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1 INTRODUCTION 

Maintenance and differentiation of hematopoietic stem cells (HSC) are strictly 

regulated through the bone marrow microenvironment. Different animal models have 

elegantly uncovered the delicate architecture of cellular and non-cellular constituents 

in the bone marrow and their impact on HSC functions (Pinho & Frenette, 2019). Acute 

myeloid leukemia (AML) is characterized by a high relapse rate which is associated 

with chemoprotection of leukemia-initiating cells and early hematopoietic failure 

(Dohner et al., 2017). Various murine models revealed how myeloid neoplasia alters 

the architecture and the functional characteristics of the bone marrow niche (Medyouf, 

2017; Schepers et al., 2015). These alterations proved to give advantage to leukemic 

cells at the expense of HSCs. Previously, our group has shown in a murine model of 

AML driven by the MLL-AF9 oncogene that leukemic infiltration induced sympathetic 

neuropathy in the bone marrow microenvironment which went along with loss of 

quiescence and expansion of the niche size (Hanoun et al., 2014). Strikingly, the fate 

of mesenchymal stem and progenitor cells (MSPCs) was skewed towards the 

osteolineage with an accumulation of osteoprogenitors in the AML bone marrow. 

Simultaneously, MSPCs from leukemic bone marrow lacked expression of HSC-

regulating factors like Scf, Cxcl12 and Angpt1 leading to disturbed maintenance and 

retention of HSCs in the bone marrow with ultimate decimation and relocalization of 

HSCs. Simultaneously, we are gaining increasing proof how the induced alterations in 

the AML niche sustain leukemia proliferation. Based on these observations, 

intervening between leukemia-initiating cells and its altered microenvironment to 

render leukemic cells more sensitive to genotoxic agents appears to be a feasible 

approach. Activation of the sympathetic tone by administration of adrenergic β2-

recepor agonists or serotonin inhibitors to increase osteoblast numbers are strategies 
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to attenuate leukemia progression in murine models (Hanoun et al., 2014; Krevvata et 

al., 2014). These approaches encourage translating niche-targeted therapies into the 

clinic to decrease the high relapse rate in AML.  

 

However, there is little knowledge about the nature of the human bone marrow 

niche and the relevance of findings from murine models for human AML. A number of 

reports showed that bone marrow stromal cells from AML patients cultured as adherent 

layers harbor a distinct gene expression profile (Goulard et al., 2018; Medyouf, 2017). 

In these studies, the impact of in vitro culture on the fate of bone marrow MSPCs was 

not accounted for. Furthermore, there is little insight into the in situ architecture of the 

bone marrow niche in human AML nor do we have prospective data on the clinical 

significance of these niche aberrations in humans. 

 

In this study, we have evaluated the global gene expression profile of freshly 

isolated human bone marrow MSPCs from AML patients at first diagnosis and matched 

controls and analyzed the cellular composition in situ. Furthermore, we evaluated the 

clinical impact of these microenvironmental alterations in human AML.  
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2 MATERIALS AND METHODS 

 Materials 

2.1.1 Chemicals and reagents 

Table 1. Chemicals and reagents used in this study 

Chemical/Reagent Cat. No. Supplier 

0.5% Oil Red O solution O1391 
Sigma-Aldrich, St. Louis, 
MO, USA 

2-Propanol I9516 
Sigma-Aldrich, St. Louis, 
MO, USA 

2% Alizarin red stain CM-0058 
Life Line Cell Technology, 
Frederick, MD, USA 

Alcian blue 335630 
Sigma-Aldrich, St. Louis, 
MO, USA 

Aqua 0082479E 
B. Braun, Sempach, 
Switzerland 

β-Glycerophosphate 
disodium salt hydrate 

G9422 
Sigma-Aldrich, St. Louis, 
MO, USA 

Bovine serum albumin (BSA) A7906 
Sigma-Aldrich, St. Louis, 
MO, USA 

Collagenase, Type I 17104-019 
Sigma-Aldrich. St Louis, 
MO, USA 

4',6-diamidino-2-
phenylindole (DAPI) 

D9542 
Sigma-Aldrich, St. Louis, 
MO, USA 

Dexamethasone 25mg D4902 
Sigma-Aldrich, St. Louis, 
MO, USA 

Dimethyl sulfoxide (DMSO) P60-36720100 
PAN-Biotech, Aidenbach, 
Germany 

Dispase II 17105-041 
Sigma-Aldrich. St Louis, 
MO, USA 

Ethanol 32205 
Sigma-Aldrich. St Louis, 
MO, USA 

FACS Clean 340345 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

FACS Flow 342003 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

FACS Rinse 340346 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

FastStart Universal SYBR 
Green Master (Rox) 

4913914001 Roche, Basel, Switzerland 

Goat serum G9023 
Sigma-Aldrich, St. Louis, 
MO, USA 

Hydrochloric acid 07102 
Sigma-Aldrich, St. Louis, 
MO, USA 
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Continued from Table 1 

 

2.1.2 Commercial kits 

Table 2. Commercial kits used in this study 

Kit Cat. No. Supplier 

BD Cytofix/Cytoperm™ Kit 554714 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

Differential Quick Stain Kit 
(Modified Giemsa) 

24606 
Polyscience Inc., Warrington, 
PA, USA 

Dynabeads® mRNA DIRECT 
Purification Kit 

61011 
Thermo Fisher Scientific, 
Waltham, MA, USA 

EasySep™ Human CD45 
Depletion Kit 

18259 
STEMCELL Technologies, 
Vancouver, Canada 

GeneChip® 3’IVT Pico 
Reagent Kit  

902790 
Affymetrix, Santa Clara, CA, 
USA 

Human Clariom™ S Assay 902926 
Affymetrix, Santa Clara, CA, 
USA 

N-MID® Osteocalcin ELISA kit AC-11F1 
Elecsys, Roche diagnostic 
Ltd., Basel, Switzerland 

