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ORIGINAL RESEARCH

Macrophage MST1/2 Disruption Impairs  
Post-Infarction Cardiac Repair via LTB4
Mingming Liu,* Meng Yan ,* Jinlong He,* Huizhen Lv,* Zhipeng Chen, Liyuan Peng, Wenbin Cai, Fang Yao, Chen Chen ,  
Lei Shi, Kai Zhang , Xu Zhang , Dao-Wen Wang , Li Wang , Yi Zhu , Ding Ai

RATIONALE: Timely inhibition of inflammation and initiation of resolution are important to repair injured tissues. MST1/2 
(mammalian STE20-like protein kinase 1/2) acts as a regulator of macrophage-associated immune responses to bacterial 
infections. However, the role of MST1/2 in regulating macrophage phenotype and function in myocardial infarction (MI) 
remains unclear.

OBJECTIVE: To determine the function and underlying mechanism of macrophage MST1/2 in cardiac repair post-MI.

METHODS AND RESULTS: Using LysMCre-mediated Mst1/2-deficient mice, we found that MST1 deficiency exacerbated cardiac 
dysfunction after MI. Single-cell RNA sequencing assay indicated that the effect was attributed to a shift of macrophage 
subtypes from those expressing Cxcl2 and Cd163 toward Ccl2 and Ccl4 expression. Mass spectrometry identified LTB4 
(leukotriene B4) as the lipid mediator that was upregulated in the absence of MST1. We found that MST1 phosphorylated 
5-LOX (5-lipoxygenase) at its T218 residue, disrupting the interaction between 5-LOX and 5-LOX-activating protein, resulting 
in a reduction of LTB4 production. In contrast, a 5-LOXT218A variant showed no response to MST1. Moreover, treatment of 
peritoneal macrophages with LTB4 or medium conditioned by Mst1-deficient macrophages resulted in high Ccl2 and Ccl4 
expression and low Cxcl2 and Cd163 expression, except when the cells were co-treated with the BLT1 (LTB4 receptor 1) 
antagonist CP105696. Furthermore, CP105696 ameliorated cardiac dysfunction in LysMCre-mediated Mst1/2-deficient 
mice and enhanced cardiac repair in wild-type mice treated with XMU-MP-1 (4-((5,10-dimethyl-6-oxo-6,10-dihydro-5H-
pyrimido[5,4-b]thieno[3,2-e][1,4]diazepin-2-yl)amino)benzenesulfonamide) after MI.

CONCLUSIONS: Taken together, our results demonstrate that inhibition of MST1/2 impaired post-MI repair through activating 
macrophage 5-LOX–LTB4–BLT1 axis.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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Acute myocardial infarction (MI) is one of the most 
frequent causes of myocardial injury. Although early 
revascularization therapy and drug treatment pro-

mote cardiac repair after ischemia and improve the sur-
vival rate of individuals with MI; however, some patients 
experience heart failure. The repair of injured tissues 
depends on the timely suppression of inflammation. Car-
diac acute inflammation is characterized by the sequen-
tial release of inflammatory mediators, resulting in the 

immediate influx of polymorphonuclear leukocytes, fol-
lowed by phagocytosis, monocytes and macrophages, 
along with proteolysis, angiogenesis, and collagen depo-
sition.1,2 However, overactive, prolonged, or spatially 
expanded inflammatory reactions lead to serious dam-
age and dysfunction. The balance of fatty-acid-derived 
proinflammatory mediators and specialized mediators 
of resolution during acute inflammation regulates the 
duration of the inflammatory response and the timing 
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of tissue resolution.3,4 Ischemia has a stimulatory effect 
on the expression and activity of enzymes that catalyze 
lipid oxidation of the n-6 fatty acid precursor arachidonic 
acid.5 As an important source of these lipid mediators, 
macrophages undergo metabolic reprogramming toward 
the LOX (5-lipoxygenase) pathway during atherogen-
esis.6 As an important source of these lipid mediators, 
macrophages undergo metabolic reprogramming toward 
the LOX pathway during atherogenesis.7–9 The functions 
of leukotrienes in metabolic fate and regenerative poten-
tial in the heart after MI are elusive.

The Hippo pathway is important to control cell prolif-
eration and differentiation10–12 and is involved in tissue 
regeneration and oncogenesis in the liver, intestine, and 
heart.13 The serine/threonine kinases MST1 (mammalian 
STE20-like kinase 1) and MST2 are essential compo-
nents of the Hippo pathway. However, the phenotypes of 
mice with conditional knockouts of the genes encoding 
these proteins are dependent on physiological context.14 
Full-length MST1 localized predominantly in the cyto-
plasm because of carboxy-terminal nuclear export sig-
nals. However, after treatment with leptomycin B, nuclear 
accumulation is observed as an inhibitor of the nuclear 
export signals receptor.15 Cardiac MST1 is activated by 
pathological stimuli, such as hypoxia/reoxygenation in 
vitro and ischemia/reperfusion in vivo.16 Cardiac-spe-
cific inhibition of endogenous MST1 prevents apoptosis 
of cardiomyocytes and cardiac dysfunction after MI,17 
which might enhance the Hippo pathway downstream 

Nonstandard Abbreviations and Acronyms

5-LOX	 5-lipoxygenase
BLT1	 leukotriene B4 receptor 1
CM	 conditioned medium
EF	 ejection fraction
FLAP	 5-lipoxygenase-activating protein
FS	 fractional shortening
LTB4	 leukotriene B4
LTC4	 leukotriene C4
LTE4	 leukotriene E4
LTX4	 leukotriene X4
LVEDV	� left ventricular end-diastolic  

volume
LVESV	 left ventricular end-systolic volume
MI	 myocardial infarction
MST1	� mammalian STE20-like protein 

kinase 1
WT	 wild type
PLAT	� polycystin-1, lipoxygenase, α-toxin 

domain
XMU-MP-1	� 4-((5,10-dimethyl-6-oxo-6,10-

dihydro-5H-pyrimido[5,4-b]
thieno[3,2-e][1,4]diazepin-2-yl)amino)
benzenesulfonamide

YAP	 yes-associated protein

Novelty and Significance

What Is Known?
•	 Acute myocardial infarction (MI) is one of the most fre-

quent causes of myocardial injury. Timely suppression of 
inflammation is important to postinfarction cardiac repair.

•	 MST1/2 (mammalian STE20-like protein kinase 1/2), 
which is the major component of the mammalian Hippo 
signaling pathway, acts as a regulator of macrophage-
associated immune responses to bacterial infections.

What New Information Does This Article 
Contribute?
•	 Macrophage-specific deficiency of MST1/2 aggra-

vated MI injury in mice via induction of LTB4 (leukot-
riene B4) production and promotion of macrophage 
subtype switching to a proinflammatory profile.

•	 MST1-mediated 5-LOX (5-lipoxygenase) phosphoryla-
tion at T218 disrupted the interaction between 5-LOX 
and FLAP (5-lipoxygenase-activating protein) and thus 
inhibited LTB4 production.

•	 Inhibition of BLT1 (leukotriene B4 receptor 1) with 
CP105696 improved the cardiac dysfunction in mice with 
genetic or pharmacological inhibition of Mst1/2 after MI.

