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BACKGROUND: A hallmark of heart failure is cardiac fibrosis, which results from the injury-induced differentiation response of 
resident fibroblasts to myofibroblasts that deposit extracellular matrix. During myofibroblast differentiation, fibroblasts pro-
gress through polarization stages of early proinflammation, intermediate proliferation, and late maturation, but the regulators 
of this progression are poorly understood. Planar cell polarity receptors, receptor tyrosine kinase–like orphan receptor 1 and 
2 (Ror1/2), can function to promote cell differentiation and transformation. In this study, we investigated the role of the Ror1/2 
in a model of heart failure with emphasis on myofibroblast differentiation.

METHODS AND RESULTS: The role of Ror1/2 during cardiac myofibroblast differentiation was studied in cell culture models of 
primary murine cardiac fibroblast activation and in knockout mouse models that underwent transverse aortic constriction 
surgery to induce cardiac injury by pressure overload. Expression of Ror1 and Ror2 were robustly and exclusively induced 
in fibroblasts in hearts after transverse aortic constriction surgery, and both were rapidly upregulated after early activation of 
primary murine cardiac fibroblasts in culture. Cultured fibroblasts isolated from Ror1/2 knockout mice displayed a proinflam-
matory phenotype indicative of impaired myofibroblast differentiation. Although the combined ablation of Ror1/2 in mice did 
not result in a detectable baseline phenotype, transverse aortic constriction surgery led to the death of all mice by day 6 that 
was associated with myocardial hyperinflammation and vascular leakage.

CONCLUSIONS: Together, these results show that Ror1/2 are essential for the progression of myofibroblast differentiation and 
for the adaptive remodeling of the heart in response to pressure overload.
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Excessive fibrosis during pathological cardiac re-
modeling is a hallmark of heart failure and the 
response to cardiac injury. Cardiac fibrosis is the 

result of resident cardiac fibroblasts that undergo my-
ofibroblast differentiation to promote inflammation 
and secrete extracellular matrix in response to various 
forms of cardiac injury.1–4 Although injury-induced in-
flammation and matrix deposition is an adaptation to 
acute cardiac injury that can prevent the heart from 

rupture,5,6 excessive fibrotic deposition leads to ventri-
cle stiffness that impairs cardiac function.7–9 Recently, 
myofibroblast differentiation has been characterized as 
a transition through what is referred to as 3 phenotypic 
polarization stages: an initial proinflammatory pheno-
type, an intermediate proliferative phenotype, and a 
final mature phenotype.10 These polarization stages 
have specific functional differences. The proinflamma-
tory fibroblast recruits inflammatory cells to the cardiac 
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tissue in response to injury, the proliferative fibroblast 
undergoes cell division and deposits extracellular ma-
trix in response to transforming growth factor beta 
(TGF-β), and the mature myofibroblast maintains and 
strengthens the fibrotic deposits by expressing matrix 
remodeling proteins.11 A recent study using single-cell 
RNA sequencing to analyze murine interstitial cells after 
myocardial infarction revealed fibroblast populations 
consistent with these polarization states.12 Despite its 
importance, we have limited knowledge of the factors 
that control the passage of myofibroblast through the 
different stages of differentiation.

The receptor tyrosine kinase–Like orphan recep-
tors 1 and 2 (Ror1 and Ror2) have been evaluated for 
their roles in development and cell transformation.13–15 
These membrane proteins are most highly expressed 
in developing tissues,16 and mice lacking Ror1 display 
skeletal defects,17 whereas mice lacking Ror2 have im-
paired heart and limb development.18 Ror1 and Ror2 
expression can be reactivated in various cancers,19–24 

and knockdown or Ror1, Ror2, or both Ror1/2 in var-
ious transformed cell lines reduces their proliferation 
and migration.25–28 Additionally, Ror1 expression in sat-
ellite cells promotes proliferation and skeletal muscle 
regeneration after injury.29 These functions of Ror1/2 
may be linked to the ability of this receptor system to 
control the planar cell polarity signaling pathway. Planar 
cell polarity is the asymmetrical alignment of cells to 
coordinate directionality with neighboring cells and ex-
tracellular matrix.30 Proteins in the planar cell polarity 
pathway, including Ror1/2 and others (tyrosine-protein 
kinase–like 7; prickle homologue 1; Vang-like [Vangl] 
1 and 2, disheveled1, 2, and 3), regulate cell polarity 
by organizing the actin cytoskeleton and segregating 
proteins to opposite sides of the cell.31,32 In specific cell 
types, planar cell polarity can regulate proliferation, mi-
gration, and cell differentiation.33–38 Thus, it is tempting 
to speculate that planar cell polarity-mediated actin 
organization may be critical to myofibroblast function, 
and that it also functions as an integral step in the actin 
alignment-mediated signal transduction that promotes 
locomotion, contraction, and matrix reorganization 
during fibroblast differentiation.39

Components of the planar cell polarity pathway 
have been implicated in clinical and experiment heart 
failure.40–46 Most recently, Ror1 has been reported to 
be robustly upregulated in ischemic cardiomyopathy,47 
and Ror2 has been shown to be upregulated in right 
ventricular remodeling and heart failure.48 However, 
the role of Ror1/2 cell surface receptors in cardiac re-
modeling has not been addressed. While many of the 
functions attributed to Ror1 and Ror2 are shared by 
the process of cardiac fibroblast activation and differ-
entiation, the roles of Ror1 and Ror2 in myofibroblasts 
have not been investigated previously. In the course of 
our studies, we found that Ror1 and Ror2 were gen-
erally expressed at low levels in the nonchallenged 
adult mouse tissues. However, the expression of these 
proteins become markedly increased in activated fi-
broblast in response to injurious stimuli. Thus, in this 
study, we investigated the role of Ror1 and Ror2 in 
cardiac remodeling through in vivo mouse models of 
heart failure and in vitro cell culture models of cardiac 
myofibroblast differentiation.

METHODS
Data and Method Availability
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Mouse Strains
All animal experiments were approved by the Animal 
Care and Use Committees at Boston University and the 

CLINICAL PERSPECTIVE

What Is New?
•	 This study demonstrated that planar cell polarity 

receptors, receptor tyrosine kinase–like orphan 
receptor 1 and 2, are key mediators of early 
fibroblast induction in myocardial tissue that 
regulate the proinflammatory environment in a 
mouse model of pressure overload–induced 
heart failure.

What Are the Clinical Implications?
•	 A better understanding of the roles of receptor 

tyrosine kinase–like orphan receptor 1 and 2 in 
the control of fibroblast activation may provide 
opportunities to control myocardial inflamma-
tion and ultimately lead to better outcomes in 
patients with heart failure.

