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Introduction
The maintenance of  an intact vascular network to deliver oxygen and nutrients to all tissues is critical for 
organismal survival. The endothelium is critical to vascular integrity by virtue of  its ability to control fun-
damental properties such as permeability, blood fluidity, and vasomotor tone (1). The endothelium is also 
a dynamic and highly responsive tissue whose function can be altered by biomechanical (e.g., blood flow) 
and biochemical (e.g., cytokine) stimuli (2). For example, laminar blood flow alters cellular gene expression 
in a manner that promotes a healthy endothelium and maintains vascular integrity while disturbed flow 
confers antiparallel effects (3, 4). Further, biochemical stimuli, such as cytokines, can activate the endothe-
lium, as seen in acute (e.g., sepsis) or chronic disease states (e.g., coronary artery disease), culminating in 
leakage of  fluid from the intravascular space and tissue edema, formation of  blood clots that impair flow, 
and altered vascular tone resulting in blood pressure dysregulation (2). Given the importance of  vascular 
integrity in organismal survival, the identification of  nodal regulators is of  interest.

Studies over the past decade have led to the appreciation that members of  the Kruppel-like family of  
transcription factors (KLFs) regulate endothelial biology (5). In particular, two members of  this family 
— namely KLF2 and KLF4 — are enriched in the endothelium, regulated by flow and cytokines, and 
have been shown in cell-based studies to directly regulate key endothelial genes, such as endothelial 
nitric oxide synthase (Nos3) and thrombomodulin (Thbd) (6–9). In vivo studies using systemic deletion of  
KLF2 and/or KLF4 result in death during embryonic development or shortly after birth (10–13). Hem-
izygous or conditional global deletion of  KLF2 alters vascular blood-brain barrier functions (14, 15). 

Maintenance of vascular integrity in the adult animal is needed for survival, and it is critically 
dependent on the endothelial lining, which controls barrier function, blood fluidity, and flow 
dynamics. However, nodal regulators that coordinate endothelial identity and function in the 
adult animal remain poorly characterized. Here, we show that endothelial KLF2 and KLF4 control 
a large segment of the endothelial transcriptome, thereby affecting virtually all key endothelial 
functions. Inducible endothelial-specific deletion of Klf2 and/or Klf4 reveals that a single allele 
of either gene is sufficient for survival, but absence of both (EC-DKO) results in acute death from 
myocardial infarction, heart failure, and stroke. EC-DKO animals exhibit profound compromise in 
vascular integrity and profound dysregulation of the coagulation system. Collectively, these studies 
establish an absolute requirement for KLF2/4 for maintenance of endothelial and vascular integrity 
in the adult animal.
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Finally, endothelial deficiency of  KLF4 was found to render animals susceptible to atherosclerosis and 
thrombosis and injury-induced neointimal formation, underscoring the importance of  this gene family in 
vessel biology (16, 17). However, the importance of  having two KLFs with seemingly overlapping func-
tions in the adult animal has not been illuminated and remains a major question in the field. Here, using 
inducible gene deletion approaches we have deleted endothelial Klf2, Klf4, or both in the adult organism. 
Our results demonstrate an absolute requirement for both factors in control of  cardinal endothelial func-
tions and maintenance of  an intact vasculature.

Results
Endothelial-specific Klf2 and Klf4 deletion leads to rapid death of  adult mice. To evaluate the importance of  
endothelial KLF2 and KLF4 in adult vasculature, we generated mouse models that allow for induc-
ible endothelial-specific deletion of  Klf2 (EC-Klf2-KO), Klf4 (EC-Klf4-KO), Klf2 plus one allele of  Klf4 
(EC-Klf2-KO/Klf4+/–), Klf4 plus one allele of  Klf2 (EC- Klf4-KO/Klf2+/–), or both genes (EC-DKO) 
through the tamoxifen-mediated activation of  Cdh5(PAC)-Ert2cre (CRE). Deletion of  Klf2 and Klf4 
as well as reduced expression of  well-established downstream targets, such as Nos3 and Thbd, was 
confirmed in primary microvascular endothelial cells (EC) isolated from the heart at day 4 to 6 after 
tamoxifen injection (Supplemental Figure 1, A–D; supplemental material available online with this 
article; doi:10.1172/jci.insight.91700DS1). Strikingly, following tamoxifen injection, EC-DKO mice 
succumbed starting from day 6 after injection (40% of  mortality rate) and reached a 100% mortality 
rate at day 9 (Figure 1A). By contrast, expression of  one allele of  Klf2 or Klf4 was sufficient for survival. 
Thus, we focused our analysis on EC-DKO mice.

