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Abstract

Background and 
Aims

Hypertensive heart failure has an urgent need for new therapeutic targets. Protein kinases act as key regulators in cellular 
actions relevant to cardiac pathophysiology. This study identified a protein kinase, Wee1 G2 checkpoint kinase (Wee1), 
being activated and involved in this disease.

Methods RNA-seq-based kinase enrichment analysis was used to identify the involved kinase pathways. Cardiomyocyte-specific Wee1- 
deficiency mice with chronic angiotensin II (Ang II) infusion and transverse aortic constriction (TAC) were utilized to develop 
cardiac remodelling. RNA-seq and co-immunoprecipitation were used to explore the mechanism and substrate of Wee1.

Results Kinase enrichment analysis and experimental evidence revealed that Wee1 phosphorylation at Ser642, but not increased expression, 
was observed in hypertrophic cardiac tissues from both mice and human patients. Knockdown, pharmacological inhibition, or muta
tional inactivation of Wee1 significantly alleviated Ang II-induced cardiomyocyte injuries. RNA-seq analysis showed that phosphoinosi
tide 3-kinases/protein kinase B (AKT) pathway mediated the function of Wee1 in cardiomyocytes. Mechanistically, the phosphorylated 
Wee1 directly binds to the PHD domain of AKT to phosphorylate AKT inducing AKT/phosphoinositide 3-kinases–nuclear factor κB 
signalling pathway activation and subsequent inflammation and hypertrophy in cardiomyocytes. Cardiomyocyte-specific Wee1 defi
ciency was found to protect against cardiac inflammation, remodelling, and dysfunction in mice subjected to transverse aortic constric
tion or Ang II infusion. Pharmacological Wee1 inhibition also attenuated Ang II-induced cardiac remodelling in mice.

Conclusions Cardiomyocyte Wee1 activation drives inflammation and hypertrophy by directly phosphorylating AKT and activating AKT– 
nuclear factor κB pathway. This study identifies Wee1 as a new upstream kinase of AKT and a potential therapeutic target 
for hypertensive heart failure.
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Structured Graphical Abstract

Are protein kinases involved in hypertensive heart failure?

In a hypertensive mouse model, cardiomyocyte Wee1 G2 checkpoint kinase (Wee1) activation drove inflammation and hypertrophy by 
directly phosphorylating AKT and activating AKT-NFκB pathway, independent of cell cycle and proliferation regulation.
Cardiomyocyte-specific deletion or pharmacological inhibition of Wee1 attenuated hypertensive cardiac remodeling in mice.

Cardiomyocyte-specific Wee1-AKT/PI3K-NFκB axis plays a key role in regulating cardiac remodeling and is a new potential therapeutic 
target for hypertensive heart failure.

Key Question

Key Finding

Take Home Message

Mouse
model

Cardiac remodelling

In�ammation
Fibrosis
Hypertrophy
Dysfunction

Cardiomyocyte

Il1b

1 1 480646
N-terminal PHD

Il6 Tnf

Col1a1

Myh7 Tgfb1

Ang II

P65
P

P65
P

PI3K P

Wee1 P AKT P

0.08

0.06

0.04

0.02

0.00

-0.02 3000 3500 4000
Time (s)

Bio-layer interferometry (BLI)
Wee1-AKT

Binding
response

(nm)

4500

Keywords Wee1 • Protein kinases • AKT • Inflammation • Cardiac remodelling

Introduction
Hypertension is a persistent and debilitating threat to global public 
health, remaining the most prominent global driver of cardiovascular 
disease and mortality.1 Hypertension can result in myocardial systolic 
hypokinesis and ventricular remodelling, both of which are central to 

the pathogenesis of chronic heart failure.2 Dysregulated angiotensin II 
(Ang II) signalling activity is a key driver of hypertensive cardiac remod
elling.3 Besides acting in smooth muscle cells to boost blood pressure, 
the elevated Ang II level could directly trigger inflammation and 
hypertrophy in cardiomyocytes to induce cardiac injuries and 

Translational perspective
This study shows up-regulated Wee1 phosphorylation in hypertrophic cardiomyocytes and presents Wee1 as a new therapeutical target for 
hypertensive heart failure. Mechanistically, Wee1 activation drives inflammation and hypertrophy by directly phosphorylating protein kinase 
B (AKT) in cardiomyocytes. Cardiomyocyte-specific deletion or pharmacological inhibition of Wee1 attenuates hypertensive cardiac remodel
ling in mice. Considering that Wee1 inhibitors have been used in clinical trials for treating cancers, this study suggests that Wee1 inhibitors may 
expand their applications into hypertensive heart diseases. It is also suggested to develop new small molecules targeting the interaction between 
Wee1 and AKT to avoid the side effects and treat heart diseases.
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dysfunction.4 Although blood pressure can often be controlled with 
anti-hypertrophic drugs in the clinic, heart failure incidence remains 
high in hypertensive patients, indicating that other Ang II-related path
ways also play an important pathological roles in the development of 
hypertensive heart complications. Efforts to identify molecular regula
tors of Ang II-induced cardiomyocyte injuries may thus provide an op
portunity to identify new targets for the treatment of hypertensive 
heart failure.

Protein kinases (PKs) are a large superfamily of proteins that func
tion by phosphorylating the substrate proteins.5 Protein kinases 
modulate a wide range of cellular events and pathophysiology and 
are considered as important targets for drug discovery, especially in 
cancer treatment. Recently, some PKs are also involved in regulating 
physiological homeostasis and pathological states in cardiac diseases.6

For instance, the inhibition of PKD1 has been proposed as a thera
peutic approach to protecting against arrhythmia and hypertrophy.7

Krum et al.8 found that p38 mitogen-activated protein kinase 
(MAPK) inhibition in rats prevented cardiac remodelling and dysfunc
tion. Rho-associated coiled-coil kinases (ROCKs) also play a role in 
the pathogenesis of heart failure.9 Therefore, identify key PKs in
volved in the hypertensive heart failure may provide new therapeutic 
targets and drug development for this disease. Interestingly, as pro- 
phosphorylating enzymes, PKs may predominantly undergo altera
tions in the kinase activity while maintaining unchanged total expres
sion levels in the pathological state of diseases.10 Therefore, 
examining the gene/protein expression level of PKs using conventional 
RNA-seq, single-cell sequencing, and proteomics could not identify 
the disease-associated PKs. Kinase enrichment analysis (KEA) of dif
ferentially expressed genes from the RNA-sequencing data may pro
vide a good way to identify the activity-changed PKs in diseases.11

In the present study, we performed RNA-Seq-based KEA in Ang 
II-challenged mouse heart tissues and found an activity-increased kinase, 
Wee1 G2 checkpoint kinase (Wee1), without expression level change, 
in hypertrophic cardiomyocytes. As we know so far, Wee1 is a serine/ 
threonine kinase and a cell cycle regulator, which phosphorylates cyclin- 
dependent kinase 1 (CDK1) and other CDKs to regulate G2–M cell cy
cle progression and DNA damages.12 Wee1 controls DNA replication, 
chromosome condensation, and histone transcription.13 It plays im
portant roles in viral infection,14 hepatic malaria,15 and embryonic car
diomyocyte proliferation16 through its function of regulating cell cycle. 
Especially, high levels of Wee1 expression and activity are observed in 
many cancers to promote cancer progresssion.17,18 Some small- 
molecule Wee1 inhibitors have been evaluated for pre-clinical and clin
ical cancer treatment.19 However, the role of Wee1 in cardiomyocytes 
and hypertensive heart failure has not yet been studied.

