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Abstract

Clinical treatment of acute myeloid leukemia (AML) largely relies on intensive chemotherapy. 

However, the application of chemotherapy is often hindered by cardiotoxicity. Patient sequence 

data revealed that angiotensin II receptor type 1 (AGTR1) is a shared target between AML and 

cardiovascular disease (CVD). We found that inhibiting AGTR1 sensitized AML to chemotherapy 

and protected the heart against chemotherapy-induced cardiotoxicity in a human AML cell–

transplanted mouse model. These effects were regulated by the AGTR1-Notch1 axis in AML 

cells and cardiomyocytes from mice. In mouse cardiomyocytes, AGTR1 was hyperactivated 

by AML and chemotherapy. AML leukemogenesis increased the expression of the angiotensin-
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converting enzyme and led to increased production of angiotensin II, the ligand of AGTR1, in 

an MLL-AF9–driven AML mouse model. In this model, the AGTR1-Notch1 axis regulated a 

variety of genes involved with cell stemness and chemotherapy resistance. AML cell stemness was 

reduced after Agtr1a deletion in the mouse AML cell transplant model. Mechanistically, Agtr1a 
deletion decreased γ-secretase formation, which is required for transmembrane Notch1 cleavage 

and release of the Notch1 intracellular domain into the nucleus. Using multiomics, we identified 

AGTR1-Notch1 signaling downstream genes and found decreased binding between these gene 

sequences with Notch1 and chromatin enhancers, as well as increased binding with silencers. 

These findings describe an AML/CVD association that may be used to improve AML treatment.

INTRODUCTION

Acute myeloid leukemia (AML) and cardiovascular disease (CVD) are closely related. 

A high incidence of cardiac events has been observed in patients with AML, especially 

among those receiving intensive chemotherapy (1). AML and CVD can both be initiated 

by certain mutations in blood cells (2). Such close association suggests the existence of 

potential shared targets between AML and CVD that could be used to treat AML and protect 

cardiovascular function at the same time.

Angiotensin II receptor type 1 (AGTR1), the well-known CVD target, is responsible for cell 

proliferation, inflammation, and fibrosis (3). AGTR1 has also been reported to be associated 

with various solid tumor progressions, such as breast cancer and liver cancer (4, 5). In 

those cancers, AGTR1 inhibition resulted in decreased cancer cell proliferation, induction 

of apoptosis, and remodeling of the extracellular matrix (4, 5). However, AGTR1’s role 

in hematological malignancies has not been well studied. Uz et al. (6) reported that an 

AGTR1 inhibitor (losartan) sensitized some leukemic cell lines to doxorubicin treatment. 

AGTR1-specific ligand angiotensin II was also found to act as an autocrine growth factor for 

AML and increase AML growth and colony-forming capacity in a dose-dependent manner 

(6, 7). As a result, we hypothesize that inhibition or knockout (KO) of AGTR1 suppresses 

AML development and protects the heart against cardiotoxicity.

RESULTS

AGTR1 is a shared factor between AML and CVD

To test the hypothesis that there are shared targets between AML and CVD, we analyzed 

whole-blood RNA sequencing (RNA-seq) data from the Cancer Genome Atlas–Acute 

Myeloid Leukemia (TCGA-LAML), BEATAML, Therapeutically Applicable Research to 

Generate Effective Treatments–Acute Myeloid Leukemia (TARGET-AML), and McCaffrey 

et al. (8). Unsupervised clustering was performed using Uniform Manifold Approximation 

and Projection (UMAP) to identify 12 clusters of patients with similar genetic expression 

(Fig. 1, A and B). Major overlaps were observed between patients with AML and patients 

with CVD in clusters 6, 7, and 8, highlighting patients sharing a similar genetic expression 

pattern (Fig. 1C). To explore what genes underscored clusters where AML and CVD 

coresided, we performed gene differential expression analysis to acquire differentially 

expressed genes (DEGs) [at least two fold change (FC) and P < 0.05] for each of clusters 
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6, 7, and 8, against clusters without AML/CVD overlap (Fig. 1, D and E). Furthermore, we 

acquired an AML gene set containing 358 genes and a CVD gene set containing 268 genes 

as summarized by harmonizome (9) and intersected these two gene sets with the above three 

DEG sets. This process yielded nine AML/CVD shared genes (AGTR1, CXCL12, CD34, 

IL6, HLX, CAV1, ABCB1, TNF, and MEIS1). AGTR1 is a well-known regulator of CVD, 

and its role in AML has been understudied. We observed significantly higher expression of 

AGTR1 in the blood cells of patients with AML compared with that of healthy controls in 

the BEATAML database (7.6-fold, P = 6.294 × 10−13; Fig. 1F). To further corroborate these 

results, we investigated the cell surface expression of AGTR1 in 16 human AML (hAML) 

samples and 12 healthy human blood samples (Fig. 1, G and H), as well as total AGTR1 
mRNA expression (fig. S1, A and B). CD34+ hAML stem cells (SCs) exhibited higher 

(5.4-fold) AGTR1 expression compared with CD34+ healthy controls, suggesting a specific 

enrichment of AGTR1 in leukemic SC (LSC)–enriched AML cells (Fig. 1, G and H).

AGTR1 is essential for hAML development

We first generated three different short hairpin RNA (shRNAs) targeting AGTR1 to 

functionally study the role of AGTR1 in hAML. All shRNAs efficiently decreased the total 

expression of AGTR1 and blocked the in vitro growth of multiple hAML cells, including 

THP1, Kasumi1, MOLM, MV4–11, and NB4. The one with the strongest knockdown (KD) 

effects (number 474) was carried on to the following experiments (fig. S2, A to D). We 

performed colony-forming unit (CFU) assays using primary specimens from 11 individuals 

with AML with high AGTR1 expression compared with healthy control. Seven specimens 

could form essential colonies, of which shRNA effectively reduced AGTR1 expression and 

reduced colony-forming ability (fig. S2, E and F). Next, we performed patient-derived 

xenograft experiments using AGTR1-KD and AGTR1-scramble hAML cells (Fig. 1I). 