Chemical/Reagent Cat. No. Supplier 

L-Ascorbic acid A4403 
Sigma-Aldrich, St. Louis, 
MO, USA 

L-Glutamine 200mM 25030024 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Lymphoprep 7851 
STEMCELL Technologies, 
Vancouver, Canada 

Nuclease-free water  AM9938 
Invitrogen, Carlsbad, CA, 
USA 

Penicillin-Streptomycin P4333 
Sigma-Aldrich, St. Louis, 
MO, USA 

Pierce™ 16% Formaldehyde, 
Methanol-free 

28908 
Thermo Fisher Scientific, 
Waltham, MA, USA 

RNaseZAP™ R2020 
Sigma-Aldrich, St. Louis, 
MO, USA 

Tretinoin PHR1187 
Sigma-Aldrich, St. Louis, 
MO, USA 

Triton X-100 X100 
Sigma-Aldrich, St. Louis, 
MO, USA 

Trypan Blue solution T8154 
Sigma-Aldrich, St. Louis, 
MO, USA 

TrypLE™ Express Enzyme 
(1X), no phenol red 

12604-013 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Wnt Agonist II, SKL2001  681667 
Calbiochem, San Diego, 
CA, USA 
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Continued from Table 2 
 

Kit Cat. No. Supplier 

Premixed Mag Luminex 
Performance Assay 

FCSTM09-12 
Luminex corporation, Austin, 
TX, USA 

RNeasy® Micro kit  74004 Qiagen, Venlo, Netherland 

StemPro™ Adipogenesis 
Differentiation Kit 

A1007001 
Invitrogen, Grand Island, NY, 
USA 

StemPro™ Chondrogenesis 
Differentiation Kit 

A1007101 
Invitrogen, Grand Island, NY, 
USA 

 

2.1.3 Instruments 

Table 3. Instruments used in this study 

Instrument Supplier 

ABI PRISM® 7900HT Sequence Detection 
System 

Thermo Fisher Scientific, 
Waltham, MA, USA 

Agilent 2100 Bioanalyzer 
Agilent Technologies, Santa 
Clara, CA, USA 

BD FACSAria™ III 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

BD LSR™ II 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

Biological safety cabinet: NU-440-401E  NuAire, Plymouth, MN, USA 

DynaMag™-2 Magnet 
Thermo Fisher Scientific, 
Waltham, MA, USA 

EasySep™ Magnet 
STEMCELL Technologies, 
Vancouver, Canada 

Electrochemical detector 
Bio-RAD Laboratories, 
Hercules, CA, USA 

Eppendorf Research®: Pipette for 1000µl, 
200µl, 100µl and 10µl 

Eppendorf, Hamburg, 
Germany 

ErgoOne®: Pipette for 1000µl, 200µl, 100µl 
and 10µl 

StarLab, Ahrensburg, 
Germany 

FlexCycler PCR-Thermocycler Analytik Jena, Jena, Germany 

GeneChip® Scanner 3000 
Affymetrix, Santa Clara, CA, 
USA 

Hirschmann automatic pipettes  
Hirschmann Laborgeräte 
GmbH & Co. KG, Eberstadt, 
Germany  

Leica DM1000 LED 
Leica Microsystems, Wetzlar, 
Germany 
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2.1.4 Consumables 

Table 4. Consumables used in this study 

Consumable Cat. No Supplier 

CELLSTAR® Cell Culture Dish, 
10cm 

664160 
Greiner Bio-One, 
Frickenhausen, Germany 

CELLSTAR® Cell Culture Flask, 
25cm2, Blue Filter Screw Cap 

690975 
Greiner Bio-One, 
Frickenhausen, Germany 

CELLSTAR® Cell Culture Flask, 
75cm2, Red Filter Screw Cap 

658175 
Greiner Bio-One, 
Frickenhausen, Germany 

CRYO.S™, 1ml cryotube 123261 
Greiner Bio-One, 
Frickenhausen, Germany 

EASYstrainer™, 100 µM 542000 
Greiner Bio-One, 
Frickenhausen, Germany 

Falcon™ 15ml Conical Centrifuge 
Tube 

14-959-53A 
Greiner Bio-One, 
Frickenhausen, Germany 

Falcon™ 50ml Conical Centrifuge 
Tube 

14-432-22 
Greiner Bio-One, 
Frickenhausen, Germany 

Falcon™, 6, 12, 24, 48 & 96-well 
Clear Flat Bottom TC-treated 
Multiwell Cell Culture Plate 

353043, 353046 
353047, 353078 
353072 

Corning Inc., Corning, NY, 
USA 

Graduated pipettes for 25ml, 10 ml 
and 5ml, single use  

760180, 607180 
606180 

Greiner Bio-One, 
Frickenhausen, Germany 

HPLC column 6000 
Chromsystems 
Instruments & Chemicals, 
Gräfelfing, Germany 

Microamp™ Enduraplate™ Optical 
384-Well Clear Reaction Plates 
with Barcode 

4483285 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Microcentrifuge tube, 1.5 ml, single 
use  

E1415-1500 
StarLab, Ahrensburg, 
Germany 

Minisart® NML Plus Syringe Filter 17823 
Sartorius, Göttingen, 
Germany 

µ-Slide 4 Well Ph+ 80446 Ibidi, Gräfelfing, Germany 

Nalgene® Rapid-Flow™ Sterile 
Disposable Bottle Top Filter with 
PES Membrane 

595-4520 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Parafilm® M P6543 
Sigma-Aldrich, St. Louis, 
MO, USA 

Puradisc™ 25mm Nylon Syringe 
Filter, 0.45µm 

6750-2504 
Whatman, Maidstone, 
United Kingdom 

TipOne®, Filter Tips for 1000µl, 
200µl, 100µl and 10µl 

S1120, S1121 
S1123, S1126 

StarLab, Ahrensburg, 
Germany 
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2.1.5 Primers 

