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Abstract

Heart failure (HF) is manifested by transcriptional and post-transcriptional
reprogramming of critical genes. Multiple studies have revealed that microRNAs could
translocate into subcellular organelles such as nucleus to modify gene expression.
However, the functional property of subcellular Argonaute2 (AGO2), the core member
of the microRNA machinery, has remained elusive in HF. AGO2 was found to be
localized in both cytoplasm and nucleus of cardiomyocytes, and robustly increased in
failing hearts of patients and animal models. We demonstrated nuclear AGO2 rather
than cytosolic AGO2 overexpression by recombinant adeno-associated virus (serotype
9) with cardiomyocyte-specific troponin T promoter exacerbated the cardiac
dysfunction in transverse aortic constriction (TAC)-operated mice. Mechanistically,
nuclear AGO2 activates the transcription of ANKRDI, encoding Ankyrin repeat
domain-containing protein 1 (ANKRDI1), which also has a dual function in the
cytoplasm as part of I-band of the sarcomere and in the nucleus as a transcriptional
cofactor. Overexpression of nuclear ANKRD1 recaptured some key features of cardiac
remodeling by inducing pathological MYH?7 activation, whereas cytosolic ANKRDI
seemed cardio-protective. For clinical practice, we found ivermectin, an anti-parasite
drug, and ANPep, a ANKRD1 nuclear location signal mimetic peptide, were able to
prevent ANKRDI1 nuclear import, resulting in the improvement of cardiac performance

in TAC-induced HF.
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Introduction

Chronic heart failure (CHF) is a complex clinical syndrome that results from
various structural or functional impairment of ventricular filling or ejection of
blood!. The prevalence of heart failure (HF) is increasing worldwide because of an
increasing incidence related to population aging, rising prevalence of poorly controlled
risk factors (i.e., hypertension, diabetes, and obesity), and prolonged survival of
patients with HF due to implementation of evidence-based treatments?. Even with the
development of comprehensive disease-modifying pharmacological therapies (e.g.
ARNI, B blocker, MRA, and SGLT?2 inhibitor), ~20-30% of patients diagnosed with HF
still die in 5 year.® Therefore, new targets and mechanisms underlying HF are urgently
needed.

The onset of HF is typically preceded by cardiac compensatory hypertrophy, an
adaptive response to maintain cardiac function. However, in settings of sustained stress
and as time progresses, cardiac hypertrophy becomes maladaptive, which ultimately
transits to HF*. Pathological hypertrophy of adult heart is associated with MYH6
downregulation and MYH?7 induction, which represents a reprogram to a fetal state of
myosin heavy chain (MHC) expression’. B-MHC (also known as myosin heavy chain
7, MYH7) encoded by MYH?7 is characterized by lower adenosine triphosphatase
activity and lower filament sliding velocity, but can generate cross-bridge force with a
higher economy of energy consumption than a-MHC (also known as myosin heavy
chain 6, MYH6) encoded by MYH6%. Transgenic mice replacing normally
predominant a-MHC with B-MHC appears disadvantageous to the animals under severe
cardiovascular stress®. Interestingly, a myosin heavy-chain-associated IncRNA (Mhrt)
was reported to inhibit the pathological switch from MYH6 to MYH?7, thereby

protecting the heart from decompensated hypertrophy and failure®. Thus, strategies to
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confine MYH?7 expression may represent a therapeutic strategy against HF.
microRNAs (miRNAs) are a class of small (=22 nt) non-coding RNAs with well-
established functions in cardiovascular diseases, which negatively regulate gene
expression at posttranscriptional levels in the cytoplasm. Interestingly, recent
observations from our groups and others suggest that miRNAs can translocate into the
nucleus and mitochondria to regulate gene expression in a positive fashion at the
transcriptional or translational level'®'?. However, for clinical practice, targeting
subcellular localized miRNAs seems difficult because miRNAs are normally localized
in different cellular compartments, and up to now, the mechanism underlying miRNA
targeting to specific subcellular compartments translocation has remained
unidentified'*!*. In sharp contrast, signals for subcellular localization of proteins are
well defined'>!®. This promotes us to test whether targeting Argonaute2 (AGO2), the
core component of miRNA-RISC (miRNA-induced Silencing Complex) machinery, in
different cellular compartments might prevent the progression of cardiovascular
disorders. The AGO2-containing RISC machinery typically suppresses gene expression
at posttranscriptional levels in the cytoplasm, but increasing evidence reveals the
presence of AGO2 in the nucleus, as well as in mitochondria'>!”"!°. Despite its clear

1018 it has remained largely elusive about how

rearrangement in various diseases
subcellular AGO2 contributes to specific cardiovascular disorders, such as HF.

In this study, we reported the upregulation of AGO?2 in the failing heart of pressure-
overload mice, as well as in patients with HF. We found that upregulated AGO2 in
nucleus could efficiently enhance ANKRD/ transcription. Increased Ankyrin repeat
domain-containing protein 1 (ANKRD1), encoded by ANKRD] further acts to induce

the pathological activation of MYH?7, which ultimately leads to cardiac remodeling. We

demonstrated that shRNA against AGO2 or ANKRDI1 delivered by recombinant adeno-



95 associated virus (rAAV) and blockage of ANKRDI1 nuclear import by ivermectin or
96 peptide can potently rescue TAC-induced cardiac dysfunction, suggesting a potential

97  therapy for HF.
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Results
Upregulation of AGO2 in cardiomyocytes of failing hearts

Our previous work revealed the upregulation of cardiac AGO2 in TAC-induced
HF mice?. To further look into the mechanism, we evaluated the nuclear and cytosolic
AGO2 expression by cell fractionation. The isolated nucleus was free of contamination
as indicated by the lack of cytosolic protein GAPDH while the nuclear specific protein
Lamin B1 was absent from the cytosolic fraction (Fig. 1A). Using these purified cellular
fractions, we found that AGO2 was increased in both nucleus and cytoplasm in hearts
of TAC-induced HF mice (Fig. 1A and 1B). According to the single-cell sequencing
data, AGO?2 is predominantly expressed in cardiomyocytes compared with fibroblasts,
endothelial cells and macrophages in hearts’!. Thus, we isolated adult mouse
cardiomyocytes using Langendorff perfusion apparatus, and performed
immunofluorescence of AGO2 with cardiomyocyte marker, a-actinin, indicating that
both nuclear and cytosolic AGO2 were elevated in cardiomyocytes of TAC-induced
failing hearts compared to Sham (Fig. 1C). Fractionation on cardiomyocytes followed
by Western blotting revealed that cytosol and nuclear AGO2 were increased in
cardiomyocytes while decreased in non-cardiomyocytes under TAC stress (Fig. S1). In
failing hearts from patients with dilated cardiomyopathy (DCM), we also detected
dramatic upregulation of both nuclear and cytosolic AGO2 (Fig. 1D and 1E). These

data demonstrate the induction of AGO2 during the progression of HF.

Elevated nuclear AGO2 impairs cardiac performance in TAC-operated mice
To investigate the functional relevance of increased AGO2 in HF, we first knocked
down AGO2 in cardiomyocytes using shRNA expressed from a cardiomyocyte-specific

troponin T (tnt) promoter delivered by recombinant adeno-associated virus serotype 9
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(rAAVO9-tnt). As expected, rAAV9-shAGO2 decreased AGO?2 level in hearts (Fig. 2A).
Under TAC surgery, cardiac function was dramatically improved upon AGO2 inhibition
(Fig. 2B and 2C). Furthermore, Hematoxylin and eosin (HE) and Sirius Red staining of
heart sections indicated that rAAV-shAGO?2 treatment decreased cardiac myocyte size
and fibrosis in TAC-treated mice (Fig. 2D and 2E). Importantly, we did not observe any
differences in control mice (Fig. S2), indicating the effect of AGO2 on the heart was
only manifested under stress conditions.

We then asked whether nuclear or cytoplasmic AGO2 played a pivotal role in
TAC-induced cardiac dysfunction. We engineered the nuclear and cytosolic form of
AGO2 by fusing FLAG-tagged AGO?2 to a nuclear localization signal (NLS) or nuclear
export signal (NES), and used adenovirus (Ad) to express such nuclear or cytosolic
form of AGO2 in highly purified neonatal rat ventricular myocytes (NRVMs) (Fig. S3).
The immunofluorescence assay indicated that the localization signal could efficiently
guide AGO?2 into nucleus or cytoplasm (Fig. S4). Then, we employed rAAV9 combined
with tnt promoter to express nuclear and cytosolic form of AGO2 in mice one week
after TAC surgery and the mice were subjected to echo analysis eight weeks after TAC.
Using these vectors, we demonstrated that overexpression of nuclear AGO2
overexpression exacerbated cardiac dysfunction and increased cardiac myocyte size
and fibrosis in TAC-operated mice (Fig. 2F-I, and S5). In sharp contrast, the cytosolic
form of AGO2 failed to show any detectable effects (Fig. 2F-1), despite the successful
induction of AGO2 in the cytoplasm of cardiomyocytes (Fig. 2J). Again, we did not
observe significant differences in control mice overexpressing either nuclear or
cytosolic AGO2 (Fig. S6). Collectively, these results strongly suggested that nuclear
AGO?2 was directly involved in TAC-induced cardiac dysfunction.

