/miR-3473d, we also constructed luciferase reporters containing
wild type and mutated putative binding sites of CTGF/FN1 3'-UTR (Figure Sé). Results unveiled that miR-3113-5p/miR-3473d combined with
CTGF/FNT1, evidenced by the remarkable reduction of CTGF/FN1 3'-UTR wild type reporter transfected with miRNA mimics (Figure 4B).
Furthermore, gRT-PCR analysis revealed that silencing miR-3113-5p with its inhibitors dramatically increased CTGF expression in mCFs, as
did miR-3473d for FN1 (Figure 4C). Overexpression of miR-3113-5p and miR-3473d with their corresponding mimics reduced CTGF and
FN1 RNA levels, respectively, in mCFs (Figure 4D). Western Blot further proved that the protein levels of CTGF and FN1 were modulated
by miR-3113-5p and miR-3473d (Figure 4E and S8C). Conversely, silencing CTGF or FN1 through siRNAs increased miR-3113-5p or
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Figure 2. CFRL up-regulated CTGF and FN1 levels and increased cell viability and proliferation in mCFs

(A) CFRL was increased in mCFs after treatment with Ang Il. n = 4 independent cell cultures. ***p < 0.001 vs. control.

(B) CFRL expression in Angll-treated mCFs was higher than that in Angll-treated mCMs. n = 4. ***p < 0.001 vs. mCMs.

(C and D) Overexpression of CFRL increased CTGF and FN1 expression, while the suppression had the opposite effect, as measured by qRT-PCR. n = 3
independent cell cultures. *p < 0.05, ***p < 0.001 vs. control, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. oe- or si-negative control (NC).

(E) Western blot analysis showing that knockdown of CFRL alleviated CTGF and FN1 protein expression, which overexpression intensified; -actin served as a
loading control, *p < 0.05, **p < 0.01 vs. 0e-NC, ###p < 0.001 vs. si-NC.

(F and G) Overexpressing CFRL enhanced cell migration of mCFs, as proved by wound-healing assay. Wound area was counted using ImageJ and used to
calculate the wound closure rate (%) at 24 h post scratching (G).Scale bar, 200 pm. n = 3 independent cell cultures. ***p < 0.001 vs. oe-NC, ##p < 0.01 vs. si-NC.
(H) CCK-8 for the assessment of proliferation, showing that CFRL overexpression led to an increase in cell viability and proliferation. n = 4 independent cell
cultures, ***p < 0.001 vs. oe- or si-NC.

(I) gRT-PCR analysis showing that overexpressing CFRL raised the RNA level of COL1A1 and a-SMA. n = 3. **p < 0.01 vs. oe-NC, ##p < 0.01, ###p < 0.001 vs.
si-NC.

(J) CFRL overexpression promoted COLTAT and a-SMA protein expression, as measured by western blot; B-tubulin served as a loading control, *p < 0.05 vs.
oe-NC, ###p < 0.001 vs. si-NC.

(K) Silencing CTGF or FN1 decreased CFRL expression. n = 3. *p < 0.05, ***p < 0.001 vs. si-NC.
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Figure 3. Interaction between CFRL and miR-3113-5p/miR-3473d

(A) Localization of CFRL in mCFs was detected by RNA-FISH analysis (Original magnification, x 500, Scale bar, 20 um). 18S and Ué served as a positive control for
cytoplasmic and nuclear fractions, respectively. The nuclei were stained with DAPI. Fluorescent staining: DAPI (blue), CFRL (red), 18S (red), U6 (red).

(B) The predicted binding sites of miR-3113-5p and miR-3473d with CFRL. The complementary base pairs in CFRL are outlined in red.

(C) Luciferase assay results to validate the direct interaction of miR-3113-5p and miR-3473d with CFRL. n = 3in each group. *p < 0.05, ***p < 0.001. “ns" meant not

statistically significant. WT, wild type; MUT, mutant binding site.

