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ORIGINAL RESEARCH

Stromal Cell-SLIT3/Cardiomyocyte-ROBO1 Axis 
Regulates Pressure Overload-Induced Cardiac 
Hypertrophy
Xiaoxiao Liu,* Baolei Li ,* Shuyun Wang, Erge Zhang, Megan Schultz , Marlin Touma, Andre Monteiro Da Rocha, Sylvia M. Evans ,  
Anne Eichmann , Todd Herron , Ruizhen Chen, Dingding Xiong, Alexander Jaworski , Stephen Weiss, Ming-Sing Si

BACKGROUND: Recently shown to regulate cardiac development, the secreted axon guidance molecule SLIT3 maintains its 
expression in the postnatal heart. Despite its known expression in the cardiovascular system after birth, SLIT3’s relevance 
to cardiovascular function in the postnatal state remains unknown. As such, the objectives of this study were to determine 
the postnatal myocardial sources of SLIT3 and to evaluate its functional role in regulating the cardiac response to pressure 
overload stress.

METHODS: We performed in vitro studies on cardiomyocytes and myocardial tissue samples from patients and performed in 
vivo investigation with SLIT3 and ROBO1 (roundabout homolog 1) mutant mice undergoing transverse aortic constriction to 
establish the role of SLIT3-ROBO1 in adverse cardiac remodeling.

RESULTS: We first found that SLIT3 transcription was increased in myocardial tissue obtained from patients with congenital 
heart defects that caused ventricular pressure overload. Immunostaining of hearts from WT (wild-type) and reporter mice 
revealed that SLIT3 is secreted by cardiac stromal cells, namely fibroblasts and vascular mural cells, within the heart. 
Conditioned media from cardiac fibroblasts and vascular mural cells both stimulated cardiomyocyte hypertrophy in vitro, an 
effect that was partially inhibited by an anti-SLIT3 antibody. Also, the N-terminal, but not the C-terminal, fragment of SLIT3 
and the forced overexpression of SLIT3 stimulated cardiomyocyte hypertrophy and the transcription of hypertrophy-related 
genes. We next determined that ROBO1 was the most highly expressed roundabout receptor in cardiomyocytes and that 
ROBO1 mediated SLIT3’s hypertrophic effects in vitro. In vivo, Tcf21+ fibroblast and Tbx18+ vascular mural cell-specific 
knockout of SLIT3 in mice resulted in decreased left ventricular hypertrophy and cardiac fibrosis after transverse aortic 
constriction. Furthermore, α-MHC+ cardiomyocyte-specific deletion of ROBO1 also preserved left ventricular function and 
abrogated hypertrophy, but not fibrosis, after transverse aortic constriction.

CONCLUSIONS: Collectively, these results indicate a novel role for the SLIT3-ROBO1–signaling axis in regulating postnatal 
cardiomyocyte hypertrophy induced by pressure overload.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: axon guidance ◼ fibroblasts ◼ fibrosis ◼ myocytes, cardiac ◼ ROBO1 ◼ stromal cells ◼ ventricular pressure
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Chronic cardiac pressure overload is encountered in 
multiple conditions such as systemic arterial hyper-
tension, congenital heart disease, ischemic heart 

disease, and pulmonary arterial hypertension.1–5 A uni-
versal myocardial response to chronic pressure overload 
is hypertrophy, or the thickening of the ventricular walls,6 
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and fibrosis, or the increased deposition of extracellular 
matrix such as fibrillar collagen.7 On a cellular level, car-
diac hypertrophy derives from the addition of sarcomere 
units, leading to cardiomyocyte enlargement in the cross-
sectional area.6 While cardiac hypertrophy is a physi-
ological response to exercise and pregnancy,8–10 under 
chronic pressure overload conditions, this type of myo-
cardial remodeling becomes pathological and is one of 
the most significant risk factors for the development of 
heart failure6,11–14 and lethal ventricular arrhythmias.15–17 
Pathological cardiac hypertrophy precedes many forms 
of heart failure with systolic dysfunction, diastolic dys-
function, or a combination of both.6,11,12 Cardiac fibrosis 
that develops in response to pressure overload also con-
tributes to diastolic dysfunction.7 Thus, preventing the 
development of adverse cardiac remodeling in the form 
of pathological cardiac hypertrophy and cardiac fibrosis 
would benefit many patients.18–20 However, the contin-
ued high morbidity and mortality seen with heart failure, 

a major public health concern that affects nearly 7 million 
patients in the United States21 is indicative of ineffective 
therapies as well as an incomplete understanding of the 
mechanisms that drive adverse cardiac remodeling.

In both contexts of cardiac health and disease, accu-
mulating evidence has indicated that cross-talk between 
cardiac nonmyocytes (CNMs) and cardiomyocytes plays 
a pivotal role in myocardial remodeling under various 
loading conditions.22 Specifically, CNM-derived media-
tors may act in a paracrine fashion to stimulate car-
diomyocyte hypertrophy and modulate their contractile 
function under increased afterload. Identification of 
these factors will provide insight into mechanisms of the 
cardiomyocyte hypertrophic response and may lead to 
the revelation of potential therapeutic targets for patho-
logical cardiac hypertrophy.23

Recently, we observed that SLIT3, a large and secreted 
glycoprotein, is produced by fibrillar collagen-producing 
cells, and global and constitutive SLIT3 deficiency attenu-
ated cardiac fibrosis under conditions of pressure over-
load.24 We also found that SLIT3 stimulated adult cardiac 
fibroblasts to proliferate, produce collagen, and become 
contractile in vitro. Intriguingly, global and constitutive 
SLIT3 deficiency, throughout development and the post-
natal state, was also associated with decreased hypertro-
phy, preserved ventricular systolic function, and improved 
survival of mice after the transverse aortic constriction 
(TAC).24 These observations indicate that the developmen-
tal absence of SLIT3 modulates the hypertrophic response; 
however, the precise role played by SLIT3 in the adult heart 
remains unknown and is the focus of the current study.

SLIT3 belongs to the family of SLIT proteins, which 
was initially characterized as a repulsive guidance cue 
for neuronal axons.25 Subsequently, the highly conserved 
SLIT ligands have been shown to participate in diverse 

Nonstandard Abbreviations and Acronyms

CNM cardiac nonmyocyte
Fn fibronectin
LV left ventricle
NG2 neural/glial antigen 2
NRCM neonatal rat cardiomyocyte
PDGFRA platelet-derived growth factor receptor A
PDGFRB platelet-derived growth factor receptor B
POSTN periostin
TAC transverse aortic constriction
WT wild type

NOVELTY AND SIGNIFICANCE

What Is Known?
• SLIT3 is a secreted, axon guidance molecule that also 

regulates heart development.
• SLIT3 is also expressed in the postnatal heart, but its 

cardiovascular function remains unclear.

What New Information Does This Article  
Contribute?
• SLIT3 is produced by cardiac stromal cells, specifically 

cardiac fibroblasts, and vascular mural cells.
• SLIT3 stimulates cardiac hypertrophy and cardiac 

fibrosis under conditions of pressure overload.
• SLIT3 can stimulate cardiomyocyte hypertrophy via the 

ROBO1 receptor.

