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Myocardial fibrosis is a key pathologic feature of hypertrophic cardiomyopathy (HCM).
However, the fibrotic pathways activated by HCM-causing sarcomere protein gene
mutations are poorly defined. Because lysophosphatidic acid is a mediator of fibrosis in
multiple organs and diseases, we tested the role of the lysophosphatidic acid pathway in
HCM. Lysphosphatidic acid receptor 1 (LPAR1), a cell surface receptor, is required for
lysophosphatidic acid mediation of fibrosis. We bred HCM mice carrying a pathogenic
myosin heavy-chain variant (403+/2) with Lpar1-ablated mice to create mice carrying
both genetic changes (403+/2 LPAR1 2/2) and assessed development of cardiac hyper-
trophy and fibrosis. Compared with 403+/2 LPAR1WT, 403+/2 LPAR1 2/2 mice
developed significantly less hypertrophy and fibrosis. Single-nucleus RNA sequencing of
left ventricular tissue demonstrated that Lpar1 was predominantly expressed by lym-
phatic endothelial cells (LECs) and cardiac fibroblasts. Lpar1 ablation reduced the popu-
lation of LECs, confirmed by immunofluorescence staining of the LEC markers Lyve1
and Ccl21a and, by in situ hybridization, for Reln and Ccl21a. Lpar1 ablation also
altered the distribution of fibroblast cell states. FB1 and FB2 fibroblasts decreased while
FB0 and FB3 fibroblasts increased. Our findings indicate that Lpar1 is expressed pre-
dominantly by LECs and fibroblasts in the heart and is required for development of
hypertrophy and fibrosis in an HCM mouse model. LPAR1 antagonism, including
agents in clinical trials for other fibrotic diseases, may be beneficial for HCM.
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Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy
(1, 2). Dominantly acting pathogenic variants in genes encoding components of the
cardiac sarcomere are an important cause of disease. Variants in cardiac myosin heavy
chain (MHC; MYH7) cause ∼25% of human HCM (1, 2). In addition to left ventric-
ular hypertrophy (LVH), myocardial fibrosis is a key pathological feature of HCM.
Extracellular matrix accumulates up to eightfold more in HCM than in normal hearts
and reflects diffuse interstitial fibrosis, focal replacement fibrosis, and perivascular fibro-
sis (3, 4). Patients with HCM have increased morbidity and mortality compared to the
general population due to malignant arrhythmias, heart failure, atrial fibrillation, and
stroke (5). Myocardial fibrosis is postulated to be one of the key drivers of these events,
and the presence of fibrosis is associated with adverse outcomes (6–11). However, the
mechanisms by which sarcomere protein gene mutations induce cardiac fibrosis are
largely unknown.
In human studies using cardiac MRI, replacement fibrosis is typically not detectable

prior to the development of LVH but increased extracellular volume compatible with
interstitial fibrosis has been documented by cardiac MRI in individuals who carry a
pathogenic sarcomere mutation but have normal wall thickness (12, 13). Since non-
myocyte cells, including cardiac fibroblasts (FB), do not express the sarcomere genes
responsible for causing HCM, the generation of fibrosis is believed to result from acti-
vation of cardiac fibroblasts by cardiomyocytes and nonmyocyte cells (14–16). The
normal mammalian heart contains five different cardiac fibroblast states distinguishable
by RNA expression (17). The origin and type of activating signals are still largely
unknown in HCM. Furthermore, we do not know whether the same mechanisms that
activate fibroblasts from other organs are the same mechanisms that activate fibroblasts
in HCM hearts.
A mouse model of HCM was established by introducing the MHC variant,

Arg403Gln, which causes HCM in humans, into the gene that encodes the predominant
adult murine cardiac MHC (HCM mice denoted 403+/�) (18). In 403+/� mice, as in
human HCM patients, disease pathology develops slowly and is not typically established
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until age 30 wk (18). Expression of the MYH7 Arg403Gln vari-
ant in cardiomyocytes has been shown to induce proliferation of
fibroblast-specific protein 1 (Fsp1) expressing nonmyocytes com-
pared with wild-type mice (14). Although transforming growth
factor-β (TGF-β) is required for fibrosis development in HCM
models with sarcomere gene mutations (14), other relevant fibro-
sis signaling pathways have not been fully elucidated. Clarifying
these signaling pathways is crucial to improving understanding of
disease pathogenesis.
Lysophosphatidic acid (LPA) has been shown to stimulate

fibrosis in numerous systems, including the heart. Six different
LPA receptors (LPAR1 to LPAR6) are encoded in the human
and rodent genomes. Previous studies have demonstrated that
LPA injection into rats can increase fibrosis postmyocardial
infarct and that this LPA response is likely mediated by LPAR3
(19). LPAR1 has been shown to play an important role in the
development of fibrosis in several organs, including kidneys,
lungs, and skin. Signaling through this 364-amino acid residue
G protein-coupled receptor (GPCR) results in fibroblast migra-
tion and activation, epithelial cell apoptosis, and vascular leak
(20–25). Furthermore, pharmacologic antagonism of LPAR1
has evolved as a promising antifibrotic therapy for a number of
fibrotic diseases, including scleroderma and idiopathic pulmo-
nary fibrosis (20, 22–27). However, the role of LPAR1 in the
pathogenesis and the development of myocardial fibrosis in
HCM is currently undefined.
Because Lpar1 is expressed at a higher level than other LPA

receptors in mouse hearts (Dataset S7), we hypothesized that
this receptor might mediate fibrosis in a murine HCM model.
This hypothesis was tested by breeding HCM mice (403+/�)
with mice carrying a deletion in the Lpar1 gene (LPAR1�/�)
and analyzing cardiac phenotypes and gene expression in the
resulting HCM mice lacking LPAR1 (403+/� LPAR1�/�). The
hypertrophic and fibrotic responses in these mice were evalu-
ated by an integrated approach, including standard echocardi-
ography and histological staining together with single-nucleus
RNA sequencing (snRNA-seq). snRNA-seq permits the evalua-
tion of cell types (such as cardiomyocytes, fibroblasts, and
endothelial cells that express very different genes) and cell states
(i.e., subsets of cells within a cell type that express different
amounts of the same RNAs). Here, we define both cell type
and cell state changes in the LVs of HCM mice lacking
LPAR1.