Inflammation and inflammatory cell infiltration are the 
hallmarks of MI, which is the most common cause 
of cardiac injury. Overactive, prolonged, or spatially 
expanded inflammatory reactions lead to serious dam-
age and dysfunction. In the present study, we investi-
gate the role of macrophage MST1/2 in MI injury and 
found that the MST1–5-LOX–LTB4–BLT1 axis is a key 
regulator of cardiac repair post-MI. We identified 5-LOX 
as a novel substrate of MST1 kinase and assessed a 
therapeutic combination of the MST1/2 inhibitor and 
tissue-repair drug XMU-MP-1 (4-((5,10-dimethyl-
6-oxo-6,10-dihydro-5H-pyrimido[5,4-b]thieno[3,2-e]
[1,4]diazepin-2-yl)amino)benzenesulfonamide) with 
the BLT1 antagonist CP105696, which can overcome 
negative inflammatory consequences of treatment 
with XMU-MP-1 alone and thus ameliorate MI injury 
and prevent heart failure.
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effector YAP (Yes-associated protein) activity.18–21 
Thus, a pharmacological inhibitor of MST1/2 (XMU-
MP-1 [4-((5,10-dimethyl-6-oxo-6,10-dihydro-5H-
pyrimido[5,4-b]thieno[3,2-e][1,4]diazepin-2-yl)amino)
benzenesulfonamide]) has therapeutic potential for 
promoting cardiac repair following MI. Loss-of-function 
mutation of the gene encoding MST1 (STK4, also known 
as MST1) is associated with immunodeficiency and 
causes symptoms, such as recurrent bacterial and viral 
infections and lymphopenia in humans.22,23 Pharmacolog-
ical inhibition of MST1/2 (mammalian STE20-like pro-
tein kinase 1/2) with XMU-MP-1 might augment tissue 
regeneration by suppressing apoptosis and increasing 
cell proliferation. However, MST1 has anti-inflammatory 
activity in immune cells, its inhibition may result in therapy 
failure. Here, we identified an approach with the potential 
of protecting against cardiac inflammation resulting from 
the inhibition of MST1 in macrophages. Although mono-
cytes and macrophages contribute to cardiac injury, YAP 
is expressed at a low level in these cells,24 so the down-
stream roles of MST1/2 in macrophages might differ 
from those in cardiomyocytes. Therefore, it is vital to dis-
sect the function and underlying mechanism of macro-
phage MST1/2 in regulating dynamic transition between 
inflammation and repair in the heart following MI.

In this study, we found that pharmacological and 
genetic inhibition of MST1/2 resulted in the reprogram-
ming of macrophages metabolism of arachidonic-acid-
derived lipid mediators to exacerbate cardiac dysfunction 
post-MI. Our data demonstrated that MST1 phosphory-
lated 5-LOX at the T218 residue, which prevented its 
interaction with FLAP (5-LOX-activating protein) in the 
nuclear membrane and reduced LTB4 (leukotriene B4) 
production. To prevent the proinflammatory effect of LTB4 
induction resulting from inhibition of MST1/2, an BLT1 
(LTB4 receptor 1) antagonist was used, and it dramati-
cally improved cardiac repair in mice treated with XMU-
MP-1 or with macrophage-specific Mst1/2 knockout. In 
the current study, we present a new therapeutic concept 
for the treatment of MI by combining an MST1/2 inhibi-
tor tissue-repair drug and a BLT1 antagonist.

METHODS
Data Availability
All supporting data are available within the article and in the 
Data Supplement. Detailed descriptions of experimental meth-
ods of the current study are provided in the Data Supplement.

RESULTS
Mst1/2 Conditional Knockout Exacerbates 
Cardiac Dysfunction Following MI in Mice
To demonstrate the role of macrophage Mst1/2 in car-
diac repair post-MI, we performed permanent ligation 

of the left anterior descending coronary artery in mice 
to mimic MI in humans. We examined the expression of 
endogenous Mst1 in cardiac macrophages of wild-type 
mice on day 1, 3, and 7 after MI, respectively. Com-
pared with day 0, the expression of Mst1 decreased in 
the first 3 days after MI, reaching the lowest value on 
day 1, and increased moderately on day 7, suggesting 
the role of Mst1 in cardiac inflammatory response in 
MI (Figure 1A and Figure IA in the Data Supplement). 
However, total and phosphorylated YAP protein level was 
continuously increased from day 1 to day 7 after MI com-
pared with day 0 (Figure IA in the Data Supplement), 
suggesting that the regulation of YAP in macrophages 
by inflammatory stimulus might be in a transcriptional 
manner and independent of canonical Hippo pathway 
(kinase Mst1/2). Next, we crossed Mst1/2flox/flox mice 
with LysMCre mice to delete the target genes in myeloid 
cells, such as monocytes, macrophages, and neutro-
phils. To determine the effects of macrophage MST1/2 
on cardiac function following MI, we measured the left 
ventricular end-diastolic volume (LVEDV), left ventricu-
lar end-systolic volume (LVESV), ejection fraction (EF), 
and fractional shortening (FS) by echocardiography. 
The baseline values of these parameters were similar 
in LysMCre-Mst1/2flox/flox and Mst1/2flox/flox mice on day 
0 (before surgery; Figure 1B and 1C). On day 3 and 7 
post-MI, LVEDV and LVESV were significantly higher, 
and EF and FS were lower, in LysMCre-Mst1/2flox/flox mice 
than in Mst1/2flox/flox mice. However, on days 0, 3, and 7, 
no differences were observed between the two strains in 
the numbers of infiltrated macrophages, monocytes, and 
neutrophils in the mice hearts (Figure 1D and Figure IB 
in the Data Supplement). To exclude the effect of neutro-
phils, we crossed Mst1/2flox/flox mice with Cx3cr1Cre mice, 
expressing in monocytes, macrophages and microglial 
cells. Consistently, Cx3cr1Cre-Mst1/2flox/flox mice had 
similar phenotypes as LysMCre-Mst1/2flox/flox mice after 
MI (Figure IC through IF in the Data Supplement).

Macrophages in MI are heterogeneous,25 so we 
applied unbiased single-cell RNA sequencing to iden-
tify immune-cell populations in the hearts of LysMCre-
Mst1/2flox/flox and Mst1/2flox/flox mice on day 3 post-MI. After 
extensive filtration and quality control, 4014 digested 
single cells were subjected to subsequent analyses. To 
classify major immune-cell types in hearts undergoing 
remodeling, we performed cluster analysis and defined 
seven major clusters, including 3 subtypes of macro-
phages (MP1-3), 2 subtypes of B cells (B1 and B2), 
granulocytes, and T cells (T), bases on specific molecular 
markers (Figure 1E). Each cell cluster expressed distinct 
signature genes, and contained cells from 2 individu-
als, suggesting reproducibility (Figure IIA and IIB in the 
Data Supplement). To characterize immune-cell clusters 
in MI, we evaluated gene-expression differences among 
the cells in macrophage, B cell, and granulocyte clus-
ters (Figure 1F and Figure IIC in the Data Supplement). 
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Figure 1. Macrophage MST1/2 (mammalian STE20-like protein kinase 1/2) deficiency aggravates injury from myocardial 
infarction (MI) in mice.
A, Expression of Mst1 in cardiac macrophages from wild-type mice at indicated times after MI was measured by flow cytometry. P values correspond 
to Kruskal-Wallis with Dunn multiple comparisons test (n=5). B–D, MI surgery was performed in Mst1/2flox/flox mice and LysMCre-Mst1/2flox/flox 
knockout mice, which were then assessed on day 0, 3, and 7 post-MI. B, Representative M-mode echocardiographic images. (Continued )