To glean insights into the cause of  acute death, we performed continuous telemetry monitoring before 
and after tamoxifen injection. Electrocardiogram (EKG) recording revealed that EC-DKO animals experi-
enced a progressive reduction in heart rate and elevation of  T wave area (an indicator of  ischemic heart 
injury) (Figure 1, B and C, and Supplemental Figure 2). Echocardiographic analysis in EC-DKO mice at day 
6 revealed a significant decrease in cardiac function, as evidenced by reduced left ventricular fractional short-
ening, ejection fraction, and cardiac output (Figure 1D and Supplemental Videos 1 and 2). In addition, signif-
icant left ventricular hypertrophy and dilation (Supplemental Figure 3, B and C), increased circulating cardiac 
troponin I (indicative of  myocyte injury; Figure 1E), and cardiomyocyte death (Figure 1F) were observed in 
EC-DKO mice. By contrast, the EKG and cardiac function were not significantly altered in EC-Klf2-KO and 
EC-Klf4-KO mice (Supplemental Figures 2 and 3). Finally, gross postmortem examination revealed small-ves-
sel hemorrhages in the brain, lungs, heart, and subcutaneous tissues of  EC-DKO animals but not those of  
CRE or single-knockout animals (Figure 1G and Supplemental Figure 4). Consonant with these observations, 
EC-DKO mice exhibited stroke-like symptoms (e.g., partial loss of  voluntary movement and weakness in the 
limbs; Supplemental Videos 3 and 4). These results indicate that endothelial deletion of  Klf2 and Klf4 led to 
compromised vasculature, which manifested as cardiac failure, neurologic dysfunction, and death.

Endothelial-specific deletion of  Klf2 and Klf4 leads to vascular leak and systemic coagulopathy. To understand 
the basis for widespread small-vessel hemorrhage in multiple organs, we hypothesized that alterations in 
fundamental properties, such as barrier function and/or blood coagulation, may be operative. Histological 
analyses of  brain and lung tissues revealed extravasation of  blood into adjacent tissues (Figure 2A, top row, 
and Supplemental Figure 5A). Electron micrographs demonstrated loss of  EC contiguity (Figure 2A, mid-
dle row; Supplemental Figure 5A, and Supplemental Figure 7). To gain a quantitative assessment of  vas-
cular permeability, we injected control and EC-DKO mice with Evans Blue dye (EBD) and examined the 
tissues for extravasation at day 4–6 after tamoxifen injection. Significant EBD accumulation in the extravas-
cular tissues of  the lungs and kidneys was obvious in EC-DKO mice at day 4–5 (Supplemental Figure 5, B 
and C) and the brain, lungs, kidneys, and heart at day 6 (Figure 2A, bottom row; and Supplemental Figure 
5, A and D). Consistent with these observations, qPCR analyses revealed a marked reduction in a number 
of  tight junction and adherens junction genes in ECs from EC-DKO mice (Figure 2B). Finally, previous 
studies have shown that increased angiopoietin-2 (Angpt-2) contributes to vascular leak (18–20). As shown 
in Figure 2C, circulating Angpt-2 levels were markedly increased in EC-DKO mice.

Another etiology for widespread, multiorgan hemorrhage is alteration in the hemostatic and coagulation 
systems. To assess the coagulation system, we first performed a complete blood count after tamoxifen injection. 
While no effect was seen on white blood cell or red blood cell counts, a significant reduction in platelets (throm-
bocytopenia) was observed in EC-DKO animals (Figure 2D). Further, microscopic examination of the periph-
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eral blood smear revealed the presence of fragmented red blood cells (i.e., schistocytes) in EC-DKO animals at 
day 6 after tamoxifen injection (Figure 2E). Given the combination of low platelet counts and fragmented red 
blood cells, we posited that the precipitous drop in platelets was likely secondary to excessive consumption, a 
scenario seen in coagulopathic states such as disseminated intravascular coagulation (21). Indeed, blood coagu-
lation studies revealed significant elevations in prothrombin, activated partial thromboplastin times, and plasma 
D-dimer levels in EC-DKO mice (Figure 2, F and G), indicating dysregulation of coagulation.