Results

Genetic Ablation of LPAR1 Attenuates the Development of
LVH in HCM Caused by a Pathogenic MHC Variant. The in vivo
consequences of LPAR1 ablation on the development of LVH
and secondary structural changes in HCM mice were assessed
noninvasively by serial echocardiography. As in human HCM
patients, disease pathology develops slowly in 403+/� mice.
Myocardial hypertrophy and fibrosis are absent in 6-wk-old
mice, variably present at 15 wk, and established at 30 wk (18).
The 403+/� LPAR1�/� mice exhibited significantly less LVH
than 403+/� LPAR1WT starting from 12 wk of age (Fig. 1) and
LVH remained significantly less after accounting for the smaller
body size of the 403+/� LPAR1�/� mice. By 42 wk of age,
when LVH was fully developed in 403+/� LPAR1WT mice, LV
wall thickness remained largely unchanged from baseline in
403+/� LPAR1�/� mice (maximal posterior LV wall thickness
1.05 ± 0.22 mm for 403+/� LPAR1WT vs. 0.71 ± 0.13 mm
for 403+/� LPAR1�/�, P < 0.001) (Table 1). Maximal
LV posterior wall thickness in 403+/� LPAR1�/� mice was

comparable to wild-type mice (Dataset S1). Ablation of only
one copy of Lpar1 (403+/� LPAR1+/�) did not attenuate the
development of LVH (Dataset S1). In multivariable linear
regression analysis including age, body surface area (BSA), and
genotype, Lpar1-genotype emerged as the only significant pre-
dictor of LV posterior wall thickness. Cardiac morphology of
LPA�/� mice, without the MHC Arg403Gln mutation
(MHCWT/LPAR1�/�), was indistinguishable from that of
wild-type mice as assessed by echocardiography (Fig. 1).

Genetic Ablation of LPAR1 Attenuates Myocardial Fibrosis in
HCM Mice. HCM mice generally begin to develop fibrosis by
age 15 wk and cardiac fibrosis is well-established by age 30 wk.
To examine whether LPAR1-ablation alters development of
myocardial fibrosis, male mice were killed at an advanced age
(>52 wk) to allow quantification of cardiac fibrosis and colla-
gen content.

By 52 to 66 wk of age, 403+/� LPAR�/� hearts displayed
significantly less fibrosis than 403+/� LPAR1WT hearts as
assessed by Masson’s trichrome staining (median 2.1 vs. 4.8%
of LV mass P = 0.04) (Fig. 2 A and C). The amount of fibrosis
in 403+/� LPAR1�/� cardiac tissue was indistinguishable from
wild-type mice (median 2.1 vs. 1.8% of LV, P = 0.98). In
addition, myocardial collagen content was significantly lower in
403+/� LPAR1�/� as compared to 403+/� LPAR1WT as
assessed by both Sirius red staining (median 1.7 vs. 5.2% of
LV, P = 0.04) (Fig. 2 B and D) and hydroxyproline content
(median 18.3 vs. 49.9 mcg/mL, P = 0.004) (Fig. 2E). These
results indicate that LPAR1 is necessary for the development of
myocardial fibrosis in HCM mice.

LPAR1 Ablation Was Associated with Reduced Numbers of
Fsp1-Expressing Cells. The 403+/� mouse hearts contain approx-
imately fourfold more FSP1-expressing nonmyocytes than wild-
type hearts (14). To test the hypothesis that reduced fibrosis in
403+/� LPAR1�/� reflected a reduced number of Fsp1-expressing
fibroblasts, we counted cells stained with antibodies to FSP1.
There were significantly fewer Fsp1-expressing cells in 403+/�

LPAR1�/� cardiac tissue than in 403+/� LPAR1WT cardiac tissue

Fig. 1. HCM mice lacking LPAR1 do not develop LVH. LV wall thickness,
assessed by echocardiography, of 403+/� LPAR1�/� mice (black) and 403+/�

LPAR1WT (white), age 4 to 42 wk (n = 22). Mixed-models analysis for
repeated measures demonstrated a significant difference between the
development of posterior wall thickness for 403+/� LPAR1�/� mice (black)
and 403+/� LPAR1WT (white) over time (P < 0.0001 for interaction with
group and time). Likelihood of LVWT differences occurring by chance at
8, 12, 16, 26, and 42 wk (P values) were also assessed by t tests for differ-
ences between 403+/� LPAR1�/� and 403+/� LPAR1WT mice.

2 of 12 https://doi.org/10.1073/pnas.2204174119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204174119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204174119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204174119/-/DCSupplemental


(median 92 vs. 152 Fsp1-expressing cells per mouse, P = 0.025;
(n = 3 to 5 animals per group, one section per animal) (Fig. 3).
Previous studies demonstrated that while Fsp1-expressing non-
myocyte cells proliferate in HCM mouse hearts, α-SMA–express-
ing fibroblasts do not (14).

Cardiomyocyte Disarray in 403+/2 Hearts Is Not Affected by
Ablation of LPAR1. Cardiomyocyte disarray is another charac-
teristic histopathological feature of HCM. To determine
whether LPAR1 ablation affects disarray, the orientation of
myofibrils was assessed in cardiac tissue sections from five mice
(total 50 segments per mouse) (SI Appendix, Fig. S1). In con-
trast to the effects on hypertrophy and fibrosis, we found no
significant difference in myofibril alignment in 403+/�

LPAR1�/� as compared to 403+/� LPAR1WT (per animal [P =
0.79], per slides [P = 0.68], and per all segments [P = 0.70]).

snRNA-seq Demonstrates that Lpar1 RNA Is Expressed in
Multiple Cell Types. To further characterize the effect of
LPAR1 ablation, RNA expression was assessed in 403+/�

LPAR1�/� and 403+/� LPAR1WT hearts. Bulk RNA-seq anal-
yses of total mRNA was initially performed. RNA expression in
403+/� LPAR1�/� and 403+/� LPAR1WT was virtually indis-
tinguishable (Dataset S2) (n = 3 hearts per group). Lpar1
mRNA levels in 403+/� LPAR1WT and 403+/� LPAR1�/�

hearts were also similar (Dataset S2) (Lpar1 levels in 403+/�

LPAR1WT and 403+/� LPAR1�/� hearts were 4.3 vs. 3.7 reads
per kilobase and million mapped reads; P = 0.87), suggesting
the mutationally altered RNA was not subject to nonsense-
mediated decay. However, evaluation of bulk RNA-seq reads
confirmed that Lpar1 mRNA in 403+/� LPAR1�/� mouse
hearts lacked exon 3, which encodes 252 amino acids, as
expected. The residual Lpar1 mRNA is predicted to encode a
nonfunctional 12-amino acid protein.
We postulated that although bulk RNA-seq could not

