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Abstract

We recently demonstrated that acute myeloid leukemia (AML) cell lines and patient-derived blasts 

release exosomes that carry RNA and protein; following an in vitro transfer, AML exosomes 

produce proangiogenic changes in bystander cells. We reasoned that paracrine exosome trafficking 

may have a broader role in shaping the leukemic niche. In a series of in vitro studies and murine 

xenografts, we demonstrate that AML exosomes downregulate critical retention factors (Scf, 
Cxcl12) in stromal cells, leading to hematopoietic stem and progenitor cell (HSPC) mobilization 

from the bone marrow. Exosome trafficking also regulates HSPC directly, and we demonstrate 

declining clonogenicity, loss of CXCR4 and c-Kit expression, and the consistent repression of 
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several hematopoietic transcription factors, including c-Myb, Cebp-β and Hoxa-9. Additional 

experiments using a model of extramedullary AML or direct intrafemoral injection of purified 

exosomes reveal that the erosion of HSPC function can occur independent of direct cell–cell 

contact with leukemia cells. Finally, using a novel multiplex proteomics technique, we identified 

candidate pathways involved in the direct exosome-mediated modulation of HSPC function. In 

aggregate, this work suggests that AML exosomes participate in the suppression of residual 

hematopoietic function that precedes widespread leukemic invasion of the bone marrow directly 

and indirectly via stromal components.

INTRODUCTION

The bone marrow (BM) is a complex tissue, uniquely adapted to regulate the function of 

hematopoietic stem and progenitor cells (HSPC) during homeostasis, disease and in 

response to injury.1 Many patients with acute myeloid leukemia (AML) present with 

cytopenias at diagnosis or during relapse, often without significant marrow effacement.2,3 

Recent data from a xenograft model suggests that invasion of the BM by AML cells actively 

suppresses hematopoietic progenitor differentiation, but a mechanism for an altered HSPC 

function in the leukemic niche remains elusive.4,5

Exosomes are secreted vesicles (30–110 nM) of endocytic origin that traffic RNA and protein 

between cells.6 We previously characterized exosome biogenesis in AML blasts (primary 

cells, Molm-14 and HL-60 cell lines) and identified a range of coding and noncoding RNAs 

relevant to disease pathogenesis.7 We hypothesized that AML exosomes may contribute to 

the functional suppression of HSPC in the leukemic BM microenvironment. To examine the 

potential contributions of exosome trafficking to hematopoietic suppression in the BM, we 

studied the engraftment of Molm-14 cells, a highly penetrant model of high-risk FLT3-ITD+ 

AML8 and HL-60 cells, a predominantly extramedullary model of promyelocytic leukemia, 

in NOD/SCID/IL-2rγnull (NSG) mice. In comparison with AML patient samples, this 

provided a more cohesive platform for adaptation to the tissue culture environment, which 

was necessary in order to experimentally distinguish the exosome impact on different niche 

cell types from conventional juxtacrine or paracrine signaling mechanisms.9

A critical feature for in vitro modeling of HSPC behavior in the BM is the compartmental 

oxygen (O2) concentration (1–6%), hypoxic compared with the bloodstream or the tissue 

culture environment (20%).10 Because hypoxia not only exerts a significant influence on 

HSPC function and leukemogenesis but also on exosome biogenesis,11,12 we performed in 
vitro experiments at physiologically appropriate oxygen conditions.13

Our Molm-14 xenograft studies show systematic functional alterations in murine stromal 

and hematopoietic cell populations, with evidence for in vivo transfer of human RNA 

transcripts. We replicated these results using an extramedullary HL-60 model of AML and 

direct intrafemoral injection of purified exosomes. The involvement of exosomes in the 

suppression of canonical hematopoietic cell function is further supported by extensive in 
vitro experiments and proteomics data that identify several putative targets mediating these 

changes in HSPC function. AML exosomes appear to dysregulate HSPC both directly and 

indirectly via stromal components.
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MATERIALS AND METHODS

Cells, cell lines and low-oxygen cell culture

Molm-14, HL-60 and OP9 cells were previously described.7 For low-O2 culture, cells were 

cultured in RPMI (Life Technologies, Grand Island, NY, USA) with 10% vesicle-free (VF) 

fetal bovine serum (FBS) using a G-Rex gas-permeable flask (Wilson-Wolf Corp, St Paul, 

MN, USA) in a BioSpherix chamber (Lacona, NY, USA) at 1–3% O2 or a standard 

incubator at 20% O2 and at 5% CO2. VF FBS was produced by centrifugation (Gemini Bio-

Products, West Sacramento, CA, USA) at 100 000 g for 6 h. Primary AML cells were 

maintained in EGM-2 media (Lonza, Allendale, NJ, USA) with OHSU IRB-approved 

protocols. Human CD34+ cord-blood progenitors (New York Blood Center) were enriched 

using MACS cell separation (Miltenyi Biotec, San Diego, CA, USA) and cultured in serum-

free media (StemCell Technologies, Vancouver, BC, Canada) supplemented with 100 U/ml 

penicillin/streptomycin, 40 ng/ml FLT3L, 25 ng/ml stem cell factor (SCF) and 50 ng/ml 

thrombopoietin (Miltenyi Biotec).

