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Angiotensin ll-induced phosphorylation of CHK1 at serine-280
drives cardiac remodelling by direct phosphorylation of JAK1,
thus activating JAK1-STAT signalling in murine cardiomyocytes
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Background and Purpose: Cardiac remodelling is a common pathological process of
heart disease. Checkpoint kinase 1 (CHK1), a key regulator of the DNA damage
response and cell cycle, is well-studied in oncology, but its role in pathological cardiac
remodelling remains unclear. Here, we investigated the activation of CHK1 and its
effects in mouse models of cardiac remodelling induced by angiotensin Il.
Experimental Approach: We used co-immunoprecipitation and mass spectrometry
(Co-IP/MS) to identify the substrate kinase of CHK1. Cardiac remodelling in
C57BL/6 mice and hypertrophy in primary neonatal rat cardiomyocytes (NRCMs)
was induced with angiotensin Il. These models were treated with the CHK1 selective
inhibitor CCT245737 or the JAK1 inhibitor upadacitinib.

Key Results: In vitro and in vivo, angiotensin |l selectively activated phosphorylation
of CHK1 at serine-280 (S280), but not at S345, in cardiomyocytes, without altering
levels of CHK1 protein. Inhibition of CHK1 with CCT245737 suppressed angiotensin
ll-induced hypertrophy in NRCMs. Such hypertrophy was enhanced by the phospho-
mimetic CHK1 S280E mutant but was attenuated by the inactivating CHK1 S280A
mutant. Co-IP/MS revealed that, in cardiomyocytes, JAK1 is the substrate protein of
CHKZ1. Angiotensin Il promoted CHK1 interaction with JAK1 to induce JAK1 phos-
phorylation and activation of JAK1-STATS signalling. In mice, both CCT245737 and
upadacitinib reversed angiotensin Il-induced cardiac remodelling and dysfunction.
Conclusions and Implications: Cardiomyocyte CHK1 S280 phosphorylation is a key
step in angiotensin ll-induced cardiac remodelling, through activation of the
JAK1-STATS3 pathway. Pharmacological inhibition of CHK1 could be a potential ther-

apeutic strategy for hypertensive heart failure.
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1 | INTRODUCTION

Cardiac hypertrophy and remodelling are characteristic features of
several cardiovascular diseases, including hypertension, heart failure
and myocardial infarction (Frantz et al., 2022; Martin et al., 2023). A
key molecular mediator of these pathological changes is angiotensin Il
(Ang 1l), a critical effector agent of the renin-angiotensin system,
known to induce cardiomyocyte hypertrophy, fibrosis, and ultimately
heart failure through its engagement with various downstream signal-
ling pathways (Forrester et al., 2018; Frangogiannis, 2021). While the
signalling events triggered by Ang Il have been widely studied, the
exact molecular mechanisms underlying Ang Il-induced cardiac remo-
delling remain incompletely understood.

Checkpoint kinase 1 (CHK1) is a serine/threonine protein kinase
traditionally recognised for its role in the DNA damage response (DDR),
where it preserves genomic integrity by initiating DNA repair mecha-
nisms and cell cycle checkpoints (Dai & Grant, 2010; Patil et al., 2013).
Based on this property, targeting of the CHK1 pathway to contribute
to effective cancer treatment has been well-researched and validated
(Dai & Grant, 2010; Osborne et al., 2016), leading to the development
of small-molecule CHK1 inhibitors, some of which have advanced into
clinical trials (Dai & Grant, 2010; Jiang et al, 2024; Osborne
et al.,, 2016). As a protein kinase, CHK1 contains multiple phosphoryla-
tion sites, among which the phosphorylation of CHK1 at serine
345 (S345) has long been established as a marker of CHK1 activation in
response to genotoxic stress (Dai & Grant, 2010). Recent evidence sug-
gests that other phosphorylation sites on CHK1, such as serine
280 (5280), also play critical roles in modulating the kinase's activity in
different contexts (Borenas et al., 2024; Nguyen et al., 2023; Yuan
et al., 2014). Interestingly, recent studies suggest that the function of
CHK1 extends beyond the oncology realm, playing roles in kidney
injury (Ajay et al., 2014), myocardial infarction (Fan et al., 2020; Wei
et al., 2024), inflammation and cellular senescence (Gioia et al., 2023).
In particular, Wang's team showed that myocardial overexpression of
CHK1 promoted cardiomyocyte proliferation and improved cardiac
function in models of myocardial infarction and ischaemia-reperfusion
injury (Fan et al., 2020; Wei et al., 2024). Moreover, a recent study fur-
ther showed that CHK1 alleviates ischaemia-reperfusion injury and
restores mitochondrial dynamics in cardiomyocytes through a SIRT1-
dependent mechanism (Yang et al., 2025). Despite these advances, the
role of CHK1 in cardiovascular disease, particularly in the context of
Ang ll-induced cardiac injury, has been minimally investigated. Consid-
ering that the CHK1 inhibitors have been studied in anti-cancer clinical
trials, demonstrating the role and regulating mechanism of CHK1 in the
heart may provide new clinical applications for these inhibitors.

In this study, we aimed to elucidate the role of CHK1 in Ang
ll-induced cardiac remodelling. We found that CHK1 S280 phosphor-
ylation serves as a critical regulatory node in Ang ll-challenged cardio-
myocytes, driving the downstream activation of JAK1 and STATS,
thereby mediating pathological hypertrophy and cardiac dysfunction.
This study provides new insights into the molecular mechanisms of
cardiac hypertrophy and highlights CHK1 as a potential therapeutic
target for the treatment of heart failure.
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What is already known?

e CHK1 is a serine/threonine kinase essential for DNA
damage response and cell cycle regulation.

e Phosphorylation of CHK1 at Serine-345 (S345) is critical
for the activation and function of CHK1.

What does this study add?

o Angiotensin Il selectively induces CHK1 S280 phosphory-
lation in cardiomyocytes, promoting CHK1 interaction
with JAK1.

e Inhibition of CHK1 S280 phosphorylation suppressed
JAK1-STAT3 activation and normalised angiotensin II-
induced cardiac remodelling.