(D and E) MiR-3113-5p and miR-3473d were pulled down by CFRL probe, and the expression of miR-3113-5p and miR-3473d were analyzed by qRT-PCR. n = 4.
***p < 0.001 vs. Bio-NC.

(F) CFRL knockdown by the specific siRNA upregulated miR-3113-5p and miR-3473d in mCFs.

(G) Overexpressing and silencing miR-3113-5p/miR-3473d through their mimics or inhibitors, respectively, CFRL expression was correspondingly decreased and
increased. n = 3 independent cell cultures. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. NC.

miR-3473d expression accordingly (Figure 4F). The results of functional assays including scratch wound-healing assay (Figures 4G and 4H) and
CCK-8 cell viability assay (Figure 41) demonstrated that miR-3113-5p and miR-3473d knockdown enhanced the cell viability and proliferation in
mCFs, while overexpression have the opposite effect. Further transfecting mCFs with miRNA inhibitors and si-CTGF or FN1 together, gRT-
PCR showed that CTGF or FN1 knockdown reversed the pro-fibrotic effects of silencing miR-3113-5p or miR-3473d (Figures 4J-4L). These
results revealed that CTGF/FN1 was the direct and functional target of miR-3113-5p/miR-3473d.

CFRL facilitates cell activity via the miR-3113-5p/CTGF & miR-3473d/FN1 axis in mCFs

These results together suggested that CFRL could bind to miR-3113-5p and miR-3473d, and CTGF/FN1 could be regulated by miR-3113-5p/
miR-3473d and CFRL. In order to further confirm that CFRL could contribute to cardiac fibrosis via the miR-3113-5p/CTGF & miR-3473d/FN1
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Figure 4. miR-3113-5p and miR-3473d targeted CTGF and FN1, respectively, modulating cell viability and proliferation in MCFs

(A) Sequence alignment showing complementarity of miR-3113-5p and CTGF 3'UTR, as well as miR-3473d and FN1 3'UTR. The matched base pairs are outlined
in red.

(B) Luciferase assay showing validation of the binding of miR-3113-5p and CTGF 3'UTR, also miR-3473d and FN1 3'UTR. n = 3 in each group. “ns” meant not
statistically significant. WT, wild type; MUT, mutant binding site.

(C and D) Transfection of miR-3113-5p and miR-3473d inhibitors increased CTGF and FN1 expression, respectively, while transfecting mimics reduced the RNA
levels of them, as measured by gRT-PCR. n = 3 independent cell cultures. **p < 0.01, ***p < 0.001 vs. control, ##p < 0.01, ###p < 0.001 vs. NC.

(E) miR-3113-5p/miR-3473d mimics and inhibitors downregulated and upregulated the expression of corresponding targets, respectively, as measured by
western blot, *p < 0.05, **p < 0.01, ***p < 0.001 vs. mimic- or inh-NC.

(F) gRT-PCR showing that transfection of CTGF and FN1 siRNAs increased miR-3113-5p and miR-3473d expression, respectively. n = 3. ***p < 0.001 vs. si-NC.
(G) Wound-healing assay showing that transfection of mi-3113-5p/miR-3473d mimics attenuated cell migration of mCFs. Scale bar, 200 um.

(H) Wound closure rate was calculated the at 24 h post scratching. n = 3 independent cell cultures. **p < 0.01 vs. mimic-NC, #p < 0.05, ##p < 0.01 vs. inh-NC.
(I-L) CCK-8 assay showing a decline in cell viability and proliferation with miR-3113-5p/miR-3473d overexpression. n = 4 independent cell cultures. ***p < 0.001 vs.
mimic-NC or inh-NC. Suppressing CTGF or FN1 in miR-3113-5p or miR-3473d-downregulated mCFs partly decreased the levels of CTGF or FN1 (J), COL1A1
(K) and a-SMA (L), as measured by gRT-PCR. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 vs. inh-NC. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. inh-3113/3473.

axis, we transfected mCFs with miRNA inhibitors and si-CFRL at the same time. Results demonstrated that suppressing miR-3113-5p or miR-
3473d in CFRL-downregulated mCFs could rescue the inhibitory effects of CFRL knockdown on RNA and protein levels of CTGF and FN1. On
the contrary, compared with the oe-CFRL transfects, the co-transfection of oe-CFRL and miR-3113-5p/miR-3473d mimics showed lower RNA
and protein levels of CTGF and FN1 (Figures 5A and 5B).