Table 5. Primers used in this study 

Primer Sequence 5´- 3´ Primer Sequence 5´- 3´ 

GAPDH_Fwd TCTGCTCCTCCTGTTCGACA ALPL_Fwd ACCACCACGAGAGTGAACCA 

GAPDH_Rev AAAAGCAGCCCTGGTGACC ALPL_Rev CGTTGTCTGAGTACCAGTCCC 

CXCL12_Fwd TGGGCTCCTACTGTAAGGGTT BGLAP_Fwd CACTCCTCGCCCTATTGGC 

CXCL12_Rev TTGACCCGAAGCTAAAGTGG BGLAP_Rev CCCTCCTGCTTGGACACAAAG 

VCAM1_Fwd GTCTCCAATCTGAGCAGCAA SP7_Fwd CCTCTGCGGGACTCAACAAC 

VCAM1_Rev TGAGGATGGAAGATTCTGGA SP7_Rev AGCCCATTAGTGCTTGTAAAGG 

ANGPT1_Fwd GCCATCTCCGACTTCATGTT COL1A1_Fwd GAGGGCCAAGACGAAGACATC 

ANGPT1_Rev CTGCAGAGAGATGCTCCACA COL1A1_Rev CAGATCACGTCATCGCACAAC 

OPN_Fwd AGATGGGTCAGGGTTTAGCC  CDH2_Fwd TCAGGCGTCTGTAGAGGCTT 

OPN_Rev CATCACCTGTGCCATACCAG CDH2_Rev ATGCACATCCTTCGATAAGACTG 

SCF_Fwd AATCCTCTCGTCAAAACTGAAGG LRP5_Fwd ACTCGCTGTGAGGAGGACAAT 

SCF_Rev CCATCTCGCTTATCCAACAATGA LRP5_Rev GGCAGGCGCATGTGTAGAA 

IBSP_Fwd TGAAGTCTCCTCTTCTTCCTCCT WNT10A_Fwd GGTCAGCACCCAATGACATTC 

IBSP_Rev AAACGATTTCCAGTTCAGGG WNT10A_Rev TGGATGGCGATCTGGATGC 

RUNX2_Fwd ATACTGGGATGAGGAATGCG CTNNB1_Fwd AAAGCGGCTGTTAGTCACTGG 

RUNX2_Rev ACAGTAGATGGACCTCGGGA  CTNNB1_Rev CGAGTCATTGCATACTGTCCAT 

AXIN2_Fwd CAACACCAGGCGGAACGAA OCLN_Fwd ACAAGCGGTTTTATCCAGAGTC 

AXIN2_Rev GCCCAATAAGGAGTGTAAGGACT OCLN_Rev GTCATCCACAGGCGAAGTTAAT 

FZD7_Fwd GTGCCAACGGCCTGATGTA DDR1_Fwd AAGGGACATTTTGATCCTGCC 

FZD7_Rev AGGTGAGAACGGTAAAGAGCG DDR1_Rev CCTTGGGAAACACCGACCC 

SFRP1_Fwd ACGTGGGCTACAAGAAGATGG BSG_Fwd GAAGTCGTCAGAACACATCAACG 

SFRP1_Rev CAGCGACACGGGTAGATGG BSG_Rev TTCCGGCGCTTCTCGTAGA 

CDH1_Fwd CGAGAGCTACACGTTCACGG CEACAM1_Fwd TGCTCTGATAGCAGTAGCCCT 

CDH1_Rev GGGTGTCGAGGGAAAAATAGG CEACAM1_Rev TGCCGGTCTTCCCGAAATG 

PDGFR_Fwd TGGCAGTACCCCATGTCTGAA  RAC_Fwd CAACGCCTTTCCCGGAGAG 

PDGFR_Rev CCAAGACCGTCACAAAAAGGC RAC_Rev TCCGTCTGTGGATAGGAGAGC 

PLAUR_Fwd TGTAAGACCAACGGGGATTGC NRG1_Fwd CGGTGTCCATGCCTTCCAT 

PLAUR_Rev AGCCAGTCCGATAGCTCAGG NRG1_Rev GTGTCACGAGAAGTAGAGGTCT 

FBN1_Fwd CAGGACAGGCCCATGTTTTAC   

FBN1_Rev GCACAGCAGAGCGTTTTTGT   
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2.1.6 Antibodies 

Table 6. Primary and secondary antibodies used in this study 

Antibody Conjugate Clone Cat. No. Supplier 

Primary Antibodies 

β-catenin 
Alexa Fluor 
647 

L54E2 46275 
Cell Signal 
Technology, Danvers, 
MA, USA 

CD105 PerCP-Cy5.5 266 560819 
Becton Dickinson, 
Franklin Lakes, NJ, 
USA 

CD146  PE-Cy7 P1H12 562135 
Becton Dickinson, 
Franklin Lakes, NJ, 
USA 

CD235a  APC HIR2 17-9987-41 
eBioscience, San 
Diego, CA, USA 

CD271  PE ME20.4 345105 
BioLegend, San 
Diego, CA, USA 

CD31  FITC WM-59 17-0319-41 
eBioscience, San 
Diego, CA, USA 

CD45 APC HI30 17-0459-42 
eBioscience, San 
Diego, CA, USA 

CD45 FITC HI-30 11-0459-42 
eBioscience, San 
Diego, CA, USA 

Rabbit IgG 
Isotype Control 

Unconjugated Polyclonal 02-6102 
Thermo Fisher 
Scientific, Waltham, 
MA, USA 

Tyrosine 
hydroxylase 

Unconjugated Polyclonal AB152 
Abcam, Cambridge, 
United Kingdom 

Secondary Antibody 

Goat Anti-
Rabbit IgG H&L 

Alexa Fluor 
568 

Polyclonal AB175471 
Abcam, Cambridge, 
United Kingdom 
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2.1.7 Medium and buffers 

Table 7. Medium and buffers used in this study 

Medium / Buffer Cat. No. Supplier 

Dulbecco's Modified Eagle’s Medium: 
Nutrient Mixture F-12 (DMEM/F12) 

