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Summary 

Acute myeloid leukemia (AML) is the second most common pediatric leukemia, with relapse 

in >30% of the patients. Although pediatric AML patients' survival rate has been significantly 

improved in the last years using innovative and advanced therapeutic strategies, it remains 

unclear how AML cells evade chemotherapy resulting in relapse. In AML, it is known that there 

is a crosstalk between AML blasts and critical components in the bone marrow 

microenvironment (BMM), resulting in abnormal proliferation and differentiation blockage of 

stem cells, which disrupts the normal hematopoiesis in favor of leukemogenesis. Besides 

chromosomal abnormalities and clonal disorders, recent studies demonstrated that proteins and 

RNA cargoes associated with small extracellular vesicles (sEVs) released by AML blasts 

execute the molecular changes in the BMM and transform it into AML permissive 

microenvironment. Nevertheless, sEVs also contain other biomolecular cargoes, including 

DNA. Therefore, the current study aimed to evaluate the functional role of DNA and DNA-

protein complex (chromatin) associated with sEVs in pediatric AML.  

sEVs are membrane-enclosed nanovesicles (30-200 nm) released by both healthy and tumor 

cells into the extracellular space. Detailed functional studies of DNA associated with sEVs (EV-

DNA) were set back due to the lack of an sEV isolation method that efficiently separates sEVs 

from cell-free DNA (cfDNA) and apoptotic bodies. In this regard, using controlled culture 

conditions, we have established and optimized an efficient sEV isolation method suitable for 

EV-DNA functional studies by combining tangential flow filtration, size-exclusion 

chromatography, and ultrafiltration, which we have termed “TSU”. Our results demonstrated 

that TSU provides sEV-enriched fractions F2 and F3 with only EV-DNA without cell-free DNA 

and apoptotic bodies. Interestingly, we found that EV-DNA derived from AML-sEVs interacts 

with healthy bone marrow-derived mesenchymal stromal cells (BM-MSCs), a predominant 

component of BMM that has a pivotal role in clonal hematopoiesis and leukemogenesis.  

Next, three-dimensional (3D) confocal imaging analysis using Imaris software intriguingly 

revealed that most foreign EV-DNA is restricted at the recipient cell membrane barrier. At the 

same time, the remaining EV-DNA overcomes this barrier and localizes in the cytoplasm and 

nucleus. In the cytoplasm, we found that EV-DNA interacts with cytoplasmic DNA sensors 

(cGAS/STING) and endosomal proteins that direct towards lysosomal degradation 

(Rab5/Rab7). At this point, this finding raises the question of whether EV-DNA is alone or 

bound with DNA-binding proteins. 
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Although many studies showed that histones are abundant in sEVs, they have not shown their 

direct association with EV-DNA. For the first time, using atomic force microscopy, cryo-

electron microscopy, and 3D confocal imaging, we revealed that sEVs contain DNA and protein 

complexes resembling chromatin-like structures, which we termed EV-chromatin or 

Exogenotin. Mass spectrometry analysis of AML-derived EV-DNA-associated proteins 

showed that in addition to histones, desmosome proteins and S100 proteins were also abundant 

in EV-chromatin. Direct EV-DNA association or bound with histones is further confirmed by 

Western blot. Additionally, we revealed that healthy BM-MSCs treated with AML-sEVs 

downregulated p53 expression and its cell cycle (p21) and apoptosis-related proteins (BAX and 

PUMA). To further demonstrate whether the observed effect could be due to EV-DNA or EV-

chromatin, engineered polymersomes were utilized for the EV-DNA or EV-chromatin 

packaging. Surprisingly, we found that EV-chromatin, but not EV-DNA, regulates the 

proliferation of the BM-MSC cells by suppressing the p53-mediated transcription of p21. On 

the other hand, EV-chromatin apparently upregulated canonical p53 inhibitor (MDM2) in BM-

MSCs. Nevertheless, inhibition of MDM2 either by using inhibitor Siremadlin or by siRNA 

restored p53 activity in BM-MSCs. Altogether, our results indicate that AML-derived EV-

chromatin causes p53 dysfunction in healthy BM-MSCs through MDM2. In the future, 

revealing the role of additional proteins like S100 associated with EV-chromatin in BMM 

would enable the development of promising therapeutics to treat pediatric AML patients. 
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Zusammenfassung 

Die akute myeloische Leukämie (AML) ist die zweithäufigste pädiatrische Leukämie, die bei 

mehr als 30 % der Patienten zu einem Rückfall führt. Obwohl die Überlebensrate pädiatrischer 

AML-Patienten in den letzten Jahren durch innovative und fortschrittliche Therapiestrategien 

erheblich verbessert werden konnte, ist nach wie vor unklar, wie AML-Zellen der 

Chemotherapie entgehen können, was zu einem Rückfall führen kann. Es ist bekannt, dass es 

bei der AML eine Wechselwirkung zwischen AML-Blasten und kritischen Komponenten in 

der Mikroumgebung des Knochenmarks (BMM) gibt, die zu einer abnormalen Proliferation 

und einer Differenzierungsblockade der Stammzellen führt, wodurch die normale Hämatopoese 

zugunsten der Leukämogenese gestört wird. Neben Chromosomenanomalien und klonalen 

Aberrationen haben jüngste Studien gezeigt, dass kleine extrazelluläre Vesikel (sEVs), die mit 

Proteinen und RNA beladen sind, und die von AML-Blasten freigesetzt werden, diese 

molekularen Veränderungen im BMM bewirken und es in eine permissive Mikroumgebung für 

AML verwandeln. Allerdings enthalten sEVs auch andere biomolekulare Strukturen, 

einschließlich DNA.  Ziel der aktuellen Studie war es daher, die funktionelle Rolle der DNA 

und des DNA-Protein-Komplexes (Chromatin) in Verbindung mit sEVs bei pädiatrischer AML 

zu untersuchen.  

sEVs sind membranumschlossene Nanovesikel (30-200 nm), die sowohl von gesunden Zellen 

als auch von Tumorzellen in den extrazellulären Raum abgegeben werden. Detaillierte 

funktionelle Studien mit sEVs assoziierter DNA (EV-DNA) wurden durch das Fehlen einer 

sEV-Isolierungsmethode, die sEVs effizient von zellfreier DNA (cfDNA) und apoptotischen 

Vesikeln trennt, zurückgeworfen. In diesem Zusammenhang haben wir unter kontrollierten 

Kulturbedingungen eine effiziente sEV-Isolierungsmethode etabliert und optimiert, die sich für 

funktionelle EV-DNA-Studien eignet, indem wir Tangentialflussfiltration, 

Größenausschlusschromatographie und Ultrafiltration miteinander kombinieren, was wir als 

"TSU" bezeichnet haben. Unsere Ergebnisse zeigen, dass TSU sEV-angereicherte Fraktionen 

F2 und F3 mit ausschließlich EV-DNA ohne zellfreie DNA und apoptotische Vesikel liefern. 

Interessanterweise fanden wir heraus, dass EV-DNA aus AML-sEVs mit aus dem 

Knochenmark stammenden gesunde mesenchymalen Stromazellen (BM-MSCs) kommuniziert, 

die eine vorherrschende Komponente des BMM darstellt und eine zentrale Rolle bei der 

klonalen Hämatopoese und Leukämogenese spielt.  

