
Du et al. Stem Cell Research & Therapy           (2023) 14:33  
https://doi.org/10.1186/s13287-023-03256-0

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Stem Cell Research & Therapy

Single cell and lineage tracing studies reveal 
the impact of  CD34+ cells on myocardial fibrosis 
during heart failure
Luping Du1†, Xiaotong Sun1†, Hui Gong1†, Ting Wang1, Liujun Jiang1, Chengchen Huang1, Xiaodong Xu1, 
Zhoubin Li2, Hongfei Xu3, Liang Ma3, Weidong Li3*, Ting Chen1,4* and Qingbo Xu1*   

Abstract 

Background CD34+ cells have been used to treat the patients with heart failure, but the outcome is variable. It is of 
great significance to scrutinize the fate and the mechanism of  CD34+ cell differentiation in vivo during heart failure 
and explore its intervention strategy.

Methods We performed single-cell RNA sequencing (scRNA-seq) of the total non-cardiomyocytes and enriched 
Cd34-tdTomato+ lineage cells in the murine (male Cd34-CreERT2; Rosa26-tdTomato mice) pressure overload model 
(transverse aortic constriction, TAC), and total non-cardiomyocytes from human adult hearts. Then, in order to 
determine the origin of  CD34+ cell that plays a role in myocardial fibrosis, bone marrow transplantation model was 
performed. Furthermore, to further clarify the role of CD34 + cells in myocardial remodeling in response to TAC injury, 
we generated Cd34-CreERT2; Rosa26-eGFP-DTA (Cre/DTA) mice.

Results By analyzing the transcriptomes of 59,505 single cells from the mouse heart and 22,537 single cells from 
the human heart, we illustrated the dynamics of cell landscape during the progression of heart hypertrophy, includ-
ing  CD34+ cells, fibroblasts, endothelial and immune cells. By combining genetic lineage tracing and bone marrow 
transplantation models, we demonstrated that non-bone-marrow-derived  CD34+ cells give rise to fibroblasts and 
endothelial cells, while bone-marrow-derived  CD34+ cell turned into immune cells only in response to pressure 
overload. Interestingly, partial depletion of  CD34+ cells alleviated the severity of myocardial fibrosis with a significant 
improvement of cardiac function in Cd34-CreERT2; Rosa26-eGFP-DTA model. Similar changes of non-cardiomyocyte 
composition and cellular heterogeneity of heart failure were also observed in human patient with heart failure. Fur-
thermore, immunostaining showed a double labeling of CD34 and fibroblast markers in human heart tissue. Mecha-
nistically, our single-cell pseudotime analysis of scRNA-seq data and in vitro cell culture study revealed that Wnt-β-
catenin and TGFβ1/Smad pathways are critical in regulating  CD34+ cell differentiation toward fibroblasts.
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Conclusions Our study provides a cellular landscape of  CD34+ cell-derived cells in the hypertrophy heart of human 
and animal models, indicating that non-bone-marrow-derived  CD34+ cells differentiating into fibroblasts largely 
account for cardiac fibrosis. These findings may provide novel insights for the pathogenesis of cardiac fibrosis and 
have further potential therapeutic implications for the heart failure.
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Introduction
Heart failure represents a leading cause of morbidity and 
mortality worldwide, in which pathological ventricular 
hypertrophy is an independent risk factor [1]. There are 
two events related to the pathogenesis of heart failure—
endothelial dysfunction and fibrosis [2, 3]. The former is 
involving in increased expression of pro-inflammatory 
genes/proteins and angiogenesis [4], while the fibrosis 
is a consequence of fibroblast-produced matrix protein 
deposition that contributes to systolic and diastolic dys-
function and the altered electrical signal transduction [5]. 
Fibroblasts are the dominant non-cardiomyocytes and 
the main effector cells of myocardial fibrosis and heart 
failure [6, 7]. There are various reports on the changes of 
fibroblast subsets [8], e.g., quiescent, activated, myofibro-
blast and matri-fibrocytes. The heterogeneity and sub-
types of fibroblasts could exert their effect on myocardial 
fibrosis in different ways, to which a variety of sources 
of cells may contribute. However, it remains unclear 
whether different subtypes of fibroblasts can be derived 
from mature fibroblasts or stem/progenitor cells in the 
development of cardiac fibrosis.

Over the past decade, it is well known that resident 
cells that express c-Kit, Sca-1 and CD34 cannot differ-
entiate into cardiomyocytes [9–12], but they do have an 
ability to differentiate into endothelial cells and other 
non-cardiomyocytes in response to myocardial injury 
[13]. For instance,  CD34+ cells exist in tissues, circulat-
ing blood and bone marrow, which may serve as a source 
of different types of cells in pathological status [14]. Bone 
marrow-derived  CD34+ cell therapy has received great 
attention for its potential applications in cardiovascular 
disease [15–17]. Several studies have shown that injec-
tion of  CD34+ cells into the heart is safe and might be 
effective to reduce the progression of cardiac remod-
eling after ischemic injury [18–21]. However, the results 
obtained from clinical trials using these cells have been 
inconsistent [18, 22–24]. The explanation for the diverse 
outcome of the  CD34+ cell therapy is due to lacking the 
information about basic biological nature of  CD34+ 
cells in the tissue and blood, e.g., the function and fate 
of  CD34+ cells in the development of cardiac remodeling.

Herein, we used Cd34-CreER;Rosa26-tdTomato 
mice, an inducible lineage tracing model, to trace 
the fate of  CD34+ cells in TAC (transverse aortic 

constriction)-induced myocardial remodeling, then 
combined with single-cell RNA sequencing (scRNA-
seq) technique and bone marrow transplantation 
model; our results showed that non-bone-marrow-
derived  CD34+ cells are the major source of fibroblasts 
and endothelial cells in the process of myocardial fibro-
sis. Furthermore, our study provided the solid evidence 
that ablation of  CD34+ cells can alleviate the myocar-
dial fibrosis. Mechanistically, we confirmed the fibro-
blastic differentiation potential of isolated  CD34+ cell 
in  vitro involving in Wnt-β-catenin and TGFβ1/Smad 
pathways.

Materials and methods
Mice
All animal experiments and protocols were per-
formed in accordance with the National Institutes of 
Health’s Guide for the Care and Use of Laboratory. 
Animals were approved by the Research Ethics Com-
mittees of the First Affiliated Hospital of Zhejiang 
University. In this study, we used the following mouse 
strains: CD34-CreERT2 knock-in mice (C57BL/6 
background) and Rosa26-tdTomato mice (B6.Cg-
Gt(ROSA)26Sortm9(CAG−tdTomato)Hze/J)(JAX: 007,909) 
were purchased from Shanghai Biomodel Organism 
Co., Ltd. Rosa26- eGFP-DTA (JAX: 006,331) mice were 
purchased from the Jackson Laboratory, USA. CD34-
CreERT2; Rosa26-tdTomato and CD34-CreERT2; 
Rosa26-tdTomato -DTA mice were constructed as 
described in the previous paper [25].

Mice were maintained at temperature (22 ± 1  °C) 
and humidity (65–70%) controlled room, with a 12-h 
light and 12-h dark cycle and allowed free access to 
chow and water. All mice generated or purchased were 
housed for at least one week before use.

Human heart samples
In this study, we included two types of human left 
ventricular samples: one control sample (non-failing, 
non-transplantable hearts) and one heart failure sam-
ple (with a history of hypertension). The control heart 
was collected from a healthy organ donor, which was 
deceased due to acute trauma, and the heart had the 
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EF of greater than 50%, and was considered to be not 
suitable for transplantation. The left ventricles of heart 
failure were collected from patients undergoing heart 
transplantation. The heart failure patient was diag-
nosed with EF < 30% (systolic heart failure).

Transaortic aorta constriction (TAC) model
Transverse aortic constriction surgery was performed 
as described previously [26]. For analysis, adult male 
mice (n = 100) weighing 25 ± 5  g were randomly allo-
cated to different groups (TAC 0, 4 and 12 week(s) post-
operation groups). The numbers of mice were indicated 
in the figure legends for each experiment.

As for the bone marrow transplantation (BMT) 
experiments, there were two groups of animal experi-
ments. (Chimeric mice were created by transplanting 
bone marrow cells from wild-type C57BL/6  J mice to 
CD34-CreERT2;Rosa26-tdTomato, or from CD34-
CreERT2;Rosa26-tdTomato to wild-type C57BL/6  J 
mice, further subjected to TAC 4-week surgery.)

As for the Cd34 + cell depletion experiments, 
we performed 4-week TAC surgery on CD34-
CreERT2; Rosa26-tdTomato -DTA mice and 
CD34-CreERT2;Rosa26-tdTomato.

At indicated timepoints after TAC surgery, mice were 
euthanized using carbon dioxide  (CO2) with minimal 
stress to them. Briefly, a cage that containing 5 mice 
was placed in a separate 20-L volume chamber and 
performed as described previously [25]. The mice were 
then removed from the cage, and the heart tissues were 
harvested. After TAC, mice were only excluded/ eutha-
nized humanely in time when the animal health condi-
tion was poor.

Echocardiography
Mouse heart function was assessed by transthoracic 
ultrasonography imaging with Vevo 770 high-resolu-
tion ECHO system [27]. All mice underwent echocardi-
ography 0, 4 and 12 weeks after TAC surgery.

CD34+ cell depletion experiment
To remove the  CD34+ cells in mice, tamoxifen was admin-
istered to the Cd34-CreER; Rosa26-tdTomato-DTA mice 
by gavage over two weeks. Cardiac function is determined 
by echocardiography and performed four weeks after the 
transverse aortic constriction (TAC) experiment.