Three hAML samples were successfully engrafted in nonobese diabetic/severe combined 

immunodeficient–interleukin-2 receptor subunit gamma (NSG) mice. Mice transplanted with 

AGTR1-KD hAML cells showed suppressed leukemia development as demonstrated by 

prolonged overall survival (P < 0.001) and reduced infiltration of green fluorescent protein 

(GFP)+ cells (marking the lentivirus-infected hAML cells; P < 0.001) in hematopoietic 

organs (Fig. 1, J to P).

Hematopoietic cell–specific deletion of Agtr1a in mice does not affect normal 
hematopoiesis

We next generated a hematopoietic system–specific deletion of Agtr1a in mice to study its 

role in both normal hematopoiesis and AML development (10, 11). The Agtr1afl/fl:Vav-Cre+ 

(Agtr1a−/−; KO) mice displayed comparable lifespan to the control Agtr1afl/fl: Vav-Cre− 

[Agtr1a+/+; wild-type (WT)] mice, which is consistent with findings in the Agtr1a global KO 

mouse model (12). Furthermore, Agtr1a−/− mice have comparable frequency and numbers 

of hematopoietic stem and progenitor cells (HSPCs) [total of long-term hematopoietic 

SCs (LT-HSCs), short-term HSCs (ST-HSCs), and multiple potential progenitors (MPPs)] 

and downstream progenitor cells [including common myeloid progenitor, granulocyte-

macrophage progenitor (GMP), and common lymphoid progenitor] in the bone marrow 

(BM) when compared with Agtr1a+/+ mice (fig. S3, A to C) and regular cell cycle activity of 

HSCs (fig. S3, D and E). Functionally, AGTR1-deficient BM cells had comparable colony-
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forming ability (fig. S3F) and engraftment ability with no biased lineage reconstitution (fig. 

S3, G and H) as WT BM cells.

Agtr1a KO in mice reduces leukemic burden and prolongs survival

We used two retrovirus transplantation mouse models to study the role of AGTR1 in the 

regulation of AML development. Lineage− (Lin−) cells from Agtr1a+/+ or Agtr1a−/− donor 

mice infected by the retroviral oncogene [MLL-AF9 (13) or AML1-ETO9a (14)]–internal 

ribosome entry site–GFP were used to induce AML as previously described (fig. S4A) 

(15–17). The recipient mice transplanted with MLL-AF9–transduced Agtr1a−/− AML cells 

(henceforth called Agtr1a−/− AML mice) developed leukemia slower than mice transplanted 

with Agtr1a+/+ AML cells (on average, Agtr1a−/− AML mice survive 41.8 days versus 

Agtr1a+/+ AML mice survive 32.2 days; P = 0.004) in primary transplantation (Fig. 2A). 

The delayed development of leukemia was correlated with 60.6, 59.2, 56.9, and 71.3% 

reductions in ratios of leukemia cells in different hematopoietic organs [Fig. 2B; P < 0.01 for 

the BM and P < 0.001 for the spleen, liver, and peripheral blood (PB)] and less infiltration 

of myeloid leukemia cells into the spleen, liver, and PB at 4 weeks after transplantation 

(Fig. 2, C to E) when compared with Agtr1a−/− AML mice. Similar results for survival 

and AML development were obtained in another mouse AML model using AML1-ETO9a–

transformed AML cells (Fig. 2, F and G).

Agtr1a KO diminishes AML cell stemness by disturbing cell division

To determine the mechanisms by which AGTR1 regulates AML development, we analyzed 

genome-wide transcriptome changes in Agtr1a+/+ versus Agtr1a−/− MLL-AF9 AML cells. 

This procedure yielded a gene expression signature consisting of 506 up-regulated and 

1110 down-regulated genes (1.5 FC, P < 0.05). Genes associated with AML stemness 

and proliferation were down-regulated, and genes associated with cell cycle activity 

were inhibited in Agtr1a −/− AML (MSigDB, http://software.broadinstitute.org/gsea/msigdb/

search.jsp; Fig. 2, H and I). Quantification of Hox gene expression, which are hallmarks of 

AML-SC self-renewal and maintenance, supported diminished stemness in AML (fig. S5A) 

(18). We then evaluated LSC markers in the BM of both MLL-AF9 and AML-ETO9a mice. 

At similar late AML development stages, there were fewer AML-SCs in the BM of Agtr1a−/

− AML mice than in Agtr1a+/+ AML mice (Fig. 2, J to L; P < 0.001). Next, we relied on 

functional assays to evaluate the activity of LSCs using serial CFU replating and secondary 

transplantation assays. We observed a reduction in self-renewal of AML-SCs as indicated by 

a stepwise reduction in the activity of Agtr1a−/− AML-SCs in CFU forming ability of 32.2, 

50.1, and 59.9% upon serial plating (Fig. 2M). Moreover, secondary AML transplantation 

resulted in 2.8-fold (P < 0.001) prolonged survival than that of primary transplantation in 

Agtr1a−/− AML mice (Fig. 2, N and O, versus Fig. 2A).

In addition to the role of AGTR1 in supporting LSC activity, we investigated changes in 

the cell cycle of Agtr1a−/− AML mice at 6 weeks after transplantation (Fig. 2P and fig. 

S5B). We found that Agtr1a−/− BM had about fourfold more AML-SCs (49.5% versus 

12.6%; P < 0.001) in the S phase and threefold (22.6% versus 68.2%; P < 0.001) fewer the 

G2-M phase than did WT control BM (Fig. 2Q), highlighting cell cycle arrest at S phase. 

To assess potential DNA damage in the abnormally dividing AML cells, we examined the 
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phosphorylation of histone H2A histone family member X (H2AX) at Ser139, a marker used 

to identify double-stranded DNA breaks during progression through the cell cycle. We found 

evidence of greater DNA damage in Agtr1a−/− AML cells than in their WT counterparts (P < 

0.001) (Fig. 2, I, R, and S).

Rescued Notch1 abrogates impaired AML cell stemness and cell division induced by 
Atgr1a KO

To further understand the biological functions induced by Agtr1a KO, we performed 

leading-edge network analysis using the gene sets mentioned above (MSigDB; Fig. 3A). 

Analysis of these gene networks identified altered cell proliferation and immune response 

that are known to be induced by Notch1 signaling in human leukemia development (19). 