Prior work indicated the importance of the axon guid-
ance molecule SLIT3 in cardiac development. The 
rationale for this study was to determine the postnatal 
role of SLIT3 in regulating adverse cardiac remod-
eling (cardiac hypertrophy and fibrosis) induced by 
pressure overload. We found that SLIT3, produced 
by cardiac stromal cells, that is, cardiac fibroblasts 
and vascular mural cells, can stimulate hypertrophy 
and fibrosis induced by pressure overload. We also 
found that SLIT3 can directly stimulate cardiomyocyte 
hypertrophy via the ROBO1 receptor. These findings 
indicate, for the first time, the role of SLIT3 in the 
postnatal heart in health and adverse cardiac remodel-
ing. These results unveil a novel cardiac stromal cell- 
cardiomyocyte axis that may be targeted to reduce 
adverse cardiac remodeling.
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developmental processes and the regulation of sev-
eral cellular functions.26–29 Full-length SLIT ligands are 
cleaved by an unknown protease into N- and C-terminal 
fragments, which can bind to the ROBO receptors26 and 
plexins,30 respectively. Slit3 is the predominant Slit tran-
scribed in the embryonic mouse heart.31 Nevertheless, it 
is unknown whether SLIT3 modulates cardiac hypertro-
phy indirectly, such as via modulation of the secretion of 
hypertrophic factors by fibroblasts, directly by binding to 
a cardiomyocyte cell-surface receptor, or as a result of a 
developmental defect resulting from constitutive SLIT3 
deficiency that could lead to a defective hypertrophic 
response in the postnatal period.

To fill these knowledge gaps, we utilized inducible and 
conditional knockout mice in the current study to inves-
tigate the postnatal and tissue-specific roles of SLIT3 in 
regulating cardiac hypertrophy. Here, we show that car-
diac fibroblast and vascular mural cell–mediated SLIT3 
directly regulates the hypertrophic response of postnatal 
cardiomyocytes in response to pressure overload, and 
this stimulatory effect occurs via the ROBO1 receptor.

METHODS
Data Availability
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request. Please see the Supplemental Material for a 
detailed description.

RESULTS
Inducible Global-SLIT3 Deficiency Inhibits 
Pressure Overload–Induced Adverse Cardiac 
Remodeling and Ventricular Dysfunction
Consistent with our previous work in a TAC mouse 
model,24 Slit3 transcription in the adult wild-type (WT) 
mouse left ventricle (LV) was rapidly induced by pres-
sure overload and reached its peak 2 weeks after TAC 
(Figure S1A), suggesting that the postnatal expression 
of this ligand may be induced by pressure overload.24 To 
determine whether this finding would extend to humans, 
we queried our biorepository (the UCLA CHD-BioCore) 
to determine the level of SLIT3 transcription in an RNA 
sequencing database of resected ventricular outflow 
tract tissue samples from patients with control (normal 
hearts declined for transplant) and pressure overload–
causing congenital heart disease (subaortic membrane 
and tetralogy of Fallot). Significantly increased SLIT3 
transcript levels were observed in ventricular tissue 
from patients with pressure overload–induced hypertro-
phy (Figure 1A), supporting the contention that SLIT3 
plays a role in postnatal cardiac hypertrophy under pres-
sure overload. We also analyzed a potential association 

between SLIT3 expression and cardiac fibrosis in myo-
cardial samples obtained from normal controls, patients 
with tetralogy of Fallot, where cardiac fibrosis is antici-
pated from the pressure overload,32 and those with 
ventricular septal defect, where less cardiac fibrosis is 
anticipated from this volume overload defect.33 We found 
that SLIT3 transcript levels were significantly correlated 
with COL1A1 transcript levels when considering all 
patient and control samples (Figure S1B). Furthermore, 
higher SLIT3 and COL1A1 transcript levels were found 
in myocardial samples taken from pressure overload 
defect patients (Figure S1B).

To directly interrogate the presence of a postna-
tal role of SLIT3 in the heart and its response to pres-
sure overload, we generated tamoxifen-inducible SLIT3 
global knockout mice (Rosa26-CreERT2;Slit3fl/fl)34,35 with 
the non-Cre-expressing littermates (Slit3fl/fl) serving as 
controls. Immunofluorescence analysis confirmed a 
significant reduction of SLIT3 in hearts from Rosa26-
CreERT2;Slit3fl/fl mice at 6 weeks after tamoxifen induc-
tion compared with that in Slit3fl/fl control mouse hearts 
(Figure 1B). Experimental and control mice were admin-
istered tamoxifen at 7 weeks of age and then, 2 weeks 
later, subjected to sham or TAC surgery, with the experi-
ments terminated 4 weeks later (Figure 1C). Only TAC 
mice with a peak pressure gradient >35 mm Hg were 
included in downstream studies. The LV afterload in 
Rosa26-CreERT2 Slit3fl/fl mice and Slit3fl/fl control mice 
were not significantly different following TAC surgery 
(Figure S1C). We confirmed a significant and sub-
stantial reduction in Slit3 transcript levels in Rosa26-
CreERT2;Slit3fl/fl mice (Figure 1D). After TAC, Slit3fl/

fl control mice experienced decreased ejection fraction 
and fractional shortening, along with increased end- 
diastolic LV posterior wall thickness and LV mass 
 compared with control mice undergoing sham surgery 
(Figure 1E). By contrast, Rosa26-CreERT2;Slit3fl/fl mice 
undergoing TAC manifested significantly improved ejec-
tion fraction and fractional shortening and reduced end-
diastolic LV posterior wall thickness and LV mass after 
TAC surgery (Figure 1E).

In tandem with these stress-induced echocardiogram 
changes, Slit3fl/fl mice undergoing TAC had more hyper-
trophy, manifested by a larger heart size, higher ratios of 
heart weight to body weight, and increased cardiomyo-
cyte cross-sectional area compared with mice subjected 
to sham surgery (Figure 1F through 1H). Importantly, 
these hypertrophic changes induced by TAC were mark-
edly attenuated in Rosa26-CreERT2;Slit3fl/fl mice (Fig-
ure 1F through 1H). Moreover, transcript levels of several 
hypertrophy-related genes, including Acta1, Nppa, Nppb, 
and Myh7, were increased in Slit3fl/fl control mice after 
TAC, while these increases were blunted by SLIT3 dele-
tion in Rosa26-CreERT2;Slit3fl/fl mice (Figure 1I).