Meanwhile, co-transfection of miR-3113-5p/miR-3473d inhibitors and si-CFRL partly promoted cell activity in mCFs, compared with si-
CFRL group. In contrast, miR-3113-5p or miR-3473d overexpression eliminated the promotion of CFRL on cell migration and proliferation
in mCFs (Figures 5C-5E). Co-transfection of miR-3113-5p/miR-3473d inhibitors and si-CTGF/FN1 was also conducted. Results showed that
silencing CTGF or FN1 relieved the overexpression of CFRL aroused by silencing miR-3113-5p/miR-3473d (Figure 5F). These results further
discovered that CFRL served as a molecular sponge for miR-3113-5p or miR-3473d and facilitated cell activity via the miR-3113-5p/CTGF &
miR-3473d/FN1 axis in mCFs.

Silencing of CFRL mitigates cardiac fibrosis and protects cardiac function in mice subjected to TAC

To explore the biological functions of CFRL in vivo, we treated the mice with the overexpressing construction and siRNA of CFRL via tail vein
injection to perform CFRL overexpression and knockdown. At 2 weeks after injection, echocardiography was taken to assess the cardiac func-
tion. CFRL-overexpressed TAC mice showed decreased ejection fraction (EF%) and fraction shortening (FS%) (Figure 6A). Atrial natriuretic
peptide (ANP) and brain natriuretic peptide (BNP) expression also increased, as measured by qRT-PCR (Figure 6B). Images of mice hearts
showing that the injection of oe-CFRL aggravated cardiac hypertrophy (Figure 6C). These results indicated that CFRL overexpression aggra-
vated cardiac impairment. Sirius Red staining analysis further proved that oe-CFRL group suffered from worse cardiac fibrosis induced by
TAC, showing increased interstitial fibrosis area (Figures 6D and S7). The expression of fibrosis-related genes, COL1A1 and a-SMA, was
also increased (Figure 6E). Meanwhile, gRT-PCR and western blot results revealed the up-regulated RNA and protein levels of CTGF and
FN1 (Figures 6F, 6G, and S8D). The expression of miR-3113-5p and miR-3473d also decreased (Figure 6H). Taken together, these results veri-
fied the pro-fibrotic role and underlying mechanism of CFRL in vivo.

On the contrary, compared with TAC-induced mice, CFRL silencing group showed restored cardiac function, evidenced by higher EF
(%)/FS (%) (Figure 6A), lower RNA levels of ANP and BNP (Figure 6B) and less hypertrophic hearts (Figure 6C). Suppressing CFRL also miti-
gated cardiac fibrosis, as proved by Sirius Red staining analysis (Figure 6D) and reduction of COL1TA1 and a-SMA (Figure 4E). gRT-PCR and
western blot also showed a decline in RNA and protein levels of CTGF and FN1 (Figures 6F and 6G), as well as increased miR-3113-5p and
miR-3473d (Figure 6H). These results suggested that CFRL knockdown was able to mitigate cardiac fibrosis and protect cardiac function.
Therefore, interfering with CFRL expression might be considered as a new strategy for the management of cardiac fibrosis.

DISCUSSION

In this study, we described an up-regulated IncRNA in TAC-induced mice model, which was named CFRL. CFRL could target both CTGF and
FN1, two significant fibrosis genes, by acting as a ceRNA of miR-3113-5p and miR3473d to promote fibrosis progress. Therefore, we discov-
ered a new upstream regulator of cardiac fibrosis and its underlying mechanism. Moreover, CFRL knockdown in vivo remarkably ameliorated
fibrosis and cardiac function, which presented a new insight into the therapeutic strategies of cardiac fibrosis.