Nonstandard Abbreviations and Acronyms

LacZ	 beta-galactosidase
Ror1/2	 receptor tyrosine kinase like 

orphan receptor 1 and 2
TAC	 transverse aortic constriction
TGF-β	 transforming growth factor 

beta
Ubc-CreERT2	 ubiquitin C-driven Cre 

recombinase with tamoxifen-
inducible mutant human 
estrogen receptor (ERT2)

Vangl1/2	 Vang-like 1 and 2 ;
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University of Virginia. Ror1/2fl/fl+ubiquitin C-driven Cre 
recombinase with tamoxifen-inducible mutant human 
estrogen receptor (Ubc-CreERT2) mice were generated 
by combining Ror1 flox (Jackson Labs #018353,49), 
Ror2 flox (Jackson Labs #018354,49), and Ubc-CreERT2 
(Jackson Labs #008085,50) alleles, which are all in the 
B6 mouse background. Additionally, Ror2 expression 
β-galactosidase (LacZ) reporter mice (Ror2-LacZ,51) 
were used. Three mice per condition were used for 
fibroblast isolation experiments and 5 mice per con-
dition were used for transverse aortic constriction 
experiments.

Transverse Aortic Constriction Surgery
Cardiac pressure overload by transverse aor-
tic constriction (TAC) was performed as previously 
described.43 Briefly, surgery was performed on an-
esthetized mice where the aortic arch was accessed 
and constricted between the brachiocephalic artery 
and left common carotid artery. A 27-gauge spacer 
was placed parallel to the transverse aorta, and 8-0 
vicryl suture (ETHICON Catalog #J401G) was used to 
ligate the aorta. The spacer was removed, the surgi-
cal wounds were sutured, and the mouse was allowed 
to recover. Successful TAC surgery was confirmed by 
initial expansion of the brachiocephalic artery and sub-
sequent echocardiography measurements (FUJIFILM 
VisualSonics, Vevo 2100) at 0, 7, 14, and 28 days after 
TAC. Fractional shortening was quantified by M-mode 
images obtained by short-axis view visualizing both 
papillary muscles. Cardiac sectioning was performed 
by cardiac tissue isolation, fixation with 10% neutral 
buffered formalin for 24 hours, tissue dehydration, then 
paraffin embedding and sectioning. Cardiac tissue sec-
tions were either stained for 5-bromo-4-chloro-3-indol
yl-b-galactosidase (Xgal; Roche Catalog #XGAL-RO) or 
immunostained with rabbit antimouse polyclonal Ror2 
(provided by Dr Yasuhiro Minami, Kobe University) 
with DAB visualization (Vector Laboratories, Catalog 
#SK-4100), and counterstained with hematoxylin 
and eosin (Sigma-Aldrich, Catalog #HHS128-4L and 
#HT110180-2.5L, respectively). Protein lysates from 
TAC heart samples were isolated from cardiac tissue 
by 1% Triton-X supplemented with protease inhibitors 
and probed for rabbit antimouse polyclonal Ror1 (pro-
vided by Dr Michael Greenberg,49) rabbit antimouse 
monoclonal Ror2 (Cell Signaling Technology Catalog 
#88639), or β-actin (Cell Signaling Technology Catalog 
#4970) by western blot. Cardiac myocytes and cardiac 
fibroblasts were isolation in a langendorff apparatus as 
previously described.52 These primary cells were either 
used for gene expression analysis after RNA isolation 
and purification using primers listed in Table S1 from 
previous publications,53–57 or analyzed by flow cy-
tometry using the following fluorescently conjugated 

antibodies: CD45 (BioLegend Catalog #103126), mEF-
SK4 (Miltenyi Biotech Catalog #103-102-352), Ror2 
(R&D Systems Catalog #AF2064).

Primary Cardiac Cell Isolation and 
Fibroblast Passaging
Interstitial cells of cardiac tissue were isolated by di-
gestion and cell-type separation, based on previously 
published methods.58 Cardiac tissue, either healthy, 
sham-surgery, or TAC surgery, was isolated from euth-
anized mice, minced with scissors, and digested in di-
gestion media (HBSS with 0.1% trypsin and 100 U/mL 
collagenase type II) for 80 minutes. CD31+ endothe-
lial cells and CD45+ leukocytes were separated and 
purified by fluorescence-activated cvell sorting, with 
BV421 rat antimouse CD31 antibody (BD Biosciences 
Catalog #562939) and PerCP rat antimouse CD45 an-
tibody (BD Biosciences Catalog #561047). Fibroblasts 
were purified by plating on plastic tissue culture dishes 
for 2 hours in fibroblast growth medium 3 (PromoCell 
Catalog #c-23130), then media was refed to eliminate 
cells that had not stuck, leaving the fibroblasts on the 
tissue culture plate. Genes were assessed by RNA 
isolation (Qiagen RNeasy Kit Catalog #74104), reverse 
transcriptase conversion to DNA (Applied Biosystems 
cDNA Reverse Transcription Kit Catalog #4368814), 
and SYBR green detection (Applied Biosystems Fast 
SYBR Green Master Mix Catalog #43-856-16) with 
a quantitative PCR machine (Applied Biosystems 
QuantStudio 6). Primers for quantitative PCR are listed 
in Table  S1. Protein lysates were isolated by RIPA 
protein lysate buffer supplemented with protease in-
hibitors and probed for Ror1, Ror2, or β-actin with an-
tibodies listed above, or interleukin-6 (Abcam Catalog 
#ab179570). Cell proliferation of isolated cardiac fibro-
blasts was assessed by 5-ethynyl-2′-deoxyuridine EdU 
incorporation assay (Click-iT Plus EdU Flow Cytometry 
Assay Kit, Thermo Fisher Catalog #C10634) per manu-
facturer’s instructions with EdU incubation for 2 hours. 
Fibroblasts were further passaged and cultured in fi-
broblast growth medium 3.

Myofibroblast Induction
Isolated cardiac fibroblasts at passage (P)2 were 
treated with 10 ng/mL TGF-β1 (R&D Systems Catalog 
#240-B) in fibroblast growth medium 3 for 4 days to 
assess myofibroblast differentiation. Gene expression 
was assessed as described above using primers listed 
in Table S1. Immunofluorescent staining of Acta2 (Cell 
Signaling Technologies Catalog #36110) and DAPI 
(Thermo Fisher Catalog #62248) was performed by 
culturing cells in 4-well chamber slides (Thermo Fisher 
Catalog #154526PK) with 10 ng/mL TGF-β1 in fibro-
blast growth medium 3 for 4  days, fixation with 4% 
paraformaldehyde for 20  minutes, permeabilization 
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with PBS-T (PBS+0.1% Tween20), incubation with fluo-
rescent Acta2 antibody, then counterstain with DAPI. 
Immunostained cells were imaged by confocal micros-
copy (Leica SP8). Acta2 fiber alignment and Acta2 flu-
orescence intensity were quantified by ImageJ (version 
2.0.0).

