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Bone-marrow macrophage-derived GPNMB 
protein binds to orphan receptor GPR39 and 
plays a critical role in cardiac repair

Sivakumar Ramadoss1,2,3,4,5,6,12, Juan Qin1,2,3,4,5,6,12, Bo Tao1,2,3,4,5,6, 
Nathan E. Thomas7,8, Edward Cao1,2,3,4,5,6, Rimao Wu1,2,3,4,5,6, Daniel R. Sandoval7, 
Ann Piermatteo7, Kaare V. Grunddal    7, Feiyang Ma    9, Shen Li1,2,3,4,5,6, 
Baiming Sun1,2,3,4,5,6, Yonggang Zhou1,2,3,4,5,6, Jijun Wan1,2,3,4,5,6, 
Matteo Pellegrini3,4,5,6, Birgitte Holst    10, Aldons J. Lusis    1,11, 
Philip L.S.M. Gordts7,8 & Arjun Deb    1,2,3,4,5,6 

Glycoprotein nonmetastatic melanoma protein B (GPNMB) is a type I 
transmembrane protein initially identified in nonmetastatic melanomas 
and has been associated with human heart failure; however, its role in 
cardiac injury and function remains unclear. Here we show that GPNMB 
expression is elevated in failing human and mouse hearts after myocardial 
infarction (MI). Lineage tracing and bone-marrow transplantation reveal 
that bone-marrow-derived macrophages are the main source of GPNMB  
in injured hearts. Using genetic loss-of-function models, we demonstrate 
that GPNMB deficiency leads to increased mortality, cardiac rupture 
and rapid post-MI left ventricular dysfunction. Conversely, increasing 
circulating GPNMB levels through viral delivery improves heart function 
after MI. Single-cell transcriptomics show that GPNMB enhances  
myocyte contraction and reduces fibroblast activation. Additionally, we 
identified GPR39 as a receptor for circulating GPNMB, with its absence 
negating the beneficial effects. These findings highlight a pivotal role  
of macrophage-derived GPNMBs in post-MI cardiac repair through  
GPR39 signaling.

The mammalian heart does not regenerate robustly after myocardial 
infarction (MI) and heals itself via a fibrotic repair response. A complex 
sequence of spatiotemporally defined cellular events regulate the 
cardiac repair response after cardiac injury and determines post-MI 
heart function1. Myocardial necrosis results in an initial recruitment 
of neutrophils that is replaced within a few days by a monocyte–mac-
rophage infiltrate. Macrophages secrete a slew of cytokines and growth 
factors that initiate fibroblast and endothelial cell proliferation and play 
a critical role in formation of granulation tissue2. The injured cardiac 
tissue thus forms a niche within the organ where different types of 
cell populations respond to each other via secreted signals. Paracrine 

communication between different cell populations in the infarcted 
heart affects key repair processes such as inflammation, myocyte hyper-
trophy, fibrosis and angiogenesis and is considered to be an attractive 
target for augmenting post-MI heart function3,4.

Glycoprotein nonmetastatic melanoma protein B (GPNMB) was first 
identified as a gene expressed in a melanoma cell line with low metastatic 
potential5 but since then it has been observed to be expressed in a wide 
variety of cells, including osteoblasts, dendritic cells, macrophages, 
melanocytes and microglia6. GPNMB is a highly glycosylated single-pass 
type I transmembrane protein and the extracellular domain of GPNMB 
(GPNMB-ECD) can be cleaved by the ADAM group of proteases to form 
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pan-hematopoietic marker CD45 and coexpressed monocyte–mac-
rophage markers, including CD68, CD11b and F4/80 (Fig. 1e); how-
ever, GPNMB-expressing cells in the infarcted region did not express 
markers of other cell types, including cardiomyocytes, fibroblasts, 
endothelial cells and pericytes (Fig. 1e,f and Extended Data Fig. 1a). To 
confirm the findings on immunostaining, we collected the heart at day 
7 post-injury and dissociated the cells, performed flow cytometry and 
confirmed that the majority of GPNMB-expressing cells coexpressed 
monocyte–macrophage markers, CD45+/CD68+/CD11b+/Ly6c in the 
infarcted heart (Extended Data Fig. 1b). We next analyzed single-cell 
transcriptomics data of murine hearts at 7 days after infarction18 and 
observed GPNMB to be predominantly expressed by macrophages 
(Fig. 1g,h) and not by other nonmyocyte cell population, corroborating 
our findings on immunostaining.

Bone-marrow-derived cells are the principal source of GPNMB 
expression in the infarcted heart
We next determined whether the bone marrow is the principal source 
of monocytes/macrophages that express GPNMB in the infarcted heart. 
To demonstrate this, we transplanted bone marrow from CD45.2-DsRed 
mice into co-syngeneic CD45.1 recipient mice (Fig. 2a). Eight weeks 
following transplantation, we observed that the number of circulating 
DsRed cells constituted 97% of all circulating mononuclear cells in the 
peripheral blood demonstrating successful engraftment of CD45.2 
marrow into CD45.1 mice (Fig. 2b). We next subjected the recipient 
chimeric CD45.1 mice to MI and collected the heart at 7 days after injury 
when GPNMB expression peaks. On immunofluorescent staining, we 
observed that 99% of GPNMB-expressing cells in the infarcted heart 
coexpressed the bone-marrow reporter DsRed thus demonstrating 
the bone marrow to be an exclusive source of GPNMB in the infarcted 
heart (Fig. 2c,d). Flow cytometry on the infarcted heart of CD45.1 
mice transplanted with CD45.2-DsRed bone marrow again confirmed 
more than 94% of GPNMB-expressing cells to coexpress the DsRed 
fluorophore (Fig. 2e). These findings, taken together, demonstrate 
that bone-marrow mononuclear cells that are recruited to the heart 
following MI are the principal source of GPNMB in the infarcted heart. 
To further confirm the origin of the GPNMB-expressing cell population 
in the injured heart, we performed genetic-labeling experiments using 
the dual reporter mice Ccr2RFPCx3cr1GFP that express red fluorescent 
protein (RFP) in Ccr2+ myeloid cells or monocytes and green fluorescent 
protein (GFP) in Cx3cr1-expressing monocytes/macrophages19. We sub-
jected these animals to MI and collected their hearts at day 7 after injury 
to isolate nonmyocyte cells for flow cytometry analysis. We observed 
that the fraction of GPNMB+ cells in the injured heart were of myeloid 
lineage with 63 ± 10% expressing GFP (Cx3Cr1+) and 24 ± 6% expressing 
RFP (Ccr2+) (Extended Data Fig. 2a,b). Although the genetic labeling 
is not permanent here, these experiments corroborate the findings of 
the bone-marrow transplantation experiments and demonstrate the 
myeloid cell source of GPNMB-expressing cells in the injured heart.

an extracellular ligand with biological effects7. GPNMB is thought to 
play a role in cancer progression and regulation of adaptive and innate 
immunity8. GPNMB expression increases in multiple organs after acute 
injury where it is thought to modulate wound repair9–11. For instance, 
following bone fractures, GPNMB accelerates fracture healing and bone 
formation12. GPNMB expression increases in the heart in rodent models 
of myocardial injury13 and in human population studies, individuals with 
heart failure had lower circulating GPNMB levels than control individuals 
without any heart failure14. These observations suggest a role for GPNMB 
in regulating post-infarction outcomes but the mechanisms of GPNMB 
effects on the infarcted heart remain unclear.

In this report, we investigate the role of GPNMB in regulating 
cardiac repair after MI. We first analyzed human population datasets 
and observed significantly upregulated expression of GPNMB in the 
hearts of individuals with ischemic cardiomyopathy. After MI, GPNMB 
levels significantly increased in infarcted murine hearts and using 
bone-marrow transplantation and lineage-tracing studies, we showed 
that bone-marrow macrophages are the predominant source of GPNMB 
expression in the infarcted heart. Using genetic loss and gain-of-function 
approaches, we demonstrate that GPNMB exerts pleiotropic effects 
on cell populations in the infarcted heart and plays a pivotal role in 
regulating myocyte cyto-protection and cardiac repair. Using chemical 
crosslinking and immunoprecipitation studies, we identify the orphan 
receptor GPR39, as a receptor for GPNMB-ECD and demonstrate that 
GPNMB mediates its physiological effects, in part, through GPR39.

Results
GPNMB is expressed in the failing human heart and infarcted 
murine hearts
We first analyzed a large gene expression dataset of humans with cardio-
myopathy where left ventricular (LV) genome-wide gene expression was 
determined in failing hearts collected at transplantation and compared 
to healthy donor controls15,16. We observed that GPNMB expression in 
hearts from individuals with ischemic cardiomyopathy was significantly 
higher than in control hearts (Fig. 1a). We next subjected 8–12-week-old 
mice (C57BL/6 background) to MI by permanent ligation of the left 
anterior descending coronary artery that supplies blood flow to the LV 
myocardium17. Hearts were collected at 3, 7, 14 and 21 days after cardiac 
injury and tissue from the injured region and remote to the area of injury 
were subjected to qPCR to determine temporal changes in GPNMB 
expression. We observed that GPNMB gene expression in the injured 
region increased by orders of magnitude compared to the uninjured 
region and its expression peaked at 7 days after injury (Fig. 1b). Western 
blotting of the infarcted region demonstrated a significant increase in 
the known glycosylated isoforms of GPNMB (Fig. 1c,d). To determine 
the identity of the cell expressing GPNMB in the infarcted heart, we 
performed immunostaining with a panoply of myocyte and nonmyo-
cyte markers and observed that GPNMB was expressed by cells of the 
monocyte–macrophage lineage. GPNMB-positive cells expressed the 