Eine dreidimensionale (3D) konfokale Bildgebungsanalyse mit der Imaris-Software ergab, dass 

der größte Teil der fremden EV-DNA auf die Membranbarriere der Empfängerzellen 
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beschränkt ist. Trotzdem überwindet die verbleibende EV-DNA diese Barriere und lokalisiert 

sich im Zytoplasma und im Zellkern.  Im Zytoplasma fanden wir heraus, dass EV-DNA mit 

zytoplasmatischen DNA-Sensoren (cGAS/STING) und endosomalen Proteinen interagiert, die 

zum lysosomalen Abbau führen (Rab5/Rab7). Diese Erkenntnis wirft die Frage auf, ob EV-

DNA allein oder in Verbindung mit DNA-bindenden Proteinen vorliegt. 

Obwohl viele Studien gezeigt haben, dass Histone in sEVs reichlich vorhanden sind, konnten 

sie keine direkte Verbindung mit der EV-DNA zeigen. Mit Hilfe der Rasterkraftmikroskopie, 

der Kryo-Elektronenmikroskopie und der konfokalen 3D-Bildgebung konnten wir erstmals 

zeigen, dass sEVs DNA- und Proteinkomplexe enthalten, die chromatinähnliche Strukturen 

aufweisen, die wir als EV-Chromatin oder Exogenotin bezeichnet haben. Die 

massenspektrometrische Analyse von EV-DNA-assoziierten Proteinen zeigte, dass neben 

Histonen auch Desmosomenproteine und S100-Proteine reichlich im EV-Chromatin vorhanden 

waren. Die direkte Assoziation von EV-DNA mit Histonen oder deren Bindung an Histone 

wurde durch Western Blot weiter bestätigt. Darüber hinaus konnten wir zeigen, dass mit AML-

sEVs behandelte BM-MSCs die Expression von p53 und dessen Zellzyklus- (p21) und 

Apoptose-bezogenen Proteinen (BAX und PUMA) herunterregulieren. Um weiter zu zeigen, 

ob der beobachtete Effekt auf EV-DNA oder EV-Chromatin zurückzuführen ist, wurden für die 

Verpackung der EV-DNA oder des EV-Chromatins konstruierte Polymersomen verwendet. 

Überraschenderweise stellten wir fest, dass EV-Chromatin, nicht aber EV-DNA, die 

Proliferation der BM-MSC-Zellen durch Unterdrückung der p53-vermittelten Transkription 

von p21 reguliert. Andererseits hat EV-Chromatin offenbar den kanonischen p53-Inhibitor 

(MDM2) in BM-MSCs hochreguliert.  Die Hemmung von MDM2 durch den Inhibitor 

Siremadlin oder siRNA stellte jedoch die p53-Aktivität in BM-MSCs wieder her. Insgesamt 

deuten unsere Ergebnisse darauf hin, dass das aus AML stammende EV-Chromatin über 

MDM2 eine p53-Dysfunktion in gesunde BM-MSCs verursacht. In Zukunft würde die 

Aufdeckung der Rolle zusätzlicher Proteine wie S100, die mit EV-Chromatin in BMM 

assoziiert sind, die Entwicklung vielversprechender Therapeutika zur Behandlung pädiatrischer 

AML-Patienten ermöglichen.  
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List of abbreviations 

AFM Atomic Force Microscopy  

AML Acute Myeloid Leukemia  

BM-HSCs Bone marrow-derived hematopoietic stem cells 

BM-MSCs Bone marrow-derived mesenchymal stem cells 

BMM Bone marrow microenvironment 

cfDNA Cell-free DNA 

cGAS Cyclic GMP-AMP synthase 

CML Chronic Myeloid Leukemia  

EPs Extracellular Particles  

ESCRT Endosomal sorting complex required for transport  

EVs Extracellular Vesicles 

gDNA Genomic DNA  

HSCs Hematopoietic stem cells 

HSPCs Hematopoietic stromal progenitor cells 

ILVs Intraluminal Vesicles  

lEVs Large Extracellular Vesicles 

miRNA Micro-RNA  

MSCs Mesenchymal stem cells  

mtDNA Mitochondrial DNA  

MVBs Multivesicular Bodies  

PBP Polymer-based precipitation 

PEG Polyethylene glycol 

sEVs Small Extracellular Vesicles  

STING Stimulator of interferon genes 

TDSE Tumor-derived small extracellular vesicles 

TFF Tangential flow filtration  

TSU Tangential flow filtration + Size exclusion chromatography + Ultrafiltration 

UC Ultracentrifugation 
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1. Introduction 

1.1. Pediatric acute myeloid leukemia  

Acute myeloid leukemia (AML) is a hematopoietic disorder in which bone marrow makes 

multitude of immature white blood cells called myeloblasts or leukemic blasts (Huang et al. 

2020). AML occurs mainly in adults; however, 15 to 20% of all pediatric acute leukemias 

correspond to only pediatric AML (Lagunas-Rangel et al. 2017; de Rooij, Zwaan, and van den 

Heuvel-Eibrink 2015). Over the last decades, the survival rate of pediatric AML patients has 

been significantly improved by up to 75% using intensive chemotherapy and stem-cell 

transplantation (Reinhardt, Antoniou, and Waack 2022). However, many pediatric AML 

patients develop chemoresistance during remission resulting in relapse in more than 30 % of 

patients, and the mechanism involved in it is not well understood.   

Recent advances in the characterization of the molecular and genomic landscapes of pediatric 

AML have resulted in the development of new treatments, such as molecular-targeted therapy 

and immunotherapy (Chen and Glasser 2020). The strategy of pediatric AML management 

adopted by the Department of Pediatrics III, University Hospital of Essen includes, but is not 

limited to, innovative diagnostic and therapeutic interventions as well as supportive care. In 

addition to advancing our pediatric AML therapeutic strategy, enhancing our understanding of 

the biological properties of AML in more detail could open new insights to expand and 

personalize pediatric AML treatment options in the next few years.  

1.2. Bone marrow microenvironment in AML 

AML is the most aggressive leukemia, which progresses very rapidly characterized by 

chromosomal rearrangements and gene mutations leading to aberrant clonal expansion and 

differentiation blockage of hematopoietic stem cells (HSCs), their progenitor cells (HSPCs) and 

mesenchymal stem cells (MSCs) in the bone marrow microenvironment (BMM) resulting in 

bone marrow failure (Asada et al. 2019; Yao et al. 2021; Rubnitz, Gibson, and Smith 2010; 

Lipner 2022). BMM is known to play a vital role in AML progression and contributes to 

treatment failure or success (Hanahan and Coussens 2012). BMM is a complex niche that 

contains various cell populations, including endothelial cells, HSCs, MSCs, fibroblasts, 

osteoblasts, adipocytes, and many immune cells (Figure 1) (Duarte, Hawkins, and Lo Celso 

2018).  
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Figure 1: Comparison between the normal and AML BMM. BMM comprises hematopoietic cells, stem cells, 
endothelial cells, fibroblasts, and extracellular matrix. Compared to normal BMM, AML BMM includes 
differential remodeling of the vasculature, alteration of cytokines secretion, involvement of hypoxia 
microenvironment, and maintenance of low ROS, which lead to AML development and further chemoresistance. 
AML acute myeloid leukemia, BMM bone marrow microenvironment, HSC hematopoietic stem cells, MSC 
mesenchymal stem cells, MSC-EV MSC-derived extracellular vesicles, TGF-β transforming growth factor-β, HIF 
hypoxia-inducible factor, ROS reactive oxygen species. Figure adapted from Yao et al. (Yao et al. 2021). 