Intact blood flow depends upon a fine balance between circulating and endothelial procoagulant and anti-
coagulant factors. Our group previously reported that both KLF2 and KLF4 induced the expression of throm-
bomodulin (8, 9), the key blood-clotting regulator in the protein C anticoagulation pathway that is expressed in 
the endothelium (22, 23). We observed a near-complete loss of thrombomodulin expression both in mRNA and 
protein levels (Supplemental Figure 1, A–D) in the ECs isolated from EC-DKO mice at day 6 after tamoxifen. 
We also looked at other factors in procoagulation and anticoagulation pathways. While expression of tissue 
factor (F3) was not significantly changed, levels of the serine (or cysteine) peptidase inhibitor, clade E, member 
1 (Serpine1) and coagulation factor II receptor-like 3 (F2rl3) were increased in the EC-DKO mice (Supplemen-
tal Figure 6). The above results provide evidence for the presence of a coagulopathic condition on day 6 after 
tamoxifen injection in EC-DKO mice that is likely secondary to the decline in known antithrombotic factors 

Figure 1. Endothelial-specific Klf2 and Klf4 deletion leads to rapid death of adult mice. (A) Survival curve of tamoxifen-induced endothelial-specific 
Klf2 and/or Klf4 gene deletion in adult mice. n = 37 EC-specific Klf2 and Klf4 double knockout (EC-DKO); n = 14 Cdh5(PAC)-Ert2cre (CRE); n = 19 EC-specific 
Klf2 knockout (EC-Klf2-KO); n = 13 EC-specific Klf4 knockout (EC-Klf4-KO), n = 8 EC-specific knockout of Klf4 plus one allele of Klf2 (EC-Klf4-KO/Klf2+/–); 
n = 11, EC-specific knockout of Klf2 plus one allele of Klf4 mice (EC-Klf2-KO/Klf4+/–). (B) Reduction of heart rate and (C) ST wave segment elevation were 
observed in EC-DKO mice (n = 4–5 per genotype). (D) Fractional shortening (FS), ejection fraction (EF), and cardiac output (CO) in CRE (n = 3) and EC-DKO 
mice (n = 5) at day 6 after tamoxifen. (E) Circulating cardiac troponin I level (n = 11–16 per genotype) and (F) representative images of TUNEL staining in 
the heart showing massive cardiomyocyte death in EC-DKO mice at day 6 after tamoxifen (n = 3 per genotype). Scale bar: 100 μm. (G) Representative gross 
anatomy images of brain, lungs, heart, and subcutaneous tissues at day 6 after tamoxifen indicate spontaneous hemorrhage in EC-DKO mice (n = 3–4 per 
genotype). EC, endothelial cell. Data are presented as mean ± SEM values. *P < 0.05, **P < 0.01. 2-tailed Student’s t test.
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Figure 2. Endothelial-specific deletion of Klf2 and Klf4 leads to vascular leak and systemic coagulopathy. (A, top) Representative images of brain 
eosin staining show erythrocyte leakage (white arrows) in extravascular tissues at day 6 after tamoxifen (n = 3 per genotype). Scale bar: 50 μm. (A, 
middle) Representative electron microscopic (EM) images of brain indicate discontinuity of endothelial monolayer in the EC-DKO mice at day 6 after 
tamoxifen (n = 3–4 per genotype). Scale bar: 2 μm. Endothelial cells (EC), red arrowheads; vessel lumen, black arrowheads. The box outlined in red is 
shown at high magnification in the inset. Scale bar: 1 μm. (A, bottom) Representative images of Evans blue vascular permeability assay of the brain 
at day 6 after tamoxifen (n = 7–8 per genotype). (B) Relative mRNA expression levels of endothelial tight and adherens junction genes in primary 
cardiac microvascular ECs 6 days after tamoxifen injection (n = 3–5 per genotype, each sample was pooled from 2 mice). (C) Circulating angiopoi-
etin-2 protein levels before and after tamoxifen (n = 6–8 per genotype). (D) White blood cell (WBC), red blood cell (RBC), and blood platelet (PLT) 
counts at day 6 after tamoxifen (n = 25–29 per genotype). (E) Representative images of blood smear in CRE and EC-DKO mice (n = 3 per genotype). 
White arrows indicate erythrocyte fragmentation. Scale bar: 50 μm. The box outlined in red is shown at high magnification in the inset. (F) Extrinsic 
and intrinsic pathway coagulation assays (n = 11–13 per genotype). PT, prothrombin; aPTT, activated partial thromboplastin times. (G) Plasma D-di-
mer levels at day 6 after tamoxifen (CRE, n = 5; EC-DKO, n = 6). CRE, Cdh5(PAC)-Ert2cre; EC-DKO, EC-specific Klf2 and Klf4 double knockout. Data 
are presented as mean ± SEM. *P < 0.05; **P < 0.01. Two-way ANOVA with Tukey’s post-hoc test and 2-tailed Student’s t test.
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such as thrombomodulin. This acquired deficiency in thrombomodulin is similar to observations in genetic 
models of thrombomodulin deficiency (23, 24) and suggests that loss of this critical factor on ECs likely contrib-
utes to development of a prothrombotic milieu, resulting in widespread consumption of coagulation factors and 
platelets, leading to generalized bleeding.