The involvement of Wee1 activity in hypertensive heart failure sug
gests the new function of Wee1 in non-renewable cardiomyocytes, and 
demonstrating the role and regulating mechanism of Wee1 in hearts 
may provide new clinical applications for Wee1 inhibitors. Here, we 
show that either cardiomyocyte-specific Wee1 knockout or pharma
cological inhibition significantly protects hearts against Ang II/transverse 
aortic constriction (TAC)-induced remodelling and dysfunction in mice. 
Mechanistically, we illustrate that Wee1 directly interacts with the 
PHD domain of protein kinase B (AKT) to phosphorylate AKT, 
inducing AKT/phosphoinositide 3-kinases (PI3K)-nuclear factor κB 
(NFκB) signalling pathway activation and subsequent inflammation 
and hypertrophy in cardiomyocytes. Our study illustrates a 
cardiomyocyte-specific Wee1-AKT/PI3K–NFκB axis in regulating car
diac remodelling and indicates Wee1 as a potential target for heart 
diseases.

Methods
Detailed methods are described in the Supplementary file. The clinical infor
mation and the used RNA sequences are shown in Supplementary data 
online, Table S4–7, respectively.

Results
Cardiomyocyte Wee1 is phosphorylated in 
hypertrophic cardiac tissue
To explore the kinase signalling pathways related to cardiac remodelling, 
four RNA-seq datasets from human and mouse heart tissues with patho
logical cardiac hypertrophy were analysed using KEA approach. The re
sult indicated Wee1, AMPK, AXL, and PLK2 as four kinases whose 
activation may be related to cardiac remodelling in all four models 
(Figure 1A). Since the AMPK, AXL, and PLK2 pathways have been previ
ously reported to be involved in cardiac remodelling,20–22 we focused on 
Wee1 in this study. We also found that the mRNA levels of Wee1 
showed no change in hypertrophic hearts compared to that in control 
hearts (Figure 1B and C). Serine at 642 (Ser642) is an kinase 
activity-related phosphorylation site in Wee1.23 Thus, we observed a sig
nificant increase in Ser642 phosphorylation of Wee1 in human hyper
trophic heart tissues compared with the healthy heart, without any 
change in the basal Wee1 protein levels (Figure 1D and E). Similar results 
were also obtained in heart tissues of an established mouse model using 
chronic Ang II infusion (1 μg/kg/min) in mice (Figure 1F and G).

We then explored the source of p-Wee1 in hearts. Immunofluorescent 
double-staining analysis of mouse heart tissue showed that p-Wee1- 
positive cells were cardiomyocytes positive for α-actinin rather than 
vimentin+ fibroblasts (see Supplementary data online, Figure S1A). These 
results were confirmed in isolated neonatal rat ventricular myocytes 
(NRVMs) and neonatal rat cardiac fibroblasts (NRCFs) treated with Ang 
II at 1 μM for 2 h, after which western immunoblotting detected high 
p-Wee1 levels specifically in NRVMs (Figure 1H and I). When NRVMs 
were treated with Ang II (1 μM) for various periods of time, a time- 
dependent increase in Wee1 phosphorylation levels was observed, with
out any change in total Wee1 levels (see Supplementary data online, 
Figure S1B and C). In addition, we found that Ang II-induced Wee1 phos
phorylation was mediated by AT1R, since knocking down AT1R reversed 
Wee1 phosphorylation in Ang II-challenged NRVMs (see Supplementary 
data online, Figure S1D, Figure 1J and K). These data reveal that cardiomyo
cyte Wee1 is phosphorylated under pathological conditions and may be 
involved in cardiac remodelling.

The phosphorylation of Wee1 is involved 
in the regulation of cardiomyocyte 
hypertrophy
To explore the role of Wee1 phosphorylation in cardiomyocyte re
sponses, Wee1 phosphorylation in NRVMs was inhibited by 
siRNA-mediated gene knockdown (see Supplementary data online, 
Figure S2A–C) or pharmacological small-molecule inhibitor MK1775.24

Knocking down Wee1 in NRVMs was sufficient to suppress the Ang 
II-induced up-regulation of hypertrophy-associated proteins (β-MyHC) 
and genes (Myh7, Anp) (Figure 2A and B). Phalloidin staining further revealed 
that silencing Wee1 protected against hypertrophy induced by Ang II 
(Figure 2C, Supplementary data online, Figure S2D). MK1775 doses from 
0.25 to 80 μM showed no cytotoxic effects on NRVMs (see 
Supplementary data online, Figure S2E), leading to the selection of the 1 
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and 2.5 μM doses for further in vitro use. MK1775 also significantly blocked 
the up-regulation of hypertrophy-associated genes and proteins in re
sponse to Ang II (Figure 2D and E), further preventing Ang II-induced car
diomyocyte enlargement (Figure 2F, Supplementary data online, Figure S2F).

The specific functional importance of the Ser642 phosphorylation of 
Wee1 in NRVMs was assessed by generating a point mutation at Ser642, 
establishing two plasmids including a wild-type (WT) Flag-tagged Wee1 
(Wee1WT) construct and a construct encoding Flag-tagged Wee1 with 
the inactivating Ser642-Ala mutation (Wee1S642A). NRVMs were trans
fected with the Wee1WT plasmid to increase both basal level and Ser642 
phosphorylation of Wee1 (see Supplementary data online, Figure S2G
and H). The overexpression of Wee1 was found to exacerbate the hyper
trophic responses of cardiomyocytes to Ang II (Figure 2G–I). Next, the 
Wee1WT and Wee1S642A plasmids were transfected into 
sgRNA-mediated H9c2 cells without basal Wee1, followed by Ang II treat
ment for 24 h. The inactivation of Ser642 by S642A mutation ablated Ang 
II-induced hypertrophic phenotypes in these cardiomyocytes (Figure 2J and 

K, Supplementary data online, Figure S2I and J), suggesting that the Ser642 
phosphorylation is specifically involved in Ang II-induced cardiomyocyte in
jury. Consistently, we construct a plasmid encoding a phosphomimetic 
mutant isoform of Wee1 with autoactivating Ser642-Glu mutation, Flag- 
tagged Wee1S642E. When cardiomyocytes without basal Wee1 were trans
fected with Wee1S642E, hypertrophic phenotypes were evidently observed 
in the absence of Ang II stimulation (Figure 2L–O). These data thus offer clear 
evidence in support of the role that Wee1 Ser642 phosphorylation plays as 
a mediator of Ang II-induced cardiomyocyte hypertrophy.