Fig. 1 | GPNMB expression is upregulated in humans with ischemic 
cardiomyopathy and in murine hearts after MI. a, Analysis of GPNMB gene 
expression in human failing hearts compared to nonfailing control hearts. 
GPNMB expression values from the Gene Expression Omnibus dataset 
(GSE57338) were compared using an unpaired Welch’s t-test. Box boundaries 
are the 25th and 75th percentiles of the data; whiskers extend to at most 1.5 
× interquartile range (IQR) (75th percentile to 25th percentile). Residuals for 
ischemic hearts ranged from −1.65 to 1.61 and residuals for nonfailing hearts 
ranged from −1.53 to 0.84. b, qPCR demonstrating temporal expression 
of GPNMB in the infarcted murine hearts versus uninjured remote region 
(mean ± s.e.m., n = 5 animals per group and time point; *P < 0.038, **P < 0.006; 
two-tailed Student’s t-test). c, Representative western blot showing expression 
of GPNMB in the injured versus remote area of mice heart on day 7 after MI. 
The bands show glycosylated form of GPNMB precursor (~97 kDa) and mature 
(~116 kDa) proteins (each lane represents an independent animal, n = 3 per 

group). d, Densitometric quantification of western blot demonstrating fold 
change GPNMB level (mean ± s.e.m., n = 3 independent animals, *P < 0.0263, two-
tailed Student’s t-test). e, Immunofluorescent staining and confocal microscopy 
of GPNMB expression in uninjured and injured regions of heart demonstrating 
that GPNMB (green, arrowheads) is strongly coexpressed with CD45, CD68, 
CD11b and F4/80 markers (red, arrowheads) but not coexpressed with troponin 
at day 7 post-MI (representative images, n = 3). f, Fraction of GPNMB-expressing 
cells that coexpress different cell markers in injured region (GPNMB is not 
expressed by fibroblasts (CD90.2), endothelial cells (CD31), pericytes (CD146, 
NG2) and cardiomyocytes (troponin)) (n = 3 animals). g, Analysis of single-cell 
transcriptomics of the injured heart at 7 days demonstrating expression of 
GPNMB in various cell populations (n = 3 animals). h, Violin plot of the single-cell 
RNA-seq of nonmyocytes isolated from the injured heart at 7 days demonstrating 
GPNMB expression across various nonmyocyte populations (n = 3 animals). DAPI, 
4,6-diamidino-2-phenylindole. All data represented as mean ± s.e.m.
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GPNMB plays a critical role in regulating cardiac repair
To determine the role of GPNMB in cardiac repair, we adopted a genetic 
loss-of-function approach. We generated a mouse deficient in GPNMB 
(C57BL/6 background) where the GPNMB gene had been knocked out 
(KO) by homologous recombination approaches. Animals deficient in 
GPNMB for both alleles (GPNMB KO animal) were born at an expected 
frequency and did not harbor any cardiac or other obvious abnormali-
ties. The cardiac contractile and electrical activity of the GPNMB KO 
animals was normal and ECG tracings as well as intervals were not sig-
nificantly different compared to wild-type (WT) littermates (Extended 
Data Fig. 3a,b). We subjected 8–12-week-old GPNMB KO animals and 

age-matched WT littermates to MI and observed that the GPNMB KO  
animals exhibited a significantly higher mortality (WT 7% versus GPNMB 
KO 30%, P < 0.028) within 7–10 days of LAD ligation mainly due to car-
diac rupture (Fig. 3a,b). To decrease high mortality and study the biol-
ogy of cardiac repair in GPNMB KO animals in greater detail, we induced 
smaller infarcts by ligating the LAD more distally in both the GPNMB 
KO and WT littermates. Serial echocardiography was performed at 1, 
2 and 4 weeks and we observed that the GPNMB KO animals exhibited 
significant reduction in cardiac contractile function compared to WT 
littermates. Ejection fraction (EF) and fractional shortening (FS) were 
significantly reduced by 7 days of injury with deficits persisting at  
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Fig. 2 | Bone-marrow-derived cells recruited to the infarcted heart are the 
source of GPNMB. a, Schematic illustration of bone-marrow transplantation. 
CD45.1 male recipients were irradiated and transplanted with the bone marrow 
from DsRed CD45.2 male donors. Engraftment (chimerism) analysis was 
carried out after 8 weeks and animals were subjected to MI at 9 weeks following 
transplantation (n = 10 recipients and n = 2 donors). b, Analysis of chimerism 
(CD45.2 cells) in peripheral blood of CD45.1 recipient mice (n = 10 animal 
recipients). c, Immunofluorescent staining and confocal imaging of injured 
hearts of CD45.1 recipient animals demonstrating colocalization of GPNMB with 

DsRed CD45.2 (arrowheads, representative images) (note absence of DsRed 
fluorescence in nontransplanted but injured animals). Scale bars, 10 μm.  
d, Fraction of DsRed+ GPNMB cells as a fraction of total number of GPNMB cells in 
infarcted hearts of nontransplanted CD45.1 mice or CD45.1 animals that received 
CD45.2-DsRed marrow (n = 2 CD45.1 mice and n = 3 CD45.1 transplanted mice, 
two-tailed Student’s t-test, *P < 0.0001). e, Flow cytometry of nonmyocytes 
isolated from the injured heart at 7 days following injury demonstrating GPNMB 
is expressed predominantly in DsRed CD45.2+ cells (94.3% versus 0.02%, n = 3 
animals per group). All data are represented as mean ± s.e.m.
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4 weeks after injury (Fig. 3c,d). Analysis of EF at 4 weeks demonstrated 
that 28.6% of the animals in the GPNMB KO had severe depression of EF 
(EF < 20%) compared to only 7.1% of animals in WT littermates (Fig. 3e). 
Histology of hearts, collected at 4 weeks after injury and stained with 
Masson’s trichome to determine the area of scarring, demonstrated 
a significantly greater degree of fibrosis in the GPNMB KO animals 
(Fig. 3f,g). We characterized the degree of fibrosis as mild (<20%),  
moderate (20–40%) or severe (>40% of LV surface area) and observed 
that approximately 67% of GPNMB KO animals exhibited severe fibrosis 
compared to 8% in WT littermates (Fig. 3h). Post-infarct hypertrophy 
is associated with an adverse prognosis and measurement of surface 
area of myocytes in the infarct border zone demonstrated significantly 
greater size of peri-infarct myocytes in the GPNMB KO animals versus 
WT control littermates (Fig. 3i,j). Taken together, these observations 
demonstrate that GPNMB plays a critical role in post-infarct cardiac 
repair and loss of GPNMB increases mortality and results in significant 
worsening of post-infarct heart function and fibrosis.

We next investigated the physiological basis of cardiac rupture 
and worsening contractile function in GPNMB KO animals. As increased 
myocyte death could underlie both cardiac rupture and worsening 
contractile function, we performed triphenyltetrazolium chloride 
(TTC) staining on WT and GPNMB KO hearts on day 3 after moderate MI 
and observed an almost twofold increase of myocyte death in infarcted 
hearts of GPNMB KO mice compared to WT animals (Extended Data 
Fig. 4a,b). Determination of area of risk also by Evans blue staining did 
not demonstrate any significant differences between WT and GPNMB 
KO animals suggesting that differences in vascularity in the heart likely 
did not underlie such differences (Extended Data Fig. 4c,d). As GPNMB 
was predominantly expressed by myeloid cells, we also examined 
whether the loss of GPNMB altered bone-marrow myeloid numbers. 
First, we examined blood counts and did not see any differences in 
complete and differential blood counts between GPNMB KO and WT 
animals (Supplementary Table 1). We performed flow cytometry for 
important macrophage subset markers such as CD206, CD11b, CD68 
and Ly6A/E in bone-marrow macrophages derived from GPNMB KO 
and WT littermates but did not observe any significant difference in 
bone-marrow macrophage composition between WT and GPNMB KO 
animals (Extended Data Fig. 5a), demonstrating that GPNMB is less 
likely to have any impact on myeloid composition in the bone marrow. 
Flow cytometry for immune cells in peripheral blood demonstrated 
marginally higher T cell counts in GPNMB KO consistent with previous 
published reports of effects of GPNMB on T cell proliferation20 with 
no significant changes to other immune populations (Extended Data 
Fig. 5b). We also examined macrophage composition in the uninfarcted 
hearts of GPNMB KO and WT animals but did not observe significant 
differences between them (Extended Data Fig. 6).

Single-nuclear transcriptomics of the heart demonstrates a 
pleiotropic role of GPNMB in post-infarct heart repair
We next performed single-nuclear transcriptomics to determine how 
GPNMB affects the transcriptional response to cardiac repair in dif-
ferent populations of cells in the infarcted heart. For this purpose, 
we subjected GPNMB KO and WT littermates to MI and then collected 

hearts at 7 days following cardiac injury. Nuclei were collected from the 
hearts and subjected to single-nuclear RNA sequencing (snRNA-seq) 
using the 10x genomics platform. Cell populations in the infarcted 
heart were identified by expression of canonical markers of cell identity 
(Extended Data Fig. 7) and we observed different populations of cell 
including cardiomyocytes, fibroblasts, inflammatory cells and other 
nonmyocytes (Fig. 4a). Distribution of WT and GPNMB KO genotypes 
across these population clusters did not reveal any significant differ-
ences in cell numbers in any specific cell population between the two 
genotypes (Fig. 4b,c). We first confirmed the lack of GPNMB expression 
in the GPNMB KO animals (Fig. 4d) and that GPNMB was expressed by 
inflammatory cells and principally by macrophages (Fig. 4e,f). As the 
source of GPNMB in the infarcted heart was from bone-marrow-derived 
myeloid cells, we next subclustered the myeloid cells of injured hearts 
using our scRNA transcriptomic data and analyzed the clusters that 
abundantly expressed GPNMB (Extended Data Fig. 8a–c). We observed 
that the majority of GPNMB-expressing myeloid cells in the injured 
myocardium expressed the singular marker FABP5, which was not 
expressed (or was minimally expressed) in non-GPNMB-expressing 
populations (Extended Data Fig. 8d). FABP5 has been shown to be asso-
ciated with suppression of proinflammatory macrophage activity and 
these observations suggest that subsets of monocytes regulating or 
suppressing inflammation in the infarcted heart express GPNMB. We 
also examined macrophage subsets in humans21 and observed that 
GPNMB was expressed in human macrophages enriched in TREM2, 
which are known to be immunoregulatory22 (Extended Data Fig. 8e,f). 
We next examined transcriptional differences in myocytes and pathway 
analysis demonstrated that GPNMB KO animals exhibited downregula-
tion of pathways associated with cardiac muscle contraction, adrener-
gic signaling and cardiomyocyte hypertrophy, suggesting that GPNMB 
promotes the maintenance of expression of cardiac contractile genes 
in the post-infarct heart (Fig. 4g). Genes known to promote cardiac 
contraction and adrenergic signaling such as cardiac myosin heavy 
chain genes, cardiac actinin and troponin were significantly downregu-
lated in infarcted GPNMB KO hearts compared to infarcted WT hearts 
(Fig. 4h). The downregulation of contractile signaling pathways in myo-
cytes of GPNMB KO animals following infarction is consistent with the 
phenotype of high mortality, cardiac rupture and rapid development 
of post-MI cardiac dysfunction. We looked at the fibroblast popula-
tion and similarly observed greater degree expression of extracellular 
matrix genes in infarcted hearts of GPNMB KO animals compared to 
controls (Fig. 4i,j). Expression of collagens and myofibroblast activa-
tion markers such as Postn was upregulated in fibroblasts in GPNMB KO 
hearts consistent with the histological phenotype of increased scarring 
observed in the GPNMB-deficient animals. Collectively, these observa-
tions demonstrate that GPNMB plays a critical role in cardiac repair by 
maintaining expression of cardiac contractile genes in cardiomyocytes 
and repressing extracellular matrix gene expression in fibroblasts.