Endothelial-specific Klf2 and Klf4 deletion results in profound alterations in the EC transcriptome. Given that dual 
loss of KLF2 and KLF4 led to a profound compromise of the most fundamental properties of the vasculature, 
we posited that the alteration in gene expression may be quite significant. Unbiased transcriptomic analyses 
in mouse cardiac microvascular ECs derived from CRE and EC-DKO mice at the beginning of day 6 after 
tamoxifen injection demonstrated extensive differences in the endothelial transcriptome (6,094 genes with q < 
0.05; Figure 3, A and B, and Supplemental Table 1). By contrast, we identified a small number of differentially 
expressed genes in EC-Klf2-KO (45 genes with q < 0.05; Supplemental Table 2) and EC-Klf4-KO (30 genes with 
q < 0.05; Supplemental Table 3) mice when compared with CRE animals. Gene set enrichment analysis of ECs 
from DKO mice revealed marked alterations (q < 0.05) in 28 of the 50 hallmark gene pathways (Figure 3C), 
while no significant changes were noted in single-knockout mice. These observations indicate that loss of both 
KLF2 and KLF4 profoundly altered the endothelial transcriptomic landscape.

Discussion
Evolutionary studies suggest that the vascular system arose approximately 600 million years ago to over-
come the time-distance constraints of  diffusion critical advance for metazoan life (25). The endothelium 
arose to provide barrier function, localize immune/coagulation functions, and optimize flow to help 

Figure 3. Endothelial-specific Klf2 and Klf4 deletion results in profound alterations in the EC transcriptome. (A) A volcano 
plot showing 6,094 significantly differentially expressed genes (red dots indicate q < 0.05) in primary cardiac microvascular 
endothelial cells (EC) obtained from EC-DKO mice when compared with CRE mice. Significantly differentially expressed 
genes were determined by Cuffdiff. (B) Heatmap of the top 200 genes differentially expressed in primary cardiac microvas-
cular ECs of CRE and EC-DKO mice (n = 4 per genotype, each n was pooled from 2 mice). (C) Normalized enrichment score 
(NES) represents the distribution of 28 of the 50 hallmark gene pathways. Positive and negative values indicate upregula-
tion of genes in the CRE mice in comparison to EC-DKO mice and upregulation of genes in EC-DKO mice relative to CRE mice, 
respectively. CRE, Cdh5(PAC)-Ert2cre; EC-DKO, EC-specific Klf2 and Klf4 double knockout.
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overcome diffusion constraints to ensure adequate supply of  oxygen and nutrients to all tissues. In this 
study, we advance that view that two transcription factors, KLF2 and KLF4, govern these ancient and 
fundamental properties of  the endothelium and vascular integrity.