We observed down-regulation of the Notch1 pathway (Fig. 3B) and decreased expression 

of the Notch intracellular domain (NICD) in Agtr1a−/− AML cells (Fig. 3C). γ-Secretase is 

known to cleave transmembrane Notch1 and releases the NICD into the cytoplasm, which 

subsequently migrates into the nucleus and functions as a transcription factor (19). RNA 

expression of γ-secretase assemblies was not significantly altered (fig. S6A). As a result, 

to determine whether the decreased activation of Notch1 after Agtr1a KO is mediated 

by γ-secretase, we performed immunoprecipitation using Notch1 antibody to pull down 

cytoplasmic γ-secretase. We found less binding between γ-secretase and Notch1 after 

Agtr1a KO (Fig. 3D; P < 0.001), indicating that AGTR1 regulates Notch1 activity through 

γ-secretase activity. To confirm that Agtr1a inhibition affects AML development through the 

regulation of Notch1, we performed a rescue assay using the cell-transplanted mouse model. 

Notch1 was reintroduced into Agtr1a−/− MLL-AF9 mouse AML cells (Fig. 3E), which 

were used for the CFU assay and transplanted into recipient mice. Phenotypes associated 

with Agtr1a deletion, including mouse survival after secondary transplantation (Fig. 3F), 

leukemic burden (percentage of GFP+ cells in the PB) (Fig. 3G), AML stemness (colony 

forming ability) (Fig. 3H), and AML cell cycle (S phase arrest) (Fig. 3, I and J, and fig. 

S6B), were rescued by Notch1 overexpression.

AGTR1-Notch1 signaling regulates three-dimensional genomic structure of 
chemoresistance genes

Recent studies have highlighted the crucial role of three-dimensional (3D) genomic structure 

changes in AML development, necessitating a deeper understanding of the underlying 

mechanisms (20). We observed alterations in histone modification gene signatures between 

Agtr1a+/+ and Agtr1a−/− AML cells (Fig. 4A), aligning with the well-established role 

of Notch1 in chromatin structure regulation (19). To elucidate the mechanism by which 

AGTR1-Notch1 signaling influences AML development, we conducted in situ Hi-C and 

CUT&RUN assays of histone 3 lysine 27 acetylation (H3K27ac), histone 3 lysine 27 

trimethylation (H3K27me3), and Notch1 using primary AML cells from Agtr1a WT and 

KO mice. Figure 4 (B and C) illustrates a region containing all the epigenetic data in the 

Agtr1a+/+ and Agtr1a−/− AML mouse. Our analysis revealed A/B compartment changes in 

chromosomes 2, 6, and 17 induced by Agtr1a depletion (Fig. 4D). Furthermore, the most 

enriched differential binding sites of Notch1, H3K27ac, and H3K27me3 were observed in 

chromosome 2 (Fig. 4E). Subsequently, we identified 26 top differentially binding genes 

(DBGs) shared among H3K27ac, Notch1, and H3K27me3 (Fig. 4F and fig. S7A). Almost 
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a quarter of these top DBGs have been associated with chemotherapy resistance (Il2ra, 
Hmcn2, St8sia6, Rasgrp1, Prkcp, and Dpp4; Fig. 4G). In WT AML cells, each of those 

genes formed a loop with co-occurring enhancers downstream or upstream. However, such 

loops were absent in Agtr1a−/− AML cells.

An AGTR1 inhibitor simultaneously sensitizes AML to chemotherapy and relieves 
chemotherapy-induced cardiotoxicity

We next investigated the combination effects of AML chemotherapy (AraC) and an AGTR1 

inhibitor (losartan) in mouse models of AML. We xenografted primary hAML cells into 

NSG mice. After confirming the engraftment by measuring percentages of hCD45 cells 

in PB 4 weeks after transplantation, mice were randomized to receive phosphate-buffered 

saline (PBS) (200 μl, once daily), AraC (50 mg/kg, once a day, 5 days), losartan (10 mg/kg, 

once daily), or combination therapy (AraC + losartan, A + L) (fig. S8A). Overall survival 

and the ratio of hAML cells in the PB at weeks 4 and 8 were recorded. Whereas AraC or 

losartan alone reduced hAML burden and prolonged survival, the combination of AraC and 

losartan yielded the highest effects among all treated groups (Fig. 5, A to C; P < 0.001).

We next extended our investigation to explore the effect on heart function of AML mice. 

Left ventricular ejection fraction (LVEF), serum troponin, and serum B-type natriuretic 

peptide (BNP) were measured at weeks 4 and 8 after transplantation. LVEF was decreased 

(P = 0.058), and serum troponin and serum BNP were increased (P < 0.05) in PBS mice 

(Fig. 5, D to G), indicating AML-induced cardiotoxicity. Treatment with chemotherapy 

(AraC) further worsened these phenotypes, and the addition losartan abolished AML- or 

AML/AraC-induced cardiotoxicity. Mice were euthanized at weeks 4 and 8 to harvest hearts 

for evaluation of histological changes and expression amounts of RNA and protein. PBS 

mice showed increased cardiomyocyte size (P < 0.05), suggesting activation of angiotensin 

II–AGTR1 signaling (21, 22). However, treatment of AraC reduced cardiomyocyte size 

(Fig. 5, H and I; P < 0.001). Consistent with preserved cardiac contractility, the addition 

of losartan to PBS mice or AraC mice normalized cardiomyocyte size (Fig. 5, H and I; 

P < 0.001). Furthermore, cardiac apoptosis and myocardial collagen deposition, as shown 

by cleaved caspase-9 immunofluorescence assay and trichrome staining, were less abundant 

with the addition of losartan (Fig. 5, J to M; P < 0.001).

AGTR1 activation associates AML- and chemotherapy-induced cardiomyocyte toxicity

We next analyzed CVD-related signaling among mouse HSPCs on day 0, day 5, and day 

28 after MLL-AF9 transformation. We observed a progressive increase in genes within the 

angiotensin pathway from day 0 to day 28 (Fig. 6A). Examining angiotensin-associated 

genes, we found increased expression of angiotensin-converting enzyme (Ace) on AML 

cells compared with normal blood cells (Fig. 6, B and C; P < 0.001). Mitogen-activated 

protein kinase (MAPK), c-Jun N-terminal kinase (JNK), and epidermal growth factor 

receptor (EGFR) pathways are known to be activated by AGTR1 activation (23). Along 

with increased angiotensin II in mouse serum (Fig. 6D and fig. S9A) and up-regulated 

angiotensin signaling activation in patients with AML (fig. S1B), we also observed 

increased expression of genes in these pathways in cardiomyocytes of AML mice (Fig. 6E). 