21331-020 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Dulbecco’s Phosphate-Buffered 
Saline (D-PBS) 

14190 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Fetal bovine serum (FBS) P30-1302 
PAN-Biotech, Aidenbach, 
Bayern, Germany 

HBSS, calcium, magnesium, no 
phenol red 

14025-092 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Iscove’s Modified Dulbecco’s Medium 
(IMDM) 

21980-032 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Leibovitz’s L15 Medium,  
no phenol red 

21083-027 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Lysing buffer 555899 
BD Bioscience, San Jose, 
CA, USA 

MesenCult™ MSC Basal Medium 
(Human) 

05401 
STEMCELL Technologies, 
Vancouver, Canada 

MesenCult™ MSC Stimulatory 
Supplement (Human) 

05402 
STEMCELL Technologies, 
Vancouver, Canada 

Minimum Essential Medium (αMEM) 32561-037 
Thermo Fisher Scientific, 
Waltham, MA, USA 

RPMI 1640 Medium 21875-034 
Thermo Fisher Scientific, 
Waltham, MA, USA 
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2.1.8 Software 

Table 8. Software used in this study 

 

2.1.9 Patient samples 

Primary patient samples were obtained from peripheral blood or bone marrow 

of newly diagnosed AML patients (excluding acute promyelocytic leukemia), non-

Hodgkin lymphoma patients without bone marrow involvement and non-leukemic 

donors between January 2010 and August 2017 after informed consent of all subjects 

according to institutional guidelines. Patients who ever received anti-neoplastic 

treatment were excluded. This study was carried out in accordance with the approved 

protocol of the University of Duisburg-Essen ethics committee (#15-6430-BO). 

Software Manufacture 

Expression Console™ v.1.4.1.46 Affymetrix, Santa Clara, CA, USA 

EndNote X8.2 Clarivate Analytics, Philadelphia, PA, USA 

FACSDiva™ v.6.1.3 Becton Dickinson, Franklin Lakes, NJ, USA 

FlowJo v.10 Treestar, Ashland, OR, USA 

Gen5™ BioTek Instruments Inc., Winooski, VT, USA 

GraphPad Prism 8 v.8.0.2  GraphPad, La Jolla, CA, USA 

GSEA v.4.0.2 Broad Institute, Cambridge, MA, USA 

ImageJ v.2.0.0 Open source software 

Ingenuity® Pathway Analysis 
QIAGEN Bioinformatics, Redwood City, CA, 
USA 

MedCalc Statistical software 
v.19.0.0  

MedCalc, Ostend, Belgium 

Office for Mac v.15.33 Microsoft, Redmond, WA, USA 

Millipore Analyst Software Merck Millipore, Billerica, MA, USA 

Partek® Genomics Suite® Partek, St. Louis, MO, USA 

QuantStudio™ Design & Analysis 
Software v.1.4.3 

Thermo Fisher Scientific, Waltham, MA, 
USA 

Zen Pro 2.0 Zeiss, Oberkochen, Germany 
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2.1.10 Cell lines 

The AML cell lines THP-1, KG-1, OCI-AML3, Kasumi-1 and MOLM-13 were 

purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH 

(DSMZ). SH-SY5Y was purchased from Sigma-Aldrich. U937 and K562 were 

authenticated by DSMZ using short tandem repeat DNA typing. MEC-1 and Raji were 

collected from our cell bank. SaOS2 was a generous gift from Dr. Manuela Wülling, 

Department of Developmental Biology, University of Duisburg-Essen. Jurkat and Reh 

cells were generous gifts from Prof. Helmut Hanenberg, Department of Pediatrics, 

University Hospital Essen. HDLM-2 and KM-H2 cells were generous gifts from Dr. Marc 

Seifert, Institute of Cell Biology (Tumor Research), University Hospital Essen. 

Immortalized human bone marrow MSPC (HuMSPC) was a generous gift from Prof. 

Bernd Giebel, Institute of Transfusion Medicine, University Hospital Essen. For all cell 

lines used in the experiments, mycoplasma contamination was checked regularly. 

 

 Methods 

2.2.1 Cell isolation 

Peripheral blood and bone marrow mononuclear cells (MNCs) were purified 

using Lymphoprep. To cryopreserve peripheral blood and bone marrow MNCs for co-

culture experiments, erythrocytes were lysed with lysing buffer and counted with a 

hemocytometer afterwards. MNCs were resuspended with freezing medium which 

contained 90% heat-inactivated FBS with 10% sterile DMSO, transferred into Mr. 

Frosty™ and put into a -80°C freezer for at least 24 hours before transfer into liquid 

nitrogen for long-term storage.  
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Bone marrow stromal cells are cells of the supporting stroma in the bone marrow 

while MSPCs are a subset of these cells with multipotent differentiation capacity. To 

isolate primary bone marrow MSPCs and stromal cells, purified bone marrow MNCs 

were enzymatically digested with 1mg/ml collagenase type I and 2mg/ml dispase II in 

HBSS with 10% heat-inactivated FBS for 30 minutes at 37°C. Remaining erythrocytes 

were lysed with lysing buffer. Cells were enriched by magnetic CD45 depletion using 

the EasySep™ Human CD45 Depletion Kit and stained with fluorochrome-conjugated 

monoclonal antibodies (mAbs) specific for human CD45 (HI30), CD235a (HIR2), CD31 

(WM-59), CD271 (ME20.4) and CD146 (P1H12). Cells were sorted by FACSAria™ III, 

MSPCs were characterized as DAPI-CD45-CD235a-CD31-CD146low/+CD271+ while 

non-MSPC stromal cells were detected as DAPI-CD45-CD235a-CD31-CD146-CD271-.   