What is the clinical significance?

e Our findings reveal a non-canonical role of CHK1 in
angiotensin ll-induced pathological cardiac remodelling.

e Targeting CHK1 S280 phosphorylation offers a promising
therapeutic strategy for hypertensive heart failure

remodelling.
2 | METHODS
21 | GEO data analysis

We analysed publicly available gene expression datasets to assess
CHK1 transcription levels. Specifically, we examined data from
GSE19210 (Brooks et al., 2010) and GSE1621 (Zhao et al., 2004),
which are available in the Gene Expression Omnibus (GEO) to assess
CHK1 transcription levels. Additionally, we analysed single-cell RNA-
seq data from GSE193346 (Feng et al., 2022) to confirm the expres-
sion distribution of CHK1 in heart cells.

2.2 | Animal experiments

All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee of Zhejiang Center of
Laboratory Animals, Hangzhou Medical College (Approval Number:
ZJCLA-IACUC-20010926). Animal studies are reported in compliance
with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the
recommendations made by the British Journal of Pharmacology (Lilley
et al,, 2020).


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2504
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1987
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2707
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2047
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2994
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Ten-week-old male C57BL/6J mice (weight: 22-24 g) were
obtained from the Zhejiang Center of Laboratory Animals. The mice
were housed in specific pathogen-free (SPF) cages (<5 mice per cage)
under standard environmental conditions (23 + 2°C, 12-h light/dark
cycle, humidity of 55-65%) with ad libitum access to food and water
at the Zhejiang Center of Laboratory Animals, Hangzhou Medical
College (Licence number: SYXK[Zhe] 2019-0011). Studies were
designed to generate experimental groups of equal size using random-

isation and blinded analysis.

221 | Experimental procedures

a. To investigate CHK1 phosphorylation in vivo, mice received
chronic Ang Il infusion via osmotic minipumps (model 1,004,
ALZET), delivering Ang |l
1000 ng kg~* min~? for up to 7 days. Mice were randomly divided

subcutaneously at a rate of
into four groups based on the duration of infusion: O, 3, 5, and
7 days. Each group consisted of five mice. At the designated time
points, mice were overdosed with pentobarbital sodium, and heart
tissues were harvested for further analysis.

b. To better evaluate the progression and effectiveness of Ang II-
induced cardiac remodelling, mice were infused with Ang Il at the
same rate (1000 ng kg~2 min~?%) for up to 4 weeks, with weekly
echocardiographic monitoring. Mice were randomly divided into
five groups according to the infusion duration: O, 1, 2, 3, and
4 weeks. Each group consisted of six mice. At each indicated time
point, mice were overdosed with pentobarbital sodium, and heart
tissues were harvested for further analysis.

c. To assess the impact of CHK1 and JAK1 inhibition on Ang II-
induced cardiac remodelling, mice were treated with CHK1 inhibi-
tor CCT245737 (CCT; 1 mg kg™1) or JAK1 inhibitor upadacitinib
(UPA, 5 mg kg™ 1), administered orally every other day for 2 weeks.
Cardiac remodelling was induced via subcutaneous Ang Il infusion
at the rate of 1000 ng kg min~? for 4 weeks, with a control group
receiving saline-filled minipumps. Blood pressure was monitored
weekly from baseline (week —1) to week 4 using a telemetric blood
pressure system (BP-2010A, Softron Biotechnology), as previously
described (Xu et al., 2022). Cardiac function was determined by
echocardiography. The mice were divided into four groups:
(1) Saline, (2) Ang I, (3) Ang Il + CCT (1 mg kg™%), and (4) Ang Il
+ UPA (5 mg kg™ ). Both inhibitors were dissolved in a vehicle
consisting of 5% DMSO, 30% PEG 300, 5% Tween 80 and 60%
distilled water. Vehicle-only treatments were given to the saline
and Ang Il groups. At week 4, following echocardiography, mice
were humanely killed (overdose of pentobarbital sodium), and

blood and heart tissues were collected for further analysis.

2.2.2 | Immunoblotting and Co-IP

Total protein from heart tissues and cultured cells were extracted

using radioimmunoprecipitation assay buffer (RIPA) lysis buffer

supplemented with a mixture of protease and phosphatase inhibitors.
Protein concentration was determined using the bicinchoninic acid
(BCA) Protein Assay Kit. Proteins were separated by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to polyvinylidene fluoride (PVDF) membranes. Thereafter,
the PVDF membranes were blocked with a commercial blocking
buffer and incubated with the corresponding primary antibody over-
night at 4°C, followed by appropriate secondary antibodies. Protein
bands were visualised with enhanced chemiluminescence reagent and
viewed using FUSION-FX6.EDGE imaging system (Vilber, Collégien,
France). Co-IP was performed using the Protein A/G Magnetic beads
kit (Yeasen, Shanghai, China) according to the manufacturer's instruc-
tions. The goat-purified 1gG was used as a negative control for Co-IP.
All immunoassay procedures used comply with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018).

2.3 | Quantitative polymerase chain reaction
(PCR) assay

Total RNA from heart tissues and cells was isolated and purified using
standard techniques. Primers based on the mRNA sequences designed
from the National Center for Biotechnology Information (NCBI) data-
base were synthesised and obtained from Generay Biotech (Shanghai,
China). Detailed sequences are provided in Table S2.

24 | Immunofluorescent study

For CHK1 localisation in the heart, sections were blocked with 5%
BSA for 60 min at room temperature. Then, the sections were incu-
bated with primary antibodies against CHK1(1:200) and Actinin
(1:100) overnight at 4°C. The next day, the sections were washed and
incubated with fluorophore-conjugated secondary antibodies for 1 h.
All antibodies were diluted in 1% BSA. Nuclei were stained with DAPI
for 5 min, slides were mounted, and images were taken with an

epifluorescence microscope (Nikon, Japan).