identify significant differences in RNA expression between
LPAR1-null LV and wild-type LV, the significant morphologic
differences between these hearts would be reflected in RNA
expression changes in specific cardiac cell populations. There-
fore, to improve resolution, we performed snRNA-seq to assess
gene expression in LV tissue (MHCWT LPAR1�/�, 9,430
nuclei; 403+/� LPAR1�/�, 8,372 nuclei; 403+/� LPAR1WT,
7,920 nuclei; MHCWT LPAR1WT, 12,808 nuclei). Unbiased
clustering of the global object from a total of 38,530 nuclei
identified 10 distinct clusters, termed cell types, among the
38,530 nuclei (Materials and Methods, Fig. 4, SI Appendix,
Figs. S2–S4, and Datasets S3 and S4). Annotation of the 10
clusters based on marker genes and differentially expressed
genes allowed identification of 10 major cell types, including
cardiomyocytes, endocardial cells, endothelial cells, epithelial

cells, fibroblasts, lymphatic endothelial cells (LECs), macro-
phages, pericytes, smooth muscle cells, and lymphocytes (Fig.
4A). Lpar1 expression was highest in fibroblasts (∼4 normalized
reads per nucleus), LECs (∼1 normalized read per nucleus),
and endothelial cells (∼0.5 normalized reads per nucleus) (Fig.
4B and Dataset S5). Myocytes demonstrated scant Lpar1
expression (∼0.03 normalized reads per nucleus). In cardio-
myocytes, Tgfb (1, 2, or 3) and Lpar1 were expressed in the
same cell less than expected by chance (P = 0.01), whereas in
fibroblasts, Tgfb (1, 2, or 3) and Lpar1 were expressed in the
same cell (P < 0.008) (Dataset S5).

Ablation of LPAR1 Is Associated with Reduction of the
Lymphatic Endothelial Expressed Reln and Ccl21a and Altered
Fibroblast Cell State Distribution. The distribution of most cell
types was not significantly altered in LPAR1-deficient hearts com-
pared to normal mouse hearts (Dataset S3) (fold-change < 2 in
both non-HCM mice and HCM mice). However, one cell type,
LECs, was greater than fourfold reduced in LPAR1-deficient
hearts (Dataset S3). Although 738 genes were expressed at signifi-
cantly (P < 0.05 corrected for multiple testing of 30,000 genes)
higher or lower levels than in other LV cells, the two most distin-
guishing marker genes for the population of LECs were Reln
(reelin) and Ccl21a (Chemokine [C-C motif] ligand 21). Both
Ccl21a and Reln were expressed at least eightfold higher in LECs
than in any other cell type as measured by snRNA-seq (Dataset
S5). Because LymphEC represent ∼1% of the nuclei in the wild-
type mouse heart (Dataset S3), neither Reln nor Ccl21a are likely
to be expressed sufficiently in the entire heart to be detected by
bulk RNA-seq (Dataset S2). To confirm the reduced number of
LECs expressing these genes in LPAR1-deficient hearts we identi-
fied: 1) Ccl21a expressing cells by immunohistochemistry and
localized them to LECs (LYVE1 antibody) (Fig. 5) (403+/�

LPAR1�/� [n = 5] and 403+/� LPAR1WT [n = 3], one section
per animal) and 2) Reln expressing cells by in situ hybridization
with a fluorescent-labeled RELN probe (Fig. 6) (RNAscope#,
403+/� LPAR1�/� [n = 3] and 403+/� LPAR1WT [n = 3], one
section per animal). Reln-hybridizing cells were observed both in
LPAR1�/� hearts and in LPAR1WT hearts near small vessels
(Fig. 6). The intensity (number of hybridization speckles per cell)
(Fig. 6B) were similar in LPAR1�/� and LPAR1WT hearts. How-
ever, the number of Reln-hybridizing cells were ∼3× reduced
(P = 2.1e-4) (Fig. 6C) in LPAR1�/� hearts compared to
LPAR1WT hearts.

In addition to defining the distribution of cell types,
snRNA-seq also defines the distribution of cell states (subsets of
cells within a cell type that express different amounts of the
same RNAs). Given the decreased fibrosis observed in 403+/�

LPAR1�/� mice (Fig. 2), we hypothesized that the distribution

Table 1. Echocardiographic measurements in male mice at 42 wk of age

403+/� LPAR1WT (n = 12) 403+/� LPAR1�/� (n = 10) P

Age (wk) 41 ± 3 43 ± 5 0.36
SBP (mmHg, n = 6) 129 ± 4 129 ± 5 0.92
IVSd (mm) 0.90 ± 0.13 0.74 ± 0.13 <0.001
LVPWd (mm) 1.05 ± 0.22 0.71 ± 0.13 <0.001
LVIDd (mm) 3.38 ± 0.21 2.99 ± 0.35 <0.001
LVIDs (mm) 1.66 ± 0.38 1.53 ± 0.35 0.41
FS (%) 51 ± 9 49 ± 8 0.58
LAd (mm) 2.34 ± 0.25 1.81 ± 0.14 <0.0001

Results are presented as mean ± SD. FS, fractional shortening; IVSd, intraventricular septum in diastole; LAd, left atrial diameter; LVIDd, left ventricular internal diameter in diastole;
LVIDs, left ventricular internal diameter in systole; LVPWd, left ventricular posterior wall in diastole; SBP, systolic blood pressure.
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Fig. 2. HCM mice lacking LPAR1 develop significantly less cardiac fibrosis than HCM mice with LPAR1. (A) Representative transverse sections and details of
the LV from 52-wk-old mice stained with Masson’s trichrome (Left) 403+/� LPAR1�/�; (Right) 403+/� LPAR1WT. (Scale bars, 1 mm for black bar, 200 μm for yel-
low bar.) Fibrotic area was assessed using the BZ-II Analyzer software (Keyence) from images taken with 10× objective lens (BZ-9000, Keyence). (B) Represen-
tative transverse sections and details of the LV from 52-wk-old mice stained with Sirius red (Left) 403+/� LPAR1�/�, (Right) 403+/� LPAR1WT. (Scale bars,
1 mm.) Collagen fibers were assessed using the BZ-II Analyzer software (Keyence) from images taken with 10× objective lens (BZ-9000, Keyence). (C) Reduc-
tion in fibrotic area in 403+/� LPAR1�/� mice assessed by Masson-trichrome staining in at least eight sections per mouse (n = 3 to 5 per group, age 52 to
66 wk). Results expressed as median and interquartile range. Note box-and-whisker plots: when the interquartile value and the range are indistinguishable
no whisker is visible (C and D). Between group differences were evaluated using Student’s t-test. (D) Reduction in collagen in 403+/� LPAR1�/� mice assessed
by Sirius red staining in four to seven sections per mouse (n = 3 to 5 per group, age 52 to 66 wk). Results expressed as median and interquartile range.
(E) Biochemical analysis of fibrosis shows reduced hydroxyproline content in cardiac tissue of 403+/� LPAR1�/� mice (n = 6 per group, age 52 to 66 wk).
Results expressed as median and interquartile range. Between-group differences were evaluated using Student’s t-test.
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of fibroblast cell states would be different in hearts with and
without functional Lpar1 mRNA. To define fibroblast cell
states, all fibroblasts from both wild-type and LPAR1-deficient
hearts were reclustered, replotted, reharmonized, and single
nuclei were compared. Five different fibroblast cell states (FB0
to FB4) (Fig. 7 and Dataset S3) were identified. More than
500 differentially expressed genes were identified (Dataset S4).
To systematically assess the role of each fibroblast state we per-