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 28, 2021



Original Research

Circulation Research. 2021;129:909–926. DOI: 10.1161/CIRCRESAHA.121.319687� October 29, 2021    913

Liu et al Macrophage MST1 Regulates Cardiac Repair

Among the 3 identified macrophage subtypes, MP1 cells 
highly expressed the proinflammatory genes Ccl4, Ccl2, 
and Spp1. In contrast, MP2 cells had a high expression 
of anti-inflammatory genes such as Cd163, Cbr2, and 
Rgs10. MP3 cells had mixed properties, with the expres-
sion of anti-inflammatory (Slpi and Arg1) and proangio-
genic (Cxcl2) genes (Figure 1F). Next, we characterized 
the effects of Mst1/2 knockout on the proportions of 
macrophage subtypes. MP1 was the most prevalent mac-
rophage subtype in each mouse strain, and the proportion 
of MP1 in LysMCre-Mst1/2flox/flox mice was higher than in 
Mst1/2flox/flox mice (77.8% versus 59.5%) (Figure 1G). In 
contrast, both MP2 (28.93% versus 15.28%) and MP3 
(11.57% versus 6.94%) showed a lower proportion in 
LysMCre- Mst1/2flox/flox mice (Figure  1G). Furthermore, 
we found that LysMCre-Mst1/2flox/flox mice had signifi-
cantly higher expression of MP1 marker genes (Ccl4, 
Ccl2, and Spp1) and lower expression of MP2 and MP3 
marker genes (Cd163, Slpi, and Cxcl2) than Mst1/2flox/flox 
mice in heart tissue on day 3 post-MI (Figure 1H). In line 
to single-cell analysis and real-time polymerase chain 
reaction assays, Spp1 fluorescence intensity in CD68 
positive area on the heart sections was significantly 
higher in LysMCre-Mst1/2flox/flox than Mst1/2flox/flox mice, 
while Cd163 and Arg1 were reduced (Figure IID through 
IIF in the Data Supplement). Taken together, these find-
ings suggested that MST1/2 knockout promoted mac-
rophage subtype switching and impaired inflammation 
resolution in the mice hearts post-MI.

MST1 Deficiency Induces LTB4 Production in 
Macrophages
The basal expression of inflammatory factors is not 
affected by MST1 deficiency in macrophages cultured 
for a short time.26 Therefore, we determine whether 
MST1 exerts paracrine proinflammatory actions in MI. 
We collected conditioned media (CM) from the culture 
of peritoneal macrophages derived from Mst1−/− mice or 
their littermate Mst1+/+ controls, and used them to treat 
wild-type (WT) macrophages. Expression of proinflam-
matory genes (Ccl4 and Ccl2) was significantly higher in 
WT macrophages treated with CM from Mst1−/− macro-
phages than those treated with CM from Mst1+/+ macro-
phages (Figure 2A). We pretreated the CM with trypsin 
or dextran-coated charcoal to remove proteins or small 

molecules, respectively.27 Our result showed that the 
proinflammatory effect of CM from MST1-deficient mac-
rophages was eliminated by dextran-coated charcoal 
treatment but not by trypsin, suggesting the involvement 
of small molecules rather than proteins or large peptides. 
Notably, eicosanoids are small lipid molecules that play 
critical roles in the inflammation and resolution process 
in macrophages.28,29 To identify the proinflammatory com-
ponent in the CM of MST1-deficient macrophages, we 
analyzed the lipidomic profile of arachidonic acid, eicosa-
pentaenoic acid, and docosapentaenoic acid metabo-
lites by highly specific liquid chromatography-tandem 
mass spectrometry. An orthogonal partial least squares 
discriminant analysis model that was built based on the 
measured metabolites demonstrated robust separation 
of the 2 groups (Mst1−/− and Mst1+/+ CM), indicating that 
MST1-deficient macrophages had a distinct metabolomic 
signature from Mst1+/+ macrophages (Figure 2B). Heat-
map analysis of the levels of 56 metabolites revealed 
notable differences between Mst1−/− and Mst1+/+ CM 
(Figure  2C). Levels of LTB4 showed the greatest dif-
ference between the groups by variable importance in 
projection analysis and fold-difference in concentration 
(Figure 2D through 2E). Production of 3 other 5-LOX-
derived leukotrienes (lipoxin A4, 4-hydroxydocosahexa-
noic acid, and 5-HETE) was also significantly higher in 
CM of Mst1-deficient macrophages than in Mst1+/+ CM, 
but to a lesser extent than LTB4, whereas levels of LTE4 
(leukotriene E4), LTC4 (leukotriene C4), resolvin E1, 
resolvin D1, and resolvin D2 did not show a significant 
difference (Figure 2F). Consistently, cardiac LTB4 levels 
were also significantly higher in LysMCre-Mst1/2flox/flox or 
in Cx3cr1Cre-Mst1/2flox/flox mice on day 3 post-MI than 
in Mst1/2flox/flox mice (Figure  2G and Figure IIIA in the 
Data Supplement). We also isolated macrophages and 
neutrophils from the hearts of Mst1/2flox/flox and LysMCre-
Mst1/2flox/flox mice on day 3 after MI and measured LTB4 
production. The LTB4 production of cardiac neutrophils 
was comparable between Mst1/2flox/flox and LysMCre-
Mst1/2flox/flox mice. In contrast, the LTB4 production of 
cardiac macrophages was dramatically increased in 
LysMCre-Mst1/2flox/flox mice compared with Mst1/2flox/flox 
mice (Figure IIIB through IIIC in the Data Supplement). 
These data suggested that Mst1/2-induced LTB4 pro-
duction predominantly occurs in macrophages rather 
than neutrophils. Furthermore, we isolated peritoneal 

Figure 1 Continued. C, Quantification of left ventricular (LV) ejection fraction (EF), fraction shortening (FS), LV end-diastolic volume (LVEDV), 
and LV end-systolic volume (LVESV) by echocardiographic analysis (n=6). P values correspond to 2-way ANOVA with Tukey multiple comparisons 
test. D, Numbers of macrophages in mouse hearts, P values correspond to Kruskal-Wallis with Dunn multiple comparisons test (n=5). E–G, Single 
cells were isolated from the hearts of Mst1/2flox/flox and LysMCre-Mst1/2flox/flox mice on day 3 post-MI and subjected to single-cell RNA sequencing. 
E, Uniform Manifold Approximation and Projection (UMAP) visualize the clustering of 867 immune cells identified from Mst1/2flox/flox and LysMCre-
Mst1/2flox/flox mice, labeled by cell type (left) and genetic background (right). Cell types were determined by the expression of known markers. 
F, Violin plots show specifically expressed genes (SEGs) expression in MP clusters. G, MP subtype proportions in all macrophages from hearts 
of Mst1/2flox/flox and LysMCre-Mst1/2flox/flox mice. H, mRNA levels of SEGs in heart tissues, examined by quantitative polymerase chain reaction in 
Mst1/2flox/flox and LysMCre-Mst1/2flox/flox mice on day 3 post-MI. The data are normalized to β-actin and expressed as the fold change over the values 
of Mst1/2flox/flox mice, P values correspond to Mann-Whitney U test (n=5). B indicates B cell; GR, granulocyte; MP, macrophage; and T, T cell.
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Figure 2. MST1 (mammalian STE20-like protein kinase 1) deficiency induces LTB4 (leukotriene B4) production in macrophages.
A, Wild-type (WT) murine peritoneal macrophages were treated for 6 h with conditioned media (CM) from the culture of Mst1+/+ or Mst1−/− 
macrophages. CM was untreated (ctrl), trypsinized (trypsin) to remove proteins, or treated with dextran-coated charcoal (DCC) to remove small 
molecules. mRNA levels of Ccl2 and Ccl4 were measured by quantitative polymerase chain reaction. (Continued )
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macrophages from WT, Mst1−/−, and Mst1-YAPDKO mice. 
Consistently, we found LTB4 production was higher in 
macrophages from Mst1−/− mice than that of WT mice 
(Figure IIID in the Data Supplement). Notably, LTB4 pro-
duction was similar in macrophages from Mst1−/− and 
Mst1-YAPDKO mice (Figure IIID in the Data Supplement), 
suggesting that YAP might be dispensable in Mst1 defi-
ciency-induced LTB4 production in macrophages. Fur-
thermore, the levels of LTB4 in plasma from patients with 
ST-segment–elevation MI were significantly higher than 
plasma from control individuals (Figure 2H and Table I in 
the Data Supplement), indicating an association between 
LTB4 and MI injury. In summary, our results suggested 
that proinflammatory effects of MST1 deficiency in mac-
rophages were mediated by 5-LOX-derived LTB4 syn-
thesis in a paracrine manner.