To support normal hematopoiesis, BM-HSCs receive multiple signals from the neighboring 

cells in BMM to support BM-HSC's self-renewal and differentiation (Greenbaum et al. 2013; 

Ding et al. 2012). In AML, it is known that AML blasts send various signals to different 

components in the BMM, which disrupts the normal hematopoiesis maintained by stromal cells 

and in favor of the development of leukemogenesis or chemoresistance (Schepers et al. 2013; 

Anderson et al. 2020; Sison and Brown 2011; Sendker, Waack, and Reinhardt 2021; Duarte, 

Hawkins, and Lo Celso 2018; Waclawiczek et al. 2020). Besides chromosomal abnormalities 

and clonal disorders, it has been shown recently that the small extracellular vesicles (sEVs) 

released by leukemia cells induce molecular changes in the BMM and transform BMM into 

leukemia permissive microenvironment (Kumar et al. 2018; Kumar et al. 2016; Butler, 

Abdelhamed, and Kurre 2018). 

One of the most studied tumor suppressor proteins, p53 is known for its role in cell cycle 

regulation for preventing the propagation of cells with serious DNA damage through the 

transactivation of its target genes to induce cell cycle arrest or apoptosis (Ozaki and 

Nakagawara 2011; Chen 2016). In AML, p53 mutations are prevalent in 58% of newly 

diagnosed patients and 3040% of therapy-resistant patients (Seifert et al. 2009; Nahi et al. 
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2008). In addition, p53 function is not only suppressed through mutations but also through the 

overexpression of canonical p53 negative regulators such as MDM2 or its homolog MDM4 

(Kubbutat, Jones, and Vousden 1997; Quintas-Cardama et al. 2017).  

It is well known that p53 is highly expressed in one of the critical components of BMM, such 

as BM-MSCs, which results in the transcriptional activation of the cell cycle arrest protein, p21, 

required to maintain normal hematopoiesis (Asai et al. 2011; Fei et al. 2014). Also, Boregowda 

et al. recently demonstrated that p53−/− BM-MSCs are defective in supporting normal 

hematopoiesis due to the low secretion of various cytokines, including CXCL12 and CSF1 

(Boregowda et al. 2018). 

1.3. Extracellular vesicles (EVs) and their nomenclature 

Extracellular vesicles (EVs) are heterogeneous populations of phospholipid bilayer-surrounded 

particles ranging from 3010000 nm released by most cell types into the extracellular space. 

Unlike eukaryotic cells, EVs do not contain a functional nucleus and, therefore, cannot replicate 

(Doyle and Wang 2019; Willms et al. 2018; Zaborowski et al. 2015; Thery et al. 2018). The 

most widely studied EVs, such as exosomes, were first identified in 1983 by Johnstone and 

Stahl laboratories (Pan and Johnstone 1983; Harding, Heuser, and Stahl 1983). They showed 

that immature reticulocytes labeled transferrin receptors were repackaged and secreted out as 

small vesicles ( 50 nm) containing only mature reticulocytes into the extracellular space. For 

many years, it was envisioned that cells would release EVs as part of the waste disposal system. 

Only in recent years, EVs have gained greater attention in scientific research due to their diverse 

functions in intercellular signaling both in normal and pathophysiological conditions (Yanez-

Mo et al. 2015; Admyre et al. 2007). 

EVs are very heterogenous in nature due to their different origin, modes of release, sizes and 

cargoes (Anand, Samuel, and Mathivanan 2021). EVs are commonly found in almost all human 

body fluids, including blood, urine, saliva, cerebrospinal fluid, and breast milk (Thery et al. 

2006; Armstrong and Wildman 2018; Pulliero et al. 2019). EVs contain functional cargoes of 

biological molecules such as proteins (Logozzi et al. 2009; Kumar et al. 2018), lipids (Ramos-

Garcia et al. 2023), metabolites (Zebrowska et al. 2019; Harmati et al. 2021), and nucleic acids 

including DNA (Thakur et al. 2014; Kahlert et al. 2014), mRNA (Lotvall and Valadi 2007; 

Valadi et al. 2007), micro RNA (miRNA) (Mittelbrunn et al. 2011; Umezu et al. 2014), and 

long noncoding RNA (lncRNA) (Lee et al. 2019; Zeng et al. 2019). The composition and 

secretion level of EVs can be influenced by various environmental factors and health conditions 
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(Patel et al. 2017; King, Michael, and Gleadle 2012). Based on their size and biogenesis, EVs 

are currently classified into exosomes (50150 nm), ectosomes or microvesicles (1001000 

nm), migrasomes (5003000 nm), large oncosomes (100010,000 nm), and apoptotic bodies 

(10005000 nm) (Figure 2) (Hristov et al. 2004; Yanez-Mo et al. 2015; Muller et al. 2014; 

Ghanam et al. 2022; Anand, Samuel, and Mathivanan 2021).  

Figure 2. Heterogeneous populations of extracellular vesicles (EVs). Small extracellular vesicles (sEVs) have 

a size range of 30200 nm. sEVs population includes both exosomes (EX) and microvesicles (MV). Large 

extracellular vesicles or lEVs (20010000 nm) are membrane-enclosed vesicles that are larger than 200 nm. lEVs 
include migrasomes (MG), large oncosomes (LO), and apoptotic bodies (AB). Recently discovered extracellular 
particles (EPs) do not contain lipid bilayer enclosed membrane and are less than 30 nm. EPs include exomeres, 
supermeres, and chromatimeres. 

Recently, new 30-nm-sized non-membranous RNA containing extracellular particles (EPs) 

secreted by cells were revealed and named exomeres and supermeres (Zhang et al. 2018; Zhang 

et al. 2021). Similarly, another EPs containing DNase-resistant chromatin known as 

chromatimeres was recently found (Choi et al. 2019). Unlike other EV subtypes, biogenesis and 

the biological function of exomeres, supermeres, and chromatimeres are still unclear.  

1.4. Small extracellular vesicles (sEVs) and their biogenesis  

Among the various EV subtypes, exosomes and microvesicles are the most well studied due to 

their significant impact on health and disease. (Raposo and Stoorvogel 2013). Since there is a 

size overlap (100150 nm) and no consensus has yet emerged on specific EV markers of 

exosomes and microvesicles, MISEV2018 guidelines suggest the EV researchers to use the 

term small extracellular vesicles (sEVs) for the EVs that are smaller than 200 nm and the large 

extracellular vesicles (lEVs) for the EVs that are larger than 200 nm (Thery et al. 2018). 

Initially, exosomes were regarded as cellular debris generated from cell damage that has no 

biological function on neighboring cells. Only in the past few years, scientists identified that 
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exosomes contain complex functional cargo of biomolecules that can be delivered to the target 

cells to reprogram their cellular physiological processes (Kanada et al. 2015).  

Exosomes are secreted through unique biogenesis pathway via multivesicular bodies (MVBs) 

or late endosomes (Figure 3). Exosomes production starts with the process of inward budding 

of MVBs to generate intraluminal vesicles (ILVs) (Zhang et al. 2019). MVBs were generated 

through different proposed pathways, and the most well-known is the endosomal sorting 

complex required for transport (ESCRT) dependent pathway (Wollert and Hurley 2010). We 

have clearly elaborated the currently known MVBs generation pathways in our recently 

published review (Ghanam et al. 2022). During the formation of MVBs, certain proteins, 

including tetraspanins, are incorporated into the invaginating membrane of ILVs. At the same 

time, some cytosolic proteins, nucleic acids, and lipids are attached and enclosed within the 

ILVs (Abels and Breakefield 2016). Afterward, most of the MVBs containing ILVs fuse with 

the plasma membrane, and the ILVs are released as exosomes into the extracellular space (Janas 

et al. 2016). 