Furthermore, AraC increased AGTR1 signaling on cardiomyocytes in hAML-transplanted 
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mice (Fig. 6F). Likely, alteration of angiotensin II–AGTR1 signaling was observed in human 

cardiomyocytes treated with doxorubicin (Fig. 6G). We found increased NICD in the hearts 

of hAML mice (treated as fig. S8A) treated with PBS and AraC at week 8 versus week 4, 

suggesting Notch1 pathwa y activation. Such activation was abolished by losartan treatment 

(Fig. 6H).

DISCUSSION

In the present study, we have identified a shared target between AML and CVD and shed 

light on the interplay between them. We found that targeting AGTR1 suppressed AML 

development and protected cardiovascular function against cardiotoxicity induced by AML 

and chemotherapy. This is regulated by the AGTR1-Notch1 axis (fig. S9C). In AML, 

Notch1 functions as a transcription factor and regulates a variety of genes associated with 

stemness and chemoresistance.

AGTR1 is an important factor of the renin-angiotensin system, which is involved 

in the development and progression of a wide range of solid tumors (4, 5). Renin-

angiotensin system components are expressed in tumor microenvironments, such as in 

endothelial cells, fibroblasts, and macrophages (24). As a result, inhibition of AGTR1 

may disrupt the tumor microenvironment and, thus, inhibit tumor growth (25, 26). 

The underlying mechanism includes desmoplasia-mediated vessel compression, vascular 

endothelial growth factor–induced vessel leakiness and abnormal morphology, angiotensin 

II–mediated vasoconstriction of host vessels, proinflammatory cytokine production, and 

reactive oxygen species (ROS) generation. Inhibition of AGTR1 reduces these entities, 

increasing tumor oxygenation and reducing tumor immunosuppression and evasion (25, 

26). AGTR1 inhibition also reduces the production of several proinflammatory cytokines, 

including transforming growth factor–β (TGF-β), interleukin-1α (IL-1α), IL-1β, IL-6, and 

IL-8, which induce immunosuppression, in either tumor or tumor microenvironment cells 

(24–28). ROS, generated by tumor cells and stromal cells to reduce T cell fitness and 

promote regulatory T cells and tumor-associated macrophage function, is also reduced by 

AGTR1 inhibition (28, 29). For example, Wu et al. (28) have shown in NF2 schwannoma 

that AGTR1 inhibition with losartan reduced the production of inflammatory factors, such 

as IL-1, IL-1β, CCL1, CCL4, and ROS, by tumor cells and inhibited IL-6/signal transducers 

and activators of transcription 3 and Toll-like receptor 4 signaling in tumor-associated 

macrophages, demonstrating the multifactorial role that AGTR1 play in solid tumors (24–

29).

Likewise, the AML microenvironment, or AML niche, shares many similar characteristics 

with solid tumor microenvironments, including immune evasion and suppression, and 

vascular remodeling (30, 31). Our data have shown altered immune response and vascular 

regulation after AGTR1 deletion, suggesting disturbed AML niche in the therapeutic 

benefits of targeting AGTR1. This direction is worth further investigation.

Whereas AGTR1 was also reported to regulate Notch1 activity through γ-secretase in 

other tissues, no study has demonstrated the exact mechanism that AGTR1 affects γ-

secretase activity (32, 33). However, there are several indications pointing toward possible 
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explanations. AGTR1 activation is widely recognized for triggering the activation of specific 

transcription factors, such as nuclear factor κB, and adenosine 3′,5′-monophosphate 

response element–binding protein, both of which are found in the PS1 promoter and are 

implicated in PS1 gene expression (34–36). In addition, angiotensin II activates various 

members of the MAPK pathway, which are linked to increased γ-secretase activity (34). Liu 

et al. (37) reported that AGTR1 affects γ-secretase complex formation through PS1 endo-

cleavage. The transcriptomics analysis in our study showed that γ-secretase assemblies, 

Pen2 (Psenen), APH-1 (Aph1a), Nicastrin (Ncstn), and Presenelin 1 (Psen1), are minimally 

altered (fig. S6A). These facts suggest that AGTR1 is likely to affect γ-secretase activity at 

the posttranslational level instead of the expression level.

Targeting AGTR1 diminishes chemotherapy-induced cardiotoxicity through the shared 

signaling pathway as in AML (AGTR1-Notch1). This is consistent with our initial 

hypothesis that AGTR1 is a shared target between AML and CVD. We observed that 

AML chemotherapy activates the AGTR1-Notch1 axis. Standard 7 + 3 AML chemotherapy 

consists of AraC and doxorubicin. Whereas both AraC and doxorubicin are associated with 

DNA intercalation and doxorubicin is thought to cause cardiotoxicity by inducing necrosis 

and apoptosis of cardiomyocytes, the mechanism of AraC-induced cardiotoxicity is not clear 

(38, 39).

AML is associated with increased cardiac events, indicating that AML itself poses stress 

on the heart (1). Although malignant transformation–conferred inflammatory factor increase 

is suggested for impaired cardiac function in patients with AML, no specific mechanism 

was reported (40). We have shown that such stress is mediated by increased ACE 

expression upon malignant transformation. ACE is responsible for converting angiotensin 

I to angiotensin II, which subsequently activates AGTR1. Prior studies have also found 

increased ACE expression in patients with AML compared with healthy individuals (41, 

42). Increased ACE expression is accompanied by increased AGTR1 ligand, angiotensin II, 

which influences malignancy (41, 42). Angiotensin II was found to increase AML growth 

and colony-forming capacity in a dose-dependent manner (6, 7).

In the heart, Notch signaling was reported to be responsible for myocardial and vascular 

remodeling induced by AGTR1 activation (43, 44). However, the mechanism of how 

Notch1 inhibition protects the heart from cardiotoxicity is not clear. Prior studies suggest 

that Notch1 activation and inhibition were both important for heart function, but chronic 

activation prevents cardiac progenitor cell differentiation (45–47). In the context of chronic 

activation, Notch1 inhibition preserves cardiac function by reducing cardiac fibrosis and 

enhancing cardiac reprogramming (47). Further study is warranted to investigate the 

mechanism of cardiotoxicity induced by AML and chemotherapy.