GPNMB gain-of-function approach demonstrates superior 
post-infarct heart function
We next adopted a gain-of-function approach to determine whether 
increased GPNMB would be associated with enhanced cardiac repair 

Fig. 3 | Genetic deletion of GPNMB (GPNMB KO) results in significant worsening 
of post-infarct cardiac function. a, Kaplan–Meier curve demonstrating survival 
of GPNMB KO or WT littermates within the first 30 days after MI (n = 30, *P < 0.028, 
log-rank Mantel–Cox test). b, Gross picture of heart of WT animal and GPNMB KO 
animal at day 7 after MI. Representative GPNMB KO heart showing cardiac rupture 
(red arrowhead) with a thread passed through the epicardial surface of the rupture 
seen to traverse to the myocardial chamber confirming transmural rupture in the 
GPNMB KO animals. c, B-mode and M-mode echocardiogram demonstrating poor 
contractile function with increased chamber dilatation in GPNMB KO animals at 4 
weeks following cardiac injury (orange arrows, diastole; blue arrows, systole).  
d, EF and FS over 4 weeks after cardiac injury in WT and GPNMB KO animals (n = 12 

animals per group; two-way ANOVA with Tukey’s multiple comparison; *P < 0.035, 
**P < 0.01). e, Pie chart demonstrating the fraction of animals with mild, moderate 
and severe reductions in EF. f, Masson’s trichrome staining demonstrating the 
scar area (blue, arrowheads) in the apical region of the heart. g, Quantitation of 
fibrotic scar area in the apex of heart (*P < 0.0004, two-tailed Student’s t-test, n = 10 
animals per group). h, Pie chart showing the % of animals with mild, moderate 
and severe fibrosis in apex region of the heart. i, Cardiac troponin (red) and 
wheatgerm agglutinin (green) immunostaining to determine myocyte surface area 
(arrowheads) adjacent to the scar. Scale bars, 50 μm. j, Quantitation of myocyte 
surface area (*P < 0.0043, two-tailed Student’s t-test, n = 6 animals per group).  
All data are represented as mean ± s.e.m.
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and superior post-infarct heart function. GPNMB-ECD mediates bio-
logical effects. The ADAM group of proteases is thought to cleave 
GPNMB with the ECD released into the extracellular space and thus 
GPNMB-ECD behaves as a secreted factor that can exert biological 

effects on different cell types. Using adeno-associated virus (AAV8), 
we overexpressed GPNMB-ECD in the liver. Two weeks after delivery, 
we confirmed increased GPNMB-ECD expression in the liver by western 
blotting (Fig. 5a) as well as in the circulation 6 weeks later (Fig. 5b). 
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Fig. 4 | Single-nuclear RNA-seq of myocyte and nonmyocyte cells in WT and 
GPNMB KO animals 7 days after cardiac injury. a, UMAP of different cell-type 
clusters in the injured heart. EC, endothelial cells. b, Distribution of cell clusters 
between WT and GPNMB KO genotypes. c, Percentage of different cell types between 
WT and KO hearts at 7 days following injury. d–f, Violin plot demonstrating overall 
(d), cell-type-specific (e) and inflammatory-cell-specific (f) expressions of GPNMB in 

WT and GPNMB KO animals. g, Enrichr GO analysis of differentially expressed genes 
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h, Dot plot of downregulated genes between WT and KO cardiomyocytes. i, Enrichr 
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We next subjected the animals that received AAV8–GPNMB-ECD or 
control AAV8–GFP to MI, 2 weeks after viral delivery. Echocardiog-
raphy demonstrated significantly superior post-infarct contractile 
function in the animals that received AAV8–GPNMB-ECD compared 
to animals that received control AAV8–GFP virus (Fig. 5c,d). Animals 
that received GPNMB-ECD exhibited significantly superior EF and FS 

at 1 week after MI with cardiac functional benefits persisting through 
4 weeks (Fig. 5c,d). Animals that received GPNMB-ECD also exhibited 
decreased ventricular dilatation following infarction (Fig. 5d). We 
examined the number of animals that exhibited severe depression of 
post-infarct EF and observed that the number of animals that exhib-
ited severe post-infarct heart failure was significantly decreased in 
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animals that received AAV8–GPNMB-ECD (8.3% versus 60%) (Fig. 5e). 
We collected the hearts at 4 weeks following MI and Masson’s trichrome 
staining demonstrated significant decrease in scarring in animals that 
received GPNMB-ECD (Fig. 5f,g). We also examined the severity or 
degree of cardiac fibrosis at 4 weeks after MI and observed that only 
10% of animals in the AAV8–GPNMB-ECD group developed severe fibro-
sis (>40% of LV surface area) compared to 50% in control AAV8–GFP 
animals (Fig. 5h). Taken together, these gain-of-function experiments 
demonstrate the beneficial effects of increased circulating GPNMB-ECD 
on cardiac repair.

GPR39 serves as a receptor for the GPNMB-ECD ligand
GPNMB-ECD is heavily glycosylated and has an integrin binding domain 
with which it is thought to bind to integrin receptors; however, the 

GPNMB-ECD is also proteolytically released and can serve as an extracel-
lular ligand potentially capable of exerting effects on multiple cell types 
in the infarcted niche. Given our observation that GPNMB-ECD exerts 
beneficial effects on post-infarct repair and cardiac function, we next 
sought to identify the receptor that binds to GPNMB-ECD. For this pur-
pose, we performed a proteomic workflow using chemical crosslinking 
affinity purification and mass spectrometry with the Sulfo-SBED biotin 
crosslinked to the GPNMB extracellular domain. In brief, a Sulfo-SBED 
biotin moiety was initially crosslinked to GPNMB-ECD (Fig. 6a). To 
avoid loss of heparan sulfate or chondroitin sulfate interactions, we 
conjugated the Sulfo-SBED biotin to GPNMB-ECD bound on a heparin 
column to protect lysine residues on GPNMB critical for heparan sulfate 
binding (Fig. 6b). GPNMB-ECD conjugated to the Sulfo-SBED biotin was 
then added to cardiac primary fibroblasts and crosslinked using UV 

GPR39 KO+AAV–GFP GPR39 KO+AAV–GPNMB-ECD

a c

b

GPNMB-ECD

GAPDH

kDaAAV–G
FP

GPR39 KO+A
AV–G

FP

GPR39 KO+A
AV–G

PNMB-ECD

AAV–G
PNMB-ECD

Mid Apex

GPR39 KO+AAV–GFP

GPR39 KO+AAV–GPNMB-ECD

d

1 mm

e NS

10

20

30

40

70

53

42

30

NS

NS NS

NS

NS
NS

NSNS

0

20

40

60

80

Baseline Week 1 Week 4

EF
 (%

)

Baseline Week 1 Week 4

 F
S 

(%
)

0

10

20

30

40

3

4

5

6

Baseline Week 1 Week 4

LV
ID

d 
(m

m
)

Baseline Week 1 Week 4

LV
ID

s (
m

m
)

0

2

4

6

AAV–GFP AAV–GPNMB

50

0

Fi
br

ot
ic

 s
ca

r a
re

a 
(%

)

Fig. 7 | GPNMB-ECD failed to elicit a cardioprotective function in GPR39 
KO animals. a, Western blot demonstrating GPNMB-ECD expression in the 
liver 2 weeks following intravenous delivery of AAV8–GFP and AAV8–GPNMB-
ECD (2 × 1012 GC per animal), n = 2. b, B-mode and M-mode echocardiogram 
demonstrating poor contractile function with chamber dilatation at 4 weeks of 
cardiac injury in GPR39 KO mice that received AAV8–GFP and AAV8–GPNMB-ECD 
(orange arrows, diastole; blue arrows, systole). c, EF and FS and LV chamber size 

(LVID) in systole and diastole over 4 weeks after cardiac injury in GPR39 KO +  
AAV–GFP and GPR39 KO + AAV–GPNMB-ECD animals (GFP baseline n = 11, week 1 
n = 11, week 4 n = 11; GPNMB-ECD baseline n = 14, week 1 n = 12, week 4 n = 12;  
two-way ANOVA with Tukey’s multiple comparison). d, Masson’s trichrome 
staining demonstrating the scar (blue, arrowheads) in the apex and mid-ventricle.  
e, Quantitation of fibrotic scar area in the apex and mid-ventricle (n = 10; two-tailed 
Student’s t-test; NS, not significant). All data are represented as mean ± s.e.m.

http://www.nature.com/natcardiovascres


Nature Cardiovascular Research

Article https://doi.org/10.1038/s44161-024-00555-4

e

Br
ig

ht
 fi

el
d

TU
N

EL

Control

Contro
l

DMSO

LY
 29

4002

AZM475
27

1

Contro
l

Contro
l
H 2

O 2 GP

GP + 
H 2

O 2 AZ

 AZ + 
H 2

O 2

GP + 
AZ + 

H 2
O 2

LY
 29

4002

AZM475
27

1

H 2
O 2

GPNMB-ECD + 
H 2

O 2

GPNMB-ECD + H2O2H2O2d

b

0

20

40

60

80

100 *** ***

TU
N

EL
-p

os
iti

ve
 c

el
ls

 p
er

 fi
el

d

1

2

3

M
yo

cy
te

 re
la

tiv
e 

su
rf

ac
e 

ar
ea

NS

*** ***

f

h

20

40

60

80

***** **

i

DMSO AZM475271

H2O2

G
PN

M
B-

EC
D

Ve
hi

cl
e

Ve
hi

cl
e

G
PN

M
B-

EC
D

Control H2O2 Control

a

p-AKT

AKT

p-ERK

ERK

GAPDH

Cardiac fibroblast Cardiomyocytes (NRVMs)