Figure 3. Small extracellular vesicles biogenesis. Cells release heterogeneous population of small extracellular 
vesicles (sEVs), including exosomes and microvesicles. sEV biogenesis starts from the early endosomes enriched 
with different tetraspanin microdomains, which then leads to the formation of late endosomes or multivesicular 
bodies (MVBs) to generate intraluminal vesicles. Various mechanisms have been proposed for the MVBs 
formation and cargo loading. The most studied and well-known mechanism is the endosomal sorting complex 
required for transport (ESCRT) dependent pathway. Figure modified from Ghanam et al. (Ghanam et al. 2022). 
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It is also known that some of the MVBs containing ILVs fuse with the lysosomes/ 

autophagosomes and undergo subsequent degradation. This process is known as autophagy 

(Xu, Camfield, and Gorski 2018). On the other hand, the biogenesis of microvesicles is not well 

characterized compared to exosomes. Microvesicles are plasma membrane-derived sEVs that 

are released into the extracellular space as a result of the direct outward blebbing of the plasma 

membrane (Stahl et al. 2019; Raposo and Stoorvogel 2013).  

1.5. Internalization of sEVs in the recipient cells  

In general, cells communicate with neighboring cells via direct cell-cell contact and through 

soluble factors such as cytokines and hormones (Camussi et al. 2010). Similarly, sEVs are 

involved in intercellular communication in various disease contexts, including cancer, by 

transferring their cargoes from one cell to another (Chetty et al. 2022; Lotvall and Valadi 2007; 

Valadi et al. 2007; Torralba et al. 2018; Lai et al. 2015). There are different viewpoints by 

which sEV internalization takes place in the recipient cells. It is not clear yet whether sEV 

internalization in the target cells occurs with or without immune cells to elicit distinct cellular 

responses.  
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Figure 4. Uptake of exosomes in the recipient cells. Exosomes derived from various sources are known to be 

involved in cell-cell communication by transferring their cargo from the host to the recipient cells. In general, 

exosomes enter the recipient cells through receptor-mediated endocytosis, clathrin-coated pits, lipid rafts, 

phagocytosis, caveolae, and macropinocytosis. Entry of specific cargoes from exosomes can involve ligand-

receptor–induced intracellular signaling or fusion to release their contents in the cytoplasm to mediate various 

cellular physiological effects. Figure adapted from Kalluri et al. (Kalluri and LeBleu 2020). 

sEVs secreted by a particular cell type may interact with target cells through its cargo binding 

with cell surface receptors that specifically recognize them. As a result, sEVs get internalized 

in the target cells and fuse with endosomes (receptor-mediated endocytosis) to release their 

cargo contents in the cytosol (Figure 4) (Losche et al. 2004). It is also possible that only specific 

sEV cargo, not complete sEVs, get internalized in the target cells (soluble signaling) (McKelvey 

et al. 2015). Clathrin-mediated endocytosis and macropinocytosis are the two most common 

mechanisms by which sEV internalization occurs in the recipient cells (Tian et al. 2014). 

Clathrin-mediated endocytosis is a vesicular transport event in which clathrin-coated vesicles 

bud off from the plasma membrane and are internalized into the target cell (McKelvey et al. 

2015), whereas macropinocytosis is a non-specific endocytic pathway characterized by 

internalization of extracellular materials in eukaryotic cells (McKelvey et al. 2015; Song et al. 

2020). Many studies have previously demonstrated that sEVs released from tumor cells were 

internalized into the recipient or target cells by clathrin-mediated endocytosis and 

macropinocytosis (Tian et al. 2014; Costa Verdera et al. 2017). On the other hand, following 

plasma membrane fusion, some of the internalized sEVs are transferred to lysosomes for 

subsequent degradation (phagocytosis) (Camussi et al. 2010; Cocucci, Racchetti, and Meldolesi 

2009; McKelvey et al. 2015).  

1.6. Role of sEVs in cancer 

sEVs are considered to be a key player involved in cancer development, progression and 

metastasis in different ways, including the remodeling of tumor microenvironment (TME). 

Nevertheless, the exact mechanisms involved in these processes remain unclear. In TME, 

tumor-derived sEVs (TDSE) acts as a signal mediator by transferring their cargo from the tumor 

to stromal cells to promote tumor progression (Liu et al. 2006), angiogenesis (Umezu et al. 

2014; Nazarenko et al. 2010) and metastasis (Hoshino et al. 2015). Due to all these unique 

functions, sEVs serve as an attractive therapeutic target for different tumors (Campanella et al. 

2019). 

Many studies reported that TDSE could induce enhanced tumor cell proliferation (Qu et al. 

2009; Matsumoto et al. 2017). For instance, it was shown that chronic myeloid leukemia 
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(CML)-derived exosomes promoted the proliferation and survival of CML cells through the 

activation of anti-apoptotic pathways (Raimondo et al. 2015). In addition, TDSE plays a role in 

promoting pro-tumorigenic effect by transferring chemoresistance in the tumor-tumor 

communication (Maia et al. 2018). In lung cancer, it was shown that TDSE containing low 

levels of miR-100-5p by donor-resistant cells conferred increased cisplatin resistance to other 

cancer cells (Qin et al. 2017). TDSE can also alter the invasive potential of various tumors. In 

nasopharyngeal carcinoma, TDSE containing hypoxia-inducible factor 1 alpha (HIF1α) 

promoted pro-metastatic effects in the distant recipient cells (Aga et al. 2014). Not only that, 

sEVs can also suppress the function of the immune cells. In AML patients, it was demonstrated 

that TDSE decreased natural killer cell cytotoxicity by downregulating the expression of 

transmembrane protein, NKG2D (Szczepanski et al. 2011).  

1.7. Interaction of sEVs with bone marrow microenvironment in AML 

It has been known long ago that there is a crosstalk between AML blasts and different 

components in the BMM, leading to the suppression of normal hematopoiesis (Goulard, 

Dosquet, and Bonnet 2018). Only in recent years, some studies uncovered the novel features of 

AML leukemogenesis by showing how AML blasts modulate the BMM through sEV secretion, 

promoting leukemic cell proliferation and survival while compromising normal hematopoiesis 

(Bernardi and Farina 2021). Indeed, these studies demonstrated that AML-derived sEVs 

downregulated the expression of critical retention and supporting factors in BM-HSCs and BM-

MSCs, which suppresses the residual hematopoietic function in BMM (Huan et al. 2015; Kumar 

et al. 2018; Namburi et al. 2021; Hornick et al. 2016; Huan et al. 2013). It’s quite challenging 

to reveal the component present in AML-derived sEVs responsible for the suppression of 

normal hematopoiesis in BMM since sEVs contain a network of different proteins and nucleic 

acids cargo.  

Huan et al., 2013 showed that primary AML-derived sEVs containing coding and non-coding 

RNAs were up-taken by BM stromal cells, which altered their secretion of growth factors (Huan 

et al. 2013). On the other side, Hornick et al., 2016 demonstrated that miR-150 and miR-155 

contained in AML-sEVs suppressed normal hematopoiesis by inducing the translational 

suppression of c-MYB, a transcription factor involved in hematopoietic stromal progenitor cells 

(HSPCs) differentiation and proliferation (Hornick et al. 2016). Conversely, Namburi and 

colleagues illustrated that dipeptidylpeptidase4 (DPP4) containing sEVs derived from AML 

patients’ plasma suppressed the proliferation of HSPCs (Namburi et al. 2021). With these 

findings, we cannot rule out completely that only AML-sEV-associated RNA and protein 
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cargoes are responsible for AML leukemogenesis in the BMM, since other cargoes including 

DNA, is also associated with sEVs.  