 

2.2.2 Microarray analysis 

For microarray analysis, total RNA was purified with RNeasy® kit following the 

manufacturer’s recommendation. Integrity of RNA was assessed by the Agilent 2100 

Bioanalyzer. Gene expression analysis was performed using the human Clariom™ S 

assay according to the manufacturer’s instruction. Samples were first prepared for 

hybridization using GeneChip® 3’IVT Pico Reagent Kit. To this end, total RNA was 

reverse transcribed into ds-cDNA for cRNA amplification using in vitro transcription 

(IVT) technology. The cRNA was then converted to biotinylated ds-cDNA. 

Fragmentation and hybridization of the biotin-labeled samples to the gene chip, 

washing and staining were performed according to the manufacturer’s 

recommendations. Arrays were finally scanned in a GeneChip® 3000 scanner with G7 

update. Array images were processed using the Robust Multi-array Average (RMA) 

algorithm implemented in Partek® Genomics Suite® (PartekGS) software. Quality 
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control was performed using Affymetrix Expression Console™ Software version 

1.4.1.46. Differentially expressed genes were identified using the analysis of variance 

(ANOVA) test implemented in PartekGS. Principal component analysis was plotted 

using the default setting implemented in PartekGS. The step-up method for multiple 

testing correction was applied to generate corrected p values. For two-dimensional 

hierarchical clustering analysis, unweighted pair group mean average (UPGMA) was 

applied as clustering method which is based on the similarity of the gene expression 

profiles of the different samples. Gene signal intensities were normalized to the mean 

signal of all samples with log10 transformation. Genes with standard deviation lower 

than 0.15 were excluded. Sample amplification, hybridization, image processing and 

analysis with PartekGS were performed by the Institute of Cell Biology (Cancer 

Research), Faculty of Medicine, University of Duisburg-Essen. 

 

Ingenuity® pathway analysis (IPA®) was applied for pathway and functional 

analysis as outlined in the manufacturer´s recommendations (Kramer et al., 2014). To 

this end, the top 3000 altered genes ranked by p-value from our microarray data were 

grouped and uploaded to IPA® software, which builds on the comprehensive, manually 

curated content of the Ingenuity® Knowledge Base (IKB).  Each gene was analyzed 

and correlated to its upstream and downstream target genes expression in our 

microarray dataset using the IKB. We performed canonical pathway analysis and 

upstream regulator analysis to detect altered pathways and predict possible key 

regulators within our dataset (Kramer et al., 2014). 

 

Gene set enrichment analysis (GSEA) was used to examine enrichment of gene 

sets in freshly isolated bone marrow MSPCs by using Java implementation of GSEA 

(http://software.broadinstitute.org/gsea/index.jsp). The collections of gene sets were 
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obtained from Molecular Signature Database (MSigDB) collections (version 6.3) 

(http://software.broadinstitute.org/gsea/msigdb/collections.jsp). Results were 

considered significant if the normalized enrichment score (NES) was greater than 2 or 

less than -2 with corrected p<0.05. To filter gene sets associated with different 

functions of MSPCs, we used a combination of keywords to search in MSigDB. For 

proliferation and survival, “cell cycle”, “proliferation” and “DNA repair” were used as 

keywords, and 1677 gene sets were found. For osteolineage differentiation, 

“osteogenesis”, “osteoblast”, “bone” and “mineralization” were used as keywords, and 

43 gene sets were found. For adipogenic differentiation, “adipogenesis”, “adipocyte”, 

“adipose” and “fat” were used as keywords, and a total of 11 related gene sets were 

found. For chondrogenic differentiation, “chondrogenesis”, “chondrocyte”, 

“chondrogen” and “cartilage” were used as keywords where only 18 related gene sets 

were found.  

 

2.2.3 Histology and immunohistochemistry analysis 

Bone marrow trephine biopsy samples underwent formalin fixation and paraffin 

embedment. Sections were stained with a monoclonal antibody specific for human 

CD271 (ME20.4). Antibody binding was visualized by incubation with a secondary 

antibody and development with 3,3’-diaminobenzidine (DAB) chromogen followed by 

hematoxylin counterstaining. The staining was performed by the Institute of Pathology 

and Neuropathology, University Hospital Essen. CD271 stained slides were imaged 

on a Zeiss AxioObserver Z1 inverted microscope with a 10X/0.45 Plan-Apochromat 

objective lens using an Axiocam 506 (6 Mpix) color camera. The tiled images of whole 

bone marrow sections were fused to a single image with Zen Pro 2.0 software. In order 

to quantify DAB positive stained area, ImageJ and its plugin IHC Profiler 
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(https://sourceforge.net/projects/ihcprofiler/plugin) were applied for quantification. 

Firstly, a white balance was performed and images were normalized to the background 

light intensity. The IHC Profiler plugin was run to deconvolve the resulting color image 

into separate hematoxylin and DAB images. The hematoxylin image was thresholded 

to obtain a mask of the total bone region and consequently the total bone section area. 

The DAB image was inverted and rescaled to values between 0-1 to obtain a 'quasi' 

absorption image, where a value of 0 corresponded to no absorption from DAB and a 

value of 1 to complete absorption. This image was then thresholded for values above 

0.4 to obtain a mask of the positive DAB regions, and consequently the positive DAB 

area. The fraction of positive DAB area within the bone section was calculated with the 

total bone area divided by the positive DAB area (Figure 1).  

 

Reticular fiber staining was performed manually with Gomori´s silver 

impregnation method and counterstained with nuclear fast red solution. The reticulum 

staining was performed by the Institute of Pathology and Neuropathology, University 

Hospital Essen. For reticular fibers staining, a 40X/0.95 Plan-Apochromat Corr 

objective was used on the same inverted microscope. In each specimen, 30-50 images 

were taken randomly by Zen Pro 2.0 software. For the quantification of reticular fibers 

by area, images were segmented using ImageJ with the Trainable Weka Segmentation 

Figure 1. Quantification strategy for CD271+ DAB stained area First, tiled images were fused (1). 

Color deconvolution was performed by IHC profiler to obtain separate hematoxylin and DAB images. 

The hematoxylin image was thresholded to obtain a mask of the total bone region (2). The DAB 

image (3) was inverted, rescaled and thresholded to obtain a mask of the positive DAB regions (4). 