Bulk RNA Sequencing
Primary cardiac fibroblasts were isolated as described 
above from either control mice (Ror1/2fl/fl) or Ror1/2 
knockout mice (Ror1/2fl/fl+Ubc-CreERT2) after injec-
tion with tamoxifen (Sigma-Aldrich Catalog #T5648) 
when mice were 6 to 8 weeks old. Each isolation 
pooled 4 hearts from mice of the same litter, with the 
same male:female ratio variation between control and 
Ror1/2 knockout samples. Mice were bred between 
a Ror1/2fl/fl genotype and a Ror1/2fl/fl+Ubc-CreERT2 
genotype to generate ≈50% control mice and ≈50% 
Ror1/2 knockout mice per litter, allowing for littermate 
paired samples. Specifically, isolations of control and 
Ror1/2 knockout mice were performed on 4 differ-
ent litters with paired samples from the same litters 
(Ex: control sample 1 and Ror1/2 knockout sample 
1 used hearts from mice of the same litter). Primary 
cardiac fibroblasts were grown for 9 days in culture, 
then RNA lysate was isolated and purified. Purified 
RNA was submitted to the University of Virginia 
Genome Analysis and Technology Core for whole 
transcriptome sequencing by first library preparation 
with NEBNext Ultra II Directional RNA Library Prep Kit 
for Illumina (NEB Catalog #E7760) and then sequenc-
ing by Illumina NextSeq 500 Sequencing System 
for paired-end 75-base pair reads. Programs were 
used with standard inputs for bioinformatic analy-
sis: raw read data was quality checked with FastQC 
(Babraham Bioinformatics), preprocessed to filter out 
Illumina primer sequences, and aligned with Kallisto59 
to generate estimated counts, normalized by log2 
transformation and filtered low-abundance genes 
with Sleuth,60 analyzed for gene expression by tran-
scripts per million reads and differential expression 
with Sleuth by the likelihood ratio test, and analyzed 
for gene ontology term enrichment with Generally 
Accepted Gene-set Enrichment.61 Aligned and nor-
malized sequencing results and gene ontology term 
enrichment results are provided in Data S1 and S2.

Immunophenotyping of Cardiac Tissue
Cardiac tissue was isolated after sham or TAC surgery. 
Tissue was digested with collagenase I (450 U/mL), col-
lagenase XI (125 U/mL), DNase I (60 U/mL), and hyalu-
ronidase (60 U/mL), and the isolated cells from digested 
tissue were immunostained with fluorescently conju-
gated antibodies against CD45-Pacific Blue, 30-F11 
(BioLegend Catalog #103126), Ly6G-PE, 1A8 (BioLegend 

Catalog #127618), CD11b-APC-Cy7, M1/70 (BioLegend 
Catalog #101226), F4/80-PE-Cy7, BM8 (BioLegend 
Catalog #123114), and Ly6C-FITC, HK1.4 (BioLegend 
Catalog #128006). Dead cells were excluded by staining 
with DAPI. Immunostained fluorescent cells were ana-
lyzed by flow cytometry using a BD LSR II flow cytom-
eter (BD Bioscience). Additionally, isolated cardiac tissue 
was lysed and analyzed for inflammatory cytokines 
interleukin-1β, inrerleukin-6, and C-C motif chemokine 
ligand 2 by quantitative reverse transcription PCR. Real-
time PCR primers are listed in Table S1.

Evans Blue Staining
Vascular permeability of the heart after pressure over-
load was evaluated by the extent of the leakage of 
Evans blue dye (Sigma-Aldrich Catalog #E2129). Mice 
were euthanized 30 minutes after tail-vein injection of 
1% w/v in 0.9% saline. Dyes were allowed to circulate 
throughout the body during this period.

Statistical Analysis
Analysis of means between groups with a sample 
size of 4 to 6 in each group was performed using ei-
ther a Mann-Whitney test for comparison between 2 
groups or a Kruskal-Wallis test followed by a Dunn’s 
multiple comparison corrected post hoc test for com-
parison among 3 or more groups by Prism (GraphPad 
Software, Inc., San Diego, CA). Otherwise, statistical 
analysis of means between groups was performed 
using either a standard 2-tail Student t test or a 2-way 
ANOVA test followed by a Tukey’s multiple comparison 
corrected post hoc test by Prism. Statistical analysis 
of gene set enrichment in gene ontology analysis used 
the statistical tests in the Generally Accepted Gene-
set Enrichment package. Other statistical tests are de-
scribed in figure legends. All statistical analysis of RNA 
sequencing data sets was performed through com-
putational analysis packages, which contain statistical 
corrections for large data sets.

RESULTS
Transverse Aortic Constriction Induces 
Early Ror1/2 Expression in Cardiac Tissue
Cardiac pressure overload in the mouse model of TAC 
induces fibroblast activation and myocardial remod-
eling, including initial inflammation (1–3 days after TAC), 
extracellular matrix remodeling (3–14 days after TAC), 
and eventual heart failure (14–28  days after TAC).62 
Thus, cardiac tissue was analyzed before and after TAC 
surgery to investigate the expression patterns of Ror1 
and Ror2 during the remodeling time course. The TAC 
surgery model was initially performed on Ror2-LacZ 
mice that has the LacZ reporter gene knocked in to the 
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Ror2 locus.51 There was no detectable Ror2-mediated 
LacZ expression in uninjured, or sham-operated mice 
(Figure  1A and not shown), but β-galactosidase ex-
pression was markedly induced at 7  days after TAC 
(Figure  1B). Immunohistochemical analysis revealed 
that Ror2 protein was concentrated in cells of the in-
terstitial space of the myocardial tissue at 7 days after 
TAC (Figure 1C). Next, we determined the time course 
of Ror1 and Ror2 protein induction after TAC surgery 
by western blot analysis of protein lysates from cardiac 
tissue. The expression of both Ror1 and Ror2 pro-
tein was increased by 3 days after TAC, peaking at 7 
days, and then decreasing at 14 and 28 days after TAC 
(Figure 1D).
To determine the cell type(s) that express Ror1 and 
Ror2, RNA was isolated from endothelial cells, leuko-
cytes, and fibroblasts from sham-operated and TAC-
treated hearts 7  days after surgery, and quantitative 
PCR was performed to detect the levels of relevant 
transcripts. Ror1 and Ror2 transcript expression was 
detected in the activated cardiac fibroblasts at 7 days 
after TAC, but not in the endothelial or leukocyte cell 
populations (Figure 1E, Figure S1). Ror2 protein expres-
sion was also detected in fibroblasts after TAC surgery 
by flow cytometry (Figure S2). Overall, the timing, loca-
tion, and cell-specific gene expression patterns sug-
gest that both Ror1 and Ror2 are induced during the 

activation and expansion of cardiac fibroblasts that oc-
curs in response to pressure overload–induced myo-
cardial remodeling.