To determine whether nuclear AGO2 acts in the compensation phase, we
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overexpressed nuclear AGO2 by injecting rAAVY into mice two weeks before TAC
surgery and performed echo analysis at different time points after TAC surgery (Fig.
S7). Results showed that the EF value of nuclear AGO2 overexpressed group decreased
significantly while GFP group was still preserved at 2 weeks after TAC surgery, which
indicated an earlier enter into cardiac decompensation phase for mice treated with
nuclear AGO2. Moreover, we observed similar regulation pattern of nuclear AGO2 on

cardiac performance in female mice under TAC (Fig. S8)

ANKRDI1 as a direct target of nuclear AGO2 in TAC-operated mice

A previous study demonstrated that chromatin-associated RNA binding proteins
(RBPs), including AGO2 were pervasive at gene promoters, indicating the ability to
directly regulate transcription’??*. Therefore, we overexpressed nuclear AGO2 in AC16
cell line and conducted RNA-seq to identify the direct targets of nuclear AGO2 (fold
change > 2, p <0.05) (Fig. 3A). We intersected genes regulated by nuclear AGO2 with
those remarkably upregulated or downregulated in failing hearts of TAC mice to
identify potential targets of nuclear AGO2 that may directly contribute to HF. Next, we
performed CUT&Tag assay using anti-FLAG antibody in AC16 cells expressing
FLAG-tagged nuclear AGO2 to evaluate the distribution of AGO2 binding sites in
chromatin. A total of 54,611,958 clean reads were obtained, which reach a mapping rate
of 96.73%. After removing the sequences aligned to mitochondria from the aligned
reads, peak calling software MACS2 was used to perform peak scanning across the
entire genome to obtain information about the position and length of the peaks. A total
0f 25,263 peaks were obtained, and analysis revealed that approximately 32.41% peaks
were located in the promoter region, which indicated transcriptional regulatory role of

AGO?2 (Fig. S9A and S9B). MAME software was used to identify enriched motifs in
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the CUT&TAG data, and the most significant three motifs were listed in Figure S9C.
Then we investigated the direct downstream targets of nuclear AGO2 that had
pathophysiologic significance by integrating the mRNA-seq, LC-MS and CUT&Tag
data (Fig. 3A). Through this screening strategy, two specific genes were found to meet
the three requirements, including Ankrdl and C3. We detected clear binding of AGO2
on promoter region of ANKRDI and C3, suggesting the involvement in transcriptional
regulation of ANKRDI and C3 (Fig. 3B), which was further validated by ChIP-qPCR
(Fig. 3C). A step further, we performed Western blotting on heart tissues isolated from
mice treated with rAAV-AGO2-NLS or rAAV-AGO2-NES, finding that only ANKRDI
was potently upregulated after TAC surgery and was further induced by nuclear AGO2
(Fig. 3D and 3E). In contrast, C3 were not affected by nuclear AGO2 in vivo. These
data suggested that ANKRDI rather than C3 was the potential target of nuclear AGO2
in HF. To further confirm whether ANKRD1 was the direct target, we extracted highly
purified NRVMs and observed similar results that ANKRDI protein was exclusively
induced by nuclear AGO2 but not cytosolic AGO2 (Fig. 3F and 3G). Consistently,
global AGO2 knockdown in NRVMs by siRNAs was able to decrease ANKRDI1
expression (Fig. 3H and 3I). Collectively, these results indicate that ANKRDI1 is the

direct target of nuclear AGO2 in TAC-induced HF.

Nuclear AGO2 acts as a transcriptional cofactor to enhance ANKRDI1
transcription

Having demonstrated that ANKRD1 was a target of nuclear AGO2 in HF, we next
asked how AGO2 was able to enhance ANKRDI transcription in the nucleus.
Considering that AGO2 showed binding signals on gene promoter, we wondered

whether AGO2 might function as a transcriptional cofactor and performed luciferase
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reporter assays. As expected, luciferase reporter assays revealed the promoter activity
of ANKRD1 was enhanced by AGO2 overexpression (Fig. 4A and 4B).

Considering that AGO2 contains RNA-binding domain rather than DNA-binding
domain, we tried to determine whether AGO2 targeted ANKRD1 promoter DNA via
nascent RNA. By using Actinomycin D, which blocked RNA synthesis, we found that
AGO?2 binding on the Ankrdl promoter DNA was largely attenuated, suggesting the
RNA-mediated association of AGO2 with the promoter (Fig. 4C). This prompted us to
test whether promoter-proximal transcripts (PATs) were involved. By 5' and 3' rapid
amplification of cDNA ends (RACE), we demonstrated the expression of both sense
and antisense PATs transcribed from the promoter region of mouse Ankrdl (Fig. 4D).
By using antisense oligonucleotides (ASOs) against these PATs in both sense and
antisense orientation, we found that block of the Ankrdl sense PAT but not antisense
PAT prevented AGO2 binding on the Awkrdl promoter (Fig. 4E). RNA
Immunoprecipitation (RIP) followed by quantitative PCR assay also revealed direct
association of AGO2 with the sense PAT of Ankrdl rather than antisense PAT (Fig. 4F).

Considering that AGO?2 is typically involved in miRNA-mediated gene regulation,
we then asked whether miRNAs were participated in AGO2 binding on the Ankrdl
sense PAT. We previously performed miRNAs-microarray on subcellular fractions of
cardiomyocytes, revealing that a specific cluster of miRNAs that were relatively
enriched in the nucleus compared to the cytoplasm?*. Base-paring prediction by
RNAhybrid database suggested that out of those nuclear enriched miRNAs, a specific
miRNA, miR-92a-3p, was able to target both human and mouse ANKRD1 sense PATs
(Fig. 4G). Furthermore, miR-92a-3p inhibition decreased AGO2 ChIP signals on the
Ankrdl promoter (Fig. 4H). RIP assay further indicated that miR-92a-3p inhibition

suppressed AGO2 binding on the Ankrdl sense PAT (Fig. 41). These data suggest that
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with the base-paring information provided by miR-92a-3p, Ankrdl sense PAT recruited

nuclear AGO2 to Ankrdl promoter DNA to enhance Ankrdl transcription (Fig. 4J).

Nuclear AGO2 exacerbated TAC-induced cardiac dysfunction via ANKRD1
ANKRDI is present in the I-band region of the sarcomere as a member of the titin-

N2A mechanosensory unit®

, but also acts as a transcriptional cofactor in the nucleus in
response to mechanical stretch®®. To establish the functional connection between
nuclear AGO2 and its target ANKRD 1, we evaluated whether AGO2 aggravated cardiac
dysfunction by modulating ANKRD1 expression on a TAC model transduced with
rAAV-tnt vectors. Eight weeks after TAC surgery, we confirmed the efficiency of
nuclear AGO2 overexpression and Ankrdl knockdown in the heart of TAC-induced HF
mice (Fig. 5SA and S10). rAAV-AGO2-NLS treatment clearly exacerbated cardiac
dysfunction in TAC-operated mice (Fig. 5B and 5C), whereas Ankrdl knockdown
diminished rAAV-AGO2-NLS-induced cardiac dysfunction (Fig. 5B and 5C).
Consistently, we observed coordinated changes in cardiac myocytes area and fibrosis
under different treatment conditions (Fig. 5D and 5E). Collectively, these data

demonstrated that overexpression of nuclear AGO2 exacerbated cardiac dysfunction in

TAC mice and the adverse effects were rescuable by suppressing Ankrdl.

