
 1 

 

Supplemental Material 

Hemodynamic forces prevent myxomatous valve disease in mice through KLF2/4 

signaling 

Jesse Pace1†, Lauren Goddard1†, Courtney Hong1, Liqing Wang2, Jisheng Yang1, Mei Chen1, 

Yitian Xu1, Martin Dominguez1, Siqi Gao1, Xiaowen Chen1, Patricia Mericko1, Can Tan3, 

Tsutomu Kume3, Wenbao Yu4, Kai Tan4, Wayne W. Hancock2, Giovanni Ferrari5, Mark L. Kahn1* 

 

1Cardiovascular Institute, Department of Medicine, Perelman School of Medicine, University of 
Pennsylvania, Philadelphia, PA, USA. 

 
2Division of Transplant Immunology, Department of Pathology and Laboratory Medicine, and 

Biesecker Center for Pediatric Liver Disease, Children's Hospital of Philadelphia and University 
of Pennsylvania, Philadelphia, PA, USA. 

 
3Department of Medicine, Feinberg Cardiovascular and Renal Research Institute, Feinberg 

School of Medicine, Northwestern University, Chicago, IL, USA. 
 

4Division of Oncology and Center for Childhood Cancer Research, Children's Hospital of 
Philadelphia, Philadelphia, PA, USA; Center for Single Cell Biology, Children's Hospital of 

Philadelphia, Philadelphia, PA, USA; Department of Pediatrics, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, PA, USA. 

 
5Department of Surgery, Columbia University, New York, NY; Department of Biomedical 

Engineering, Columbia University, New York, NY, USA. 
 

†These authors contributed equally to this work 
 

*Corresponding author 
 
 

 
 
 
  



 2 

Supplemental Methods 
 
 
Bone Marrow Transplantation  

For bone marrow transplantation studies, bone marrows were harvested from adult Ccr2GFP/GFP 

or Ccr2GFP/+  mice from femur, tibia and humerus (1). At 6 weeks of age, 

Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice were subjected to two doses of irradiation 4 

hours apart, totaling 11.5 Gy. Irradiated recipient mice received 5x106 cells per mouse via tail 

vein injection. Mice were treated with enrofloxacin for 2 weeks immediately following bone 

marrow transfer and induced with tamoxifen at 4 weeks post bone marrow transplant.  

 

Single Cell Data Processing 

Libraries were sequenced using an Illumina NextSeq500. Raw sequencing data were 

demultiplexed and aligned to a custom reference mouse genome containing an added reference 

for the Cre transcript using CellRanger on the 10X Genomics Cloud. Downstream analysis was 

performed using the R-package Seurat (2). For quality control and filtering, only genes 

expressed in a minimum of 3 cells were retained. Cells expressing between 200 and 5000 

genes were retained and cells that contained more than 15% mitochondrial genes were 

excluded. Reciprocal PCA method was performed to integrate the samples from different 

timepoints and conditions.  Cluster labeling was performed manually based on established 

marker genes. Transcription factor enrichment analysis was performed using the chip 

enrichment analysis (ChEA) database on Enrichr, based on the top 50 differentially expressed 

genes upregulated in the valve endothelial cell cluster following loss of KLF2/4 (3). The 

AddModuleScore function of Seurat was used to calculate a ‘SMAD score’ based on expression 

TGFb/SMAD2/3 target genes (4, 5). For investigation of cell-cell communication in scRNAseq 

data, the R-packages CellChat and NicheNet were used with default paramaters (6, 7). 
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Whole-mount staining of mitral valves 

Whole-mount staining of mitral valves were performed on unloaded HHT hearts and controls 4 

days post-transplant (8, 9). Briefly, hearts were perfused with ice-cold PBS and then 4% PFA 

before being fixed overnight in 2% PFA at 4C. The dissected mitral valves were permeabilized 

in 0.3% Triton X-100 in PBS for 1 hour at 4C, blocked in 5% normal donkey serum (plus 0.5% 

BSA, 0.3% Triton X-100, and 0.1% NaN3 in PBS) for 2 hours at 4C, and then incubated with 

CD31/PECAM1 (R&D, AF3628), CDH5/VE-Cadherin (BD, 555289) diluted in blocking buffer for 

3 days at 4C. Fluorochrome-conjugated secondary antibodies were incubated for 2 days at 4C. 

Samples were washed, postfixed with 4% PFA, and cleared with FocusClear (CelExplorer Labs, 

FC-101) and flat-mounted on slides in mounting medium. Imaging was performed on Nikon A1 

Confocal Laser Microscope with the NIS-Elements Viewer software. 