Fibrosis-related gene expression was also exam-
ined in the LV tissue of explanted hearts from 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
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Figure 1. Inducible global-SLIT3 deficiency alleviates the development of cardiac hypertrophy and dysfunction after transverse 
aortic constriction (TAC).
A, SLIT3 transcription as measured by RNA sequencing and displayed as reads per kilobase of transcript per million mapped reads (RPKM) 
in ventricular tissue samples from normal controls and patients with pressure overload induced by congenital heart disease. Each data point 
represents a unique subject. Comparison performed with Mann-Whitney U test. B, Immunofluorescence staining of myocardial sections Slit3fl/fl and 
Rosa26-CreERT2;Slit3fl/fl mice 4 wk after tamoxifen injection using anti-SLIT3 antibody (green) and DAPI (blue) demonstrated loss of SLIT3 in 
the Rosa26-CreERT2;Slit3fl/fl mice. Scale bar, 500 µm. C, TAC experimental design and timeline. D, Slit3 transcript levels in hearts from Slit3fl/fl and 
Rosa26-CreERT2;Slit3fl/fl mice after sham or TAC surgery. E, B-mode and M-mode echocardiography in Slit3fl/fl and (Continued )
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Rosa26-CreERT2;Slit3fl/fl mice and compared with those 
of control mice 4 weeks after sham or TAC surgery (Fig-
ure 2A). The transcript levels of Col1a1 and Col3a1 were 
markedly decreased in both sham and TAC groups of 
Rosa26-CreERT2;Slit3fl/fl mice compared with Slit3fl/fl con-
trol mice. Acta2 transcription was not different between 
sham groups but significantly decreased in Rosa26-
CreERT2;Slit3fl/fl mice under pressure overload condi-
tions. To visualize the accumulation of fibrillar collagen in 
the ventricular myocardium, we performed picrosirius red 
staining (Figure 2B). The quantity of fibrillar collagen in 
the hearts of Rosa26-CreERT2;Slit3fl/fl mice was signifi-
cantly less than in Slit3fl/fl control mice as determined by 
the amount of red fluorescence intensity under polarized 
light (Figure 2B and 2C). Furthermore, we confirmed this 
result by biochemically measuring the amount of cardiac 
collagen using the hydroxyproline assay (Figure 2D). As 
the differentiation of resting resident cardiac fibroblasts 
to activated myofibroblasts is key to the development of 
cardiac fibrosis,36,37 we further examined the expression 
of POSTN (periostin), a marker for myofibroblasts and 
fibroblast activation,37–39 in post-TAC mouse heart tis-
sue. We found that the transcript levels of Postn were 
increased in control mice after TAC and that acute, global 
Slit3 deficiency abrogated this inductive response (Fig-
ure 2E). This corresponded to decreased myocardial 
POSTN expression after TAC in SLIT3 deficient animals 
(Figure 2F through 2H). Taken altogether, these data 
indicate that SLIT3 has a postnatal role in regulating 
cardiac hypertrophy and fibrosis in response to pressure 
overload.

Fibroblast-Specific Deletion of SLIT3 Reduces 
Post-TAC Adverse Cardiac Remodeling and 
Ventricular Dysfunction
In light of the above findings and that SLIT3 is a secreted 
molecule, we hypothesized that the SLIT3 ligand serves 
a paracrine role in regulating cardiac hypertrophy and 
fibrosis. To define the cellular sources of cardiac SLIT3 
in homeostatic and pressure overload conditions, we 
first separated cardiomyocytes from CNMs in isolated 
hearts of mice subjected to sham surgery or TAC. After 
confirming the purity of the isolated cell fractions (Fig-
ure 3A), we found that the CNM cell fraction exhibited 

several-fold higher levels of Slit3 transcripts compared 
with the cardiomyocyte fraction from WT mouse hearts 
after TAC (Figure 3B).

As cardiac fibroblasts and vascular mural cells are 
myocardial stromal cells that comprise a large fraction of 
the CNMs of the heart,40,41 we next evaluated the impor-
tance of each cell type as a myocardial SLIT3 source. 
Given that expression of Tcf21 is a quiescent cardiac 
fibroblast marker,42 we immunostained hearts recov-
ered from Tcf21-MerCreMer;Rosa26-tdTomato reporter 
mice with an anti-SLIT3 antibody and confirmed SLIT3 
expression associated with this cell population (Fig-
ure 3C), consistent with immunostaining of WT hearts 
(Figure S2A). The tdTomato+ cell population in these 
reporter mice also expressed PDGFRA (platelet-derived 
growth factor receptor A; Figure S2B). Next, we crossed 
Slit3fl/fl mice with Tcf21-MerCreMer transgenic mice to 
obtain tamoxifen-inducible and fibroblast-specific SLIT3 
knockout mice. After tamoxifen administration at 7 weeks 
(Figure 1C), we subjected Tcf21-MerCreMer;Slit3fl/fl 
experimental and Slit3fl/fl control mice to sham surgery or 
TAC. There was no difference in the TAC gradient of the 2 
groups as determined by echocardiography (Figure S2C), 
and Slit3 transcript levels were significantly decreased 
in experimental animals (Figure 3D), confirming Cre- 
mediated recombination. Under these conditions, echo-
cardiograms performed 4 weeks after TAC demonstrated 
that ventricular hypertrophy (as measured by end- 
diastolic LV posterior wall thickness and LV mass) and LV 
dysfunction (as measured by ejection fraction and frac-
tional shortening) were attenuated in cardiac fibroblast–
targeted mice (Figure 3E). This finding was corroborated 
by a smaller heart, decreased heart weight to body 
weight ratio, and smaller cardiomyocyte cross-sectional 
area in Tcf21+ fibroblast-specific knockout of SLIT3 
(Figure 3F through 3H) after TAC. In addition, Slit3 dele-
tion restricted in fibroblasts in Tcf21-MerCreMer;Slit3fl/

fl mice significantly reduced TAC-induced myocardial 
expression of hypertrophy-related and fibrosis-related 
genes compared with Slit3fl/fl control mice (Figure 3I). 
Taken together, these studies demonstrated that SLIT3 
produced in cardiac fibroblasts plays an important role in 
the hypertrophic response to pressure overload.

Moreover, Tcf21-MerCreMer;Slit3fl/fl mice in both 
Sham and TAC groups also exhibited reduced cardiac 