2.5 | Cell culture and transfection

Neonatal rat cardiomyocytes (NRCMs) were isolated and cultured
following the protocol described in our previous study (Wang
et al., 2017). Briefly, NRCMs were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% foetal bovine serum
(FBS). H9c2 cells (National Collection of Authenticated Cell Cultures,
Cat# GNR 5, RRID: CVCL_0286) were used for constructing the
H9c2-CHK1 stable knockdown cell line. Briefly, lentiviral transduction
(Xu et al, 2022) was used to introduce shRNA targeting CHK1
(sequence: 5'-ccggGAATAACTCACAGGGATATTActcgagTAATATCCC
TGTGAGTTATTCttttttg-3'). The cells were cultured with puromycin
(2 g ml~Y) for selection. For RNAI, the CHK1 siRNA was obtained
from KeyGEN BioTECH (Nanjing, China). For plasmid transfection,


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9187
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9246
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9246
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CHK1 S$280, S280A and S280E plasmids were obtained from
Genechem (Shanghai, China). All transfections were performed using

lipofectamine 3000, following the reagent manual.

2.6 | Liquid chromatography with tandem mass
spectrometry (LC-MS/MS) proteomics analysis

The potential CHK1-interacting proteins in cells were identified by
Co-IP, followed by LC-MS/MS assays. In brief, NRCMs were stimu-
lated with Ang Il for 1 h, with saline-treated cells serving as controls.
Cell lysates were prepared, and CHK1 protein was immunoprecipi-
tated using an anti-CHK1 antibody and subjected to LC-MS/MS
analysis by Applied Protein Technology (Shanghai, China).

2.7 | Echocardiography

Echocardiography was performed using the VINNO 6 Ultrasound Sys-
tem (Suzhou, China) following the manufacturer's instructions. Briefly,
mice were anaesthetised with 1.5-2% isoflurane in oxygen, and their
chest hair was removed using depilatory cream. Ultrasound gel was
applied to the chest of the anaesthetised mice, and parasternal long-
axis B-mode images were acquired. M-mode recordings were used to
measure left ventricular (LV) wall thickness and dimensions during
end-diastole and systole. Throughout the procedure, body tempera-
ture was maintained at 37°C, and heart rate was constantly monitored
and kept at 450 + 30 bpm.

2.8 | Measurement of Ang Il level

Ang Il concentrations in mouse heart tissues were determined using a
commercial enzyme-linked immunosorbent assay (ELISA) kit (details in
Table S1). Heart tissues were homogenised before measurement.
Blood samples were collected, and serum was separated via centrifu-
gation. The serum Ang Il levels were measured using the same ELISA

kit following the manufacturer's protocol.

2.9 | Histological analysis

Heart tissue pathology was evaluated by dissecting and fixing the
hearts in 4% paraformaldehyde. Fixed hearts were sectioned into
5um slices and stained with various techniques, including
haematoxylin-eosin (H&E), wheat germ agglutinin (WGA), Sirius red
and Masson staining. These procedures were performed according to
established protocols (Wang et al., 2017).

210 | Data and statistical analysis

The data and statistical analysis in this study comply with the recom-
mendations of the British Journal of Pharmacology on experimental
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design and analysis in pharmacology (Curtis et al., 2025). The group
size selection for each protocol is verifiable, and the group size is the
number of independent values. All experiments were conducted in a
randomised and blinded manner. All the results are presented as
mean + SD from at least five individual values, except for LC-MS/MS
proteomics data, which were not subjected to statistical analysis
because of small sample sizes (<5), and these results represent our
exploratory findings. The exact sample size (n) for each experimental
group/condition is specified, where ‘n’ refers to independent values
rather than technical replicates. No exclusion criteria were applied
during data collection or analysis. Statistical tests used for each data-
set are indicated in the figure legends. All statistical analyses were
performed using Prism 10 (GraphPad Software, Boston, USA). Differ-
ences between the two groups were assessed using Student's t-test.
For comparisons involving more than two groups, one-way ANOVA,
followed by Dunnett's test was applied. Two-way ANOVA followed
by multiple comparisons test was used for experiments with multiple
factors. A P value of <0.05 was considered statistically significant.
Post hoc tests were run only if F achieved P < 0.05, and there was no
significant variance inhomogeneity. Specific details are also provided

in figure legends.

211 | Materials

Ang |l (#HY13948A) was supplied by MedChem Express (Shanghai,
China), and CCT (# T7080) and UPA (# T7503) were supplied by Tar-
getMol (Shanghai, China). Further details of all reagents, instruments,
software, and antibodies used in this study are also provided in
Table S1.

212 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2023/2024 (Alexander, Christopoulos, et al., 2023; Alexander, Fabbro,
etal.,, 2023).

3 | RESULTS
3.1 | Angllinduces CHK1 $S280 phosphorylation in
cardiomyocytes

To investigate the role of CHK1 in the progression of cardiac remo-
delling, we examined the activity of CHK1 in the heart tissues from
Ang ll-infused mice. Phosphorylation of CHK1 at S345 and S280 have
been reported to be responsible for the kinase activation (Capasso
et al, 2002; Ma et al, 2019; Morgan et al., 2010). As shown in
Figure 1a, neither the total protein level of cardiac CHK1 nor the
S345 phosphorylation showed significant changes throughout this
experimental period, while CHK1 S280 phosphorylation was time-
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FIGURE 1 In cardiomyocytes, Ang Il induces activation of CHK1 via phosphorylation of $280. (a) CHK1 phosphorylation levels were
evaluated by Western blot in heart tissues from mice infused with Ang Il (1000 ng kg~ min~?2) for different durations (0, 3, 5 and 7 days). Each
group contains three mice. Quantification is shown in the right panel. Data presented are means + SD, n = 5 independent experiments. *P< 0.05,
significantly different as indicated; ns, not significant; one-way ANOVA with Dunnett's test. (b) Transcriptional levels of CHK1 in heart tissues
were analysed from the GEO database. (c) Relative CHK1 expression in Ang ll-infused mouse hearts was measured by quantitative PCR (qPCR).
Data presented are means * SD, n = 6. ns, not significantly different as indicated; two-tailed unpaired t-test. (d) CHK1 expression distribution
was analysed using single-cell RNA-seq data from mouse hearts (GSE193346). (e) Representative immunostaining of mouse heart samples for
CHK1 (red) and cardiomyocyte marker ACTN2 (green), with DAPI (blue) for nuclear staining. Colocalisation of CHK1 and ACTN2 is shown in
yellow. Scale bar = 50 um. (f) Representative Western blot of CHK1 levels in NRCMs and non-CMs. Quantification is shown in the bottom panel.
Data presented are means * SD; n = 5 independent experiments. *P< 0.05, significantly different as indicated; two-tailed unpaired t-test.