Histology and trichrome staining
Hematoxylin and eosin (H&E), Masson’s trichrome 
staining and Picro-Sirius red staining (400 × for Histo-
pathological staining studies) were performed accord-
ing to manufacturer’s instructions. And we used the 

slide scanner (3DHISTECH, PANNORAMIC 250) to 
acquire images.

Immunofluorescence staining
Heart tissue immunofluorescence staining was per-
formed as described previously [25], the Nikon A1R 
confocal laser scanning microscope (Nikon, Tokyo, 
Japan) was used to acquire cryo-section staining images 
(the type of equipment: Ti microscope; Optics, Plan 
Apo VC 20X DIC N2; Camera, Nikon A1 plus; Numeri-
cal aperture, 0.75; Scanner selection, Galvano; Detector 
selection, DU4; Filter model, filter cube, 450/50, 525/50, 
595/50;), and the measured resolution of the images 
was 2048 X 2048 at the line average model. Regions 
were selected randomly to avoid biasing. As for quanti-
fication of immunostaining images, we used Image J to 
analyze the images from 3–5 different sections.

Primary antibodies were Vimentin (1:200, abcam, 
ab8978), DDR2 (1:200, R&D, MAB25381), PDGFRA 
(1:100, R&D, AF1062), POSTN (1:100, R&D, AF2955), 
THBS4 (1:100, R&D, AF2390), CD34 (1:100, abcam, 
ab81289), CD31 (1:100, R&D, AF3628), RFP antibody 
(1:300, Rockland, 600–401-379). Alexa Fluor-conju-
gated secondary antibodies used in this study included 
Donkey anti-Mouse IgG (1:500, Invitrogen, A21202 for 
Alexa Fluor 488), Donkey anti-Goat IgG (1:500, Invit-
rogen, A11055 for Alexa Fluor 488, A21447 for Alexa 
Fluor 647), Donkey anti-Rabbit IgG (1:500, Invitrogen, 
A31572 for Alexa Fluor 555).

FACS analysis
Isolation of cells from the freshly collected cardiac tis-
sue was performed by cutting the heart into pieces, fol-
lowing by digestion buffer (Liberase, Roche) at 37  °C 
for 15  min. All prepared cells were suspended in PBS 
and then conjugated with antibodies for 30 min where 
indicated. Antibodies used in this study include LIVE/
DEAD Fixable Near-IR Dead Cell Stain Kit (1:1000, 
Invitrogen, L34975), Hoechst (1:1000, Invitrogen, 
H3570), PDGFRA-APC (1:100, Invitrogen, 17–1401), 
CD31-APC (1:100, Invitrogen, 17–0319-42), CD34-
FITC (1:100, BD Biosciences, 560,238). Cells were then 
analyzed by using the BD FACSVerse Flow Cytometer 
(BD Biosciences).

Bone marrow transplantation (BMT)
This transplantation experiment was performed as pre-
viously described [28]. The bone marrow cells were 
resuspended in RPMI 1640 before transplantation, and 
the irradiated recipient mice (A lethal dose of whole-
body irradiation (9.0–9.5  Gy)) received 5 ×  106 bone 
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marrow cells from donor to form chimeric mice via tail 
vein injection six hours later.

Single‑cell dissociation and cell sorting
To obtain single cells from the human or mouse heart, 
a similar protocol was followed as previously described 
[29] after collecting the heart of TAC 0 or TAC-oper-
ated mice or human hearts.

Then, the cells resuspended in PBS after lysing red 
blood cells and filtering with 40-μm filter. After stain-
ing with Hoechst (1:1000, Invitrogen, H3570) and Dead 
Cell Stain Kit (1:1000, Invitrogen, L34975), nucleated 
live cells were sorted into PBS with 0.04% BSA for sub-
sequent scRNA-seq by using the BD FACS ARIA II Flow 
Cytometer.

Processing of scRNA‑seq data
We performed scRNA-seq of six pooled samples from 0, 
4 and 12 weeks after TAC surgery separately. For scRNA-
seq data analyses of the human or mouse heart, a similar 
protocol was followed [25]. Raw scRNA-seq data were 
processed using the 10 × Genomics Cell Ranger soft-
ware (version 3.1.0). Analyses of scRNA-seq data  were 
carried out in R version 4.0 by using the Seurat suite ver-
sions 3.2.3. As for the initial quality control filtering, we 
excluded the low-quality cells (< 400 genes/ cell, > 20,000 
genes/ cell and > 10% mitochondrial transcript presence/ 
cell). Then, we used the Seurat v3 with default parameters 
to integrate the datasets collected from different samples 
and remove the batch effect.

Dimensionality reduction using PCA was under-
taken to explore the heterogeneity. UMAP was used for 
reduction to two dimensions for visualization purposes. 
Markers for a specific cluster were found with function 
FindAllMarkers (min.pct = 0.25, logfc.threshold = 0.25).

Mouse heart  CD34+ cell isolation and cell culture
Isolation of mouse heart cells and  CD34+ cells was per-
formed as previously described [29, 30]. Then, cells were 
sorted with anti-CD34 magnetic beads (Miltenyi Bio-
tec) according to manufacturer’s instructions. The cells 
were cultured as specified previously [31]. The purified 
 CD34+ cells were seeded onto dishes with 0.1% gelatin 
(Sigma, G1393) and maintained in complete stem cell 
culture medium, which consists of DMEM, 1% FBS, 2% 
chick embryo extract (MP Biomedical), 100 nM retinoic 
acid (Sigma-Aldrich), 50 nM 2-mercaptoethanol (Sigma-
Aldrich), 2% B27 (Invitrogen), 1% N2 (Invitrogen), 20 ng 
/ml bFGF (R&D Systems) and 1% P/S.

For cell differentiation experiments, CD34 + cells 
were cultured on gelatin-coated plates and maintained 
in complete stem cell culture with 50  ng/mL CTGF 

(Recombinant Human Connective Tissue Growth Fac-
tor, PeproTech, 120–19-20), which is sufficient to differ-
entiate MSCs into fibroblast cells [32]. In the presence 
of recombinant TGFβ1 (5  ng/mL) (R&D systems, 7666-
MB-005), cells were also treated with inhibitors including 
SB525334 (a selective TGFβ1 receptor inhibitor) (2 μM).

RT‑PCR analysis
Total RNA was extracted with TRIzol Reagent and con-
verted into cDNA by using the cDNA Reverse Tran-
scription Kit (Promega, Madison, USA). And the 
relative quantification of mRNA was analyzed by using 
the CFX96 Real-Time System (BIO-RAD, CA, USA).

The primers used were as follows:

Col1: forward: 5’- GCC AAG AAG ACA TCC CTG AAG-
3’; reverse: 5’- TGT GGC AGA TAC AGA TCA AGC-3’); 
Col1a2: forward: 5’- GCC ACC ATT GAT AGT CTC 
TCC-3’
reverse: 5’- CAC CCC AGC GAA GAA CTC ATA-3’); 
Col3a1: forward: 5’- TCC CCT GGA ATC TGT GAA 
TC-3’
reverse: 5’- TGA GTC GAA TTG GGG AGA AT-3’); 
Vimentin: forward: 5’- CGG CTG CGA GAG AAA 
TTG C-3’
reverse: 5’- CCA CTT TCC GTT CAA GGT CAAG-3’); 
Ddr2: forward: 5’- CTG TGG GAG ACC TTC ACC 
TT-3’
reverse: 5’- TAG ATC TGC CTC CCT TGG TC-3’); 
PDGFR-α: forward: 5’- GGA CTT ACC CTG GAG 
AAG TGA GAA -3’
reverse: 5’- ACA CCA GTT TGA TGG ATG GGA-3’); 
Fn1: forward: 5’- AAG GCT GGA TGA TGG TGG 
AC-3’
reverse: 5’- TGA AGC AGG TTT CCT CGG TTG-3’); 
Gapdh: forward: 5’- TGT CGT GGA GTC TAC TGG 
TG-3’
reverse: 5’- ACA CCC ATC ACA AAC ATG G-3’); 
α-SMA: forward: 5’- GAG AAG AGC TAC GAA 
CTG CC-3’
reverse: 5’- CAT CCT GTC AGC AAT GCC TG-3’); 
Periostin: forward: 5’- ACG GAG CTC AGG GCT 
GAA GATG-3’
reverse: 5’- GTT TGG GCC CTG ATC CCG AC-3’); 
WNT5A: forward: 5’- GGT GGT CGC TAG GTA 
TGA ATAA-3’
reverse: 5’- TCT TCT GTC CTT GAG AAA GTCC-3’);

Western blot analysis
Cells were lysed in RIPA lysis buffer supplemented with 
phosphatase inhibitor tablets (Roche, 04,906,837,001) 
and protease inhibitor tablet (Roche, 05,892,970,001). 



Page 5 of 25Du et al. Stem Cell Research & Therapy           (2023) 14:33  

Primary antibodies were Vimentin (Cell Signaling, 
5741,1:1000), DDR2 (R&D, MAB25381, 1:2000), PDG-
FRA (R&D, AF1062, 1:1000), Periostin (R&D, AF2955, 
1:1000), Wnt5a (Cell Signaling, 2530, 1:1000), β-Actin 
(Cell Signaling, 4970, 1:2000), β-Catenin (Cell Signaling, 
8480, 1:2000), α-SMA (Sigma, A5228, 1:2000), Fibronec-
tin (Cell Signaling, 26,836, 1:1000), Collagen I (abcam, 
ab6308, 1:1000), GAPDH (Cell Signaling, 5174, 1:2000), 
Smad2 (Cell Signaling, 5339, 1:1000), Phospho- Smad2 
(Cell Signaling, 3108, 1:1000).

