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Abstract

Adverse cardiac remodeling after myocardial infarction (MI) causes structural and functional
changes in the heart leading to heart failure. The initial post-MI pro-inflammatory response
followed by reparative or anti-inflammatory response is essential for minimizing the myocar-
dial damage, healing, and scar formation. Bone marrow—derived macrophages (BMDMs)
are recruited to the injured myocardium and are essential for cardiac repair as they can
adopt both pro-inflammatory or reparative phenotypes to modulate inflammatory and repar-
ative responses, respectively. Yes-associated protein (YAP) and transcriptional coactivator
with PDZ-binding motif (TAZ) are the key mediators of the Hippo signaling pathway and are
essential for cardiac regeneration and repair. However, their functions in macrophage polar-
ization and post-MI inflammation, remodeling, and healing are not well established. Here,
we demonstrate that expression of YAP and TAZ is increased in macrophages undergoing
pro-inflammatory or reparative phenotype changes. Genetic deletion of YAP/TAZ leads to
impaired pro-inflammatory and enhanced reparative response. Consistently, YAP activation
enhanced pro-inflammatory and impaired reparative response. We show that YAP/TAZ pro-
mote pro-inflammatory response by increasing interleukin 6 (/L6) expression and impede
reparative response by decreasing Arginase-| (Arg1) expression through interaction with
the histone deacetylase 3 (HDACS3)-nuclear receptor corepressor 1 (NCoR1) repressor
complex. These changes in macrophages polarization due to YAP/TAZ deletion results in
reduced fibrosis, hypertrophy, and increased angiogenesis, leading to improved cardiac
function after MI. Also, YAP activation augmented MI-induced cardiac fibrosis and remodel-
ing. In summary, we identify YAP/TAZ as important regulators of macrophage-mediated
pro-inflammatory or reparative responses post-MI.
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Introduction

Myocardial infarction (MI) and the risk of subsequent heart failure are a major global health
burden with significant mortality and morbidity. MI occurs from obstructed coronary artery,
causing inadequate oxygen and nutrient supply to the heart muscle or myocardium, leading to
tissue hypoxia and cell death. Cardiomyocyte death triggers an acute inflammatory response
through macrophage recruitment to the infarcted area, which ultimately activates reparative
pathways necessary for preventing further loss of cardiomyocytes, fibrotic scar formation, and
restoring tissue integrity [1-3]. Majority of these macrophages are derived from differentiated
peripheral blood monocytes from the bone marrow and spleen. These macrophages orches-
trate the myocardial repair response by secreting pro-/anti-inflammatory, pro-angiogenic, and
pro-reparative factors, as well as removing dead cells through phagocytosis [4-9]. The diverse
functions of macrophages in infarcted hearts are partially attributed to their ability to adopt
different phenotypes and polarization status in response to environmental stimuli. Based on
their inflammatory properties, macrophages are classified into 2 major groups: classically acti-
vated pro-inflammatory macrophages and alternatively activated anti-inflammatory/repara-
tive macrophages [10-12]. Reparative macrophages can be further subdivided into M2a, M2b,
M2c¢, and M2d [13]. Pro-inflammatory macrophages, responsible for stimulating an inflamma-
tory response, dominate the heart at day 1 to 3 post-MI and secrete high level of pro-inflamma-
tory cytokines and chemokines such as interleukin (IL)-6, IL-1B, IL-12f, Rantes, monocyte
chemoattractant protein-1 (MCP-1), and tumor necrosis factor alpha (TNFa,). In contrast,
reparative macrophages, responsible for preserving the structural integrity of the injured ven-
tricle by promoting cardiac repair through myofibroblasts induction, collagen deposition, and
neovascularization, dominate the heart at day 5 to 7 post-MI and secrete high level of anti-
inflammatory cytokines and angiogenic factors such as IL-10, vascular endothelial growth fac-
tor (VEGEF), fibroblast growth factor 2 (FGF2), and transforming growth factor beta (TGFp)
[3,11,14-18]. Among other markers, Arginase-I (Argl), the enzyme that is involved in l-argi-
nine/nitric oxide (NO) metabolism, mannose receptor CD206, chitinase-like lectin YM1, and
resistin-like secreted protein FIZZ1 are also associated with the reparative phenotype [11,19-
23]. A fine balance between pro-inflammatory and reparative macrophage response is essential
for optimal repair as enhanced or persistent pro-inflammatory response can delay the repara-
tive macrophage-mediated repair response and exacerbate adverse ventricular remodeling.
Growing evidence suggests that a shift from pro-inflammatory to reparative phenotype has a
positive effect on cardiac repair and function post-MI [24-28]. Thus, identifying new factors
involved in modulating pro-inflammatory/reparative responses will provide novel therapeutic
targets that may prevent adverse cardiac remodeling and heart failure post-MI.