(g) Western blot analysis of p-CHK1 and yH2AX levels in NRCMs treated with Ang Il (100 nM) at various time points. The quantification is shown
in the right panel. Data presented are means + SD; n = 5 independent experiments. *P< 0.05, significantly different as indicated; ns, not
significant; one-way ANOVA with Dunnett's test.

dependently increased in hearts from Ang ll-infused mice. Analysis of immune cells. To identify the cell types expressing CHK1, a scRNA-
the GEO database from previous studies (Brooks et al., 2010; Zhao seq dataset analysis of mouse heart was used (Feng et al., 2022),
et al., 2004) also showed no significant change in CHK1 transcription which is also available on the UCSC cell browser. The dataset reveals
levels in the hearts of spontaneous hypertensive rats or mice with that CHK1 is most abundantly expressed in cardiomyocytes
transverse aortic coarctation (Figure 1b). Our study also found that (Figure 1d). Multiple immunofluorescence staining of paraffin-
Ang Il infusion did not affect CHK1 mRNA levels in mouse hearts embedded mouse heart tissue further showed the colocalisation of
(Figure 1c). These data indicate that CHK1 S280 phosphorylation, CHK1 with the cardiomyocyte marker, actinin (Figure 1e). Further
rather than CHK1 expression level, may be associated with Ang II- analysis of primary cardiac cells from the neonatal rats confirmed
induced cardiac remodelling. The heart comprises various cell types, higher CHK1 protein levels in NRCMs compared to

including cardiomyocytes, cardiac fibroblasts, endothelial cells and non-cardiomyocytes (Non-CMs, Figure 1f). Based on these results, we
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conclude that CHK1 is predominantly expressed in cardiomyocytes.
We then confirmed the selective CHK1 S280 phosphorylation in Ang
ll-challenged cardiomyocytes. Immunoblotting assay revealed that
Ang Il challenge failed to induce the phosphorylation of CHK1 S345,
as well as the level of yH2AX (Mah et al., 2010), a CHK1-downstream
marker of DNA damage, indicating no DNA-level damage in cardio-
myocytes (Figure 1g). Similarly, the phosphorylation level of CHK1
S280 was gradually increased by Ang Il stimulation in NRCMs
(Figure 1g). These findings suggest that Ang Il-induced CHK1 5280
phosphorylation may play a role in hypertrophic cardiomyocytes,
which may be independent of the better-known DNA damage

response.

3.2 | Inhibition of CHK1 $280 alleviates Ang
lI-induced cardiomyocyte hypertrophy in vitro

The next objective was to determine the functional impact of Ang II-
induced CHK1 S280 phosphorylation in cardiomyocytes. To investi-
gate this, we inhibited CHK1 phosphorylation by treating NRCMs
with the CHK1 inhibitor CCT (Osborne et al., 2016). Based on the cell
viability assay conducted at the 24-h time point, we selected concen-
trations of 0.5 and 1 pmoll~! of CCT for in vitro experiments
(Figure S1a). Our findings demonstrate that pretreatment with CCT
effectively inhibited Ang Il-induced CHK1 S280 phosphorylation in a
dose-dependent manner, without affecting the CHK1 protein levels
(Figure 2a). CCT pretreatment mitigated the Ang ll-induced up-
regulation of B-myosin heavy chain (3-MyHC, encoded by MYH7) and
atrial natriuretic peptide (ANP) protein levels (Horio et al., 2000;
Schiaffino et al., 1989) (Figure 2b). Similarly, significant up-regulation
of ANP, brain natriuretic peptide (BNP) and MYH7 mRNA levels was
evident in Ang ll-treated NRCMs, which were suppressed by CCT pre-
treatment (Figure 2c). Cell morphological assessment using
rhodamine-phalloidin staining confirmed the attenuation of hypertro-

phy in CCT-pretreated cells exposed to Ang Il (Figure 2d). These data

indicate that CHK1 inhibition reduces the hypertrophic responses in
Ang ll-challenged NRCMs. Additionally, siRNA-mediated CHK1
knockdown (Figure S1b), accompanied by decreased S280 phosphory-
lation in NRCMs (Figure 2e), also alleviated Ang ll-induced cardiomyo-
cyte hypertrophy (Figure 2f-h).

We tried to exclude the involvement of other phosphorylation
sites on CHK1. We constructed a phospho-mimetic mutant CHK1
plasmid by substituting serine at position 280 with glutamic acid
(5280E) to mimic the phosphorylated state (Pearlman et al., 2011).
Meanwhile, we generated a CHK1 plasmid by mutating serine 280 to
alanine (5280A) to inactivate CHK1 S$280. Because of limitations asso-
ciated with primary cells and the need for sustained observation of
pathological changes in cardiomyocytes, we utilised the H9¢c2 cell line.
We established the H9c2 cells with stable CHK1 knockdown
(H9c2-CHK1 KD, Figure Sic) and then transfected H9c2-CHK1 KD
cells with the mutant plasmids, respectively. Our results showed that
substituting serine with alanine or glutamic acid did not affect the
CHK1 protein expression. The inactivating mutant CHK1 S280A
showed impaired CHK1 phosphorylation response to Ang Il, whereas
the phospho-mimetic CHK1 S280E mutant exhibited high levels of
phosphorylation (Figure 2i). As expected, these alterations influenced
the downstream hypertrophic responses. Ang Il failed to induce
hypertrophy in H9¢2 cells with CHK1 S280A, while CHK1 autoactiva-
tion by CHK1 S280E transfection alone significantly induced hyper-
trophy in H9c2 cells (Figures 2j and S1d). These findings confirmed
that CHK1 S280 phosphorylation is critical in mediating Ang II-
induced cardiomyocyte hypertrophy.