Opposite roles of nuclear ANKRD1 and cytosolic ANKRD1 in TAC-operated mice

By cell fractionation followed by Western blotting analysis, we observed that
ANKRD1 was mainly presented in the nucleus with a less extent in the cytoplasm,
although both increased by nuclear AGO2 overexpression (Fig. 5F). To separate the
role of nuclear ANKRD1 from cytosolic ANKRDI, we engineered nuclear and

cytosolic form of FLAG-tagged ANKRDI1 by fusing it to NLS or NES, and confirmed
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their similar expression efficiency (Fig. S11). We found that the nuclear form of
ANKRD1 exacerbated cardiac dysfunction in TAC-operated mice, whereas the
cytosolic ANKRDI1 appeared to show some protective effects on cardiac performance
(Fig. 5G and 5H). Moreover, the protective effect of AGO2 knockdown was diminished
upon overexpression of nuclear, but not cytosolic, ANKRDI (Fig. 5G and 5H). These
data suggest that AGO2 exacerbated TAC-induced cardiac dysfunction mainly through

enhancing the expression of nuclear ANKRDI.

Nuclear ANKRD1 induced pathological MYH7 expression in TAC-operated mice

To identify potential targets of nuclear ANKRDI, we performed RNA-seq on heart
tissues from Sham and TAC mice and identified approximately 800 differentially
expressed genes (fold change > 1.5, p < 0.05), among which 20 upregulated genes and
42 downregulated genes were further regulated by overexpression of nuclear ANKRDI1
(Fig. 6A). Furthermore, LC-MS confirmed the presence of 10 upregulated and 16
downregulated genes in failing hearts (fold change > 1.2, p <0.05), among which Myh7
and CesId were dysregulated in hearts from TAC-operated mice at protein levels (Fig.
6A). Next, we conducted western blotting assay and found that only MYH7 was
regulated at the protein level by overexpression of nuclear ANKRD1 (Fig. 6B and 6C).
Considering TAC- and nuclear ANKRD1-induced MYH?7 expression was detected at
both mRNA and protein levels, we tested whether MYH6, another isoform of the
myosin heavy chain, was also regulated by ANKRD1. We observed no change in the
protein level of MYH6 (Fig. 6B and 6C). Anyhow, the MYH7/MYHG6 ratio was clearly
increased in hearts of TAC-operated mice, which was amplified by overexpression of
nuclear ANKRD1 (Fig. 6C). According to published studies, adult cardiomyocytes

predominately express MYH6, while embryonic cardiomyocytes predominately
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express MYH7. Various cardiac stresses trigger the transition of cardiomyocytes from
MYH6 to MYH?7 expression®’?’. Importantly, this shift was not just a marker of cardiac
remodeling because researchers have found that MYH?7 impaired systolic function of

cardiomyocytes and accelerated TAC-induced cardiac hypertrophy®-°

. Moreover, to
further establish the direct activation of ANKRDI1 on MYH7 transcription, we
constructed a pGL3 plasmid harboring the MYH7 promoter. Overexpression of
ANKRDI enhanced the fluorescence signal of pGL3-MYH?7 (Fig. 6D), and we further
confirmed direct ANKRDI binding with ChIP-PCR and ChIP-seq (Fig. 6E and 6F).

Collectively, these data revealed the mechanism underlying nuclear AGO2-mediated

ANKRDI1 activation to promote cardiac remodeling (Fig. 6G).

Ivermectin and ANKRD1 NLS mimetic peptide suppressed ANKRD1 nuclear
import and improved cardiac performance in TAC-operated mice

Though global Ankrdl knockdown by shRNA protected against TAC-induced
cardiac dysfunction, ANKRD1 overexpression in nucleus and cytoplasm resulted in
opposite outcomes. Based on this observation, it may present a promising therapeutic
strategy for HF by blocking ANKRDI nuclear import. Several molecules have been

previously identified as inhibitors of protein nuclear import 3'-3

, among which a drug
called ivermectin has been extensively applied in humans as a drug against parasites.
We thus evaluated whether ivermectin was able to prevent the nuclear translocation of
ANKRDI. Strikingly, nuclear import of ANKRDI was suppressed and cardiac
dysfunction was improved in ivermectin-treated TAC mice (Fig. 7A-D). Interestingly,
the decrease of nuclear ANKRD1 was more dramatic than the increase of cytosol

ANKRD1 (Fig. 7C and 7D), indicating the decrease of ANKRDI overall level.

Interestingly, we noticed that AGO2 nuclear transport was also compromised by
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ivermectin treatment (Fig. S12). Therefore, ivermectin appears to be able to target both
AGO2 and ANKRDI in the AGO2-ANKRD1-MYH?7 axis. In vitro study also showed
nuclear ANKRDI1 level was decreased by ivermectin treatment under isoproterenol
(ISO) stimulation (Fig. 7E and 7F). Moreover, ISO-induced cardiomyocytes
hypertrophy was largely abolished by ivermectin treatment (Fig. 7G). Importantly,
ivermectin lost these effects in ANKRD1 knockdown NRVMs (Fig. 7H). These data
demonstrated that ivermectin could prevent ANKRD1 nuclear import to protect against
cardiac hypertrophy.

Considering ivermectin was a global importin inhibitor, we constructed a soluble
cell-penetrating peptide, here called ANPep, bearing the NLS of ANKRDI to
competitively inhibit ANKRDI nuclear import. To increase the specificity of the
peptide, we extended the NLS sequence to 19 amino acids (mouse ANKRDI, aa85-103,
EDLEIIVQLKKRKKYKKTK). A cell penetrating sequence (YGRKKRRQRRR) was
placed at the N-terminal to help the peptide cross the cell membrane. As expected,
ANPep remarkably improved TAC-induced cardiac dysfunction (Fig. 71), and nuclear
ANKRDI1 level was decreased by ANPep administration (Fig. 7J). These data
suggested that ANPep could be a potential therapy specifically targeting ANKRD1

nuclear import for the treatment of HF in humans.
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Discussion

Our results demonstrate that nuclear AGO2 was upregulated in pressure overload-
induced failing hearts, which acts in the nucleus to enhance ANKRDI transcription.
ANKRDI1 had double-faces that its cytosolic form is present in I-band region of the
sarcomere whereas the nucleus form induces pathological MYH7 activation and cardiac
remodeling (Fig. 6G). Importantly, we show that AGO2 knockdown, ANKRDI
knockdown and blockage of the ANKRDI nuclear import is able to effectively rescue
cardiac dysfunction in TAC-induced HF.
The mechanism underlying the nuclear import of AGO2

AGO2 has been found in the nuclei of various tumor cells such as HeLa, MCF-7
and A549 cells as well as in non-tumor cells such as WI38 fibroblasts, neuronal cells

and primary cardiomyocytes!(-18:19:33.34

, indicating that AGO2 can be a nuclear-
cytoplasmic shuttling protein. However, human tissues analysis reveals that AGO2
exhibits primarily as a nuclear protein in skin, normal cervix and cervical cancer tissues,
but not in larynx, indicating that the subcellular distribution of AGO2 occurs in a cell-
type and tissue context-dependent manner®>. Mechanistically, AGO2 appears to be
imported into the nucleus via nuclear transport importins. An experimentally
determined protein-protein interactions database HitPredict*® reveals direct interaction
between AGO2 and nuclear transporters, such as [PO4, IPO8 and IPO9. Consistently,
upon IPO8 knockdown, the localization of AGO?2 is shifted from nucleus to cytoplasm
in HeLa and HEK293 cells!®. Whether IPOS is also responsible for AGO2 nuclear
import in cardiomyocytes or other mammalian cells awaits further investigation.
Moreover, a NLS seems to localized in the 275-288aa (MKRKYR) of AGO?2 predicted

by the SeqNLS database®’, although the functional significance of this potential NLS

remains to be demonstrated.
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The mechanism of nuclear AGO?2 in transcription control

In mammals, nuclear AGO?2 is implicated in key events such as transcriptional
regulation mediated by miRNAs, chromatin remodeling, and alternative RNA
splicing!®!838-41 It’s intriguing to ask how nuclear AGO2 activates transcription at
genomic loci. Previous work demonstrates that AGO2 serves as a promoter-specific
platform to recruit a unique set of proteins including CTRY to form a small activating
RNAs (saRNA)-induced transcriptional activation (RITA) complex in prostate cancer
PC-3 cell line**. CTRY is a component of PAF1C, which is required for phosphorylation
of Ser2 of RNAP II CTD that may play a role in the transition between early and
productive transcription elongation*?. However, CTR9 was neither detectable in mouse
heart by LC-MS (data not shown) nor in human heart by ISH (the human protein atlas
database). Instead, by AGO2 immunoprecipitation followed by LC-MS analysis
specifically in mouse heart, we identified an array of proteins associated with nuclear
AGO2 (data not shown) including YY1, a transcription factor. YY1 can bind to
enhancers and promoter-proximal elements to form dimers and promote DNA
interactions, contributing to the regulation of gene expression®. It’s possible that AGO?2,
by directly interacting with YY1, facilitates ANKRD1 enhancer-promoter looping and
activates gene expression. Interestingly, we observe clear binding events of H3K27ac,
marker for activated enhancers on upstream region of ANKRD1 genomic loci (Fig. S13
from ENCODE database). The hypothesis that AGO2 could activate genes transcription
through the interaction with YY1 to facilitate enhancer-promoter looping is an
intriguing subject for future study.