 

RNA Extraction and quantitative PCR 

RNA extraction from valve tissue was performed using the RNeasy Micro kit (Qiagen). cDNA 

was synthesized from 150 ng total RNA using the Superscript III Reverse Transcriptase 

(Invitrogen). Real-time PCR was performed with Power SYBR Green PCR Master Mix (Applied 

Biosciences). The following primers were used for Klf2 F: 5’CGCCTCGGGTTCATTTC3’ R: 

5’AGCCTATCTTGCCGTCCTTT3’ and Klf4 F: 5’GTGCCCCGACTAACCGTTG3’ R: 

5’GTCGTTGAACTCCTCGGTCT3’ (10). The following primers were used for Hif1a 

F:5’ACAAGTCACCACAGGACAG3’ and Hif1a R: 5’AGGGAGAAAATCAAGTCG3’, as well as 

Vegfa F: 5’CAGGCTGCTCTAACGATGAA3’ and Vegfa R: 

5’CAGGAATCCCAGAAACAACC3’ 

 

RNAscope 
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RNAscope was performed using the RNAscope Multiplex Fluorescent v2 assay (ACDBio). 

Formalin-fixed paraffin embedded sections were used for this assay according to 

manufacturer’s instructions. Briefly, slides were baked and deparaffinized before treatment with 

hydrogen peroxide, target retrieval reagent (15 minutes), and protease plus (30 minutes). 

Probes targeting human or mouse KLF2 (408711, 510671, ACDBio) and human or mouse 

KLF4 (457461, 426711, ACDBio) were hybridized at 40C for 2 hours and then amplified and 

developed according to manufacturer’s instructions.  
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Supplemental Figures  

 
Figure S1: HIF1a and Vegfa are unchanged in mitral valves following HHT 

(A) HIF1a and CD31 staining of mitral valve at 4 days after transplant. Arrows indicate the 
flow side of the valve. A no primary antibody control is shown. Scale bar = 50um.  

(B) Quantitative RT-PCR for Hif1a on isolated mitral valves from unloaded HHT and control 
hearts 4 days after transplant. P-value shown on graph as calculated by unpaired t-test. 

(C) Quantitative RT-PCR for Vegfa on isolated mitral valves from unloaded HHT and control 
hearts 4 days after transplant. P-value shown on graph as calculated by unpaired t-test. 
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Figure S2: Valve endothelial cell junctions are altered following HHT 

(A) CD31 whole mount immunostaining of mitral valve at 4 days after transplant. Images 
shown are from both the atrial and fibrosa aspects of the posterior mitral valve leaflet. 

(B) VE-Cadherin immunostaining of mitral valve at 4 days after transplant. 
(C) Quantification of adherens junctions at 4 days after transplant in B. P-values are shown 

as calculated by unpaired t-tests.  
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Figure S3: Validation of KLF2/4 deletion in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice 

(A) In-situ hybridization for Klf2 mRNA costained with CD31 and DAPI in mitral valves of 
Klf2fl/fl;Klf4fl/fl and Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice at 4 days post tamoxifen treatment. 
Scale bar = 50um. 

(B) Quantification of Klf2 percent area stained in (A). *p<0.05, as calculated by unpaired t-
test. 

(C) DotPlot from single cell RNA-sequencing data showing levels of Klf2 in valve endothelial 
cell populations of Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice. 

(D) DotPlot from single cell RNA-sequencing data showing levels of Klf4 in valve endothelial 
cell populations of Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice. 

(E) Violin plots of KLF2/4 target genes Nos3, Thbd, and Pi16, which are significantly 
decreased following deletion of Klf2/4.  
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Figure S4: Myxomatous phenotypes in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl aortic and pulmonary 
valves 

(A) H-E staining of heart tissue from Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice at days 
4, 7 and 14 post tamoxifen treatment. Scale bar = 100um. 

(B) Quantification of valve leaflet area at days 4, 7 and 14 post tamoxifen treatment. N=6 
mice per group.**p<0.01, **** p<0.0001, as calculated by unpaired t-tests. Ao, aortic 
outflow tract, PA, pulmonary artery 
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Figure S5: Versican abundance is increased in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice 

(A) Immunostaining for Versican in tricuspid and mitral valves from Prox1CreERT2+;Klf2fl/fl and 
Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice at 14 days post tamoxifen. Scale bar = 50um.  