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif
(TAZ) are the main downstream transcriptional regulators of the Hippo signaling pathway.
Extensive preclinical studies have established the role of the Hippo pathway components in
cardiac development, regeneration, and cellular homeostasis. The growing evidence suggests
that they are also involved in regulating biological processes other than growth and develop-
ment, such as immune response [29-40]. For example, Hippo signaling components modulate
tumor microenvironment through interactions with immune cells such as macrophages. Simi-
larly, YAP-driven CXCL5 produced by prostate cancer cells can lead to infiltration of the mye-
loid-derived suppressor cells to the tumor site [30]. YAP functions downstream of PRKCI
oncogene and induces TNFa expression, which promotes myeloid-derived suppressor cells
and inhibits cytotoxic T cell infiltration in ovarian carcinomas [31]. YAP also directs the
recruitment of tumor-associated macrophages, essential for immune evasion and tumorigene-
sis [32,33]. Similar to YAP, TAZ also promotes inflammatory cytokine production and
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macrophage infiltration [34]. The Hippo pathway components also modulate the immune
response against viral or bacterial infections [29,35-39]. Apart from directing the innate
immune response, the Hippo pathway components also modulate the adaptive immune
responses in multiple pathological conditions. For example, we recently demonstrated that
YAP/TAZ expression in the epicardium is essential not only for coronary vasculature develop-
ment but also for limiting the inflammatory and fibrotic response during post-MI recovery
phase [41,42]. Despite the well-established role of Hippo signaling components in non-
immune cells regulating the inflammatory response, very little is known about its functions in
immune cells [43-45]. The role of Hippo signaling components in immune cells, particularly
in macrophage polarization and macrophage-mediated cardiac inflammation, remodeling,
and repair response post-MI is not well established.

In the present study, we identified YAP/TAZ as essential regulators of macrophage polari-
zation and functions. In response to both pro-inflammatory or reparative stimuli, YAP and
TAZ expressions are increased in macrophages. Knockdown or conditional genetic deletion of
YAP/TAZ in macrophages leads to decreased expression of pro-inflammatory genes and
increased expression of anti-inflammatory/reparative genes. Our results demonstrate that
YAP/TAZ act as an activator in pro-inflammatory macrophages while behaving as a repressor
in reparative macrophages. YAP/TAZ promote pro-inflammatory phenotype by directly regu-
lating interleukin 6 (IL6) promoter activity or through the p38-dependent MAPK pathway.
While during reparative phenotype, YAP/TAZ repress Argl expression by binding to its pro-
moter and recruiting histone deacetylase 3 (HDAC3)-nuclear receptor corepressor 1 (NCoR1)
repressor complex. We further demonstrate that YAP/TAZ-deficient mice show improved car-
diac remodeling and function after MI, evident by reduced cardiac fibrosis, reduced cardiac
hypertrophy, and improved tissue angiogenesis. Consistently, overexpression of a constitu-
tively active YAP mutant (YAP**) showed opposite effects on macrophage polarization lead-
ing to increased fibrosis and adverse remodeling of the heart post-MI. Together, our findings
demonstrate that YAP/TAZ modulate post-MI inflammatory and reparative response by regu-
lating macrophage polarization.