p-AKT

AKT

p-ERK

ERK

GAPDH

53

53

41

41

41

kDa

30

GPNMB-ECD – + – + – +

– + – + – +

Cardiac fibroblast

p-AKT

AKT

p-ERK

ERK

GAPDH

53

53

41

41

41

kDa

30

AKT

p-AKT

GAPDH

GPNMB-ECD
Cardiomyocytes (NRVMs)g

53

53

41

kDa

30

Control GPNMB-ECD

PE PE + GPNMB-ECD
Contro

l

GPNMB-ECD PE

 PE+G
PNMB-ECD

c

GPNMB-ECD – 30 nM – 15 30 nM

100

0

TU
N

EL
-p

os
iti

ve
 c

el
ls

 p
er

 fi
el

d

Fig. 8 | GPNMB-ECD activates AKT and ERK signaling of heart cells through 
PI3 and src kinase-dependent mechanisms and prevents cardiomyocyte 
hypertrophy and apoptosis. a, Western blot demonstrating phosphorylated 
and total AKT and ERK, and GAPDH proteins in the cell lysates of control and 
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exposure after 5 min. This would thus generate a complex where the 
Sulfo-SBED moiety would link the GPNMB-ECD and potentially inter-
acting proteins. Cells were subsequently lysed and the GPNMB-ECD 
pulled out with a streptavidin biotin system and subjected to mass 
spectrometry to identify proteins that interact with GPNMB. GPNMB 
not crosslinked to Sulfo-SBED moiety served as controls. Proteomic 
analysis of the lysate, GPNMB-ECD pulldown with (XL-GPNMB) and 
without crosslinking (GPNMB) revealed identification of a different 
pool of interacting proteins (Fig. 6b). Of the 1,546 murine proteins iden-
tified, we observed 282 proteins to be uniquely enriched >1.5-fold after 
GPNMB crosslinking (Fig. 6c–f). Extracellular proteins associated with 
extracellular matrix deposition, assembly and matrix modifications 
were significantly enriched in the lysate pulldown following GPNMB 
crosslinking (Fig. 6c,d). Gene Ontology (GO) analysis identified most 
of the proteins to be associated with extracellular matrix, collagens and 
glycoproteins (Fig. 6e). We then functionally classified the top hits and 
of the extracellular proteins identified, including the protease ADAM9, 
we identified GPR39 as the only cell-surface signaling receptor (Fig. 6f). 
GPR39 is a G-coupled receptor known to be modulated by zinc23,24. No 
endogenous protein ligands have been identified to bind GPR39. To 
confirm this interaction, we subsequently performed immunopre-
cipitation experiments using His-tagged GPNMB-ECD in the presence 
and absence of liposomes with GPR39. Nickle column pulldown of 
GPNMB-ECD revealed a specific and dose dependent GPNMB–GPR39 
interaction (Fig. 6g,h). To further confirm the results obtained by pro-
teomic workflow and cell-free binding assays, we examined whether 
GPNMB-ECD interacted with GPR39 in mammalian cells that coexpress 
them. We overexpressed both GPNMB-ECD–His-tag and GPR39–Flag 
in HEK293 cells by transient transfection. The cell lysates were immu-
noprecipitated with anti-Flag or anti-His-tag antibodies and probed 
for GPNMB–His-tag or GPR39–Flag, respectively. These immunopre-
cipitation experiments revealed that anti-Flag antibody coprecipi-
tates GPNMB–His-tag protein and anti-His-tag antibody pulled down 
GPR39–Flag protein as shown in the western blots (Fig. 6i) confirming 
the physical interaction between GPNMB-ECD and GPR39. In addition, 
to determine binding affinity of GPNMB-ECD to GPR39, we performed 
a modified binding ELISA assay and coated plates with two concentra-
tions of GPR39 to evaluate binding of soluble His-tagged GPNMB-ECD. 
The results showed a dose dependent binding of GPNMB to GPR39 with 
a Kd of approximately 3.8 nM (Fig. 6j). In conclusion, using different but 
synergistic methodological approaches, we identified the GPNMB-ECD 
as an endogenous ligand for GPR39.

Animals deficient in GPR39 do not exhibit beneficial post-MI 
effects of injected AAV8–GPNMB-ECD
Having identified GPR39 as a potential receptor for GPNMB-ECD ligand, 
we next determined the physiological role of GPR39 in mediating the 
beneficial effects of GPNMB after infarction. For this purpose, we 
injected AAV8–GPNMB-ECD or AAV8–GFP into animals that are defi-
cient in GPR39 (GPR39 KO animals, C57BL/6 background). GPR39 KO 
animals do not display any obvious cardiac abnormalities following 
homozygous deletion of GPR39 and did not demonstrate any abnormal-
ities of cardiac function at baseline (Extended Data Fig. 9)25. Two weeks 
following AAV8–GFP or AAV8–GPNMB-ECD injection, we confirmed 
the expression of GPNMB-ECD in the liver (Fig. 7a) and subjected the 
animals to MI. Echocardiography did not demonstrate any differences 
in cardiac contractile function or LV chamber size between GPR39 KO 
mice that received AAV8–GFP or AAV8–GPNMB-ECD (Fig. 7b,c). This is 
in contrast to WT mice (same genetic background) that demonstrated 
a significant benefit following injection of AAV8–GPNMB-ECD (Fig. 5d). 
Hearts were collected at 4 weeks and Masson’s trichrome staining did 
not demonstrate any significant differences in the degree of fibrosis 
in GPR39 KO animals that received GPNMB-ECD versus GFP (Fig. 7d,e). 
These findings suggest that increased levels of GPNMB mediate their 
beneficial effects on cardiac repair via GPR39. We next subjected the 

GPR39 KO and WT littermates to MI but did not observe any significant 
differences in cardiac function (Extended Data Fig. 10). Taken together 
these observations suggest that while GPR39 mediates the beneficial 
effects of GPNMB-ECD, transmembrane-bound GPNMB expressed 
on macrophages can potentially bind to other receptors to mediate 
the beneficial physiological effects, or functional redundancy exists 
between the receptors that bind to GPNMB.

GPNMB-ECD activates AKT and ERK phosphorylation in cardiac 
cells and attenuates myocyte hypertrophy and apoptosis
Our genetic loss- and gain-of-function experiments demonstrate that 
GPNMB exerts beneficial effects on the infarcted heart. The snRNA tran-
scriptomic profiling demonstrated differential expression of genes in 
myocytes and fibroblasts of GPNMB KO animals suggesting that GPNMB 
predominantly affects myocytes and fibroblasts in the infarcted heart. 
To gain insight into the molecular signaling mechanisms downstream 
of GPNMB, we performed in vitro experiments to determine the effects 
of GPNMB on cardiac fibroblasts and myocytes. Earlier reports sug-
gested that GPNMB-ECD can activate AKT and ERK phosphorylation 
in NSC-34 cells, neuroblastoma and spinal cord hybrid cells in vitro26. 
AKT phosphorylation has been considered to be cardioprotective with 
anti-apoptotic and anti-fibrotic effects27–29. We checked the expression 
of p-AKT and p-ERK in GPNMB- ECD-exposed cardiac fibroblast and 
neonatal rat ventricular myocytes (NRVMs) by western blotting. We 
observed that GPNMB-ECD activated both AKT and ERK phosphoryla-
tion in cardiac fibroblasts and induced AKT phosphorylation in cardio-
myocytes (Fig. 8a), indicating a cell-autonomous response to GPNMB. 
Next to determine the functional significance of the GPNMB–AKT axis 
in pathological myocyte hypertrophy and death, we treated NRVMs 
with phenylephrine, which is known to induce cardiac hypertrophy in 
the presence or absence of GPNMB-ECD. Consistent with the protective 
effects of GPNMB in vivo, GPNMB-ECD protected cardiomyocytes from 
phenylephrine-induced hypertrophy (Fig. 8b,c). As MI is associated 
with myocyte death, we also treated cardiomyocytes with H2O2, which 
induces rapid cell death of myocytes. We observed that GPNMB-ECD 
protected cardiomyocytes from H2O2-induced apoptosis (Fig. 8d,e). 
It is known that cell-surface signaling events can activate AKT and ERK 
phosphorylation through various kinases, including PI3 and src. To spe-
cifically identify the downstream kinase that mediates GPNMB-induced 
AKT and ERK phosphorylation, we treated cardiac fibroblasts and myo-
cytes with GPNMB-ECD in the presence of PI3 and src kinase inhibi-
tors LY294002 and AZM475271, respectively. While both inhibitors 
prevented the GPNMB-ECD-induced ERK and AKT phosphorylation 
in cardiac fibroblasts, only the src kinase inhibitor abrogated the 
AKT phosphorylation induced by GPNMB-ECD in NRVMs (Fig. 8f,g). 
These observations demonstrate cell-autonomous or cell-specific 
responses of downstream signaling kinases to GPNMB stimulation of 
the heart. Consistent with the GPNMB signaling mechanisms identified 
by us, the src inhibitor AZM475271 abrogated the protective effects 
of GPNMB-ECD on H2O2-induced myocyte apoptosis (Fig. 8h,i). Taken 
together, these experiments suggest that downstream stimulation 
of the AKT–ERK pathways mediated by the PI3 and src kinases medi-
ates in part the phenotypic effects of GPNMB on cardiomyocytes and 
fibroblasts.

Discussion
Our observations support the critical role of macrophage-derived 
GPNMB in regulating cardiac repair after MI. GPNMB is known to 
be expressed by diverse population of cells in different tissues, but 
our experiments suggest that bone-marrow-derived macrophages 
are the primary source of GPNMB in the infarcted heart. Genetic 
loss-of-function experiments demonstrated that animals deficient 
in GPNMB exhibited rapid development of heart failure after MI and 
exhibited much higher mortality than control animals. This was in part  
due to a greater degree of myocyte cell death and cardiac rupture. 
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Cardiac cell populations in the hearts of GPNMB-deficient animals 
exhibited transcriptional changes in both myocyte and nonmyocyte 
populations of cells suggestive of pleiotropic effects of GPNMB on 
different cell populations in the infarcted region. Although GPNMB 
was originally identified in cancer cell lines, the roles of GPNMB in regu-
lating cell growth, inflammation and tissue repair have been recently 
uncovered30. The pro-repair effects of GPNMB observed in our study 
are broadly consistent with the effects of GPNMB in accelerating repair 
of bones after fractures12. Our observations not only show a neces-
sity for GPNMB for optimal cardiac repair but also a pharmacological 
use of GPNMB in enhancing cardiac repair, as increasing circulating 
GPNMB-ECD was sufficient to enhance cardiac repair and lead to supe-
rior post-infarct heart function.

It is to be noted that GPNMB is a single-pass transmembrane pro-
tein and its integrin binding domain residing within the extracellular 
domain is thought to bind to integrin and other glycoproteins such as 
CD44 to mediate cellular events31; however, the extracellular domain is 
also cleaved by the ADAM group of proteases and when released from 
the cell surface can exert its effects. The effects of membrane-bound 
GPNMB versus the free GPNMB-ECD are not well understood but 
the observations made in this study would suggest that increasing 
GPNMB-ECD circulating levels is sufficient to exert beneficial effects on 
cardiac repair. A distinct role of the membrane-bound GPNMB cannot 
be ruled out in our study, but it is possible that the circulating form of 
GPNMB-ECD alone mediates the beneficial results of GPNMB on the 
infarcted heart. In this regard, crosslinking and immunoprecipitation 
studies identified the orphan receptor GPR39 as a receptor that bound 
to the GPNMB-ECD with high affinity. Genetic deletion of GPR39 abro-
gated the beneficial cardiac effects of over-expressing GPNMB-ECD, 
thereby suggesting that GPNMB-ECD mediated its beneficial effects 
on the infarcted heart via GPR39; however, GPR39 KO mice did not 
demonstrate any worsening of cardiac function when compared to WT 
littermates. These observations would suggest that there is functional 
redundancy in the types of receptors that GPNMB-ECD can bind, or 
that the membrane form of GPNMB binds to different receptors than 
the GPNMB-ECD.