3.3 | Phosphorylation of CHK1 S280 interacts with
JAK1 to mediate Ang ll-induced cardiomyocyte
hypertrophy

We tried to identify the cascade or substrate kinase of CHK1 for its
signalling transduction in cardiomyocytes. We performed a screening

FIGURE 2

Inhibition of CHK1 S280 alleviates Ang ll-induced cardiomyocyte hypertrophy in vitro. (a) NRCMs were pretreated with

CCT245737 (CCT) at the indicated concentrations for 1 h before Ang Il (100 nM) exposure for 1 h. p-CHK1/CHK1 levels were measured by

Western blot. Quantification is shown in the right panel. (b) NRCMs were pretreated with CCT for 1 h before Ang Il (100 nM) exposure for 24 h,
and p-MyHC and ANP levels were analysed. Quantification is shown in the right panel. (c) NRCMs were pretreated with CCT for 1 h before Ang Il
(100 nM) exposure for 12 h. The mRNA levels of hypertrophic markers ANP, BNP and MYH7 were determined by qPCR. The transcript levels
were normalised to Actb. (d) After CCT treatment and 18 h Ang Il (100 nM) exposure, NRCMs were stained with Rhodamine-Phalloidin to detect
cardiac myocyte hypertrophy. Scale bar = 100 um. Quantification is shown in the right panel. (€) NRCMs were transfected with CHK1 siRNA for
24 h before Ang Il (100 nM) exposure for 1 h, followed by p-CHK1/CHK1 measurement. Quantification is shown in the right panel. (f) NRCMs
were transfected with CHK1 siRNA for 24 h before Ang Il (100 nM) exposure for 24 h, and B-MyHC and ANP levels were measured.
Quantification is shown in the right panel. (g) NRCMs were transfected with CHK1 siRNA for 24 h before Ang Il (100 nM) exposure for 12 h. The
mMRNA levels of ANP, BNP and MYH7 were determined by gPCR. The transcript levels were normalised to Actb. (h) After siCHK1 transfection
and 18 h Ang Il exposure, NRCMs were stained with Rhodamine-Phalloidin to detect cardiac myocyte hypertrophy. Scale bar = 100 um.
Quantification is shown in the right panel. (i and j) H9c2 stable CHK1 knockdown cells (H9¢2-CHK1 KD) transfected with CHK1 S280/5280A/
S280E plasmids as indicated. These cells were exposed to 100 nM Ang Il for 1 h or 12 h. (i) The levels of p-CHK1/CHK1 were examined.
Quantification is shown in the right panel. (j) The mRNA levels of ANP, BNP and MYH7 were assessed. The transcript levels were normalised to
Actb. For Figure 2a,b,d,e,f,h,i, data presented are means + SD; n = 5 independent experiments. *P< 0.05, significantly different as indicated; ns,
not significant; one-way ANOVA with Dunnett's test. For Figure 2c,g,j, data presented are means + SD, n = 5 independent experiments. *P< 0.05,
significantly different as indicated; ns, not significant;, two-way ANOVA followed by multiple comparisons test.
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for potential CHK1 substrate proteins using co-immunoprecipitation
(Co-IP) combined with mass spectrometry in NRCMs (Figure 3a). This
analysis identified a total of 50 potential CHK1-binding proteins,
among which JAK1, Taokl and Ckm emerged as highly likely kinase
candidates (Figures 3b and S2a). Notably, JAK1 (Janus kinase 1) is a
key component of the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) signalling pathway, which is implicated in
cardiac remodelling (Barry et al., 2007). Therefore, we hypothesised
that JAK1 is the key downstream kinase activated following CHK1
5280 phosphorylation. To validate this hypothesis, we examined the
CHK1-JAK1 interaction in Ang Il-stimulated NRCMs using Co-IP
assay (Figure 3c). We employed the JAK1 inhibitor UPA, and showed
that this inhibitor did not affect Ang ll-induced CHK1 S280 phosphor-
ylation but significantly inhibited p-JAK1 level, while CCT effectively
inhibited the phosphorylation of both CHK1 S$280 and JAK1
(Figure 3d). These data suggest that CHK1 functions upstream of
JAK1 in this cascade. In addition, the Ang ll-induced activation
of STAT3, a vital component of the JAK1-STATS3 activation loop (Hu
et al, 2021), was inhibited by both CCT and UPA in NRCMs
(Figure 3d). Further, Co-IP experiments also confirmed that the CCT
significantly suppressed the Ang ll-induced complex formation
between CHK1 and JAK1, whereas UPA did not influence this interac-
tion (Figure 3e), indicating that CHK1 S280 phosphorylation is neces-
sary for CHK1-JAK1 interaction.

Our next objective was to confirm whether CHK1 S280
phosphorylation mediates the downstream JAK1-STAT3 signalling
activation. As shown in Figure 3f, phosphorylation levels of JAK1
and STAT3 were significantly reduced when serine 280 in CHK1
was substituted with alanine. In contrast, the phospho-mimetic
CHK1 S280E mutant exhibited elevated levels of p-JAK1 and
p-STAT3 (Figure 3f). The defective CHK1 S280A mutant showed
decreased CHK1-JAK1 complex formation in response to Ang I,
while the autoactivated CHK1 S280E mutant displayed an enhanced
binding ability (Figure S2b). Additionally, UPA effectively inhibited
both p-JAK1 and p-STAT3 levels (Figure 3g) and suppressed the

hypertrophic response induced by the CHK1 S280E mutant
(Figure 3h,i). Collectively, these findings suggest that the CHK1
S$280-JAK1-STAT3 axis plays a critical role in Ang ll-induced cardio-
myocyte hypertrophy.