We demonstrated, for the first time to our knowledge, that loss of  both endothelial KLF2 and KLF4 
expression in adult animals resulted in acute vascular dysfunction and death. The profound vascular defects 
seen in EC-DKO mice are likely a combined result of  vascular barrier disruption as well as a generalized state 
of  consumptive coagulopathy. Although widespread damage to the endothelium or vascular barrier (second-
ary to junction proteins) can trigger consumptive coagulation, our results demonstrating early, substantial loss 
of  thrombomodulin suggest that acquired thrombomodulin deficiency is an important contributing factor 
to the development of  a consumptive coagulopathy. This is consistent with previous murine studies wherein 
endothelial-specific thrombomodulin deletion resulted in cerebellar thrombohemorrhagic strokes, general-
ized thrombosis, and disseminated intravascular coagulation (23, 24). Further, RNA sequencing data showed 
changes of  genes (q < 0.05) in the coagulation pathway (Supplemental Table 4), and examination of  other 
factors important for hemostasis revealed significant elevation in Serpine1 and F2rl3 expression, predisposing 
to the development of  a prothrombotic milieu. Thus, both EC-autonomous function and altered vascular bar-
rier function likely contribute to the full phenotype observed in EC-DKO mice. We also note that our findings 
are consistent with but add significantly to previous findings. Specifically, Chiplunkar et al. (13) reported the 
role of  both factors in regulating vascular integrity using systemic knockout embryos of  both Klf2 and Klf4 
genes. However, their study used a global deletion of  Klf2 and Klf4 genes in the embryos and focused on early 
development. In contrast, our study specifically abrogated both Klf2 and Klf4 genes in ECs in adult animals. 
Thus, the present study definitively highlights the absolute requirement of  these two KLF factors to maintain 
normal EC function and consequently vessel integrity in the adult animal.

Another important aspect of  our work relates to the observation that a single allele of  either Klf2 or Klf4 
is sufficient for maintenance of  intact vasculature and survival. These data provide insights into a long-stand-
ing question in the field regarding redundancy between KLF2 and KLF4. Indeed, we and others have report-
ed that both factors are induced by the same stimuli (e.g., flow and statins) and that both regulate similar key 
endothelial targets (e.g., Nos3 and Thbd) to confer antiinflammatory and antithrombotic effects to the vessel 
wall (4, 6, 9, 16, 26). Given the obvious requirement for an intact vasculature, it is likely that the redundancy 
of  KLF2/4 provides an important safety net to ensure survival. However, the fact that one allele is sufficient 
for survival does not necessarily mean that the vasculature is healthy. Indeed, endothelial loss of  KLF4 alone 
renders animals susceptible to chronic inflammation and atherothrombosis and injury-induced neointimal 
formation (16, 17). Further, previous studies showed that loss of  either KLF2 or KLF4 renders the vascula-
ture susceptible to leakage in response to inflammatory or ischemic injury (14, 27). Thus, it is likely that mice 
lacking 3 of  4 alleles will be susceptible to vascular dysfunction under stress conditions.

Another key finding relates to the breadth of  the endothelial transcriptome under control of  KLF2/4. 
It is hypothesized that, while the genome consists of  approximately 20,000 genes (28), most cells express 
approximately 50%–60% of  these at any given time. The large transcriptomic alterations seen in ECs defi-
cient in KLF2 and KLF4 suggest that these 2 factors control a large segment of  the active endothelial 
transcriptome, affecting numerous cellular processes, indicating a profound landscape-level change in EC 
identity and function. A broad change in gene expression was observed at the beginning of  day 6 after 
tamoxifen, reflective of  changes before catastrophic functional collapse. That said, we cannot rule out the 
possibility that the interaction of  ECs with other cells and plasma components may contribute. Future stud-
ies assessing RNA sequencing at day 3–5 may be helpful in this regard. Collectively, our findings establish 
endothelial KLF2 and KLF4 as master regulators of  endothelial biology and vascular integrity.

Methods
Animal models. All animals are of  the C57BL6/J mouse strain. Endothelial-specific Klf2 and/or Klf4 
knockout mice were generated by breeding floxed mice (Klf2 f/f, Klf4 f/f, or Klf2 f/f-Klf4 f/f) with CRE 
mice (originally from R. Adams, University of  Münster, Münster, Germany). Endothelial-specific dele-
tion of  Klf2 plus one allele of  Klf4 (EC-Klf2-KO/Klf4+/–) mice were generated by mating Cdh5(PAC)-
Ert2cre-Klf2 f/f-Klf4 f/f mice with Cdh5(PAC)-Ert2cre-Klf2 f/f mice. Endothelial-specific deletion of  
Klf4 plus one allele of  Klf2 (EC-Klf4-KO/Klf2+/–) mice were generated by mating Cdh5(PAC)-Ert2cre-
Klf2 f/f-Klf4 f/f mice with Cdh5(PAC)-Ert2cre-Klf4 f/f  mice. To trigger endothelial-specific deletion of  
Klf2 and/or Klf4 gene deletion, 8- to 10-week-old mice were intraperitoneally injected with tamoxifen 
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(2 mg/25 g) (MP Biomedicals). Cdh5(PAC)-Ert2cre mice were used as a control group. The survival 
study was conducted in both male and female mice. Other studies were performed in male mice.