LncRNAs are transcripts of >200 nucleotides in length with a higher total quantity than protein-coding genes,™'® and exhibit more highly
specific expression patterns than mRNAs."’Studies have revealed that IncRNAs may be crucial in a variety of physiological and pathological
processes.'® In our study, we first discovered the up-regulation of CFRL in the TAC mice through whole transcriptome RNA-sequencing and
verified by experiments in vivo and vitro. To further reveal the underlying mechanism, we constructed the co-expression network to predicted
and then confirmed that CFRL targets both CTGF and FN1, having a critical role in cardiac fibrosis. So far, a number of IncRNAs have been
proved to be involved in the progress of cardiac fibrosis. LncRNA PCFL, as an illustration, was demonstrated to promote cardiac fibrosis via
miR-378/GRB2 pathway.'” However, most of these IncRNAs are only found to regulate single gene, and the function of some downstream
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Figure 5. CFRL functioned via the miR-3113-5p/CTGF & miR-3473d/FN1 axis in mCFs

(A) gRT-PCR showing that suppressing miR-3113-5p/miR-3473d in CFRL-downregulated mCFs partly increased the levels of CTGF/FN1, and overexpressing miR-
3113-5p/miR-3473d alleviated the CTGF/FN1 upregulation induced by CFRL overexpression. n = 3independent cell cultures. **p <0.01, ***p < 0.001 vs. oe- or si-
NC, #p < 0.05, #Hfp < 0.001 vs. oe- or si- CFRL.

(B) Western blot showing that co-transfection of miRNA mimics and oe-CFRL partly reversed the effect of CFRL on CTGF and FN1, as well as miRNA inhibitors and
si-CFRL.

(C and D) Wound-healing assay and wound closure rate at 24 h demonstrated that up-regulating miR-3113-5p/miR-3473d in oe-CFRL transfected mCFs rescued
the promotion of CFRL on cell migration. In contrast, co-transfection of miRNA inhibitors and siRNAs promoted cell migration, compared with si-CFRL
group.Scale bar, 200 pm. n = 3 independent cell cultures. **p < 0.01, ***p < 0.001 vs. oe- or si-NC, #p < 0.05, ##p < 0.01 vs. oe- or si- CFRL.

(E) CCK-8 analysis further quantified the cell viability and proliferation of mCFs. n = 4 independent cell cultures. ***p < 0.001 vs. oe- or si-NC, ###p < 0.001 vs. oe-
or si-CFRL.

(F) As measured by qRT-PCR, suppressing CTGF/FN1 in miR-3113-5p/miR-3473d-downregulated mCFs partly decreased the levels of CFRL. n = 3. **p < 0.01,
***5 < 0.001 vs. inh-NC, #p < 0.05, ##H#p < 0.001 vs. inh-3113/3473.

target genes have not been well-established. Therefore, our study characterized an IncRNA that target both two well-known fibrosis genes,
which might play a more important role in cardiac fibrosis.

In mechanism, IncRNAs could act as molecular guides and scaffolds to interact with protein complexes or guide chromatin-modifying
complexes to target genomic DNA loci.”® More importantly, accumulating evidence has shown that IncRNAs participate in cardiovascular
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Figure 6. CFRL aggravated cardiac fibrosis and cardiac impairment in vivo

(A and B) Overexpression of CFRL intensified impaired cardiac function in TAC induced mice, while suppressing CFRL alleviated it, evidenced by ejection fraction
(EF%) and fraction shortening (FS%) measured by echocardiography (A) and expression of ANP and BNP measured by gRT-PCR (B). n = 4 mice per group.
**%p < 0.001 vs. Sham, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. TAC.