Scale bar represents 1mm.   
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(https://imagej.net/Trainable_Weka_Segmentation), which performs image 

segmentation based on pixel classification. First, representative images were grouped 

and uploaded as a training image set and manually marked for 3 different tissue 

classes within the images: cell and interstitial tissue, reticular fibers and empty space 

(Figure 2). Second, we validated the automatic classification. This process was 

repeated until clearly distinguishing these three classes. All images were then 

segmented automatically and data exported as percentages of the area of reticular 

fibers of each image divided by the total tissue surface (average scanning area 61100 

µm2/sample, range: 24400-112700 µm2).  

 

2.2.4 Quantification of brain-derived neurotrophic factor and catecholamines  

Extracellular fluid was harvested from freshly obtained bone marrow aspirates 

after centrifugation. Adrenaline and noradrenaline were measured in bone marrow 

extracellular fluid using HPLC columns from Chromsystems and an electrochemical 

detector from BIO-RAD. The separation was controlled and corrected with the internal 

dihydroxybenzylamine (DHBA) standard. The measurement was performed by the 

Department of Nephrology, University Hospital Essen. Brain-derived neurotrophic factor 

Figure 2. Quantification strategy for silver-stained area (A) Representative image of silver-

stained bone marrow biopsy sample from AML patient to detect reticular fibers, image taken with a 

40x objective (B) Image converted by trainable Weka segmentation plugin for ImageJ to produce 

three pixel-based segmentations; red: reticular fibers, green: cells and interstitial tissue, purple: 

empty space, scale bar represents 50 µm. 
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(BDNF) protein was measured with a Luminex Magpix-based assay using a human 

magnetic luminex kit according to the manufacturer’s instructions. Briefly, plasma 

samples were thawed at 4°C and centrifuged at 1400xg for 5 min. The supernatant 

was diluted 1:8 in assay buffer and samples were assayed in duplicates. A 7-point 

standard curve with serial 1:3 dilutions was used. Measurements were generated 

using the Millipore Analyst Software employing a 5-perimeter logistic standard curve 

corrected by blank background readings. 

 

2.2.5 Peripheral blood osteocalcin measurement 

Peripheral blood osteocalcin was measured by the Central Diagnostic 

Laboratory of the University Hospital Essen using an N-MID® Osteocalcin ELISA kit 

which is a 2-site immunometric (sandwich) assay using electrochemiluminescence 

detection. 

 

2.2.6 Flow cytometry 

Multiparameter analyses of stained cell suspensions were performed on BD 

LSR™ II and analyzed with FlowJo X software. DAPI- single cells were evaluated for 

all analyses except cytoplasmic β-catenin staining. To quantify the level of cytoplasmic 

β-catenin in MSPCs after co-culture with AML cell lines or healthy peripheral blood 

mononuclear cells (PBMNC), the adherent layer was dissociated as described above. 

Cells were stained with fluorochrome-conjugated mAb specific for human CD45 (HI-

30) followed by permeabilization with BD Cytofix/Cytoperm™ and intracellular staining 

with a mAb specific for human β-catenin (L54E2) or rabbit IgG isotype control. Median 

fluorescence intensities (MFI) were calculated in stromal cells in comparison to isotype 

control with FlowJo X software.  
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2.2.7 Cell culture 

U937, THP-1, Reh, RAJI and KM-H2 cells were cultured in RPMI-1640 medium 

containing 10% heat-inactivated FBS and 1% penicillin/streptomycin. KG-1 and K562 

cells were cultured in IMDM medium containing 20% heat-inactivated FBS and 1% 

penicillin/streptomycin. Kasumi-1, MOLM-13 and HDLM-2 cells were cultured in RPMI-

1640 medium containing 20% heat-inactivated FBS and 1% penicillin/streptomycin. 

OCI-AML3 cells were cultured in ⍺MEM containing 20% heat-inactivated FBS and 1% 

penicillin/streptomycin. Jurkat cells were cultured in RPMI-1640 medium containing 

10% heat-inactivated FBS, 1% penicillin/streptomycin and 2mM L-glutamine. SaOS2 

and SH-SY5Y cells were cultured in DMEM/F12 medium containing 10% heat-

inactivated FBS, 1% penicillin/streptomycin and 2mM L-glutamine. Immortalized 

human bone marrow MSPCs (HuMSPC) were generated from primary bone marrow 

MSPCs. First, primary bone marrow MSPCs were transduced using a lentiviral vector 

coding for SV40 Tag (Simian Vacuolating Virus 40 large T antigen) (Ahuja et al., 2005) 

and puromycin N-acetyltransferase. Successfully transduced MSPCs were selected 

with 1-3μg/ml puromycin over 24-48 hours, expanded over 2-3 passages and 

comprehensively characterized as described below. HuMSPCs were cultured in IMDM 

containing 20% heat-inactivated FBS, 1% penicillin/streptomycin and 2mM L-

glutamine. 

 

2.2.8 Human bone marrow-derived mesenchymal stem and progenitor cells 

For purification of primary human bone marrow-derived MSPCs, bone marrow 

mononuclear cells were plated with MesenCult™ MSC basal medium containing 2mM 

L-glutamine and MesenCult™ MSC stimulatory supplement according to the 

manufacturer’s recommendation. Cells were incubated at 37°C, 5% CO2 with full 
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medium change after 48 hours followed by half medium change weekly until reaching 

80% confluency. Purity of human bone marrow-derived MSPCs was assessed by flow 

cytometry. 

 

2.2.9 Induction of mineralization  

Mineralization was induced in HuMSPCs and human bone marrow-derived 

MSPCs by adding 10mM β-glycerophosphate, 0.1mM L-ascorbic acid and 0.1μM 

dexamethasone to IMDM containing 20% heat-inactivated FBS, 1% 

penicillin/streptomycin and 2mM L-glutamine for 14-21 days (Fiorentini et al., 2011; 

Langenbach & Handschel, 2013). Mineralization was induced in SaOS2 cells by 

supplementing DMEM/F12 medium containing 10% heat-inactivated FBS, 1% 

penicillin/streptomycin and 2mM L-glutamine with 7.5mM β-glycerophosphate and 

50μg/ml L-ascorbic acid for 7 days (Strzelecka-Kiliszek et al., 2017). 