EC isolation. Primary microvascular ECs were isolated from the heart tissue of  mice using a standard 
technique as previously described with a minor modification (16, 29). Briefly, the hearts were washed in 
cold PBS, minced with blades, and digested in PBS containing 1%BSA, collagenase type I, 1 mM CaCl2, 
and 1 mM MgCl2 at 37°C for 45 minutes. ECs were purified by using Dynabeads (Thermo Fisher Scien-
tific) conjugated with anti-CD31 antibody (catalog 553370, BD Biosciences). The cells were immediately 
subjected to further experiments without culturing them on a petri dish. We isolated ECs by mechanical 
mincing and enzymatic digestion to obtain single-cell suspension of  the tissues. ECs were separated from 
the rest of  the cells and were isolated by CD31-coated magnetic beads. Although CD31 is expressed on 
platelets and subsets of  leukocytes in addition to ECs, its expression on ECs is higher than on platelets and 
subsets of  leukocytes (30). In addition, CD31 is one of  the two most specific antibodies used for isolation 
of  ECs, and purity of  the EC fraction sorted by CD31 antibody is >95% (31).

RNA isolation and qPCR. Total RNA from ECs was isolated by using the High Pure RNA Isolation Kit 
and reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time 
PCR (qPCR) was carried out using TaqMan Master Mix (Applied Biosystems), and the reactions were per-
formed using the StepOnePlus Real-Time PCR System (Applied Biosystems). Endogenous GAPDH was 
used as a normalizer for gene expression. The primer sequences used are listed in Supplemental Table 5. 
Relative mRNA expression levels (fold changes) between groups were calculated using the δ-δ Ct method.

RNA sequencing and bioinformatics analysis. The quality of  RNA isolated from cardiac microvascular 
ECs (n = 4 per group, each n was pooled from 2 mice) was measured by Agilent 2200 TapeStation, 
and all samples have an RNA integrity number >7.4. Total RNA samples were submitted to the UCSF 
genomics core laboratories for RNA sequencing. Library preparation was employed using the Illumina 
TruSeq Stranded Total RNA kit. Sequencing was performed by using the Illumina SE 50-bp platform. 
Reads were aligned to the mouse genome (Ensembl Mouse GRCm38) using tophat. Reads that mapped 
to known mRNAs were subjected to differential expression analysis. A total of  6,094 genes were deter-
mined to be differentially expressed between the DKO and control group using a q value of  less than 
0.05 (FDR-corrected P value). This list was filtered for genes with a >2-fold change, which narrowed 
our list to 2,743 genes. This list was used as the input for our gene set enrichment analysis using the 
GenePattern toolset (Broad Institute). Pathways with a P value correction with FDR < 0.05 were con-
sidered significant. RNA sequencing data have been deposited in the NCBI’s Gene Expression Omni-
bus and are accessible through GEO series accession number GSE92965 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE92965).

Echocardiogram. At days 6 after tamoxifen administration, animals under anesthesia were placed on 
a temperature-controlled platform with heart rate and respiratory rate monitoring. Ultrasound gel was 
applied on the furless chest, and noninvasive images were captured when the heart rate was stable (500 
beats/minute) by using a 14-MHz ultrasound probe that was connected to a VisualSonic Vevo 770 machine.

Telemetry measurement and ST wave analysis. Animals were anesthetized by isoflurane. A sterilized DSI wire-
less telemetric transmitter (DSI) was implanted into the abdominal cavity. Animals were monitored on a telem-
etry receiver, and a baseline measurement (before tamoxifen injection) was conducted. Two days following the 
implantation, animals were injected with tamoxifen, and data were perpetually recorded for 9 days. ST wave 
analysis was conducted using LabChart7 software.

Evans blue vascular permeability assay. After tamoxifen injection for 4 to 6 days, animals were anesthetized 
with ketamine/xylazine (170 mg/kg and 5 mg/kg, respectively) via intraperitoneal injection. One hundred μl of  
PBS containing 1% EBD (Sigma-Aldrich) was administered via retro-orbital injection, and EBD was allowed to 
circulate in the body for 2 hours. Excess EBD in the vasculature and blood was removed via transcardial perfu-
sion of PBS containing 2 mM EDTA for 8 minutes. The peristaltic pump was set at 4 ml/minute. The excised 
tissues were homogenized in formamide (Sigma-Aldrich), and EBD was extracted from the homogenized tis-
sues by incubating at 70°C for 24 hours. Following a centrifugation at 12,000 g for 30 minutes, the absorbance of  
EBD in the supernatant was measured at 620 nm (the absorbance maximum for EBD) and corrected for a con-
tamination of heme pigments (OD740 nm) as follows: OD620 (corrected) = OD620 − (1.326 × OD740) + 0.03.