Ror1 and Ror2 Are Induced During Early 
Cardiac Fibroblast Activation
The induction of Ror1/2 during myofibroblast differ-
entiation was also investigated in cultured cells using 
isolated murine cardiac fibroblasts. Fibroblasts from 
wild-type murine hearts were attached to cell culture 
plates, flattened, and expanded over 9 days after iso-
lation (Figure  S3). RNA expression of key genes in-
creased at different rates during this activation time 
course (Figure  2A). As expected, Fsp1 (fibroblast-
specific protein 1) was induced by day 3 and the fibro-
blast activation genes Slug and Snail increased at day 
9. Both Ror1 and Ror2 increased over this time course, 
but the induction of Ror2 preceded that of Ror1. The 
planar cell polarity protein transcript tyrosine-protein 
kinase–like 7 increased by day 3 and continued to in-
crease at days 6 and 9, but Prickle and Vangl2 dis-
played no statistically significant change in expression. 
Protein analysis of Ror1 and Ror2 by western immu-
noblot in cardiac fibroblasts at day 0 and day 9 after 
isolation confirm the upregulation of both proteins in 
cell culture (Figure S4).

Figure 1.  Ror1 and Ror2 expression after transverse aortic constriction in mice.
Cells expressing Ror2 in cardiac tissue were visualized in Ror2-LacZ mice 28 days after (A) sham surgery or (B) TAC surgery. C, 
Protein localization was visualized in cardiac tissue 7 days after TAC by immunohistochemistry for Ror2. D, Ror1 and Ror2 protein 
expression was measured by western blot at various days after TAC surgery (β-actin as a loading control). Images are representative 
of >3 replicates per experiment. E, Endothelial cells, leukocytes, and fibroblasts were isolated 7 days after sham or TAC surgery, 
and RNA expression of relevant genes was quantified (bars represent mean±SD, sample size=4 per group, Kruskal-Wallis P values: 
Fsp1=0.0013, Acta2=0.0004, Postn=0.0014, Ror1=0.0016, Ror2=0.0002). A.U., arbitrary units; ICH, immunohistochemistry; LacZ, β-
galactosidase; Ror, receptor tyrosine kinase–like orphan receptor; and TAC, transverse aortic constriction. *p<0.05.

A B C D

E
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Next, myofibroblast differentiation was stimulated in 
these cultures by treatment with TGF-β1. Myofibroblast 
differentiation could be detected by cell enlargement 
and SMα-actin filament elongation (Figure 2B and 2C). 
However, in contrast to the earlier stage of fibroblast 
activation, TGF-β1 treatment did not lead to a further 
increase in Ror1 or Ror2 expression. On the other 
hand, hallmarks of myofibroblast differentiation could 

be observed following TGF-β1 treatment including the 
increased transcript expression of myofibroblast dif-
ferentiation proteins Acta2 and Postn, and decreased 
expression of the cytokines interleukin-6 and tumor 
necrosis factor-α (Figure 2D). Together, these data sug-
gest that the induction of Ror1/2 is an early event during 
fibroblast activation, and that their expression is not al-
tered at the later stages of myofibroblast differentiation.

Figure 2.  Induction of Ror1 and Ror2 during early fibroblast activation and induction of 
myofibroblast differentiation of murine cardiac fibroblasts.
Murine cardiac fibroblasts were isolated from healthy cardiac tissue of C57Bl6 mice. A, RNA expression of 
genes associated with fibroblast identity, fibroblast activation, Ror1/2 receptors, and planar cell polarity 
was quantified over time (bars represent mean±SD, sample size=3 per group, Kruskal-Wallis P values: 
Fsp1=0.0003, Slug=0.0014, Snail=0.0003, Ror1=0.0014, Ror2=0.0014, Ptk7=<0.0001, Prickle=0.0020, 
Vangl2=0.0137). Friedman test P values for overall effect of time: Fsp1=0.002, Slug=0.017, Snail=0.002, 
Ror1=0.017, Ror2=0.148, Ptk7=0.002, Prickle=0.017, Vangl2=0.054. Cardiac myofibroblasts at passage 
2 were stained for ⍺-smooth muscle actin fibers after (B) control and (C) TGF-β1 treatment. D, RNA 
expression of genes associated with myofibroblast differentiation, inflammation, and Ror1/2 receptors 
was quantified in control and TGF-β1 treated fibroblasts (bars represent mean±SD, sample size=3 per 
group, Student t test P values: Acta2=0.0078, Postn=0.0379, IL-6=0.0487, Tnfa=0.0939, Ror1=0.9921, 
Ror2=0.2313). A.U., arbitrary units; DAPI, 4′,6-diamidino-2-phenylindole; Ror indicates receptor tyrosine 
kinase–like orphan receptor; and TGF-β1, transforming growth factor beta. *p<0.05.

Figure 3.  Ror1/2-mediated early fibroblast activation in primary murine cardiac fibroblasts.
Primary cardiac fibroblasts were isolated from healthy control and transgenic Ror1/2 double-knockout mice transcriptional phenotype 
was assessed by bulk RNA sequencing. A, RNA transcript reads of specific genes related to planar cell polarity, inflammatory cytokines, 
proliferation and cell division, extracellular signal-related kinase 1/2 signaling, matrix remodeling, natriuretic signaling, and myofibroblast 
differentiation were quantified as normalized Z score (4 samples for each genotype). B, Gene ontology analysis of differential gene 
expression between control and Ror1/2 knockout cardiac fibroblasts showed the top 10 upregulated and downregulated terms by q 
value, with terms grouped by color: cell activation in orange, inflammation in red, proliferation in green, and microtubule regulation 
in black (bars represent mean±SEM, q values obtained through Generally Applicable Gene-set Enrichment for Pathway Analysis, 
or GAGE, statistical algorithms). C, Significance vs fold change of each gene between control and Ror1/2 knockout samples was 
visualized by volcano plot, with genes in each gene ontology term highlighted in corresponding colors (all other genes in gray), and 
specific genes related to planar cell polarity, inflammation, and proliferation were highlighted and labeled. D, 5-ethynyl-2′-deoxyuridine 
(EdU) incorporation assay after 2 hours of EdU incubation determined rate of proliferation in control and Ror1/2 knockout cardiac 
fibroblasts (bars represent mean±SD, sample size=3 per group, Student t test P=0.0054). ERK, iextracellular signal-regulated kinase; 
GO, gene ontology; KO, knock out; pos reg, positive regulation; and Ror indicates receptor tyrosine kinase–like orphan receptor. 
*p<0.05.
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Ror1/2 Double-Knockout Fibroblasts 
Exhibited an Immature Cardiac 
Myofibroblast Phenotype
We next investigated the role of Ror1/2 in fibroblast 
activation in the fibroblast cell culture system using pri-
mary cardiac fibroblast cells isolated from control or 
Ror1/2 knockout mice. Ror1/2 was eliminated in adult 