Mouse serum ELISA experiment
The levels of ANP and BNP in mouse serum were 
detected by Mouse ANP ELISA kit (Abcam, ab267800) 
and Mouse BNP ELISA kit (Novus, NBP2-70,011) 
according to the protocol provided.

siRNA transfection
Cells with > 80% sub-confluency were transfected with 
β-Catenin siRNA using Lipofectamine RNAiMAX (Inv-
itrogen). After transfection for 48 h, relevant experiments 
were carried out.

Gene ontology analysis
We used the FindAllMarkers function to perform the 
gene ontology (GO) and genomes pathway analysis of 
each cluster or through the enriched genes found by Find-
Markers function with average log (fold change) > 0.25 on 
Metascape website.

Gene sets and cell cycle analysis
The Seurat function “AddModuleScore” was used to per-
form gene set analyses, including endothelial subtype 
markers and immune cell type genes obtained from pre-
vious published studies and PanglaoDB website [33, 34]. 
And the “CellCycleScoring” of seurat function was used 
to assess the state of cell cycle, using a list of cell cycle 
gene sets from a previous study [35].

Pseudotime trajectory analysis
The pseudotime analysis was perform by Monocle 
(2.16.0). Briefly, we reduced the dimensionality of our 

datasets using “DDRTree” method, and ordered cells 
along the pseudotime trajectory using the differentially 
expressed genes acquired in the Seurat analysis.

Ligand–receptor cellular communication network analysis
CellPhoneDB [36] was used to predict the specificity of 
cell–cell communications and also identified the loca-
tions of ligand–receptor interactions among single cells.

Statistical analysis
Investigators measuring Western blotting intensity were 
blinded with respect to the experimental protocols. 
GraphPad Prism 9.0 was used to draw statistical images 
and perform comparative analyses. The data were pre-
sented as mean ± SEM. Prior to analysis, all data sets 
were tested for normality distribution by Shapiro–Wilk 
test, followed by using the Student’s t-test or one-way 
ANOVA followed by Tukey’s test. P < 0.05 was considered 
to be statistically significant.

Results
scRNA‑seq analysis of cardiac hypertrophy in time course
To understand the pathological procession during the 
heart failure, a model of transverse aortic constriction 
(TAC)-induced pressure overload at different phases, 
including the control (TAC 0), hypertrophy with reduced 
ejection fraction (TAC 4: 4  weeks, early heart failure), 
and heart failure (TAC 12: 12 weeks, terminal heart fail-
ure), was established. TAC operation led to a significant 
decrease of cardiac functionality in comparison with 
TAC 0. However, the left ventricular ejection fraction 
(LVEF) and fractional shortening (FS) were the lowest in 
the heart failure phase (Fig. 1B, C). Cardiac tissues were 
collected after TAC injury, H&E, Masson and Sirius red 
staining on cardiac sections also indicated that myocar-
dial fibrosis dramatically increased after the TAC sur-
gery, whereas no fibrosis area was observed in the TAC 0 
group (Fig. 1B; Additional file 1: Figure S1A).

Up to now, growing evidence shows that non-cardi-
omyocytes play crucial roles in heart development and 
diseases [26, 37, 38]. Thus, we aimed to delineate the 
dynamic alterations of major non-cardiomyocyte cell 
types during pathological cardiac hypertrophy. Sin-
gle nucleated live cells were isolated from hearts of 

Fig. 1 Single-cell RNA sequencing (scRNA-seq) analysis of cardiac hypertrophy in a mouse model of pressure overload. A Schematic depicting 
the pipeline of transverse aortic constriction (TAC) surgery and tissue harvesting of Cd34-CreERT2; Rosa26-tdTomato mouse for scRNA-seq. Heart 
tissue was harvested 0, 4 and 12 weeks after TAC surgery. Single cells were then isolated from the left ventricle and subjected to scRNA-seq. N = 6 
per group. B Representative echocardiography of mice at different stages of pathological cardiac hypertrophy; H&E staining of heart at 0, 4 and 
12 weeks after TAC surgery. C Echocardiographic measurements of left ventricle ejection fraction (EF) and fractional shortening (FS) in mice from 
TAC 0 or different TAC groups. TAC 0 group, n = 19; TAC 4 group, n = 23; TAC 12 group, n = 16. Data represent mean ± SEM. *P < 0.05; **P < 0.01; 
***P < 0.001. D Umap plot displaying the major cell types and color-coded cell clusters at different stages of pathological cardiac hypertrophy. 
n = 59,505 cells. E Dot plot showing expression levels of top five differentially expressed genes in each cell cluster. Dot size reflects the percentage 
of cells expressing the selected gene in each cell cluster

(See figure on next page.)
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Fig. 1 (See legend on previous page.)



Page 7 of 25Du et al. Stem Cell Research & Therapy           (2023) 14:33  

8–10-week-old male mice, 4 and 12  weeks after TAC 
operation, by enzymatic digestion and sorting the car-
diac non-cardiomyocyte cells, further processed for 
scRNA-seq using the 10 × genomics chromium plat-
form  (Fig.  1A; Additional file  1: Figure S1B). We sys-
tematically investigated the pathological progression of 
cardiac hypertrophy by sequencing 69,964 single cells, 
from left ventricle regions of mouse hearts at representa-
tive stages (0, 4 and 12 weeks) after TAC-induced pres-
sure overload, a total of 59,505 cells were captured after 
quality control filtering (Additional file  1: Figure S1C). 
Following quality control, to identify cells with distinct 
lineages and transcriptional states, we performed unbi-
ased clustering on an aggregate of cells using the Seu-
rat [39], and cell populations were visualized in UMAP 
dimensionality reduction plots [40]. A total of 7 major 
cell types were identified including fibroblasts (FB; 
Dcn + Ddr2 +), endothelial cell (EC; Cdh5 + Kdr +), T 
cells and natural killer cell (Cd3g + Nkg7 +), macrophage/
monocyte/dendritic cell (MF/Mo/DC; Adgre1 + Csf1r +), 
B cell (BC; Cd79a + Cd19 +), smooth muscle cell (SMC; 
Acta2 + Tagln +) and Schwann cell (Plp1 + Nrn1 +), 
based on their respective molecular signatures (Fig. 1D, 
E; Additional file 1: Figure S1D).

scRNA‑seq analysis of non‑cardiomyocytes at different 
stages of cardiac hypertrophy
To determine cellular landscape of cardiac non-cardi-
omyocytes in response to the TAC injury, we obtained 
single-cell transcriptomes for 21,881 cells by integrating 
three groups from our mouse models (TAC 0, TAC 4, 
TAC 12) after strict quality control (Additional file 1: Fig-
ure S1C) (Fig. 2A). Examination of cell abundances within 
this scRNA-seq data set revealed several cell populations 
that changed in relative prevalence in response to TAC 
surgery. In line with previous reports, we observed the 
proportion of fibroblast was significantly higher in TAC 
groups than the control group (Fig. 2B).

Given this situation and the vital role of fibroblasts in 
fibrosis [41], these cells were partitioned into distinct 
subtypes comprising cells from all the groups. The dis-
persion of fibroblast clusters in the UMAP plots indi-
cated a high degree of fibroblast heterogeneity (Fig. 2C). 
Notably, several distinct fibroblast subtypes show 

obvious changes in constitution percentage in the TAC 
groups, compared with the control groups (Fig.  2D). In 
our datasets, we identified several fibroblast subclus-
ters reported in previous scRNA-seq [42] study of car-
diac hypertrophy induced with Angiotensin II, including 
fibroblast-Thbs4 and fibroblast-Wif1 (Fig. 2D). Consistent 
with previous reports [42], activation of fibroblast was 
evidenced by increased proportions of cluster 2, cluster 
6 and cluster 8 (subtypes with high expression of extra-
cellular matrix protein including Comp, Postn, Thbs4) 
at the stage of cardiac hypertrophy (Fig.  2E, F). Fibro-
blasts mentioned above show elevated capacity of ECM 
organization, extracellular structure organization, supra-
molecular fiber organization and ossification, which are 
involved in fibrosis development (Fig.  2G). Cluster 10 
(fibroblast-Wif1) showed increased expression of genes 
(Wif1, Dkk3, Sfrp1, Sfrp2) involved in negative regulation 
of Wnt signaling pathway, which has been considered to 
inhibit cardiac fibrosis (Figure S2A-B). Considered that 
fibroblast-Wif1 played a negative role in cardiac fibrosis 
development, the decreasing percentage of fibroblast-
Wif1 during the progress of cardiac hypertrophy may be 
a reason for heart function deterioration. Since cluster 
12 enriched the expression of genes related to EC func-
tion, we defined it as a subcluster undergoing endothelial 
to mesenchymal transition (EndoMT) (Additional file 1: 
Figure S2A-B). Furthermore, we noticed that cluster 12 
expressing cardiomyocytes marker genes (e.g., Ankrd1, 
Mb, Tnnt2), there are some possible explanations for this 
case: (1) it has been reported that some non-cardiomy-
ocytes may express cardiomyocytes genes. (2) cluster 12 
may be the ‘hybrid’ cells population, which contains dou-
blets in proximity due to uncomplete dissociation. (3) 
cluster 12 may be a cluster-presenting cell fusion.