Exosome preparation and RNA extraction

As described,7 AML cells were cultured for 48 h, media spun at 300 g for 10 min, 

supernatant at 2000 g for 20 min and 10 000 g for 20 min followed by supernatant 

centrifugation at 100 000 g for 2 h. Exosome pellets were resuspended in 10% VF-FBS/

RPMI used in all in vitro experiments or used for RNA extraction. In xenograft and IF 

experiments, exosomes were resuspended in Hank's balanced salt solution media (Life 

Technologies). Media from exosome preparations after spinning at 10 000g is defined as 

exosome-containing media (ECM). An amount of 2 ml of ECM was cultured with 3 × 104 

OP9 per well in a six-well plate (4.8 × 109 Molm-14 exosomes/well per nanoparticle 

tracking analysis (NTA) analysis). Concentrated exosomes were resuspended in 2 ml of 10% 

VF-FBS RPMI.

Murine xenograft studies

NSG xenograft recipients (6–8-week old) were used with IACUC approval. Conditioned 

Molm-14 cells (1 × 105), cord-blood CD34+ cells or 5 × 106 HL-60 cells were resuspended 

in Hank's balanced salt solution media and injected via tail vein. Hank's balanced salt 

solution medium was used as vehicle control in all xenograft experiments. Human CD45 

chimerism (BioLegend, HI30, San Diego, CA, USA) was monitored by flow cytometry. 

Animals were killed at 3–5-weeks post engraftment, and peripheral blood (PB) and BM 

were collected. Adherent BM stromal cells were propagated in Iscove's MDM (Life 

Technologies) with 10% VF FBS (detailed description in Supplementary Materials and 

Methods).

Intrafemoral injection (IF)

For a modified IF procedure,14,15 AML exosomes (5.8–6.8 × 1011 Molm-14 exosomes or 

5.2–6.0 × 1011 HL-60 exosomes per NTA quantification) were injected into one femur of 

isoflurane-anesthetized animals; Hank's balanced salt solution vehicle control was injected 
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in the contralateral femur. Animals were killed 48 h later for BM collection and c-Kit+ 

progenitor cell enrichment (detailed description in Supplementary Materials and Methods).

RNA analysis and qRT-PCR

RNA was extracted using miRNeasy or RNeasy (Qiagen, Valencia, CA, USA) and 

quantified using a Nanodrop 2000c (Thermo Scientific, Grand Island, NY, USA) and Agilent 

Bioanalyzer (Agilent, Santa Clara, CA, USA). cDNA was synthesized using a SuperScript 

III First Strand Synthesis kit (Invitrogen, Grand Island, NY, USA) with oligo-dT priming, 

followed by PCR. SYBR Green PCR (Applied Biosystems, Grand Island, NY, USA) was 

used for quantitative PCR with reverse transcription (qRT-PCR) analysis. The ΔΔCT method 

was used for quantification. Species-specific primers are listed at: http://www.ohsu.edu/xd/

health/services/doernbecher/research-education/research/research-labs/kurre-lab-

protocols.cfm.

Nanoparticle tracking analysis

Exosome samples were resuspended and serial dilutions were prepared in nanofiltered 

(Whatman Anotop 25, Piscataway, NJ, USA, 0.02 μM) molecular-grade water (Thermo 

Scientific) using low-adhesion 1.7-ml tubes (Genemate, Kaysville, UT, USA). Diluted 

samples (1 × 108–1 × 109 particles/ml) were loaded into the NanoSight LM10 chamber, the 

laser engaged and microparticles visualized. Sixty second videos were acquired with a 

Hamamatsu (Bridgewater, NJ, USA) C11440 ORCA-Flash 2.8 camera and analyzed by 

Nanosight NTA (Malvern, UK) 2.3 software.