Results
YAP/TAZ expression is enhanced in pro-inflammatory macrophages

To determine whether YAP/TAZ are involved in macrophage polarization, we treated mouse
bone marrow-derived macrophages (BMDM:s) and peritoneal macrophages (PMs) with lipo-
polysaccharide (LPS)/interferon gamma (IFNy) (pro-inflammatory macrophage-stimuli) for 0
to 12 hours and prepared protein extracts for whole cell lysate to perform western blot analysis.
In BMDMs, the expression of YAP was significantly enhanced after 6 hours of stimulation and
remained steady for 12 hours. Similarly, LPS/IFNy treatment also increased YAP phosphoryla-
tion at S127 in BMDM cells (Fig 1A). In PMs, YAP expression was significantly increased after
6 hours post-treatment and remained steady for 12 hours (Fig 1B). Similar to YAP, TAZ
expression was also increased after 6 hours of stimulation with LPS/IFNy and remained steady
for 12 hours (Fig 1A and 1B). The pro-inflammatory macrophage phenotype was confirmed
by the presence of pro-inflammatory marker IL6 (Fig 1A and 1B). Since YAP/TAZ act in the
nucleus, we furthermore measured the nuclear presence of YAP/TAZ together with cyto-
plasmic expression of pYAP in BMDMs after LPS/IFNy treatment for 8 and 12 hours. Western
blot analysis revealed a significant increase of YAP, TAZ, and pYAP protein levels with pro-
inflammatory macrophage-stimuli (S1 Fig). To determine whether LPS/IFNYy treatment
resulted in the formation of pro-inflammatory and not reparative phenotype, we also mea-
sured the expression of reparative markers and observed no significant change or decrease in
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Fig 1. YAP/TAZ expression is enhanced in pro-inflammatory macrophages. (A and B) Western blot analysis for YAP, pYAP (S127), TAZ, and IL6 was
performed using total lysates from wild-type BMDMs (A) and PMs (B) treated with LPS/IFNy for 0 to 12 hours as indicated. B-actin or vinculin is shown as a
loading control. The relative protein expression was quantified. (C-E) BMDM:s were isolated from wild-type mice and transfected with control or YAP siRNA
for 72 hours, followed by LPS/IFNYy or IL4/IL13 stimulation for 16 hours. Cell lysates were prepared for western blot and qRT-PCR analysis. (C) Western blot
analysis for YAP, IL6, and Nos2 was performed using total lysates from wild-type BMDMs transfected with control or YAP siRNA. B-actin is shown as a
loading control. The relative protein expression was quantified. (D) qRT-PCR for pro-inflammatory marker genes IL6, IL1f3, IL12f3, Nos2, and Fpr2 using RNA
isolated from wild-type BMDMs transfected with control or YAP siRNA and stimulated with LPS/IFNy. (E) qRT-PCR for reparative/anti-inflammatory marker
genes Argl, Egr2, Cd206, Ym1, and Fizz1 using RNA isolated from wild-type BMDMs transfected with control or YAP siRNA and stimulated with IL4/IL13.
Data are shown as the mean + SEM, n = 3 for each experimental group. Gene expression data were normalized with the reference gene Gapdh, and results are
represented as fold change relative to the control treatment. For numerical raw data, please see S1 Data. Argl, Arginase-I; BMDMs, bone marrow-derived
macrophages; Cd206, cluster of differentiation 206; Egr2, early growth response 2; Fizz1, found in inflammatory zone 1; Fpr2, formyl peptide receptor 2;
Gapdbh, glyceraldehyde-3-phosphate dehydrogenase; IFNY, interferon gamma; IL, interleukin; LPS, lipopolysaccharide; Nos2; nitric oxide synthase 2; NS, non-
significant; PMs, peritoneal macrophages; pYAP, phosphorylated YAP; qRT-PCR, real-time quantitative reverse transcription PCR; siRNA, short interfering
RNA; TAZ, transcriptional coactivator with PDZ-binding motif; YAP, yes-associated protein.

https://doi.org/10.1371/journal.pbio.3000941.g001

the Tgf3 and Vegf gene expression levels. No significant change in the TGFp protein level was
detected (S2A and S2B Fig). Similarly, to determine whether IL4/IL13 (reparative macro-
phage-stimuli) treatment resulted in the formation of the reparative and not pro-inflammatory
phenotype, we measured the expression of pro-inflammatory marker IL6 and observed no
change in the protein levels (S2C Fig). Collectively, pro-inflammatory macrophage-stimuli
strongly enhanced both YAP and TAZ protein levels, suggesting a role for YAP/TAZ in mac-
rophage polarization.