Figure 1 Continued. Rosa26-CreERT2; Slit3fl/fl mice after sham or TAC surgery with analysis of ejection fraction (EF), shortening fraction 
(FS), relative left ventricle posterior wall thickness at diastole normalized to mice body weight (end-diastolic left ventricle posterior wall 
thickness [LVPWd]), relative left ventricle mass, and normalized to body weight. N=8 mice/group. F, Explanted hearts from Slit3fl/fl and Rosa26-
CreERT2;Slit3fl/fl mice after sham or TAC surgery (top), representative images of heart sections stained with hematoxylin & eosin (H&E; scale 
bar, 500 µm; middle), and representative images of wheat germ agglutinin (WGA) staining of myocardial sections (scale bar, 20 µm, bottom). 
G, Heart weight to body weight (HW/BW) ratio in Slit3fl/fl or Rosa26-CreERT2;Slit3fl/fl mice after sham or TAC surgery. N=8 mice in each group. 
H, Quantification of myocyte cross-sectional area from WGA staining. N=400 cells from 6 to 8 mice in each group. I, Quantitative PCR (qPCR) 
analysis of transcript levels of hypertrophy-associated genes (Nppa, Nppb, Myh7, and Acta1, normalized to Gapdh transcript levels) in hearts 
from Slit3fl/fl and Rosa26-CreERT2;Slit3fl/fl mice after sham or TAC surgery. N=8 mice in each group. Two-way ANOVA with the Tukey multiple 
comparisons test used in (D through I). DAPI indicates 4',6-diamidino-2-phenylindole.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321292
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Figure 2. Inducible global-SLIT3 deficiency alleviates the development of cardiac fibrosis after transverse aortic constriction 
(TAC).
A, Quantitative PCR (qPCR) analysis of transcript levels of fibrosis-associated genes (Col1a1, Col3a1, and Acta2, normalized to Gapdh transcript 
levels) in hearts from Slit3fl/fl and Rosa26-CreERT2;Slit3fl/fl mice after sham or TAC surgery. N=8 mice in each group. B, Picrosirius red staining of 
myocardial sections from Slit3fl/fl and Rosa26-CreERT2;Slit3fl/fl mice after sham or TAC surgery and visualized under brightfield microscopy and 
polarized light. Representative images are shown. Scale bar, 100 µm. C, Quantification of red channel signal under polarized light of picrosirius 
red–stained myocardial sections from (B). Data from N=4 to 5 animals/group with 3 to 4 high power fields analyzed per animal. D, Collagen 
content determination from left ventricle tissue using the hydroxyproline assay. Data from n=8 animals/group. E, Postn transcript levels in hearts 
from Slit3fl/fl and Rosa26-CreERT2;Slit3fl/fl mice after sham or TAC surgery. Data from N=8 animals/group. F and G, Representative images of 
post-TAC myocardial sections stained with an anti-POSTN (periostin) antibody (scale bar=100 µm in [F] and 25 µm in [G]). H, Quantification of 
POSTN stained myocardial sections in (F). N=4 mice in each group. Two-way ANOVA with the Tukey multiple comparisons test used in (A, D, and 
E). A linear regression model with cluster option was used to evaluate the data in (C), where the comparison of genotype (Slit3fl/fl vs Rosa26-
CreERT2;Slit3fl/fl) and surgery (sham vs TAC) and the interaction between genotype and surgery were all found to be significant (P<1.0×10−4 for 
all comparisons and interaction). Two-tailed t test was used in (H), with data passing the Shapiro-Wilk normality test and assuming the application 
of the central limit theorem.
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Figure 3. Fibroblast-specific deletion of SLIT3 reduces cardiac hypertrophy and dysfunction after transverse aortic constriction 
(TAC).
A, Isolation of cardiac nonmyocyte (NCM) and cardiomyocyte (CM) cellular fractions from adult wild-type (WT) mice was verified by measuring 
Col1a1, Col3a1, Ccn2, Myh7, Myh6, and Acta1 mRNA levels (normalized to Gapdh transcript levels). Cells from N=4 WT mice and comparisons 
made with the Mann-Whitney U test. B, Slit3 transcript levels in isolated NCM and CM fractions from adult mouse hearts subjected to sham or 
TAC surgery. N=4 mice/group and comparisons were made with the Mann-Whitney U test. C, Immunofluorescence staining of a heart section 
from Tcf21-CreERT2;Rosa26-tdTomato mice using anti-SLIT3 antibody (green), anti-tdTomato (red), and 4',6-diamidino-2-phenylindole (DAPI; 
blue). Scale bar, 50 µm. D, Slit3 transcript levels determined by quantitative PCR (qPCR) in Slit3fl/fl and Tcf21-CreERT2;Slit3fl/fl mice (Continued )
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fibrosis. Transcription of fibrillar collagen genes Col1a1 
and Col3a1 were decreased in Tcf21-MerCreMer;  
Slit3fl/fl mice that had undergone TAC (Figure 4A). Col-
lagen content as determined by picrosirius red staining 
and polarized microscopy (Figure 4B and 4C) and LV 
hydroxyproline content (Figure 4D) was decreased in 
Tcf21-MerCreMer;Slit3fl/fl mice after TAC. Postn transcript 
levels were decreased in Tcf21-MerCreMer;Slit3fl/fl mice 
after TAC (Figure 4E). The amount of POSTN in the LV of 
Tcf21-MerCreMer;Slit3fl/fl mice as determined by immu-
nofluorescence was decreased compared with Slit3f/f 
control mice after TAC (Figure 4F through 4H). These 
results indicate that cardiac fibroblast-mediated SLIT3 
is important for the development of cardiac hypertrophy 
and fibrosis induced by pressure overload.

Vascular Mural Cell–Specific Deletion of SLIT3 
Reduces Cardiac Hypertrophy and Dysfunction 
After TAC
In our previous work, immunofluorescence staining dem-
onstrated that SLIT3 was localized not only to the car-
diac interstitium but also to the mural cells of myocardial 
blood vessels.24 Furthermore, we previously determined 
that human mesenchymal stem/stromal cells, which also 
reside in the perivascular region,43 expressed SLIT3.44 As 
such, we considered the possibility that SLIT3 derived 
from vascular mural cells in the heart may also play a 
role in regulating cardiac hypertrophy. To specifically tar-
get vascular mural cells, we utilized a Tbx18-CreERT2 
mouse that has been previously generated and charac-
terized extensively to be a vascular mural cell–specific 
Cre mouse line with minimal crossover into fibroblasts, 
endothelial cells, and cardiomyocytes.45 Using Tbx18-
CreERT2;Rosa26-tdTomato reporter mice, we confirmed 
that the tdTomato+ cells were located in the periendo-
thelial region of myocardial vessels. Furthermore, these 
tdTomato+ vascular mural cells also expressed SLIT3 
(Figure 5A) and PDGFRB (platelet-derived growth fac-
tor receptor B and vascular smooth muscle cell marker46), 
NG2 (neural/glial antigen 2 and pericyte marker47), and 
MYH11 (vascular smooth muscle cell marker) by immu-
nostaining48 (Figure S3A through 3C). We also confirmed 
that Tcf21-MerCreMer and Tbx18-CreERT2 reporter mice 
had different tdTomato expression patterns, with the 
Tbx18-CreERT2 mice having predominantly a vascular 

mural expression (Figure 5A; Figure 3A through S3C), 
while the Tcf21-MerCreMer had a more interstitial (Fig-
ure 3C; Figure S2B) and valvar staining pattern (Figure 
4A).

Next, we crossed Slit3fl/fl mice with Tbx18-CreERT2 
mice to obtain Tbx18-CreERT2, Slit3fl/fl mice and their 
non-Cre expressing (Slit3fl/fl) littermates. As described 
above, mice were then administered vehicle or tamoxifen 
and then subjected to sham surgery or TAC (Figure 1C). 
For the TAC groups, only mice with adequate arch gradi-
ents as determined by echocardiogram were chosen for 
further study (Figure S4B). Having confirmed that Slit3 
transcript levels were decreased in tamoxifen-treated 
Tbx18-CreERT2;Slit3fl/fl mice (Figure 5B), echocardiog-
raphy at 4 weeks after sham surgery or TAC revealed 
improved cardiac function and reduced LV wall thickness 
and mass in mural cell-targeted mice after TAC (Fig-
ure 5C). Grossly, hearts from the non–Cre-containing 
animals that had undergone TAC were larger and had a 
larger heart weight to body weight ratio than those from 
Tbx18-CreERT2;Slit3fl/fl post-TAC mice (Figure 5D and 
5E). Cardiomyocyte cross-sectional area was decreased 
in Tbx18-CreERT2;Slit3fl/fl post-TAC mice, also consis-
tent with decreased hypertrophy (Figure 5D and 5F), 
as well as attenuated TAC-stimulated transcription of 
Acta1, Nppa, Nppb, and Myh7 (Figure 5G). Collectively, 
these results confirm that in addition to fibroblast-derived 
SLIT3, vascular mural cells also serve as a source of this 
ligand in regulating pressure overload–induced cardiac 
hypertrophy.