mice through an inducible transgenic knockout strat-
egy by crossing Ror1/2fl/fl and Ubc-CreERT2 mice and 
treating the progeny with tamoxifen for 2 weeks. These 
mice displayed no observable phenotype, and they had 
a normal cardiac phenotype 3 months after the induc-
tion of gene ablation (Figure S5). Primary cardiac fibro-
blasts were isolated from control or Ror1/2 knockout 
mice and grown to confluence. RNA was then isolated, 
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and next-generation RNA sequencing was performed. 
Many genes associated with a manually curated net-
work of fibrosis and fibroblasts63,64 were differentially 
regulated between control and Ror1/2 knockout fi-
broblasts (Figure 3A). As expected, cells were largely 
void of Ror1 and Ror2 transcripts, and the planar cell 
polarity gene Ptk7, Vangl1, Vangl2, Prickle1, Dvl1, Dvl2, 
Dvl3) were generally reduced in the Ror1/2 knock-
out fibroblasts. Notably, Ror1/2 knockout fibroblasts 
showed an increase in inflammatory cytokine gene 
expression (Il1a, Il6, Tnfa, Ccl2) and a decrease in tran-
scripts associated with cell proliferation (Pcna, Mki67, 
Cdk1, Cdk2, Cdk4, Cdk6). Additionally, transcripts as-
sociated with the promotion of fibrosis in the extra-
cellular signal-related kinase 1/2 signaling and matrix 
remodeling pathways were downregulated (Map2k3, 
Map3k1, Map3k5, Mapk14, Mapk8, Timp1, Timp2), 
and transcripts associated with the inhibition of fibro-
sis in the matrix remodeling and natriuretic signaling 
pathways were upregulated (Mmp2, Mmp9, Mmp14, 
Nppa, Nppb, Npr1, Npr2, Npr3). Analysis of the top 10 
upregulated and downregulated gene ontology terms 
between control and Ror1/2 knockout fibroblasts re-
vealed the strong induction of inflammation-related 
pathways and an inhibition of proliferation-related and 
microtubule organization-related pathways (Figure 3B). 
The specific genes included in these groupings were 
highly differentially expressed between control and 
Ror1/2 knockout fibroblasts, along with planar cell 
polarity genes, inflammatory genes, and proliferation 
gene Mki67 also shown (Figure 3C). The reduction in 
cell proliferation in the Ror1/2 knockout fibroblasts was 
documented by EdU incorporation assay, showing 
≈10% reduction in EdU+ cells during the 2-hour Edu 
incubation period (Figure  3D). To the extent that the 
cell culture system models the early activation of fibro-
blasts, Ror1/2 dual deficiency led to the upregulation 
of inflammation pathways and downregulation of path-
ways associated with matrix production, proliferation, 
and microtubule organization. Collectively, these data 
are consistent with a cellular fibroblast phenotype that 
appears to be stalled in the proinflammatory polariza-
tion state, suggesting that Ror1 and Ror2 are required 
for the progression of fibroblasts from this immature 
state to the intermediate proliferative state.10

Ror1/2 Double-Knockout Fibroblasts Are 
Less Responsive to TGF-β1–Induced 
Myofibroblast Maturation
Previous findings showed that activated fibroblasts in 
the early proinflammatory state are less responsive to 
TGF-β stimulation than fibroblasts in the intermediate 
proliferative state.10 Thus, to investigate whether the 
Ror1/2 knockout fibroblasts are functionally stalled in 
an initial proinflammatory phenotype, we compared 

the responsiveness of control and Ror1/2-knockout 
fibroblasts to TGF-β1–induced myofibroblast differ-
entiation. In control fibroblasts, TGF-β1 treatment led 
to gene expression changes that are consistent with 
myofibroblast differentiation (increased Acta2 and 
Postn, decreased interleukin-6). However, Ror1/2 
knockout fibroblasts displayed diminished Acta2 and 
Postn induction and no decrease in interleukin-6 after 
TGF-β1 treatment when compared with control fibro-
blasts (Figure 4A, Figure S6A and S6B). Western blot 
analysis of interleukin-6 protein levels confirmed that 
interleukin-6 protein is upregulated in Ror1/2 knockout 
fibroblasts and that TGF-β1 treatment reduced inter-
leukin-6 expression in control but not in Ror1/2 knock-
out fibroblasts (Figure 4B and 4C).
Next, TGF-β1–treated control and Ror1/2 knockout fi-
broblasts were visualized after Acta2 immunostaining. 
Although treatment with TGF-β1–induced similar fi-
broblast cell enlargement between control and Ror1/2 
knockout fibroblasts (control=0.073±0.016  mm2, 
Ror1/2 knockout=0.071±0.010  mm2; P=0.92), the 
Acta2 fibers appeared misaligned and disorganized 
in the Ror1/2 knockout fibroblasts compared with 
the Acta2 fiber alignment in the control fibroblasts 
(Figure  4D). Quantification of the directional angle of 
individual Acta2 fibers within each cell showed that 
the Acta2 fibers in the Ror1/2 knockout fibroblasts 
were significantly less aligned with each other than 
the Acta2 fibers in the control fibroblasts (Figure 4E). 
Quantification of overall Acta2 fluorescent intensity 
revealed that Ror1/2 deficiency led to diminished 
TGF-β1–induced Acta2 expression at the protein 
level (Figure S6C). Taken together, these results show 
that Ror1/2 knockout fibroblasts are less responsive 
to TGF-β1, a feature that is consistent with the notion 
that these cells are in the less mature, proinflamma-
tory state. These results further suggest that the planar 
cell polarity signaling pathway may be critical for actin 
alignment during fibroblast maturation.