In vitro co-culture and colony-forming unit assay

BM and PB from NSG or C57BL/6 mice were harvested, resuspended in hemolytic buffer 

and peripheral blood mononuclear cells (PBMCs) collected by centrifugation.16 For 

enrichment, c-Kit-PE antibody (BD Biosciences, San Jose, CA, USA, clone 2B8) and 

EasySep Mouse PE Selection kits (StemCell Technologies) were used (90–93% mCD45/c-

Kit purity confirmed). Murine c-Kit-enriched cells were cultured in Iscove's Modified 

Dulbecco's Medium/10% VF FBS per 50 ng/ml mIL-3 and mSCF (R&D Systems, 

Minneapolis, MN, USA). c-Kit+ cells (1 × 106) were incubated with exosomes from 6–7 × 

107 Molm-14 or HL-60 cells (at 5.8–6.8 × 1011 exosomes per well from Molm-14 cells or 

5.2–6.0 × 1011 exosomes per well from HL-60 per NTA analysis), 2.5–4 × 107 primary 

AML cells or 3–3.5 × 107 human CD34+ cells for 48 h with VF media controls. Mouse 

methylcellulose complete media (R&D Systems) was used for colony-forming unit, CFU-C, 

assays in triplicate with 3 × 103 c-Kit+ cells or 2 × 105 PBMCs per 35-mm dish (37 °C, 5% 

CO2, ≥ 95% humidity for 7 days). Human CD34+ cells were cultured in serum-free media, 

with cytokines as above. Human methylcellulose media (StemCell Technologies) was used 

for CFU-C assays with 100 CD34+ cells/35-mm dish cultured for 14 days).

Cell migration assay

Lineage-depleted (Lin-) BM (Progenitor enrichment kit, StemCell Technologies) was 

cultured in triplicate at 5 × 105 cells in 2 ml Iscove's Modified Dulbecco's Medium, 10% 

VF-free FBS, 50 ng/ml SCF and IL-3 for 24 h ± 1 ml of ECM (at 2.4 × 109 Molm-14 
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exosomes/well per NTA analysis). Washed cells were placed on 8-μm transwell inserts 

(Corning, Corning, NY, USA) in plates containing media ± CXCL12 (50 ng/ml). After 2 h, 

transwells were removed and migrated cells were counted using a Guava PCA (Millipore, 

Billerica, MA, USA).

Immunohistochemistry

Femurs were fixed in 10% formalin for 24 h at 4 °C, transferred to cold 70% ethanol, 

embedded in paraffin and sectioned at 5 μm thickness. Slides were rehydrated, high-pressure 

treated, blocked and stained with mouse anti-human CD45 (Clone HI30, BioLegend) at 

1:150 dilution and biotinylated anti-mouse IgG (mouse IgG1 isotype control). Images were 

taken with a Leica ICC50 microscope (Buffalo Grove, IL, USA) with high-definitixon 

camera (×20 lens) and processed with Adobe Photoshop (San Jose, CA, USA).

Flow cytometry analysis

CD45 chimerism was analyzed on Calibur/ CANTO/ LSR II cytometers (BD Biosciences) 

using anti-human or anti-mouse CD45 (BioLegend), murine c-Kit+ (BioLegend) or CXCR4 

(Clone 2811, eBioscience, San Diego, CA, USA) antibodies, and analyzed with FlowJo 

(Tree Star, Ashland, OR, USA).

Fluorescence microscopy

Lin- cells were exposed to exosomes from N-Rh-PE-labeled Molm-14, washed twice in 

phosphate-buffered saline and labeled with APC-anti-Sca-1 (Clone D7, BioLegend) and 

PacBlue-anti-c-Kit (Clone 2B8, BioLegend). Fluorescence microscopy was performed on an 

Olympus IX71 (Olympus, Waltham, MA, USA) with a × 60 1.4 NA oil lens; Z-stacks were 

acquired every 0.2 μm with a Z-stack center bright-field reference, and images processed 

with DeltaVision SoftWoRx Explorer (Piscataway, NY, USA).

Tandem Mass Tag spectrometry analysis

NSG mouse c-Kit+ cells (1×106) were co-cultured with AML exosomes from 6–7 × 107 

Molm-14 cells (~5.8–6.8 × 1011 Molm-14 exosomes per well) in the presence of cytokines 

(SCF, IL-3, 50 ng/ml) at 3% O2 for 48 h. Cells were washed, pelleted and snap-frozen. 

Proteins were digested with trypsin, peptides solid-phase extracted17 and digests labeled 

with tandem mass tag (TMT) 10-plex reagents18 (Thermo Scientific). Followed by mixing, 

labeled digests were separated into multiple fractions by high pH reverse-phase 

chromatography followed by nano-reverse-phase chromatography at low pH. Peptides were 

analyzed during elution using an Orbitrap Fusion mass spectrometer (Thermo Scientific) to 

measure TMT reporter ion intensities. Results were processed with Protein Discoverer 1.419 

(Thermo Scientific) to identify peptides (default TMT template using 16 604 mouse Sprot 

v2013.04 sequences) and export reporter ion intensities. Summed reporter ion intensities 

from unique peptides per protein were analyzed using edgeR (Bioconductor, Seattle, WA, 

USA) with multiple test correction to calculate false-discovery rates for differential 

candidates.20 Further details of the TMT analysis and results are provided in Supplementary 

Material and Methods.
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Statistical analysis

Continuous variables are summarized as mean ± s.d. A two-sample t-test was employed for 

comparison between samples derived from the same source, but different conditions. For 

comparisons between cells and exosomes, or left versus right femur IF injection, a paired t-

test was used. With the exception of TMT analysis, statistical significance was set at P ≤ 

0.05.