Previously, we have reported that AGO2 upregulated miR-320 level by decreasing
the decay rate of miR-320. As the decay of miRNAs commonly occurs in cytosol**+,

AGO2 mediated miR-320 decay is more likely to be mediated by cytosol localized
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AGO?2 rather than nuclear AGO2. Since miR-320 decay was mostly likely mediated by
cytosol localized AGO2, then why cytosol AGO2 failed to influence cardiac
performance while miR-320 showed a very strong effect. We reasoned that miR-320
was unlikely the only downstream target of cytosol AGO2 and conversely, miR-320
was also regulated by other transcriptional and translational regulator such as SP1, HIF-
la, histone deacetylase***®. Therefore, the effects of miR-320 were not necessarily
equal to cytosol AGO2 overexpression even when cytosol AGO2 was one of the direct
regulators of miR-320. To further address this issue, we performed several experiments,
finding that 1) miR-320 was upregulated by cytosol AGO2 but not nuclear AGO2 (Fig.
S14A), 2) miR-320 was unable to regulate the expression of ANKRDI in
cardiomyocytes and vice versa (Fig. S14B-D), 3) Moreover, nuclear AGO2 aggravated
ISO induced cardiomyocytes hypertrophy, which was not rescued by miR-320
knockdown (Fig. S14E and S14F). Therefore, miR-320 and ANKRDI1 were two
independent pathways mediated by different subcellular localized AGO2 (Fig. S14G).
The double face of ANKRD1 in nucleus and cytoplasm

Cytosolic ANKRDI1 is present in the I-band region of the sarcomere as a member
of the titin-N2A mechanosensory unit?*. ANKRDI mutations are directly linked to
dilated cardiomyopathy as a result of disruption of the normal cardiac stretch-based
signaling?®>. ANKRDI carries the nuclear localization signal KKRKK, which enables
its nuclear import*’. In response to mechanical stretch, ANKRDI acts as a transcription
co-inhibitor and represses the expression of sarcomeric proteins**. ANKRDI is

upregulated in cardiac hypertrophy and heart failure>%>!

, overexpression of ANKRDI
by recombinant adenovirus in engineered heart tissue causes contractile dysfunction®.

However, ANKRDI1 knockout and overexpression models have failed to clearly

indicate the role of ANKRDI in vivo>. One transgenic model showed an anti-
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hypertrophy effect®®, whereas another study utilizing viral vector indicated that
ANKRDI1 overexpression could exacerbate pathologic remodeling in response to
pressure overload®. ANKRD1 knockout mice fail to show phenotypic changes even
under hemodynamic pressure load condition.’®*” Our study provides a possible
explanation for the contradiction between these studies by showing that cytosolic
ANKRDI protects against while nuclear ANKRD1 deteriorates pressure overload-
induced cardiac remodeling. Mechanistically, instead of repressing cardiac troponin T

and myosin light chain 2 in cultured cardiomyocytes**3

, our in vivo data (RNA-seq
and ChIP-PCR) and in vitro luciferase reporter assay conceivably suggest the direct
transcriptional activation effect on MYH7 by nuclear ANKRDI1. Though MYH6
remains unchanged, nuclear ANKRDI1 overexpression increases MYH7/MYHS6 ratio.
However, further studies are required to reveal the detailed mechanisms underlying
ANKRDI1 mediated chromatin remodeling.

Moreover, ANKRD1 may be a generalized stress response in different cell types.
We found that ANKRD1 was increased in endothelial cells but not cardiac fibroblasts
under TGF-B1 stresses (Fig. S15A and S15B). Transmigration assay indicated that
ANKRD1 knockdown decreased the migration of endothelial cells (Fig. S15C).
However, EdU assay suggested that ANKRD1 had no effect on the proliferation of
cardiac fibroblasts (Fig. S15D). Therefore, endothelial cells localized ANKRD1 might
also participate in cardiovascular diseases, which are intriguing subjects for further
study.
Comparison of therapeutic potential of the AGO2-ANKRD1-MYH?7 axis

We report that shRNA targeting AGO2 or ANKRDI1 delivered by rAAV9-tnt both

protect against cardiac dysfunction in pressure overload-induced HF. Using rAAV to

manipulate gene expression is becoming a promising therapy®’, especially since the
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FDA approval of Luxturna® and Zolgensma®. Therefore, delivery of AGO2 or
ANKRD1 shRNA by rAAV9 suggests a new therapeutic strategy against HF. In animal
studies, we found that even with higher dosage, rAAV9 did not affect liver function of
the mice (Fig. S16). However, it is intriguing to answer which percentage of cells would
need to be targeted in human HF patients, assuming an AAV vector-based strategy
would be applied. While it is difficult to accurately evaluate the percentage of
cardiomyocytes needed to be targeted in HF patients, we can get some clue from animal
studies. According to our study and other studies, a 50-70% of cardiomyocytes
transduction was sufficient to induce alteration of cardiac performance®-2,
Interestingly, we treated TAC-mice with different doses of rAAV9-tnt-shANKRDI,
finding that the dosage with ~50-60% cardiomyocyte transfection improved cardiac
function while a lower dosage with the transfection efficiency ~30% was unable to
influence cardiac performance (Fig. S17). Therefore, it appeared that ~50-60% of
cardiomyocytes should be targeted by using ANKRDI inhibition as a therapeutic
strategy to treat HF. However, this percentage might not apply to all rAAV9 delivered
genes. For example, rAAV9 based overexpression of genes with secretory property
which can freely translocate between cells might require a lower rAAV9 dosage to treat
HF.

Alternatively, AGO2 or ANKRD1 knockdown by siRNA is another choice for
clinical practice since siRNAs drugs are becoming a standard modality of
pharmacotherapy, as exemplified by three approved siRNA drugs (patisiran, givosiran,
and lumasiran)®*%°. Comparatively, ANKRD1 seems to be more suitable to serve as a
therapeutic target for HF, because ANKRDI1 is specifically expressed in
cardiomyocytes while AGO?2 is wildly expressed in different tissues.

In terms of the in vivo effects of ANKRD1 knockdown, our study demonstrates
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that shRNA mediated ANKRD1 knockdown improves cardiac performance in pressure-
overloaded mice, which seems to be inconsistent with previous study showing no
phenotype in pressure-overloaded ANKRD1 knockout mice>®>’. We reasoned that
shRNA-mediated ANKRD1 knockdown by rAAV9 is only able to partially decrease
the upregulation of ANKRDI, whereas the physiological function of ANKRDI1 in
cytoplasm is largely reserved. As such, the protective effects by ANKRD1 shRNA are
likely derived from reduced nuclear ANKRDI. In contrast, ANKRD1 knockout mice
lost both its physiological function from cytosolic ANKRD1 as well as its pathological
function of nuclear ANKRDI1, which might explain the different between ANKRD1
knockout and knockdown. Therefore, the dosage and efficiency of shRNA or siRNAs
must be carefully evaluated in clinical practise. Similarly, targeting MYH7 by siRNA
also raises concerns about the dose-response effects, because MYH7 overexpression
promotes cardiac hypertrophy and cardiac remodeling whereas Myh7 knockout by
CRISPR/Cas9 causes impaired cardiovascular development due to sarcomere
derangement®®.

Considering of the double face of ANKRDI in cytoplasm and nucleus, it promotes
us to test whether blockage of ANKRDI nuclear import can protect against HF. The
importin o/p mediates nuclear import of proteins containing the classical NLS including
that identified in ANKRD1°’. By using ivermectin, a potential inhibitor of importin a/p-
mediated nuclear transport, nuclear ANKRD1 translocation is suppressed and cardiac
dysfunction was remarkably improved.