To better understand the role of YAP and TAZ in macrophage polarization, we transfected
short interfering RNA (siRNA) to knockdown mouse YAP and TAZ in wild-type BMDMs.
The knockdown efficiency of YAP and TAZ in BMDMs was confirmed by western blot analy-
sis (Fig 1C and S3A Fig). Compared with BMDMs transfected with control siRNA, YAP and
TAZ knockdown BMDMs had reduced levels of pro-inflammatory markers such as IL6 and
nitric oxide synthase 2 (Nos2), after LPS/IFNy treatment (Fig 1C and S3A Fig). Consistent
with changes in protein levels, mRNA levels of pro-inflammatory genes such as IL6, IL1p,
IL12pB, and Nos2 were also decreased in YAP knockdown BMDMs when compared with con-
trols (Fig 1D). Likewise, compared to control siRNA, TAZ knockdown in BMDM:s signifi-
cantly reduced the mRNA levels of IL18, IL12f3, and Nos2 (S3B Fig). Similar changes in IL6,
IL1p, and Nos2 expressions were observed when wild-type BMDM:s were treated with Hippo
signaling inhibitor verteporfin (VP) in the presence of LPS/IFNy (S3D Fig). In contrast,
knockdown of YAP in the presence of IL4/IL13 resulted in significant up-regulation of anti-
inflammatory/reparative macrophage marker genes such as ArgI and early growth response 2
(Egr2). However, no significant change in cluster of differentiation 206 (Cd206), YmI, and
found in inflammatory zone 1 (Fizzl) expression was observed (Fig 1E). Interestingly, knock-
down of TAZ in the presence of IL4/IL13 increased the mRNA level of Argl, Ym1, and Fizzl
(S3C Fig). Together, these results suggest that YAP and TAZ play an important role in macro-
phage polarization.

Global changes in gene expression due to YAP/TAZ deletion in BMDMs

To further establish the role of YAP/TAZ in macrophage polarization, we generated myeloid
cell-specific YAP/TAZ double knockout mice by crossing YAP™*/10%, 1A 7/10¥°% mice with
lysozyme-cre (LysM“*) mice that drive Cre recombinase activity in myeloid lineages, including
macrophages. YAP™/0%, A 710510% and LysMee Y AP™*10%, T A 7119%7°% mice are referred to as
control and YAP/TAZ double knockout (YAP/TAZ-dKO), respectively. To determine the dele-
tion efficiency, we isolated BMDMs from control and YAP/TAZ-dKO mice and performed
real-time quantitative reverse transcription PCR (QRT-PCR) and western blot for YAP and
TAZ. YAP and TAZ expression both at RNA and protein levels were significantly reduced in
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YAP/TAZ-dKO BMDMs, suggesting efficient deletion (5S4 Fig). To determine the purity of iso-
lated BMDMs and PMs, we performed flow cytometry using cluster of differentiation 11B-
fluorescein isothiocyanate (CD11b-FITC) and Allophycocyanin (APC) anti-mouse F4/80 anti-
bodies. We observed nearly 99.69% and 97.63% purity for BMDM:s and PMs, respectively
(S5A and S5B Fig). Considering YAP/TAZ regulates organ size by modulating cell prolifera-
tion, we performed Ki67 immunostaining on BMDM:s isolated from control and YAP/TAZ-
dKO mice. Consistent with previous reports, we did not observe any significant change in
macrophage proliferation (S6A and S6B Fig) [45,46]. Similarly, macrophage migration was not
affected in both control and YAP/TAZ-dKO BMDMs (S6C and S6D Fig).