Fibroblasts play a critical role in cardiac remodeling by 
participating in ECM generation and organization. Up-
regulated differentially expressed genes (DEGs) of differ-
ent datasets showed that compared with TAC 0 group, 
the TAC groups significantly enriched genes involved in 
cardiac fibrosis, including Ctgf, Postn, Comp and Thbs4. 
And compared with TAC 12, TAC 4 datasets showed 
elevated expression of multiple chemokine genes, sug-
gesting that short period of TAC was more abundant 
in recruiting inflammatory cells (Fig.  2H). GO analysis 

(See figure on next page.)
Fig. 2 Characterization of heart composition at different stages of pathological cardiac hypertrophy by ScRNA-seq. A Umap plot displaying 
the major cell types and color-coded cell clusters of CD34-CreERT2; Rosa26-tdTomato mouse at 0, 4 and 12 weeks after TAC surgery. n = 21,881 
cells. B Bar chart showing the percentage of major cell types among different datasets at different stages of pathological cardiac hypertrophy. 
C. Umap plot displaying distribution of fibroblast subpopulations among different datasets at 0, 4 and 12 weeks after TAC surgery. n = 15,822 
cells. resolution = 0.5. D Violin plot showing the expression of selected marker gene of each subclusters. E Bar chart showing the percentage 
of subclusters in datasets at 0, 4 and 12 weeks after TAC surgery. F Dot plot showing the expression of fibroblast genes. Dot size reflects the 
percentage of cells expressing the selected gene in each cell cluster. G Violin plot showing the GO datasets score among fibroblast subclusters. H 
Volcano plot showing the DEGs between datasets (p-value < 0.01 and log2FC > 1 was labeled). I Go analysis revealed biological processes enriched 
with DEGs between different groups (0, 4 and 12 weeks after TAC surgery) (DEGs log2FC > 0.5 and pct.1/pct.2 > 1 were used). T indicates TAC 
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of these datasets demonstrated that the TAC group sig-
nificantly enriched several biological processes related 
to cardiac remodeling (Fig.  2I). Consistently, Vimentin, 
Postn, Ddr2 and PDGFRa expression were increased in 
heart sections during disease progression (Fig.  3G, H; 
Additional file 1: Figure S3F), and the percentage of PDG-
FRa+ cell in the heart was also increased by flow cytom-
etry analysis (Additional file 1: Figure S2H).

Further GO enrichment analysis showed that extra-
cellular structure organization, cardiac muscle tissue 
growth, blood vessel development and vasculogenesis 
were highly enriched in Cd34high fibroblasts compared 
with the Cd34low fibroblasts (cluster 11 (Additional file 1: 
Figure S2C), in addition, cluster 11 showed elevated 
expression of multiple progenitor cell markers, including 
Ly6a, Klf4 (Additional file 1: Figure S2D), all these indi-
cating that Cd34high fibroblasts may exhibit specific func-
tions during cardiac homeostasis and after injuries.

Thus, these led us to investigate the potential for a 
developmental relationship among these subclusters of 
fibroblasts. Then, the pseudotime(s) visualized using 
principal curves represent trajectories of fibroblast differ-
entiation across steady-state atlas with cluster 11 set as 
root. The fibroblasts were ordered along a trajectory, and 
cells at different states were identified (Additional file 1: 
Figure S2E-F). Furthermore, the expression of Cd34 and 
Ly6a significantly changed with the states, in correspond-
ence of pseudotime trajectory (Additional file  1: Figure 
S2G). Furthermore, the CD34 lineage fibroblast mark-
ers (including Vimentin, Postn, Ddr2 and PDGFRa) were 
increased in heart tissues during disease progression by 
immunofluorescence staining (Fig.  3G, H; Additional 
file 1: Figure S3F and Figure S4E).

Combined with these all data, we identified  CD34+ 
cells, at least a subpopulation in the heart, has a pro-
genitor cell-like phenotype, which could transdifferenti-
ate into multiple cell types especially the fibroblasts, and 
plays the specific functions in cardiac fibrosis.

Lineage tracing study reveals  CD34+ cells at different 
stages by scRNA‑Seq
In order to investigate the specific functions of  CD34+ 
cells during cardiac fibrosis after injuries, we next used 
an inducible genetic lineage tracing mouse model, 

Cd34-CreERT2;Rosa26-tdTomato knock in mouse (Addi-
tional file  1: Figure S3A). Mice were treated with five 
consecutive pulses of tamoxifen for 1  week to induce 
tdTomato labeling of  CD34+ cells, and heart tissues were 
collected for analysis 1 week later (Additional file 1: Fig-
ure S3A). To verify successful induction of tamoxifen, 
Cd34-CreERT2; Rosa26-tdTomato mice with or without 
tamoxifen induction were performed with in vivo imag-
ing system (Additional file 1: Figure S3B). Whole-mount 
staining of the heart of the two groups above also con-
firmed successful induction of Cre-recombinase (Addi-
tional file  1: Figure S3C). Immunofluorescence staining 
was applied to verify the specificity and sensitivity of 
Cd34-CreERT2;Rosa26-tdTomato mice (Additional file 1: 
Figure S3D). Echocardiograph imaging was also per-
formed to evaluate cardiac function of the two different 
genotypes mice, respectively, including left ventricle ejec-
tion fraction (LVEF) and FS, which showed no significant 
difference in cardiac function between the Cd34-Cre-
ERT2; Rosa26-tdTomato and wild-type animals (Addi-
tional file 1: Figure S3E).

To delineate the constitution map of cardiac resident 
CD34 lineage cells during different stages of cardiac 
hypertrophy, we performed scRNA-seq in CD34 line-
age cells  (tdTomato+ cells). Total number of 31,045 cells 
was available for further analysis after strict quality con-
trol (Fig.  3A). Based on the transcriptome characteris-
tics, cells were divided into six major cell types including 
fibroblast, EC, SMC, B cells, NK cells and macrophages 
(Fig. 3A). We focused on the CD34 lineage fibroblast to 
discover their heterogeneous features among the three 
group (TAC 0, TAC 4, TAC12) (Fig.  3B). The extracted 
fibroblast population was further clustered into 15 sub-
clusters. Several fibroblast subclusters, including Cd248, 
Thbs4 and Wif1, showed significant similarity between 
CD34 lineage fibroblasts populations and original data-
sets (Fig.  3C, D). We also found some new fibroblast 
subclusters differed from those in the original datasets. 
Cluster 14 (Upk3b) was a specific cluster expressing mes-
othelial cells markers, suggesting a minor role of transi-
tion between mesothelial cell and fibroblasts in cardiac 
hypertrophy development (Fig. 3C; Additional file 1: Fig-
ure S4A). Cluster 11 (Vegfd) was a newly identified sub-
cluster highly expressing Vegfd and Wnt pathway-related 

Fig. 3 Characterization of CD34 cell-derived cells at different stages of pathological cardiac hypertrophy by ScRNA-seq. A Umap plot displaying 
the major cell types and color-coded CD34 derived cell clusters of Cd34-CreERT2; Rosa26-tdTomato mouse at 0, 4 and 12 weeks after TAC surgery. 
n = 31,025 cells. B Umap plot displaying distribution of fibroblast subpopulations among different datasets at 0, 4 and 12 weeks after TAC surgery. 
n = 27,626 cells. resolution = 0.35. C Violin plot showing the expression of selected marker gene of each subcluster. D Heatmap showing cluster 
similarity of fibroblast subclusters in total and CD34 + cell-derived datasets. E Bar chart showing the percentage of subclusters in datasets at 
different stages of pathological cardiac hypertrophy. F Bar plot showing the GO enrichment of selected subclusters. G Representative images 
showing specific cell identification by staining with tdTomato, Vimentin, DDR2, PDGFRA (Scale bar = 20 μm and 100 μm). n = 8 per group. H Graph 
showing percentage of tdTomato expression in vimentin + , DDR2 + , PDGFRA + fibroblast. Data represent mean ± SEM, n = 8. *P < 0.05; **P < 0.01; 
***P < 0.001. Tdm, tdTomato

(See figure on next page.)
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genes. GO analysis revealed that cluster11 enriched 
regulation of non-canonical Wnt signaling pathway, vas-
culature development and regulation of fibroblast pro-
liferation (Fig. 3F). The percentage of cluster 11 in CD34 
lineage fibroblast population decreased in 4-week period 
but increased in 12 weeks (Fig. 3E). Compared with TAC 
0 group, the percentage of multiple fibroblast clusters 
(including clusters 2, 5, 6 and 7) were significantly higher 
in the TAC group (Fig. 3E). Several genes associated with 
ECM proteins and fibroblast activation were increased 
in the hypertrophy group compared to the TAC 0 group 
(Additional file  1: Figure S4B-D). GO analysis of DEGs 
of different groups revealed that hypertrophy group sig-
nificantly enriched several biological processes which 
involving in cardiac remodeling, vasculature develop-
ment, ossification and elastic fiber formation (Figure 
S4C). Consistently, the significantly increase of CD34 
lineage fibroblast was also identified by immunofluores-
cence staining (Fig.  3G, H; Additional file  1: Figure S3F 
and Figure S4E).

Non‑bone marrow CD34 + cells differentiated 
into fibroblasts to promote fibrosis in cardiac hypertrophy
We next investigated the origin of CD34-derived fibro-
blast in cardiac hypertrophy. Chimeric mice were cre-
ated by transplanting bone marrow cells from wild-type 
C57BL/6  J mice to irradiated Cd34-CreERT2;Rosa26-
tdTomato, further treated with tamoxifen and sub-
jected to TAC surgery, and harvested 4  weeks after 
surgery (Additional file  1: Figure S5A). Reconstitution 
of  tdTomato+ bone marrow cells was confirmed by 
flow cytometric analysis (Additional file  1: Figure S5B). 
To delineate the cell components of non-bone mar-
row CD34 lineage in cardiac hypertrophy, scRNA-seq 
was performed on these cells. Total number of 8,290 
cells was captured and 6,707 cells passed the quan-
tity control for further analysis. Datasets of TAC 4R 
(CD34 lineage cells from Cd34-CreERT2;Rosa26-
tdTomato mice which subjected to TAC surgery for 
4  weeks) and BMT TAC 4R (CD34 lineage cells from 

Cd34-CreERT2;Rosa26-tdTomato chimeric mice with 
wild-type’s bone marrow cells which subjected to TAC 
surgery for 4  weeks) were aggregated to compare the 
difference between CD34 lineage and non-bone mar-
row CD34 lineage cells. Base on the transcriptome fea-
tures, cells were classified into six major types, including 
B cells, EC, fibroblast, macrophages, SMC and NK cells 
(Fig. 4A, B).