RESULTS

AML xenografts and exosomes modulate BM compartmental signaling

In a series of studies, we established xenografts of Molm-14 AML as a highly penetrant 

model, observing consistent kinetics across multiple cohorts, critical for downstream 

correlative in vitro experiments8 (Figure 1a). Animals killed at day 28 showed highly 

reproducible metaphyseal effacement of the femur cavity by Molm-14 cells (chimerism 

>50%), unlike animals studied at day 21 (chimerism < 5%) (Figure 1b). In all subsequent 

analyses we therefore focused on the earlier (day 21) time point. Here, we found a 

significant reduction (P < 0.01) in methylcellulose colonies (CFU-C) (Figure 1c) with a 

concomitant increase in PB CFU-C formation (P < 0.01) (Figure 1d). To demonstrate 

exosome trafficking to HSPC and stromal cells, we harvested c-Kit+ cells and stroma from 

the BM of animals with low xenograft burden, and controls. We treated the cells with a 

potent FLT3 inhibitor, AC220 (10 nM) for 96 h to eliminate potential Molm-14 cell 

contamination and confirmed the elimination of human cells by flow cytometry 

(Supplementary Figures S1A and B). We then isolated RNA from both c-Kit+ and BM 

stromal cells, and using RT-PCR, detected human leukemia cell-derived transcripts in c-Kit+ 

progenitors (Figure 1f) and BM stroma (Figure 1g) of engrafted animals, but not controls. 

Having demonstrated transfer of RNA between AML blasts and cells of the hematopoietic 

compartment, we explored potential mechanisms for the loss of progenitors from the 

marrow. qRT-PCR analysis of xenograft recipient BM stromal cells revealed that expression 

of the critical HSPC retention factors Scf and Cxcl12 was downregulated (Figure 1e). Next, 

to examine the direct involvement of leukemia-derived exosomes in HSPC mobilization, we 

injected purified Molm-14 exosomes into the femoral cavity with contralateral injection of 

vehicle control in the same animal. We observed a significant reduction in colony-forming 

capacity in the exosome-injected BM (paired t-test, P < 0.01) (Figure 1h). We replicated 

these findings with IF injection of exosomes from primary patient samples (n = 3) and 

similarly observed a consistent impairment in progenitor cell clonogenicity (P < 0.05) 

(Supplementary Fig. S2A). Remarkably, for a one-time injection in only one femur, we 

found a correlation with increased progenitor frequency in the peripheral blood (Figure 1i), 

along with human transcripts in both c-Kit+ cells and stroma isolated from IF-injected 

animals (Figures 1j and k). These results demonstrate that a minority of leukemia cells 

present in the BM suppress critical stromal growth and retention factors, causing progenitor 

redistribution to the PB. Several of our observations implicate AML exosomes.
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AML cells increase exosome production under physiological oxygen conditions 
attenuating stromal cell expression of HSC maintenance factors

Low oxygen concentrations are central to both HSPC function and leukemogenesis.1,10 

Here, we examined the release of exosomes by AML cells under controlled low-oxygen 

conditions (1% O2) while maintaining optimum growth rates and viability (Supplementary 

Figure S3A).21 Exosomes released from both Molm-14 and HL-60 cells were characterized 

by NTA (Supplementary Figures S4A and B), with exosome release and average RNA 

concentration per cell increasing 2–3-fold compared with conventional tissue culture O2 

levels (Figures 2a and b). Under these compartmentally appropriate O2 conditions we 

studied AML exosome transfer to OP9 murine BM stromal cells, thereby enabling us to 

distinguish AML exosome- induced signaling from contact-dependent and other paracrine 

effects. we cultured OP9 with ECM, containing both exosomes and soluble media factors, or 

purified exosomes collected from Molm-14 cells grown under normoxia or hypoxia, 

respectively. Consistent with our xenograft studies, RT-PCR analysis of OP9 RNA 

demonstrated the transfer of human FLT3 and CXCR4 transcripts in vitro (Figure 2c). We 

further corroborated AML exosome entry into OP9 cells in vitro using fluorescently 

(PKH26) labeled exosomes (Figure 2d).7 Next, we investigated whether exosomal RNA 

transfer affects the expression of genes important in the stromal regulation of hematopoiesis 

(Scf, Cxcl12, Angpt1, Tgfb1 and Tgfb2).22 Our data demonstrate a significant decrease in 

the expression of these regulatory genes except Tgfb2 (Figures 2e and f). We further studied 

and confirmed loss of Scf and Cxcl12 expression in primary murine BM stromal cells 

(Supplementary Figure S5A). Our data support the hypothesis that leukemic exosomes 

dysregulate stromal HSPC maintenance factors. Importantly, the data indicate that additional 

paracrine factors in ECM, predicted to be present in tissue compartments, modulate 

signaling outcomes, providing context for the differences seen between xenograft and IF 

injection studies.