The Interaction Between 5-LOX and FLAP 
Is Disrupted by MST1-Mediated 5-LOX 
Phosphorylation at T218
Following our observation that MST1 deficiency promoted 
the production of metabolites derived from 5-LOX, we 
further investigated the regulation of 5-LOX. We found 
that loss of MST1 in macrophages did not alter mRNA or 
protein levels of 5-LOX in those cells (Figure 3A and 3B). 
To determine whether the serine/threonine kinase MST1 
could regulate 5-LOX post-translationally, we overex-
pressed Myc-tagged MST1 and Flag-tagged 5-LOX 
in HEK293T cells and found that immunoprecipitation 
with anti-Flag antibodies pulled down Myc-tagged MST1 
(Figure 3C). The amino-terminal β-sandwich (PLAT [poly-
cystin-1, lipoxygenase, α-toxin domain]) of 5-LOX medi-
ates protein–protein and protein–lipid interactions30,31; 
therefore, we deleted the PLAT domain and tagged the 
remaining protein with Flag, to give 5-LOXΔPLAT. Full-
length 5-LOX, but not 5-LOXΔPLAT, interacted with MST1 
(Figure 3D), indicating that MST1 bound to 5-LOX at the 
PLAT domain.

Previous studies showed that phosphorylation of 
S271 inhibit the nuclear export of 5-LOX, whereas 
phosphorylation of S523 inhibits its nuclear import.32,33 
However, we found that phosphorylation of S271 and 
S523 was not influenced by MST1 overexpression (Fig-
ure IVA in the Data Supplement). To identify the MST1 
phosphorylation sites on 5-LOX, we performed liquid 

chromatography-tandem mass spectrometry on Flag-5-
LOX expressed in HEK293T cells with Myc-MST1, and 
found the three most likely sites, which were located at 
S216, T218, and T428 (Figure 3E). We then generated 
3 phospho-refractory variants of 5-LOX with serine/thre-
onine residues replaced by alanine (S216A, T218A, and 
T428A) and found that only T218A diminished MST1-
mediated 5-LOX phosphorylation (Figure  3F). A poly-
clonal antibody against 5-LOX phosphorylated at T218 
was generated and verified that T218 was the specific 
Mst1-targeted phosphorylation site on 5-LOX (Figure 3F 
and Figure IVB in the Data Supplement). Furthermore, we 
expressed Flag-5-LOX in HEK293T cells with and with-
out MST1, then immunoprecipitated the lipoxygenase 
and assessed its phosphorylation by immunoblot analy-
sis with antibody against 5-LOX phosphorylated at T218. 
Co-expression of MST1 enhanced dose-dependently 
phosphorylation of 5-LOXT218, whereas a lower level of 
phosphorylation was observed with overexpression of a 
Myc-tagged kinase-deficient variant of MST1 (MST1K59R; 
Figure  3G and 3H).26 In contrast, the phosphorylation 
of 5-LOXT218 was significantly decreased in peritoneal 
macrophages from LysMCreMst1/2flox/flox knockout mice 
than Mst1/2flox/flox mice (Figure IVC in the Data Supple-
ment). To explore whether MST1 directly phosphory-
lates 5-LOX T218, we performed an in vitro kinase assay 
with purified recombinant proteins of MST1, 5-LOX and 
5-LOX T218A. Purified 5-LOX did not show phosphoryla-
tion in the absence of MST1 but did show phosphoryla-
tion when wild-type MST1 was added. However, purified 
5-LOX T218A showed no response to wild-type MST1 (Fig-
ure IVD in the Data Supplement). Next, we constructed 
5-LOXT218Aflox/+ mice using conventional CRISPR/Cas9 
approaches (Figure IVE in the Data Supplement). To 
confirm the findings in HEK293T cells, peritoneal mac-
rophages from 5-LOXT218A-flox/+ and LysMCre-5-LOXT218A-

flox/+ mice were isolated and transfected with Myc-MST1. 
The phosphorylation of 5-LOXT218 by immunoblot analy-
sis was increased by MST1 overexpression in macro-
phages from 5-LOXT218A-flox/+ mice. Heterozygous T218A 
mutation dramatically reduced phosphorylated 5-LOXT218 
in macrophages, which showed moderate response to 
MST1 overexpression (Figure IVF in the Data Supple-
ment). Taken together, our results demonstrated that 
5-LOX bound MST1 through the PLAT domain and was 
phosphorylated by MST1 at T218.

Figure 2 Continued. P values correspond to unpaired 2-tailed t test (n=6). B–F, Liquid chromatography–tandem mass spectrometry (LC-MS/
MS) detected polyunsaturated-fatty-acid-derived metabolites in CM from Mst1+/+ and Mst1−/− macrophages. B, An orthogonal partial least squares 
discriminant analysis (PLS-DA) model was built based on metabolite measurements. C, Heatmap of CM levels of lipid mediators from Mst1+/+ and 
Mst1−/− macrophages (n=5). D, Features (variables) of top 10 most significant metabolites based on VIP scores from PLS-DA. The x axis shows 
correlation scores and the y axis shows the metabolites. E, Volcano plot showing fold change of metabolites level between Mst1+/+ and Mst1−/− 
macrophages (n=5). Metabolites significantly upregulated in Mst1−/− macrophages are labeled. F, Quantification of selected lipid mediators, P 
values correspond to Mann-Whitney U test (n=5). G, Quantification of LTB4 by ELISA in heart tissue from LysMCre-Mst1/2flox/flox and Mst1/2flox/