formed gene ontology pathway analyses using cell-state enriched
marker genes (Table 2 and Datasets S4 and S6). RNAs encoding
proteins in nine nonredundant signaling pathways were enriched
in FB0 and FB1 fibroblasts compared to other fibroblast cell
states (Table 2 and Dataset S6). In general, the TGF-β signaling
pathways were more strongly activated in FB0, while the actin
cytoskeletal remodeling RhoGTPase signaling pathway is
enhanced in FB1 cells (Table 2 and Dataset S6). The actin-
cytoskeletal remodeling RhoGTPase pathway mediates cell motil-
ity and proliferation (28), while the TGF-β pathway is involved
primarily in production of extracellular matrix associated with
scar formation (29). Furthermore, the TGF-β pathway in FB0
cells induces collagen genes Col1a1 and Col4a3, presumably the
RhoGTPase pathway activates Col4a1 in FB1 cells. This shift in
collagen gene expression may be secondary to changes in Tgfb2
gene expression found in these cell states and is presumably
related to the reduction of thrombospondin (THBS2) and a tis-
sue inhibitor of a metalloprotease (TIMP2). Although we have
not defined the precise mechanism by which reduction in LPA
signaling mediates changes in extracellular matrix, these analyses

provide strong circumstantial evidence that these changes are
mediated through two different cell types: LECs and fibroblast
states 0 and 1.

Further evidence for differences in cell-state function comes
from identification of particular differentially expressed genes.
For example, Mfap5 (microfibrillar-associated protein 5), which
has been associated with fibrosis in other organs (30), is
expressed two- to fourfold higher in FB0 and FB3 cell states
than in other fibroblast cell states (Fig. 7 and Dataset S5). Fap
(fibroblast activation protein) is increased in FB1 fibroblasts
(Fig. 7 and Dataset S5). We found that more FB1 and FB2
fibroblasts are present in hearts with normal amounts of
LPAR1 and fewer in hearts lacking LPAR1, regardless of
αMHC403 genotype (+/� or WT) expressed (Dataset S3); con-
versely more FB0 and FB3 fibroblasts are expressed in hearts
lacking LPAR1 than hearts with LPAR1.

Human (Normal and HCM) LPAR Gene, RELN, and CCL21
Expression. Expression of the six LPAR receptors, RELN, and
CCL21 genes in mouse and human HCM and “control” LV
(Datasets S7 and S8) were measured by snRNA-seq. The pat-
terns of LPAR genes in each cell type are highly conserved
between mouse and human (normal and HCM) LV tissue.
That is, LPAR1 is expressed most abundantly in fibroblasts and
LECs, while LPAR6 is expressed primarily in other endothelial
cells. Furthermore, LPAR gene expression is similar in HCM
and “normal” LV cells. Male and female (human) hearts con-
tain similar amounts of LPAR RNAs (Dataset S9).

Fig. 3. Accumulation of FSP1-expressing nonmyocytes was reduced in 403+/� LPAR1�/� mice compared to 403+/� LPAR1WT. (A) Representative sections of
the LV from 50-wk-old mice stained for FSP1. (Scale bar, 20 μm.) (B) FSP-1+ cells were significantly lower in 403+/� LPAR1 �/� cardiac tissue than in 403+/�

LPAR1WT cardiac tissue (n = 3 to 5 animals per group). Results expressed as median and interquartile range. Note box-and-whisker plots: when the inter-
quartile value and the range are indistinguishable no whisker is visible. Between-group differences were evaluated using Student’s t-test.
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As in mouse HCM hearts, human HCM hearts contain less
RELN and CCL21 RNA than control hearts (Dataset S8).
Human HCM LV express 74% of control RELN RNA levels
and 20% of control CCL21 RNA levels (P = 0.02).

Discussion

The LPAR1-mediated signaling pathway has been shown to
mediate fibrosis in lungs, skin, kidney, and liver (20, 22–25),
but its role in cardiac fibrosis is not well characterized. There-
fore, we investigated this pathway in HCM, a prototypical

fibrotic disorder of the heart, where cardiac fibrosis is prevalent
in both human patients and mouse models. By studying geneti-
cally modified mice that both carry a pathogenic MHC variant
that causes HCM and lack LPAR1, we demonstrate that
genetic ablation of LPAR1 significantly attenuated phenotypic
evolution of HCM. Compared with HCM mice with intact
LPAR1 (403+/� LPAR1WT), HCM mice with LPAR1 ablated
(403+/� LPAR1�/�) had marked reduction of LVH and myo-
cardial fibrosis, pathognomonic features of this disease.

The secreted bioactive LPA activates fibroblasts and other
cells via binding to its receptor, LPAR1. Previous studies have