We also found that vascular mural cell–mediated 
SLIT3 affected the development of cardiac fibrosis 
induced by pressure overload. While the transcript lev-
els of Col3a1 and Acta2 were not significantly differ-
ent between control and Tbx18-CreERT2;Slit3fl/fl mice 
(Figure 6A), Col1a1 transcript levels were decreased 
in Tbx18-CreERT2;Slit3fl/fl mice compared with control 
mice after sham and TAC surgery (Figure 6A). Consis-
tent with the changes in Col1a1 transcript levels, fibrillar 
collagen content in Tbx18-CreERT2;Slit3fl/fl hearts was 
markedly less as determined by picrosirius red stain-
ing followed by polarized light microscopy (Figure 6B 
and 6C) and the hydroxyproline assay of LV tissue from 
Tbx18-CreERT2;Slit3fl/fl mice in both sham and TAC 
groups (Figure 6D). The Postn transcript and POSTN 
protein levels in the LVs after TAC were also decreased 

Figure 3 Continued. after 13 wk after sham or TAC surgery. N=8 mice/group. E, Echocardiography data from Slit3fl/fl and Tcf21-CreERT2;Slit3fl/

fl mice after sham or TAC surgery with analysis of ejection fraction, fractional shortening, relative end-diastolic left ventricle posterior wall 
thickness (LVPWd), and relative left ventricle mass. N=8 mice/group. F, Explanted hearts from Slit3fl/fl control or Tcf21-CreERT2;Slit3fl/fl mice after 
sham or TAC surgery (top); representative images of heart sections stained with hematoxylin & eosin (H&E; scale bar, 500 µm; middle); and 
representative images of wheat germ agglutinin (WGA) stained heart sections (scale bar, 20 µm; bottom). G, Heart weight to body weight (HW/
BW) ratio. N=8 mice/group. H, Quantification of CM cross-sectional area from WGA-stained sections. N=400 cells from 6 to 7 mice in each 
group. I, qPCR analysis hypertrophy-related genes (Nppa, Nppb, Myh7, and Acta1, normalized to Gapdh mRNA levels) in hearts from Slit3fl/fl and 
Tcf21-CreERT2;Slit3fl/fl mice after sham or TAC surgery. N=8 mice/group. Two-way ANOVA with the Tukey multiple comparisons test used in (D, 
E, and G–I).
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Figure 4. Fibroblast-specific deletion of SLIT3 abrogates pressure overload–induced cardiac fibrosis.
A, Quantitative PCR (qPCR) analysis of transcript levels of fibrosis-associated genes (Col1a1, Col3a1, and Acta2, normalized to Gapdh transcript 
levels) in hearts from Slit3fl/fl and Tcf21-MerCreMer;Slit3fl/fl mice after sham or transverse aortic constriction (TAC) surgery. N=8 mice in each 
group. B, Picrosirius red staining of myocardial sections from Slit3fl/fl and Tcf21-MerCreMer;Slit3fl/fl mice after sham or TAC surgery and visualized 
under brightfield microscopy and polarized light. Representative images are shown. Scale bar, 100 µm. C, Quantification of red channel signal 
under polarized light of picrosirius red–stained myocardial sections from (B). Data from N=4 to 5 animals/group with 4 high power fields analyzed 
per animal. D, Collagen content determination from left ventricle tissue using the hydroxyproline assay. Data from n=8 (Continued )
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in Tbx18-CreERT2;Slit3fl/fl mice, indicating that loss of 
SLIT3 in vascular mural cells inhibited the activation of 
cardiac fibroblasts induced by pressure overload (Fig-
ure 6E through 6H).

Our in vivo studies demonstrated that global, fibroblast- 
specific, and vascular mural cell–specific deletion of 
SLIT3 appeared to decrease TAC-induced hypertro-
phy to the same degree (Figures 1, 3, and 5). How-
ever, we observed subtle differences in cardiac fibrosis 
in these different groups of mutant mice. Acute, global 
deletion of SLIT3 in Rosa26-CreERT2;Slit3fl/fl mice 
resulted in the greatest decrease in Col1a1, Col3a1, 
and Acta2 transcription in sham and TAC animals (Fig-
ure 2A). However, fibroblast-specific deletion of SLIT3 
in Tcf21-MerCreMer;Slit3fl/fl mice resulted in a significant 
decrease in Col1a1 and Col3a1 transcription only after 
TAC, but not sham, surgery (Figure 4A). Vascular mural 
cell–specific deletion of SLIT3 in Tbx18-CreERT2;Slit3fl/

fl mice appeared to have the least impact and resulted 
only in a decrease in Col1a1 transcription after TAC 
surgery (Figure 6A). This differential impact on car-
diac fibrosis genes paralleled the amount of reduc-
tion in LV Slit3 transcripts in Rosa26-CreERT2;Slit3fl/fl 
(Figure 1D), Tcf21-MerCreMer;Slit3fl/fl (Figure 3D), and 
Tbx18-CreERT2;Slit3fl/fl mice (Figure 5B). Thus, our in 
vivo results suggest that the adverse cardiac remodeling 
response to pressure overload is sensitive to the amount 
and source of SLIT3.

Fibroblast and Vascular Mural Cell–Derived 
SLIT3 Can Directly Induce Hypertrophy in 
Cardiomyocytes In Vitro
To further evaluate the ability of CNM-derived SLIT3 to 
directly trigger hypertrophic responses of cardiomyocytes, 
we conducted in vitro experiments by exposing neonatal 
rat cardiomyocytes (NRCMs) to conditioned media from 
cardiac fibroblasts and vascular mural cells isolated from 
SLIT3 global knockout or Slit3fl/fl adult mice in vitro. Rela-
tive to conditioned media from WT (Slit3+/+) adult mouse 
cardiac fibroblasts that stimulated cardiomyocyte hyper-
trophy, conditioned media from Slit3 knockout (Slit3−/−) 
cardiac fibroblasts did not stimulate hypertrophy or Nppa 
and Nppb transcription (Figure S5A through S5C). Like-
wise, when Slit3fl/fl cardiac fibroblasts were transduced 
with a Cre-recombinase adenoviral vector (AdCre), Slit3 
expression was abolished (Figure S5D), and the condi-
tioned media no longer induced a hypertrophic response 

relative to cells transduced with a control GFP adenoviral 
vector (AdGFP; Figure S5E and S5F). By contrast, when 
Slit3fl/fl cardiac fibroblasts were transduced with a SLIT3-
expressing adenoviral construct (AdSLIT3), Slit3 expres-
sion levels were increased and conditioned media from 
these cells increased NRCM size relative to controls in 
tandem with higher transcript level of Nppa and Nppb 
(Figure S5E through S5G). Furthermore, the addition 
of an anti-SLIT3 antibody inhibited the prohypertrophic 
effect of conditioned media from SLIT3 overexpressing 
adult mouse cardiac fibroblasts on NRCMs, as reflected 
in the downregulated expression of Nppa and Nppb, as 
well as smaller cell size compared with an isotype con-
trol IgG (Figure S5H through S5J). Furthermore, similar 
effects were observed using mural cell populations engi-
neered to silence or increase SLIT3 expression (Figure 
6A through 6F).

These in vitro data suggested that fibroblast and 
vascular mural cell–mediated SLIT3 can stimulate car-
diomyocyte hypertrophy. As SLITs can be cleaved into N- 
and C-terminal fragments in vivo,49 we next investigated 
which portion of SLIT3 was responsible for stimulating 
cardiomyocyte hypertrophy because these fragments 
have been determined to bind to different receptors.26,30 
We cultured NRCMs with recombinant N- and C- 
terminal fragments of SLIT3 (SLIT3-NT and SLIT3-CT, 
respectively) and observed that only SLIT3-NT could 
promote the transcription of Nppa and Nppb and stimu-
late NRCMs hypertrophy (Figure S5K through S5M). Of 
note, SLIT3-NT also stimulated hypertrophic responses 
of human-induced pluripotent stem cell–derived car-
diomyocytes (Figure S5N through S5P). Finally, forced 
expression of SLIT3 in NRCMs strongly induced hyper-
trophy (Figure S5G and S5H). Taken together, these 
results indicate that SLIT3, normally expressed by fibro-
blasts and vascular mural cells in the heart, can stimulate 
hypertrophy in cardiomyocytes.