Ivermectin is not a new drug but a WHO “Essential Medicine” already used in
several different indications such as parasites infection®. Given the evidence of efficacy,
safety, low cost, ivermectin is likely to have an impact on health and economic

outcomes of HF, which needs to be further confirmed by randomized controlled trials
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(RCT). Considering ivermectin is, after all, a broad-spectrum inhibitor of importin o/f-
mediated nuclear transport, there might be some off-target effects mediated by other
nuclear localized proteins, we constructed a ANKRDI NLS mimetic peptide to
specifically inhibit ANKRD1 nuclear import. However, strategies to improve the

stability and delivery efficiency of ANPep peptide need future investigations.
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Materials and Methods
Cell culture and transfection

Human myocardial cell line AC16 was from American Type Culture Collection
(ATCC) and cultured in DMEM (Gibco, Grand Island, NY, USA) medium
supplemented with 10% fetal bovine serum (FBS, Gibco). Murine cardiac muscle cell
line HL-1, which was a kind gift from Professor Claycomb, was maintained in
Claycomb medium (Sigma-Aldrich, St. Louis, MO, USA) with 10% FBS,
supplemented with 100 uM norepinephrine and 4 mM L-glutamine. Neonatal rat
ventricular myocytes (NRVMs) were separated from 1- to 3-day-old Sprague Dawley
rats and cultured in DMEM medium containing 10% FBS, BrdU (0.1 mM), and
penicillin/streptomycin, as described previously?>®°. All cells were cultured at 37 °C in
a humidified incubator with 5% CO..

Specific siRNAs, antisense oligonucleotides (ASOs), microRNA inhibitors were
designed and synthesized by RiboBio (Guangzhou, China). Lipofectamine 2000 (Life
Technologies, Carlsbad, CA, USA) was used to transfect these nucleic acids into cells
according to the manufacturer’s instructions. Adenoviruses were produced by Hanbio
Biotechnology Co., Ltd. (Shanghai, China) to overexpress FLAG-tagged coding
sequence of mouse Ago2 and attached nuclear localization signal (NLS; sequence
PKKKRKYV) or nuclear export signal (NES; sequence LALKLAGLDIGS) in NRVMs

and cell lines.

Animals
All animal experiments were approved by the Animal Care and Use Committee of
Tongji Medical College, Huazhong University of Science and Technology (Wuhan,

China). Male C57BL/6 mice used in this research were purchased from
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GemPharmatech Co., Ltd. (Nanjing, China) and maintained under a 12h light/12h dark
cycle at constant temperature (22 °C).

Transverse aortic constriction (TAC) surgery was performed to induce HF as
described previously?’. In brief, 8-week-old mice were anesthetized with 2% isoflurane
and fixed in a supine position. A sternal median incision was made to expose aortic arch.
Aortic arch and attached 27G needle were banded by a 7-0 silk. Then, the needle was
removed to provide a lumen, and the chest was closed by 4-0 silk suture. Sham-operated
mice underwent similar surgical procedures without aortic ligation.

One week after the surgery, the mice received 5 x 10! vector genome (vg) of the
recombinant adeno-associated virus serotype 9 (rAAV9) (ViGene Biosciences,
Shandong, China) via tail vein injection to manipulate gene expression. In addition, the
mice were intragastrically administrated with ivermectin (1 mg/kg) or DMSO every
other day. The cardiac function was evaluated via echocardiography (Vevoll00,
VisualSonics, Toronto, Canada) and Millar catheter system (Millar Instruments,
Houston, Texas, USA) eight weeks after TAC surgery, as described previously’.

ANPep peptide (YGRKKRRQRRREDLEIIVQLKKRKKYKKTK)  was
synthesized with 98% purity by Sangon Biotech Co., Ltd (Shanghai, China). Two weeks
after the TAC surgery, the mice were intraperitoneally injected with ANPep (25 mg/kg)
or PBS every day for four weeks. The cardiac function was evaluated six weeks after

TAC surgery. Strategies for all animal experiments were summarized in Figure S18.

Cell fraction isolation
Nuclear and cytosolic fractions were separated using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (#78833, Thermo Fisher Scientific, MA, USA),

according to the manufacturer’s recommended protocols.
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Western blotting

Western blotting was performed as previously described!’. The protein lysates
were separated in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. After 1h
blocking with 5% BSA at room temperature, the membranes were incubated with
primary antibodies overnight at 4 °C. Horseradish peroxidase (HRP)-conjugated
secondary antibodies and ECL detection regents (Beyotime, Shanghai, China) were
used to detect protein signals. The primary antibodies used in this study are listed as
follows: AGO2 (#ab156870, abcam), ANKRD1 (#A6192, Abclonal), C3 (#21337-1-AP,
Proteintech), MYH7 (#A7564, Abclonal), MYH6 (#22281-1-AP, Proteintech), CES1
(#PA5-47802, Thermo Fisher Scientific), FLAG (#AE005, Abclonal), Lamin Bl
(#12987-1-AP, Proteintech), GAPDH (#60004-1-1g, Proteintech). The full unedited gel

data was shown in Figure S19.

Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was extracted from heart tissue and cells using TRIzol regent
(Invitrogen, Carlsbad, CA, USA) and reverse-transcribed into cDNA using HiScript II
Q Select RT SuperMix for qPCR (+gDNA wiper) Kit (Vazyme Biotech Co., Ltd, China).
Real-time PCR was performed using SYBR Green Mix (KAPA Biosystems,
Wilmington, MA, USA) ona 7900HT FAST real-time PCR system (Life Technologies).
GAPDH expression was used as a normalization control. All primer sequences were

listed in Table S1.

RNA sequencing
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RNA sequencing and data analysis were performed by Seqghealth Technology Co.,
LTD (Wuhan, China). Total RNA from heart tissue and cells was extracted using TRIzol,
and then reverse-transcribed according to standard procedures. The libraries were
submitted to the Novaseq 6000 platform for high-throughput sequencing. Differentially
expressed genes (DEGs) were analyzed using the edgeR software package. Sequencing
raw data were deposited in the NCBI Sequence Read Archive (SRA) database

(PRINA1083053 and PRINA1083207).

Chromatin immunoprecipitation (ChIP)-PCR/sequencing

ChIP assay was performed described previously'”. In brief, minced hearts or cells
were fixed with 1% formaldehyde for 10 min at room temperature, and then quenched
with glycine at a final concentration of 125 mM. The fixed samples were homogenized
in lysis buffer and sonicated to shear DNA to the length of 200-1000 bps, which were
then incubated with anti-AGO2 antibody (#H00027161-M01, Abnova), anti-FLAG
antibody (#AE005, Abclonal) or normal control IgG (#ACO011, Abclonal) at 4 °C
overnight. Antibody-chromatin complexes were enriched with protein A/G magnetic
beads (#88802, Thermo Fisher Scientific). Next, immunoprecipitated DNA was cross-
link reversed and purified with QIAquick PCR Purification Kit (Qiagen). Enrichment
at the promoter of target genes was detected by real-time PCR and sequencing. The
primer sequences were listed in Table S1. The sequencing and subsequent analysis were
conducted by Personal Biotechnology Co. Ltd. (Shanghai, China) according to standard

procedures.

CUT&Tag assay

CUT&Tag assay was performed with Hyperactive Universal CUT&Tag Assay Kit
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for [llumina Pro kit (Vazyme, TD903) according to the manufacturer’s recommended
protocol. Firstly, approximately 1x10* cells were collected into EP tubes by
centrifugation and washed with 100 pl Wash Buffer. Then, 10 pl Binding Buffer washed
ConA beads were added followed by incubation at room temperature for 5-10 minutes.
Secondly, after removing the supernatant, resuspend the cells using 50 ul Antibody
Buffer followed by adding 1 pg anti-FLAG antibody (#AE005, Abclonal) and
incubating overnight at 4 °C. Thirdly, discarded the supernatant and added 50 pl
corresponding secondary antibody (diluted with Dig-wash Buffer at a ratio of 1:100)
followed by incubation at room temperature for 1 h. Then, removed the supernatant and
washed three times with 800 pl Dig-wash Buffer. Next, 100 pl Hyperactive pG-Tn5/pA-
Tn5 (0.04 uM) was added to each sample and incubated at room temperature for 1 h,
followed by three times washing with 800 pl Dig-300 buffer. Lastly, after discarding
the supernatant of the specimen, 300 ul Tagmentation Buffer was added followed by 1h
incubation at 37 °C. Finally, DNA was extracted and PCR was performed to amplify
the libraries. The libraries were sequenced by Novogene Biotechnology Co. Ltd.

(Tianjin, China).

RNA immunoprecipitation (RIP)

Ultra-violet-irradiated cells were harvested with lysis buffer, and the lysates were
incubated with anti-FLAG antibody (#AE005, Abclonal) or IgG (#ACO011, Abclonal) at
4 °C overnight. Then, protein A/G magnetic beads (Thermo Fisher Scientific) were
added to capture protein-RNA complex. RNA from the complex was extracted by
TRIzol regent and reverse-transcribed into first-strand ¢cDNA with strand-specific

primer for real-time PCR analysis. All primers were listed in Table S1.
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Dual-luciferase reporter assay

The promoter region (-2000 to +500) of corresponding genes was cloned into
pGL3-Basic luciferase reporter vector (Promega). HEK293T cells were co-transfected
with luciferase reporter vector, Renilla luciferase reporter plasmid, and experimental
vectors. After 48 h, luciferase activity was detected by Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions. Renilla luciferase

activity served as a control for normalization.