(C) Representative images of mice hearts showing that the injection of si-CFRL alleviated TAC-induced cardiac hypertrophy, while oe-CFRL aggravated it.
(D-H) Representative images of HE and Sirius Red-stained LV tissue of TAC mice after injection of oe- and si-CFRL. Scale bar, 100 um. Quantification of the fibrotic
area showed using ImageJ. n = 5. ***p < 0.001 vs. Sham, ###p < 0.001 vs. TAC. gRT-PCR and western blot analysis indicated that CFRL promoted the expression
of fibrosis-related genes, including COL1A1 and a-SMA (E), and increased the RNA (F) and protein (G) levels of CTGF/FN1, and decreased the expression of miR-
3113-5p/miR-3473d (H). n = 4 mice per group. ***p < 0.001 vs. Sham, #p < 0.05, ##p < 0.01, ##Hp < 0.001 vs. TAC.

diseases by acting as ceRNA, where RNA transcripts with the same binding sites are natural decoys in miRNAs activity by competing for com-
mon miRNAs."* Similarly, in our study, CFRL was predicted to have potential binding sites and could sponge both miR-3113-5p and miR-
3473d, which was subsequently proved by dual-luciferase reporter assay. Further gain- and loss-of function experiment in vitro confirmed
these results.

MicroRNAs (miRNAs) are single-stranded transcripts with sizes of about 22 nucleotides which repress the expression of mRNA targets by
promoting translational repression and mRNA degradation.'®?"?? In recent years, many studies have demonstrated that microRNAs (miR-
NAs) might play an important role in cardiac fibrosis. To our knowledge, there are few research on the function and mechanism of miR-
3473d, while miR-3113-5p has been reported to be upregulated and participated in cardiac I/R injury and sudden cardiac death (SCD)
cases.”>** However, we found downregulation of miR-3113-5p and miR-3473d in TAC mice, illustrating their novel role in fibrosis. Cell viability
and migration of mCF was significantly promoted by suppressing miR-3113-5p or miR-3473d, further proving that both of them are crucial in
cardiac fibrosis. Moreover, the complete ceRNA network was established and its impact on fibrosis was confirmed by the CCK-8 assay and
wound healing assay in mCFs. Overexpression of CFRL and knockdown of miR-3113-5p/miR3473d promoted cardiac fibrosis, as proved by
the facilitated cell activity of mCFs. Taken together, we demonstrated that CFRL aggravated cardiac fibrosis by modulating both miR-3113-
5p/CTGF and miR-3473d/FN1 axis. These results further illustrated the underlying mechanism of CFRL regulating both two vital fibrotic genes
and provided a theoretical basis for potential therapeutic use.
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Furthermore, the function of CFRL in vivo was evaluated by CFRL overexpression and knockdown in TAC mice. The result of Sirius Red
staining and echocardiography further proved that CFRL promoted cardiac fibrosis and worsen cardiac function. Moreover, suppressing
CFRL in TAC mice could dramatically alleviate fibrosis and improve cardiac function. Since knockdown of ncRNA expression has proved
to be easy using chemically engineered antisense oligonucleotides, or siRNA-mediated approaches,”” our study presents a novel and poten-
tial target for the treatment of cardiac fibrosis. Previous studies have also discovered that the overexpression of protective IncRNA or knock-
down of culprit IncRNA in vivo could mitigate fibrosis in animal models. However, most of them were found to only target a single pathway,
while CFRL regulate both miR-3113-5p/CTGF and miR-3473d/FN1 axis. CTGF and FN1 have been proved to play an important role in cardiac
fibrosis through promoting cell proliferation, motility, adhesion and matrix turnover,”*?” and suppressing CTGF or FN1 could alleviate cardiac
fibrosis.”® When it comes to anti-fibrotic drugs, numerous small molecules or compounds are currently in clinical trials for fibrosis, but few for
cardiac fibrosis.”” Pamrevlumab, a kind of anti-fibrotic drug targeting CTG F,*° has showed promise as a safe and effective treatment,’ butin
the field of idiopathic pulmonary fibrosis. Besides, there has been few anti-fibrotic drug targeting FN1 up to now. Therefore, interfering with
CFRL expression may be considered as a new strategy for the prevention and treatment of cardiac fibrosis and associated pathological
processes.