Fibroblast was then extracted for further analysis, 
including 6,655 from TAC 4R group and 3,384 from BMT 
TAC 4R group, and 7 subclusters were obtained (Fig. 4C, 
E). Compared with TAC 4R group, multiple subclusters 
showed remarkable increase in the proportion (Fig. 4D). 
Cluster 3 (Wif1) significantly increased in the BMT TAC 
4R group, indicating that non-bone-marrow-derived 
 CD34+ cells were likely to be the main source of cluster 3. 
GO analysis demonstrate that cluster 3 was significantly 
enriched biological process related to negative regulation 
of Wnt signaling pathway (Additional file 1: Figure S5C); 
we speculated that fibroblast-Wif1 could be a potential 
target cluster to antagonize cardiac fibrosis development. 
Cluster similarity analysis revealed that clusters 2 and 
3 showed high similarity with clusters identified above 
(Additional file 1: Figure S5D).

We also found that fibroblast subpopulations in BMT 
TAC 4R dataset exhibited higher expression of ECM pro-
tein-related genes and fibroblast activation in comparison 
with TAC 4R datasets (Fig. 4F). In addition, immunofluo-
rescence staining was performed to further verify the 
findings. As shown in Fig. 4G, in the bone marrow trans-
plantation of WT to Cd34-CreERT2;Rosa26-tdTomato 
mice, a large amount of fibroblast markers co-stained 
with tdTomato, proved that non-bone marrow  CD34+ 
cells are the main source to replenish fibroblast pool in 
cardiac hypertrophy (Fig.  4G; Additional file  1: Figure 
S5E). On the other hand, in the bone marrow transplan-
tation of Cd34-CreERT2; Rosa26-tdTomato to WT mice, 
the co-staining of fibroblast markers with tdTomato was 
rarely captured (Fig.  4H; Additional file  1: Figure S5E). 
In combination with the fluorescence staining data from 
these two groups in Fig. 4G and H, the results indicated 

(See figure on next page.)
Fig. 4 Characterization of non-bone marrow CD34 + cell-derived cells at 4 weeks of pathological cardiac hypertrophy by ScRNA-seq. A Umap plot 
displaying the major cell types and color-coded non-bone-marrow-derived CD34 + cell-derived cells at 4 weeks after TAC surgery. BMT TAC 4R, 
transplanting bone marrow cells from wild-type C57BL/6 J mice to irradiated CD34-CreERT2;Rosa26-tdTomato, further subjected to TAC surgery; 
TAC 4 R, normal CD34-CreERT2;Rosa26-tdTomato mice and subjected to TAC surgery. n = 14,534 cells. B Umap plot displaying distribution of 
fibroblast subpopulations in non-bone marrow CD34 + cell-derived cells at 4 weeks after TAC surgery. n = 10,039 cells. resolution = 0.2. C Heatmap 
showing the expression of top ten differentially expressed genes in each cell subclusters. D Bar chart showing the percentage of subclusters 
in datasets between T4 R and BMT T4R group. E Violin plot showing the expression of selected marker gene of each subclusters. F Dot plot 
showing the expression of genes related to ECM proteins and fibroblast activation between T4 R and BMT T4R group. G Immunofluorescence 
staining of tdTomato and fibroblast markers (vimentin and DDR2) in bone marrow transplantation of WT (wild-type C57BL/6 J) to 
CD34-CreERT2;Rosa26-tdTomato mice. n = 7 per group. H Immunofluorescence staining of tdTomato and fibroblast markers (vimentin, DDR2 and 
PDGFRA) in bone marrow transplantation of CD34-CreERT2; Rosa26-tdTomato mice to WT (wild-type C57BL/6 J) (Scale bar = 20 μm and 100 μm). 
n = 7 per group. BMT, bone marrow transplantation; T4, TAC 4
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that non-bone marrow  CD34+ cell-derived fibroblast 
may be the major participant in cardiac fibrosis. In addi-
tion, chimeric mice were created by transplanting bone 
marrow cells from wild-type C57BL/6  J mice to Cd34-
CreERT2;Rosa26-tdTomato. As shown in Figure S5F, the 
percentage of  tdTomato+PDGFRA+ cell in the heart was 
almost the same between TAC normal animals (Cd34-
CreERT2;Rosa26-tdTomato mice without bone marrow 
transplant) and TAC groups with wild-type BM.

The role of other non‑cardiomyocytes in cardiac 
hypertrophy
Except from fibroblasts, other non-cardiomyocytes are 
also crucial participants in cardiac remodeling process. 
Endothelial cell is another major component of non-
cardiomyocytes. We extracted endothelial cells from our 
datasets and further divided them into nine subclusters 
(Additional file  1: Figure S6A-C). Gene lists of vascu-
lar types identified by Kalucka et  al. [33] were used to 
speculate the identity of the EC subclusters (Additional 
file 1: Figure S6D). Among all subclusters, cluster 2 was 
EC-artery, cluster 4 was EC-larger vein and cluster 3 was 
EC- lymphatic. As shown in Figure S6E, with the devel-
opment of cardiac hypertrophy, the percentage of cluster 
2 showed significantly upregulate, cluster 3 remarkably 
increased in 4  weeks and decreased in 12  weeks after 
treatment, indicating the inflammation events were more 
active in the early stage. Non-bone marrow  CD34+ cell-
derived cluster 3 exhibited remarkably increase com-
pared to total  CD34+ cell group at the same period, 
indicating that EC-lymphatic cells were supposed to 
be non-bone marrow  CD34+ cell lineage. Flow cytom-
etry demonstrated increasing percentage of ECs marker 
(CD31) with different stages in total and  CD34+ cell lin-
eage (Additional file  1: Figure S6F). In addition, Immu-
nofluorescence data also showed that  CD34+ cell-derived 
CD31 in 4-week group was significantly higher than that 
in TAC 0 group (Additional file 1: Figure S6G).

Next, as shown in Figure S6H, in the bone marrow 
transplantation of wild-type to Cd34-CreERT2;Rosa26-
tdTomato mice, a large amount of CD31 co-stained with 
tdTomato. However, in the bone marrow transplanta-
tion of Cd34-CreERT2; Rosa26-tdTomato to wild-type 
mice, the co-staining of CD31 with tdTomato was rarely 
captured, suggesting that non-bone marrow CD34 cells 
dominantly differentiate into endothelium (Additional 
file 1: Figure S6H). Cardiac macrophage is a heterogene-
ous population with high plasticity and adaptability and 
plays a crucial role in various pathological conditions 
[43]. Here, we found that macrophages, dendritic cells 
and monocytes were the major immune cell population 
in our datasets (Fig.  1D). The population was extracted 
and further divided into 12 subclusters (Additional file 1: 

Figure S7A-C). Cluster 1 highly expressed Lyve1 and 
F13a1, which are recognized as resident macrophage 
markers [44, 45]. Based on the expression score, cluster 
5 was identified as neutrophil; clusters 8 and 11 were 
identified as dendritic cell (Additional file 1: Figure S7E-
F). As shown in Figure S7D, the percentage of resident 
macrophages decreased in TAC 4  weeks and increased 
in 12  weeks, indicating that resident macrophages were 
replaced by circulating derived macrophages. The per-
centage of cluster 1 in  CD34+ cell lineage enhanced with 
the cardiac hypertrophy stages, suggesting that  CD34+ 
cell may be an important source of resident macrophage 
regeneration.

Lymphocytes comprised minor percentage in our data-
sets; we extracted all lymphocytes of our datasets and 
divided them into 7 clusters (Additional file  1: Figure 
S8A and Figure S8C). Based on cell-type-specific marker 
genes, these clusters were classed into 3 major types, 
including B cells, T cells and NK cells (Additional file 1: 
Figure S8B and Figure S8E). NK cells (cluster 2) remarka-
bly increased in TAC 4 groups and decreased in 12 weeks 
(Additional file 1: Figure S8D).

Cell–cell communication among cell types during cardiac 
hypertrophy
To determine the impact of TAC injury on cardiac inter-
cellular signaling, CellPhone DB was used to map ligands 
and receptors expressed by various cell types (Additional 
file 1: Figure S9A, Figure S10A). As previously reported 
[46], fibroblasts were recognized as the most trophic cell 
population presenting dense connections to multiple 
cell types. In our datasets, signaling communication by 
fibroblasts and macrophages composed key features of 
the interstitial cardiac niche at baseline and TAC groups 
(Additional file 1: Figure S9A and Figure S10A).

We further analyzed the top ligand–receptor pairs 
and found several possible intercellular communica-
tions between each cell type (Additional file  1: Fig-
ure S9B-C, Figure S10 B-C). As shown in Figure S9B, 
fibroblasts showed elevated expression of several 
chemokine ligand–receptor pairs with immune cells, 
indicating that fibroblasts could recruit B cells and 
macrophage populations in TAC 4-week group (Addi-
tional file  1: Figure S9B). In addition, fibroblast highly 
expressed ECM organization related ligand–recep-
tor pairs in end-stage cardiac hypertrophy, in corre-
spondence to the cardiac remodeling of heart failure 
(Additional file  1: Figure S9B). Endothelial cell was 
another cell type exhibiting active cell interactions 
with other cells (Figure S9C). CXCL12_CXCR4 was 
highly expressed in each stage of cardiac hypertrophy, 
indicating that endothelial cells played a crucial role in 
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regulate immune cell chemotaxis even at the baseline 
stage. PDGFI is reported to be significant for fibroblast 
migration, PDGFI_LRP1 pair was increased in TAC 
4-week group (Additional file  1: Figure S9C). CD74_
MIF, CD74_APP and CD74_COPA pairs were signifi-
cantly enriched by B cells and macrophages at different 
stages of cardiac hypertrophy (Additional file 1: Figure 
S10C-D), indicating that CD74 played a crucial role in 
inflammation activity in cardiac hypertrophy.