3.4 | Pharmacological inhibition of CHK1
attenuated Ang ll-induced cardiac remodelling and
dysfunction in mice

Our final objective was to determine whether disrupting CHK1 activ-
ity could prevent Ang ll-induced cardiac dysfunction. We used a
mouse model with continuous Ang Il infusion by subcutaneous
implant mini-pumps (Xu et al., 2022) and treated these model mice
with CCT. In this model, we also used UPA to inhibit JAK1 to confirm
the role of the CHK1 $280-JAK1-STAT3 axis in the mouse model. To
better evaluate the Ang ll-induced cardiac hypertrophy model, we
conducted time-course experiments with the Ang Il-infused mice
(Figure S3). Mice received Ang Il infusion for up to 4 weeks, with
weekly echocardiographic monitoring. Notably, significant heart
enlargement was observed by week 3, with the most pronounced
effects evident at week 4, as confirmed by the HW/BW and HW/TL
ratios (Figure S3a,b). These data further support the proposal that Ang
Il infusion induces progressive cardiac dysfunction and remodelling in
a time-dependent manner (Figure S3c,d). We also examined the
p-CHK1/CHK1 levels in heart tissues of mice with Ang Il infusion for
1-4 weeks and found that Ang Il infusion also time-dependently
induces cardiac CHK1 phosphorylation (Figure S3e). Based on these
findings, we selected a 4-week Ang Il infusion protocol to establish a
robust model of cardiac hypertrophy and remodelling. Both CCT and
UPA treatments were administered starting at week 2 to assess their
therapeutic efficacy.

During the 4-week Ang Il infusion model, we administered CCT
and UPA orally to mice starting at week 2. At the end of week 4, we
assessed the cardiac function and then killed the mice to collect blood

FIGURE 3 CHK1 phosphorylated on $280, interacts with JAK1 to mediate Ang ll-induced cardiomyocyte hypertrophy. (a) Schematic
representation of the interactome analysis used for screening CHK1 binding proteins. (b) Two-dimensional plot showing log, Ang II-CHK1-IP
score/saline-CHK1-IP score ratios on the y-axis versus protein molecular weight (MW) on the x-axis, indicating enrichment of proteins in Ang II-
treated NRCMs. (c) Co-immunoprecipitation (Co-IP) of CHK1 and JAK1 in NRCMs treated with or without Ang Il. Endogenous CHK1 was
immunoprecipitated by anti-CHK1 antibody. IgG served as the control. (d) NRCMs were pretreated with 1 uM CCT or the JAK1 inhibitor

upadacitinib (UPA) for 1 h and then exposed to 100 nM Ang Il exposure for 1 h. Phosphorylation levels of CHK1, JAK1 and STAT3 were assessed
via Western blot, with quantification shown in the right panel. (e) Co-IP of CHK1 and JAK1 in NRCMs treated with either CCT or UPA. (f)
H9c2-CHK1 KD cells transfected with CHK1 S280/5280A/S280E plasmids, followed by 100 nM Ang Il treatment for 1 h. Phosphorylation levels
of JAK1 and STAT3 were examined and quantified in the right panel. (g-i) H9c2-CHK1 KD cells transfected with CHK1 S280E plasmid and
treated with UPA. (g) Cells were treated by UPA for 1 h, p-JAK1/JAK1 and p-STAT3/STAT3 were examined, with the quantification in the right
panel. (h) After 12 h of UPA treatment, mRNA levels of hypertrophic markers ANP, BNP, and MYH7 were determined by gPCR and normalised to
Actb. (i) After 18 h of UPA treatment, NRCMs were stained with Rhodamine-Phalloidin to assess cardiac myocyte hypertrophy. Scale

bar = 100 um, with quantification shown in the right panel. For Figure 3c,e, n = 5 independent experiments. For Figure 3d,f, data presented are
means + SD, n = 5. independent experiments. *P< 0.05, significantly different as indicated ns, not significant; one-way ANOVA with Dunnett's
test. For Figure 3g,i, data presented are means + SD, n = 5 independent experiments. *P< 0.05, significantly different as indicated; Students' t-
test. For Figure 3h, data presented are means + SD, n = 5 independent experiments. *P< 0.05, significantly different as indicated; two-way
ANOVA followed by multiple comparisons test.
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FIGURE 4 Pharmacological inhibition of CHK1 attenuated Ang ll-induced cardiac dysfunction. (a) Workflow of animal experiment. Ten-
week-old male C57bl/6 mice were implanted with subcutaneous minipumps to deliver saline or Ang Il and were divided into saline and Ang Il
groups. CHK1 or JAK1 was inhibited in mice by administering CCT at 1 mg kg~? or UPA at 5 mg kg™ ! every other day from weeks 2 to 4. Non-
invasive echocardiographic assessments were performed to monitor cardiac function after 4 weeks of infusion. (b) Body weight and average
systolic blood pressure were measured over the period. Data presented are means + SD; n = 6 to 11. *P< 0.05, significant difference between the
WT + Saline group and the WT + Ang Il group; two-way ANOVA with multiple comparisons test. (c) Ang Il levels in serum and cardiac tissue
were assessed using ELISA. (d) Representative M-mode echocardiographic images of the left ventricle. (e) Quantitative analysis of the ejection
fraction, fractional shortening, stroke volume and cardiac output. (f) Representative Western blots of p-CHK1, p-JAK1 and p-STATS3 levels in
heart tissues. Densitometric quantification is shown in the right panel. Data presented are means + SD, n = 5 independent experiments. *P< 0.05,
significantly different as indicated; ns, not significant; one-way ANOVA with Dunnett's test. For Figure 4c,e, data presented are means + SD,

n = 6 to 11. *P< 0.05, significantly different as indicated; ns, not significant; one-way ANOVA with Tukey's test.