 

2.2.10 Co-culture experiments 

Mineralization was induced after reaching 70-80% confluency of HuMSPCs, 

human bone marrow-derived MSPCs or SaOS2 cells. The time point of addition of 

AML cells to the different co-culture experiments is indicated in the Results section. To 

exclude any influence of the different proliferation kinetics of AML cell lines in the co-

culture experiments, we grouped the different AML cell lines based on their proliferation 

rate in mineralization medium. For faster proliferating cell lines (U937, K562) we plated 

1.25 x 104 cells/well in a 48-well plate and 2.5 x 104 cells/well in a 24-well plate. For 

the more slowly proliferating myeloid and lymphoid cell lines (THP-1, KG-1, OCI-AML3, 

Kasumi-1, MOLM13, RAJI, Reh, Jurkat, KM-H2, HDLM-2 and MEC-1) we plated 2.5 x 

104 cells/well in a 48-well plate and 5 x 104 cells/well in a 24-well plate. Human healthy 
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PBMNCs or primary malignant cells including AML, chronic B-cell lymphocytic 

leukemia and acute T-cell lymphoblastic leukemia were plated at 1 x 105 cells/well in 

a 96-well plate. For purification of stromal cells after co-culture, the adherent layer was 

dissociated using TrypLE™ Express and digested with 3mg/ml collagenase type I in 

HBSS with 10% heat-inactivated FBS for 30 min at 37°C. Cells were stained with 

fluorochrome-conjugated monoclonal antibody specific for human CD45 (HI30). DAPI-

CD45- cells were sorted with FACSAria™ III into lysis/binding buffer from Dynabeads® 

mRNA Direct Purification Kit. To increase cytoplasmic β-catenin in HuMSPCs, the Wnt 

agonist SKL2001 was added to mineralization medium at a final concentration of 10μM. 

Vehicle (DMSO) was used in the control group. Conditioned medium of each AML cell 

line was prepared by centrifugation and filtering supernatant through a 0.45μm 

Puradisc™ syringe filter after 4 days of cell culture.  

 

2.2.11 Knockdown and overexpression of CTNNB1 

The genetic modification of stromal cell lines was done in collaboration with Miss 

Lina-Marie Hoffmeister from the Department of Pediatrics, University Hospital Essen. 

The knockdown of CTNNB1 was performed by using three shRNAs in the pLKO.1 

vector (Addgene #42543, #42544 and #19761, respectively) kindly provided by William 

Hahn (Firestein et al., 2008; Rosenbluh et al., 2012). The plasmid pLKO.1_empty from 

Sigma-Aldrich (Darmstadt, Germany) served as a control. For overexpression, the 

human CTNNB1 cDNA was cut out of the pcDNA3.hCTNNB1 plasmid (Addgene 

#16828) kindly provided by Eric Fearon (Kolligs et al., 1999) and cloned into a 

previously described standard lentiviral vector (Wiek et al., 2015) with an IRES-puroR 

cassette under control of the SFFV promoter, using BamHI/NotI digestions. The empty 

lentiviral vector served as a transduction control. Transfection of HEK293T cells and 
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transduction of SaOS2 and HuMSPC cells were based on published transduction 

procedures (Wiek et al., 2015). 

 

2.2.12 Alizarin red staining 

After induction of mineralization, the adherent layer was fixed with 100% ethanol 

at room temperature for 30 minutes, washed with D-PBS and stained with 2% alizarin 

red with pH 4.1 - 4.3 for 15 minutes at room temperature. Plates were washed with 

ddH2O and air-dried. Calcium deposits were quantified by measuring absorbance at 

450nm with BioTek Synergy™ 2 multipurpose plate reader with area scan. The mean 

of absorbance was calculated by the BioTek Gen5™ software.  

 

2.2.13 Adipogenic and chondrogenic differentiation 

For adipogenic differentiation, HuMSPCs were plated in 48-well tissue culture 

plates at 3 x 103 cells/well and cultured with complete growth medium as previously 

described. After reaching 90-100% confluence, adipogenesis was induced by 

StemProTM Adipogenic Differentiation Kit medium with full medium change every 3-4 

days for 21 consecutive days according to the manufacturer’s recommendation. To 

confirm adipogenic differentiation, the cells were fixed with 10% PFA for 30 minutes at 

room temperature, washed with ddH2O twice, rinsed with 60% isopropanol for 5 

minutes, and stained with a working solution of 0.5% oil red O for 20 minutes and 

washed with ddH2O.  

 

Chondrogenesis was induced by StemProTM Chondrogenic Differentiation Kit 

medium with full medium change every 3-4 days for 21 days according to the 

manufacturer’s recommendation. To confirm chondrogenic differentiation, cells were 
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fixed with 4% PFA for 30 minutes, washed with D-PBS and stained with 1% alcian blue 

in 0.1N HCl for 30 minutes, followed by washing with 0.1N HCl and ddH2O to neutralize 

the acidity before imaging. 

 

2.2.14 SH-SY5Y differentiation  

To induce SH-SY5Y differentiation into dopaminergic neurons, we first seeded 

1 x 104 SH-SY5Y cells on µ-Slide 4 Well Ph+ or 24-well tissue culture plates in 

complete growth medium as described above. Then differentiation was induced by 

supplementation with 10µM all-trans retinoic acid (ATRA) for 3 days followed by 

complete medium change supplemented with increasing concentrations of BDNF for 4 

days (Agholme et al., 2010; Xicoy et al., 2017). Cells seeded in 24-well tissue culture 

plates were dissociated with TrypLE™ Express, stained with trypan blue and counted 

with a hemocytometer. Cells seeded in µ-Slide 4 Well Ph+ were stained for tyrosine 

hydroxylase expression with a polyclonal antibody specific for tyrosine hydroxylase or 

rabbit IgG isotype control followed by staining with the secondary antibody goat anti-

rabbit IgG H&L (Alexa Fluor 568) and imaged with a Zeiss AxioObserver Z1 inverted 

microscope with Plan-Apochromat Corr 40x (0.95) objective. 