Methods
Animal studies
All animal studies were approved by the Animal Research Commit-
tee (ARC) of the University of California, Los Angeles (UCLA) and all 
animals were maintained at the UCLA vivarium in accordance with the 
policies laid out by the Association for Assessment and Accreditation 
of Laboratory Animal Care.

Genetically engineered GPNMB KO and GPR39 KO animals and 
murine models of cardiac injury. Mice that were globally deficient 
of GPNMB (C57BL/6 background) were generated from GPNMB KO 
embryos obtained from KOMP repository. The entire coding region of 
the GPNMB gene was replaced by neo cassette by a traditional homolo-
gous recombination approach. GPR39 KO mice generated on a C57BL/6 
background were obtained from B. Holst, University of Copenhagen. MI 
was performed by permanent ligation of the LAD coronary artery after 
open thoracotomy as described earlier17. All the supplies and instru-
ments used for the surgery were sterile. In brief, animals were anesthe-
tized with ketamine (80 mg kg−1, intraperitoneally (i.p.)) and xylazine 
(20 mg kg−1, i.p.) and respiration was provided through mechanical 
ventilation with 95% O2 (tidal volume 0.5 ml, 130 breaths per min). The 
LAD coronary artery was ligated intramurally 2 mm or below from its 
origin with a 9-0 proline suture. The position of the suture determines 
the severity of injury and a more distal tie of the artery was employed to 
decrease the severity of infarction. Sham animals underwent the same 
procedure except for ligation of the vessels. Intubation was achieved 
orally and a small incision in the anterior neck was made to reveal the 
trachea to facilitate cannulation of the upper airway. At the end, the 

chest was closed and animals were observed during recovery from 
anesthesia. Mice were kept on a heating plate until full recovery from 
anesthesia.

Total RNA isolation and qPCR. Scar and remote tissue collected at 
different time points after MI were used to extract RNA using an RNeasy 
Mini kit (QIAGEN, 74104) followed by complementary DNA synthesis by 
iScript (Bio-Rad, 170-8891). The cDNA was used to quantify the expres-
sion of GPNMB and GAPDH with specific primers. Real-time PCR was 
run on 96-well plates using a SYBR Premix ExTaq II (TAKARA) accord-
ing to the instructions of the manufacturer. Relative gene expression 
levels were quantified using the Thermal Cycler Dice Real-Time System 
II software (TAKARA). The following gene-specific primer pairs were 
used for qPCR; mGPNMB-F CTACAACTGGACTGCAGGGG, mGPNMB-R 
TTTCTTCCATCCATGGGGGC, mGAPDH-F TGCACCACCAACTGCTTAGC 
and mGAPDH-R GGCATGGACTGTGGTCATGA.

Western blotting. Approximately 20 mg heart tissue was lysed in 
500 µl RIPA buffer (Thermo Fisher Scientific, 89901) containing pro-
tease and phosphatase inhibitors (Thermo Fisher Scientific, 78443) 
in a tissue lyser. Cell pellets of NRVMs and cardiac fibroblasts col-
lected after various treatments were lysed with NP-40 lysis buffer 
containing protease and phosphatase inhibitors. The lysates were 
centrifuged at 15,000g for 15 min at 4 °C and the supernatants were 
collected for a BCA assay (Thermo Fisher Scientific, 23225). Equal 
amounts of total protein (10–30 µg) for each sample were separated 
on 4–12% Bis-Tris gels (Invitrogen, NP0323) using an electroblotting 
apparatus (Thermo Fisher Scientific, NW2000) and transferred onto 
to a PVDF membrane (GE Healthcare, 45-004-095). The membrane was 
blocked in 5% milk for 60 min and incubated with primary antibodies 
at 4 °C overnight. Protein signals were detected using HRP-conjugated 
secondary antibodies (Cell Signaling Technologies) and SuperSignal 
West Femto western blotting detection reagents (Thermo Fisher 
Scientific, 34094).

Antibodies. The primary antibodies used for immunofluorescence 
staining were: rabbit anti-GPNMB (1:200 dilution, Cell Signaling, 
90205); rat anti-CD45 (1:100 dilution, Millipore, 051416); rabbit 
anti-CD68 (1:100 dilution, Abcam, ab125212); rat anti-CD11b (1:100 
dilution, Abcam, ab8878); rat anti-F4/80 (1:100 dilution, Invitrogen, 
MA191124); rat anti-CD31 (1:200 dilution, Abcam, ab7388); rabbit 
anti-CD146 (1:200 dilution, Abcam, ab75769); rabbit anti-NG2 (1:200 
dilution, Millipore, AB5320); rat anti-CD90.2 (1:50 dilution, BD Bio-
sciences, 566082); rabbit anti-cardiac troponin I (1:100 dilution, 
Abcam, ab47003); and Alexa Fluor 594 conjugated wheatgerm agglu-
tinin (5 µg ml−1, Invitrogen, W11262).

For flow cytometry, APC-conjugated anti-CD45 (1:100 dilution, 
BioLegend, 103111); APC-conjugated anti-CD68 (1:100 dilution, BioLe-
gend, 137007); APC-conjugated anti-CD11b (1:100 dilution, Invitrogen, 
13011281); Alexa Fluor anti-GPNMB (1:100 dilution, Abcam, Ab284639); 
Brilliant Violet anti-CD11b (1:100 dilution, BioLegend, 101235); PE 
anti-CD3 (1;100 dilution, BioLegend, 100205); FITC anti-CD19 (1:100 
dilution, BioLegend 101505); FITC-anti-Ly-6A/E (1:100 dilution, Thermo 
Fisher Scientific, 11-5981-82); Alexa Flour anti-CD206 (1:100 dilution, 
Thermo Fisher Scientific, 53-2061-82); APC-conjugated anti-Ly-6C 
(1:100 dilution, BioLegend, 128015); and eFluor anti-GPNMB (1:100 
dilution, Invitrogen, 50-5708-82).

For western blotting, the following primary antibodies were used: 
rabbit anti-p-AKT (Ser 473) (1:2,000 dilution, Cell Signaling, 4060), rab-
bit anti-p-ERK (1:1,500 dilution, Cell Signaling, 4695), rabbit anti-AKT 
(1:2,000 dilution, Cell Signaling, 4691), mouse anti-ERK (1:1,000 dilu-
tion, Sata Cruz, 514302), goat anti-GPNMB (1:1,000 dilution, R&D Sys-
tems, AF2330), rabbit anti-GAPDH (1:2,000 dilution, Cell Signaling, 
2118), mouse anti-Flag (1:1,000 dilution, Proteintech, 66008-3Ig) and 
rabbit anti-His-tag (1:1,000 dilution, Proteintech, 10001-0-AP).
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Single-cell RNA sequencing. Single-cell RNA sequencing data of 
nonmyocytes at day 7 after MI in C57BL/6 WT mice presented in this 
paper (Fig. 1g,i) were analyzed from a previously published dataset18 
(scRNA-seq data GSE152122).

Histological analysis of the heart and confocal microscopy. To 
collect the heart for histological studies, the LV was perfused with 5 ml 
PBS followed by 2 ml of 4% paraformaldehyde (PFA). Then the hearts 
were post-fixed in 4% PFA for additional 4 h, subsequently subjected 
to dehydration in sucrose solution, snap frozen in Tissue-Tek O.C.T 
compound (SAKURA, 4583) and sectioned at 10 µm-thickness.

For immunofluorescence staining, frozen tissue sections were 
incubated with pre-chilled acetone at −20 °C for 10 min, blocked in 10% 
species-specific normal serum in 1% BSA/PBS for 1 h and stained with 
primary antibodies at 4 °C overnight. After washing three times with 
PBS, the sections were incubated with fluorescent-conjugated second-
ary antibodies for 1 h followed by washing an additional three times 
with PBS. Finally, sections were mounted with SlowFade Gold Antifade 
reagent (Invitrogen, S36936) including 4,6-diamidino-2-phenylindole 
(DAPI; 1 µg ml−1, Invitrogen, D3571) to counterstain nuclei and imaged 
with a confocal microscope (Eclipse Ti2, Nikon).

For Masson’s trichrome staining, sections were stained using a 
Masson’s trichrome stain kit (Thermo Fisher Scientific, 22-110-648). 
Images were taken of heart sections from the apex and mid-ventricle 
and the fibrotic area was quantified using ImageJ. The scar tissue area 
was calculated as the fraction of the LV surface area occupied by the 
scar tissue. The severity of fibrosis was classified as ‘severe’ (sample 
showed >40% fibrotic area), ‘moderate’ (20–40%) or ‘mild’ (<20%). 
The cross-sectional cardiomyocyte size was calculated using cells with 
integral membrane and visible nucleus (≈60 cells per section). Relative 
fibrotic area and cardiomyocyte size quantification was performed 
using ImageJ (v.1.49) software.

Flow cytometry. Nonmyocyte cells were isolated from the injured 
region of the heart on day 7 after MI in the same manner as described 
before17. Isolated nonmyocytes were resuspended 100–300 μl 1% BSA 
in PBS and incubated with various fluorescent-conjugated antibodies 
specific for each cell types and subtypes for about 30 min 4 °C. After 
washing with FACS buffer twice, stained cells were analyzed on an LSRII 
IMED (BD Biosciences) or sorted on a FACS Aria II (BD Biosciences).

For lineage-tracing experiments, an equal number of male and 
female B6.129(Cg)-Cx3cr1tm1LittCcr2tm2.1Ifc/JernJ (Ccr2RFPCx3cr1GFP) mice 
procured from The Jackson Laboratory were infarcted, and on day 7 
nonmyocyte cells were isolated from the injured region of the heart 
for flow cytometry analysis as described above.

To identify the resident macrophage composition in the uninjured 
heart, nonmyocyte cells were isolated from the WT and GPNMB KO ani-
mals and subjected to flow cytometry using the fluorescent-conjugated 
antibodies specific for resident macrophage populations.