samples and heart tissue (Figure 4a). As shown in Figure 4b, Ang I
infusion resulted in a decrease in body weight at week 4 and a signifi-
cant increase in systolic blood pressure starting at week 2. Treatment
with CCT or UPA reversed the weight loss but did not alter the
increase in blood pressure (Figure 4b). Additionally, the administration
of CCT or UPA did not affect the Ang ll-induced elevation of Ang Il
levels in serum and heart tissues (Figure 4c). Non-invasive echocardi-
ography revealed significant cardiac function impairment in the Ang Il
group compared to the saline group, as shown by reduced ejection
fraction, fractional shortening, stroke volume and cardiac output
(Figure 4d,e and Table S3). Notably, CCT or UPA administration
largely reversed the Ang ll-induced cardiac dysfunction (Figure 4d.e).
However, because of the ageing echocardiography system, image res-
olution was suboptimal, which may affect the visual representation of

group differences. Consistent with the cellular result, pharmacological

inhibition of p-CHK1 S280 by CCT successfully decreased JAK1/
STAT3 phosphorylation in Ang ll-challenged mouse hearts, while
UPA failed to decrease CHK1 S280 phosphorylation but still
inhibited JAK1 and STAT3 (Figure 4f). Furthermore, the Co-IP results
of heart tissues followed a similar trend in CHK1-JAK1 interaction
(Figure S4a).

The gross morphology of the hearts and H&E staining of cardiac
tissue sections showed that Ang ll-induced cardiac hypertrophy
was significantly reversed by CCT or UPA treatment (Figure 5a,b).
Analysis of the heart weight-to-body weight ratio and the heart
weight-to-tibia length ratio further supported this conclusion
(Figure 5c). Similar changes were observed in wheat germ agglutinin
(WGA) staining of heart sections (Figure 5d,e). Furthermore, compared
to the Ang Il group, the CCT- and UPA-treated groups exhibited mark-

edly less interstitial fibrosis and collagen accumulation in heart tissues,
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an outcome of pathological cardiac hypertrophy (Figure 5f-i).
Examination of hypertrophic markers, at both protein and mRNA
levels, also showed that either CCT or UPA reduced Ang ll-induced
cardiac hypertrophy (Figure 5j,k). Taken together, these data provide
evidence that pharmacological inhibition of the CHK1 S280-JAK1
axis attenuated Ang ll-induced cardiac remodelling and dysfunction

in mice.

4 | DISCUSSION

In this study, we have explored the role of CHK1 S280 phosphoryla-
tion in mediating the pathological processes of Ang ll-induced cardiac
remodelling. We found that CHK1 S280 phosphorylation recruited
JAK1 protein, which in turn phosphorylated JAK1 and thereby acti-
vated the JAK1/STAT3 pathway to induce hypertrophy in cardiomyo-
cytes. Pharmacological inhibition of CHK1 activity significantly
attenuated cardiac dysfunction and remodelling. These findings high-
light the importance of CHK1 S280 phosphorylation in Ang Il-induced
cardiac injury.

Previous studies on CHK1 have primarily focussed on its role in
cell proliferation and DDR, where it is activated in response to repli-
cation stress (Dai & Grant, 2010; Patil et al., 2013). This activation
triggers downstream pathways that contribute to disease develop-
ment, especially cancers. In cancer, abnormal DNA replication stress
leads to CHK1 activation, enabling tumour cells to repair their DNA
and to continue proliferating (Dai & Grant, 2010). Similarly, in non-
oncological research, ROS-induced DDR in renal ischaemia-reperfu-
sion activated CHK1 (Ajay et al., 2014). In DDR-induced CHK1 acti-
vation, the phosphorylation at S345 is canonical and essential (Patil
et al.,, 2013). In addition, Yuan et al. reported selective CHK1 S280
activation without affecting S345 phosphorylation in acute myeloid
leukaemia (Yuan et al., 2014), and another study explored the special
role of CHK1 S280 phosphorylation during mitosis (Adam
et al., 2018). Generally, in the proliferative or DNA-repair functions,
S345 phosphorylation regulates substrates such as CDC 25 and
WEE1 to induce cell cycle arrest (Tapia-Alveal et al., 2009), S280
phosphorylation promotes CHK1 nuclear translocation and then con-
tributes to genome stability (Nguyen et al., 2023; Puc et al., 2005).
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However, the specific pathways mediated by different serine sites
in CHK1, especially in non-canonical roles, such as cardiac remodel-
ling, remain an area requiring further investigation. Interestingly, in
our study, we found that the phosphorylation of CHK1 S280, but not
CHK1 S345, was significantly responsive to Ang Il stimulation without
any change in the level of YH2AX (an early marker of DNA double-
strand breaks). An interesting concern is that a majority of cardiomyo-
cytes are terminally differentiated. Adult cardiomyocytes show very
limited proliferative capacity and cell cycle activity (Zhu et al., 2024).
Based on our findings, CHK1 plays a unique role beyond the conven-
tional proliferation and DDR, with S280 phosphorylation and subse-
quent regulation of JAK1-STAT3 signalling in regulating cardiac
remodelling. This study showed that S280 phosphorylation of CHK1
in terminally differentiated cardiomyocytes was independent of cell
cycle and proliferation regulation. This study also opens a new avenue
for understanding the differential activation of CHK1 serine sites and
highlights the potential for targeting S280 phosphorylation in heart
diseases.

Research on CHK1 in cardiology has been relatively limited.
Recently, Wang's team has studied its role in myocardial repair and
regeneration (Fan et al., 2020; Wei et al., 2024). They identified CHK1
as a key kinase in myocardial repair through quantitative phosphory-
lated proteomics of infarcted neonatal mice hearts (Fan et al., 2020).
Overexpression of CHK1 promoted cardiomyocyte proliferation and
improved heart function after infarction (Fan et al., 2020). Their
research extended to porcine models of myocardial ischaemia/reper-
fusion, where CHK1 hydrogel effectively restored heart function (Wei
et al,, 2024). In these earlier studies, however, myocardial infarction
increased the total CHK1 level, but S345 phosphorylation remained
unchanged, with S317 serving as the activation marker (Fan
et al., 2020; Wei et al., 2024); however, the 5280 phosphorylation
was not detected. Collectively, this reinforces our hypothesis that
distinct CHK1 phosphorylation sites mediate different signalling
pathways.