Inducible ablation delineates the role of  CD34+ cells 
in cardiac remodeling
Ablation of targeted cells by inducing intracellular 
expression of diphtheria toxin subunit A (DTA) is a 
well-established mouse model [47]. To further clar-
ify the role of  CD34+ cells in myocardial remodeling 
in response to TAC injury, we then used a CD34 cell 
depletion system to find out how  CD34+ cells were 
involved in myocardial fibrosis. To conditional elimi-
nation of  CD34+ cells in vivo, we generated Cd34-Cre-
ERT2; Rosa26-eGFP-DTA (Cre/DTA) mice and then 
pulsed the mice with tamoxifen to induce recombina-
tion for DTA expression in  CD34+ cells.

The surgery was performed on the Cre/DTA mice 
that were treated with or without tamoxifen, respec-
tively (Fig.  5A);  tdTomato+ cells were significantly 
reduced in the Cre/DTA group compared to the con-
trol group (Fig.  5E; Additional file  1: Figure S11B). 
Besides, the left ventricular ejection fraction (LVEF) 
and fractional shortening were significantly increased, 
while the levels of ANP and BNP in serum were signifi-
cantly reduced in the Cre/DTA group, indicating a sig-
nificant improvement in cardiac function (Fig.  5B–D). 
Furthermore, H&E, Masson and Sirius red staining on 
cardiac sections also showed that the severity of fibrosis 
was also alleviated in the Cre/DTA group (Additional 
file  1: Figure S11A, Figure S11E). Furthermore, the 
heart weight was also significantly reduced in the Cre/
DTA group compared to the control (Additional file 1: 
Figure S11D). Immunofluorescence staining data also 
showed that the expression of Cd34-derived fibroblasts 
(including Vimentin, DDR2 and PDGFRa) was sig-
nificantly reduced in the Cre/DTA group compared to 

the Control group (Fig.  5E, F; Additional file  1: Figure 
S11B-C). All these results suggested that  CD34+ cells 
were essential for cardiac remodeling and deletion of 
 CD34+ cells could alleviate the cardiac fibrotic process 
and further improve the cardiac function.

Heart‑derived CD34 + cells differentiated into fibroblasts 
in vitro
Our data so far suggest a possible role of resident 
 CD34+ cells in fibroblast generation. Primary tdTo-
mato + cells isolated from the heart of TAC-induced 
heart failure mice exhibited high heterogeneous both 
in cell size and cell morphology in comparison with 
 CD34+ cells isolated from the TAC 0 control mice 
(Additional file 1: Figure S12B). We supposed that vas-
cular  CD34+ cells may have higher potential to differ-
entiate into fibroblastic cells, To address the question, 
heart residential  CD34+ cells were isolated from the 
Cd34-CreERT2;Rosa26-tdTomato mice (see Methods) 
and verified with CD34 immunofluorescence stain-
ing (Additional file  1: Figure S12E). Then  CD34+ cells 
were treated with CTGF, a growth factor sufficient to 
differentiate MSCs into fibroblast cells [32]. We found 
that a broad array of fibroblastic hallmarks m such as 
PDGFRα, DDR2, Vimentin, Periostin (Postn) and some 
ECM proteins fibronectin, collagen I were up-regu-
lated in CD34 + cells treated with CTGF over 2 weeks 
(Fig.  6A–D). Masson staining also showed the colla-
gen deposition in  CD34+ cells upon CTGF stimulation 
(Fig.  6E). These results indicate that heart residential 
 CD34+ cells can be directed differentiation to fibro-
blastic cells by CTGF in vitro. To further elucidate the 
underlying mechanism, we analyze the scRNA-seq 
data which revealed that Wnt and TGFβ pathways may 
have a pivotal role during this process (Fig.  6F, Addi-
tional file  1: Figure S12G).  CD34+ cells subjected to 
CTGF stimulation expressed higher levels of Wnt5a 
and β-catenin, of which proteins promote Wnt path-
way, while we decreased the expression of WIF1 which 
inhibits Wnt signaling (Fig. 6G, H). TGFBR11 was also 
up-regulated in  CD34+ cells with CTGF treatment 
(Fig. 6G). It has been shown that β-catenin plays a cru-
cial role in heart failure [48]; thus, we wondered the 
way of β-catenin during the differentiation procession. 

Fig. 5 Effect of depletion of CD34 + cells in myocardial fibrosis. A Schematic showing CD34-CreERT2;Rosa26-tdTomato/DTA mice. Experimental 
scheme whereby Cre/DTA mice were given tamoxifen for 1 weeks before TAC 0 or TAC surgery. Heart tissue was harvested 4 weeks after TAC surgery. 
B Representative echocardiography of mice between CD34-CreERT2;Rosa26-tdTomato (Control) and CD34-CreERT2;Rosa26-tdTomato/DTA (Cre/
DTA) at 4 weeks after TAC surgery. C Echocardiographic measurement of left ventricle ejection fraction (EF) and fractional shortening (FS) of control 
group and Cre/DTA group after 4 weeks TAC surgery, Data represent mean ± SEM, Cre/DTA group, n = 17; Control group, n = 23. D ELISA detection 
of the serum ANP and BNP between control group and Cre/DTA group after 4 weeks TAC surgery, Data represent mean ± SEM, n = 15 per group. E 
Representative immunostaining images showing staining of tdTomato and vimentin, DDR2 in control group and Cre/DTA group (Scale bar = 20 μm 
and 100 μm). n = 10 per group. F Graph showing percentage of tdTomato expression in vimentin + , DDR2 + fibroblast. Data represent mean ± SEM, 
n = 10

(See figure on next page.)
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siRNA for β-catenin was transfected into CD34 + cells 
to down-regulate β-catenin expression, strikingly, both 
fibroblastic cell markers (PDGFRα, Periostin) and ECM 
proteins (fibronectin, collagen I) were significantly 
decreased in  CD34+ cells induced by CTGF stimulation 
(Fig.  6I-J; Additional file  1: Figure S12F), suggesting 
that Wnt-β-catenin pathway is involved in the process 
of  CD34+ cells differentiation into fibroblastic cells 
(Fig. 6Q).

As we know that the fibroblasts would undergo differ-
entiation into the myofibroblasts once they are stimu-
lated mechanically or chemically, and smooth muscle 
actin (α-SMA) is regarded as a main hallmark of myofi-
broblasts [49].  TdTomato+ cells that were isolated from 
heart failure mouse (Fig. 6K) expressed higher levels of 
fibroblastic markers and ECM proteins but less levels of 
CD34 (Additional file 1: Figure S12A, S12C and S12D). 
Thereafter we treated these “fibroblast-like”  tdTomato+ 
cells with TGFβ1 to induce differentiation into myofi-
broblasts. Remarkably, TGFβ1-treated  tdTomato+ cells 
exhibited higher α-SMA synthesis, compared with 
those  tdTomato+ cells without TGFβ1 stimulation 
(Fig.  6L–O). Meanwhile, ECM proteins were still pre-
sent (Fig.  6L–N), whereas PDGFRα was dramatically 
down-regulated (Fig.  6L–O) in  tdTomato+ cells upon 
TGFβ1 stimulation. Furthermore, SB525334, a selec-
tive TGFβ1 receptor inhibitor, was used to block TGFβ1 
signaling. We found that TGFβ1 induced the expression 
of α-SMA and ECM proteins were profoundly alleviated 
by SB525334 (Fig.  6P), consistently Smad2 activation 
was also inhibited in this process. This in vitro finding 
was confirmed by in  vivo ELISA test showing elevated 
TGFβ1 concentration in TAC heart that was inhibited 
by SB525334 (Figure S12H), which suggests that dif-
ferentiation from CD34-derived  tdTomato+ cells into 
myofibroblasts is dependent on TGFβ1/Smad2 pathway 
(Fig. 6Q).

Cell atlas of heart tissues in patients
Next, we intended to determine whether similar changes 
occur on patients with heart failure. To determine cellular 
landscape of human cardiac non-cardiomyocytes in heart 
failure, we obtained single-cell transcriptomes for 22,537 
cells by integrating two groups from human heart (Con-
trol: normal heart; HF: Heart failure) by strict quality con-
trol (Additional file 1: Figure S13A), and defined 9 major 
cell type which included fibroblasts, endothelial cells, 
cardiomyocytes, TNK cells, macrophages, B cells, neu-
ronal cells, neutrophils and smooth muscle cells, based on 
their respective molecular signatures (Fig. 7A; Additional 
file 1: Figure S13B-C). Furthermore, the results of scRNA-
seq data of human hearts were consistent with those of 
mice; we observed the proportion of fibroblasts was sig-
nificantly higher in heart failure than the control group 
(Fig.  7B, C). Several subpopulations of fibroblasts such 
as fibroblast-THBS4, fibroblast-FN1, fibroblast-POSTN 
were also found in human heart increasing with heart fail-
ure (Fig. 7 G; Additional file 1: Figure S13D), which is con-
sistent with our results in mice.