Our study has several limitations. The limited databases of blood RNA sequences of patients 

with CVD resulted in a difference between the numbers of patients with AML and patients 

with CVD included in the target discovery analysis. Including more patients with CVD may 

uncover more AML-CVD targets and improve clinical therapy. In addition, some mouse 

or rat AGTR1 antibodies were reported to be unspecific and unreliable (48). As a result, 

we validated our findings at the RNA level, and our experiments used human AGTR1 
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antibodies. In addition, the nonspecific antibodies have been discontinued and replaced by 

newer versions. AGTR1 antibodies are now KO-validated, including the antibody used in 

our study (ABclonal, A4140).

Mouse models of leukemia also differ from human disease in several ways, including 

differences in the immune system, BM microenvironment, and responses to treatments. 

Although we incorporated AML cells from patients with AML, the mouse models were 

immunodeficient. In addition, the onset and progression of leukemia in mice are often 

more rapid and less heterogeneous than in humans, potentially oversimplifying the disease’s 

complexity. These differences necessitate careful interpretation of mouse data and validation 

of findings in human studies to ensure translational relevance.

In conclusion, our study identified that losartan, a commercially available drug that 

reduces AML development and enhances chemotherapy, protects against chemotherapy-

induced cardiotoxicity. However, further studies are warranted to translate this work to 

patients, including investigating losartan’s efficacy in heterogeneous human leukemia and 

investigating the differences in the BM microenvironment. Using humanized mouse models, 

advanced in vitro systems, and strategic early-phase clinical trials can help bridge these gaps 

to enhance translational success.

METHODS

Study design

This study aimed to investigate the therapeutic effects of AGTR1 inhibition on the 

simultaneous treatment of AML and cardiomyocyte toxicity. Human PB samples and cord 

blood samples (Institutional Review Board #2091050MU), and primary hAML samples 

(Institutional Review Board #2019932) were obtained at the University of Missouri 

Hospital. Written informed consent was obtained from all patients to use their blood 

samples for research purposes. Diagnosis of AML was confirmed by a pathologist using 

BM aspiration and biopsy and cytochemical and immunohistochemical tests. All mice were 

cared for in accordance with National Institutes of Health guidelines. Mouse experiments 

were planned to provide 80% power for a target effect size of 1.2 to 1.5 (effect size = 

|mean difference|/SD). All mice were randomly allocated into experimental groups. For all 

other experiments, at least two independent biological replicates were performed and used 

in the sample calculation. No data were excluded from the studies. The investigators were 

not blinded to the allocation of animals during the experiments and outcome assessment. All 

procedures were approved in advance by the Institutional Animal Care and Use Committee 

of the University of Missouri (#39322). We first analyzed AGTR1 RNA and protein 

expression in AML cells compared with healthy control blood cells. We then evaluated 

the effect of AGTR1 inhibition or KO on human or mouse AML cells and on normal 

hematopoietic stem/progenitor cells in mice. We also performed multiomics to investigate 

the mechanisms of Agtr1a KO on mouse AML development. Detailed below are all criteria 

for experimental cutoffs, such as mouse end point censure, number of cells used, and 

statistical tests used.
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Identifying related genes between AML and CVD

Patients with AML and patients with CVD RNA-seq data were obtained from TCGA-

LAML, BEATAML, TARGET-AML, and McCaffery et al. (8). RNA-seq counts were 

normalized into reads per kilobase per million mapped reads (RPKM) and loaded into 

Seurat with each gene as a row and each patient as a column in R (49). Loaded data 

were integrated using individuals who were in a matched biological state (“anchors”) to 

correct for technical differences between datasets (batch effect correction) and to perform 

comparative single-patient RNA-seq analysis across different conditions. DEGs between 

clusters were identified with the Wilcoxon rank sum test using the inherit FindMarkers 

function in Seurat. AML- and CVD-related genes were collected from harmonizome (9). 

The identified DEGs and AML- and CVD-related genes were intersected to obtain the core 

bond genes.

Mice

C57BL/6N, CD45.2, and CD45.1 mice were purchased from Charles River Inc. 

Agtr1atm1Uky/J mice were obtained from the Jackson Laboratory (stock #016211). The 

offspring were then crossed with Vav-iCre mice (stock #018968, the Jackson Laboratory) 

(11) to obtain Agtr1afl/fl:Vav-Cre mice. Reagents will be made available through a material 

transfer agreement.

Leukemia characterization

We performed the procedure as previously described (17). After transplantation, we 

monitored the survival; examined the size and histological properties of the BM, spleen, 

and liver; and analyzed the numbers and infiltration of leukemia cells in the PB, BM, 

spleen, and liver. Complete blood counts in PB were measured using a Hemavet 950FS. 

We also characterized different populations of leukemia cells using flow cytometry. 

Leukemia characterization was performed by investigators blinded to the experimental 

groups. Moribund leukemic mice were euthanized, and the time was recorded as the time of 

death. Mice that died for reasons unrelated to leukemia within 10 days after transplantation 

were excluded from the data analysis.

CUT&RUN

CUT&RUN was performed using CUT&RUN Assay Kit (Cell Signaling Technologies, 

#86652) according to the manufacturer’s instructions. Briefly, cells were harvested, washed, 

and bound to activate concanavalin A–coated magnetic beads and permeabilize. The bead-

cell complex was incubated overnight with the Notch1 (Cell Signaling Technologies, 

#3608), H3K27ac (Cell Signaling Technologies, #D5), or H3K27me3 (Cell Signaling 

Technologies, #C36B11) antibody at 4°C. Cells were washed three times and resuspended 

in 100 μl of protein A and G/micrococcal nuclease and incubated for 1 hour at room 

temperature. DNA fragments were isolated by phenol/chloroform extraction followed by 

ethanol precipitation. CUT&RUN libraries were prepared using the DNA library prep kit 

for Illumina systems (Cell Signaling Technologies, #56795) according to the manufacturer’s 

instructions. Library quality was assessed using a TapeStation 4200 (Agilent). Sequencing 

was performed on an Illumina NovaSeq platform in 150–base pair paired-end mode.
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Echocardiography

For the evaluation of cardiac function, mice were anesthetized with 1% isoflurane and 

analyzed with a Vevo 3100 High Resolution Imaging System (Visual Sonics Inc.) equipped 

with a 30-MHz probe (MS550D) (Visual Sonics). Echocardiographic parameters were 

measured under the long-axis M-mode when heart rate was about 450 beats/min. LVEF was 

calculated as previously described (dividing the stoke volume by the end-diastolic volume) 

(50).