TAC Induces Hyperinflammation, Rapid 
Heart Failure, and Death in Ror1/2 
Double-Knockout Mice
To investigate the role of Ror1/2 in cardiac tissue re-
modeling in vivo, the inducible Ror1/2 double-knockout 
mice (Ror1/2fl/fl+Ubc-CreERT2) were treated with ta-
moxifen for 2  weeks and subjected to TAC. Ror1/2 
double-knockout mice displayed a rapid decline in 
heart function after TAC, as observed by echocardi-
ography measurements at 3 days after TAC (Figure 5A 
and 5B). This rapid development of systolic dysfunc-
tion was associated with death of the Ror1/2 double-
knockout mice between 4 and 6 days after TAC 
(Figure  5C). Consistent with the heart failure pheno-
type, the TAC-treated, Ror1/2 double-knockout mice 
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displayed marked increases in heart and lung weights 
(Figure S7).
Hematoxylin and eosin staining of heart sections 
revealed a massive inflammatory infiltrate in the 

Ror1/2 double-knockout mice after TAC (Figure  6A). 
Inflammatory cell infiltration was further character-
ized by flow cytometry analysis of cells isolated from 
digested cardiac tissue at 3  days after TAC. This 

Figure 4.  Ror1/2-mediated response to myofibroblast differentiation induced by TGF-β1.
Myofibroblast differentiation was induced by treatment with 10 ng/mL TGF-β1 for 4  days. A, RNA 
expression of myofibroblast-related (Acta2 and Postn) and inflammation-related (interleukin-6) genes 
was quantified in control and Ror1/2 knockout fibroblasts (bars represent mean±SD, sample size=3 
per group, Kruskal-Wallis P values: Acta2=0.0006, Postn<0.0001, Il6=0.0006). B, Protein levels of 
interleukin-6 were visualized by Western blot in control and Ror1/2 knockout fibroblasts after TGF-β1 
induction (representative blot shown), quantification of 3 replicates in (C) (bars represent mean±SD, 
sample size=3 per group, Kruskal-Wallis P=0.0006). D, ⍺-Smooth muscle actin filaments were visualized 
by immunofluorescent staining of subconfluent cells in control and Ror1/2 knockout fibroblasts, and 
(E) alignment of ⍺-smooth muscle actin filaments was quantified and normalized per cell (461 filament 
angles in control, 717 filament angles in Ror1/2 knockout, lines on graph represent contingency table of 
10-degree bins for 19 total bins, chi-square P value for testing numbers in bins <0.0001). A.U., arbitrary 
units; KO, knock out; ns, not significant; Ror, receptor tyrosine kinase–like orphan receptor; and TGF-β1, 
transforming growth factor beta. *p<0.05, ****p<0.0001.
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analysis revealed a large increase in the number of 
CD11b+Ly6G+ neutrophils, CD11b+Ly6G-F4/80+ 
macrophages, and CD11b+Ly6G-Ly6C+ monocytes 
in the Ror1/2 double-knockout mice compared with 
wild-type mice treated by TAC (Figure  6B and 6C). 
In Ror1/2 double-knockout mice, TAC also caused 
a large induction of proinflammatory cytokine gene 
transcripts including Il1b, Il6, and Ccl2 (Figure  6D). 
Notably, vascular leakage could also be detected after 
TAC in the Ror1/2 double-knockout mice as indicated 
by the permeability of the myocardium to Evans Blue 
dye (Figure 6E). These data reveal that the hearts of 
TAC-treated, Ror1/2 double-knockout mice are hyper-
inflammatory. This phenotype is consistent with the 

notion that Ror1/2 is essential for the progression of 
fibroblast maturation from the initial proinflammatory 
stage during their activation sequence.

DISCUSSION
Through these experiments, we examined the roles of 
the cell surface receptors Ror1 and Ror2 in cardiac 
myofibroblast differentiation. We found that Ror1 and 
Ror2 are upregulated in fibroblasts early after activa-
tion, both in vivo by pressure overload cardiac injury 
induced by TAC surgery and in cardiac fibroblast 
cell culture. Multiple lines of data indicate that dual 
Ror1/2 deficiency impairs myofibroblast differentiation. 

Figure 5.  Early heart failure in transgenic Ror1/2 double-knockout mice after TAC surgery.
A, Transgenic Ror1/2 double-knockout and control mice were subjected to TAC surgery, and cardiac output was imaged by 
echocardiography (n=9 mice were used per group in each experimental condition). B, Cardiac output factors were quantified: 
fractional shortening (FS), left ventricular posterior wall thickness at end diastole (LVPWTd), left ventricular diameter at end systole 
(LVDs), and left ventricular diameter at end diastole (LVDd) (graphs represent mean±SEM, sample size=5, Mann-Whitney P values 
at day 3: FS, %=0.0079, LVPWTd, mm=0.8413, LVDs, mm=0.0079, LVDd, mm=0.0079). C, Survival of Ror1/2 double-knockout mice 
and control mice after TAC surgery was recorded each day (sample size=10 per group, log-rank [Mantel-Cox] test P<0.0001). Ror 
indicates receptor tyrosine kinase–like orphan receptor; TAC, transverse aortic constriction; and Ubc-CreERT2, ubiquitin C-driven Cre 
recombinase with tamoxifen-inducible mutant human estrogen receptor. *p<0.05.
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Figure 6.  Inflammation response in transgenic Ror1/2 double-knockout mice after TAC surgery.
Inflammatory profile of control and transgenic Ror1/2 double-knockout mice was assessed after TAC or sham surgery (n=5 mice 
were used per group in each experimental condition). A, Hematoxylin and eosin staining of cardiac tissues 3 days after TAC were 
imaged. B, Cells were isolated from cardiac tissue and relative quantity of leukocyte populations were determined by flow cytometry, 
(C) quantified by absolute number (bars represent mean±SEM, sample size=5 per group, Mann-Whitney P values: neutrophil=0.0079, 
monocyte=0.0079, macrophage=0.0079). D, Gene expression of proinflammatory cytokines in cardiac lysate was measured (bars 
represent mean±SEM, sample size=5 per group, Kruskal-Wallis P values: Il1b=0.0004, Il6=0.0030, Ccl2=0.0011). E, Vascular 
permeability at 1 day after TAC was assessed by Evans Blue dye injection, with vascular leakage visualized by blue dye in the cardiac 
tissue. Ror indicates receptor tyrosine kinase–like orphan receptor; TAC, transverse aortic constriction; and Ubc-CreERT2, ubiquitous 
cre recombinase estrogen receptor (tamoxifen-inducible). *p<0.05.
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Specifically, cultured Ror1/2 knockout fibroblasts ex-
hibited an immature, proinflammatory state, and they 
were impaired in their response to TGF-β1 stimulation. 
Additionally, while mice lacking Ror1/2 did not exhibit a 
baseline phenotype, they were unable to acutely adapt 
to pressure overload cardiac injury. In response to 
TAC, these mice underwent profound decompensated 
remodeling by 3 days, and they typically died within 6 
days of surgery. Collectively, these results suggest that 
the early induction of Ror1/2 in fibroblasts is essential 
for the appropriate myofibroblast differentiation and re-
quired for the myocardium to adapt to the initial stages 
of pressure overload injury.