1.8. sEV-derived nucleic acids as cancer biomarkers 

Some of the unique properties of sEVs make sEV-derived nucleic acids the exceptional 

candidate in liquid biopsy as cancer biomarkers. sEVs can be easily obtained from readily 

available human body fluids with minimal invasion (Liu et al. 2021; Alberro et al. 2021). sEVs 

are secreted by both healthy and malignant cells, and their secretion level is highly correlated 

with tumor invasiveness (Boussadia et al. 2018; Xavier et al. 2020). In general, the level of 

sEVs is always significantly higher in cancer patients compared to healthy controls (Konig et 

al. 2017; Abhange et al. 2021). In addition, sEV-derived nucleic acids contain molecular 

signatures, including the mutations reflecting the parental cancer cells from which they were 

released (Kontopoulou et al. 2020; Kunz et al. 2019; Thakur et al. 2014; Kahlert et al. 2014). 

Since sEV-derived nucleic acids are mostly enclosed inside the vesicles, they are highly 

protected from the nucleases degradation (Choi et al. 2013). As a whole, sEV-derived nucleic 

acids can be utilized as a real-time liquid biopsy monitoring tool for tumor progression or 

metastasis (Yu et al. 2022).  

Many studies focussed on the diagnostic and prognostic potential of sEV-derived nucleic acids 

for different cancers (Ghanam et al. 2022; Thakur et al. 2014; Kahlert et al. 2014; Maire et al. 

2021; Deddens et al. 2016; Hsu et al. 2017; Kunz et al. 2019; Kontopoulou et al. 2020). 

Compared to other EV nucleic acid cargoes, EV-DNA serves as a superior candidate to depict 

the pathological state of cancer. Because EV-DNA isolated from tumor-derived sEVs contains 

abundant biological information reflecting the whole genome of parental tumor cells, including 

the mutations (Ghanam et al. 2022; Kontopoulou et al. 2020; Chetty et al. 2022). Besides, recent 

studies revealed the presence of mitochondrial DNA (mtDNA) in addition to chromosomal 

DNA in sEVs (Guescini et al. 2010; Sansone et al. 2017; Chetty et al. 2022; Tsilioni and 

Theoharides 2018). Furthermore, EV-DNA contains more reliable biological information than 

circulating or cell-free DNA (cfDNA) because sEVs are secreted by living cells, and cfDNA is 

generated by apoptotic or dead tumor cells (Yu et al. 2022). Since cancer-derived sEVs 

represent only a minor fraction of total EV populations in body fluids, it is a prerequisite to 

implement or develop an ultrasensitive method using specific markers to detect only cancer-

associated sEVs for sEV-based cancer diagnostics. 
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1.9. Overview of EV-DNA functional studies 

For many years, it was well-known that sEV-associated proteins and RNA are transferred to 

the recipient cells to initiate some biological function. However, this is not the case with EV-

DNA. Because it was revealed only recently that DNA is associated with sEVs. Only in 2011, 

Balaj et al. showed the presence of single stranded DNA (ssDNA) association with exosomes 

(Balaj et al. 2011). Later in 2014, Thakur et al. and Kahlert et al. proved that the majority of 

DNA associated with exosomes is indeed double-stranded (dsDNA) (Kahlert et al. 2014; 

Thakur et al. 2014). Even though sEVs contain both intra- and extra-vesicular DNA (Chetty et 

al. 2022), the functional studies based on EV-DNA are very limited. This is due to the lack of 

a suitable sEV isolation method providing efficient separation of sEVs from other non-sEV 

components such as protein aggregates, lipoproteins, cell-free DNA (cfDNA), and apoptotic 

bodies. In the next section, we have explained how we addressed this limitation. In this section, 

a brief overview of prominent EV-DNA functional studies is summarized. 

Waldenström et al. were the first ones who showed that EV-DNA derived from cardiomyocytes 

sEVs was up-taken by fibroblasts and localized in cytoplasm and nucleus (Waldenstrom et al. 

2012). However, in this study, they failed to show whether the transferred EV-DNA is 

functional or not. Later, Cai et al. demonstrated that EV-DNA derived from angiotensin II 

receptor type 1 (AT1) receptor transfected HEK293 cells can regulate the genomic DNA 

(gDNA) coding mRNA and protein expressions of AT1 receptor in the recipient non-transfected 

HEK293 cells (Cai et al. 2013). Similarly, Lee et al. documented the transient expression of H-

ras oncogene in the recipient RAT-1 fibroblasts after it was transferred with sEVs generated 

from a tumorigenic variant of rat epithelial cells such as RAS-3 transfected with the V12 mutant 

c-H-ras human oncogene (Lee et al. 2014). 

Horizontal gene transfer between donor and recipient cells was demonstrated by Fischer et al. 

by incubating the sEVs derived from lentiviral transduced human BM-MSCs containing 

Arabidopsis thaliana-DNA (A.t.-DNA) in the recipient cells. However, in this study, they used 

human BM-MSCs as both donor and recipient cells (Fischer et al. 2016). Besides, Sansone et 

al illustrated in hormonal therapy-resistant breast cancer that horizontal transfer of mtDNA 

from EVs promotes oncogenic potential by increasing the self-renewal potential of cancer stem-

like cells leading to an exit from dormancy (Sansone et al. 2017). In the same way, De Carolis 

showed that Human Papillomavirus-DNA is transferred to breast cancer stromal cells through 

sEVs (De Carolis et al. 2019). Supporting these findings to some extent, we observed that EV-

DNA derived from AML sEVs interacted with healthy BM-MSCs (Chetty et al. 2022). 
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Cyclic GMP-AMP synthase (cGAS) - stimulator of interferon genes (STING) pathway or 

cGAS-STING pathway is activated due to the presence of cytosolic DNA as a part of innate 

immune defense mechanism towards infections, inflammation, and cancer (Motwani, Pesiridis, 

and Fitzgerald 2019). Interestingly, some studies showed that chemotherapy and irradiation 

therapy against different cancers increased the sEV secretion containing immunostimulatory 

EV-DNA, which activates dendritic cells through STING-dependent pathway (Kitai et al. 2017; 

Diamond et al. 2018). Similarly, Torralba et al. demonstrated that EV-DNA derived from T-

cells is involved in priming dendritic cells through the activation of cGAS/STING/IRF3 

signaling (Torralba et al. 2018). In concordance with these studies, we also observed that EV-

DNA derived from HEK293T cells interacted with cGAS and STING in HeLa recipient cells 

(Chetty et al. 2022). Despite all these findings, whether the observed function is due to EV-

DNA alone or in cooperation with other cofactors remains unclear.  

1.10. Limitations of current sEV isolation methods 

Until now, most of the published EV-DNA functional studies utilized either ultracentrifugation 

(UC) method or polymer-based precipitation (PBP) methods for sEV isolation. sEVs obtained 

by UC or PBP are not well-suitable to perform EV-DNA functional studies since they are 

known to co-isolate other non-sEV populations mentioned in the previous section. As per 

MISEV2018 guidelines, we cannot deny the fact that absolute purification of sEVs from other 

non-sEV populations is currently an unrealistic goal (Thery et al. 2018). However, in contrast 

to EV-DNA application as a biomarker, highly purified sEVs are needed for EV-DNA-based 

functional studies. For this purpose, EV researchers tried to combine two or three sEV isolation 

methods to achieve maximum sEV yield and purity.  