To identify downstream targets of YAP/TAZ in macrophage polarization, we performed
RNA sequencing (RNA-seq) analysis on BMDM:s isolated from 2- to 3-month-old control and
YAP/TAZ-dKO mice and treated them with or without LPS/IFNy (Fig 2). The average RNA-
seq depth was 30 million reads per sample. Paired-end RNA-seq reads from each sample were
aligned to the mouse reference genome with an average mapping rate of 81%. Genes with
absolute log fold change >1.0 and false discovery rate <5% were considered as differentially
expressed. We analyzed the RNA-seq data by comparing control untreated to LPS/IFNy
treated BMDMs, YAP/TAZ-dKO untreated to LPS/IFNYy treated BMDMs, and control to
YAP/TAZ-dKO BMDMs, both treated with LPS/TFNy. We identified 3,253, 3,191, and 137 dif-
ferentially expressed genes, respectively (Fig 2A and 2B, S1 FCS file). We also identified 86
genes that were differentially expressed and were common among the 3 groups (Fig 2A). Heat
map of top 50 differential genes between LPS/IFNY treated control to YAP/TAZ-dKO groups
showed decreased expression of many pro-inflammatory genes such as IL6, I112b, C-C chemo-
kine receptor type 7 (Ccr7), etc. (Fig 2B). Pathway enrichment analysis identified significant
enrichment of genes involved in regulating inflammation such as cellular response to cytokine
stimulus, inflammatory response, and cytokine-mediated signaling (Fig 2C). MA plots showed
that immune, especially pro-inflammatory macrophage marker genes such as IL6, IL15, and
IL12B were significantly down-regulated in YAP/TAZ-dKO cells compared with controls (Fig
2D and S7 Fig).

YAP/TAZ deficiency impairs pro-inflammatory macrophage phenotype

RNA-seq results showed significant changes in immune gene expression after YAP/TAZ dele-
tion in the macrophages. To further characterize the pro-inflammatory macrophage polariza-
tion defects in YAP/TAZ-dKO, we isolated BMDM:s from control and YAP/TAZ-dKO mice
and treated them with/without LPS/IFNYy for 12 hours. Total RNA was then isolated after for
qPCR analysis. In unstimulated conditions, YAP/TAZ-dKO BMDM:s exhibited reduced
expression of pro-inflammatory genes (IL1f and IL12f3) (Fig 2E). Similarly, in the presence of
LPS/IFNy, expression of pro-inflammatory genes such as IL6, IL1f3, IL123, Nos2, TNFa, C-C
motif chemokine ligand 2 (Ccl2), and Rantes was significantly decreased in YAP/TAZ-dKO
BMDMs (Fig 2E). Additionally, YAP/TAZ-deficient BMDMs showed a markedly reduced
level of NO after LPS/IFNY treatment, suggesting a reduced inflammatory response (Fig 2F).
To determine whether the changes in gene expression are translated to the protein level, we
performed western blot for IL6, IL1p, and Nos2. We observed reduced IL6, IL1p, and Nos2
protein levels in YAP/TAZ-dKO BMDM:s, when compared with control BMDMs after LPS/
IFNYy treatment (Fig 3A). To determine the molecular mechanism by which YAP/TAZ may
affect the expression of IL6, we assessed the activation status of key components of the Toll-
like receptor 4 (TLR4)-transforming growth factor beta-activated kinase 1 (Tak1)-nuclear fac-
tor kappa B (NF-kB)/mitogen-activated protein (MAP) kinases pathway. Upon activation,
TLR4 recruit adaptor protein myeloid differentiation primary response 88 (MyD88) and
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Fig 2. Macrophage-specific gene expression changes due to YAP/TAZ deletion. (A) Venn analysis of RNA-seq data showing overlap between significantly
differentially expressed genes (false discovery rate [FDR] < 5%, absolute log2FC >1.0) between control and YAP/TAZ-dKO BMDMs with and without LPS/IFNy
treatment. (B) Heat map of 45 differentially expressed genes (out of a total of 86 genes) identified by Venn analysis of RNA-seq data. (C) Pathway enrichment analysis
of the RNA-seq data from untreated or LPS/IFNYy treated control and YAP/TAZ-dKO BMDMs. (D) MA plots for selected pathways showing top differentially
expressed pathway genes. MA plots for pro-inflammatory macrophage marker genes are also presented. (E) BMDMs were isolated from control and YAP/TAZ-dKO
mice and stimulated with/without LPS/IFNy for 12 hours. (A) gRT-PCR for pro-inflammatory marker genes, IL6, IL1, IL12f, Nos2, TNFe, Ccl2, and Rantes using
RNA isolated from untreated or LPS/IFNy-treated control and YAP/TAZ-dKO BMDMs. n = 3 in each group. (F) NO production determined by nitrite (NO,-) levels
in conditioned medium prepared from untreated or LPS/IFNy-treated control and YAP/TAZ-dKO BMDMs. n = 3 in each group. For numerical raw data, please see
S1 Data. BMDMs, bone marrow-derived macrophages; Ccl2, C-C motif chemokine ligand 2; FDR, false discovery rate; IFNy, interferon gamma; IL, interleukin; LPS,
lipopolysaccharide; NO, nitric oxide; Nos2, nitric oxide synthase 2; qRT-PCR, real-time quantitative reverse transcription PCR; RNA-seq, RNA sequencing; TAZ,
transcriptional coactivator with PDZ-binding motif; TNFa, tumor necrosis factor alpha; UNT, untreated; YAP, yes-associated protein; YAP/TAZ-dKO, YAP/TAZ
double knockout.