In brief, our research revealed that CFRL is a pro-fibrotic IncRNA stimulating cardiac fibrosis by competitively binding miR-3113-5p and
miR-3473d thus targeting both CTGF and FN1. In a series of in vitro and in vivo experiments, we uncovered the characters of CFRL and
miR-3113-5p/miR-3473d in cardiac fibrosis and clarified their regulatory interactions. These results suggest that preventing CFRL expression
may be a new approach to treating and preventing cardiac fibrosis and HF.

Limitations of the study

Our study characterized a new critical fibrotic IncRNA and provided new mechanism of cardiac fibrosis. However, some limitations should be
noted. First, INcRNAs lack the high interspecies conservation®” and the full length of CFRL is also poorly conserved. It is possible that the
IncRNAs between human and mouse are conserved at the structural level.** Therefore, further thorough research could be conducted to
find the human homologue for CFRL, from several conservation dimensions including the sequence, structure, function, and expression
from syntenic loci dimensions. Second, TAC model was used to mimic cardiac fibrosis and HF in vivo experiments. However, there were
several models of cardiac fibrosis, and CFRL expression should also be detected in LV tissues of other models including Angll infusion
and two-kidneys-one-clip. Besides, the attempt to overexpress miR-3113-5p/miR-3473d in vivo experiments failed, so further research was
needed. Third, the role of CFRL in hypertrophy remained unclear. Despite the enrichment of CFRL in mCFs rather than in mCMs, histological
analysis demonstrated that the injection of si-CFRL alleviated TAC-induced cardiac hypertrophy, while oe-CFRL aggravated it. Last, there
might be other possible target genes of CFRL besides CTGF and FN1. Therefore, further study was required.
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Deposited data
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Forward Primer: CATCACTGCCACCCAGAAGA Gene Tools N/A
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Bulge-Loop™ miRNA Reverse Primer N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaomin He
(mrxmhe@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in
the key resources table. Other original data and western blot images have been deposited at Mendeley and are publicly available as of
the date of publication. The DOl is listed in the key resources table.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals
Male C57BL/6 mice (8 weeks old) (Jihui Laboratory Animal Care Co., Ltd., Shanghai, China) were used in the studies. The mice were housed
under a 12 h light/dark cycle under pathogen-free conditions and with free access to standard mouse chow and tap water. The mice chosen
for experiments had similar body weight and were allocated to each group by random. All experiments were carried out in accordance with
the guidelines for Animal Experimentation of Shanghai Jiao Tong University School of Medicine and approved by the Ethic Committees of
Shanghai Children’s Medical Center, also conforming to the NRC Guide for the Care and Use of Laboratory Animals (2011, 8th ed.).
8-week age male C57BL/6 mice were anesthetized by avertin (250 mg/kg, IP). Then a small left second intercostal incision was made to
open the chest cavity of mice and the aortic arch was exposed. Transverse aortic constriction (TAC) operation was then performed by ligating
the aorta between the right innominate and left carotid arteries using a 27G needle tied with 6-0 silk suture. The needle was then removed,
and a stenosis of the aorta was formed. The mice were put into cages for recovery after closing the chest. The sham-operated mice underwent
the similar procedure except for leaving the 6-0 silk suture without ligation.

Mice were randomly divided into four groups: the sham-operated control group, the TAC group, the si-CFRL and oe-CFRL group. Four
weeks after the TAC surgery, each mouse of the si- or oe-CFRL group was further treated with si-CFRL (10 nmol, designed by Ribobio,
Guangzhou, China), or m-CFRL-CBH-GFP Adenovirus (2.30 % 10'° pfu, provided by Hanyin Biotechnology) twice a week via tail vein injection
for 2 weeks. Then the mice underwent echocardiography to assess the cardiac function and morphometric changes. Then, the mice were
euthanized, and the left ventricle (LV) tissue was collected for the RNA/protein and histological analyses.