Bone-marrow macrophages purified from age- and sex-matched 
WT and GPNMB KO mice were cultured for 7 days in macrophage 
growth medium (DMEM with 10% FBS, 10 ng ml−1 M-CSF and antibiot-
ics). Then the cells were collected by trypsinization and incubated with 
various fluorescence conjugated antibodies to identify the percentage 
of various macrophage compositions by flow cytometry. The periph-
eral immune cell composition between WT and GPNMB KO animals 
were determined by flow cytometry using the blood drawn through 
retro-orbital puncture. All the flow cytometry data were analyzed using 
FlowJo v.10.4 software.

Bone-marrow transplantation and engraftment analysis. SJL CD45.1 
male mice at approximately 10–11 weeks old were irradiated at 900 cGy 
with a cesium irradiator. The next day, bone marrow was collected 
from femurs and tibias of two 9-week-old DsRed CD45.2 male donors 
( JAX Strain 006051 B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J). Then, a 

single-cell suspension was prepared using IMDM supplemented with 
10% FBS + 10% penicillin/streptomycin. The suspension was centri-
fuged at 200g for 5 min and supernatant was aspirated. Red blood 
cells were lysed in 2 ml ACK lysis buffer for 10 min. Cell suspension 
was filtered through a 30-μm filter and neutralized with complete 
medium to a total volume of 10 ml. Cells were counted and kept on 
ice. Each recipient SJL CD45.1 mouse received 3 × 106 DsRed CD45.2 
donor cells intravenously in 200 μl through tail vein injections. For 
the engraftment analysis, 100 μl peripheral blood was collected in 
Eppendorf tubes with PBS + 10% FBS and 4 μl EDTA to prevent clotting. 
Red blood cells were lysed in 2 ml ACK lysis buffer for 10 min. Suspen-
sion was centrifuged at 200g for 5 min and supernatant was aspirated. 
Cells were stained with each antibody in FACS buffer (1% BSA in PBS) 
with one drop of UtraComp eBeads Compensation Beads (Thermo 
Fisher Scientific, 01-2222-42) for 30 min at 4 °C. Then, 5 μl 7-AAD was 
added before running the samples. After washing with FACS buffer 
twice, stained cells were analyzed on Canto II FACS instrument (BD 
Biosciences) with BD FACS DIVA software. Data were analyzed using 
FlowJo v.10.4 software.

Echocardiographic analysis. Echocardiographic imaging was per-
formed under 1.5% isoflurane anesthesia on a heated platform using a 
Vevo 3100 Imaging System with a 30-MHz linear probe (Visualsonics), 
short–long axis B-mode and M-mode images were captured and ana-
lyzed by Vevo 3100 software. Heart rates were also recorded.

Isolation of nuclei, library construction and sequencing. Hearts 
collected from WT and GPNMB KO mice on day 7 after myocardial 
injury were used for the nuclei isolation/purification and 10x genom-
ics sequencing. In brief, freshly collected heart tissue was minced 
on ice in a sterile Petri dish with a razor blade and homogenized with 
chilled lysis buffer (10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2 
and 0.1% NP-40) using a Dounce homogenizer. The tissue homogen-
ate was then passed through a 40-µm cell strainer and centrifuged at 
500g for 5 min at 4 °C. The supernatant was carefully removed and 
the pellet was resuspended with 1 ml nuclei wash buffer (1× PBS with 
2% BSA and 0.2 U ml−1 RNase inhibitor). The suspension was filtered 
through a 20-µm pluristrainer and centrifuged at 500g for 5 min at 
4 °C. The nuclei pellet was resuspended in 300 µl nuclei wash buffer 
(PBS with 2% BSA and 0.2 U ml−1 RNase inhibitor) and submitted for 
library preparation and sequencing. After determining the quality 
and quantity of the purified nuclei, equal number of nuclei from each 
sample were used to construct single nuclei gene expression libraries 
using Chromium Next GEM (Gel Beads-in-emulsion) Single-Cell 3′ (v3.1 
Chemistry) (10x Genomics), Chromium Next GEM Chip G Single-Cell kit 
(10x Genomics) and Single Index Kit T Set A (10x Genomics) according 
to the manufacturer’s instructions. In brief, purified nuclei samples 
were loaded to target at least 10,000 nuclei to form GEMs and barcode 
nucleus of individual cells. Then the GEMs were cleaned and cDNA 
libraries were created as per the manufacturer’s guidelines. The qual-
ity of the constructed library was determined using 4200 Tape Station 
System (Agilent) and D1000 ScreenTape (Agilent) and Qubit 4 2.0 
(Invitrogen) for concentration and size distribution. After confirming 
the quality, samples were sequenced using Novaseq 6000 (Illumina) 
using 100 cycles and 200 M reads for each sample, targeting about 
20,000 reads per nuclei. Finally, the samples were analyzed using Cell 
Ranger and Loupe (10x Genomics). For the analysis of sequencing data, 
the R package Seurat (v.3.1.2) was used to cluster the nucleus (cells) 
in the merged matrix. Low-quality nuclei were eliminated if they had 
subnormal (fewer than 100 genes) or more than 2 × 104 transcripts or 
2% of mitochondrial genes. To normalize the expression levels, The 
NormalizeData function was used for each cell with default parameters. 
The FindVariableFeatures function was used to select variable genes 
with default parameters. The ScaleData function was used to scale and 
center the counts in the dataset and principal-component analysis was 
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performed on the variable genes. The batch effect was removed using 
The RunHarmony function from the Harmony package. The RunUMAP 
function was used for Uniform Manifold Approximation and Projection 
(UMAP) dimensional reduction. The clusters were obtained using the 
FindNeighbors and FindClusters functions with the resolution set to 
0.6. The cell cluster markers were found using the FindAllMarkers func-
tion. The dot plot and violin plots were plotted using the DotPlot and 
VlnPlot functions, respectively. Enrichr was used for pathway enrich-
ment analysis on the differentially expressed genes32.

Adeno-associated virus 8 production and injection. AAV8 encoding 
GFP or GPNMB-ECD was purchased from VectorBuilder. The animals 
were injected with AAV8–GFP and AAV8–GPNMB-ECD (2 × 1012 genome 
copies (GC) in 100 μl per animal) intravenously via the tail vein fol-
lowing a standard procedure33,34. Two weeks after the virus injection, 
the liver tissue was collected from randomly selected animals and a 
western blot was performed to check GPNMB-ECD overexpression. 
Once overexpression was confirmed, the animals were subjected to 
myocardial injury. The circulating levels of GPNMB-ECD were also 
checked 6 weeks after AAV injection to confirm the stable expression 
of GPNMB-ECD throughout the study period.

Peripheral blood ELISA for GPNMB. We assessed circulating GPNMB 
levels 6 weeks after AAV8 injection. Plasma samples were collected by 
retro-orbital puncture at the time of killing in plastic blood-collection 
tubes with sodium heparin (BD 367874). Plasma GPNMB levels were 
measured using commercially available ELISAs kit as described by the 
manufacturer (R&D systems, DY2330).

Sulfo-SBED crosslinking proteomics. GPNMB labeled with 
Sulfo-SBED biotin (Pierce) was prepared by first loading GPNMB onto a 
heparin Sepharose column to block the GPNMB heparan sulfate bind-
ing site from being labeled by the NHS linker. The column was then 
loaded with 1.7 mM Sulfo-SBED biotin and the reaction was allowed to 
proceed at 4 °C for 2 h. The column was then thoroughly washed with 
low-salt buffer (25 mM HEPES and 100 mM NaCl, pH 7.5) to remove the 
unreacted linker and then labeled protein was eluted with high-salt 
buffer (25 mM HEPES and 800 mM NaCl, pH 7.5). Labeled GPNMB 
was then buffer exchanged into PBS using a PD-10 desalting column. 
Primary cardiac fibroblasts were cultured in F12k culture medium 
with 20% FBS and 10 ng ml−1 h-bFG. Cells were then serum starved for 
24 h, washed three times with F12k culture medium and incubated 
with 100 nM of Sulfo-SBED biotin GPNMB conjugates for 5 min at 
37 °C. Then, cells were washed with serum-free medium and placed 
on ice. Cells were crosslinked for 15 min using a UV Stratalinker 1800 
(Stratagene). Cells were then washed twice more with PBS, lysed and 
collected with RIPA buffer.

Sample preparation. Proteins were quantified by BCA assay (Thermo 
Fisher Scientific) as per manufacturer recommendations. A total of 
3 mg of protein extract from each sample was used for affinity purifi-
cation of biotinylated proteins. Affinity purification was carried out 
in a Bravo AssayMap platform (Agilent) using AssayMap streptavidin 
cartridges (Agilent). In brief, cartridges were first primed with 50 mM 
ammonium bicarbonate and then proteins were slowly loaded onto 
the streptavidin cartridge. Background contamination was removed 
by extensively washing the cartridges with 8 M urea and 50 mM ammo-
nium bicarbonate. Finally, cartridges were washed with Rapid diges-
tion buffer (Promega, Rapid digestion buffer kit) and proteins were 
subjected to on-cartridge digestion with mass spectrometry-grade 
trypsin/Lys-C Rapid digestion enzyme (Promega) at 70 °C for 2 h. 
Digested peptides were then desalted in the Bravo platform using 
AssayMap C18 cartridges and the organic solvent was removed in a 
SpeedVac concentrator before liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) analysis.

LC–MS/MS analysis. Dried peptides were reconstituted with 2% ace-
tonitrile and 0.1% formic acid, quantified by modified BCA peptide 
assay (Thermo Fisher Scientific) and analyzed by LC–MS/MS using a 
Proxeon EASY nanoLC system (Thermo Fisher Scientific) coupled to 
a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific). Pep-
tides were separated using an analytical C18 Acclaim PepMap column 
0.075 × 500 mm, 2-µm particles (Thermo Fisher Scientific) in a 93-min 
linear gradient of 2–28% solvent B at a flow rate of 300 nl min−1. The 
mass spectrometer was operated in positive data-dependent acquisi-
tion mode. MS1 spectra were measured with a resolution of 70,000, 
an AGC target of 1 × 106 and a mass range from 350 to 1,700 m/z. Up 
to 12 MS2 spectra per duty cycle were triggered, fragmented by HCD 
and acquired with a resolution of 17,500 and an AGC target of 5 × 104, 
an isolation window of 1.6 m/z and a normalized collision energy of 
25. Dynamic exclusion was enabled with duration of 20 s. Data were 
processed using MaxQuant (v.1.6.3.4). Data were searched against the 
mouse genome with peptide and protein false discovery rate set to 0.01. 
Full search parameters are included in the Supplementary Information 
(mqpar.xml file). Peptide-level data are provided in allPeptides.txt and 
protein level information is provided in proteinGroups.txt.