https://doi.org/10.1371/journal.pbio.3000941.9002

activate common upstream activator Takl of NF-kB and MAP kinase pathway [47]. We found
that there was a significant reduction of phosphorylated Takl protein level in YAP/TAZ-dKO
BMDMs after 15 minutes of LPS/IFNYy treatment (Fig 3B). However, we did not observe any
changes in the phosphorylated level of inhibitor of nuclear factor kappa-of-kinase (IKKof)
(Fig 3B). Consistently, YAP did not affect the activity of NF-«B luciferase reporter in unstimu-
lated condition suggesting that YAP/TAZ mediated activation of IL6 in macrophage maybe
not dependent on the NF-kB signaling pathway (S8A Fig). Next, we tested the key components
of MAPKSs and observed significant but transient reduction in the levels of phosphorylated c-
Jun N-terminal kinase (JNK), p38, and extracellular signal-regulated kinase 1/2 (Erk1/2) in
YAP/TAZ-deficient macrophages after 15 minutes of LPS/IFNy stimulation (Fig 3B).

Considering YAP and TAZ are transcriptional coactivators and interact with Tead (Tran-
scriptional enhanced associate domain) transcription factors to regulate target gene expres-
sion, we next assessed whether YAP/TAZ regulate IL6 expression at the transcription level by
directly binding and modulating IL6 promoter activity. We analyzed the promoter of IL6 and
identified 10 consensus Tead-binding sequences (TBSs) within the 2Kb promoter fragment
(Fig 3C and 3D). We then PCR-amplified the IL6 promoter fragment (2kb), cloned into a
luciferase reporter plasmid, and tested in luciferase reporter assays. Both YAP and TAZ
strongly activated the IL6 promoter-luciferase activity (Fig 3E). Chromatin immunoprecipita-
tion (ChIP) assays demonstrated direct binding of YAP and TAZ to IL6 promoter (Fig 3F).
Mutation of TBS sites within the IL6 promoter fragments significantly reduced YAP’s ability
to activate these promoter fragments in the luciferase reporter assays (Fig 3G). To further dem-
onstrate that Tead binding is necessary for YAP-mediated activation of IL6 promoter, Hippo
signaling inhibitor VP, was added 24 hours after transfection. Activation of IL6 promoter by
YAP or TAZ was completely abolished by VP (Fig 3H). We next performed luciferase assay
using IL6 reporter co-transfected with YAP plasmid in the presence or absence of VP or
MAPK inhibitor SB203580 (S8B and S8C Fig). We observed a mild reduction in the luciferase
activity in the presence of SB203580. In contrast, VP completely blocked the YAP-medicated
IL6 activation suggesting that direct regulation of IL6 by YAP may play a dominant role com-
pared to the MAPK pathway in mediating IL6 activation (S8B and S8C Fig). Together, these
results demonstrate that YAP/TAZ promote pro-inflammatory macrophage phenotype by
modulating IL6 production.

YAP/TAZ deficiency promotes reparative macrophage phenotype

To characterize the reparative macrophage phenotype in YAP/TAZ-dKO, we isolated BMDM:s
from control and YAP/TAZ-dKO mice and treated them with/without IL4/IL13 for 12 hours.
Total RNA was isolated for qPCR analysis. In both unstimulated and stimulated conditions,
YAP/TAZ-dKO BMDMs exhibited increased levels of reparative genes such as Argl, Egr2,
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Fig 3. YAP/TAZ deficiency impairs pro-inflammatory macrophage phenotype. (A) BMDMs were isolated from control and YAP/
TAZ-dKO mice and stimulated with/without LPS/IFNY for 12 hours. Western blot analys