The In Vitro Hypertrophic Effects of SLIT3 on 
Cardiomyocytes Are ROBO1-Dependent
The N-terminal fragment of SLIT proteins mediates their 
functions by binding to cognate transmembrane recep-
tors belonging to the roundabout receptor family.26 There 
are 4 mammalian ROBOs (ROBO1-4), each containing 
5 immunoglobulin-like domains and FN (fibronectin) III 
motifs in the extracellular domain with the exception of 
ROBO4, which has only 2 immunoglobulin domains and 

Figure 4 Continued. animals/group. E, Postn transcript levels in hearts from Slit3fl/fl and Tcf21-MerCreMer;Slit3fl/fl mice after sham or TAC 
surgery. Data from N=8 animals/group. F and G, Representative images of post-TAC myocardial sections stained with an anti-POSTN (periostin) 
antibody (scale bar=500 µm in [F] and 25 µm in [G]). H, Quantification of POSTN stained myocardial sections in (F). N=4 mice in each group. 
Two-way ANOVA with the Tukey multiple comparisons test used in (A, D, and E). A linear regression model with cluster option was used to 
evaluate the data in (C), where the comparison of genotype (Slit3fl/fl vs Tcf21-MerCreMer;Slit3fl/lf) and surgery (sham vs TAC) and the interaction 
between genotype and surgery were all found to be significant (P=2.4×10−3, P<1.0×10−4, and P=6.5×10−3, respectively). Two-tailed t test was 
used in (H), with data passing the Shapiro-Wilk normality test and assuming the application of the central limit theorem.
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Figure 5. Vascular mural cell–specific deletion of SLIT3 reduces cardiac hypertrophy and dysfunction after transverse aortic 
constriction (TAC).
A, Immunofluorescence staining of heart sections from Tbx18-CreERT2;Rosa26-Tdtomato mice using anti-SLIT3 antibody (green), anti-tdTomato antibody 
(red), and 4',6-diamidino-2-phenylindole (DAPI; blue). White arrowheads denote the overlap of SLIT3 and tdTomato signals in the mural region of myocardial 
blood vessels in cross-section (left) and axially (right). Scale bar for (left), 10 µm. Scale bar for (right), 20 µm. B, Slit3 transcription determined by quantitative 
PCR (qPCR; normalized to Gapdh transcript levels) in Slit3fl/fl or Tbx18-CreERT2;Slit3fl/fl mice hearts after sham or TAC surgery. N=8 mice/group. C, 
Echocardiographic studies of Slit3fl/fl and Tbx18-CreERT2;Slit3fl/fl mice after sham or TAC surgery. N=8 mice/group. D, Appearance of hearts explanted from 
Slit3fl/fl control and Tbx18-CreERT2;Slit3fl/fl mice after sham or TAC surgery (top); representative images of heart sections stained with hematoxylin & eosin 
(H&E; scale bar, 500 µm; middle); and representative images of heart sections stained with wheat germ agglutinin (WGA; scale bar, 20 µm; bottom). E, 
Heart weight to body weight (HW/BW) ratio. N=8 mice/group. F, Quantification of cardiomyocyte cross-sectional area on WGA staining. N=600 cells from 6 
mice in each group. G, qPCR analysis of hypertrophy-associated gene transcription (Nppa, Nppb, Myh7, and Acta1, normalized to Gapdh mRNA expression) in 
hearts from Slit3fl/fl control or Tbx18-CreERT2, Slit3fl/fl mice after sham or TAC surgery. N=8 mice/group. Two-way ANOVA with the Tukey multiple comparisons 
test was used in all analyses. EF indicates ejection fraction; LV, left ventricle; and LVPWd, end-diastolic left ventricle posterior wall thickness.
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Figure 6. Vascular mural cell–specific deletion of SLIT3 abrogates pressure overload–induced cardiac fibrosis.
A, Quantitative PCR (qPCR) analysis of transcript levels of fibrosis-associated genes (Col1a1, Col3a1, and Acta2, normalized to Gapdh transcript 
levels) in hearts from Slit3fl/fl and Tbx18-CreERT2;Slit3fl/fl mice after sham or transverse aortic constriction (TAC) surgery. N=8 mice in each group. 
B, Picrosirius red staining of myocardial sections from Slit3fl/fl and Tbx18-CreERT2;Slit3fl/fl mice after sham or TAC surgery and visualized under 
brightfield microscopy and polarized light. Representative images are shown. Scale bar, 100 µm. C, Quantification of red channel signal under 
polarized light of picrosirius red–stained myocardial sections from (B). Data from N=4 animals/group with 4 high power fields analyzed per animal. 
D, Collagen content determination from left ventricle tissue using the hydroxyproline assay. Data from n=8 animals/group. E, Postn transcript levels 
in hearts from Slit3fl/fl and Tbx18-CreERT2;Slit3fl/fl mice after sham or TAC surgery. Data from N=8 animals/group. F and G, Representative images 
of post-TAC myocardial sections stained with an anti-POSTN (periostin) antibody (scale bar=500 µm in [F] and 25 µm in [G]). (Continued )
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Figure 6 Continued. H, Quantification of POSTN stained myocardial sections in (F). N=4 mice in each group. Two-way ANOVA with the Tukey 
multiple comparisons test used in (A, D, and E). A linear regression model with cluster option was used to evaluate the data in (C), where the 
comparison of genotype (Slit3fl/fl vs Tbx18-CreER2;Slit3fl/lf) and surgery (sham vs TAC) were different (P<1.0×10−4 and P<1.0×10−4, respectively). 
The interaction between genotype and surgery was not significant (P=0.53). Two-tailed t test was used in (H), with data passing the Shapiro-Wilk 
normality test and assuming the application of the central limit theorem.

the Fn III motifs.50 To determine the identity of the ROBO 
receptor that mediates SLIT3 effects on cardiomyocytes, 
we first measured the transcript levels of Robo1, Robo2, 
Robo3, and Robo4 in adult mouse cardiomyocytes, 
NRCMs, and human-induced pluripotent stem cell–
derived cardiomyocytes. We found that Robo1 transcript 
levels were dominant in each of the cardiomyocyte popu-
lations (Figure 7A). Furthermore, TAC surgery stimulated 
Robo1 transcription in the heart up to 4 weeks after TAC 
(Figure 7B). Interestingly, ROBO1 global knockout mice 
(Robo1−/−) exhibited smaller cardiomyocytes compared 
with their WT control mice (Robo1+/+) at the age of 7 
days, phenocopying our observations in comparatively 
aged Slit3 knockout mice (Figure 7C and 7D). Taken 
together, these findings suggested ROBO1 as a possible 
receptor on cardiomyocytes for SLIT3.