Liposomal immunoprecipitation. Recombinant GPNMB was incu-
bated in the presence or absence of recombinant GRP39 liposomes 
(Abnova, H00002863-G01) in buffer (150 mM NaCl, 5 mM CaCl2, 5 mM 
MgCl2 and 20 mM HEPES, pH 7.5) for 30 min at room temperature. 
GPNMB–GPR39 complexes were then pulled down using magnetic 
hydrophilic streptavidin beads (NEB) conjugated with His-tag bioti-
nylated antibody (R&D Systems, cat. no. BAM050, lot DXN1422112). 
Beads were washed 3× with buffer and protein was then eluted with 
citric acid and NuPage LDS buffer (Invitrogen). Western blot was used 
to detect the presence of GPR39 (Novus rabbit anti-GPR39, 1;1,000 
dilution, cat. no. NLS139, lot A-6).

ELISA. ELISA plates were coated with 100 or 200 ng GPR39 in liposomes 
(Abnova H00002863-G01) in a total volume of 50 µl and incubated 
overnight at 4 °C. After coating, the wells were emptied and washed 
once with 150 µl of wash buffer (150 mM NaCl, 5 mM MgCl2, 5 mM CaCl2 
and 20 mM HEPES at pH 7.2) per well. Subsequently, 150 µl of blocking 
buffer was added to each well and the plates were incubated for 1 h at 
room temperature with gentle shaking to block nonspecific binding 
sites. For the detection assay, a threefold dilution series of GPNMB rang-
ing from 100 nM to 1.58 nM was prepared in binding/blocking buffer 
and 50 µl was added to each well. After the incubation, the plates were 
washed three times with 150 µl of wash buffer per well. Avidin–HRP 
conjugate was diluted 1:2,000 in binding/blocking buffer and 50 µl 
was added to each well, followed by three washes using 150 µl per well 
of TSM washing buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM CaCl2 and 
1 mM MgCl2, pH 7.4). The plates were developed by adding 50 µl of TMB 
substrate to each well and allowing the reaction to proceed for 15 min. 
The reaction was stopped by adding 50 µl of 2 M H2SO4 to each well. 
The absorbance was measured at 450 nm using a microplate reader.

Plasmid construction and verification. Full-length cDNA clone for 
mouse GPNMB (BC026375) was purchased from GE Dharmacon. The 
cDNA fragment encoding the N-terminal extracellular domain (amino 
acids 1–502) was amplified and tagged with 6xHis at the C terminus 
by PCR and cloned into XbaI-BamHI enzymatic sites of pHIV–EGFP 
(Addgene, #21373). Primers for PCR were: GCGGCCGCTGAGTTAAC-
TATTCTAGAACCATGGAAAGTCTCTGCGGGGTC and GGGGAGGGAGA-
GGGGCGGATCCTTAgtgatggtgatggtgatgATTCACTGCTCTCAGAGG. 
The correct assembly of the plasmid was confirmed through Sanger 
sequencing. A lentiviral vector with puromycin resistance marker, 
pHIV–EGFP–P2A–PuroR, was created by inserting a P2A-PuroR fragment 
(amplified from Addgene, #98290 with PCR primers CTGTACAAGG-
GATCCGGCGCAACAAAC and ATGTATCGATCGTGCGCTCCTTTCGGT) 
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into the EGFP C terminus of a pHIV–EGFP vector (Addgene, #21373, 
between BsrGI and ClaI sites) by restriction cloning. A plasmid harbor-
ing mouse GPR39 cDNA (NM_027677.2) with a C-terminal Flag tag was 
purchased from VectorBuilder. The GPR39–Flag fragment was amplified 
by PCR (primers: ATTCTAGAGCCACCATGGCTTCATCCAGTG and AGC-
CCGGGTCACTTGTCGTCATCGTCT) and cloned between the XbaI and 
XmaI sites of the above pHIV–EGFP–P2A–PuroR vector. Correct assembly 
and the GPR39–Flag sequence were confirmed by Sanger sequencing.

Co-immunoprecipitation. HEK293 cells were cultured in DMEM 
(Gibco, 11995065) containing 10% FBS and antibiotics (100 U ml−1 
penicillin + 100 μg ml−1 streptomycin). HEK293 cells grown in a 10-cm 
dish were transfected with 1 μg of either pHIV–EGFP–GPNMB-ECD–His 
or pHIV–EGFP–GPR39–Flag plasmid individually or together using 
FuGENE HD transfection reagent (Promega, E2311). Two days after 
transfection, cells were used for co-immunoprecipitation (Co-IP) exper-
iments using a Capturem IP- and Co-IP kit (Takara, 635721) according 
to the manufacturer’s instructions. Mouse anti-Flag (Proteintech,  
66008-3Ig) and rabbit anti-His-tag (Proteintech, 10001-0-AP) antibod-
ies were used for the pulldown and subsequent western blot analysis.

Expression and purification of recombinant mGPNMB-ECD. HEK293 
cell grown in 10-cm plates were transfected with 1.5 μg of pHIV–EGFP–
GPNMB-ECD plasmid using FuGENE HD transfection reagent (Promega, 
E2311) as per the manufacturer instructions. Three days after transfec-
tion, the culture medium and cell pellets were collected and used for 
the purification of His-tag–mGPNMB-ECD utilizing the Capturem 
His-tagged Purification Maxiprep kit (Takara, 635713) following the 
manufacturer’s instruction. The purity of mGPNMB-ECD was verified 
by western blot.

Neonatal rat ventricular cardiomyocyte isolation and culture. NRVMs 
were isolated as previously described35 in accordance with UCLA IACUC 
guidelines. In brief, 0–2-day-old rat (Sprague–Dawley) pups were killed 
by decapitation, rinsed briefly in ethanol and the hearts were excised. 
The hearts were washed in Hanks–HEPES solution to remove the blood 
then the ventricles were isolated by removing the atria using small scis-
sors. Isolated ventricles were transferred to another dish and minced 
into small pieces using sterile razor blade. The minced tissues were 
digested with a collagenase–pancreatin solution for 30 min at 37 °C in 
a shaking incubator. Myocytes were enriched and purified by discon-
tinuous Percoll gradient centrifugation. The purified NRVMs were then 
seeded in gelatin (0.2%)-coated culture plates at 1,000 cells per cm2 in 
DMEM + 10% FBS + 100 U ml−1 penicillin + 100 μg ml−1 streptomycin for 
various treatment and assays.

Isolation of adult cardiac fibroblasts and immortalization. WT 
mice were killed using an isoflurane inhalation chamber and the 
hearts were immediately dissected out, rinsed in ice-cold HBSS and 
the valves and atriums were removed using fine scissors in a sterile 
biosafety cabinet. The ventricles were minced into small pieces using 
a sterile razor blade and digested in 0.1 µg ml−1 liberase TH (Sigma, 
5401151001) in Tyrode’s solution (136 mM NaCl, 5.4 mM KCl, 0.33 mM 
NaH2PO4, 1 mM MgCl2, 10 mM HEPES and 0.18% glucose) by incubating 
in a temperature-controlled orbital shaker at 37 °C for 30 min at 80 rpm 
while triturating with a 10-ml pipette every 5 min. The digested heart 
suspension was filtered through a 40-μM strainer and centrifuged at 
200g for 5 min. The supernatant was discarded and the pellet was resus-
pended in F-12K (Gibco, 21127022) medium containing 20% FBS and 
antibiotics and plated in standard tissue culture dishes. Approximately, 
2–4 h after plating, the medium was removed and washed with PBS then 
fresh F12K medium containing 20% FBS, antibiotics and human basic FGF 
(10 ng ml−1, Millipore, GF003) was added. These cells were immortalized 
by infecting them with Lentivirus-Large T antigen virus in the presence of 
Polybrene (8 μg ml−1) and selected with antibiotics (puromycin 1 μg ml−1) 

as described previously17. Immortalized cardiac fibroblasts were then 
cultured in DMEM (Gibco, 11995065) containing 10% FBS.

Hypertrophy assay. NRVMs cultured in 24-well plates were serum 
starved for 24 h and then exposed to phenylephrine (10 μM) and 
GPNMB-ECD (30 nM) individually or in combination for 48 h. After the 
incubation, the cells were fixed with 4% paraformaldehyde for 10 min 
at room temperature. The cells were washed with PBST (in PBS contain-
ing 0.05% Tween 20) and blocked with immunofluorescence blocking 
buffer (Cell Signaling, cat. no. 12411) for 1 h followed by incubation with 
anti-troponin antibody (1:100 dilution) diluted in 1% BSA and PBS at 4 °C 
overnight. The next day, cells were washed with PBST for 10 min each 
three times and then incubated with fluorescent-conjugated secondary 
antibody (1:200 dilution) for 1 h. Cells were counterstained with DAPI 
(1 mg ml−1, Invitrogen, D3571) for 10 min and mounted with SlowFade 
Gold Antifade reagent (Invitrogen, S36936). Images were taken using 
ECHO Revolve Fluorescence Microscope (model no. RVL-100-M) and 
cell size was measured using ImageJ (v.1.49) software.

Cell death assay. NRVMs cultured in 24-well plates were serum starved 
for 24 h and then exposed to GPNMB-ECD (30 nM) in the presence and 
absence of LY294002 (10 μM) (Tocris, 1130) and AZM475271 (1 μM) 
(Tocris, 3963) for 12 h and then exposed to hydrogen peroxide (100 μM) 
for 12 h. The cells were washed with PBS and incubated with TUNEL 
reaction mixture (Roche, 11684795910) for 1 h at 37 °C and washed 
three times with PBS. The images were acquired in at least 3–5 random 
fields in each well using an ECHO Revolve Fluorescence Microscope 
(model no. RVL-100-M). The TUNEL-positive cells were counted using 
ImageJ (v.1.49) software.

Determination of infarct size by triphenyltetrazolium chloride 
staining. Mice hearts collected on day 3 after myocardial injury were 
sliced transversally at a thickness of 1 mm. The sliced tissues were 
washed in PBS to remove blood and then immersed in neutral TTC (2% 
in saline) solution for 30 min at 37 °C. The tissues were photographed 
and the extent of viable versus dead tissue was quantified using ImageJ 
(v.1.49) software.

Determination and quantification of area at risk by Evans blue 
staining. WT and GPNMB KO animals were infarcted by LAD ligation 
and 24 h later 1% Evans blue dye was perfused into the aorta and coro-
nary arteries to stain the nonischemic area. Hearts were excised and 
sliced into cross sections and the area of blue staining was quantified 
by ImageJ (v.1.49) software.

Human dataset analysis. GPNMB was plotted in the human mac-
rophage and monocyte atlas datasets (https://macroverse.gustaver-
oussy.fr/2021_MoMac_VERSE/) curated by Mulder et al.21.