Cells

Neomyt kit (NC-6031, Cellutron, USA) was used to obtain primary neonatal mouse cardiac fibroblasts (mCFs) from neonatal C57BL/6 mice. LV
tissues from 10 C57BL/6 mice were harvested and first digested for 12 min in 10 mL of enzyme buffer for each time experiment. Then the
supernatant was gathered. The remaining tissues were given 4 mL of fresh enzyme buffer and were digested for 15 min. The digestive process
was repeated 7-9 times to ensure complete digestion. The supernatant collection from each round was centrifuged for 1 min at 1200 rpm, to
obtain pellets of digested cells. The pellet was resuspended in DMEM/F12 culture medium (Gibco, USA) and plated onto é cm culture plates.
2 h after the initial plating, mCFs were obtained. MCFs were cultured in complete DMEM/F12 (10% FBS) at 37°C in 5% CO, and 95% air.

The si-CFRL, miR-3113-5p/-3473days mimic/inhibitor and corresponding negative controls (designed and synthesized by RiboBio,
Guangzhou, China) were transfected into cells at 70-80% confluence using riboFECT CP Transfection Kit (RiboBio, Guangzhou, China) by
the final concentrations of 50 nM for miRNA mimics and 100 nM for miRNA inhibitor and si-IncRNA. The plasmid DNA of CFRL and its negative
control were purchased from Hanyin Biotechnology (Shanghai, China) and transfected into cells using LipofectamineTM 3000 Reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. CFs was induced by administering angiotensin Il (Angll, 100 nM,
Sigma, USA) after starvation in serum-free medium for 24 h.
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METHOD DETAILS
Histological analysis

Hearts of mice were excised, fixed in 4% paraformaldehyde embedded with paraffin and sectioned into 7 um slices, and stained with hema-
toxylin-eosin (HE). To measure cardiac fibrosis, we stained the heart sections with Sirius Red.

RNA fluorescence in situ hybridization (FISH)

The probe for CFRL was designed by Guangzhou Ribo, whose sequence covers the specific junction region of CFRL. The mCFs were
cultured on cell slides in cell cultures plate until the cell confluence reach 60-70%. Then they were fixed by 4% paraformaldehyde on
slides and were added hybridization solution away from light. DAPI was used for staining for 10 min and then washed by PBS buffer
for 3 times. After mounting, the signal of the probe was detected by BaseScope Detection Reagent Kit (ACD, USA) according to the
manufacturer’s instructions. The images were acquired on Leica SP5 Spectral scanning laser confocal microscope (Leica Microsystems,
Wetzlar, Germany).

Dual luciferase assay

The recombinant luciferase reporter plasmids (provided by RiboBio, Guangzhou, China) were constructed, containing the potential or
mutated miR-3113-5p/miR-3473d binding site sequences in the 3-UTR of CTGF/FN1 and CFRL. MCFs were seeded and co-transfected
with corresponding plasmids and miRNA mimics. The cells were collected by passive lysis buffer 48 h later and assayed for luciferase activity
with Dual-Luciferase Assay kit (Promega, USA). Firefly luciferase activities were normalized to Renilla luciferase activities.

Wound-healing assay

The mCFs were pre-cultured in 6-well plates (Nest Biotechnology, Jiangsu, China) and were transfected as above for 24 h. The cell monolayers
were wounded by scratching with plastic 10-uL micropipette tips, washed 2 times with PBS, and fresh medium was added to the plates. Im-
ages were captured at 0, 6, 12, 24 h. Wound area was calculated by tracing the cell-free area in images using ImageJ software. The migration
rate was expressed as the percentage of area reduction of wound closure. Wound closure% = [(Ai—op—Ai=an)/Ai=on] X 100%, where A, _ or was
the area of the wound measured immediately after scratching (time zero), and A, _ an, was the area of the wound measured h hours after the
scratch was performed34.