(B) Quantification of valve Versican staining in (A). **p<0.01, as calculated by unpaired t-
tests. 
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Figure S6: Echocardiography of Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice 

(A) Stroke volume of Klf2fl/fl;Klf4fl/+ mice and Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice 14 days post 
tamoxifen.  **p<0.01, as calculated by unpaired t-test.  

(B) Cardiac output in Klf2fl/fl;Klf4fl/+ mice and Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice 14 days post 
tamoxifen.  **p<0.01, as calculated by unpaired t-test.  

(C) Cardiac ejection fraction in Klf2fl/fl;Klf4fl/+ mice and Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice 14 
days post tamoxifen.   

(D) Left ventricular mass in Klf2fl/fl;Klf4fl/+ mice and Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice 14 days 
post tamoxifen.  

(E) Echocardiographic findings of Klf2fl/fl;Klf4fl/+ mice and Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice 14 
days post tamoxifen. 
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Figure S7: Deletion of Klf2 or Klf2 and one allele of Klf4 does not confer a valve 
phenotype. 

(A) H-E staining of tricuspid and mitral valves from Prox1CreERT2+;Klf2fl/fl and 
Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice at 4 weeks post tamoxifen.  

(B) Quantification of mitral valve size in the indicated animals. Each dot represents one 
mouse. 
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(C) Quantification of tricuspid valve size in the indicated animals. Each dot represents one 
mouse. 

(D) H-E staining of tricuspid and mitral valve from Prox1CreERT2+;Klf2fl/fl;Klf4fl/+ mice at 16 
months post tamoxifen. 

(E) Quantification of mitral valve size in the indicated animals. ns, not significant. N=4 mice 
per group. P>0.05, as calculated by unpaired t-test. 

(F) Quantification of tricuspid valve size in the indicated animals. N=4 mice per 
group.**P<0.01, as calculated by unpaired t-test. 

(G) Immunostaining for KLF4, ERG, and DAPI in from Klf2fl/fl and Prox1CreERT2+;Klf2fl/fl mice 4 
weeks post tamoxifen. Arrow indicates flow side of the valve. Scale bar = 50um. 

(H) Quantification of valve endothelial KLF4 in (G). *p<0.05, as calculated by unpaired t-test. 
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Figure S8: Proliferating cell cluster includes distinct populations of proliferating VEC and 
VIC 

(A) UMAP showing the annotated clusters from all timepoints and groups of 
Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice.  

(B) Feature Plots showing expression of Mki67, Cdh5 and Col1a1 within the proliferating cell 
cluster.  
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Figure S9: Smad2/3 target genes upregulated in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice 

(A) Violin plots showing the expression of genes upregulated in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl 
mice that are Smad2/3 target genes.  
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Figure S10: Transplantation of CCR2-deficient bone marrow does not prevent 
myxomatous valve formation in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice 

(A) H&E staining of mitral and tricuspid valve at day 14 post tamoxifen. Scale bar = 100um. 
(B) Quantification of valve leaflet area from histology in the indicated animals.  N=7 mice per 

group minimum. *p<0.05, **p<0.01, ****p<0.0001, as calculated by two-way ANOVA with 
Tukey’s multiple comparison tests. 
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Figure S11: Genetic loss of CCR2 does not prevent myxomatous valve formation in 
Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice 

(A) H-E staining of mitral and tricuspid valve at day 14 post tamoxifen. Scale bar = 100um. 
(B) Quantification of mitral valve leaflet area from histology in the indicated animals. N=4 

mice per group minimum. *p<0.05, as calculated by two-way ANOVA with Tukey’s 
multiple comparison tests. 
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(C) Quantification of tricuspid valve leaflet area from histology in the indicated animals. N=4 
mice per group minimum. ***p<0.001, ****p<0.0001, as calculated by two-way ANOVA 
with Tukey’s multiple comparison tests. 

(D) Immunostaining for GFP in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice with partial 
or complete loss of CCR2 at day 14 post tamoxifen. Scale bar = 100um.  

(E) Quantification of percentage of GFP+ cells in mitral valve leaflets at day 14 post 
tamoxifen. N=3 mice per group minimum. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001, 
as calculated by two-way ANOVA with Tukey’s multiple comparison tests. 

(F) Quantification of percentage of GFP+ cells in tricuspid valve leaflets at day 14 post 
tamoxifen. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001, as calculated by two-way 
ANOVA with Tukey’s multiple comparison tests. 