Considering that Wee1 is a canonical kinase regulating cell cycle and pro
liferation,25 we examined the effects of Ang II and Wee1 on cell cycle of 
NRVMs using flow cytometry. As shown in the Supplementary data 
online, Figure S2K and L, we found that the Ang II challenge for 24 h showed 
no significant influence on the cell cycle of NRVMs. Then we further exam
ined the cell cycle in NRVMs transfected with siWee1, Wee1WT plasmid, 
and Wee1S642A plasmid, respectively. The results in the Supplementary 
data online, Figure S2M–P showed that neither silencing Wee1, 

Figure 1 Cardiomyocytes in hypertrophic heart tissues exhibit increased Wee1 phosphorylation. (A) A Venn diagram highlighting enriched kinases 
from four public RNA-seq datasets (GSE102792, GSE165236, GSE101977, and GSE180313). (B) Wee1 mRNA levels in the heart tissues of control and 
heart failure patients were analysed using a violin plot (GSE180313). (Mean ± SEM; n = 7–13). (C ) Wee1 mRNA levels in the heart tissues of mice with 
Sham or transverse aortic constriction surgery were shown in violin plots (GSE102792, GSE165236, and GSE101977). (Mean ± SEM; n = 3). 
(D) Representative western blot analyses of p-Wee1 and Wee1 in heart tissue samples from control and hypertrophic cardiomyopathy patient, 
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. (E) Densitometric quantification of the blots in D. (F ) Angiotensin 
II was administered to C57BL/6 mice for 4 weeks, after which Wee1 phosphorylation was analysed via western immunoblotting, with each lane repre
senting a separate mouse and GAPDH serving as a loading control. (G) Densitometric quantification of the blots in F. (H ) Following treatment for 2 h 
with angiotensin II (1 μM), neonatal rat ventricular myocytes (NRVMs) and neonatal rat cardiac fibroblasts (NRCFs) were assessed via western immuno
blotting to detect p-Wee1 and Wee1, using GAPDH as a loading control. (I ) Densitometric quantification of the blots in H. (J ) An siRNA construct 
specific for AT1R was used to transfect NRVMs, followed by angiotensin II treatment (1 μM) for 2 h. Western immunoblotting was then employed to 
detect p-Wee1 and Wee1, utilizing GAPDH as a loading control. (K ) Densitometric quantification of the blots in J. All data are means ± SEM; n = 6; ns, 
not significant; *P < .05; **P < .01. P < .05 was regarded as significant
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Figure 2 The phosphorylation of Wee1 at Ser642 positively regulates cardiomyocyte hypertrophy. (A) Following negative control (NC) or siWee1 
transfection, neonatal rat ventricular myocytes (NRVMs) were treated with angiotensin II (1 µM, 24 h), followed by western immunoblotting assay for 
β-MyHC, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. (B) Following siWee1 transfection, NRVMs were treated 
with angiotensin II (1 µM, 12 h), and Myh7 and Anp mRNA levels were analysed, using Actb for normalization. (C ) Rhodamine phalloidin and 4’,6-dia
midino-2-phenylindole (DAPI) staining was used to assess cardiomyocyte size (Scale bar: 50 μm). (D) Following pre-treatment with MK1775 (1 or 
2.5 µM) for 1 h, NRVMs were treated with angiotensin II (1 µM, 24 h), followed by analyses of β-MyHC via western immunoblotting, using GAPDH 
as a loading control. (E) Following pre-treatment with MK1775 for 1 h, NRVMs were treated with angiotensin II (1 µM, 12 h), and Myh7 and Anp 
mRNA levels were analysed, using Actb for normalization. (F ) Rhodamine phalloidin and DAPI staining was used to assess cardiomyocyte size (Scale 
bar: 50 μm). (G) After Flag-Wee1 or empty vector (EV) transfection, NRVMs were treated with angiotensin II (1 µM, 24 h), followed by analyses of 
β-MyHC via western immunoblotting, using GAPDH as a loading control. (H ) Rhodamine phalloidin and DAPI staining were used to assess cardiomyo
cyte size (Scale bar: 50 μm). (I ) Changes in NRVMs size in response to angiotensin II. At least 100 cells from various visual fields were analysed for three 
samples per group. (J ) H9c2 cells were transfected with sgRNA-Wee1 to silencing the basal Wee1, and then transfected with Flag-tagged wild type 
Wee1 (Wee1WT) or Flag-tagged Wee1S642 constructs, followed by analyses of β-MyHC via western immunoblotting, using GAPDH as a loading con
trol. (K ) Rhodamine phalloidin and DAPI staining were used to assess cardiomyocyte size (Scale bar: 50 μm). (L) sgRNA-Wee1 H9c2 cells were trans
fected using the Wee1S642A or Flag-tagged Wee1 with Ser-642-Glu (Wee1S642E) constructs and cultured for 24 h, after which β-MyHC and Wee1 were 
detected via western immunoblotting, with GAPDH as a loading control. (M ) Densitometric quantification of blots in L. (N) Rhodamine phalloidin and 
DAPI staining were used to assess cardiomyocyte size (Scale bar: 50 μm). (O) Changes in NRVMs size in response to angiotensin II. At least 100 cells from 
various visual fields were analysed for three samples per group. All data are means ± SEM; n = 6; *P < .05; **P < .01. P < .05 was regarded as significant
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overexpressing Wee1, nor inactivating Wee1 affected the cell cycle phases 
of NRVMs. These data indicate that Wee1 does not serve as a cell 
cycle-regulating kinase in terminally differentiated cardiomyocytes.

Phosphoinositide 3-kinases–protein 
kinase B signalling pathway mediates the 
cardiomyocyte hypertrophy induced by 
the angiotensin II–Wee1 axis
To clarify how Wee1 mediates Ang II-induced hypertrophy, RNA-seq ana
lyses of NRVMs transfected with siWee1 and treated with Ang II were 
conducted. In total, 58 down-regulated genes and 72 up-regulated genes 
were observed in the Ang II group relative to the Ang II + siWee1 group 
(Figure 3A). Kyoto encyclopedia of genes and genomes (KEGG) enrich
ment analyses indicated that the PI3K–AKT pathway was the most strong
ly enriched for these genes (Figure 3B). Nuclear factor κB is a canonical 
downstream transcriptional factor of the PI3K/AKT pathway,26 ultimately 
shaping cellular inflammatory and pathophysiological responses. We found 
that PI3K/AKT/NFκB p65 was activated in Ang II-challenged NRVMs, while 
either knockdown or inhibition of Wee1 reversed Ang II-induced PI3K/ 
AKT/p65 phosphorylation (Figure 3C and D, Supplementary data online, 
Figure S3A and B). Similar trends were observed in the expression profile 
of p65-target inflammatory factor genes (Il1b, Il6, and Tnf) in NRVMs 
(see Supplementary data online, Figure S3C and D). Conversely, overex
pressing Wee1 further enhanced PI3K/AKT/p65 phosphorylation in Ang 
II-challenged cardiomyocytes (Figure 3E, Supplementary data online, 
Figure S3E). We then examined the importance of Wee1 Ser642 phos
phorylation of Wee1 on the activation of this pathway. Inactivating muta
tion of Wee1S642A significantly reduced AKT and P65 phosphorylation in 
Ang II-challenged cardiomyocytes (Figure 3F and G). Autoactivating 
Ser642-Glu mutation of Wee1 induced AKT and P65 phosphorylation 
in cardiomyocytes (Figure 3H, Supplementary data online, Figure S3F).