The JAK1-STAT3 pathway is a well-known signalling cascade
involved in the regulation of cardiac remodelling and heart failure
(Baldini et al., 2021; Booz et al., 2002; Terrell et al., 2006). Through
Co-IP/MS analyses, we identified JAK1 as a direct interacting partner

of CHK1 in cardiomyocytes. Further analysis using small-molecule

FIGURE 5

Pharmacological inhibition of CHK1 attenuated Ang ll-induced cardiac hypertrophy and fibrosis. (a) Representative images of

gross heart morphology from each group. Scale bar = 5 mm. (b) Representative H&E-stained cardiac sections showing structural changes. Upper
scale bar = 2 mm; lower scale bar = 50 um. (c) Heart weight to body weight (HW/BW, upper panel) ratio and heart weight to tibia length
(HW/TL, lower panel) ratio. Data are presented as mean = SD, n = 6 to 11, and P-values were calculated by one-way ANOVA with Dunnett's
test. (d and e) Representative wheat germ agglutinin (WGA) staining for cardiomyocyte cross-sectional area in heart sections. Scale bar = 50 pum.
Figure 5e shows the quantification of the cardiomyocyte area in each group. (f and g) Representative images of Sirius red-stained heart sections.
Scale bar = 100 um. Figure 5g shows the quantification of the interstitial fibrosis. (h and i) Representative images of Masson-stained heart
sections. Scale bar = 100 um. Figure 5i shows the quantification of the cardiac collagen deposit. (j) The protein levels of hypertrophic markers
B-MyHC and ANP were determined by Western blot. Quantification is shown in the right panel. Data presented are means + SD, n = 5. *P< 0.05,
significantly different as indicated; ns, not significant; one-way ANOVA with Dunnett's test. (k) The mRNA levels of ANP, BNP and MYH7 were
determined by gPCR. Data are presented are means = SD, n = 7. *P< 0.05, significantly different as indicated; ns, not significant; two-way
ANOVA followed by multiple comparisons test. For Figure 5e,g,i data presented are means + SD, n = 5. *P< 0.05, significantly different as

indicated, ns, not significant; one-way ANOVA with Dunnett's test.
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inhibitors and mutant plasmids confirmed that CHK1 acts as an
upstream kinase in the CHK1-JAK1 signalling axis. Typically, ligand-
activated cytokine receptors or G-protein coupled receptors (GPCRs)
can recruit JAK1, which phosphorylates and activates STAT3, driving
downstream signalling and pro-hypertrophic gene transcription
(Bousoik & Montazeri Aliabadi, 2018; Chang et al., 2002; Hu
et al., 2021). Numerous studies have confirmed the crucial role of
STAT3 in pathological cardiac hypertrophy (Fischer & Hilfiker-
Kleiner, 2007). As a DNA-binding transcriptional activator, STAT3
directly binds to hypertrophic and pro-fibrotic gene promoters to up-
regulate the transcription and expression of proteins related to cardiac
remodelling, such as MyHC, ANP, Collagen-1 and TGF-$ in cardio-
myocytes (Han et al., 2018; Ye et al., 2020). Therapeutic strategies
targeting STAT3 to treat cardiac hypertrophy have recently emerged
(Ye et al., 2020). Our results suggest that CHK1-JAK1 interaction
directly activates JAK1, leading to STAT3 activation and hypertrophic
phenotypes in cardiomyocytes. To our knowledge, we present the
first demonstration that CHK1 S280 phosphorylation directly
regulates JAK1, suggesting a novel CHK1-JAK1-STAT3 pathway in
cardiac hypertrophy.

One limitation of this study should be acknowledged; although we
identified JAK1 as a downstream kinase of CHK1, other kinases, such
as Taokl and Ckm, found in our Co-IP/MS experiments, were not
explored in depth. Taokl is a serine/threonine kinase involved in
MAPK signalling (Li et al., 2024). Recent studies suggest that Taok1
participates in LPS-induced inflammatory (Zhu et al., 2020) and
doxorubicin-induced cardiac injury (Suga et al, 2025; Zhou
et al,, 2024), which may affect the myocardium under pathological
stress. Additionally, Ckm, traditionally known for its role in maintaining
ATP homeostasis in muscle tissue (Veksler et al., 1995), has also been
implicated in cardiac energy metabolism and contractile function
(Keceli et al., 2022). The Co-IP/MS data including Taokl and Ckm
raises the possibility that cardiomyocyte CHK1 may also regulate other
kinase pathways in addition to the JAK1-STAT3 axis, potentially con-
tributing to cardiac remodelling. Besides, CHK1-Ckm interaction might
reflect a potential role in myocardial energy regulation, particularly
under Ang Il stimulation. These associations suggest a broader regula-
tory network downstream of CHK1 in cardiomyocytes, which deserves
further investigation. Another unresolved question in this study is how
Ang Il induces CHK1 activation at $280. Because CHK1 is predomi-
nantly localised in the cytosol and nucleus (Wang et al., 2012), the
involvement of a membrane receptor of Ang Il, for example, AT,
receptors, in its activation is plausible. Although Pim1/2 (Yuan
et al., 2014), Akt (Adam et al., 2018) and p90 ribosomal Sé kinase (Li
et al., 2012) have been reported to regulate CHK1 S280 phosphoryla-
tion, it is unclear whether Ang Il activates CHK1 at S280 through its
classical AT, receptors and these previously reported upstream
kinases. Further investigation of this mechanism is essential for under-
standing the specific role of CHK1 S280 activation in cardiomyocytes.

In conclusion, our study has identified CHK1 S280 phosphoryla-
tion as a novel mediator of Ang Il-induced cardiomyocyte hypertrophy
and cardiac dysfunction. The CHK1 S280-JAK1-STAT3 axis plays

a critical role in driving these pathological processes, and

pharmacological inhibition of this pathway represents a promising
therapeutic strategy for preventing hypertensive heart failure. These
findings contribute to a better understanding of the molecular mecha-
nisms underlying cardiac hypertrophy and open new avenues for the

development of targeted therapies.
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