flox mice on day 3 postmyocardial infarction (MI). P values correspond to Mann-Whitney U test (n=5). H, Quantification of plasma levels of LTB4 by 
LC-MS in patients with ST-segment–elevation MI (n=118) and control individuals (n=119). P values correspond to unpaired 2-tailed t test.
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Figure 3. MST1 (mammalian STE20-like protein kinase 1) phosphorylates 5-LOX (5-lipoxygenase) at T218.
A, Immunoblotting analysis of 5-LOX and MST1 in peritoneal macrophages from Mst1+/+ and Mst1−/− mice, P values correspond to unpaired 
2-tailed t test (n=6). B, Quantitative polymerase chain reaction analysis of Alox5 mRNA levels in peritoneal macrophages from Mst1+/+ and 
Mst1−/− mice, P values correspond to Mann-Whitney U test (n=5). C–G, Co-immunoprecipitation of 5-LOX with MST1. C, HEK293T cells were 
transfected with plasmids expressing Myc-MST1 and Flag-5-LOX for 48 h. Immunoprecipitation was performed with anti-Myc antibody (IP: Myc) 
or IgG (IP: IgG), followed by immunoblotting with anti-Flag and anti-Myc antibodies (n=5). D, HEK293T cells were transfected with plasmids 
expressing Myc-MST1 and either Flag-5-LOX or Flag-5-LOXΔPLAT (a PLAT-domain deletion variant), followed by immunoprecipitation with 
anti-Flag (IP: Flag) and immunoblotting with anti-Flag and anti-Myc antibodies (n=5). E, Amino acid sequence alignment of 5-LOX orthologs 
(above). Mass spectrometry (MS) of 5-LOX phosphorylated by MST1 indicated phosphorylation at S216, T218, or T418 (below). F, HEK293T 
cells were transfected with plasmids expressing Myc-MST1 and Flag-tagged 5-LOX or its variants (S216A, T218A, and T428A) for 48 h. 
Immunoprecipitation was performed with anti-Flag (IP: Flag), followed by immunoblotting with anti-Flag, anti-Myc, anti-p-S/T/Y, and anti-p-
5LOXT218 antibodies (n=5). G, HEK293T cells were transfected with plasmids encoding Flag-5-LOX, Myc-MST1K59R, Myc-MST1 (at various 
doses), or with an empty vector for 48 h. Immunoprecipitation was performed with anti-Flag (IP: Flag) or IgG (IP: IgG), followed by immunoblotting 
with anti-Flag, anti-Myc, or anti-p-5LOXT218 antibodies. H, Quantification of total phosphorylated 5-LOXT218. P values correspond to Kruskal-Wallis 
with Dunn multiple comparisons test (n=5).
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To determine whether phosphorylation might regu-
late the 5-LOX activity, plasmids directing expression of 
5-LOX or 5-LOXT218A were transfected into HEK293T 
cells. The catalytic interaction between 5-LOX and 
FLAP does not occur in homogenates,34 so intact cells 
showed higher LTB4 production (Figure 4A). HEK293T 
cells expressing 5-LOX had comparable LTB4 produc-
tion to those expressing 5-LOXT218A, both in intact cells 
and homogenates (Figure  4A). LTB4 production was 
significantly higher in intact cells co-expressing FLAP 
and either 5-LOX or 5-LOXT218A than in the absence of 

FLAP expression, and LTB4 levels were highest in cells 
co-expressing FLAP and 5-LOXT218A. Co-expression of 
FLAP did not affect LTB4 production in cell homoge-
nates (Figure 4A). In addition, no significant differences 
in the production of LTC4 or LTX4 (leukotriene X4) were 
observed among these groups in intact cells or homog-
enates (Figure VA in the Data Supplement).

LTB4 biosynthesis requires subcellular redistribu-
tion of 5-LOX to nuclear-membrane-embedded FLAP 
for effective AA transfer,35 so we next determined the 
effects of MST1 on 5-LOX subcellular localization. We 

Figure 4. 5-LOXT218A promotes 
5-LOX (5-lipoxygenase)/FLAP 
(5-lipoxygenase-activating protein) 
nuclear-membrane interaction.
A, HEK293T cells were transfected 
with plasmids directing expression 
of the indicated proteins for 48 h. 
LTB4 (leukotriene B4) was measured 
in intact cells or homogenates by 
liquid chromatography-tandem mass 
spectrometry (LC-MS/MS). P values 
correspond to 1-way ANOVA with Tukey 
multiple comparisons test (n=6). B and 
C, HEK293T cells were transfected 
with plasmids directing expression of 
the indicated proteins for 48 h, then 
treated with or without calcium ionophore 
A23187 (2.5 μmol/L) for 30 min at 37 °C. 
B, Representative immunofluorescence 
staining of 5-LOX (red), FLAP (green), and 
DAPI (blue). C, In situ proximity ligation 
assay (PLA) was performed with proximity 
probes against 5-LOX and FLAP. Nuclei 
were stained with DAPI (blue), and in situ 
PLA signals (red) visualized 5-LOX–FLAP 
interactions. D, Monocytes were isolated 
from Mst1/2flox/flox and LysMCre-Mst1/2flox/

flox mice. PLA was performed to detect 
5-LOX–FLAP interactions. Results shown 
in B, C, and D for one single cell are 
representative of ≈100 individual cells 
analyzed in 3 independent experiments. 
E, HEK293T cells were transfected with 
plasmids directing the expression of the 
indicated proteins for 48 h. LTB4 was 
measured in intact cells or homogenates 
by LC-MS/MS. P values correspond 
to 1-way ANOVA with Tukey multiple 
comparisons test (n=6).
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transfected HEK293T cells with plasmids directing 
expression of 5-LOX and FLAP and found that rest-
ing cells exhibited homogenous intranuclear staining of 
5-LOX (Figure 4B), which are consistent with the previ-
ous studies.34,36,37 Upon treatment with a Ca2+-ionophore 
(A23187), 5-LOX rapidly translocated to the nuclear 
membrane and co-localized with FLAP. Translocation 
and co-localization were prevented by co-expression 
of MST1 but not by MST1K59R. MST1 did not prevent 
redistribution of 5-LOXT218A in response to A23187. The 
results of proximity ligation assays confirmed that co-
localization of 5-LOX with FLAP occurred on A23187 
treatment in the absence of MST1 or in the presence 
of MST1K59R, or with the combination of 5-LOXT218A and 
MST1, but not with the combination of 5-LOX and MST1 
(Figure  4C). Furthermore, monocytes from LysMCre-
Mst1/2flox/flox conditional-knockout mice showed greater 
levels of A23187-stimulated interactions of 5-LOX with 
FLAP than cells from Mst1/2flox/flox mice (Figure  4D). 
Accordingly, co-expression of MST1, but not of MST1K59R, 
suppressed LTB4 production in intact HEK293T cells 
expressing 5-LOX and FLAP, whereas live cells express-
ing 5-LOXT218A, FLAP, and MST1 maintained high levels 
of LTB4 production (Figure 4E). LTB4 production levels 
in cell homogenates were similar in these 4 groups. Con-
sistently, the production levels of LTC4 and LTX4 did not 
differ significantly among these groups in intact cells or 
homogenates (Figure IVB in the Data Supplement). Fur-
thermore, peritoneal macrophages from 5-LOXT218A-flox/+ 
and LysMCre-5-LOXT218A-flox/+ mice were electroporated 
with Myc-tagged MST1 plasmids, and then the produc-
tion levels of LTB4 were measured. LTB4 production was 
significantly higher in intact macrophages in LysMCre-
5-LOXT218A-flox/+ mice compare to 5-LOXT218A-flox/+ mice. 
MST1 overexpression suppressed LTB4 production in 
intact macrophages from 5-LOXT218A-flox/+ mice but to a 
much lesser extent in cells from LysMCre-5-LOXT218A-flox/+ 
mice. However, LTB4 production levels in cell homog-
enates were similar in these 4 groups (Figure IVC in the 
Data Supplement).

These findings indicated that MST1-mediated phos-
phorylation of 5-LOX at T218 blocked the translocation 
of 5-LOX and its physical interaction with FLAP to inhibit 
LTB4 production and did not directly affect the enzymatic 
activity of 5-LOX.