The phenotype of the Ror1/2 double-knockout mice 
highlighted a critical role for Ror1/2 in controlling the 
inflammatory phenotype of fibroblasts during the early 
stages of cardiac remodeling. The rapid upregulation 
of cytokines in response to TAC injury leads to the in-
filtration of neutrophils and monocyte-derived macro-
phages.43,65 Several recent studies have highlighted 
the role of fibroblasts in promoting inflammation during 
the initial phases of the cardiac remodeling response 
to myocardial infarction10,12 and pressure overload.66,67 
Our results expand on these studies by showing that 
fibroblasts lacking Ror1/2 appear to be phenotypically 
similar to fibroblasts in the transient, proinflammatory 
state that occurs early in the fibroblast differentiation 
continuum following experimental myocardial infarc-
tion.10 Transcriptomic analyses of cultured cardiac 
fibroblasts revealed that Ror1/2 deficiency was asso-
ciated with a decrease in pathways that promote fi-
brosis (proliferation genes, extracellular signal-related 
kinase 1/2 signaling genes, tissue inhibitors of matrix 
metalloproteinases, and mothers against decapenta-
plegic homolog 2/3) and an increase in pathways that 
inhibit fibrosis (inflammatory cytokines, matrix metal-
loproteinases, and natriuretic signaling genes). These 
differences in gene expression suggest that the Ror1/2 
knockout fibroblasts are in an immature state that is 
proinflammatory, leukocyte-recruiting and less respon-
sive to fibrotic stimuli. We confirmed this by showing 
that Ror1/2 knockout fibroblasts were less responsive 
to TGF-β1 compared with control fibroblasts, display-
ing reduced induction of Acta2 and Postn gene expres-
sion and diminished repression of Il6 gene expression. 
Thus, we propose that Ror1/2 deficiency causes ac-
tivated fibroblasts to stall in an early proinflammatory 
state of differentiation such that they are unable to ef-
ficiently transition to the intermediate proliferative state 
and mature homeostatic state. Consistent with this hy-
pothesis, we found that Ror1/2 double-knockout mice 
exhibit a hyperinflammatory phenotype associated 
with elevated cytokine transcript expression, exuber-
ant inflammatory cell infiltration, and vascular leak-
age within 3 days of TAC surgery. We speculate that 
the premature cardiac mortality observed in Ror1/2 

knockout mice after TAC is attributable to fibroblast-
mediated vascular dysfunction that leads to excessive 
leukocyte recruitment and the subsequent impairment 
of cardiac contraction. This hypothesis can be rigor-
ously tested by models that ablate these genes in spe-
cific fibroblast subtypes. While recent studies using 
single-cell RNA sequencing have highlighted the large 
diversity of fibroblast cell types in the heart,12,68,69 our 
study does not identify the fibroblast subtype(s) that 
upregulate Ror1/2. Future studies should address this 
important issue. Collectively, the results in this study 
highlight the critical role of early Ror1/2 induction in the 
control of the early inflammatory response in the in-
jured myocardium, and they suggest that hyperinflam-
matory activated fibroblasts can have a detrimental 
role in myocardial remodeling.

In myofibroblasts, appropriate α-smooth mus-
cle actin stress fiber organization is required for the 
transduction of signaling responses to external stim-
uli,39 and the misalignment of α-smooth muscle actin 
stress fibers is associated with dysregulated myofi-
broblast differentiation.70,71 Consistent with the notion 
that Ror1/2 induction is essential for myofibroblast 
differentiation, we find that Ror1/2 deficiency leads to 
α-smooth muscle actin filament misalignment in TGF-
β1-treated fibroblasts. Ror1/2 signaling can control 
stress fiber alignment, myofibroblast differentiation, 
and other cellular phenotypes through the regulation of 
upstream and downstream planar cell polarity compo-
nents.13,40,43,46,56,72–74 This system involves the partici-
pation of inner plasma membrane proteins associated 
with Ror1/2 that control cell polarity and asymmetric 
cell division through the regulation of actin filament 
organization by the action of the small guanosine tri-
phosphatases RhoA and Rac.31,32 Our work is con-
sistent with other studies that have implicated planar 
cell polarity proteins in myofibroblast differentiation, 
including the reported induction of Frizzled2 in myo-
fibroblasts after experimental myocardial infarction75 
and hypoxia-mediated suppression of myofibroblast 
differentiation through RhoA inhibition.76 Furthermore, 
ablation of mothers against decapentaplegic homolog 
3, a key signaling protein downstream of TGF-β car-
diac fibroblasts,77 will lead to the suppression of RhoA 
and a disruption of actin alignment.71 The coregulation 
of Ror1/2 and components of planar cell polarity sig-
naling in activated cardiac fibroblasts suggests that 
asymmetrical cell division plays a role in myofibroblast 
differentiation. Consistent with this notion, the planar 
cell polarity pathway has been shown to influence actin 
filament assembly, cell structure, and asymmetrical 
cell division in various cell types and organisms.41,78–82 
Together, these results suggest a potential role of pla-
nar cell polarity signaling in mediating stress fiber or-
ganization and TGF-β responses in activated cardiac 
fibroblasts.
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We acknowledge that Ror1/2 double-deficient mice 
were constructed using a global knockout strategy 
that employed ubiquitin-CreERT2. As discussed, these 
mice lack a baseline phenotype, yet undergo rapid de-
compensated heart failure and death in response to 
pressure overload. Although we cannot rule out the 
contribution of other cell types lacking Ror1/2 to this 
phenotype, we note that Ror1/2 expression appears 
specific to activated cardiac fibroblasts under these 
conditions. Our experimental evidence in support of 
this include that expression of Ror1/2 was greatly in-
creased after TAC-induced cardiac injury in the inter-
stitial cells of the myocardium, and the TAC-induced 
upregulation of Ror1/2 gene expression was specific to 
fibroblasts with no Ror1/2 induction in endothelial cells 
or leukocytes. Consistent with these findings, a number 
of other studies have reported Ror1 and Ror2 expres-
sion in activated fibroblasts or fibroblast-like cells,12,83–86 
and a recent proteomic analysis of the human heart re-
ported that ROR1 expression was 200-fold higher in 
than cardiac fibroblasts than other cardiac cell types.87 
In addition, studies with isolated fibroblasts further cor-
roborate the in vivo observations. These in vitro studies 
documented the robust expression of Ror1/2 and asso-
ciated planar cell polarity protein transcripts (tyrosine-
protein kinase–like 7; Vangl1 and 2; prickle homologue 
1; and disheveled 1, 2 and 3) in activated cardiac fibro-
blasts, and showed that the ablation of Ror1/2 leads 
to a proinflammatory phenotype that is consistent with 
the cardiac phenotype of the Ror1/2-deficient mouse 
following TAC surgery.