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0 (GraphPad) or R. For 

comparison of two groups, we used Student’s t test and when comparing three or more 

groups, and one-way or two-way analysis of variance (ANOVA) was used with Fisher’s test 

for post hoc analyses. The survival rates of the two groups were analyzed using a log-rank 

test and were considered statistically significant if P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. AGTR1, a shared factor between AML and CVD, is essential for hAML development.
(A) Shown is a UMAP plot of patients with AML (red; n = 2657) and patients with CVD 

(black, n = 176). (B) Shown is a UMAP plot as in (A) colored according to the identified 

12 clusters. (C) The pie charts show the relative distribution within each cluster by patients 

with AML and patients with CVD across the clusters. (D) The Venn diagram depicts the 

overlap between AML-related genes (identified from harmonizome, n = 358), CVD-related 

genes (identified from harmonizome, n = 268), and DEGs between each of clusters 6, 7, and 

8, against clusters 1, 2, 3, 9, and 11. (E) The heatmap-related genes of AML/CVD identified 

through (D). Cell clusters are annotated at the top. (F) AGTR1 gene expression in blood 

cells of patients with AML (n = 706) and of healthy control (n = 15) from BEATAML. 

Data are individual measurements. Student’s t test, ***P < 0.001. (G) Representative flow 

cytometry plots are shown of the AGTR1 expression on cells of patients with AML and 

healthy control cord blood. Numbers above bracketed lines indicate the median fluorescence 

intensity (MFI) of the CD34+AGTR1+ cell population. (H) Quantification of (G) shows that 
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the comparison of AGTR1 MFI of CD34+ cells in patients with AML (n = 16) and healthy 

control cord blood (n = 12) is shown. Student’s t test, ***P < 0.001. (I) Shown is the 

comparison of CFU forming ability after AGTR1-KD in hAML cells from different patients 

(10,000 cells per well, n = 3 wells). x axis is hAML sample ID. Student’s t test, ***P < 

0.001. (J) Shown is the survival curve of hAML cell (patient #1)–transplanted NSG mice 

infected with scramble or shAGTR1-474 virus (n = 6 mice). Log-rank test, P < 0.0001. (K) 

Shown is the survival curve of hAML cell (patient #2)–transplanted NSG mice infected with 

scramble or shAGTR1-474 virus (n = 6 mice). Log-rank test, P < 0.0001. (L) Shown is the 

survival curve of hAML cell (patient #3)–transplanted NSG mice infected with scramble or 

shAGTR1-474 virus (n = 6 mice). Log-rank test, P < 0.0001. (M) Shown is the summary 

(patient #1) of the proportions of GFP+ cells in the BM, spleen (SP), liver (LV), and PB at 

day 120 after transplantation or when mice were euthanized (n = 6 mice). Student’s t test, 

***P < 0.001. (N) Shown is the summary (patient #2) of the proportions of GFP+ cells in 

the BM, spleen, liver, and PB at day 120 after transplantation or when mice were euthanized 

(n = 6 mice). Student’s t test, ***P < 0.001. (O) Shown is the summary (patient #3) of the 

proportions of GFP+ cells in the BM, spleen, liver, and PB at day 120 after transplantation 

or when mice were euthanized (n = 6 mice). Student’s t test, ***P < 0.001. (P) Bar plot 

shows the comparison of the weight of spleens of the mice transplanted with hAML cells 

expressing shRNA targeting AGTR1 or scramble control (n = 6 mice). x axis is hAML 

sample ID. Student’s t test, ***P < 0.001. Data are means + SD.
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Fig. 2. Agtr1a KO reduces AML development through impaired LSC stemness in mice.
(A) Shown are the survival curves of mice receiving MLL-AF9 infected Agtr1a+/+ and 

Agtr1a−/− HSPCs (n = 10 mice). Log-rank test, P = 0.004. (B) Shown is the comparison 

of the proportions of GFP+ AML cells in the BM, SP, LV, and PB of mice transplanted 

with Agtr1a+/+ and Agtr1a−/− MLL-AF9 cells 4 weeks after transplantation (n = 5 mice). 

Student’s t test, **P < 0.001 and ***P < 0.001. (C) Shown is the SP weight of mice 

transplanted with Agtr1a+/+ and Agtr1a−/− MLL-AF9 cells 4 weeks after transplantation (n 
= 5 mice). Student’s t test, ***P < 0.001. (D) Shown is the LV weight of mice transplanted 

with Agtr1a+/+ and Agtr1a−/− MLL-AF9 cells 4 weeks after transplantation (n = 5 mice). 
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Student’s t test, ***P < 0.001. (E) Shown are the histological analysis of AML infiltration 

in the SP, LV, and PB and immunofluorescence analysis of the BM of mice 6 weeks after 

transplantation (hematoxylin and eosin staining for SP and LV, HEMA 3 staining for PB 

samples, and GFP that represents AML cells). Original magnification, ×600. Scale bars, 

50 μm. (F) Shown are survival curves of mice receiving AML1-ETO9a–infected Agtr1a+/+ 

and Agtr1a−/− HSPCs (n = 10 mice). Log-rank test, P < 0.0001. (G) Percentages of AML1-

ETO9a GFP+ leukemia cells in BM at 8 weeks after transplantation (n = 5 mice). Student’s 

t test, ***P < 0.001. (H) RNA-seq analysis shows the DEGs (1.5 FC, P < 0.05) of Agtr1a−/− 

versus Agtr1a+/+ MLL-AF9+ AML cells (n = 2 groups). Genes of interest are highlighted. 