CCK-8 cell viability assay

Cells were seeded in 96-well culture plates with a final volume of 100 pL and pre-incubated at 37°C with 5%CO2 for 24 h. Subsequently, the
cells were treated with corresponding reagents and cultured for another 24 h. After transfection, the Cell Counting Kit-8 assay was performed.
10 plL (10% of the volume) CCK-8 solution (Vazyme) was added to each well and incubated for 2 h. Then the absorbance at 450 nm was de-
tected with a microplate reader (Bio-Rad, CA, USA).

Quantitative reverse transcription-PCR (qRT-PCR)

Total RNA was extracted from the LV tissues of mice and cultured mouse cardiac fibroblasts by FastPure Cell/Tissue Total RNA Isolation Kit
(Vazyme, Nanjing, China). The NanoDrop One UV-Visible spectrophotometer (Thermo scientific, USA) was used to determine the concentra-
tion and purity of the extracted RNAs. MicroRNAs were reverse transcribed by using Bulge-loop RT primer and quantified with miRNA gPCR
primer sets (both from RiboBio, Guangzhou, China). RNAs were reverse transcribed to cDNA according to the manufacturer’s instructions for
HiScript Il RT SuperMix for gPCR (Vazyme, Nanjing, China). Quantitative RT-qPCR analysis was conducted on a Real-Time PCR System
(Applied Biosystems) using SYBR gPCR Master Mix (Vazyme), cDNA template and specific primers (provided by Sangon Biotech, Shanghai,
China). After the reactions, the cycle threshold (Ct) was determined, and relative RNA level was calculated and normalized to GAPDH (IncRNA
and mRNA) or U6 (miRNA) level for each sample by the 27A8Ct ethod.

Western Blot

Total protein from the LV tissues and cardiac fibroblasts was extracted by RIPA lysis buffer containing protease inhibitors (Beyotime, Shanghai,
China). The protein concentration was determined using BCA Protein Assay Kit (Beyotime, Shanghai, China). Protein samples were resolved in
SDS-PAGE and transferred onto nitrocellulose membranes using an iBlot 2 dry blotting system (Thermo Fisher Scientific, USA). Then the
membrane was blocked in 5% nonfat milk for 2 h and then probed with primary antibodies against fibronectin 1 (FN1, 1:1000), connecting
tissue growth factor (CTGF, 1:1000), collagen type | alpha 1 chain (COL1A1, 1:1000), alpha-smooth muscle actin (-SMA, 1:1000), B-actin
(1:1000) or B-tubulin (1:1000) overnight at 4°C. Then, the membranes were incubated with peroxidase-conjugated anti-rabbit secondary an-
tibodies (1:8000). All the antibodies were provided by Cell Signaling Technology. The signals were visualized using a chemiluminescence kit
(Thermo Fisher Scientific, USA). Finally, the immunoreactivity was detected with the Luminescent Image Analyzer (GE Healthcare, Uppsala,
Sweden). B-actin and B-tubulin protein levels were used as loading controls.
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QUANTIFICATION AND STATISTICAL ANALYSIS

In each experiment, all determinations were performed at least in triplicate. All data were analyzed using Graphpad Prism V9.0 and presented
as mean £ SD. The normality of the data was first assessed with Shapiro-Wilk test. Statistical differences between two groups were deter-
mined by an unpaired, 2-tailed Student'’s t-test, and differences among 3 more groups were analyzed with one-way ANOVA followed by
the Bonferroni post hoc analysis. In the data were not normally distributed, the unpaired 2-tailed Mann-Whitney U test (2 groups) or
Kruskal-Wallis test (3 or more groups), followed by Dunn post hoc test, was used. A value of p < 0.05 was significant. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. control.
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