To validate that AKT activation mediates the function of Wee1, a spe
cific AKT inhibitor A674563 and an inactivating mutant of AKT were used 
to block this pathway. As shown in Figure 3I–K and Supplementary data 
online, Figure S3G, AKT inhibitor significantly abrogated P65 phosphoryl
ation and inflammatory and hypertrophic gene up-regulation in NRVMs in
duced by Ang II challenge and Wee1 overexpression, indicating that AKT 
mediates cardiomyocyte response to Ang II–Wee1 axis. We also gener
ated a point mutation of AKT at Ser473, the phosphorylating site respon
sible for AKT activity, establishing two plasmids including wild-type AKT 
(AKTWT) and Ser473-Ala mutation (AKTS473A). These plasmids were 
transfected into NRVMs to induce the respective protein overexpression, 
followed by Ang II treatment for 12 h (see Supplementary data online, 
Figure S3H and I). As shown in Figure 3L and M, Wee1 overexpression in
creased the hypertrophic and inflammatory gene expression in 
AKTWT-containing NRVMs, but failed in AKTS473A-transfected NRVMs, 
indicating that AKT Ser473 phosphorylation is crucial for Wee1- 
mediated hypertrophic and inflammatory phenotypes in cardiomyocytes. 
These results show that Wee1 Ser642 phosphorylation activates PI3K/ 
AKT signalling pathway to induce inflammatory and hypertrophic re
sponses in cardiomyocytes.

Wee1 directly interacts with the PHD 
domain in protein kinase B to catalyze 
protein kinase B phosphorylation
We then explored how Wee1 induced PI3K/AKT activation in cardio
myocytes. Wee1 is canonically recognized as an S-G2 checkpoint 

inhibitor that phosphorylates CDK1 to prevent mitotic entry27 (see 
Supplementary data online, Figure S4A). Cyclin-dependent kinase 1 is 
a classic downstream kinase of Wee1. This raised the possibility that 
Wee1 may activate PI3K/AKT/p65 pathway through CDK1. We si
lenced CDK1 by siRNA in NRVMs (see Supplementary data online, 
Figure S4B and C) and found that silencing CDK1 failed to alleviate 
Ang II-induced AKT/P65 phosphorylation and hypertrophic and inflam
matory gene expression in cardiomyocytes (see Supplementary data 
online, Figure S4D–G), suggesting that Wee1-mediated cardiomyocyte 
injury is CDK1-independent. These results also promote us to consider 
if PI3K or AKT is a direct downstream kinase of Wee1. Therefore, the 
potential ability of Wee1 directly interacting with PI3K or AKT was 
next investigated in cardiomyocytes (Figure 4A).

Interestingly, we found that Wee1 was able to interact with both PI3K 
and AKT in Ang II-stimulated NRVMs using co-immunoprecipitation 
(Co-IP) analysis (Figure 4B), as well as in cardiac tissues of Ang 
II-challenged mice (Figure 4C). Although PI3K and AKT are mutually cau
sal, we further identified which one is the specific substrate of Wee1 by 
respectively silencing PI3K or AKT. As shown in Figure 4D and E, silencing 
PI3K failed to affect Wee1–AKT interaction, while silencing AKT blocked 
Wee1-PI3K complex formation, indicating that AKT is the direct sub
strate of Wee1. Ang II increased the interaction between Wee1 and 
AKT/PI3K in cardiomyocytes, while MK1775 dose-dependently sup
pressed these interactions (Figure 4F). A proximity ligation assay (PLA) 
further visualized Wee1 and AKT interaction in Ang II-challenged 
NRVMs, while MK1775 suppressed this interaction (Figure 4G). Direct 
Wee1 and AKT protein interaction was further confirmed through a cell- 
free Bio-layer interferometry (BLI) assay in which the recombinant hu
man Wee1 (rhWee1) and AKT (rhAKT) interacted strongly with a KD 

of 1.41 × 10−8 M (Figure 4H).
We then explored the specific binding domains for Wee1–AKT inter

action. By transfecting HEK-293T cells with plasmids encoding Wee1 
and mutant versions of AKT, it was found that Wee1 was unable 
to bind to an isoform of AKT missing amino acids 5–108 (PHD domain), 
whereas it could still bind to other AKT mutant proteins (Figure 4I and J). 
Wee1 protein contains a PKD domain and the flexible N-terminal and 
C-terminal. We constructed a plasmid encoding human influenza hem
agglutinin (HA)-Wee1 PHD domain, and however, demonstrated that 
AKT failed to bind to the PKD domain alone (Figure 4K and L). Further 
study revealed that AKT was unable to bind to Wee1 when the 
N-terminal in Wee1 was absent (Figure 4M). We constructed a plasmid 
encoding HA-Wee1 N-terminal domain alone and confirmed that AKT 
bound to the Wee1 N-terminal domain in HEK-293T cells (Figure 4N). 
Further, the Wee1WT and Wee1ΔN plasmids were transfected into 
H9c2 cells with basal Wee1 deletion by sgRNA-Wee1.The deletion of 
the N-terminal of Wee1 significantly ablated the ability of Wee1 indu
cing AKT phosphorylation (Figure 4O, Supplementary data online, 
Figure S4H) and hypertrophic and inflammatory gene expression in car
diomyocytes (Figure 4P and Q). These data show that the N-terminal in 
Wee1 and the PHD domain in AKT are responsible to Wee1–AKT 
interaction and cascade activation.