Although commercial PBP EV isolation kits provide greater sEV yield than UC, many disputes 

have been raised regarding their EV purity level (Tian et al. 2020; Lobb et al. 2015). Jeppesen 

et al. implemented high-resolution multistep density gradient UC to isolate sEVs. Due to the 

multistep UC, they could not obtain the detectable amount of DNA in sEVs (Jeppesen et al. 

2019). Recently, it has been shown that ultrafiltration (UF) combined with size exclusion 

chromatography (SEC) enabled more EV yield and purity compared to UC. However, they 

failed to show the percentage of lipoprotein contamination in their EV preparation (Benedikter 

et al. 2017; Shu et al. 2020). It is quite challenging to completely remove lipoproteins from sEV 

preparation since the size and density of EVs closely overlap with lipoproteins (Table 1). 

Additionally, it is important to be noted that sEVs and lipoproteins share some of the common 

functional characteristics. Therefore, the interpretation of sEV functional data should be 
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carefully done (Menard, Cerezo-Magana, and Belting 2018).  Wu et al. 2019 utilized 

acoustofluidic-based separation technique to separate sEVs and lipoproteins. However, they 

could not isolate high and low-density lipoproteins (HDL and LDL) completely from sEVs (Wu 

et al. 2019). 

Table 1. Size and density of sEVs and lipoproteins. Table listing the sizes (in nm) and 

densities (in g/ml) of sEVs and different classes of lipoproteins. 

Name of the particle Size (nm) Density (g/ml) 

Small extracellular vesicles (sEVs) 30-200nm 1.10-1.18 

Very low-density lipoproteins (VLDL) 30-60nm 0.95-1.006 

Intermediate density lipoproteins (IDL) 23-27 1.006–1.019 

Low density lipoproteins (LDL) 18–25 1.019-1.063 

High density lipoproteins (HDL) 5-12  1.063–1.210 

By considering all the aspects mentioned above, we have recently established and optimized an 

efficient sEV isolation method by combining tangential flow filtration (TFF) concentration 

technique with conventional SEC+UF techniques, together named as TSU. To determine if 

TSU is a better method for sEV isolation compared to PBP in terms of yield and purity, we also 

obtained sEVs by combining polyethylene glycol (PEG) precipitation with SEC+UF 

techniques, collectively known as PSU. Although both TSU and PSU provide good sEVs yield, 

TSU acts as a better choice for EV-DNA functional studies when it comes to sEVs purity.  
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2. Aims and scope of the work 

Acute myeloid leukemia (AML) is characterized by chromosomal rearrangements and gene 

mutations leading to an unlimited clonal expansion and differential blockage of stromal cells, 

thereby suppressing the normal hematopoiesis in bone marrow microenvironment (BMM) 

resulting in bone marrow failure (Asada et al. 2019; Yao et al. 2021; Rubnitz, Gibson, and 

Smith 2010; Lipner 2022; Pimenta et al. 2021). Recently, some studies demonstrated that 

different proteins and RNA cargoes associated with AML-sEVs transform or influence the 

BMM into AML permissive microenvironment (Huan et al. 2015; Kumar et al. 2018; Namburi 

et al. 2021; Hornick et al. 2016; Huan et al. 2013). Nonetheless, the functional role of AML-

derived EV-DNA and EV-chromatin cargoes in BMM remains unexplored. Since the currently 

available sEV isolation methods provide enormous non-sEV contaminants, it is indispensable 

to establish an effective sEV isolation method that provides sEVs free from apoptotic bodies 

and cfDNA, suitable to perform EV-DNA functional studies. In this regard, we have established 

an efficient sEV isolation method known as “TSU”. We found that the TSU sEV isolation 

method provides sEVs devoid of apoptotic bodies and cfDNA with good yield and maximum 

achievable purity. Once the sEVs were isolated using TSU, we focused on the following 

principal aims or objectives to determine the functional role of EV-DNA and EV-chromatin in 

pediatric AML, 

I. Detailed analysis of intra- and extra vesicular DNA associated with sEVs. 

II. Distribution and functional interaction of foreign EV-DNA in the recipient cells. 

III. Analysis of proteins associated with AML-derived EV-chromatin. 

IV. Mechanism involved in inducing non-mutational dysfunction of p53 in healthy BM-

MSCs by AML-derived EV-chromatin. 

The findings from the current study would enable us to increase our understanding of AML 

development by revealing the functional role of AML-derived EV-chromatin in BMM. In 

addition, identifying the role of proteins present in AML-derived EV-chromatin might serve as 

a potential therapeutic target in the future for pediatric AML treatment.  
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3. Results 

3.1. Publications  

All results included in this dissertation were published and are described as follows, 

1. Chetty VK, Ghanam J, Anchan S, Reinhardt K, Brenzel A, Gelléri M, Cremer C, Grueso-

Navarro E, Schneider M, von Neuhoff N, Reinhardt D, Jablonska J, Nazarenko I, Thakur 

BK. Efficient Small Extracellular Vesicles (EV) Isolation Method and Evaluation of EV-

Associated DNA Role in Cell-Cell Communication in Cancer. Cancers (Basel). 2022 Apr 

20;14(9):2068. doi: 10.3390/cancers14092068. 

2. Ghanam J, Chetty VK, Anchan S, Reetz L, Yang Q, Rideau E, Liu X, Lieberwirth I, 

Wrobeln A, Hoyer P, Reinhardt D, Thakur BK. Extracellular vesicles transfer chromatin-

like structures that induce non-mutational dysfunction of p53 in bone marrow stem cells. 

Cell Discov. 2023 Jan 31;9(1):12. doi: 10.1038/s41421-022-00505-z. 
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Extracellular vesicles transfer chromatin-like
structures that induce non-mutational dysfunction
of p53 in bone marrow stem cells
Jamal Ghanam1, Venkatesh Kumar Chetty1, Srishti Anchan1, Laura Reetz1, Qiqi Yang2, Emeline Rideau3, Xiaomin Liu2,
Ingo Lieberwirth2, Anna Wrobeln4, Peter Hoyer5, Dirk Reinhardt1 and Basant Kumar Thakur 1✉

Dear Editor,
Small extracellular vesicle (sEV)-DNA has recently

emerged as a promising biomarker for cancer diagnosis
and prognosis1. Despite the growing interest in EV-DNA,
many questions related to its nature, loading mechanism,
localization, and post-shedding function(s) remain unre-
vealed. Recently, we have published evidence suggesting
an unequal distribution of sEV-DNA between different
compartments of the recipient cells, including the
nucleus2. This finding motivated us to ask whether sEV-
DNA is associated with proteins and what is the con-
sequence of this association in the recipient cells.
Although histones are abundant in sEVs3, whether they
are free or associated with sEV-DNA and what is the
effect of this association is unknown.
Technically, one of the significant limitations in sEV-

DNA-related studies is the use of suitable methods to
isolate sEVs devoid of non-EV contaminants, such as cell-
free DNA (cfDNA) and apoptotic bodies. To address this
issue, we employed the combination of Tangential flow
filtration, Size exclusion chromatography, and Ultra-
filtration known as TSU (Supplementary Fig. S1a). sEVs
were isolated from various cell lines and characterized
according to MISEV2018 guidelines (Fig. 1a–d; Supple-
mentary Fig. S1b–e). We have previously shown that TSU
provides sEVs that are deficient in cfDNA and apoptotic
bodies2. Additionally, sEVs were isolated from a pediatric
AML cell line (MV4-11) cultured in the presence of EdU
to label sEV-DNA and DNase I to digest cfDNA or DNA
associated with the outer surface of sEVs (Supplementary