Immunofluorescence (IF)

Briefly, the cells were fixed with 4% paraformaldehyde, followed by
permeabilization with 0.5% Triton-100. After blocking with 5% BSA for 45 min at
room temperature, the cells were incubated with indicated primary antibodies (anti-
AGO2, #MAB19576, Abnova; anti-a-actinin, #A7811, Sigma-Aldrich; anti-FLAG,
#AEO005, Abclonal; anti-GFP, #50430-2-AP, Proteintech; anti-TNI, #66376-1-Ig,
Proteintech; anti-Vimentin, #GB12192, Servicebio; anti-CD31, #GB12063, Servicebio)
at 4 °C overnight. Finally, the cells were incubated with fluorophore-conjugated
secondary antibodies and Hoechst for 45 min at room temperature. Images were taken

using Zeiss Axio Imager A2 microscope and NIKON Eclipse T confocal microscope.

Histology and morphometric analysis

Mice heart tissues were fixed with 4% paraformaldehyde, then embedded in
paraffin, and cut into 4 um sections. The sections were stained with hematoxylin—eosin
(HE) and Sirius Red to evaluate the cardiac morphology and fibrosis. The images were

analyzed and quantified by Image J software.
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Human samples

Human failing heart tissue were collected from patients diagnosed as dilated
cardiomyopathy during heart transplantation, and the normal hearts were collected from
donors who died in traffic accidents, which were approved by the Clinical Research
Committee of Tongji Medical College (Wuhan, China). The clinical characteristics of

normal donors and patients were listed in Table S2.

Rapid amplification of cDNA ends (RACE)

The 5’ and 3’ RACE were performed according to the standard protocol’®’!. For
5" RACE, RNA extracted from mouse heart was reverse-transcribed into first-strand
cDNA with Ankrd1-GSP-RT primer. Then, a poly(A) tail was attached to the first-
strand cDNA. Next, first round amplification was conducted using Qt, Qo, and Ankrd1-
GSP1 primers, and a second-round amplification is carried out using Qi and Ankrd1-
GSP2 primers to quench the non-specific amplifications. For 3> RACE, the Qt primer
was used for reverse-transcription. The first round was amplified using Qo, and
Ankrd1-GSP3 primers, and Qi and Ankrd1-GSP4 primers were used for second set of
amplification. Agarose gel electrophoresis and sequencing were performed to analyze
the final amplification products. All primers were listed in Table S1. The sequences of

Ankrdl PATs were presented in Table S3.

Statistical analysis

Data are presented as mean + SEM, and statistical analyses were performed using
GraphPad Prism (v8.0) (San Diego, CA, USA). Differences between 2 groups were
compared student’s t-test. One-way ANOVA with Tukey test was used to analyze the

statistical differences in multiple comparisons. Statistical significance was set at P <
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List of Figure Captions

Figure 1. Upregulation of AGO2 in cardiomyocytes of failing hearts.

(A) and (B) Western blotting analysis of AGO2 in cytoplasm and nucleus of hearts of
Sham and TAC-induced HF mice (n = 6). (C) Co-localization analysis of AGO2 with
cardiomyocyte-specific marker. (D) and (E) Western blotting analysis of AGO2 in

cytoplasm and nucleus of human hearts (n = 4). Student’s t-test was used in (B) and (E).

Figure 2. Elevated nuclear AGO2 impairs cardiac performance in TAC-operated
mice.

(A) Western blotting analysis of AGO2 in mice hearts (n = 6). Echocardiographic
analysis (B) (n = 8-9) and Hemodynamic parameters (C) (n = 6-7) of mice under AGO2
inhibition. (D) Representative images of HE (n = 8-9) and Sirius Red (n = 8-9) staining.
(E) Quantitative analysis of cell surface and fibrosis area. Echocardiographic analysis
(F) (n = 8-10) and Hemodynamic parameters (G) (n = 7-8) of mice with cytosolic or
nuclear AGO2 overexpression. (J) Western blotting analysis of FLAG-tagged AGO2 in
cytoplasm and nucleus of hearts. (H) Representative images of HE and Sirius Red
staining. (I) Quantitative analysis of cell surface and fibrosis area. One-way ANOVA

with the Tukey post-test was used.

Figure 3. ANKRD1 as a direct target of nuclear AGO2 in TAC-treated mice.

(A) Strategy to identify the targets of nuclear AGO2. (B). AGO2 binding sites on
ANKRDI and C3 promoter identified by CUT&Tag in AC16 cells expressing FLAG-
tagged nuclear AGO2. (C) ChIP analysis using anti-AGO2 for the promoter region of
Ankrdl and C3 in mice hearts (n = 4). (D) and (E) Western blotting analysis of

ANKRDI1 and C3 in rAAV-AGO2-NLS/NES-treated mice (n = 6). (F) and (G) Western
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blotting analysis of ANKRDI protein level in ad-AGO2-NLS/NES-treated NRVMs (n
= 6). (H) and (I) Western blotting analysis of ANKRDI protein level in AGO2
knockdown NRVMs (n = 6). One-way ANOVA with the Tukey post-test was used in

(E) and (G). Student’s t-test was used in (C) and ().

Figure 4. Nuclear AGO2 acted as a transcriptional cofactor to enhance ANKRD1
transcription.

(A) and (B)Regulation of AGO2 on ANKRDI transcription detected by luciferase
reporter assays in HEK293T cells (n = 6). (C) ChIP analysis using anti-AGO2 for the
promoter region of Ankrdl in HL-1 cells with actinomycin D treatment for 4 h (n = 4).
(D) Schematic illustration of Ankrdl PATs. (E) ChIP analysis using anti-FLAG for the
promoter region of Ankrdl in FLAG-tagged AGO2-NLS-overexpressed HL-1 cells
transfected with ASO specific to sense- or antisense PATs. (F) RIP assay to determine
the interaction between sense- or antisense PATs and AGO?2 using anti- FLAG or IgG
(negative control) in FLAG-tagged AGO2-NLS-overexpressed HL-1 cells (n = 4). (G)
Strategy to identify the crucial miRNAs mediating the interaction between AGO2 and
sense PAT. (H) ChIP analysis using anti- FLAG for the promoter region of Ankrdl in
FLAG-tagged AGO2-NLS-overexpressed HL-1 cells transfected with inhibitors
targeting miR-92a-3p (n =4). (I) RIP assay to determine the interaction between AGO2
and sense PAT using anti-FLAG in FLAG-tagged AGO2-NLS-overexpressed HL-1
cells transfected with inhibitor targeting miR-92a-3p (n = 4). (J) Schematic diagram of
the working model of AGO2 in ANKRD] transcriptional regulation. One-way ANOVA
with the Tukey post-test was used in (E). Student’s t-test was used in (A), (B), (C), (F),

(H) and (I).
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Figure 5. Nuclear AGO2 exacerbated TAC-induced cardiac dysfunction via
ANKRDI.

(A) Western blotting analysis of ANKRD1 in mice hearts. Echocardiographic analysis
(B) and Hemodynamic parameters (C) of mice subjected to different treatments (n = 6).
(D) Representative images of HE and Sirius Red staining (n = 6). (E) Quantitative
analysis of cell surface and fibrosis area. (F) Western blotting analysis of ANKRDI in
cytoplasm and nucleus of rAAV-AGO2-NLS/NES-treated mice hearts.
Echocardiographic analysis (G) and Hemodynamic parameters (H) of mice subjected

to different treatments (n = 6). One-way ANOVA with the Tukey post-test was used.

Figure 6. Nuclear ANKRD1 induced pathological MYH?7 expression in TAC-
operated mice.

(A) Strategy to identify the targets of nuclear ANKRDI. (B) and (C) Western blotting
analysis of MYH7, MYH6, and CES1 in rAAV-ANKRD1-NLS/NES-treated mice
hearts (n = 6). (D) Regulation of ANKRD1 on MYH?7 transcription detected by
luciferase reporter assays in HEK293T cells (n = 6). (E) ChIP analysis using anti-FLAG
for the promoter region of Myh7 in rAAV-ANKRD1-NLS-treated mice hearts (n = 4).
(F) ChIP-seq profiles using anti-FLAG for the promoter region of Myh7 in rAAV-
ANKRDI1-NLS-treated mice hearts. (G) Schematic diagram of the working model of
nuclear AGO2 in heart failure. One-way ANOVA with the Tukey post-test was used in

(C). Student’s t-test was used in (D) and (E).