Finally, we examined if Wee1–AKT interaction afforded AKT phos
phorylation using a cell-free assay in the presence of adenosine triphos
phate (ATP). In this setting, rhWee1 was found to increase rhAKT 
phosphorylation dose-dependently, whereas the Wee1 kinase inhibitor 
MK1775 significantly prevented this phosphorylating effect (Figure 4R, 
Supplementary data online, Figure S4I). These results thus demon
strated Wee1 directly interacts with the PHD Domain in AKT through 
its N-terminal to catalyze AKT phosphorylation (Figure 4S).
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Figure 3 The phosphoinositide 3-kinases–protein kinase B axis is involved in Wee1-mediated cardiomyocyte hypertrophy. (A) A volcano plot of genes 
differentially expressed between the angiotensin II and angiotensin II  + siWee1 groups. (B) Kyoto encyclopedia of genes and genomes (KEGG) pathways of 
the RNA-seq data. (C) Following negative control siRNA or Wee1 siRNA (siWee1) transfection, neonatal rat ventricular myocytes (NRVMs) were treated 
with angiotensin II (1 µM, 8 h), and p-PI3K, phosphoinositide 3-kinases, p-AKT, protein kinase B, p-P65, and P65 levels were detected via western immuno
blotting, utilizing GAPDH as a loading control. (D) Following MK1775 (1 or 2.5 µM) pre-treatment for 1 h, NRVMs were treated with angiotensin II (1 µM, 
8 h), and the indicated proteins were detected via western immunoblotting, utilizing glyceraldehyde-3-phosphate dehydrogenase (GAPDH)                                                                                                                                                                                                                   
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Loss of Wee1 in cardiomyocytes alleviates 
pathological cardiac remodelling induced 
by angiotensin II
Tamoxifen-induced cardiomyocyte-specific Wee1 knockout mice 
(Wee1-CKO) were constructed and used (see Supplementary data 
online, Figure S5A). Wee1 knockout was achieved by intraperitoneally in
jecting mice with 100 μL of a prepared tamoxifen stock solution every 
day for 5 days, after which Wee1fl/fl and Wee1-CKO mice were infused 
with saline or Ang II (1 μg/kg/min) for 4 weeks to induce cardiac remodelling 
(Figure 5A). We also compared the Myh6-CreERT2 mice and Wee1fl/fl mice 
under basal or stress conditions, and found no significant difference in car
diac function and heart size (see Supplementary data online, Figure S5B–F), 
indicating that the Cre alone does not affect the cardiac pathophysiology in 
mice. Western blot assay validated the efficiency of Wee1 deletion in car
diomyocytes of Wee1-CKO mice (see Supplementary data online, 
Figure S5G–J). Cardiomyocyte-specific Wee1 knockout did not affect the 
profiles of systolic blood pressure and plasma Ang II level in Ang 
II-infused mice (see Supplementary data online, Figure S5K and L). 
However, echocardiography showed that Wee1 deficiency in cardiomyo
cytes was able to prevent cardiac dysfunction induced by Ang II 
(Figure 5B–D, Supplementary data online, Table S1). No increases in the 
heart weight to body weight or heart weight to tibia weight ratios were 
observed in these Wee1-CKO mice following Ang II infusion (see 
Supplementary data online, Table S1). Serum atrial natriuretic peptide 
(ANP) and creatine kinase-myocardial band (CK-MB) levels were elevated 
in Ang II-induced WT but not Wee1-CKO mice (Figure 5E and F). The gross 
evaluation of mouse heart tissues indicated that Wee1-CKO mice were 
protected against cardiac hypertrophy induced by Ang II infusion 
(Figure 5G). H&E and wheat germ agglutinin (WGA) staining of these cardiac 
tissue samples confirmed that structural and hypertrophic changes were 
evident in Wee1fl/fl mice following Ang II infusion (Figure 5H and I, 
Supplementary data online, Figure S5M), whereas such pathological 
changes were significantly attenuated in Ang II-challenged Wee1-CKO 
mice. Picro Sirius Red and Masson’s Trichrome staining also revealed re
duced fibrosis in Ang II-infused Wee1-CKO mice relative to Wee1fl/fl con
trols (Figure 5J and K, Supplementary data online, Figure S5N and O). 
Western blot assay also showed that cardiomyocyte-specific Wee1 knock
out decreased Ang II-induced overexpression of hypertrophy- and fibrosis- 
related factors [β-MyHC, ANP, Collagen 1 (COL-1), and transforming 
growth factor β1 (TGF-β1)] in mouse heart (Figure 5L, Supplementary 
data online, Figure S5P and Q).

We further examined the levels of AKT/p65 pathway in mouse heart 
tissues. Wee1-CKO significantly inhibited Ang II-induced AKT/p65 phos
phorylation and inflammatory gene transcription in mouse hearts 
(Figure 5M and N, Supplementary data online, Figure S5R–T). We also 

examine the mRNA expression of chemokines (Il8, Mcp-1, Icam-1, and 
Vcam-1) and inflammatory cell (F4/80+ and CD86+) infiltration in mouse 
heart tissues, showing that cardiomyocyte-specific Wee1 deficiency signifi
cantly inhibit Ang II-induced cardiac chemokine levels and macrophage in
filtration (see Supplementary data online, Figure S5U and V). Together, 
these data demonstrate that Wee1 deficiency in cardiomyocytes protects 
against cardiac remodelling in Ang II-infused mice. By the way, we per
formed the immunofluorescence staining of Wee1 and AKT using mouse 
heart tissues and confirmed that Wee1 was able to interact with AKT in 
cardiac tissues of Ang II-challenged mice (see Supplementary data online, 
Figure S5W).

Pharmacological inhibition of Wee1 kinase 
also protects against angiotensin 
II-induced cardiac remodelling in mice
Wild-type mice were infused with saline or Ang II (1 μg/kg/min) for 4 
weeks, administering two MK1775 doses beginning 2 weeks after the 
start of Ang II infusion (Figure 6A). The doses of MK1775 at 20 and 
50 mg/kg were selected based on the prior reports28,29 and dose- 
dependently inhibited Wee1 phosphorylation in Ang II-challenged 
mouse hearts (see Supplementary data online, Figure S6A and B). 
Angiotensin II infusion increased systolic blood pressure and serum 
Ang II level in mice, and MK1775 had no effect on these two indexes 
(see Supplementary data online, Figure S6C and D). Through non- 
invasive echocardiography, MK1775 was found to alleviate Ang 
II-induced cardiac dysfunction in a dose-dependent fashion, as evi
denced by the reversed ejection fraction (EF) and fractional shorten
ing (FS) values in MK1775-treated hypertensive mice (Figure 6B–D, 
Supplementary data online, Table S2). MK1775 treatment also pre
vented the increases in the serum levels of CK-MB and ANP in 
mice challenged with Ang II (Figure 6E and F). Comprehensive histo
logical examination showed that MK1775 prevented Ang II-induced 
cardiac hypertrophy and fibrosis (Figure 6G–K, Supplementary data 
online, Figure S6E–G). MK1775 also normalized the up-regulation of 
hypertrophy- and fibrosis-related factors in Ang II-challenged mouse 
hearts (Figure 6L, Supplementary data online, Figure S6H and I). As 
expected, MK1775 treatment inhibited the AKT and p65 phosphoryl
ation (Figure 6M and N, Supplementary data online, Figure S6J and K), 
inflammatory gene expression (see Supplementary data online, 
Figure S6L and M), and inflammatory cell infiltration (see 
Supplementary data online, Figure S6N) in Ang II-infused cardiac 
tissues. Finally, MK1775 treatment inhibited the Wee1-AKT inter
action in Ang II-infused cardiac tissues (see Supplementary data 
online, Figure S6O). These data show that MK1775 inhibits 