Previous reports demonstrated that a ROBO1-Fc 
fusion protein lacking its FN motifs can bind SLIT family 
member proteins in a soluble receptor ligand pull-down 
assay.51,52 Hence, we examined the impact of ROBO1-
Fc on the ability of conditioned media from SLIT3 over-
expressing adult mouse cardiac fibroblasts to stimulate 
NRCM hypertrophy in vitro. Under these conditions, 
ROBO1-Fc inhibited the hypertrophic effects of the con-
ditioned media from SLIT3 overexpressing adult mouse 
cardiac fibroblasts relative to isotype IgG controls (Fig-
ure S7). Next, NRCMs were transfected with siScramble 
or siRNA specifically targeting Robo1 (siRobo1) before 
AdGFP or AdSLIT3 transduction. Inhibition of Robo1 
transcription by siRobo1 abrogated the hypertrophic 
effects of AdSLIT3 on NRCMs (Figure 7E and 7F). We 
confirmed that these findings in SLIT3-NT stimulated 
human-induced pluripotent stem cell–derived cardio-
myocytes where siROBO1 also decreased the transcrip-
tion of NPPA and NPPB (Figure 7G). Likewise, siROBO1 
inhibited baseline levels of NPPA and NPPB in iPSC-
CMs as these cells can also express SLIT3 (data not 
shown), which, thus, may act in an autocrine effect.

ROBO1 Regulates the Development of 
Pathological Cardiac Hypertrophy After TAC In 
Vivo
To directly investigate the function of ROBO1 in vivo, 
we generated Robo1fl/fl mice, in which the exon3 of the 
Robo1 gene was flanked by Loxp (Figure 8A). Then, 
inducible and cardiomyocyte-specific knockout of Robo1 
mice was generated by crossing Robo1fl/fl mice with 
Myh6-MerCreMer mice. After tamoxifen administration, 
the knockout efficiency of ROBO1 in cardiomyocytes 

was confirmed by immunofluorescence staining of heart 
tissue. ROBO1 expression was predominant on the cell 
membrane of cardiomyocytes in Robo1fl/fl control mice, 
and this signal was significantly abrogated in heart tissue 
from the Myh6-MerCreMer;Robo1fl/fl mice (Figure 8B). 
We also confirmed by quantitative PCR (qPCR) that 
Robo1 transcription was effectively reduced in cardio-
myocytes from Myh6-MerCreMer;Robo1fl/fl mice (Figure 
S8A). Sham or TAC surgery was conducted (Figure 1C), 
and only mice with an adequate TAC gradient were 
included in the downstream studies (Figure S8B). Robo1 
transcript levels were significantly decreased in hearts 
from Myh6-MerCreMer;Robo1fl/fl mice 1 month after TAC 
(Figure S8C). Mice with cardiomyocyte-specific deletion 
of ROBO1 exhibited on echocardiogram improved car-
diac function and reduced LV wall thickness and mass 
after TAC (Figure 8C), as well as a smaller heart weight 
to body weight ratio, heart size, and cross-sectional area 
after TAC compared with hearts from Robo1fl/fl littermate 
controls (Figure 8D through 8F). This was accompanied 
by downregulation of cardiac hypertrophy–associated 
genes such as Nppa, Nppb, Myh7, and Acta1 (Figure 8G). 
Finally, cardiomyocyte-specific deletion of ROBO1 had 
no significant impact on pressure overload–induced 
cardiac fibrosis (Figure S8D and S8E). Taken together, 
these results indicate that SLIT3-ROBO1 regulates car-
diac hypertrophy and dysfunction induced by pressure 
overload (Figure S9).

DISCUSSION
While SLIT3 is known to partake in the embryonic devel-
opment of the heart and other organs and is expressed 
in the adult state, the function of SLIT3 in the postnatal 
cardiovascular system has up to now remained unknown. 
Our previous study demonstrated that SLIT3 global 
knockout mice manifested a blunted fibrotic and hyper-
trophic response to pressure overload,24 a phenotype 
that could have been the result of faulty developmen-
tal processes. In the present study, we provide several 
lines of evidence in humans and mice to demonstrate 
SLIT3’s essential role in regulating the hypertrophic and 
fibrotic response of the adult myocardium. To exclude the 
effects of SLIT3 deficiency on cardiovascular develop-
ment in our postnatal studies, we generated inducible 
and stromal cell–specific SLIT3 knockout mice. Condi-
tional and inducible deletion of SLIT3 in fibroblasts or 
vascular mural cells alleviated the development of car-
diac hypertrophy, fibrosis, and dysfunction after TAC, 
phenocopying the response in SLIT3 global knockout 
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Figure 7. The in vitro hypertrophic effect of SLIT3 on cardiomyocytes is ROBO1-dependent.
A, Transcript levels of Robo1, Robo2, Robo3, and Robo4 in cardiomyocytes of different origins. Robo3 transcripts were not detectable in neonatal 
rat cardiomyocytes (NRCMs). N=3 independent experiments. B, Transcript levels of Robo1 in mice heart tissue subjected to sham or transverse 
aortic constriction (TAC) surgery. N=4 mice/group. C, Representative images of wheat germ agglutinin (WGA)–stained heart sections and 
quantification of cardiomyocyte cross-sectional area from 7-d-old Robo1 knockout mice (Robo1−/−) or wild-type (WT) littermates (Robo1+/+). Scale 
bar, 10 µm. N=400 cells from 3 mice/group. D, Representative images of WGA-stained heart sections and quantification of cardiomyocyte cross-
sectional area from 7-d-old Slit3−/− or WT littermates (Slit3+/+). Scale bar, 10 µm. N=400 cells from 3 mice/group. E, Immunofluorescence with 
anti-α-actinin antibody and 4',6-diamidino-2-phenylindole (DAPI) counterstain of NRCMs that were treated with conditioned media from WT adult 
cardiac fibroblasts transduced with AdGFP or AdSLIT3 and transfected with either siScramble or siRobo1. Cell size quantification was performed 
by analyzing N=500 cells per group. F, Corresponding Robo1, Nppa, and Nppb transcript levels in NRCMs measured by quantitative PCR (qPCR) 
after treatment with conditioned media for 48 h. N=3 independent experiments. G, Human iPS-derived cardiomyocytes were transfected with 
siScramble or siROBO1 for 48 h and then treated with recombinant SLIT3-NT for 8 d. Transcript levels of ROBO1, NPPA, and NPPB were 
assessed by qPCR. N=3 independent experiment. The Kruskal-Wallis test with the Dunn multiple comparisons test was used in (A, B, E, and G). 
The Mann-Whitney U test was used in (C, D, and F). AMCM indicates adult mouse cardiomyocyte; and iPS-CM, induced pluripotent stem cell–
derived cardiomyocyte.
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Figure 8. Cardiomyocyte-specific deletion of ROBO1 reduces cardiac hypertrophy and dysfunction after transverse aortic 
constriction (TAC).
A, Schematic of Robo1fl/fl mouse model and PCR analysis for quantitation of loxp-flanked Robo1 gene region in wild-type (WT), heterozygous 
(loxp/-), or homozygous (loxp/loxp) mice. B, Immunofluorescence staining using anti-cardiac troponin (c-TNT) antibody (red), anti-ROBO1 
antibody (green), and 4',6-diamidino-2-phenylindole (DAPI; blue) of heart sections from Robo1fl/fl control or Myh6-CreERT2;Robo1fl/fl mice. C, 
B-mode and M-mode echocardiographies of Robo1fl/fl or Myh6-CreERT2;Robo1fl/fl mice after sham or TAC surgery with analysis of ejection 
fraction (EF), fractional shortening (FS), relative end-diastolic left ventricle posterior wall thickness (LVPWd), and relative left ventricle mass. N=8 
mice/group. D, Explanted hearts from Robo1fl/fl and Myh6-MerCreMer;Robo1fl/fl mice after sham or TAC surgery (top); representative (Continued )
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mice and confirming the stromal cell origin of the SLIT3 
ligand in the adult heart.