Fig. 4. snRNA-seq of LV tissue identifies 10 distinct cell types. UMAP plots derived from RNA-seq of single nuclei isolated from the LVs of 403+/� LPAR1�/�,
403+/� LPAR1WT, MHCWT LPAR1�/�, and MHCWT LPAR1WT mice. RNA-seq of single nuclei isolated from the LVs of different genotypes mice were compared to
one another after applying UMAP and other harmonization procedures. (A) UMAP plot labeled with cell type assigned based on expression of marker genes
(Dataset S4). Ten distinct cell types are identified, including: cardiomyocytes (CM); endocardial cells (EC), endothelial cells (ET); epithelial cells (Epi); fibroblasts
(FB); lymphatic endothelial cells (LymphEC; indicated with an arrow); macrophages (MP); pericytes (PC); smooth muscle cells (SMC); lymphocytes (TC). (B–D)
UMAP plots overlaid with the expression of Lpar1 (B), Ccl21a (C) and Reln (D). Lpar1 expression is most abundant in fibroblasts. Ccl21a and Reln are marker
genes for LymphEC.
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demonstrated different mechanisms underlying the effect of
LPAR1 deletion in other organs. In the lungs, LPA exhibits a
chemoattractant activity, promoting fibroblast migration into
injured tissue. Genetic ablation or pharmacologic antagonism
of LPAR1 ameliorates progression of pulmonary fibrosis by
attenuating fibroblast migration and activation, epithelial cell
apoptosis, and vascular leak (20). In scleroderma, LPAR1 abla-
tion has been shown to reduce dermal thickness and collagen
deposition by reducing myofibroblast accumulation and by
abrogating TGF-β signaling pathways (23). Studies in models
of renal fibrosis indicate that LPAR1 signaling indirectly indu-
ces renal fibrosis by connective tissue growth factor (CTGF)-
mediated fibroblast proliferation and differentiation. CTGF was
primarily expressed by tubular epithelial cells, indicating that
interactions between epithelial cells and fibroblasts play an
essential role in the development of renal fibrosis (22, 24).
Thus, LPAR1 is required for the development of fibrosis in
different organs across a variety of different stimuli. In
addition, LPA has also been shown to induce hypertrophy of
cardiomyocytes by different pathways than conventional GPCR
activation (19, 31). In a rat model of myocardial infarction
and in patients with myocardial infarction, serum concentra-
tion of LPA and expression of LPAR1 has been shown to be
elevated, suggesting that LPA is involved in the pathophysiol-
ogy (19, 32, 33). Notably in this study, we demonstrate that
much of the fibrotic response to LPA is mediated via LPAR1.
We have previously demonstrated that TGF-β is also required
to mount a fibrotic response to this mutation. In the present
study we observed that, in fibroblasts, Tgfb (1, 2, or 3) and
Lpar1 were expressed in the same cell more than expected by
chance. Whether these two signaling pathways act indepen-
dently or in concert will be addressed in future studies.

Our findings in a mouse model of HCM indicate that LPAR1
is necessary for fibroblast accumulation in myocardial fibrosis. As
with the mouse model of bleomycin-induced lung injury (20),
LPAR1 ablation in HCM mice reduced the number of fibroblasts
expressing Fsp1 in LV tissue, suggesting that decreased recruit-
ment or proliferation of fibroblasts contributes to the reduced
fibrosis seen in LPAR1-deficient HCM mice. snRNA-seq demon-
strated that in the heart, Lpar1 is predominantly expressed by
fibroblasts, LECs, macrophages, and endothelial cells, not cardio-
myocytes. Ablation of LPAR1 was associated with specific reduc-
tion of the LECs, defined by marker genes, including reelin
(encoded by Reln) and chemokine Ccl21a. This cell population
and associated proteins have not been well-characterized in car-
diac fibrosis or HCM, although reelin has been identified as play-
ing a role in cardiac development (34), and both reelin and
CCL21 have been implicated in liver and kidney fibrosis.

Reelin is an extracellular matrix protein that is up-regulated
in the fibrotic liver, particularly in response to liver injury, and
expression appears to correlate with the stage of liver fibrosis
(35–38). Most recently, reelin has been associated with enhanc-
ing vascular inflammation and arterial thrombosis by promot-
ing platelet activation and thrombus formation (38).

Chronic liver disease has also been associated with expansion
of liver LECs and increased expression of CCL21 (39). CCL21
has also been shown to promote fibrogenesis related to chronic
hepatitis C and chronic heart failure (40, 41). In renal fibrosis,
CCL21 has been shown to be a chemoattractant for CCR7-
expressing dendritic cells, lymphocytes, and fibrocytes. Inhibi-
tion of CCR7-CCL21 signaling pathways reduced infiltration
of those cells and fibrosis (42, 43). Our finding that Ccl21a
and Reln are coexpressed in LECs may provide useful insights
for developing biomarkers of fibrotic disease. Although addi-
tional work is needed to determine how these changes relate to
the pathogenesis of HCM, given that LPAR1 is a cell surface
receptor and given that fibroblasts and LECs express the highest
levels of LPAR1 of all cardiac cells, we speculate that LPA is
mediating its effect through this receptor found on the surfaces
of these cells. Overall, our findings suggest that the reduction
of the LECs, associated with LPAR1 ablation in the HCM
mouse model, is at least in part responsible for the observed
reduction in myocardial fibrosis.

In addition to the effect of LPAR1 ablation on reducing the
population of LECs, LPAR1 ablation altered gene expression in
fibroblasts and changed the distribution of fibroblast subtypes
or cell states. Ablation of LPAR1 was associated with a decrease
in the number of FB1 and FB2 fibroblasts and increase in FB0
and FB3 fibroblasts. Pathway analyses of marker genes that
define these cell states show that FB0 and FB1 express high lev-
els of genes involved in TGF-β signaling (Table 2 and Dataset
S6). Consistent with the hypothesis that TGF-β signaling and
lysophosphatidic pathways interact to modulate fibrosis in the
heart. Defining genes that are differentially expressed between
fibroblast cell states FB1 and FB2 in LPAR1 wild-type hearts
versus FB0 and FB3 in LPAR1-deficient hearts may provide
insights into how LPAR1 contributes to myocardial fibrosis
and further define the role of myocardial fibrosis in the patho-
genesis of HCM. For example, Fap is increased in FB1 and
FB2 fibroblasts. While an increase in FAP alone in 403+/�

LPAR1WT hearts is unlikely to fully explain fibroblast prolifera-
tion in HCM, targeting the protein and the cells that express it
with chimeric antigen receptor T cells (CAR-T) have been
shown to reduce fibrosis in other mouse models of cardiac dis-
ease (44, 45). Future experiments targeting FB1 and FB2 cells
with CAR-T cells will help distinguish the role of these cells in

Fig. 5. LV sections from 403+/� LPAR1�/� (A and B) and 403+/� LPAR1WT

(C and D) hearts stained with LYVE1 (lymphatic endothelium), CCL21, and
DAPI. B and D are enlarged regions (boxed) from A and C, respectively.
Number of CCL21a+ cells per lymphatic vessels was counted from entire
section of 403+/� LPAR1�/� and 403+/� LPAR1WT heart (n = 5 and 3, respec-
tively, one section per animal).
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HCM hearts. While the molecular mechanism by which the
activated LPAR1 receptor transmits its signal to the nucleus and
activates changes in RNA expression remains uncertain, we dem-
onstrate that in the absence of LPAR1 a significant fraction of
FB0 and FB3 cells shift to the FB1/FB2 cell pattern of gene
expression. Whether this shift in the fibroblast cell-state distribu-
tion is required to mediate HCM-phenotypes remains uncertain.
Our study has several limitations. The studies presented here