AML exosomes modulate HSPC function directly

Xenograft and IF studies suggest that AML acts on the stroma to mobilize colony-forming 

progenitors from the BM. Here, we explored the direct impact of exosomes on HSPC in 
vitro and observed that the progenitor frequency was reduced by 36% after exposure to 

Molm-14 exosomes (Figure 3a), and even more strikingly upon exposure to HL-60 

exosomes (Figure 3b), analogous to our in vivo observations. We also performed CFU 

assays with exosomes isolated from primary blasts of three AML patients, confirming a 

significant decrease (P < 0.01) in the colony-forming capacity of murine c-Kit+ cells (Figure 

3c). These observations were not limited to murine progenitors, as human cord-blood 

CD34+ cells incubated with Molm-14 exosomes similarly showed a significant reduction in 

CFU-C (P = 0.02) (Figure 3d).

Given the broad reproducibility, we next validated the in vitro uptake of Molm-14 exosomes 

(N- Rh-PE-labeled) by murine Lin-/Sca-1+/c-Kit+ cells using deconvolution microscopy 

(Figure 3e) and tested key regulatory elements involved in HSPC localization. We observed 

that co-culture with Molm-14 exosomes caused a significant downregulation of CXCR4 in 

murine lineage-depleted BM cells (Figure 3f), resulting in a compromise of their ability to 

migrate along a CXCL12 gradient (Figure 3g). As further corollary, we observed changes in 

Huan et al. Page 7

Leukemia. Author manuscript; available in PMC 2016 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression of a set of transcription factors with involvement in HSPC function (c-Kit, c-

Myb, Dnmt1, Pcna, Hoxa9, E2f3, Paics, NF-kB1 and NF-kB2)23–29 following 48 h of 

culture with exosomes from Molm-14 or HL-60 cells (Figures 3h and i). To determine 

whether these changes occur in vivo, we returned to our xenograft model, using mice 

engrafted with human CD34+ (cord blood) cells as controls. After collecting c-Kit+ marrow 

progenitors, we confirmed significantly reduced colony formation in Molm-14 xenograft 

recipients (Po0.01) (Figure 3j). Finally, we tested the expression of hematopoietic 

transcription factors in c-Kit+ cells from the same cohorts and found that c-Myb, Hoxa9, 
E2f3 and Ship1 were also consistently downregulated in AML xenograft versus human 

CD34+ control animals (Figure 3k). Both in vitro and in vivo data show that AML exosomes 

not only downregulate the expression of stromal regulators of HSPC but also suppress 

hematopoietic function directly.

AML exosomes from extramedullary myeloid tumors traffic to the BM niche and 
dysregulate niche signaling

Next, we used xenografts of HL-60 leukemia cells that form predominantly extramedullary 

chloromas to broaden the context of our observations. Animals showed essentially no BM 

invasion as determined by immunohistochemistry and flow cytometry for human CD45 

(Figures 4a and b), allowing a unique opportunity to rule out cell–cell contact contributions 

to the observed effects on the hematopoietic compartment. When we examined the function 

of murine c-Kit+ hematopoietic progenitor cells from the BM of HL-60 xenografted mice, 

we found a significant reduction (P < 0.01) in colony formation, with no detectable leukemia 

invasion of the BM (Figure 4c). The increase in PB progenitors in this model was more 

modest, perhaps suggesting that mobilization requires greater aggregate exposures to 

leukemia (that is, dose) (Figure 4d). Yet, we detected leukemia transcripts in recipient c-Kit+ 

progenitor cells and stroma, again consistent with trafficking of leukemia exosomes to BM 

(Figure 4e). Moreover, qRT-PCR analysis of c-Kit+ cells and BM stroma from xenograft 

animals revealed a 20–40% loss in expression of the hematopoietic transcription factor 

genes c-Kit, c-Myb, Hoxa9, E2f3 and Ship1 in HSPCs (Figure 4f), and the HSPC retention 

factor genes Scf and Cxcl12 (20–30%) in BM stroma were consistently downregulated 

(Figure 4g). When we injected purified HL-60 exosomes or vehicle control into recipient 

animal femurs, the paired statistical analysis of media- versus exosome- injected femur 

again showed significant CFU-C deficits in the exosome-injected BM (paired t-test, P < 

0.01) (Figure 4h). qRT-PCR analysis of transcripts from these animals confirmed decreased 

expression of c-Kit, c-Myb, Hoxa9, E2f3 and Ship1 in c-Kit+ progenitor cells (Figure 4i) 

and Scf and Cxcl12 in BM stroma (Figure 4j). Results show that extramedullary myeloid 

tumors traffic human transcripts to BM cells, in turn dysregulating hematopoietic function.