Similarly, these fibroblasts were partitioned into dis-
tinct subtypes comprising cells from all the groups. The 
dispersion of fibroblast clusters in the UMAP plots indi-
cated a high degree of fibroblast heterogeneity (Fig. 7D). 
Notably, compared with the control groups, several dis-
tinct fibroblast subtypes show significant changes in con-
stitution percentage in the heart failure groups (Fig. 7E). 
Activation of fibroblasts was evidenced by increased pro-
portions of cluster 4, cluster 6 and cluster 7 at the stage 
of heart failure (Fig. 7E). GO analysis demonstrated that 
clusters 4 showed the elevated capacity of angiogenesis 
and blood vessel development involved in fibrosis devel-
opment (Fig. 7F–H). Since cluster 4 enriched the expres-
sion of genes (VWF, PECAM1) related to EC function, 
we defined it as a subcluster undergoing endothelial to 
mesenchymal transition (EndoMT). Consistent with 

(See figure on next page.)
Fig. 6 Heart tissue-derived CD34 + cells differentiated into fibroblasts in vitro. A‑E Heart-derived CD34 + cells treated with 50 ng/mL CTGF 
for 2 weeks: A mRNA levels of fibroblastic markers, GAPDH was used as internal control, n = 6; B‑C protein expression and quantitative data of 
fibroblastic markers and ECM proteins after treated with CTGF for 2 weeks, n = 5. D immunofluorescence staining of PDGFRα and vimentin in 
CD34 + cell (Scale bar = 50 μm). E Masson’s trichrome staining shows collagen deposition in CD34 + cells with CTGF treatment(Scale bar = 200 μm). 
F Heatmap of the significantly changed genes (P < 0.01) discovered by the BEAM function from monocle in the branch point 3 in Fig. 3F. Cd34 and 
Ly6a genes were detected in Gene Module 1, wnt pathway-related genes were detected in module 3 and TGFβ pathway related genes in module 4. 
G Genes expression of Wnt (WNT5A, WIF1, CTNNB1) and TGFβ receptor (TGFBR1,TGFBR2) pathway in CD34 + cells with or without CTGF (50 ng/mL) 
stimulation at the 2-week time point, n = 6. H Protein (β-catenin, Wnt5a) expression in CD34 + cells with or without CTGF (50 ng/mL) treatment for 
3, 7, and 14 days, n = 5. I‑J CD34 + cells were transfected with β-catenin siRNA (10 nM) and treated with CTGF (50 ng/mL) for 2 weeks, fibroblastic 
markers were determined by western blotting and quantitative data was shown, n = 4. K TdTomato positive cells were isolated from the heart of 
TAC 12-week mice (Scale bar = 100 μm). L‑N TdTomato positive cells were stimulated with TGFβ1(5 ng/mL), mRNA levels of ACTA2, POSTN, COL1A1, 
COL1A2, COL3A1 and PDGFRA were presented upon 7 days of TGFβ1 treatment. proteins were determined by western blotting and quantitative 
data was shown, n = 3. O Immunofluorescence staining of α-SMA and PDGFRα in tdTomato positive cells upon 7 days of TGFβ1 stimulation (Scale 
bar = 50 μm). P Myofibroblastic marker (α-SMA), fibroblastic markers (periostin, PDGFRA), and ECM proteins (collagenI, fibronectin) expression in 
tdTomato positive cells, which TGFβ1 receptor activity was inhibited by SB525334 (2 μM), at the 7-day time point of TGFβ1 treatment. Q Schematic 
of proposed origin of fibroblast and myofibroblast in heart failure, *P < 0.05; **P < 0.01; ***P < 0.001
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our mouse data, cluster 6 (subtypes with high expres-
sion of extracellular matrix protein including POSTN, 
THBS4) at heart failure which showed elevated capacity 
of ECM organization, extracellular structure organiza-
tion (Fig. 7F–H). In addition, GO analysis demonstrated 
that cluster 7 showed elevated capacity of lymphocyte 
activation and regulation of immune response, and it 
also with the high expression of genes (S100A8, CD74, 
CD69). Thus, we defined it as a fibroblast subcluster 
related to immune response (Fig. 7F–H). Among all the 
subclusters, further GO enrichment analysis showed 
that extracellular structure organization and vasculature 
development were highly enriched in  CD34hig h fibro-
blasts compared with the  CD34low fibroblasts (cluster 3); 
in addition, this cluster also showed elevated expression 
of PI16 (progenitor cell markers) and CD248 (Fig. 7F, G; 
Figure S13E), also indicating that  CD34high fibroblasts 
may exhibit specific functions during cardiac homeo-
stasis and after injuries, which were consistent with our 
results from single-cell RNA sequencing data in mice.

Up-regulated differentially expressed genes (DEGs) of 
different datasets showed that the heart failure groups 
expressed significantly genes involved in cardiac fibro-
sis, including POSTN and DES (Fig.  7I). Consistently 
with the mouse heart data, immunofluorescence staining 
data showed that the expression of VIM, PDGFRA and 
POSTN were significantly increased in the heart failure 
group compared with the normal heart (Fig. 8G). In addi-
tion, Masson and Sirius red staining also showed that the 
area of fibrosis in the heart with heart failure is much 
more severe than that in the normal heart (Fig. 8H).

CD34+ cells in patients with heart failure
In order to delineate the constitution map of human car-
diac resident CD34 lineage cells during heart failure, we 
extracted the cells that expressing CD34 from the human 
single-cell RNA sequencing data, which were  CD34+ 
cells. We then performed scRNA-seq in CD34 lineage 
between control- and heart failure-groups, total num-
ber of 9,457 cells were captured and passed the quantity 
control for further analysis. Based on the transcriptome 
characteristics, cells are divided into several major cell 
types, e.g., fibroblasts, endothelial cells and macrophages 

(Fig.  8A, B; Additional file  1: Figure S14A-B). Based on 
the transcriptome characteristics, fibroblast was then 
extracted for further analysis to discover their heteroge-
neous features, including 4,860 cells from both group and 
9 subclusters were obtained. Furthermore, we observed 
the proportion of markers associated with fibroblasts 
(VIM, POSTN, DDR2, THBS4, COL1A1, COL1A2, FN1) 
were significantly higher in heart failure than the control 
group in the human data (Additional file 1: Figure S14C), 
which were consistent with that in mice.

In order to illustrate the CD34 lineage fibroblast het-
erogeneous features, the fibroblasts were then extracted 
from CD34 lineage cells for further analysis, includ-
ing 4,860 cells from both groups and 9 subclusters were 
obtained (Fig. 8C, D). Compared with control group, sev-
eral subclusters (clusters 1, 2, 7 and 8) showed remark-
able increase in the proportion in heart failure group 
(Fig.  8D). Consistent with above data, cluster 1 (sub-
types with high expression of extracellular matrix protein 
including DDR2, THBS4, FN1, POSTN) at heart failure 
which involved in ECM organization, extracellular struc-
ture organization (Fig. 8E, F). In addition, cluster 8 (with 
the high expression of COL3A1, FN1 and CD68) was 
associated with inflammatory response by GO analy-
sis. Thus, we defined it as a fibroblast subcluster related 
to immune response (Fig. 8E, F). In addition, just as we 
found a new population of fibroblasts (VEGFD) in mouse 
CD34 lineage fibroblasts, we also found this new sub-
population (cluster 2 with high expression of VEGFD 
and CD248) in human CD34 lineage fibroblasts, and 
GO analysis demonstrated that cluster 2 is involved in 
extracellular matrix formation and vascular development 
(Fig. 8E, F). This further confirms what we found in mice. 
Similarly, CD34 co-stained with vimentin, PDGFRA and 
POSTN were also increased (Fig.  8G). Taken together, 
patients with heart failure displayed a marked alterations 
of cell landscape in heart tissues implicating a contri-
bution of  CD34+ cells to fibrosis. Therefore, we further 
identified  CD34+ cells in humans, at least a subpopula-
tion of  CD34+ cells in the heart, has a progenitor cell-like 
phenotype, which could transdifferentiate into multiple 
cell types especially the fibroblasts.

Fig. 7 Cell composition of human heart. A UMAP plot displaying the major cell types and color-coded cell clusters of human heart, n = 22,537 
cells. (Control: normal heart; HF: Heart Failure). B Bar chart showing the percentage of major cell types among human heart (Control: normal heart; 
HF: Heart Failure). C Pie plot showing the percentage of major cell types among human heart between control and heart failure. D UMAP plot 
displaying distribution of fibroblast subpopulations between control and heart failure group, n = 10,242 cells, resolution = 0.5. E Bar chart showing 
the percentage of subclusters in datasets between control and diseased heart (HF). F Violin plot showing the expression of selected representative 
cell marker genes in each cell cluster. G Dot plot showing the expression of selected fibroblast cell marker genes in each cell cluster. Dot size reflects 
the percentage of cells expressing the selected gene in each cell cluster. H Bar plot showing the GO datasets score among fibroblast subclusters. I 
Volcano plot showing the DEGs between control and heart failure (p-value < 0.01 and log2FC > 1 was labeled)

(See figure on next page.)
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Discussion
In the present study, we uncovered the heterogeneity of 
non-cardiomyocytes, especially  CD34+ cells in the heart, 
and provided the evidence that  CD34+ cells can differ-
entiate into various types of cells, including immune and 
endothelial cells and fibroblasts by using scRNA-seq and 
lineage tracing techniques. All of them could contrib-
ute to the process of myocardial remodeling. Further-
more, depletion of  CD34+ cells in the mouse model of 
heart failure leads to decreased myocardial fibrosis and 
improved cardiac function. Interestingly, we found that 
 CD34+ cells isolated from the heart differentiate to fibro-
blasts via the TGFβ1/Smad2 pathways. Importantly, we 
provided cell atlas of human hearts with the disease that 
shares several similarities to the findings of animal mod-
els, e.g., subpopulations of fibroblasts expressing CD34 
cell marker. These findings provided the first evidence 
that  CD34+ cells not only regenerate endothelial cells for 
angiogenesis, but also differentiate into an active popula-
tion of fibroblasts enhancing cardiac fibrosis.