Figure 3 Continued 
as a loading control. (E) Following Flag-Wee1 or empty vector (EV) transfection, NRVMs were treated with angiotensin II (1 µM, 8 h), and the indicated 
proteins were detected via western immunoblotting, utilizing GAPDH as a loading control. (F ) sgRNA-Wee1 H9c2 cells were transfected with the 
Flag-tagged Wee1WT or Flag-tagged Wee1S642A followed by angiotensin II treatment (1 µM, 8 h), and the indicated proteins were detected via western 
immunoblotting. (G) Densitometric quantification of the blots in F. (H ) Following the transfection of sgRNA-Wee1 H9c2 cells with Wee1S642A or 
Flag-tagged Wee1S642E constructs, cells were cultured for 8 h, and p-AKT, protein kinase B, p-P65, and P65 were detected by western immunoblotting 
with GAPDH as a loading control. (I–K) Following Flag-Wee1 or EV transfection, NRVMs were pre-treated with A674563 and then challenged by angio
tensin II (1 μM, for 8 h). p-AKT/protein kinase B and p-P65/P65 were detected by western blotting with GAPDH as a loading control (I ), and the in
flammatory gene (J ) and hypertrophy-related gene (K ) mRNA levels were assessed by qPCR, with Actb for normalization. (L and M ) AKTWT and 
AKTS473A plasmids, as well as the Wee1WT plasmid, were transfected into NRVMs, respectively, followed by angiotensin II treatment for 12 h and 
then the mRNA levels of inflammatory genes (L) and hypertrophy-related genes (M ) were detected by qPCR. Data were normalized to Actb. All 
data are means ± SEM; n = 6; *P < .05; **P < .01. P < .05 was regarded as significant
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Figure 4 The N-terminal of Wee1 can directly interact with the protein kinase B PHD domain. (A) A working model of the proposed ability of Wee1 
to regulate phosphoinositide 3-kinases or protein kinase B. (B) Following Flag-Wee1 transfection, neonatal rat ventricular myocytes (NRVMs) were 
lysed, precipitated with anti-Flag (or IgG control), and phosphoinositide 3-kinases and protein kinase B were detected via immunoblotting. 
(C ) Anti-Wee1 or control IgG were used to immunoprecipitate murine cardiac tissue lysates, followed by the detection of phosphoinositide 3-kinases 
and protein kinase B by immunoblotting. (D) Following siPI3K transfection, NRVMs were transfected with a plasmid to overexpress Flag-Wee1, after 
which interactions between Wee1 and protein kinase B were assessed using co-immunoprecipitation. (E) Following siAKT transfection, NRVMs were 
transfected with a plasmid to overexpress Flag-Wee1, after which interactions between Wee1 and phosphoinositide 3-kinases were                                                                                                                                                                                                    
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Wee1–AKT cascade and prevents cardiac remodelling in Ang 
II-challenged mice.

Cardiomyocyte-specific Wee1 deficiency 
protects against transverse aortic 
constriction-induced cardiac remodelling
Finally, we tried to determine whether Wee1 deficiency prevents car
diac remodelling in other mouse model. To test this, we performed 
TAC in both Wee1fl/fl and Wee1-CKO mice after tamoxifen injection 
(Figure 7A). Similarly, Cre alone does not affect the cardiac pathophysi
ology in the sham or TAC mice (see Supplementary data online, 
Figure S7A–E). Transverse aortic constriction operation increased 
cardiac p-Wee1 level in Wee1fl/fl mice but not in Wee1-CKO mice 
(see Supplementary data online, Figure S7F and G). Similar to our studies 
using Ang II-challenged mice, cardiomyocyte-specific Wee1 deficiency pro
tected against cardiac dysfunction in TAC mice (Figure 7B–D, 
Supplementary data online, Table S3). Relative to sham controls, 
Wee1fl/fl-TAC mice showed significant increases in serum CK-MB and 
ANP levels, while these increases were normalized in Wee1-CKO-TAC 
mice (Figure 7E and F). Cardiomyocyte Wee1 deletion also markedly alle
viated cardiac hypertrophy and fibrosis in TAC model mice (Figure 7G–L, 
Supplementary data online, Figure S7H–L), accompanied with the reduced 
levels of AKT/P65 phosphorylation in TAC-treated mice (Figure 7M and N, 
Supplementary data online, Figure S7M and N). Similar changing 
profiles were observed when we examined inflammatory markers (see 
Supplementary data online, Figure S7O–Q).

Previous studies reported that TAC surgery or Ang II infusion in mice 
induced a small proportion of DNA damage in cardiac cells.30,31 We per
formed TUNEL staining to detect DNA damage in TAC mouse heart tis
sues and showed that TAC induces <4% TUNEL-positive cardiomyocytes 
with DNA damage, while the absence of Wee1 did not affect the DNA 
damage profile induced by TAC (see Supplementary data online, 
Figure S8A). Similar results were observed in Ang II-challenged mouse heart 
tissues and cultured NRVMs (see Supplementary data online, Figure S8B
and C). In addition, stressed cells may enter a senescent state,32 which could 
contribute to tissue inflammation and dysfunction. To examine the effect 
of Wee1 on cardiomyocyte senescence, we examined the levels of senes
cent cell markers, P16 and P21,33 in both heart tissues and cardiomyocytes. 

The results showed that TAC or Ang II-induced the up-regulation of P16 
and P21 in both mouse heart tissues and cultured NRVMs, respectively. 
However, the absence of Wee1 did not attenuate the TAC or Ang 
II-induced increases in P16 and P21 levels (see Supplementary data 
online, Figure S8D–F), indicating that Wee1 did not regulate the cellular 
senescence in cardiomyocytes. These data confirmed that cardiomyocyte- 
specific Wee1 deficiency protected against TAC-induced cardiac remod
elling, which is independent of regulating DNA damage and cardiomyocyte 
senescence.

Discussion
This study offers new, mechanistic insights into the role that Wee1 
plays in the context of cardiac inflammation and remodelling induced 
by Ang II. Significant increase in Wee1 phosphorylation but not expres
sion was observed in hypertrophic cardiac tissues from mice and hu
mans, particularly in cardiomyocytes. In vitro analyses revealed that 
Wee1 Ser642 phosphorylation was able to mediate Ang II-induced car
diomyocyte hypertrophy. RNA-seq analyses revealed a role of the 
PI3K–AKT pathway in the function of Wee1, and the N-terminal of 
Wee1 was ultimately found to interact with the AKT PHD domain. 
The knockout of Wee1 in cardiomyocytes was sufficient to protect 
against Ang II-induced cardiac dysfunction and hypertrophy in mice, 
and pharmacologically inhibiting Wee1 also significantly alleviated car
diac inflammation, remodelling, and dysfunction in response to Ang II. 
These results thus establish Wee 1 as a promising target for future ef
forts to develop drugs aimed at treating heart failure.

Wee1 is a canonical kinase regulating cell cycle and proliferation and 
plays an important role in tumorgenesis. Here, we found an increase of 
p-Wee1 (Ser642) level in the hearts of Ang II-infused mice and in hyper
trophic cardiac tissue from humans, without any change in total Wee1 le
vel. We further demonstrate cardiomyocyte Wee1 as an important 
regulating kinase in cardiac remodelling through directly phosphorylating 
AKT. This new biofunction of Wee1 attributes to its Ser642 phosphoryl
ation, as evidenced by our studies using inactivating Ser642-Ala and auto
activating Ser642-Glu mutations. In fact, the classical cell cycle-regulating 
function of Wee1 also depends on its Ser642 phosphorylation. 
Phosphorylation of Wee1 at Ser642 is critical event triggered by DNA 
damage, which induces or maintains cell cycle arrest. DNA damage 