AML exosomes regulate HSPC via signaling networks

To better understand the cellular targets for AML exosomes that traffic to HSPC, we 

performed unbiased, high-throughput quantitative proteomic analysis. In two independent 

experiments, we compared relative protein abundances between c-Kit-enriched HSPC after 

exposure to Molm-14 exosomes versus media and identified 2837 and 2476 quantifiable 

proteins, respectively (Figures 5a and b). Across both experiments, 282 proteins were 

differentially expressed between exosome-treated and control cells, of which 161 were 
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upregulated and 121 were down-regulated (Figure 5c). Because of their substantial effect on 

cells, we examined each data set for differential expression of transcription factors and 

found a total of seven downregulated and one upregulated (CEBPB) protein (Figure 5d). 

DAVID functional annotation analysis30,31 revealed that 27% (43/161) of the upregulated 

proteins are involved in immune processes (Figure 5e). Other prominent categories included 

acetylation, cell proliferation and antioxidant activity, all central to HSPC integrity (Figure 

5e). A remarkable 31% (38/121) of the downregulated targets are involved in protein 

synthesis (Figure 5e). In the upregulated protein set, 15% are involved in cell motility, and 

6% in cytokine production (Figure 5e).

Finally, we used the String database32 to examine functional interactions between 

differentially expressed proteins, and transcriptionally validated several select candidates 

with qRT-PCR. Of these, CD44 and two NF-κB proteins have known links to compartmental 

function in the AML BM33,34 (Figures 6a and b). Intriguingly, in the downregulated protein 

set, we saw decreased expression for several known epigenetic regulators of hematopoiesis 

(Dnmt1, Hells and Pcna)35 (Figures 6c and d). Together, the data provide a link to the 

phenotypes of HSPC mobilization and constrained hematopoietic function we observed 

following exposure to AML exosomes in vivo.

DISCUSSION

There is considerable interest in the dysregulation of hematopoiesis during conversion from 

a homeostatic microenvironment to a leukemic niche.3–5,22 One recent xenograft study 

illustrated that AML blasts alter the differentiation of residual murine recipient progenitor 

cell pool in NSG mice.4 We now provide in vitro and in vivo evidence that AML exosomes 

account, at least in part, for modulation of residual compartmental function in the BM, 

indirectly via dysregulation of stromal cell supportive factors and chemokines, and directly 

via functional decline in clonogenic progenitor activity and reduction of CXCR4 expression.

We previously characterized AML exosome biogenesis and validated key attributes of their 

release in primary AML patient samples.7 Here, we chose AML cell lines for their 

predictable xenograft kinetics (Molm-14) or extramedullary chloroma formation (HL-60), 

which allowed in vivo measurements at low/no leukemic BM occupancy to minimize bias 

due to competitive HSPC displacement. Additionally, the reduced sample-to-sample 

variability for both Molm-14 and HL-60 cell lines was critical to dissect the regulation of 

stromal and hematopoietic cell populations.

We found that the presence of either Molm-14 or HL-60 leukemia cells in animals 

significantly compromised residual progenitor colony frequency in the BM, similar to a 

study of primary AML grafts, but at much lower leukemic burden.4 The HSPC redistribution 

to the peripheral blood we observed in Molm-14 xenografts echoes murine models of CML, 

where cytokines and retention factors, including Scf and Cxcl12, mediate hematopoietic 

suppression.3,22 Here, we demonstrate not only a decline in expression of CXCR4-CXCL12 

and c-KIT-SCF but also the consistent presence of human transcripts in murine stromal and 

hematopoietic cells harvested from xenografted animals.36,37 The extra-medullary HL-60 

xenograft model is particularly instructive in that the impact of xenografting is robustly 
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reproduced, even though leukemia cells are not present in the BM. This line of evidence 

receives additional support from paired CFU-C analysis after IF injection of Molm-14 and 

HL-60 exosomes versus contralateral controls. Together, the data suggests that paracrine 

exosome trafficking from AML blasts to HSPC and BM stromal cells contributes to the 

suppression of hematopoiesis.