Figure 7. Ivermectin suppressed ANKRD1 nucleus import and improved cardiac
performance in TAC-operated mice.

Echocardiographic analysis (A) and Hemodynamic parameters (B) of mice treated with
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ivermectin (n = 6). (C) and (D) Western blotting analysis of ANKRD1 in cytoplasm and
nucleus of hearts (n = 6). (E) and (F) Western blotting analysis of ANKRDI1 in nucleus
of HL-1 cells with ISO and ivermectin treatments (n = 6). (G) Representative images
and quantitative analysis of NRVMs area stained by a-actinin under the treatments of
ISO and ivermectin (n = 6). (H) Representative images and quantitative analysis of
NRVMs area with ANKRD1 knockdown (n = 6). (I) Echocardiographic analysis of
mice treated with ANPep (n = 6). (J) Western blotting analysis of ANKRDI1 in nucleus
of mice treated with ANPep. One-way ANOVA with the Tukey post-test was used for

comparisons.

39



D)

CON DCM

Cytoplasm Nucleus
Sham TAC Sham TAC

Aco2 | e RS

Cytoplasm

AGO2 [—= = —= o= o= == —— —— = = = | 100kDa GAPDH | QD ——— v a— ——| 37 |02

Sham

Lamin B1 —————=70kDa acoz [ B S e = s e S 10040
Nucleus
GAPDH | eeame— | 37 kDa Lamin B1 r— —_—— e g e - ‘ 70kDa
Cytoplasm Nucleus
yop Cytoplasm Nucleus
5 p=0.0046 4 p=0.0008 E o047 o 3T
10 p0d 4 el
[ N of
= = o~ N _
5z 58 N g2
I} o o3 93
< 3 < o, z o
o< 0 £ 2 = =
20, >0 o .£ ©.E 2
= == > =29
T Q T Q . =5 4 &0 .
o Q, o ot i s 2 Ba
14 x &) 2 % x =2
0 0 T T T T
NEPRS SR\ >
@ <X
o A c)O 00 OO QO
Cytoplasm Nucleus
p<0.0001
3 3 p<0.0001 ] 3 —
= — < —
s3 33
gr: B2
O > o >
= ==
R se
2e e
- C = =
T E T E
9] 7}
[v4 T T o
S

TAC




(%

p<0.0001

il

-~
()]

nen NNN1

|

-

(%

i

-1 T T 1

o
®

310yg |euoljoel

60

il

o
N

40

i

=)
=~

20

o

00

JoBI4 UoNoa(g

Q
TAC

v

2
Qs : 8
b, ) T
%, i L
o, [
o, H
%, 2, 8
£ ® ot g
W % :la
L L
g S g
(s/BHwWwW) ““1p/dp
By, m_ 4
(2 o
Q 3 v <
Z| 9, o “Me
29, ]
-7, . [F
- £
g @ o
z dg
& S
I T 1
] ] 8
g s ]
(s/BHWwW) **¥1p/dp
O
2 e
g oo&
8

Sham
10

AGOZL'—~ ——— —— s s |1OO kDa
GAPDH | e s s e e s s e | 37 kD2

8
6
4
2

1eA8| uisjoid
C0O9V dAlje|ay

rAAV-ShAGO2

V-shNC

I

-15000

m_ e+ 0 ¥
= b,
% .
i D —
IR a— P :
m_ e @ ° & & c
& - g 3 ]
& g
= . (s/BHwwW) “"“1p/dp
(ones anne|al)
eale sisoiqi4 T S
m_.
o O
S kR =
> 3 F | = -
m_ %, A
vl o4 Lo & "
4 | O -
S I ty T, L
m_-.ﬁ | \oé«\Aku\ N Tm. 5
< 0. T T T
] £ 9 o o o c
I T T T
= ey oy = @ (s/BHWW) ***1p/dp
(ones anne|al)
eale 99eLNS ||9) O
I TR - | o
gl )
ol 8 n_,..w e s L o ,nvo
3 Q| %Y, 9
gl 2 5%

pay snuis

0
0
0

ns

T
o
=]
-

(%) uonoei4 uonoslg

TAC

rAAV-GFP

control

Sham

p<0.0001

p<0.0001

p<0.0001

rAAV-AGO2-NLS rAAV-AGO2-NES

<0.0001

© © < o~ c
(ones anneal)
eale sIsoiql4

(onel annelal)
BalE 90BUNS (18D

pay snuis

37 kDa

GAPDH

100 kDa
70 kDa

FLAG
Lamin B1

Nucleus



AC16
~ DI CUT&Tag-FLAG-AGO2-NLS
Vector | § Dysregulated 4 Sham
RNA-seq rguth;ZLAiggs genes LC-MS 2b
N 9 9 in heart failure
AGOZNLS: § ANKRD1 # e
G TAC ————H——@——m ANKRD1
(%)
"
e | EN IS Jek]
- ACt6  AGo2
FLAG-AGO2-NLS | _FLAG-CUT&Tag | pinding lpeak C m-Ankrd1 promoter m-C3 promoter
8 p<0.0001 2.5 p<0.0001
% ) o 0}
D S & o Be .
4 O O = =
& «é 4}0 4}0 2 ‘:’; 4 2 TE ’
g & & & 02 Q21
Sham TAC g % ) g %
ANKRD1 | ——— —— —— | 40 kDa = s 0
GAPDH [« s 4 S5 Sl 45 S 45 40 @ | 37 kDa 0
03[-—-——---—.‘-—0:-]11OKD3 \(§7 c90{]/
v
GAPDH | | 37 kDa
ns _ns H si-NC si-AGO2
E 60 p<0.0001
a ' _ ANKRD1|— S ak e |40kDa
23 33
<3 o2 GAPDH|---—|37kDa
< c = £
55 29 G
270 o 2 ns
T a X o 4 —_— I
o) — p=0.0002
14 o_ —_— =
xr o =)
<3 [
@ £
<< =z o
23 <k
£ 9 ®
T o B
T 279
o S o
F [}
Ad-Vector Ad-AGO2-NLS Ad-AGO2-NES o

ANKRD1 [ e o e S e o | 40KDa

GAPDH| T — —‘37kDa




h-ANKRD1-promoter

~
B 4+ p<0.0001
L —
= H
2 34
£ - =
B =
® 2+
()
17}
© 14
£
o
S 0-
- < q
&° oy
¥y
6 p=0.0054
— + IgG
= anti-FLAG
5
a 4 I
£ 1]
— )
o
i .
ns
0 r*'lI ot o
Sense Antisense

il
@
1

»
°
1

-
o
1

% of input

9
@
1

Luciferase activity (fold)
T

p=0.0304

E m-Ankrd1 promoter
4- ns

p=0.0100

% of input

< — o= Ankrd1 NM_013468.3

ANtiSEN_01 me—

Antisen_02

G H

TITTmMereae ®
GUCCGGCCCUGUUCACGUUAU 5

mouse ANKRD1 sense PAT 5"
mmu-miR-92a-3p 3’