Fig. S2a–c). Transfer of these sEVs into bone marrow
(BM)-derived mesenchymal stem cells (BM-MSCs)
showed that EV-DNA uptake rate was not affected, sug-
gesting that cfDNA or DNA associated with the outer
surface of sEVs may not influence EV-DNA uptake
(Supplementary Fig. S2d). Further, our results confirmed
the presence of histones along with methylated double-
stranded DNA (dsDNA) in sEVs (Fig. 1e, f; Supplemen-
tary Fig. S3a), as previously reported4,5. Using different
physical and biochemical methods (Fig. 1g), we have
demonstrated that sEVs transfer chromatin-like struc-
tures (we termed EV-chromatin), in which many proteins
are associated with EV-DNA. With atomic force micro-
scopy (AFM), we documented the presence of EV-
chromatin in sEVs derived from MV4-11 (Fig. 1h).
Next, we pulled down the sEV-dsDNA and performed
non-targeted mass spectrometry to identify the co-
precipitated proteins directly interacting with EV-DNA.
The data indicate the association of ~30 proteins with EV-
DNA, including core histones like H2B and H4, and S100
proteins (Fig. 1i; Supplementary Fig. S3b). The presence of
H2B in the pulled-down DNA was further confirmed by
western blot against GFP (Supplementary Fig. S3c). This
suggests, for the first time, that DNA associated with EVs
is directly linked with histones, as the AFM pictures show
the existence of chromatin fibers in sEV preparations.
Further, confocal images indicate the co-uptake of sEV-
DNA and histone H2B, which is identified as an EV-
chromatin component (Fig. 1k; Supplementary
Fig. S4a–d). Contrariwise, Lázaro-Ibáñez et al.3 previously
reported the presence of nucleosomal patterns in both
low- and high-density sEV subgroups. Nonetheless, they
have quantified a number of histones in sEVs without
characterizing their direct association with EV-DNA3.
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S100 proteins were highly represented in the protein
mixture associated with EV-DNA (Fig. 1i). S100 pro-
teins are calcium-binding proteins that interact with
target proteins to trigger many biological processes.
These proteins are known to localize in different cell
compartments, including the nucleus6. This suggests
that these proteins likely bind to EV-DNA during or
after sEV biogenesis and cargo recruitment (post-bio-
genesis interaction). S100 proteins interfere with dif-
ferent regulators of cell proliferation and
differentiation, including p53, that control the integrity
and survival of hematopoietic and mesenchymal stem
cells in the BM7,8. Like histones, we found that S100
proteins were significantly enriched in sEVs derived
from MV4-11 and AML patients compared to those
obtained from fibroblast sEVs and healthy donors,
respectively (Fig. 1j; Supplementary Fig. S5a).
Following this finding, we attempted to determine

whether EV-DNA and EV-chromatin derived from MV4-
11 affect the p53 activity of BM-MSCs. Physiologically,
hematopoietic and mesenchymal stem cells receive mul-
tiple signals from BM stroma, where p53 plays a crucial
role in regulating their self-renewal and differentiation
rates to support hematopoiesis and prevent tumorigenic
transformations7–9. p53 stabilizes the transcriptional
activation of the cyclin-dependent kinase inhibitor p21
that induces cell cycle arrest required to maintain the
balance between proliferation, quiescence, and regenera-
tion via interaction with the BM microenvironment. Our
data suggest that AML-sEVs downregulated the expres-
sion of p53, and its cell cycle (p21) and apoptosis (BAX
and PUMA) target genes in BM-MSCs without affecting
their viability (Fig. 1m, n; Supplementary Fig. S5c–f).
Interestingly, AML-sEVs upregulated the expression of
MDM2 in BM-MSCs (Fig. 1n).

We isolated EV-DNA and prepared EV-chromatin as
described in Fig. 1g to investigate whether EV-DNA and/or
EV-chromatin are responsible for the p21 inhibition. Next,
EV-DNA and EV-chromatin were packaged in engineered
polymersomes (Supplementary Fig. S6a, c). We used fluor-
escence imaging to demonstrate that polymersomes can
transport EV-DNA and/or EV-chromatin into cells (Fig. 1l).
A similar but more intense effect was observed when we
treated BM-MSCs with AML-EV-chromatin packaged in
polymersomes (Fig. 1o, p; Supplementary Fig. S6d, e). The
proliferation rate of BM-MSCs was accelerated after treat-
ment with EV-chromatin, as shown by the colony-forming
unit assay (Fig. 1q; Supplementary Fig. S7a). Furthermore,
we found an increase in the expression of YFP, which was
tagged to MDM2 promoter in BM-MSCs treated with EV-
chromatin and EV-DNA, whereas the MDM2 mRNA
degradation rate remained the same (Fig. 1r, s), suggesting
the possible transcriptional regulation of MDM2 by EV-
DNA and EV-chromatin in the nucleus.
It is known that reciprocal interactions between BM-

MSCs and AML cells can promote AML progression and
resistance to chemotherapy10. AML-sEVs play a promi-
nent role in this interaction, as BM stromal and endo-
thelial cells are the preferential BM targets for AML-
derived exosomes11. Moreover, p53–/– MSCs have shown
reduced capacity in supporting normal hematopoiesis due
to low secretion of cytokines, such as CXCL12 and CSF17.
The transcriptional activity of p53 can be dampened in
the presence of wild-type (WT) TP53 alleles through
overexpression of canonical inhibitors such as MDM2.
Overexpression of MDM2 has been defined as a
mechanism by which cancer cells overcome p53’s tumor
suppressive effects, such as AML, in TP53 WT cancers12.
Our data suggest that MDM2 mediates complete and
partial degradation of p53 in BM-MSCs treated with