The LTB4–BLT1 Axis Contributes to MST1-
Deficiency-Induced Inflammatory Responses in 
Macrophages
To investigate whether the LTB4-activated BLT1 path-
way participated in Mst1-deficiency-induced mac-
rophage subtype switching, WT macrophages were 
pretreated with BLT1 antagonist (CP105696) or with 
vehicle only, and then treated with or without LTB4 in 

the medium. In the absence of CP105696 pretreatment, 
mRNA levels corresponding to the proinflammatory 
MP1 markers Ccl4, Ccl2, and Spp1 were significantly 
enhanced by LTB4 treatment, whereas those of the anti-
inflammatory and angiogenic MP2/3 markers Cd163, 
Slpi, and Cxcl2 were significantly downregulated (Fig-
ure  5A). CP105696 pretreatment did not significantly 
affect marker expression relative to vehicle-only pre-
treatment, but it substantially inhibited upregulation of 
MP1 marker expression and downregulation of MP2/3 
marker expression induced by LTB4. We also determined 
the expression of proteins from classic cellular signaling 
pathways involved in switching macrophage subtype and 
found that LTB4 significantly induced phosphorylation of 
JNK (c-Jun N-terminal kinases), ERK1/2 (extracellular 
regulated protein kinases 1/2), and p65 (but not p38), 
relative to levels in vehicle-only controls (Figure 5B and 
5C). With CP105696 pretreatment, no significant differ-
ences were observed in levels of phosphorylation, with or 
without LTB4. Similarly, CM from MST1-deficient mac-
rophages induced WT-macrophage subtype switching 
(demonstrated by MP1–3 gene-expression profiles and 
protein phosphorylation levels), this effect was blocked 
by CP105696 pretreatment (Figure 5D through 5F). Our 
results suggested that LTB4 and BLT1 participated in 
Mst1-deficiency-induced macrophage subtype switching 
in a paracrine manner through JNK/ERK1/2/ NF-κB 
pathways.

Treatment With a BLT1 Antagonist Improves 
Cardiac Repair in Mst1/2-Deficient Mice 
Post-MI
To determine the effect of CP105696 in cardiac repair 
in vivo, and to demonstrate the clinical relevance of 
our findings, we treated Mst1/2flox/flox and LysMCre-
Mst1/2flox/flox mice with CP105696 on 7 days pre- and 
28 days post-MI. Echocardiographic measurements of 
LVEDV, LVESV, EF, FS, and cardiac output were mea-
sured on day 0, 1, 3, 7, and 28 after MI (Figure 6A and 
6B and Figure VIA in the Data Supplement). These 
parameters were comparable on day 1 among all 
groups. Compared with Mst1/2flox/flox mice, LysMCre-
Mst1/2flox/flox mice had impaired cardiac function post-
MI, as evidenced by higher LVEDV and LVESV and lower 
EF and FS values, which were rescued by CP105696 
treatment (Figure 6A and 6B). The increased ratios of 
heart-to-body weight and lung-to-body weight and mor-
talities in LysMCre-Mst1/2flox/flox mice were reversed by 
CP105696 treatment (Figure 6C and 6D). In vehicle-
treated mice, the fibrotic area was greater in LysMCre-
Mst1/2flox/flox mice than Mst1/2flox/flox mice (Figure  6E 
and 6F) on day 28 post-MI. Treatment of LysMCre-
Mst1/2flox/flox mice with CP105696 reduced the fibrotic 
area compared with vehicle-treated mice. Administration 
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Figure 5. The LTB4 (leukotriene B4)–BLT1 (leukotriene B4 receptor 1) axis contributes to MST1 (mammalian STE20-like protein 
kinase 1) deficiency–induced inflammation in macrophages.
A–C, Wild-type (WT) peritoneal macrophages were pretreated with vehicle only or CP105696 at 10 µmol/L for 1 h, then given no further treatment 
or stimulated with LTB4 (leukotriene B4; 100 nmol/L) for 6 h (A) or 1 h (B). A, mRNA levels of markers specific to 3 macrophage subtypes were 
assessed by quantitative polymerase chain reaction, P values correspond to 2-way ANOVA with Tukey multiple comparisons test (n=6). B and C, 
Immunoblotting analysis and ratios of proteins to phosphoproteins, P values correspond to Kruskal-Wallis with Dunn multiple comparisons test (n=5). 
D–F, Peritoneal macrophages were pretreated with 10 µmol/L CP105696 (or vehicle) for 1 h, and then treated with conditioned media (CM) from 
Mst1+/+ or Mst1−/− peritoneal macrophages for 6 h (D) or 1 h (E). D, Macrophage subtype marker-gene expression was measured by polymerase 
chain reaction, P values correspond to 2-way ANOVA with Tukey multiple comparisons test (n=6). E and F, Immunoblotting analysis and ratios of 
proteins to phosphoproteins, P values correspond to Kruskal-Wallis with Dunn multiple comparisons test (n=5).
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Figure 6. BLT1 (leukotriene B4 receptor 1) antagonist ameliorates MST1/2 (mammalian STE20-like protein kinase 
1/2)-conditional knockout–induced cardiac dysfunction after myocardial infarction (MI).
Mst1/2flox/flox and LysMCre-Mst1/2flox/flox mice were administrated with vehicle or CP105696 (100 mg/kg daily by oral gavage) (Continued )
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of CP105696 in Mst1/2flox/flox mice had a similar trend 
but to a lesser extent.

Clearance of apoptotic cells by macrophages and 
angiogenesis are important for inflammation resolu-
tion and cardiac repair post-MI.38,39 We found that 
post-MI, protein levels of proapoptotic regulator Bax 
and cleaved caspase-3 were higher and antiapoptotic 
Bcl-2 levels were lower in the left ventricles of vehi-
cle-treated LysMCre-Mst1/2flox/flox mice than in vehicle-
treated Mst1/2flox/flox mice (Figure VIB and VIC in the 
Data Supplement). We did not found any differences 
between the protein levels in vehicle-treated Mst1/2flox/

flox mice and CP105696-treated LysMCre-Mst1/2flox/

flox mice. Moreover, CP105696 further suppressed the 
protein levels of Bax and enhanced the levels of Bcl2 
in Mst1/2flox/flox mice than vehicle-treated Mst1/2flox/flox 
mice. Based on these findings, we performed TUNEL 
(terminal deoxynucleotidyltransferase-mediated dUTP 
nick-end labeling) immunofluorescence staining of 
left ventricle sections. We found a higher proportion 
of cardiac apoptotic cells in border areas of hearts 
in vehicle-treated LysMCre-Mst1/2flox/flox mice than in 
vehicle-treated Mst1/2flox/flox mice, but no differences 
between these values in CP105696-treated LysMCre-
Mst1/2flox/flox mice and vehicle-treated Mst1/2flox/flox 
mice (Figure VID and VIE in the Data Supplement). 
In addition, a lower intensity of CD31 was observed 
in border areas of hearts in vehicle-treated LysMCre-
Mst1/2flox/flox mice than in vehicle-treated Mst1/2flox/

flox mice, but no differences between these values in 
CP105696-treated LysMCre-Mst1/2flox/flox mice and 
vehicle-treated Mst1/2flox/flox mice (Figure 6G and 6H). 
Similarly, CP105696 treatment prevented the post-MI 
elevation of expression of proinflammatory genes (Tnfa, 
Il1b, Ccl4, Ccl2, and Spp1) and reduction of expression 
of anti-inflammatory genes (Slpi and Arg1) and proan-
giogenic genes (Cxcl2, Fgf2, and Vegfa) in the hearts 
of LysMCre-Mst1/2flox/flox, which were also changed in 
Mst1/2flox/flox mice but to a much lesser extent (Fig-
ure  6I). In addition, cardiac LTB4 levels were signifi-
cantly higher in vehicle-treated LysMCre-Mst1/2flox/flox 
mice than in vehicle-treated Mst1/2flox/flox mice and were 
also high in CP105696-treated LysMCre-Mst1/2flox/flox 
mice (Figure VIF in the Data Supplement).