Peripheral blood count, blood smear, coagulation, and fibrinogen assays. Blood was collected from the inferi-
or vena cava using 3.2% sodium citrate as an anticoagulant, and peripheral blood count was carried out 
by using an automated analyzer (Hemavet 950FS). A blood smear was stained with Wright’s stain, and 
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the images were captured by a Leica DM2000 LED microscope (Leica Microsystems Inc.). Whole blood 
was centrifuged at 2,000 g for 15 minutes at room temperature, and plasma was collected. Coagulation 
assays for the extrinsic and intrinsic pathways (prothrombin time and activated partial thromboplastin time, 
respectively) were carried out as described in the manufacturer’s instructions (Helena Laboratories). Plas-
ma fibrinogen was measured by using the fibrinogen assay kit (Helena Laboratories).

ELISA. Plasma cardiac troponin I (Life Diagnostics Inc.), D-Dimer (Cloud-Clone Corp), and Angpt-2 
(Abcam) levels were determined as described in the manufacturers’ instructions.

Western blot analysis. Primary cardiac microvascular ECs were homogenized and lysed for 10 minutes at 4°C 
in RIPA buffer (Thermo Fisher Scientific) containing proteinase inhibitor cocktail. The lysed cells were centri-
fuged at 15,871 g for 10 minutes at 4°C, and the supernatant was collected. Protein was separated on 4%–20% 
Tris-Glycine gel and transferred onto Nitrocellulose membrane. The membrane was blotted with primary anti-
bodies against KLF4 (catalog AF3640, R&D Systems Inc.), eNOS (catalog 610296, BD Biosciences), TM (cat-
alog sc-7097, Santa Cruz Biotechnology Inc.), and GAPDH (catalog G9545, Sigma-Aldrich). Secondary anti-
bodies include horseradish peroxidase–conjugated anti-rabbit IgG (catalog 7074), anti-mouse IgG (catalog 7076, 
Cell Signaling Technology Inc.), and anti-goat IgG (catalog sc-2020, Santa Cruz Biotechnology Inc.)

Immunohistochemistry. Formalin-fixed, paraffin-embedded tissues were cut in 8-μm-thick sections 
and mounted on coverslips for eosin staining. Apoptosis staining of  ventricles (5-μm-thick sections) was 
assessed using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore) as described in manu-
facturer’s instructions. Tissue images were taken on a Leica DM2000 LED microscope.

Transmission electron microscopy. Animals were anesthetized and 1% lidocaine was injected through 
abdominal aorta toward the left to open the valves and relax the smooth muscle cells. Animals were per-
fused transcardially with triple aldehyde-DMSO at a flow rate of  10 ml/minute for 10 minutes. Brain and 
lungs were isolated from CRE and EC-DKO mice at day 6 after tamoxifen injection. Small pieces of  the 
brain and lung tissue were fixed for 2 hours at room temperature by immersion in the freshly prepared 
triple aldehyde-DMSO (32). After rinsing in 0.1 M HEPES buffer (pH 7.3), they were postfixed in ferro-
cyanide-reduced osmium tetroxide. Another water rinse was followed by an overnight soak in acidified 
uranyl acetate. After again rinsing in distilled water, the tissue blocks were dehydrated in ascending con-
centrations of  ethanol, passed through propylene oxide, and embedded in Poly/Bed resin (Polysciences). 
Thin sections were sequentially stained with acidified uranyl acetate followed by a modification of  Sato’s 
triple lead stain (33). These sections were examined in a FEI Tecnai Spirit (T12) transmission electron 
microscope with a Gatan US4000 4k × 4k CCD.

Statistics. Data are presented as mean ± SEM. Statistical analyses were performed using 2-tailed Stu-
dent’s t test and ANOVA with post-hoc test for multiple comparisons to analyze the difference between 2 
groups and among the groups, respectively. A P value equal to or less than 0.05 was considered significant.

Study approval. All animal studies were approved by the Case Western Reserve University IACUC.
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