CONCLUSIONS
Cardiac fibroblasts are sentinel cells in the heart that 
respond to early injury by adopting a proinflamma-
tory and leukocyte-recruiting phenotype, followed by 
their transition to a reparative/proliferative phase that 
is proangiogenic and profibrotic, and followed by a ho-
meostatic phase. Our study reveals the critical role that 
the cell surface receptors Ror1 and Ror2 play in allow-
ing myofibroblasts to appropriately transition through 
these phases. While the deficiency of these pro-
teins has no detectable baseline phenotype, Ror1/2-
deficient fibroblasts activated by pressure overload 
appears stalled in the early phase of the fibroblast dif-
ferentiation continuum—a stage of differentiation that 
is highly proinflammatory. Further analysis of the injury-
induced, hyperinflammatory phenotype of the Ror1/2 
double-knockout mice may provide a greater window 
of understanding of how excessive inflammation con-
tributes to pathological cardiac remodeling. Elevated 
inflammation is predictive of worse outcomes in pa-
tients with heart failure,88,89 and recent clinical trials 
of anti-inflammatory therapies targeting interleukin-1β 

and interleukin-1R1 have shown promising results in the 
treatment of this condition in some patient groups.90–92 
Our results suggest that impairments in planar cell 
polarity-mediated regulation of myofibroblast differen-
tiation could have a causative role in the development 
of excessive inflammation that is associated with heart 
failure. Therefore, a better understanding of the molec-
ular mechanisms that regulate the progression of my-
ofibroblast differentiation could provide opportunities 
for the development of therapies that more effectively 
reduce cardiac inflammation.
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SUPPLEMENTAL MATERIAL 
 



Data S1. RNA sequencing results. See Excel file. 

 

Data S2. GO term analysis of RNA sequencing. See Excel file. 

 

 



Table S1. Primers for Q-PCR analysis of murine genes. 

Gene Forward Primer Reverse Primer Ref. 

Fsp1 CTTCCTCTCTCTTGGTCTGGTC TTTGTGGAAGGTGGACACAA 53 

Acta2 ACTCTCTTCCAGCCATCTTTCA ATAGGTGGTTTCGTGGATGC 53 

Postn AAGCTGCGGCAAGACAAG TCAAATCTGCAGCTTCAAGG 53 

Ror1 AGTTCCTCATCATGCGATCC CCTTGTGCACGAAGAAGTGA n.a. 

Ror2 CAGACGGCAATCCTGCACT GATGACCCTTCGTGGCTCTT n.a. 

Slug CATTGCCTTGTGTCTGCAAG CAGTGAGGGCAAGAGAAAGG 53 

Snail CTTGTGTCTGCACGACCTGT AGGAGAATGGCTTCTCACCA 53 

Ptk7 TGGCACCTCAGGATGTTGTT GGACGGCTTCGGTTAGTGAT n.a. 

Prickle1 TGCTCAGGAGATCCAAGTCC CTCTCTTCAAAGTGATACGC 54 

Vangl2 TGCTCATGGTGCTTGTCTTC GGAGCTCCAGCAGAACTACG 55 

Il6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA 56 

Tnfa CGGAGTCCGGGCAGG GCTGGGTAGAGAATGGATGAA 56 

Il1b TGACAGTGATGAGAATGACCTGTTC TTGGAAGCAGCCCTTCATCT 56 

Ccl2 CAGCCAGATGCAGTTAACGC GCCTACTCATTGGGATCATCTTG 56 

CD31 GAGCCCAATCACGTTTCAGTTT TCCTTCCTGCTTCTTGCTAGCT 57 

CD45 GGGTTGTTCTGTGCCTTGTT CTGGACGGACACAGTTAGCA 57 

Actb AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT 57 

 
 
 



Figure S1. Endothelial cells, leukocytes, and fibroblasts were isolated 7 days after Sham 

or TAC surgery, and RNA expression of relevant genes was quantified (bars represent 

mean  SD, sample size = 4 per group). 

 

 

 

 

 



Figure S2. A) Cardiac fibroblasts were isolated by langendorff apparatus and identified by 

flow cytometry using the gating strategy outlined. B) Ror2 expression in the fibroblast 

population was determined after TAC or Sham surgery (Antibody isotype control staining 

as a control), with Mean Florescence Intensity (MFI) reported. 

 

 
 
 



Figure S3. Primary fibroblast cells from cardiac tissue were imaged at different time points 

while plated on tissue culture plastic to visualize early fibroblast activation. 

 

 
 
 



Figure S4. Ror1/2 receptor protein levels were quantified in primary murine cardiac 

fibroblasts at Day 0 and Day 9 post-isolation by western blot (n = 3 samples shown, overall 

protein loading was adjusted for β-actin levels). 

 

 

 



Figure S5. Echocardiography measurements of functional cardiac parameters were 

quantified in Ror1/2fl/fl (WT) and Ror1/2fl/fl + Ubc-CreERT2 mice (DKO) 3 months after 

tamoxifen-induced DNA recombination: A) Fractional shortening, B) Posterior wall 

thickness at end diastole, C) Left ventricular diameter at end systole, and D) Left 

ventricular diameter at end diastole (bars represent mean  SEM, sample size = 4 per 

group). 

 

 
 
 
 



Figure S6. RNA expression of A) Ror1 and B) Ror2 was quantified in control and Ror1/2-

KO fibroblasts after control or TGF-β1 treatment. C) Acta2 fluorescent intensity of 

immunofluorescent stained control and Ror1/2-KO fibroblasts after control or TGF-β1 

treatment was quantified (bars represent mean  SD, sample size = 3 per group). 

 

 

 

 
 



Figure S7. Tissues from control and transgenic Ror1/2 double knockout mice 3 days post-

TAC were isolated and imaged: A) Heart, and B) Lungs. 

 

 

 