(I) Dot plot of gene set enrichment analysis (GSEA) results illustrates the biological 

processes associated with Agtr1a KO. P values are annotated with a colored scheme. NES, 

normalized enrichment score. (J) Representative of immunophenotypic analysis shows the 

AML stem cell (AML-SC) population [GMP-like leukemic cells (L-GMP, GFP+Lin−Sca-1− 

IL7R−Kit+CD34+FcγRII/III+)] from the BM of Agtr1a+/+ and Agtr1a−/− MLL-AF9 AML 

mice at moribund stage (n = 5 mice). (K) The bar plot shows absolute numbers of L-GMP 

in the BM of Agtr1a+/+ and Agtr1a−/− MLL-AF9 AML mice at 6 weeks after transplantation 

(n = 5 mice). Student’s t test, ***P < 0.001. (L) The bar plot shows absolute numbers of 

LSC (GFP+Lin−Sca1−Kit+) in the BM of mice transplanted with Agtr1a+/+ or Agtr1a−/− 

AML1-ETO9a cells at 8 weeks after transplantation (n = 5 mice). Student’s t test, ***P 
< 0.001. (M) Bar plot shows the comparison of CFU capability of Agtr1a+/+ or Agtr1a−/− 

MLL-AF9 AML cells during serial plating (2000 cells per well, n = 3 wells). Student’s t 
test, ***P < 0.001 and *P < 0.05. (N) Shown is the survival curve of secondary transplanted 

mice receiving 2000 Agtr1a+/+ and Agtr1a−/− AML cells (n = 15 mice). Log-rank test, P < 

0.0001. (O) Bar plot shows the proportion of GFP+ AML cells in the PB of mice secondary 

transplanted with Agtr1a+/+ or Agtr1a−/− AML cells at 4 weeks after transplantation (n = 

10 mice). Student’s t test, ***P < 0.001. (P) Representative flow cytometry analysis shows 

the cell cycle progression of Agtr1a+/+ and Agtr1a−/− MLL-AF9 AML-SCs, stained with 

propidium iodide. Numbers above bracketed lines indicate the percentage of cells in phases 

G0-G1, S (middle), and G2-M (right). (Q) Shown is the quantification of results in (J) (n 
= 6 mice), Agtr1a−/− versus Agtr1a+/+, for G0-G1, S, and G2-M. Student’s t test, ***P < 

0.001. (R) p-H2AX, phosphorylation of histone H2AX at Ser139 in Agtr1a+/+ and Agtr1a−/− 

MLL-AF9 AML cells, is shown by flow cytometer. (S) Bar plot shows the MFI of p-H2AX 

in Agtr1a+/+ and Agtr1a−/− MLL-AF9 AML cells. Data are means + SD. Student’s t test, 

***P < 0.001. Data are means + SD.
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Fig. 3. Rescued Notch1 abrogates impaired AML cell stemness and cell division induced by 
Agtr1a KO in mice.
(A) Enrichment map analysis of leading edge shows significantly enriched pathways, 

including cardiovascular regulation, cell proliferation, immune response, and metabolism, 

in Agtr1a−/− compared with Agtr1a+/+ AML cells. The length and thickness reflect the 

connectivity between each node. (B) GSEA plot shows significant down-regulation of 

Notch1 pathway gene signatures upon Agt1ra depletion. FDR, false discovery rate. (C) 

Shown is the comparison of NICD protein amounts using nuclei extracted from Agtr1a−/

− (KO) and Agtr1a+/+ (WT) MLL-AF9+ BM cells of three primarily transplanted mice. 

Quantification of relative expression (NICD/LaminB 1) is shown by a bar plot at the lower 

panel (n = 3). Student’s t test, ***P < 0.001. (D) Immunoblot (IB) analysis using Notch1 

antibody shows Notch-binding native γ-secretase protein assemblies (nicastrin, presenilin 

1/2, and PEN2). Quantification of relative expression scaled by immunoprecipitation (IP)–

Notch1 is shown by a bar plot at the bottom panel (n = 3). Student’s t test, ***P < 

0.001. IgG, immunoglobulin G. (E) Western blot shows Notch1 expression after Notch1 or 

scramble overexpression in Agtr1a+/+ and Agtr1a−/− MLL-AF9+ BM cells. Quantification 

of relative expression (NICD/actin) is shown by a bar plot at the bottom panel (n = 3). 

Student’s t test, ***P < 0.001. (F) Shown are the survival curves of mice transplanted with 

2000 ectopically Notch1-expressing or control cells. Agtr1a+/+ or Agtr1a−/− MLL-AF9+ 

BM cells in primarily transplanted mice were collected at 40 days and were infected with 
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Notch1-encoding or control virus and transplanted into mice (n = 10 mice). Log-rank test, 

***P < 0.001. (G) Bar plot shows the proportions of GFP+ AML cells in PB of secondary 

recipient mice after 28 days of transplantation (n = 10 mice). Student’s t test, ***P < 

0.001; NS, P > 0.05. (H) Bar plot shows the colony-forming ability of Agtr1a−/− MLL-AF9+ 

BM cells with reintroduction of Notch1 or infected with the control virus (2000 cells 

per well, n = 3 wells). Student’s t test, ***P < 0.001; NS, P > 0.05. (I) Bar plot shows 

Notch1 reintroduction rescued S phase arrest induced by Agtr1a KO in MLL-AF9 AML 

cells. Student’s t test, ***P < 0.001; NS, P > 0.05. (J) Bar plot shows the comparison of 

DNA damage in Agtr1a KO MLL-AF9 AML cells with or without Notch1 reintroduction. 

Student’s t test, ***P < 0.001. Data are means + SD.

Pan et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2024 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. AGTR1-Notch1 signaling regulates 3D genomic structure of chemoresistance genes.
(A) GSEA shows large-scale histone modification gene signatures change between 

Agtr1a+/+ and Agtr1a−/− AML cells. (B) Snapshot of an example region shows Hi-C and 

CUT&RUN for H3K27ac, Notch1, H3K27me3, and RNA-seq data in the same region of a 

WT or KO mouse. Values for the y axis for the data were normalized to sequencing depths. 

(C) Heatmap shows DBGs of CUT&RUN between WT and Agtr1a KO MLL-AF9 AML. 