Unlike specific unidirectional ligand-receptor activities seen with cytokines or chemokines, 

exosomes have no known cell- or tissue-specific entry restriction, implying that all BM cells 

are permissive. Thus, multiple cellular components can be simultaneously regulated and 

signaling is ultimately determined by exosome cargo (protein and RNA), integrated at the 

level of gene expression in each ‘recipient’ cell type.9 These complex events are difficult to 

isolate in the in vivo environment. However, in carefully calibrated in vitro experiments at 

physiological oxygen concentrations, we demonstrate that AML exosomes directly promote 

the loss of HSPC clonogenicity, CXCR4 expression and CXCL12-directed migration in 

conjunction with downregulation of Scf and Cxcl12 in stromal cells. Thus, our data 

consistently show that exosomes cooperatively erode critical aspects of BM function and 

redistribute HSPC to the peripheral circulation.36–38

There are likely many cellular targets to account for exosome action in HSPC. We utilized a 

highly sensitive proteomics technique that identified proteins important in hematopoietic 

function and delineated regulatory networks for select candidates. For example, we find 

upregulation of SYK, a kinase expressed in hematopoietic cells39 which prevents 

differentiation of FLT3-ITD AML.40,41 Interleukin-1ß (IL1-ß), a cytokine dependent on 

SYK that reduces hematopoietic progenitor cell frequency,42 was upregulated 10-fold in 

exosome-exposed cells.43 It induces the secretion of G-CSF and other cytokines that prompt 

egress of HSPC from the leukemic niche.3,44 Similarly, the loss of expression of the 

adhesion protein VCAM1 in exosome-treated cells is consistent with exosome dysregulation 

of HSPC retention.

The downregulation of proteins involved in methylation maintenance was particularly 

intriguing. Two key epigenetic regulators, DNMT1 and HELLS (along with the binding 

partner PCNA), were all downregulated at the level of both transcript and protein in AML 

exosome-treated cells and cells from Molm-14-xenografted animals, suggesting that more 

long-lived epigenetic changes are provoked in HSPC. Similarly, the downregulation of 39 

ribosomal or ribosomal biogenesis related proteins in exosome-treated BM cells is entirely 

consistent with the critical role protein synthesis has for HSPC function.45

Accumulated studies suggest that extracellular vesicles, including exosomes shed from 

tumor cells, play a critical role in remodeling the tumor microenvironment, in turn 

promoting the survival of tumor stem cells resistant to the treatment.3–5,22,46,47 Our 

leukemia focused studies (BM-myeloid tumor (Molm-14) vs extramedullary myeloid tumor 

(HL-60)) suggest that leukemia-derived exosomes exert target-cell-specific effects that drive 

coordinate compartmental remodeling and successive loss of hematopoietic activity during 

leukemic invasion of the BM. Our studies reinforce the importance of more thoroughly 

understanding exosome biogenesis, especially the selective incorporation of RNAs and 

proteins. Our work implies that leukemia exosome cargo dysregulates factors important to 
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hematopoiesis. It is conceivable that those may present therapeutic targets to relieve HSPC 

loss and stem cell niche-perturbing effects of leukemogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
AML xenografts and exosomes modulate BM compartmental signaling. (a) BM and PB 

chimerism were measured by flow cytometry for human CD45+ cells. Data from 6 

independent experiments with total 67 animals engrafted with either hypoxia- or normoxia-

conditioned Molm-14. The results are presented as mean ± s.e.m. (b) Femur sections of 

engrafted mice were examined by IHC. Low chimerism: < 5% huCD45+; high chimerism: > 

50% huCD45+ in the BM. (C-G) NSG mice were engrafted with Molm-14 (Xenograft) (n = 

10) or (H-K) exposed to Molm-14-derived exosomes through IF injection (Intrafemoral) (n 
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= 8). (c and d) CFU-C assays were performed on c-Kit+ progenitor cells and PBMC isolated 

from xenografted animals. (e) The stromal regulatory gene profile in xenografted recipient 

BM stroma was evaluated by qRT-PCR. (f and g) Transfers of human FLT3 and CXCR4 in 

AC220-treated c-Kit+ cells and recipient BM stroma were determined by RT-PCR. N1 to N6 

and H1 to H6 represent the individual animal. (H-I) CFU-C assays were performed on c-Kit

+ progenitor cells and PBMC from IF-injected animals. (j and k) The presence of human 

transcripts (FLT3 and CXCR4) in c-Kit+ progenitor and BM stromal cells from IF-injected 

animals was examined by RT-PCR. Vehicle medium was used as the control. Data are 

representative of 6 independent xenograft experiments and four independent IF experiments. 

The results are presented as mean ± s.d. *P < 0.01.
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Figure 2. 
AML cells release more exosomes under physiological oxygen condition and AML 

exosomes attenuate stromal cell expression of HSC maintenance factors. (a) Exosome 

production from Molm-14 and HL60 under normoxic and hypoxic conditions was compared 

by nanoparticle tracking analysis. Data represents 6 independent experiments. *P < 0.01. (b) 