(G) Immunostaining for CD45 in Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice with partial 
or complete loss of CCR2 at day 14 post tamoxifen. Scale bar = 100um.  

(H) Quantification of percentage of CD45+ cells in mitral valve leaflets at day 14 post 
tamoxifen. N=3 mice per group minimum. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001, 
as calculated by two-way ANOVA with Tukey’s multiple comparison tests. 

(I) Quantification of percentage of CD45+ cells in tricuspid valve leaflets at day 14 post 
tamoxifen. N=3 mice per group minimum. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001, 
as calculated by two-way ANOVA with Tukey’s multiple comparison tests. 
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Figure S12: Genetic loss of CCR2 does not rescue myxomatous valve formation in 
Fbn1+/C1039G mice 

(A) H&E staining of tricuspid and mitral valves of Fbn1+/C1039G;Ccr2GFP/GFP  and 
Fbn1+/C1039G;Ccr2GFP/+  mice at 2 months of age. Scale bar = 100um. 

(B) Quantification of mitral valve leaflet area from staining in the indicated animals. N=3 
mice per group minimum. *p<0.05, **p<0.01, ***p<0.001, as calculated by two-way 
ANOVA with Tukey’s multiple comparison tests. 

(C) Quantification of tricuspid valve leaflet area from staining in the indicated animals. N=3 
mice per group minimum.  *p<0.05, **p<0.01, ***p<0.001, as calculated by two-way 
ANOVA with Tukey’s multiple comparison tests. 

(D) Immunostaining for GFP in Fbn1+/C1039G mice. Scale bar = 100um. 
(E) Quantification of percentage of GFP+ cells in mitral valve leaflets at 2 months of age. 

N=3 mice per group minimum. *p<0.05, **p<0.01, as calculated by one-way ANOVA with 
Tukey’s multiple comparison tests. 
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(F) Quantification of percentage of GFP+ cells in tricuspid valve leaflets at 2 months of age. 
N=3 mice per group minimum. *p<0.05, **p<0.01, as calculated by one -way ANOVA 
with Tukey’s multiple comparison tests. 

(G) Immunostaining for CD45 in Fbn1+/C1039G mice. Scale bar = 100um. 
(H) Quantification of percentage of CD45+ cells in mitral valve leaflets at 2 months of age. 

N=3 mice per group minimum. *p<0.05, **p<0.01, as calculated by one -way ANOVA 
with Tukey’s multiple comparison tests. 

(I) Quantification of percentage of CD45+ cells in tricuspid valve leaflets at 2 months of age. 
N=3 mice per group minimum. *p<0.05, **p<0.01, as calculated by one -way ANOVA 
with Tukey’s multiple comparison tests. LA, left atrium, RA, right atrium 
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Figure S13: Klf2/4 expression is unchanged in Fbn1C1039G/+ mice 

(A) Analysis of Klf2/4 expression from bulk RNA-sequencing of 5-month-old mitral valve 
from Fbn1C1039G/+ mice and controls from Kim et al 2021 (data retrieved from 
GSE137681). 

(B) Analysis of VEC Klf2/4 expression from scRNA-sequencing of 1-month-old mitral valve 
from Fbn1C1039G/+ mice and controls from Xu et al 2021 (data retrieved from 
GSE261874). 
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Figure S14: Cell-cell communication analysis of scRNAseq data from 
Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl and Klf2fl/fl;Klf4fl/fl mice 

(A) DotPlot of valve endothelial and valve interstitial cells from scRNAseq data showing 
expression of Cre recombinase, Tgfb1, and calculated SMAD score based on 
expression of established TGFb/SMAD2/3 target genes. Values are split by genotype 
(Ctrl: Klf2fl/fl;Klf4fl/fl and KO: Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl) and timepoint post tamoxifen (D4: 
day 4 post tamoxifen, D7: day 7 post tamoxifen, and D14: day 14 post tamoxifen). 

(B) Heatmap showing TGFb pathway signaling enrichment between different source and 
target cell types as calculated using CellChat. 

(C) Heatmap of top ranked ligands signaling to valve interstitial cells in 
Prox1CreERT2+;Klf2fl/fl;Klf4fl/fl mice compared to Klf2fl/fl;Klf4fl/fl mice determined through 
NicheNet. Ligands are prioritized as calculated by the area under the precision-recall 
curve (AUPR) between a ligand’s target predictions and the observed transcriptional 
response. 

(D) Top 4 prioritized ligands from (C) and predicted target genes based on NicheNet 
analysis are shown. Color scale indicates regulatory potential. 
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