Statistics. All experimental results are expressed as mean ± s.e.m.  
Statistical significance between two experimental groups was deter-
mined using either one or two-way analysis of variance (ANOVA) with 
Tukey’s multiple comparison or a Student’s two-tailed t-test as indi-
cated in figure legends. P values < 0.05 were considered statistically 
significant. Statistical analyses were performed using GraphPad Prism 
v.7.02 software. All data are presented as mean ± s.e.m.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The snRNA-seq data generated for this study were deposited in the 
Gene Expression Omnibus under accession numbers GSE235434 and 
GSE277086.
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Extended Data Fig. 1 | GPNMB expression in the infarcted heart using 
immunofluorescent staining and flow cytometry. a, Immunofluorescent 
staining, and confocal microscopy of GPNMB expression in uninjured (remote) 
and injured regions of heart demonstrating that GPNMB (green, arrows) is 
not coexpressed with CD90.2, CD31, CD146 and NG2 markers (red, arrows) at 

Day 7 post infarction (Representative images, n=3 animals). b, Flow cytometry 
of nonmyocytes in the heart 7 days after MI demonstrating the expression of 
GPNMB in macrophages (CD45, Ly6C, CD68 and CD11b, n=5 animals). Data 
presented as mean±SEM.
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Extended Data Fig. 2 | Flow cytometry to demonstrate expression of RFP+ 
and GFP+ cells in infarcted hearts of Ccr2RFPCx3cr1GFP mice. a, Flow cytometry 
gating controls on nonmyocytes isolated from wild-type mice (using unstained 
controls for GPNMB and gates for RFP and GFP). b, GPNMB expression in 

infarcted hearts of Ccr2RFPCx3cr1GFP mice on day 7 following MI demonstrating 
GPNMB is predominantly expressed in the GFP and RFP positive cells (62.7± 10% 
(GFP) and 23.5±6% (RFP), n=3 animals/group).
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Extended Data Fig. 3 | Global depletion of GPNMB doesn’t affect the electrical activation pattern. a, Surface ECG of age and sex matched WT and GPNMB KO 
animals demonstrating similar electrical activation patterns. b, ECG intervals showing PR, QRS, QT intervals and heart rate in WT and GPNMB KO animals (mean±SEM, 
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Extended Data Fig. 4 | GPNMB deficiency increases infarct size but did not 
affect the area at risk after MI. a, Images showing the transverse slices of 
Triphenyltetrazolium chloride (TTC) stained heart of wild-type and GPNMB KO 
mice on day 3 of myocardial injury. The red zone indicates viable heart tissue, and 
the white zone (arrows) represents non-viable infarct area. b, Relative % of infarct 
area in the hearts of WT and GPNMB KO mice on day 3 after myocardial injury 

(mean±SEM, n=4 animals, **p<0.0044 by two-tailed Student’s t-test).  
c, Representative image showing the transverse slices of hearts of WT and 
GPNMB KO mice stained with Evans blue at 24hr after myocardial injury. The red 
zone (arrow) indicates area of risk and blue zone indicates non-risk area.  
d, Relative % of area at risk in the hearts of WT and GPNMB KO mice.  
(mean±SEM, n=3 animals, Two-tailed Student’s t-test, NS=Not significant).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Effects of GPNMB depletion on bone marrow 
macrophage and peripheral immune cell composition. a, Flow cytometry 
of bone marrow macrophages isolated from WT and GPNMB KO mice 
demonstrating the percentage of CD68, CD206, CD11b and Ly6A/E expressing 

cell population. b, Flow cytometry of peripheral immune cells isolated from WT 
and GPNMB KO animals demonstrating the percentage of CD11b, CD68, CD3 and 
CD19 expressing cells (mean±SEM, n=3 animals/group, * p<0.016 by Two-tailed 
Student's t-test, NS=Not significant).
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Extended Data Fig. 6 | Resident macrophage composition in hearts of WT and GPNMB KO animals. Flow cytometry of macrophages isolated from WT and GPNMB 
KO hearts demonstrating the percentage of CD11b, CD68, CD206, and Ly6A/E expressing cell population. (mean±SEM, n=3 animals/group, Two-tailed Student’s t test, 
NS=Not significant).
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Extended Data Fig. 7 | Canonical genes used to identify cell population in the heart following single nuclear seq. Dot plot demonstrating clusters of genes used to 
identify cardiomyocyte and nonmyocyte cell populations in snRNA-seq of the heart at 7 days after MI (n=4 animals).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | GPNMB is predominantly expressed in specific 
subclusters of macrophages in the infarcted heart. a, UMAP of myeloid 
subtype clusters in the injured murine heart on day 7 after MI. b, Cluster markers 
of myeloid subtype populations in the injured heart on day 7 after MI. c, UMAP 

showing GPNMB expression in specific subclusters (1&2). d, UMAP showing 
FABP5 expression in specific subclusters (1&2). e, f, UMAP showing the robust 
expression of GPNMB in TREM2 macrophage cluster of macrophage/monocyte 
atlas of healthy and pathologic tissues in humans (Mudler et al., 2021).
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Extended Data Fig. 9 | Genetic deletion of GPR39 did not influence cardiac function in normal conditions. (a) Ejection fraction, (b) Fractional shortening and LV 
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Data collection Echocardiographic imaging and data was collected using a Vevo 3100 Imaging System with a 30 MHz linear probe (Visualsonics, Canada). 
Flow cytometry  was performed using LSRII IMED (BD Biosciences) or sorted on FACS Aria II (BD Biosciences). 

Data analysis All the software used for data analysis were described in the manuscript .Image J version 1.49 used for image analysis. Prism  7.02 was used 
for statistical analysis. FlowJo 10.4 used for flow cytometry data analysis. Echo data analysed using Vevo3100 software. 
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The snRNA-seq data generated for this study were deposited in the Gene Expression Omnibus under accession numbers GSE235434 and GSE277086.
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Sample size Sample size were chosen based on our previous publications and guide lines .  https://pubmed.ncbi.nlm.nih.gov/32621799/ 
https://pubmed.ncbi.nlm.nih.gov/34813507/

Data exclusions No data excluded

Replication 3-5 replications and most of the time it is successful 

Randomization There is no randomization involved because we did not use any drug to treat the conditions.  

Blinding Since we did not conduct any drug testing studies, it is not applicable for this work. 
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Methods
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ChIP-seq
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MRI-based neuroimaging

Antibodies
Antibodies used Rabbit anti-GPR39 (1;1000, Novas Cat. No. NLS139, Lot A-6);  rabbit anti-GPNMB (1:200 dilution, Cell Signaling, 90205); rat anti-CD45 

(1:100 dilution, Millipore, 051416); rabbit anti-CD68 (1:100 dilution, Abcam, ab125212); rat anti-CD11b (1:100 dilution, Abcam, 
ab8878); rat anti-F4/80 (1:100 dilution, Invitrogen, MA191124); rat anti-CD31 (1:200 dilution, Abcam, ab7388); rabbit anti-CD146 
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(1:200 dilution, Abcam, ab75769); rabbit anti-NG2 (1:200 dilution, Millipore Sigma, AB5320); rat anti-CD90.2 (1:50 dilution, BD 
Biosciences, 566082); rabbit anti-cardiac troponin I (1:100 dilution, Abcam, ab47003); Alexa Fluor 594 conjugated WGA (5 μg ml−1, 
Invitrogen, W11262). APC-conjugated anti-CD45 (1:100 dilution, BioLegend, 103111); APC-conjugated anti-CD68 (1:100 dilution, 
BioLegend, 137007);  APC-conjugated anti-CD11b (1:100 dilution, Invitrogen, 13011281); Alexa Fluor anti-GPNMB (1:100 dilution, 
Abcam, Ab284639); Brilliant Violet anti-CD11b (1:100 dilution, BioLegend, 101235); PE anti-CD3 (1;100 dilution, BioLegend, 100205); 
FITC anti-CD19 (1:100 dilution, BioLegend 101505); FITC-anti-Ly-6A/E (1:100 dilution, Thermo Fisher Scientific, 11-5981-82); Alexa 
Flour anti-CD206 (1:100 dilution, Thermo Fisher Scientific, 53-2061-82); APC-conjugated anti-Ly-6C (1:100 dilution, 
BioLegend,128015); and eFluor anti-GPNMB (1:100 dilution, Invitrogen, 50-5708-82); rabbit anti-p-AKT (Ser 473) (1:2,000 dilution, 
Cell Signaling, 4060), rabbit anti-p-ERK (1:1,500 dilution, Cell Signaling, 4695), rabbit anti-AKT (1:2,000 dilution, Cell Signaling, 4691), 
mouse anti-ERK (1:1,000 dilution, Sata Cruz, 514302), goat anti-GPNMB (1:1,000 dilution, R&D Systems, AF2330), rabbit anti-GAPDH 
(1:2,000 dilution, Cell Signaling, 2118), mouse anti-Flag (1:1,000 dilution, Proteintech, 66008-3Ig); rabbit anti-His-tag (1:1,000 
dilution, Proteintech, 10001-0-AP).

Validation Each antibody was validated using positive and negative control samples. We validated all the above mentioned antibodies work for 
the mouse tissues and cells and cells obtained form rats, wherever applicable. 

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293 cells were obtained from ATCC (CRL 1573). Cardiac fibroblast and neonatal rat ventricular myocytes were  isolated 
and used.  

Authentication HEK293 cells obtained from ATCC were authenticated by several studies   

Mycoplasma contamination The cells maintained in normocin to prevent mycoplasma contamination and often tested negative for myoplasma. 

Commonly misidentified lines
(See ICLAC register)

We did not use any commonly misidentified cells or cell lines.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Wildtype, GPNMB KO and GPR39 KO mouse of C57BL/6J background were used for this study. Both the genders at the age of  8-12 
weeks old were used. Neonatal Rat Ventricular Myocyted were isolated from 1 day old Sprague-Dawley rat pups. The animals were 
housed in the clean cages with standard condition at vivarium (ambient temperature, 40-60% humudity, 12light/12 dark schdule) 

Wild animals No wild animals used in this study 

Reporting on sex We used both the gender of animals for this study. Therefore, there is no gender specific data generated. 

Field-collected samples No field collected samples used in this study

Ethics oversight Animal Research Committee UCLA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration No clinical data collected  in this study 

Study protocol Not applicable 

Data collection Not applicable 

Outcomes Not applicable 



4

nature portfolio  |  reporting sum
m

ary
April 2023

Novel plant genotypes Not applicable 

Seed stocks No plant used in this study 

Authentication Not applicable 

Plants

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells will be isolated from heart by enzymatic digestion 

Instrument LSRII IMED (BD Biosciences) 

Software Flowjo

Cell population abundance 90%

Gating strategy Flow core determined the gating strategy based on the unstained samples 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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