Figure 4 Continued 
assessed using co-immunoprecipitation. (F ) Following a 1 h pre-treatment with MK1775 (1 or 2.5 µM), NRVMs were treated with angiotensin II (1 µM, 
1 h), followed by Flag-Wee1 plasmid transfection. Interactions between Wee1 and protein kinase B or phosphoinositide 3-kinases were then assessed 
using co-immunoprecipitation. (G) The interaction between protein kinase B and Wee1 was detected by proximity ligation assay assay. Cells were 
counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Arrows showing proximity. (H ) Bio-layer interferometry (BLI) analyses indicated a direct 
interaction between Wee1 and protein kinase B, with the presented association and dissociation constants being means from three independent ex
periments. (I) Schematic overview of the prepared protein kinase B domain deletion constructs. (J ) Protein kinase B, AKTΔPHD, AKTΔPKD, 
AKTΔAGCKD, and Wee1 were co-transfected in HEK-293T cells using Myc-AKT, Myc-AKTΔPHD, Myc-AKTΔPKD, Myc-AKTΔAGCKD, and 
Flag-Wee1 constructs, after which Myc antibodies were used for immunoprecipitation followed by probing for Wee1. (K ) Schematic overview of 
the prepared Wee1 deletion constructs. (L) After transfecting HEK-293T cells with human influenza hemagglutinin (HA)-tagged full-length Wee1, 
HA-Wee1 PKD constructs, and Myc-protein kinase B, anti-HA was used to perform co-immunoprecipitation. (M ) After transfecting HEK-293T cells 
with HA-tagged full-length Wee1, HA-Wee1ΔN, HA-Wee1ΔC constructs, and Myc-protein kinase B, anti-HA was used to perform 
co-immunoprecipitation. (N ) After transfecting HEK-293T cells with HA-Wee1 N-terminal domain construct, Myc-protein kinase B and anti-HA 
were used to perform co-immunoprecipitation. (O) Following the transfection of sgRNA-Wee1, H9c2 cells were transfected with HA-Wee1 or 
HA-Wee1ΔN constructs for 8 h, and p-AKT and protein kinase B were detected by western immunoblotting. (P and Q) Following the transfection 
of sgRNA-Wee1, H9c2 cells were transfected with HA-Wee1 or HA-Wee1ΔN constructs for 12 h, the mRNA levels of Il1b, Il6, Tnf, Myh7, and 
Anp were detected by qPCR. Data were normalized to Actb. (R) rhWee1 and rhAKT proteins were incubated together with adenosine triphosphate 
(ATP) and Wee1 inhibitor MK1775, followed by the immunoblotting-based detection of protein kinase B phosphorylation (n = 3). (S) Working model 
detailing the proposed interactions between Wee1 and protein kinase B. All data are means ± SEM; n = 6; **P < .01. P < .05 was regarded as significant
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induces the cell cycle checkpoint kinase CHK1 to catalyze Wee1 Ser642 
phosphorylation.34 The down-regulation of PTEN in cells treated with 
genistein led to increases in p-Wee1 (Ser642) level, culminating in 

decreased G2/M cell cycle arrest.35 Although our data showed that silen
cing AT1R reversed Wee1 phosphorylation at Ser642 in Ang 
II-challenged NRVMs, the mechanism by which Ang II-AT1R axis 

Figure 5 Wee1 deficiency in cardiomyocytes protects hearts against pathological remodelling and inflammation induced by angiotensin II. (A) A 
mouse study flowchart demonstrating angiotensin II and tamoxifen treatment. (B) Representative echocardiographic images from animals in the 
indicated groups. (C and D) Cardiac functional test results showing ejection fraction and fractional shortening. (E and F ) Serum creatine kinase
myocardial band (CK-MB) (E) and atrial natriuretic peptide (ANP) (F ) levels in the indicated mice. (G) Representative images of the whole heart 
tissue (Scale bar: 2 mm). (H ) H&E-stained cardiac tissue samples (Scale bar: 50 μm). (I ) Fluorescently conjugated wheat germ agglutinin (WGA) was 
used to stain cardiac tissue samples as a measure of cardiomyocyte hypertrophy (Scale bar: 50 μm). (J and K ) Masson’s Trichrome (J ) and Picro 
Sirius Red (K ) staining were used to assess cardiac fibrosis (Scale bar: 50 μm). (L–N) Representative western immunoblotting analyses of cardiac 
β-MyHC, Collagen 1, and transforming growth factor β1 (L), p-AKT and protein kinase B (M ), or p-P65 and P65 (N ) levels, with glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) as a loading control. All data are means ± SEM; n = 6; *P < .05; **P < .01. P < .05 was regarded as significant
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mediates Wee1 phosphorylation deserves further investigation in the 
future.

An interesting concern is that Wee1 has been widely reported to regu
late cell cycle in differentiable cells, while a majority of cardiomyocytes are 

terminally differentiated. Adult cardiomyocytes show very limited prolif
erative capacity and cell cycle activity.36 Cardiomyocyte cell cycle activity 
peaks at post-natal Day 2 and rapidly declines thereafter, with almost all 
cardiomyocytes arrested at the G1/S cell cycle transition.37 We utilized 

Figure 6 Wee1 inhibitor MK1775 protects hearts against angiotensin II -induced pathological remodelling and inflammation. C57BL/6 mice were 
infused with saline (Sham) or angiotensin II for 4 weeks. Beginning at Week 2 of angiotensin II treatment, MK1775 was used to treat mice. 
(A) Animal study flowchart. (B) Representative echocardiographic images from animals in the indicated groups. (C and D) Cardiac functional test results 
showing ejection fraction and fractional shortening. (E and F ) Serum creatine kinasemyocardial band (CK-MB) (E) and atrial natriuretic peptide (ANP) 
(F ) levels in the indicated mice. (G) Representative images of the whole heart tissue (Scale bar: 2 mm). (H ) H&E-stained cardiac tissue samples (Scale bar: 
50 μm). (I ) Fluorescently conjugated wheat germ agglutinin (WGA) was used to stain cardiac tissue samples as a measure of cardiomyocyte hyper
trophy (Scale bar: 50 μm). (J and K ) Masson’s Trichrome (J ) and Picro Sirius Red (K ) staining were used to assess cardiac fibrosis (Scale bar: 
50 μm). (L–N) Representative western immunoblotting analyses of cardiac β-MyHC, Collagen 1, and transforming growth factor β1 (L), p-AKT and 
protein kinase B (M ), or p-P65 and P65 (N ) levels, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. All data are 
means ± SEM; n = 6; ns, *P < .05; **P < .01. P < .05 was regarded as significant
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the adult mouse hearts and primary NRVMs obtained from 5-day-old 
rats. Therefore, it is likely that only a limited number of these cardiomyo
cytes exhibited low cell cycle activity. Our data also confirmed that neither 
Ang II challenge nor Wee1 change affects cell cycle activity in NRVMs, in
dicating that Wee1 loses its classical function as a cell cycle regulator in 

adult cardiomyocytes. In addition, stressed and hypertrophic cardiomyo
cytes may experience the endoreplication or endomitosis stages, where 
cardiomyocytes replicate their DNA and increase their size without com
pleting cytokinesis and dividing.38,39 It is unclear if the Wee1 activation reg
ulates endoreplication or endomitosis in cardiomyocyte to promote 