human ANKRD1 sense PAT 5’
hsa-miR-92a-3p

ST
3' UGUCCGGCCCUGU UCACGUUAU 5

Activation of transcription

TSS
ANKRD1 promoter

Sense

m-Ankrd1 promoter
p=0.0018
. p=0.0268

ANKRD1 sense PAT




60
A Sham e R 1009 =0.0039 p=0.0344
TAAV-GFP + . _—
VA NS DU S OV [ Moo pe0.0001 = o p=0.0323
ANKRD1 e ———— o 98, = L, g o 40 p=0.0008
QO < 60 . sty c £
GAPDN‘ —_ —‘WKDa = N 9= - ot
o 9 - B S = |- =
40 p=0.0261 D, T 40 © g 204 4
a p<0.0001 Hl o [T _8
X D 30 p<0.0001 ~ L 9 &
Yz - ;
Z =
< £ 2 2 0 T T 0 T T T T T
23 T AAV-GFP -+ - AAV-GFP -+ + - -
T a0 = rAAV-shANKRD1 - - + TrAAV-shANKRD1 - - + - +
& ) FAAV-AGO2-NLS - - - + + TAAV-AGO2NLS - - - + +
Sham TAC Sham TAC
fAAV-GFP -+ + - -
AAV-ShANKRDT - =+ =+ 15000 0
AAV-AGO2NLS - - -+ + C o -
Sham TAC > D -2000-
T . p=0.0038 T
D € 100009 751 50030 <6038 € 4000 -
Sham TAC £ o\ L £ .
(AAV-GFP + + = % . £ -6000-] & p=0.0313
rAAV-shANKRD1 - + + £ 5000 8 £ . &
rAAV-AGO2-NLS - - - + - % —
S o 8000+ p=0.0246
% o =0.0002
o T -10000-——T—T—T—T1—
TAAV-GFP -+ + - rAAV-GFP -+ o+ - -
. TAAV-shANKRD1 = I 5 + rAAV-shANKRD1 - -+ - +
rAAV-AGO2-NLS 5 - - + o+ rAAV-AGO2-NLS = - - + o+
8 Sham TAC Sham TAC
E 5 3
@ 1 60
= G . p=0.0162
— X o
E _— ® i; ib pe0.013¢ p=0.0054
6 20 p<0.0001 _g c P g < p=0.0462 e
© 0.0001 p<0.0001 o Q9 = e .
o5 = © S = 05 Se
&2 p<0.0001 =15 we -2
@ © 4 c © =0.0001 L <
o p=<0.0001 0 o I w
T O 72000 2 0 4
€ 2 2 > 6 .
pe at -
® B2 1 a2 i rAAV-ShAGO2 - - - - + + + AAVShAGO2 - - - - *+ + +
=z 2 2 s AAV-GFP - + - - + - - AAV-GFP - + - - + - -
=~ rAAV-ANKRD1-NLS - - + - - + - rAAV-ANKRD1-NLS - - + - - + -
(&)
el ] | rAAV-ANKRDINES - - - + - - + TAAVANKRDINES - - - + - - +
rAAV- GFP + & - AAV-GFP - + o+ - = Sham TAC Sham TAC
rAAV-shANKRD1 - -+ -+ TrAAV-shANKRD1 = S = *
rAAV-AGO2-NLS = = -+ + TrAAV-AGO2-NLS N = -+ o+
Sham TAC Sham TAC 15000 o
H —_ =
X4 p<0.0001 £
jc:» _— % -2000
F Cytoplasm Nucleus £ 10000 AR I — E 000l
Sham TAC Sham TAC £ p=0.0138 , . S
rAAV-GFP : - + - - - - + - - = N \ =
AAV-AGO2-NLS - ) T g 3 « o = 3 £ 6000
AAV-AGO2-NES - = - = + = - = - * & 5000 s
n = -8000-
ANKRD?1 short exp. | — ww w= == | 40kDa o o
1.0 251 241 724 288 © 0 © 10000
ANKRD1 long exp. [ ——— — -- 40 kDa rAAV-shAGO2 - - - =- + + + rAAV-shAGO2 - - -+
10 15 19 30 14 rAAV-GFP - + - - + - - rAAV-GFP - + - - + e
LaminB1 | —w e = —= —= |70kDa AAV-ANKRDI-NLS - - + - - + - FAAV-AANKRDINLS - - + = = + -
rAAV-ANKRD1-NES - - - + - - +TAAV-ANKRDI-NES - - - + - - +
GAPDH ‘ ——————— ‘ 37 kDa Sham TAC Sham TAC




mRNA-seq mRNA-seq
TAC-rAAV-GFP TAC-rAAV-ANKRD1-NLS
VS Sham Myh7, VS TAC-TAAV-GFP

Cestd

LC-MSs
TAC
VS Sham

% 3
3 &
o""\L <>"'e
B R & &
& W~ 5
& & &
Sham TAC

MYH7| _.—————-—"|220k0a

GAPDH ‘ S s s c———

CES1|66—- _—— —|60kDa

37 kDa

GAPDH I T — N SRS — — — ’ 37 kDa

MYH6|-~—~————-|220kDa
GAPDH ‘ M‘ 37 kDa

D

h-MYH7-promoter

2.0

m-Myh7-promoter

2.0

p<0.0001 p<0.0001

Luciferase activity
Luciferase activity

m-Myh7 promoter

8 p=0.0023

FLAG-ANKRD1-NLS
ChlIP (relative to IgG)

F

Relative MYH7
protein level

MYH7/MYH6

ns

p<0.0001
ns
ns
© _
£
200 E 22 ns
o £
=20 .
100 ® O 19 = g -
0 o "
S t m !
Sham TAC
" (2 (]
& N ¥
N N
F & &
T & E
SIS
A 4Y
& &
p<0.0001
400 p=0.0006 12
300 nT ns
3 Q>) 0.8 ns
— ns
200 =
=) " R
T O oa E--3
100 ©a
x
0 0.0~ . T -
Sham TAC
RO (2
& N &
N o\ o\’
F & &
¥ & &
G
&
& &
1kb

Nucleus

« ANKRD1 sense PAT
Activation of transcription

Tss
ANKRD1 promoter -

ANKRDT mRNA

e

/ ANKRD1 mRNA

ANKRD1 protein

m Activation of transcription
N D y

TRONGTN
S8

MYH promoter

/(,
@ Cytoplasm




< B
S 0
(g 1004 p<0.0001 < 60 p<0.0001 15000 —~
< = -| » —l p<0.0001 & |
c 80
ie] A
= S 4v | - 10000 - =R
O 60 1c:>' £ p=0.0018 £ .
© £ — £ -
S < = * —
a— %) % £ = + p=0.0289
5 T 20 £ 5000 o 100004
e c 5 o -
O 204 o o o p<0.0001
[} = oS ©
my | S o 0 | : 15000 . . .
Sham TAC o Sham TAC Sham TAC Sham TAC
O & O < O & O & O & O P P
& &E S E & & & R © & &S
S & > & S F & & ISR NSRS
S W S N W S S S
D Nucleus Cytoplasm
p<0.0001 p=0.0475
Sham TAC 60 —— o
P B T R T— - p<0.0001 - p=0.0039
Ivermectin = + + - - + + D _ ‘_ D — o —
ANKRD1 — — | 40 kDa X o X o
Nucleus X q>) 40 X CT)
Lamin BT | e e e e w——— | 70 kDa Z 2 Z Q@ 5]
<< < c
ANKRD1 = T — ] 40 kDa 09 09, 4
Cytoplas| ook 37 KD E o2 E o . 7
| ) © g e g (. ’
0] 9] [
4 @ -
0 e T 0 T T T T
Sham TAC Sham TAC
& o - -
& &L S & L S
CoN IS0 Q q}@ Q e;‘& & O &L
DMsO  + + = - o+ - ) N N§ N
Ivermectin + + - - P +
| ANKRD1 [ e e e S e e ] 40 kDa .
Nudeus | | o — [ 70%Da G DMSO lvermectin o p<0.0001
= 39 p=0.0073
5 el
S
p=0.0013
6] 9=0.0058 E T o
- — 2505
Q_ TE
X o © @© .
XY = 4l oo o
o 4 = 1 =&
z2 o= = 3
< c =
=
e 2 ke
= g_ 27 . &’ 0 . r T T
5 — CON IS0
Y | | |- SIS
o—1 T N & ¢
CON 1ISO \\\Q} \40‘
@%O (;\\(‘ w@o (}\0
< @
RO EIES L L5 p=0.0015
W S ) -
gs . 2.0 ns
- ED i
NC si-ANKRD1 2515 .
. N T e
CON DMSO lvermectin DMSO lvermectin 5 © -
o o 1.0
g :
Z 05
o)
IO Y B . T
o N 1SO
1o NC__ si-ANKRD1
O & O &
o & o &
30 pm N <® > <&
— & &
Sham TAC
Pbs  + + + + + + = =
J 9| ANPep - - - s+
= L] ANKRDT [ s o e s et S o e e | 40 kD
S S
§ 100+ p<0.0001 ‘35’ 607 <0.0001 Z | Lamin B1 = === == |
< - I
. age =0.0046 c LE p<0.0001
S 80 == g p=0.0119 5 —
S 60 : = €T p=00003
o 2 X 3 10 i
L 40 ) ' Z
s T i
& c >%5
S 20 s =9 5 %
Q9 B S o
w o T T T © r &) .
{ oy ]
<& Q(’% Qéz L % Qéz o111 T
& O 3 P P R
6(\’27 <X ?g O«?” @9 <4 §
Al R %,Qfo s o,?‘



Li and colleagues find that nuclear AGO?2 is upregulated in pressure overload-induced
failing hearts, which acts in the nucleus to enhance ANKRD] transcription, and finally
lead to cardiac remodeling. Importantly, AGO2-knockdown, ANKRD1-knockdown,
and blockage of the ANKRD1 nuclear import can effectively rescue cardiac dysfunction
in transverse aortic constriction-induced heart failure.