demonstrate that Lpar1-mediated signaling is required for the
pathophysiologic response, including the development of fibro-
sis, to an HCM-causing mutation. However, the mechanism
by which an HCM-causing mutation, which is expressed in a
cardiomyocyte, transmits its signal to LECs and fibroblasts,
where LPAR1 is expressed at highest levels remains unknown.
Indeed, it is possible that differential activation of the LPAR1-
mediated signaling pathway by different disease-causing genes
(e.g., HCM caused by troponin T vs. MHC variants) accounts
for the different extent of fibrosis and hypertrophy produced in
response to pathogenic variation. Furthermore, we do not
know whether the lower levels of LPAR1 found on other cell
types or states (e.g., macrophages and endothelial cells) also
contribute to disease pathology.
Strategies to inhibit LPAR1 are under active exploration as

novel treatments for fibrotic disease in humans. A phase II clini-
cal trial of the small-molecule LPAR1 antagonist, BMS-986020,
in idiopathic pulmonary fibrosis, demonstrated a reduction in the
decline in forced vital capacity at 26 wk (27). A small phase II
clinical trial of SAR100842, another LPAR1 antagonist, in dif-
fuse cutaneous systemic sclerosis demonstrated a slightly greater
decrease in the modified Rodnan skin score, a measure of skin

thickness, with SAR100842 compared to placebo; however, the
difference between groups was not statistically significant (26).

In conclusion, our findings provide insights into the mecha-
nisms behind pathological cardiac remodeling in HCM, impli-
cating the LPAR1 pathway in HCM-associated fibrosis. In the
LV, Lpar1 is expressed in distinct populations of LECs and
fibroblasts and is required for development of hypertrophy and
fibrosis in HCM. LPAR1 ablation attenuates phenotypic evolu-
tion of HCM, reduces the population of LECs in the LV, and
changes the distribution of fibroblast subtypes. This study high-
lights an important role of this pathway in driving fibrosis in
an additional organ system. Furthermore, there are notable
clinical implications as LPAR1 antagonism, being developed
for other fibrotic diseases, may also be a promising therapeutic
strategy not only for HCM, but potentially for other processes
that culminate in myocardial fibrosis.

Materials and Methods

Animals. Two lines of mice, one a model of human HCM carrying a heterozy-
gous missense mutation in the α-cardiac myosin heavy-chain gene (Myh6) and
the other with homozygous deletion of Lpar1, have been previously described
(18, 46). We have previously shown that male mice develop phenotypic HCM
(LVH and myocardial fibrosis) more consistently than do female littermates (47);
thus, for the present study, only male mice were evaluated.

The 403+/� mice (mixed 129Sv/J, 129SvEv background) were bred to LPAR1-
null mice (LPAR1�/�, C57BL/6 background), producing hybrid mice with mixed
C57BL/6, 129S6/SvEvTac, 129x1/SvJ genetic background. Second-generation mice
carrying both MHC and Lpar1 mutations (403+/� LPAR1�/�) and littermate con-
trols carrying only the Myh6 missense mutation (403+/� LPAR1WT) were used for
all studies. LPAR1�/� mice typically have reduced body size; therefore, analyses

Fig. 6. Reln transcripts, detected by RNA in situ hybridization, are decreased in 403+/� LPA1�/� LV cells compared to 403+/� LPA1WT. (A) Representative photo-
micrographs of 403+/� LPAR�/� and 403+/� LPARWT LV sections hybridized to Lpar1 (orange), Reln (red), DAPI (dark blue), Tnnt2 (light blue) in situ hybridization
(RNAScope) probes. Sections are displayed with cell boundaries stained with wheat germ agglutinin (WGA, green) and without WGA (no cell boundaries) (Materi-
als and Methods). (Scale bars, 5 μM.) (B) Reln-expressing cells (e.g., LymphEC) were identified in in situ immunofluorescent images using image processing soft-
ware (Cell Profiler) to count speckles corresponding to immunofluorescent probe signal per cell. The number of hybridization “speckles” visualized using Reln
probe plotted per cell per genotype. Each dot represents one cell. (C) Plot of the percent of all cells counted in 403+/� LPA1WT (n = 9 images, 514 cells overall) or
403+/� LPA1WT (n = 6 images, 229 cells overall) sections positive for Lpar1, Reln, or both probes. P values calculated using Fisher’s exact test.
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were adjusted for BSA when appropriate (46). BSA was calculated as weight
(gm)2/3 × 10.5. Mice were killed after echocardiographic evaluation after reaching
full maturity at age 52 wk. All mice were maintained and studied using protocols
approved by the Animal Care and Use Committee of Harvard Medical School.

Echocardiography. Serial echocardiography was performed in vivo using Vevo
770 and 2100 (Fujifilm VisualSonics) at ages 4, 8, 12, 16, 26, 35, and 40 wk.
Mice were lightly anesthetized under isoflurane vaporizer (VetEquip) in an induc-
tion chamber and each limb was placed on the ECG leads on a Vevo Mouse

Handling Table (Fujifilm VisualSonics) to maintain body temperature at 37 °C
during the study. Anesthesia was discontinued when the mouse had been posi-
tioned for imaging and chest hair had been removed with depilatory cream to
optimize image quality. All measurements were performed at heart rates
between 500 and 550 beats per minute. Two-dimensional (2D) and M-mode
images of the LV and left atrium (parasternal long axis and short axis) were
obtained. LV chamber dimensions (LV end-diastolic diameter, LV end-systolic
diameter, interventricular septal thickness, and LV posterior wall thickness) were
averaged from M-mode tracings from three consecutive heart beats and maximal

Fig. 7. Fibroblast RNA expression in HCM (403+/�) mouse hearts expressing Lpar1 compared to those lacking Lpar1. (A) Five fibroblast cell states were
defined by reclustering fibroblast nuclei, identified among nuclei made from LVs of 403+/� LPAR1�/�, 403+/� LPAR1WT, MHCWT LPAR1�/�, and MHCWT

LPAR1WT mice. UMAP plots are overlaid with the expression of specified genes in each nucleus. (B, C, and E) Plots contain all nuclei from all genotypes
expressing Fap (B), Lpar1 (C), or Mfap5 (E). D and F depict only those nuclei with (D) or without (F) LPAR1.
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left atrial dimension was measured antero-posteriorly in the parasternal 2D long-
axis view from one cycle. Echocardiographic measurements were performed by
an experienced observer blinded to mouse genotype.

Histology. For quantification of fibrosis and collagen, mouse hearts were
washed in phosphate buffered saline (PBS) at room temperature and fixed with
4% paraformaldehyde at 4 °C overnight. Paraffin-embedded hearts were sec-
tioned at a thickness of 5 μm to obtain short-axis two-chamber views for mini-
mum eight levels from apex to the base with 100-μm apart between each level

and stained using Masson’s trichrome and Sirius red. Fibrotic area and collagen
fibers (in percent) were assessed using the BZ-II Analyzer software (Keyence)
from images taken with 10× objective lens (BZ-9000, Keyence). Areas contain-
ing valve tissue were manually excluded.