The exosome RNA concentration was determined by spectrophotometry. Data represents 

nine independent experiments *P < 0.05. (c) Transfer of transcripts from (human) Molm- 14 

exosomes to (murine) OP9 cells was detected by qRT-PCR. N-ECM, H-ECM, N-Exo, H-

Exo represent exosome-containing media (ECM) or exosomes (Exo) produced under 

normoxic (N) or hypoxic (H) conditions. (d) GFP-expressing OP-9 stromal cells were 

exposed to PKH-26- labeled Molm-14 exosomes for 3 h. (e and f) The stromal regulatory 

gene profile in OP9 under normoxia (red bar) or hypoxia (blue bar) after exposure to 

exosomes or ECM from Molm-14 cultured under hypoxia was evaluated by qRT-PCR 

normalized to GAPDH. Data represent three independent experiments.
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Figure 3. 
AML exosomes modulate the function of HSPC. CFU-C assay for murine c-Kit+ progenitor 

cells after in vitro exposure to exosomes from Molm-14 (a) or HL-60 cells (b) cultured 

under hypoxia for 48 h. 10% VF-FBS medium was used as the control. (c) CFU-C for 

murine c-Kit+ progenitor cells after 48-hr in vitro exposure to exosomes from AML primary 

cells. (d) CFU-C for human CD34+ cells after 48 h in vitro exposure to exosomes from 

Molm-14. (e) Murine lin- cells were exposed to N-Rh-PE labeled Molm-14 exosomes 

overnight, labeled for Sca-1 and c-Kit, and imaged using deconvolution microscopy. (f) 
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Expression of CXCR4 on lineage-depleted BM cells after 24-h exposure to Molm-14 

exosomes. (g) Migration of lineage-depleted bone marrow cells along a CXCL12 gradient 

after 24-h culture with Molm-14 ECM or media alone. (h and i) Hematopoietic gene profile 

of c-Kit+ cells was examined by qRT-PCR after exposure to exosomes from Molm-14 or 

HL-60. (j) CFU-C for murine c-Kit+ progenitor cells collected from animals engrafted with 

Molm-14 (n = 6) or human CD34+ cells (n = 4). (k) Gene expression in c-Kit+ progenitor 

cells from xenografted animals, normalized to Gapdh. Data are representative of three 

independent experiments. *P < 0.01.
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Figure 4. 
AML exosomes from extramedullary myeloid tumors dysregulate BM niche signaling. 

HL-60 cells were conditioned at 1% O2 before xenografting. (a) Bone marrow, peripheral 

blood and extramedullary tumor chimerism were measured by flow cytometry for human 

CD45. Data are representative of three independent experiments (n = 23). (b) Chloroma 

sections were examined by IHC and flow cytometry for human CD45. (c and d) CFU-C for 

murine c-Kit+ progenitor cells and PBMC after HL-60 xenograft. (e) Transfer of human 

FLT3 and CXCR4 into NSG c-Kit+ progenitor cells and stroma was detected by RT-PCR. 
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Gene expression profiles in c-Kit+ progenitor cells (f) and stroma (g) from xenografted 

animals were examined by qRT-PCR. Data are representative of three independent 

experiments. (h) CFU-C on c-Kit+ progenitor cells from animals exposed to HL-60-derived 

exosomes through intrafemoral (IF) injection (n = 8). Vehicle medium was used as the 

control. (i and j) Expression of hematopoietic and stromal regulatory genes was quantified 

by qRT-PCR.
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Figure 5. 
Differentially expressed proteins and gene ontology. We performed two TMT experiments to 

compare proteins in exosome-treated HSPC, compared with controls. From five control and 

eight exosome-treated samples across 2 experiments, we obtained 282 overlapping proteins 

differentially expressed (P ≤ 0.0001 for Exp. 1, P ≤ 0.10 for Exp. 2) between exosome- 

treated and control samples. Because of higher sampling of peptides, Exp. 1 yielded the 

highest quality data and was thus subjected to more stringent statistical criteria. (a and b) 

Averaged summed reporter ion intensities for proteins in exosome-treated versus control 
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samples used for a normalization check of data from Exp. 1 and Exp. 2, respectively, 

showing differentially abundant proteins in color with indicated P-values. (c) Heat map of 

differentially expressed proteins in Molm-14 exosome-treated versus control HSPC from 

Exp. 1. (d) Relative protein expression of differentially expressed transcription factors. (e) 

Up- and downregulated gene ontology processes from DAVID (P < 0.001; see 

Supplementary File 1) for differently expressed proteins in exosome-treated versus control 

HSPC.
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Figure 6. 
Network interactions for differentially expressed proteins in exosome-treated HSPC. (a) 

Upregulated protein interaction network (generated on String DB 9.1, with highest 

confidence setting). (b) Fold change (exosome-treated vs control) in upregulated candidate 

proteins by TMT and verification by qRT-PCR on cDNA from exosome-treated HSPC. (c) 

Downregulated protein interaction network. (d) Fold change (exosome-treated vs the 
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control) in downregulated candidate proteins by TMT and verification by qRT-PCR on 

cDNA from exosome-treated HSPC. Graphs reflect means ± s.e.m.
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