(see figure on previous page)
Fig. 1 EV-chromatin induces non-mutational dysfunction of p53 in BM stem cells through overexpression of the E3 ligase MDM2. a Particle
number/mL measured by NTA. b TEM negative staining images of MV4-11 sEVs. Scale bar, 0.2 µm. c FACS analysis showing the expression of CD81 in
MV4-11 sEVs. d Western blot analysis with various positive (CD81, HSP70, syntenin) and negative (calnexin and LC3B) markers of sEVs. e Expression of
H2B and H3 histones in the isolated sEVs. f EV-DNA and genomic DNA measured by Quantifluor. g Workflow for sEV chromatin characterization.
h AFM imaging of sheared chromatin highlighting the presence of DNA filaments (white arrows) and protein dots (orange arrows) in both cells and
sEV preparations. Chromatin and EV-chromatin showed fragments with sizes ranging from 100 bp to 500 bp after shearing by sonication. i Mass spec
analysis of the pulled-down chromatin, showing histones (H2B and H4) and S100 as the most abundant proteins of EV-Chromatin. j S100A8/A9 levels
in sEVs isolated from healthy donors and AML patients. k 3D confocal images indicating the co-localized and non-co-localized green (H2B-GFP) and
red (EV-DNA) signals in different cell compartments. l Characterization of polymersome uptake by BM-MSCs. The fluorescence signals of the green
channel (EV-DNA, 488 nm laser) and the red channel (polymersomes, 532 nm laser) were detected inside the BM-MSCs. Scale bars, 10 µm. m Western
blotting analysis revealing a decrease in p53 level upon treatment with MV4-11 sEVs. n MV4-11 sEVs but not fibroblast sEVs downregulate p21
expression in BM-MSCs, which was accompanied by an increase in MDM2 level. o p53 degradation upon leukemic EV-chromatin treatment.
p Relative expression levels of p53 target genes (normalized to the internal control), highlighting the downregulating effect of the leukemic EV-
chromatin packaged in polymersomes on p21 compared to fibroblast-derived EV-chromatin. q BM-MSC colonies were counted after 7 days of
treatment with either sEVs, EV-DNA, or EV-chromatin. r Mean YFP fluorescent intensity showing an increase in YFP-tagged MDM2 expression after
treatment of BM-MSCs by EV-chromatin and EV-DNA. MFI results were normalized to the untreated cells. s MDM2 mRNA decay in BM-MSCs after
Actinomycin D treatment demonstrating comparable mRNA levels in the presence of either EV-chromatin, EV-DNA, or empty polymersomes.
t Relative expression level of p53 target genes after treatment with 5 µM of Siremadlin. Data were all expressed as means ± SD. P value was calculated
by one-way or two-way ANOVA. *P < 0.1; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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AML-sEV-chromatin and AML-sEVs, respectively. This
indicates that EV-chromatin could be the “active com-
ponent” when AML-sEVs induce MDM2-mediated
degradation of p53 in BM-MSCs. Surprisingly, no sig-
nificant effects were oberved for DNA derived from AML-
sEVs when packaged alone in polymersomes. Most EV-
DNA in recipient cells colocalizes with endosomal pro-
teins such as RAB5 and RAB7, indicating its future lyso-
somal degradation2. In contrast, EV-chromatin represents
a mixture of DNA and nuclear proteins, such as histones
and S100 proteins, which might protect the DNA from
cytosolic sensing and degradation. Preventing cytosolic
degradation of EV-DNA could be one but not the only
role of EV-chromatin proteins. Intriguingly, S100A4 and
S100B bind to the tetramerization domain of p53 and
disturb the tetramerization of p53 necessary for its
nuclear translocation13. Conversely, MDM2 reduces p53
acetylation by inhibiting CBP/p300 or recruiting HDAC1
(histone deacetylase 1) to deacetylate p53, favoring p53
ubiquitination, which results in reduced p53 levels14.
Thus, the EV-chromatin-mediated degradation of p53
could culminate in the synergic activity of S100 proteins
that prevent p53 nuclear translocation and MDM2 that
mediates its ubiquitination. Nonetheless, the Siremadlin
HDM201 inhibition of MDM2 rescued the p53 tran-
scriptional activity (Fig. 1t; Supplementary Fig. S7a),
which indicates that both EV-chromatin S100 proteins
and MDM2 are required for non-mutational inactivation
of p53 (Supplementary Fig. S7b). Similarly, p53 tran-
scriptional activity was rescued after using siRNA to
induceMDM2 gene silencing (Supplementary Fig. S8a–c).
How AML-sEVs interfere with BM-MSCs and other

stromal cells to transform BM microenvironment into a
leukemic niche is still under investigation. We provided
proof of the principle of the existence of chromatin-like
structures (EV-chromatin) in AML-sEVs, and we have
shown that EV-chromatin could communicate with BM-
MSCs and modulate their behavior. We identified non-
mutational p53 inactivation involving MDM2 and potentially
S100 proteins (associated with EV-chromatin) as a
mechanism by which AML-EV-chromatin regulates the
proliferation of BM-MSCs. Conversely, we re-established the
expression of p53 targets in BM-MSCs by inhibiting MDM2
or MDM2 gene silencing. Our finding delineates a new
mechanism of crosstalk between AML and stromal cells via
EV-chromatin, which could be one of the reasons for
hematopoietic failure during or after AML therapy. Our data
emphasized the importance of targeting the interaction
between MDM2 and p53 as a promising treatment strategy
in TP53 WT or functional p53 cancers. However, additional
basic and clinical investigations are needed to further eluci-
date how sEVs and EV-chromatin or “Exogenotin” modulate

the molecular pathway mediated by the p53-MDM2 axis in
the BM niche.

Acknowledgements
We thank Dr. Katarina Reinhardt for her technical assistance. We thank the
Proteomics Core Facility at EMBL Heidelberg, Germany, for their support,
especially Dr. Mandy Rettel and Frank Stein. We thank Dr. Steffen Franzka
(ICAN, University of Duisburg-Essen, Germany) for providing us with the AFM
images from genomic chromatin, and Dr. Berger Rüdiger (MPI for Polymer
Research, Germany) for providing us with the AFM images from EV-chromatin.
We thank Prof. Bernd Giebel (Institute of Transfusion Medicine, University
Hospital Essen, Germany) for providing access to the ultracentrifugation and
Zetaview devices. This work was supported by grants from Stiftung
Universitätsmedizin Essen, Deutsche Kinderkrebsstiftung (DKS 2018.17),
Deutsche José Carreras Leukemia Stiftung DJCLS 18 R/2019, and Deutsche
Forschungsgemeinschaft (DFG, TH 2012/1-1) to B.K.T.

Author details
1Department of Pediatrics III, University Hospital Essen, Essen, Germany. 2Max
Planck Institute for Polymer Research, Mainz, Germany. 3Laboratory for
Molecular Engineering of Optoelectronic Nanomaterials, Institute of Chemical
Sciences and Engineering (ISIC), École Polytechnique Fédérale de Lausanne
(EPFL), Station 6, Lausanne, Switzerland. 4Institute of Physiology, University
Hospital Essen, Essen, Germany. 5Department of Pediatrics II, University
Hospital Essen, Essen, Germany

Author contributions
B.K.T. and J.G. conceived and designed the study; J.G., B.K.T., V.K.C., S.A., L.R., Q.Y.,
E.R., I.L., and A.W. performed the experiments and analyzed the data; J.G. and
B.K.T. wrote the manuscript; J.G., B.K.T., V.K.C., P.H., D.R., and X.L. revised the
manuscript. All authors read and approved the final manuscript.

Conflict of interest
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41421-022-00505-z.

Received: 1 September 2022 Accepted: 29 November 2022

References
1. Ghanam, J. et al. Cell Biosci. 12, 37 (2022).
2. Chetty, V. K. et al. Cancers 14, 2068 (2022).
3. Lázaro-Ibáñez, E. et al. J. Extracell. Vesicles 8, 1656993 (2019).
4. Thakur, B. K. et al. Cell Res. 24, 766–769 (2014).
5. Kahlert, C. et al. J. Biol. Chem. 289, 3869–3875 (2014).
6. Hsieh, H. L., Schäfer, B. W., Weigle, B. & Heizmann, C. W. Biochem. Biophys. Res.

Commun. 316, 949–959 (2004).
7. Boregowda, S. V. et al. Cell Death Differ. 25, 677–690 (2018).
8. Lu, X., Wei, Y. & Liu, F. Cell Discov. 1, 15027 (2015).
9. Greenbaum, A. et al. Nature 495, 227–230 (2013).

10. Jacamo, R. et al. Blood 123, 2691–2702 (2014).
11. Kumar, B. et al. Leukemia 32, 575–587 (2018).
12. Quintás-Cardama, A. et al. Leukemia 31, 1296–1305 (2017).
13. Fernandez-Fernandez, M. R., Veprintsev, D. B. & Fersht, A. R. Proc. Natl. Acad. Sci.

USA 102, 4735–4740 (2005).
14. Xia, C., Braunstein, Z., Toomey, A. C., Zhong, J. & Rao, X. Front. Immunol. 8, 1908

(2018).

Ghanam et al. Cell Discovery            (2023) 9:12 Page 4 of 4

https://doi.org/10.1038/s41421-022-00505-z


























































































 

The curriculum vitae is not included in the online version for data protection reasons. 




	Extracellular vesicles transfer chromatin-like structures that induce non-mutational dysfunction of p53 in bone marrow stem cells
	Acknowledgements