Hydroxyproline Assay. For quantification of collagen, LV tissue was homoge-
nized in 1 mL of PBS. A 0.5-mL aliquot was digested in 12 N HCl at 110 °C for
12 h. Twenty-five microliter aliquots were desiccated and then resuspended in
0.5 mL of 1.4% chloramine T (Sigma), 10% n-propanol, and 0.5 M sodium

Table 2. Pathways perturbed in LPAR1-deficient HCM mice identified by fibroblast state marker genes

Rank* Pathway
Different
genes

Total
genes

P
value FDR exp_pw_genes

1 Cytoskeleton remodeling.
Regulation of actin
cytoskeleton organization by
the kinase effectors of Rho
GTPases

29 58 8.E-15 1.E-11 Actg1, Col1a1, Col1a2, Col3a1, Col4a1, Col4a3,
Col4a4, Egfr, Erbb4, Igfbp4, Igf1, Ngf, Lamb1,
Lamc1, Mme, Mmp16, Mmp2, Msn, Nid1, Sparc,
Serpine1, Serpine2, Sdc2, Timp2, Timp3, Vcan,
Itga1, Itga5

2 Chemotaxis_Lysophosphatidic
acid signaling via GPCRs

40 129 2.E-11 1.E-08 Actg1, Akt3, Bcl2, Bcl2l1, Ctgf, Cd36, Ctnnb1,
Diaph1, Egfr, Ngf, Fosl2, Foxo1, Gnai1, Gnao1,
Gnb4, Has2, Itga6, Itgav, Itpr1, Itpr2, Jun, Junb,
Lpar1, Mapk10, Mkl1, Mkl2, Ncor1, Stk4, Pik3r1,
Pkn1;Stk3, Plcb1, Plcb4, Plce1, Pld1, Prkca,
Prkce, Prkch, Pkd1, Ar, Rhobtb1, Ar;Rhoj,
Ar;Rhoq, Ar;Rnd3, Rock2, Slc9a3r2, Tcf7l2,
Tiam1, Vcl, Taz

4 TGF-β–induced fibroblast/
myofibroblast migration and
extracellular matrix
production in asthmatic
airways

25 60 9.E-11 3.E-08 Akt3, Bgn, Col1a1, Col1a2, Col3a1, Col4a1,
Col4a3, Col4a4, Col4a6, Col5a1, Dcn, Fosl2,
Has2, Itga1, Itga5, Jun, Junb, Mapk10, Mmp2,
Serpine1, Smad3, Tgfb2, Tgfbr1, Tgfbr2, Thbs2,
Timp2, Timp3

5 IL-1β– and Endothelin-1–induced
fibroblast/ myofibroblast
migration and extracellular
matrix production in
asthmatic airways

20 40 1.E-10 4.E-08 Ctgf, Col1a1, Col1a2, Col3a1, Col4a1, Dcn, Ednra,
Fosl2, Has2, Il1r1, Jun, Junb, Mmp2, Nfkb1,
Pdgfra, Pdgfrb, Serpine1, Timp3, Vcan

6 Transcription_HIF-1 targets 32 95 2.E-10 4.E-08 Abcg2, Ak3, Arnt, Bhlhe40, Bhlhe41, Bnip3, Ctgf,
Cp, Cxcl12, Eng, Fgf2, Flt1, Nlk, Hif1a, Hk2, Kitl,
Lgals1, Loxl2, Lrp1, Mmp2, Mxi1, Nt5e, P4ha1,
Pgf, Rora;Ror1;Ror2, Serpine1, Slc2a3, Stc2,
Tgfb2, Tgm2, Vegfa

7 Cytoskeleton
remodeling_Regulation of
actin cytoskeleton nucleation
and polymerization by Rho
GTPases

21 46 4.E-10 8.E-08 Abi1, Actg1, Actr3, Ar, Arpc1b, Arpc2, Cyfip1, Pir,
Daam1, Diaph1, Enah, Fhod3, Fmnl2, Gsn,
Pip5k1b, Ar;Rhoj, Ar;Rhoq

8 NF-AT signaling in cardiac
hypertrophy

25 65 7.E-10 1.E-07 Ctgf, Col1a1, Col1a2, Col3a1, Col4a1, Dcn, Ednra,
Fosl2, Has2, Il1r1, Jun, Junb, Mmp2, Nfkb1,
Pdgfra, Pdgfrb , Serpine1, Timp3, Vcan

10 Cell adhesion_Integrin-mediated
cell adhesion and migration

24 63 2.E-09 3.E-07 Actg1, Actn1, Actn2, Actn4, Arhgef28, Col1a1,
Col1a2, Col3a1, Col4a1, Col4a3, Col4a4,
Col4a6, Elmo1, Git2, Icam1, Itga1, Itga5, Itga6,
Itgav, Lamb1, Lamc1, Lims1, Pard3, Parva,
Parvb, Prkca, Prkce, Prkch, Ar, Sorbs3, Syk,
Tiam1, Tln2, Tns1, Vav3, Vcam1, Vcl

12 Cell adhesion_ECM remodeling 22 55 3.E-09 4.E-07 Actg1, Col1a1, Col1a2, Col3a1, Col4a1, Col4a3,
Col4a4, Egfr, Erbb4, Igfbp4, Igf1, Ngf, Lamb1,
Lamc1, Mme, Mmp16, Mmp2, Msn, Nid1, Sparc,
Serpine1, Serpine2, Sdc2, Timp2, Timp3, Vcan,
Itga1, Itga5

15 Development_SLIT-ROBO1
signaling

18 40 9.E-09 9.E-07 Actg1, Akt3, Cyth1, Cyth3, Enah, Fli1, Slk, Lsp1,
Myh6;Myh7, Myh7, Myh9, Myl2, Myl3, Pik3r1,
Ar, Robo1, Rock2, Sh3gl1, Slit3, Slit2, Slit2;Slit3

FDR, false-discovery rate.
*Pathways were identified.
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acetate, pH 6.0. After 20 min of incubation at room temperature, 0.5 mL of
Erlich’s solution (1 M p-dimethylaminobenzaldehyde [Sigma] in 70%
n-propanol, 20% perchloric acid) was added and the solution was incubated at
65 °C for 15 min. Absorbance was measured at 550 nm and the amount of
hydroxyproline was determined against a standard curve.