Factors expressed by CNMs are known to regulate 
cardiac function during healthy and disease states,53–55 
and our findings indicate that SLIT3 is a critical car-
diac stromal cell-derived paracrine factor that regulates 
the cardiomyocyte response to pressure overload. Our 
in vitro results reveal that SLIT3 secreted by cardiac 
fibroblasts and vascular mural cells can directly stimu-
late cardiomyocyte hypertrophy, an effect that could be 
blunted by an anti-SLIT3 neutralizing antibody. While car-
diac fibroblasts are known to modulate the hypertrophic 
response,56–58 the influence of vascular mural cells such 
as cardiac pericytes, a prevalent type of cardiac stromal 
cell,59 on cardiac homeostasis and hypertrophy is poorly 
understood.60 We provide the first evidence that vascu-
lar mural cells regulate the cardiomyocyte hypertrophic 
response to pressure overload via the secretion of SLIT3. 
This finding expands the known functional repertoire of 
cardiac vascular mural cells beyond that of vascular sup-
port61 and control of vascular tone.61,62

The cardiovascular phenotype that resulted from 
SLIT3 deletion was dependent on the cellular sources 
that were targeted. Interestingly, global and stromal 
cell–specific deletion of SLIT3 inhibited pressure over-
load–induced cardiac hypertrophy to similar degrees. 
The absence of a linear and directly proportional effect 
on cardiac hypertrophy in the context of tissue-specific 
SLIT3 knockouts indicates a more complex relationship. 
Several alternative explanations could account for our 
findings. For instance, deleting SLIT3 in one cell type 
(eg, cardiac fibroblasts) might alter the biomechanical 
properties of the myocardium, thereby influencing SLIT3 
transcription in another cell population (eg, vascular 
mural cells). Conversely, removing SLIT3 in a different 
cell population (eg, vascular mural cells) could trigger the 
release of an unknown factor that then regulates SLIT3 
transcription in another cell population (eg, cardiac fibro-
blasts). Another possibility is that a threshold amount 
of SLIT3 is needed to regulate hypertrophy. This on/
off response has been previously documented for Myh6 
and Myh7 transcription in response to TAC.63 Address-
ing these hypotheses necessitates further investigation 
into the factors governing SLIT3 transcription in these 
specific cell types, a significant and intricate topic that 
extends well beyond the scope of our current study.

A more stoichiometric relationship was observed 
between SLIT3 and cardiac collagen. Only acute, global 
deletion of SLIT3 resulted in decreased fibrosis-related 
gene transcription under both basal and pressure 

overload conditions. Fibroblast-specific deletion of SLIT3 
reduced Col1a1 and Col3a1 transcription induced by LV 
pressure overload, while vascular mural cell–specific 
deletion of SLIT3 only reduced Col1a1 transcription after 
TAC. On the other hand, interfering with SLIT3 signal-
ing by ROBO1 deletion in cardiomyocytes only reduced 
hypertrophy while not impacting cardiac fibrosis. Our 
results provide important insight into how SLIT3, a car-
diac stromal cell-derived factor, can stimulate both com-
ponents of adverse cardiac remodeling: cardiac fibrosis 
and cardiac hypertrophy.

Determining the cell-surface receptor for SLIT3 
is necessary to understand how this secreted ligand 
imparts its hypertrophic effects on cardiomyocytes. 
Full-length SLIT proteins can be cleaved into 2 bioac-
tive N- and C-terminal fragments.64 SLIT fragments have 
different cell association characteristics in cell culture, 
suggesting that they may also have different extents of 
diffusion and binding properties and, hence, different 
functional activities in vivo.64 ROBO-mediated signaling 
is initiated by the N-terminal fragment of SLIT ligands, 
while the C-terminal fragment of SLITs has been shown 
to bind PlexinA1.30 Our initial results demonstrated that 
SLIT3-NT is responsible for the hypertrophic effects of 
SLIT3 on cardiomyocytes, suggesting the involvement 
of a roundabout receptor. We found that ROBO1 was 
predominantly expressed in cardiomyocytes compared 
with the other roundabout receptors, and the ROBO1 
expression was stimulated in hearts after TAC, parallel-
ing the induction of SLIT3 expression. Importantly, the 
deletion of ROBO1 in cardiomyocytes recapitulated the 
phenotypes exhibited in SLIT3 global, conditional, and 
tissue-specific knockout mice. Thus, we have provided 
several lines of evidence to indicate that ROBO1 medi-
ates the regulatory effects of SLIT3 in cardiomyocytes. 
As such, the current study is the first to describe the role 
of SLIT3-ROBO1 signaling in postnatal cardiac func-
tion and disease. We did not observe any other clinical 
phenotypes in other organ systems at homeostasis or 
under pressure overload conditions although we did not 
perform a detailed microscopic or molecular investiga-
tion into other extracardiac tissues and organs in SLIT3 
deficient mice.

In addition to those highlighted above, there are also 
other important, unanswered questions about the role 
of SLIT3-ROBO1 in postnatal cardiac function. Car-
diac fibroblasts and vascular mural cells are hetero-
geneous populations of cells, and the subpopulations 
expressing SLIT3 have yet to be identified. The signal-
ing pathways downstream of SLIT3-ROBO1 leading to 

Figure 8 Continued. images of heart sections stained with hematoxylin & eosin (H&E; scale bar, 500 µm; middle); and representative images 
of wheat germ agglutinin (WGA)–stained heart sections (scale bar, 20 µm; bottom). E, Heart weight to body weight (HW/BW) ratio in Robo1fl/fl  
and Myh6-MerCreMer mice after sham or TAC surgery. N=8 mice/group. F, Quantification of myocyte cross-sectional area on WGA staining. G, 
Quantitative PCR (qPCR) analysis of transcription of hypertrophy-related genes (Nppa, Nppb, Myh7, and Acta1, normalized to Gapdh mRNA levels) 
in hearts from Robo1fl/fl or Myh6-MerCreMer;Robo1fl/fl mice after sham or TAC surgery. Two-way ANOVA and the Tukey multiple comparisons test 
were used for all comparisons.
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the hypertrophic response in cardiomyocytes remain 
undefined. The importance of SLIT3 in regulating 
physiological hypertrophy of exercise or pregnancy is 
also unknown and will need a different animal model to 
evaluate this. The details of how SLIT3 modulates adult 
cardiac fibroblast function are also unknown and are 
currently under active investigation in our laboratory. 
Finally, the mechanisms by which pathological stimuli 
promote SLIT3 secretion from stromal cells and the 
roles of SLIT3 in other types of cardiovascular condi-
tions, such as coronary artery and valvular heart dis-
ease, are unknown.

In conclusion, the secreted axon guidance molecule 
SLIT3 controls pressure overload–induced cardiac fibro-
sis and cardiomyocyte hypertrophy, with the latter via the 
ROBO1 receptor. These findings highlight SLIT3 as a 
novel mediator of pathological cardiac hypertrophy and 
fibrosis in the postnatal period, expanding the functional 
repertoire of this conserved glycoprotein ligand.
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