Figure 7 Cardiomyocyte Wee1 deficiency attenuates pathological remodelling and inflammation in transverse aortic constriction mice. Wee1 was knocked 
out in murine cardiomyocytes through intraperitoneal tamoxifen injections on 5 consecutive days. The resultant Wee1fl/fl and cardiomyocyte-specific Wee1 
knockout mice then underwent transverse aortic constriction surgery. (A) A study flowchart. (B) Representative echocardiographic images from animals in the 
indicated groups. (C and D) Cardiac functional test results showing ejection fraction and fractional shortening. (E and F) Serum creatine kinasemyocardial band 
(CK-MB) (E) and atrial natriuretic peptide (ANP) (F) levels in the indicated mice. (G) Representative images of the whole heart tissue (Scale bar: 2 mm). 
(H ) H&E-stained cardiac tissue samples (Scale bar: 50 μm). (I) Fluorescently conjugated WGA was used to stain cardiac tissue samples as a measure of car
diomyocyte hypertrophy (Scale bar: 50 μm). (J and K) Masson’s Trichrome (J ) and Picro Sirius Red (K) staining were used to assess cardiac fibrosis (Scale bar: 
50 μm). (L–N) Representative western immunoblotting analyses of cardiac β-MyHC, Collagen 1, and transforming growth factor β1 (L), p-AKT and protein 
kinase B (M), or p-P65 and P65 (N) levels, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. All data are means ± SEM; n = 6; *P  
< .05; **P < .01. P < .05 was regarded as significant
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hypertrophy, which deserves further investigation. However, this possible 
regulation on endoreplication or endomitosis did not contribute to the 
cell cycle activity of adult cardiomyocytes. In addition, Ang II infusion or 
TAC surgery induced a small proportion of DNA damage in hearts.30,31

Aime-Sempe et al.40 found a few DNA breaks in heart tissues of patients 
with congestive heart failure disease. However, our data demonstrate 
that Wee1 deletion does not affect DNA damage profile in stressed 
hearts and cardiomyocytes. Together, this study shows that Ser 642 
phosphorylation of Wee1 promotes inflammation and remodelling via 
AKT–NFκB pathway in terminally differentiated cardiomyocytes, which 
is independent of cell cycle regulation.

RNA-seq analyse showed that the PI3K–AKT signalling pathway was 
involved in Wee1-mediated cardiomyocyte injuries. It has been reported 
that PI3K–AKT signalling serves as a regulating pathway for the inflamma
tion and hypertrophy in cardiomyocytes.41 The traditional herbal medi
cine Qingda granule has also been demonstrated to protect against Ang 
II-induced cardiac hypertrophy and damage through modulation of 
PI3K/AKT pathway.42 In addition to hypertrophy, PI3K/AKT may also me
diate chronic inflammation in the heart.43 The overexpression and activa
tion of AKT were found to be detrimental to cardiac function. This has 
been further demonstrated by reports in which ablation of AKT pre
vented increased cell size and cardiac dysfunction.44 After activation, 
AKT promotes cell inflammation, proliferation, cell cycle, and antiapopto
sis by phosphorylating and activating its numerous downstream targets, 
including NFκB, AP-1, GSK3, Bad, FOXO, mTOR, and HIF-1.45 Nuclear 
factor κB is a canonical downstream transcriptional factor of the PI3K– 
AKT pathway.26 phosphoinositide 3-kinases–AKT controls NFκB activity 
and thereby regulates inflammatory responses.24 Suppressing the PI3K– 
AKT/NFκB-induced inflammatory responses safeguarded heart hyper
trophy in Ang II-stimulated mice.46 Small molecule PI3K or AKT inhibitors, 
including LY294002 (PI3K inhibitor),47 TG100-115 (PI3K inhibitor),48 and 
A674563 (AKT inhibitor),49 have been reported to prevent cardiac injury 
in animal models. However, since the distribution of PI3K and AKT lacks 
the tissue specificity, PI3K/AKT inhibitors may influence the physiological 
function in normal tissues and then possess potential risks. Here, we dem
onstrate that Wee1 is phosphorylated in the pathological state of cardiac 
hypertrophy and then activate AKT–NFκB signalling pathway to promote 
cardiomyocyte injuries. This finding provides Wee1 inhibition as a new av
enue to regulate AKT activity and protect hearts.

A new finding of this study is that Wee1 directly phosphorylates AKT 
to induce AKT activation. Previous study has reported that Wee1 phos
phorylates CDK1.50 However, we found that CDK1 knockdown could 
not affect Ang II-induced AKT/P65 phosphorylation and remodelling phe
notypes in cardiomyocytes, suggesting that CDK1 is not involved in car
diomyocyte injuries. These results promote us to consider if PI3K or 
AKT is a direct and new substrate of Wee1. Although PI3K and AKT 
are mutually causal, we further confirmed that AKT is a direct substrate 
of Wee1 in cardiomyocytes. AKT exists in three isoforms including AKT1, 
AKT2, and AKT3.51 While only AKT1 expression is broadly observed 
across tissue types, AKT2 is largely restricted to the fat and muscle cells 
and AKT3 expression is mostly observed in the brain and testes. The 
PH domain of AKT1 exhibits strong affinity and selectivity for phosphati
dylinositol 34,5-triphosphate (PIP3) through interactions with positively 
charged basic residues.52 The binding of PIP3 has been suggested to pri
marily drive cellular signalling through direct and allosteric activation of 
AKT kinase activity.53 Considering that the direct upstream kinase of 
AKT remains unclear, this study clearly identifies Wee1 as a kinase directly 
phosphorylating AKT. It will be interesting to examine if Wee1 also phos
phorylates AKT in cancer cells and regulates AKT-mediated cellular biol
ogy under other pathophysiological conditions.

Wee1 is a tyrosine kinase that regulates mitotic entry such that, when 
deleted, results in pre-implantation lethality in mice. Mouse cells harbour
ing Wee1 mutations fail to complete mitosis and exhibit a range of defects 
tied to mitotic dysregulation such that genomic integrity is compromised 
with progression through mitosis.54 Here, this embryonic lethality was by
passed through the generation of tamoxifen-inducible cardiomyocyte- 
specific Wee1 knockout mice. The role of Wee1 in certain cancers makes 
targeting Wee1 using specific small-molecule inhibitors including MK1775 
as an anti-cancer strategy.55 MK1775 has been shown to increase the 
radiosensitivity of lung, breast, skin, brain, and prostate cancer cells to 
agents that induce DNA damage.56 In this study, oral intake of MK1775 
(20 or 50 mg/kg, 14 days) showed no toxic phenotypes and was sufficient 
to rescue Ang II-induced cardiac hypertrophy, fibrosis, and inflammatory 
activity. These data indicate that pharmacological inhibition of Wee1 
could protect hearts and the anti-cancer Wee1 inhibitors may expand 
their applications into heart diseases. However, as a Wee1 inhibitor regu
lating cell cycle, MK1775 showed the gastrointestinal reaction side-effect 
in its clinical trials treating cancers.57 Therefore, it is suggested to develop 
new small molecules targeting the interaction between Wee1 and AKT to 
avoid the side-effects and treat heart diseases.

Conclusions
In conclusion, this study found up-regulated Wee1 phosphorylation in 
cardiomyocytes in hypertensive heart tissues and showed that 
cardiomyocyte-specific deletion or pharmacological inhibition of 
Wee1 attenuated Ang II-induced cardiac remodelling. We highlight 
the important role that Wee1 plays as a mediator of cardiac remodel
ling via activating AKT–NFκB signalling pathway in cardiomyocytes. 
Importantly, we show that the activated Wee1 directly interacts with 
the PH domain of AKT to phosphorylate AKT. This finding identifies 
Wee1 as a potential therapeutic target for cardiac hypertrophy and 
remodelling.
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