Immunocytochemical Analyses. Paraffin-embedded hearts were sectioned
at a thickness of 5 μm to obtain short-axis two-chamber views for minimum 8 lev-
els from apex to the base with 100-μm apart between each level. Sections for
FSP 1 immunostaining were first treated with xylene for deparaffinization and
rehydrated through a graded series of ethanol. Sections were then pretreated
with 0.01% trypsin in PBS for 10 min and incubated with 1% BSA for 20 min.
Finally, sections were treated with primary rabbit monoclonal antibody to FSP1
overnight, and stained by an Envision kit (Dako). Ten nonoverlapping fields were
analyzed for each section by an observer blinded to the mouse genotype.

To identify LECs, immunohistochemical staining with LYVE1 (AF2125, R&D
Systems) and CCL21a (PA5-114959, Thermo Fisher Scientific) antibodies were
performed using the same methodology.

Myocyte Disarray. Myocyte disarray was assessed as described previously
(48, 49). Briefly, the percent disarray was measured using a MATLAB (Math-
Works) computer script (49) that identifies the areas of disarray in mouse heart
sections stained with Masson trichrome (50).

RNA Expression Analyses by Bulk RNA-seq and snRNA-seq. RNA expres-
sion in mouse LV tissue was assessed by both bulk RNA-seq and snRNA-seq.
RNA-seq of mouse LV tissue was performed as previously described (48, 51, 52).
In summary, LV tissue RNA from 42- to 56-wk-old mice was extracted from
excised, PBS-washed homogenized mouse hearts solubilized in TRIzol Reagent
(Life Technologies) with TissueLyzer (Qiagen). Preparation of libraries and
sequencing has been described in detail previously (51). Nextera fragmented
cDNA libraries were constructed from 2 μg total RNA after polyA selection and
sequenced on an Illumina HiSeq 2500.

snRNA-seq. snRNA-seq was performed using previously described procedures
(51). Single nuclei were obtained from flash-frozen LVs (MHCWT LPAR1�/�,
9,430 nuclei; 403+/� LPAR1 �/�, 8,372 nuclei; 403+/� LPAR1WT, 7,920 nuclei;
MHCWT LPAR1WT,12,808 nuclei) using mechanical homogenization, as previ-
ously described (53, 54). Tissues were homogenized using a 7-mL glass Dounce
tissue grinder set (Merck) with 8 to 10 strokes of a loose pestle (A) and tight pes-
tle (B) in homogenization buffer (250 mM Sucrose, 25 mM KCl, 5 mM MgCl2,
10 mM Tris�HCl, 1 mM dithiothreitol [DTT], 1× Protease Inhibitor, 0.4 U/μL
RNaseIn, 0.2 U/μL SUPERaseIn, 0.1% Triton X-100 in Nuclease-Free Water). The
homogenate was filtered through a 40-μm cell strainer (Corning). After centrifu-
gation (500 × g, 5 min, 4 °C) the supernatant was removed and the pellet was
resuspended in storage buffer (1× PBS, 4% bovine serum albumin [BSA],
0.2 U/μL Protector RNaseIn). Nuclei were stained with NucBlue Live ReadyProbes
Reagents (ThermoFisher) and Hoechst-positive single nuclei were purified by
fluorescent activated cell sorting using FACS (Aria, BD Biosciences). Intact nuclei
were further fractionated on the Chromium controller (10X Genomics) according
to the manufacturer’s protocol. Nuclei suspension was adjusted to 400 to
1,000 cells/μL and loaded on the Chromium controller (10X Genomics) with a
targeted cell/nuclei recovery of 8,000 per run. 30 Gene expression libraries were
prepared according to the manufacturer’s instructions of the v3 Chromium
Single Cell Reagent Kits (10X Genomics). After quality control, libraries were
sequenced using Nextseq500 (Illumina) with a minimum depth of 20,000 to
30,000 read pairs per nucleus. Scrublet and Solo score was applied to scan for poten-
tial doublets. Single nuclei were filtered for counts (300 < nCount_RNA < 8,000),
genes (300 < nFeature_RNA <3,500), mitochondrial genes (percent_mito < 1%).
Data analysis was conducted using the standard Cell Ranger pipeline. Seurat 3.1
and R 4.0.1 (55). Reads were aligned using Cell Ranger to the mm10 mouse
genome. Harmony was used to reduce the contribution of batch, cell alignment rate,
number of detected molecules, and mitochondrial gene expression to gene expres-
sion measurements (56). Louvain clustering and Uniform Manifold Approximation
and Projection (UMAP) visualization were performed for identifying subpopulations
and visualization.

RNAscope. Fixed-frozen tissue samples were fixed in 4% paraformaldehyde
(ThermoFisher). Sections were cut at 5-μm thickness using a microtome and
placed onto SuperFrost Plus slides (VWR). Tissue slides were processed according
to manufacturer's instructions (RNAscope Multiplex Fluorescent Assay v1;
ACDBio). RNAscope ready- or custom-made target probes were run in parallel to
multiplex positive and negative controls. Nuclei were DAPI-stained. Fixed frozen
tissue slides were imaged using a LSM710 confocal microscope (Zeiss) and
40× oil-immersion objective (1.3 Oil, DIC III). Channels: DAPI (excitation
375 nm, emission 435 to 480 nm), Alexa Fluor 488 (excitation 492 nm, emis-
sion 517 nm), Atto 550 (excitation 560 nm, emission 575 nm), and Atto 647
(excitation 649 nm, emission 662 nm). Visualization and background removal
(rolling ball radius) were done using Fiji/ImageJ. Pseudocolors were used to
enhance visualization (57).

Statistical Analyses. All analyses were performed by investigators blinded to
genotype. Continuous data are presented as mean (±1 SD) or as median
(p25 to p75) where appropriate. Unpaired comparisons of continuous variables
between genotypes were evaluated using Student’s t-test, ANOVA, or
Mann–Whitney depending on distribution and number of groups. Unpaired
comparisons of categorical variables were performed with the χ2 test. The rela-
tionship between ventricular wall thickness and the covariates sex, age and
bodyweight, in addition to LPAR1-ablation was analyzed with multivariable
linear regression analysis. Comparison of echocardiographic variables were ana-
lyzed using a mixed-models analysis for repeated measures. Differentially
expressed genes were calculated using the Wilcoxon rank-sum test in
snRNA-seq. Bonferroni correction is applied for multiple testing. A two-sided
probability of P < 0.05 was considered statistically significant. All analyses were
performed using SAS v9.2.

Human Control and HCM snRNA-seq. snRNA-seq data for control heart tis-
sues was obtained from the “cellular atlas of the human heart” (17, 54).
Explanted heart or myectomy tissues were obtained at the time of surgery, after
informed consent was obtained as approved by the Brigham and Women’s Insti-
tutional Review Board.

Data Availability. Full datasets have been deposited in the Harvard dataverse
(https://doi.org/10.7910/DVN/KXPFKK) (58).
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