XMU-MP-1 is a novel inhibitor of MST1/2 kinase 
that promotes liver repair and improves cardiac function 
following pressure overload in mice.40,41 Considering the 
proinflammatory effect of MST1 deficiency in macro-
phages, we imagined a new therapeutic concept that 
a combination of XMU-MP-1 and a BLT1 antagonist 
might synergistically benefit cardiac repair post-MI. We 
then assessed the impact of this therapeutic strategy 
on cardiac function in mice after MI injury. The 4 groups 
of mice have a similar cardiac function on day 1 after 
MI. XMU-MP-1 did not have a strong effect as a tissue 
repair drug by day 28 post-MI. However, mice with the 
XMU-MP-1 in combination with CP105696 treatment 
had lower LVEDV and LVESV and higher EF, FS and car-
diac output than mice with single-drug or vehicle treat-
ments starting from day 3 (Figure 7A and 7B and Figure 
VIIA in the Data Supplement). The ratios of heart and 
lung to body weight and mortalities were lower in mice 
with combination treatment compared with other groups 
(Figure 7C and 7D). WT mice treated with XMU-MP-1 
had significantly higher fibrotic and lower CD31 positive 
areas than vehicle-treated mice on day 28 post-MI (Fig-
ure 7E through 7H). However, mice treated with XMU-
MP-1 in combination with CP105696 had significantly 
lower fibrotic and increased CD31 positive area than 
mice treated with vehicle or single-drug. In mice treated 
with XMU-MP-1, cardiac expression of proinflammatory 
genes (Tnfa, Il1b, Ccl4, Ccl2, and Spp1) was significantly 
higher, and expression of anti-inflammatory genes (Slpi 
and Arg1) and proangiogenic genes (Cxcl2, Fgf2, and 
Vegfa) were significantly lower than in mice treated with 
vehicle or the combination therapy (Figure 7G through 
7I). Accordingly, this combination approach significantly 
attenuated cardiac levels of apoptotic markers (Figure 
VIIB and VIIC in the Data Supplement) and reduced 
numbers of TUNEL-positive cells in border areas of the 
heart (Figure VIID and VIIE in the Data Supplement) 
than the single-drug or vehicle treatments. The LTB4 
levels in hearts were increased by XMU-MP-1, regard-
less of BLT1 activity (Figure VIIF in the Data Supple-
ment). Together, the combined effect of XMU-MP-1 and 
CP105696 significantly improved cardiac repair after 
MI in mice, suggesting a promising new therapeutic 
strategy for MI.

Figure 6 Continued. for 1 wk then subjected to MI surgery. A, Representative M-mode echocardiograms obtained on day 0, 1, and 28 after 
MI from mice in indicated groups. B, Echocardiographic measurements of ejection fraction (EF), fractional shortening (FS), left ventricular 
end-diastolic volume (LVEDV), and left ventricular end-systolic volume (LVESV) in indicated groups on day 0, 1, 3, 7, 28 post-MI (n=6), P values 
correspond to 2-way ANOVA with Tukey multiple comparisons test, * LysMCre-Mst1/2 flox/flox + Vehicle vs Mst1/2 flox/flox + Vehicle; # LysMCre-
Mst1/2 flox/flox + CP vs LysMCre-Mst1/2 flox/flox + Vehicle. C, Summarized data of heart weight/body weight (HW/BW), lung weight/body weight 
(LW/BW) of MI-operated mice 28 days after surgery (n=6). D, Post-MI survival analysis, n=23 per group. E, Masson trichrome staining of 
sequential heart cross sections from each block were cut at 200 μm intervals in indicated groups on day 28 after MI (n=6). F, Summarized data 
of infarct size measured from sequential sections in E (n=6). G, Immunofluorescence staining of CD31 (red) and DAPI (blue) in cross-sections of 
mouse hearts in indicated groups on day 28 after MI. H, Quantitative analysis of CD31 positive cells in border areas of hearts in G (n=6). I, mRNA 
levels in heart tissues were examined by quantitative polymerase chain reaction on day 7 post-MI. Data were normalized to β-actin and expressed 
as fold-change over the values for Mst1/2flox/flox mice treated with vehicle (n=6). C, F, H, and I, P values correspond to 2-way ANOVA with Tukey 
multiple comparisons test. The survival rate was analyzed by Kaplan-Meier method and compared by log-rank test (D).
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Figure 7. Combination therapy with CP105696 and XMU-MP-1 (4-((5,10-dimethyl-6-oxo-6,10-dihydro-5H-pyrimido[5,4-b]
thieno[3,2-e][1,4]diazepin-2-yl)amino)benzenesulfonamide) alleviates injury from myocardial infarction (MI).
Wild-type (WT) mice were administrated with vehicle, CP105696 (100 mg/kg daily by oral gavage), XMU-MP-1 (1 mg/kg every other day 
by intraperitoneal injection), or combined CP105696 and XMU-MP-1 for 1 wk then subjected to MI surgery. A, Representative M-mode 
echocardiograms obtained on day 0, 1, and 28 after MI from mice in indicated groups. B, Echocardiographic measurements of (Continued )
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DISCUSSION
The Hippo pathway has an important role in stem cell 
self-renewal, tissue regeneration and angiogenesis, 
contributing to post-MI cardiac repair. As a small mol-
ecule that targets the Hippo-pathway kinases MST1/2, 
XMU-MP-1 has attracted attention as a promising 
therapeutic candidate for regenerative medicine. How-
ever, the extensive involvement of MST1/2 in immune 
regulation may restrict the use of XMU-MP-1 in tissue 
repair or tissue remodeling, which is tightly orchestrated 
by immune cells. Dysregulation of immune pathways, 
impaired spatial containment of the inflammatory 
response, and overactive fibrosis may cause adverse 
remodeling in patients with MI, leading to heart fail-
ure. Here, we demonstrated that macrophage-specific 
deficiency of MST1/2 aggravated MI injury in mice via 
induction of LTB4 production and promotion of macro-
phage subtype switching to a proinflammatory profile 
in a paracrine manner. Moreover, we identified 5-LOX 
as a substrate of MST1 kinase and assessed a thera-
peutic combination with the potential to overcome the 
limitations of XMU-MP-1 and enhance cardiac repair 
by global MST1/2 inhibition in the setting of MI.