(D) Bar plot shows the proportion of A/B compartment switching in each chromosome after 

Agtr1a KO in MLL-AF9 AML. (E) Bar plot shows the number of differentially binding 
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sites on each chromosome in CUT&RUN data for Notch1, H3K27ac, and H3K27me3 after 

Agtr1a KO in MLL-AF9 AML. (F) Heatmap shows top DBGs between H3K27ac, Notch1, 

and H3K27me3. (G) Left shows Hi-C matrix surrounding of top DBGs identified in (F). 

Right, from top to bottom, shows the genome browser tracks for H3K27ac of Agtr1a WT 

and KO, Notch1 of Agtr1a WT and KO, H3K27me3 of Agtr1a WT and KO, and RNA-seq 

of Agtr1a WT and KO as a color scheme in (B). The gray arcs mark the loop anchors, which 

link the DBGs to distal enhancers.
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Fig. 5. An AGTR1 inhibitor simultaneously sensitizes AML to chemotherapy and relieves 
chemotherapy-induced cardiotoxicity.
(A) Shown are the survival curves of hAML-transplanted NSG mice treated by PBS, 

losartan, AraC, or losartan + AraC (treatment starts at 4 weeks after transplantation) 

(n = 10). Log-rank test, ***P < 0.001. (B) Shown is the representative flow cytometry 

analysis of hCD34+hCD45+ hAML cell percentage in PB of mice treated by PBS, losartan, 

AraC, or losartan + AraC. (C) Bar plot shows quantification of absolute numbers of the 

hCD34+hCD45+ hAML cell percentage in PB of mice treated by PBS, losartan, AraC, or 

losartan + AraC (n = 10 mice). Student’s t test, ***P < 0.001 and ###P < 0.001 compared 

with PBS. (D) Shown are the representative M-mode echocardiographic images of hearts of 

mice treated by PBS, losartan, AraC, or losartan + AraC 4 and 8 weeks after transplantation. 

Yellow and red lines indicate left ventricular end-diastolic diameter and left ventricular 

end-systolic diameter, respectively. Scale bars, 200 ms, 3 mm. (E) Bar plot shows LVEF 

of hearts of mice treated by PBS, losartan, AraC, or losartan + AraC (n = 10) 4 and 8 

weeks after transplantation. Student’s t test, ***P < 0.001; NS, P > 0.05. (F) Bar plot shows 

plasma BNP amount of mice treated by PBS, losartan, AraC, or losartan + AraC (n = 10) 

4 and 8 weeks after transplantation. Student’s t test, ***P < 0.001. (G) Bar plot shows 

plasma troponin T (TnT) amount of mice treated by PBS, losartan, AraC, or losartan + AraC 

(n = 10) 4 and 8 weeks after transplantation. Student’s t test, *P < 0.05; ***P < 0.001; 
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NS, P > 0.05. (H) Shown are the representative images of hematoxylin and eosin (×600) 

staining of cardiomyocyte area in heart sections from mice treated in by PBS, losartan, 

AraC, or losartan + AraC. Scale bar, 20 μm. (I) Bar plot shows the relative quantification 

of cardiomyocyte area in heart sections from mice treated in by PBS, losartan, AraC, or 

losartan + AraC (n = 10 mice). Student’s t test, *P < 0.05 and ***P < 0.001. (J) Shown 

are the representative images of caspase-9 staining in heart sections from mice treated by 

PBS, losartan, AraC, or losartan + AraC. The arrow denotes caspase-9 positive sites. Scale 

bar, 20 μm. (K) Bar plot shows relative quantification of caspase-9 staining in heart sections 

from mice treated by PBS, losartan, AraC, or losartan + AraC (n = 10 mice). Student’s t 
test, ***P < 0.001. DAPI, 4′,6-diamidino-2-phenylindole. (L) Shown are the representative 

images of trichrome staining (×200) of heart sections from mice treated by PBS, losartan, 

AraC, or losartan + AraC. The arrow denotes fibrotic sites. (M) Bar plot shows the relative 

quantification of trichrome staining in heart sections from mice treated by PBS, losartan, 

AraC, or losartan + AraC (n = 10 mice). Student’s t test, ***P < 0.001. Data are means + 

SD.
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Fig. 6. AGTR1 activation associates AML- and chemotherapy-induced cardiomyocyte toxicity.
(A) Heatmap depicts the ssGSEA projection of MA9 gene set and angiotensin gene sets 

on day 0 (D0), day 5 (D5), and day 28 (D28) after MA9 introduction. (B) Bar plot shows 

ACE gene expression in blood cells of patients with AML (n = 706) and of healthy control 

(n = 15) from BEATAML. Student’s t test, ***P < 0.001. Data are individual observations. 

(C) Bar plot shows the quantitative real-time polymerase chain reaction (PCR) analysis of 

the expression of Ace mRNA in AML cells isolated from healthy or MLL-AF9 mice BM 

(n = 3 mice per group), presented relative to expression by healthy cells. Student’s t test, 

***P < 0.001. (D) Bar plot shows the plasma angiotensin II (Ang II) amount of healthy 

or MLL-AF9 mice 4 weeks after transplantation (n = 6 mice per group). Student’s t test, 

***P < 0.001. (E) Bar plot show the quantitative real-time PCR analysis of the expression 

of transcripts encoding AGTR1 downstream genes Mapk1, Map2k1, Sos1, Raf1, Shc1, Jun, 

Egfr, and Grb2 in hearts isolated from healthy or AML mice 4 weeks after transplantation (n 
= 3 mice per group), presented relative to expression by healthy mice. Student’s t test, ***P 
< 0.001. (F) Bar plot show the quantitative real-time PCR analysis of Mapk1, Map2k1, Jun, 

and Egfr in hearts of mice treated by PBS, losartan, AraC, or losartan + AraC (n = 3 mice 

per group), presented relative to expression by healthy mice. Student’s t test, ***P < 0.001 

and ###P < 0.001 when compared with AraC. (G) GSEA plot shows activated angiotensin 

pathway gene signatures in doxorubicin-treated cardiomyocytes. Data are from Schwach et 

Pan et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2024 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al. (51), GSE232331. (H) Western blot shows NICD expression in hearts of mice treated by 

PBS, losartan, AraC, or losartan + AraC (n = 3). Student’s t test, *P < 0.05, **P < 0.01, and 

***P < 0.001.
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