Recent studies have shown that non-cardiomyocyte 
cells (including endothelial cells, inflammatory cell, 
fibroblasts) play an important role in myocardial remod-
eling [50–52]. Several findings suggest that changes in 
endothelial cell-related genes have a significant impact 
on myocardial remodeling [53–56]. Although fibroblasts 
predominantly participated in ECM organization dur-
ing myocardial remodeling, endothelial dysfunction is 
substantially correlated to ECM remodeling in heart fail-
ure. Our data indicate that  CD34+ cells can directly dif-
ferentiate into endothelial cells during heart remodeling, 
which showed an altered gene expression, especially 
pro-inflammatory cytokines. It was found that CXCL12_
CXCR4 was highly expressed in each stage of cardiac 
hypertrophy, indicating that endothelial cells played a 
crucial role in myocardial remodeling by secreting some 
chemokines and cytokines and regulating immune cell 
chemotaxis in heart failure. In addition, endothelial cells 
also secret multiple pro-inflammatory cytokines, which 
are crucial for immune cell adhesion and infiltration 
enhancing pathological hypertrophy [50]. The expres-
sion of PDGF_LRP1 pair, which is reported to be signifi-
cant for fibroblast migration, was significantly increased 
in 4-week group. These observations lead us to propose 

that  CD34+ cell-derived endothelial cells might be less 
mature appearing as dysfunctional endothelium express-
ing pro-inflammatory genes regulating heart remodeling 
via enhanced inflammatory response.

Growing number of studies have shown that inflam-
matory response is an important factor in the develop-
ment of heart failure [26, 57]. Cardiac macrophage is a 
heterogeneous population with high plasticity and adapt-
ability; macrophages also play a critical role in regulation 
of fibrotic responses in many different tissues [43, 50]. 
Resident macrophages are known to respond to micro-
environmental cues by modulating synthesis of cytokines 
and growth factors [58] and produce large amounts 
of pro-fibrotic growth factors [50], which can regulate 
fibrosis. In our study, by detailed analysis of  tdTomato+ 
macrophage population, the percentage of resident mac-
rophage in  CD34+ cell lineage significantly increased in 
the progression of hypertrophy and heart failure. This 
result indicates that  CD34+ cells are a main source of car-
diac-activated resident macrophages that may contribute 
directly to the fibrotic process.

In our scRNA-seq data, we noticed that cluster 13 
expressing cardiomyocyte marker genes (e.g., Ankrd1, 
Mb, Tnnt2), although we tried to isolate non-cardiomy-
ocyte cells for the experiments. A possible explanation is 
that a small proportion of cardiomyocytes were included 
as well during the cell isolation. Similarly, our protocol 
used to isolate non-cardiomyocytes cannot obtain all the 
cells in a proper ratio as presented in  vivo. We have to 
point out thus limitation of cell isolation for single-cell 
RNA-sequencing analysis.

Cardiac fibrosis is one of the most important causes 
of myocardial remodeling [59, 60]. The severity of fibro-
sis is correlated with the progression of heart failure 
[61]. However, due to the lack of cell-specific marker, 
previous study and analysis of fibroblasts are limited by 
imprecise definitions for this cell type. On the basis of 
mouse scRNA-seq data, several subpopulations of fibro-
blasts, e.g., fibroblast-Thbs4, fibroblast-Wif1, fibroblast-
Cd248 and fibroblast-vegfd, were found in hypertrophy 
heart. By combination of single-cell RNA-seq and lin-
ear tracing analyses, we found that  CD34+ cells can 
differentiate into fibroblasts composed of several subpop-
ulations mentioned above during myocardial remodeling. 

(See figure on next page.)
Fig. 8 Characterization of CD34 + cells in human hearts. A UMAP plot displaying the major cell types and color-coded CD34 + cells of human heart 
with the disease, n = 9,457 cells. B Heatmap showing the expression of top five differentially expressed genes in each cell subcluster. C UMAP plot 
displaying distribution of fibroblast subpopulations between control and diseased heart, n = 4,860 cells, resolution = 0.5. D Bar chart showing the 
percentage of subclusters in datasets between control and diseased heart. E Dot plot showing expression levels of top five differentially expressed 
genes in each cell cluster. Dot size reflects the percentage of cells expressing the selected gene in each cell cluster. F Bar plot showing the GO 
datasets score among fibroblast subclusters. G. Representative immunostaining images showing staining of CD34 and vimentin, PDGFRA and 
POSTN in human heart (scale bar = 20 μm and 100 μm). H Sirius red and Masson staining showing different degrees of fibrosis between normal 
heart (control) and heart with heart failure (HF)
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Fibroblast-Cd248 showed elevated expression of multi-
ple stem cell markers, and GO analysis exhibited several 
functions related to stem cell/progenitor cells. To our 
surprise, the results of scRNA-seq data of human hearts 
were consistent with those of mice, several subpopu-
lations of fibroblasts such as fibroblast-THBS4, fibro-
blast-CD248, fibroblast-PDGFRA, fibroblast-DDR2 and 
fibroblast-POSTN were also found in human heart with 
heart failure. Besides, we further analyzed the  CD34+ 
cells from the human heart and found that  CD34+ cells 
can differentiate into fibroblasts composed of several 
subpopulations mentioned above during myocardial 
remodeling. And GO analysis exhibited several func-
tions related to ECM organization, extracellular structure 
organization, angiogenesis, blood vessel morphogenesis, 
blood vessel development and immune response which 
are involved in fibrosis development. Therefore, these 
data suggest that  CD34+ cells may participate in fibrosis 
by differentiating into active fibroblasts expressing a set 
of surface markers that distinguish from other cardiac 
fibroblasts during myocardial remodeling, indicating 
the heterogeneity and the functional diversity of cardiac 
fibroblasts for fibrosis.

As described above, a novel observation in mouse 
models is that  CD34+ cells can differentiate into active 
fibroblasts that participate in cardiac fibrosis. It is essen-
tial to confirm them in vitro results and clarify the mech-
anisms of cell differentiation and activation. Our in vitro 
data displayed that  CD34+ cells from normal `heart can 
differentiate into fibroblasts expressing a panel of fibro-
blastic markers with collagen production in response to 
CTGF stimulation. Furthermore, pseudotime analysis of 
 CD34+ cells and in vitro study displayed a critical role of 
TGFβ/Wnt-β-catenin pathway in regulating cell differen-
tiation into fibroblasts. In addition, in our vitro study, we 
also isolated  tdTomato+ cells from the hearts of treated 
mice. In response to TGFβ1,  tdTomato+ cells further dif-
ferentiate into myofibroblasts via TGFβ–Smad2 signaling 
pathways. These results suggest that naïve  CD34+ cells 
can differentiate into fibroblasts that can become myofi-
broblasts in response to TGFβ1 stimulation.

Recently, it was reported that genetic ablation of car-
diac fibroblasts after hypertensive or ischemic injury has 
been shown to reduce fibrosis and improve heart func-
tion in mice [62–64]. Clinically, no therapeutic technique 
is available to directly target excessive fibrosis, and very 
few interventions have been shown to improve cardiac 
function and clinical outcomes in patients with impaired 
cardiac compliance in heart failure. To clarify the role 
of  CD34+ cells in myocardial remodeling in response 
to pressure overload, the surgery was performed on the 
Cre/DTA animal models. Surprisingly, our data show 
that partially depletion of  CD34+ cells resulted in a 

reduction of fibrotic area and a significant improvement 
in cardiac function compared with the control animals. 
When  CD34+ cells were partially eliminated, the fibro-
blasts in the heart were markedly reduced, leading to a 
decrease in myocardial fibrosis and improving cardiac 
function. Taken together, results support the notion that 
it could be possible to target  CD34+ cells directly in the 
treatment of myocardial fibrosis.

Treatment of heart failure with  CD34+ cells from 
bone marrow has been carried out for decades [65]. 
 CD34+ cells were collected from bone marrow and 
then injected into the heart. The outcome of clinic tri-
als is variable and controversial [12, 18, 22–24]. In the 
present study, we used single-cell RNA-seq and line-
age tracing techniques providing the direct evidence 
that bone marrow  CD34+ cells cannot differentiate into 
endothelial cells but rather inflammatory cells. Human 
sample immunostaining indicates that  CD34+ cells 
in the heart tissue present in both immune cells and 
fibroblasts. These results implicate that bone marrow 
 CD34+ cells can only become immune/inflammatory 
cells in vivo and non-bone marrow  CD34+ cells have an 
ability to differentiate into endothelial and fibroblasts. 
Thus, we have to reconsider an alternative strategy 
using  CD34+ cell therapy for patients.

Conclusions
In summary, with scRNA-seq of hearts from both 
mouse and human and lineage tracing, we demon-
strated a critical role of  CD34+ cells in the process of 
myocardial remodeling, managed to systematically 
characterize the cellular landscape of myocardial fibro-
sis at a single-cell resolution and provide a compre-
hensive cell atlas including  CD34+ cells, fibroblasts, 
endothelial cells and immune cells. We further vali-
dated that bone marrow-derived  CD34+ cells cannot 
differentiate into endothelial cells in pressure overload 
model. Partial depletion of  CD34+ cells resulted in a 
reduction in fibrosis and a significant improvement in 
cardiac function. Besides, Wnt-β-catenin and TGFβ1/
Smad pathways are crucial in the differentiation of 
 CD34+ cells into myofibroblasts. Overall, our study not 
only provides a wealth of reference information on cell 
types and interaction networks during the heart failure, 
but also offers novel insights into the pathogenesis of 
cardiac fibrosis and possibilities for the development of 
therapeutic approach for heart failure in the future.
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