The most significant finding of our study was the asso-
ciation of the Hippo pathway with the production of lipid 
mediators. Although the kinases LATS1 and LATS2 are 
the classic downstream effectors of the Hippo pathway, 
several other factors (including FOXO1, IRAK1, STAT5, 
and NRF2) have been shown to predominantly mediate 
MST1 functions as its catalytic substrates in immune cells 
in response to pathogens and specific cytokines.26,42–44 
Here, we identified a conserved MST1 phosphorylation 
site at a threonine residue (T218) in 5-LOX, which con-
tributes to determining the production pattern of arachi-
donic-acid-derived lipid mediators in macrophages. As a 
key enzyme in initiating leukotriene synthesis from ara-
chidonic acid, 5-LOX targets the nuclear membranes to 
convert arachidonic acid to 5-hydroperoxyeicosatetrae-
noic acid and leukotriene A4, in a process that requires 
the integral nuclear envelope protein FLAP.45,46 Localiza-
tion of 5-LOX to the inner or outer nuclear membrane 
determines the relative production of LTB4 and LTC4,47,48 
and phosphorylation of 5-LOX at S271 or S523 affects 
its subcellular distribution.32,33,49 We found that a variant 
of 5-LOX with a T218A substitution had an identical 

nuclear accumulation profile to WT 5-LOX in the pres-
ence of MST1 co-expression in HEK293 cells. However, 
treatment with a calcium ionophore did not change the 
distribution of WT 5-LOX, whereas the 5-LOXT218A trans-
located to the nuclear membrane and co-localized with 
FLAP, resulting in high levels of LTB4 production. These 
findings suggest that in HEK293 cells, the preferential 
localization of 5-LOXT218A at the inner nuclear membrane 
was independent of nuclear–cytoplasmic shuttling, and 
the MST1-catalyzed 5-LOX phosphorylation event likely 
occurred in the nucleus and inhibited LTB4 production. 
According to these observations and the known cellular 
distributions of the molecular machinery for LTB4 syn-
thesis,50 we postulate that T218 phosphorylation may 
also occur in the nuclei of macrophages, especially when 
the nuclear export signal of MST1 is inactivated in cer-
tain contexts. In support of this hypothesis, similar sce-
narios have been proposed for the nuclear kinase activity 
of MST1 towards histone H2B.15,51 The MST1 deficiency 
also mildly elevated levels of other leukotrienes produced 
by 5-LOX in the cytoplasmic region of macrophages, so it 
is possible that MST1-promoted 5-LOX phosphorylation 
also occurs in the cytoplasm. Using Mst1-YAPDKO mice, 
we found that YAP was dispensable in Mst1 deficiency-
induced LTB4 production in macrophages, suggesting 
that macrophage YAP and Mst1 contribute to cardiac 
repair post-MI independently.13

Using MST1/2 inhibition as a therapeutic strategy 
for recovery from MI, we identified a critical role for the 
excessive production of proinflammatory LTB4. Leu-
kotrienes have important roles in the control of local 
inflammation in MI. Support for this notion comes from 
genetic deletion of 12/15 lipoxygenase, which promotes 
effective resolution of inflammation following MI.52 Here, 
we observed ≈2-fold increases in Ccl4 and Ccl2 in WT 
macrophages incubated with CM from MST1-deficient 
macrophages (relative to treatment with Mst1+/+ CM) and 
identified LTB4 as a primary proinflammatory lipid media-
tor in the CM. LTB4 is known to be involved in neutrophil 
recruitment,53 we observed similar ratios of cardiac neu-
trophils to total white blood cells in LysMCre-mediated 
Mst1/2-knockout mice and Mst1/2flox/flox mice post-
MI, which might be explained by an MST1-deficiency-
induced impairment of neutrophil transmigration activity.54 
Inhibition of BLT1 with CP105696 improved the cardiac 
dysfunction in mice with genetic or pharmacological 

Figure 7 Continued. ejection fraction (EF), fractional shortening (FS), left ventricular end-diastolic volume (LVEDV), and left ventricular end-
systolic volume (LVESV) in indicated groups on day 0, 1, 3, 7, 28 post-MI (n=6), P-values correspond to 2-way ANOVA with Tukey multiple 
comparisons test, * XMU vs Vehicle; # XMU+CP vs XMU; § XMU+CP vs CP. C, Summarized data of heart weight/body weight (HW/BW), 
lung weight/body weight (LW/BW) for MI-operated mice 28 days after surgery (n=6). D, Post-MI survival analysis, n=25 per group. E, Masson 
trichrome staining of sequential heart cross-sections from each block was cut at 200 μm intervals in indicated groups on day 28 after MI (n=6). F, 
Summarized data of infarct size measured from sequential sections in E (n=6). G, Immunofluorescence staining of CD31 (red) and DAPI (blue) in 
cross-sections of mouse hearts in indicated groups on day 28 after MI. H, Quantitative analysis of CD31 positive cells in border areas of hearts in 
G (n=6). I, mRNA levels in heart tissues were examined by quantitative polymerase chain reaction on day 7 post-MI. Data were normalized to β-
actin and expressed as fold-change over the values for WT mice treated with vehicle (n=6). C, H, F, and I, P values correspond to 1-way ANOVA 
with Tukey multiple comparisons test. The survival rate was analyzed by Kaplan-Meier method and compared by log-rank test (D).
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inhibition of Mst1/2 after MI, and reduced scar size, car-
diac inflammation gene expression and apoptosis-asso-
ciated protein levels in the hearts of Mst1/2flox/flox or also 
vehicle-treated WT mice. These findings indicated that 
the proinflammatory effect of LTB4 is not only generated 
in the specific circumstance of treatment with Mst1/2 
inhibition post-MI, but also a part of the physiological 
response to untreated MI. Notably, we found that plasma 
LTB4 concentrations were significantly higher in patients 
with ST-segment–elevation MI, in LysMCre-Mst1/2flox/

flox mice, and MST1/2-inhibitor-treated mice than their 
respective controls. Our findings indicate that LTB4 is 
a potential marker for diagnosis and prognostication for 
cardiac repair post-MI. Further investigations with clinical 
surveillance to adequately assess the reliability of LTB4 
in clinical decision-making are needed.

Two G-protein-coupled receptors exist for LTB4, 
BLT1, and BLT2. BLT1 is mainly expressed in leukocytes 
and exhibits selective specificity for LTB4, whereas BLT2 
has ubiquitous expression and responds to other 5-LOX-
produced leukotrienes. The LTB4–BLT1 axis has an 
important role in chronic inflammatory processes, such 
as atherosclerosis and insulin resistance, through acti-
vation of the expression of JNK-induced inflammatory 
factors in macrophages.55 We, therefore, investigated the 
effects of CP105696, a highly selective antagonist of 
BLT1. With single-cell RNA sequencing, we found higher 
proportions of macrophages highly expressing Ccl4 and 
Ccl2 and lower proportions highly expressing Cd163 or 
angiogenic factor Cxcl2 in LysMCre-Mst1/2flox/flox mice 
than in Mst1/2flox/flox mice, suggesting proinflammatory 
and antiangiogenic effects of LTB4 for macrophages. In 
several different assays both in vitro and in vivo, simi-
lar effects of LTB4 treatment and MST1/2 deficiency 
post-MI were prevented by treatment with the BLT1 
antagonist. Thus, we proposed and provided supporting 
evidence for the use of a combination of BLT1 antago-
nist and MST1/2 inhibitor to achieve a synergistic effect 
and accelerate the cardiac healing process post-MI. Also, 
the strong effect of CP treatment suggests the impor-
tance of inflammation in cardiac repair after MI.

In summary, we determined that the MST1–5-LOX–
LTB4–BLT1 axis is a key regulator of cardiac repair 
post-MI, and LTB4 should be evaluated as a diagnostic 
and prognostic marker for MI. We have also developed 
a therapeutic combination of the MST1/2 inhibitor and 
tissue-repair drug XMU-MP-1 with the BLT1 antago-
nist CP105696, which can overcome negative inflam-
matory consequences of treatment with XMU-MP-1 
alone and thus ameliorate MI injury and prevent heart 
failure.
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