 

2.2.15 Colony-forming unit fibroblast (CFU-F) assay 

500 to 2000 HuMSPCs were seeded in a 6-well plate with MesenCult™ MSC 

basal medium containing 2mM L-glutamine and MesenCult™ MSC stimulatory 

supplement according to the manufacturer’s recommendation. The cells were 

incubated at 37°C, 5% CO2 for 10 days until colonies appeared. The adherent colonies 

were fixed and stained with Differential Quick Stain Kit (modified Giemsa), colonies 

were counted using an Olympus CK2 inverted microscope with 2.5x objective lens. 
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2.2.16 Quantitative real-time polymerase chain reaction 

Sorted cells were collected in lysis/binding buffer. Total RNA was isolated using 

the Dynabeads® mRNA Direct Kit according to the manufacturer’s instruction. Reverse 

transcription was performed using the RNA to cDNA EcoDry Premix system. 

Quantitative real-time PCR (RT-PCR) analysis was performed using the FastStart 

Universal SYBR Green Master kit on the QuantStudio™ 5 real-time PCR system and 

ABI PRISM® 7900HT Sequence Detection System. The relative mRNA abundance 

was calculated using the ∆Ct method. Gene expression data was normalized to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer sequences are listed 

in section 2.1.5 (Table 5). 

 

2.2.17 Statistical analysis  

The Mann-Whitney test was used to compare differences between continuous 

variables and categorical variables. For comparison of dichotomous variables, 

Pearson’s chi-square test or Fisher’s exact test were applied. Survival was estimated 

by the Kaplan-Meier method, and differences between groups were compared using 

the log-rank test for univariate analysis. These calculations were performed using the 

MedCalc statistical software version 19.0.0. The GraphPad Prism 8 version 8.0.2 

software was used for D’Agostino-Pearson omnibus normality test, parametric 

(unpaired t-test) and non-parametric (Mann-Whitney test) tests to compare the 

differences between groups. 
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3 RESULTS 

 Bone marrow MSPCs isolated from AML harbor a distinct gene expression profile 

To evaluate differences between bone marrow MSPCs from either AML patients 

at first diagnosis or matching non-leukemic donors, we assessed their global gene 

expression profile by performing microarray analyses on freshly isolated CD45-

CD235a-CD31-CD146low/+CD271+ MSPCs (Figure 3A). We confirmed the accuracy of 

our sorting strategy by comparing the expression profile of CD45-CD235a-CD31- 

CD146-CD271- non-MSPC stromal cells and MSPCs of individual samples from non-

leukemic controls. Phenotypic MSPCs harbored a distinct gene expression profile in 

comparison to non-MSPC bone marrow stromal cells (Figure 3B).  

 

In particular, genes which are known to be enriched in bone marrow MSPCs like 

HSC-regulating factors (Mendez-Ferrer et al., 2010; Pinho et al., 2013) as well as 

Figure 3. Freshly isolated phenotypic bone marrow MSPCs and non-MSPC stromal cells have 

a distinct gene expression profile (A) Flow cytometry sorting strategy of CD45-CD235a-CD31-

CD146low/+CD271+ as bone marrow MSPCs and CD45-CD235a-CD31-CD146-CD271- as non-MSPC 

stromal cells, gated on single DAPI negative cells. (B) Principal component analysis of MSPCs and 

corresponding non-MSPC stromal cells isolated from control bone marrow samples, n=2. PC, 

principal component. 
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genes related to niche regulation and differentiation (Halfon et al., 2011; H. Li et al., 

2014; Silva et al., 2003) proved to be significantly higher expressed in phenotypic 

MSPCs (Figure 4).  

 

Comparing the gene expression profile of bone marrow MSPCs from AML 

patients with non-leukemic donors (control) revealed a high variability among 8 AML 

samples in the principal component analysis, while the 3 non-leukemic controls 

showed a homogeneous gene expression pattern (Figure 5A). Despite this variability, 

1952 out of 21448 analyzed gene symbols showed significant differences, as depicted 

Figure 4. Freshly isolated phenotypic bone marrow MSPCs and non-MSPC stromal cells 

harbor HSC- and niche-regulating capacities Vertical columns represent individual samples; 

horizontal rows represent individual genes. (Normalization method: mean signal of each gene, color 

scale shows black as mean; brightest red as ≥ 1.6-fold of mean and brightest blue as ≤ 0.4-fold of 

mean.)  
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in the supervised hierarchical cluster analysis, suggesting a distinct gene expression 

pattern in MSPCs from AML bone marrow (Figure 5B). 

 

To get insight into the altered canonical pathways in MSPCs isolated from AML 

marrow, we applied Qiagen’s Ingenuity® Pathway Analysis (IPA®) software which is a 

web-based software analyzing  gene or protein expression and comparing these with 

published data organized in Ingenuity Knowledge Base (IKB) (Kramer et al., 2014). 

This software allowed us to identify relationships, mechanisms, functions and 

pathways relevant to our dataset. In total, 51 canonical pathways were significantly 

altered in MSPCs isolated from AML bone marrow (Table 9). The top 20 differently 

regulated pathways ranked by p-value could be classified into four major functional 

groups including protein synthesis, MSPC survival and differentiation, angiogenesis as 

well as neuron survival/differentiation-related pathways (Figure 6). 

 

Figure 5. MSPCs isolated from AML bone marrow harbor a distinct gene expression profile 

(A) Principal component analysis and (B) supervised hierarchical clustering analysis of bone marrow 

MSPCs from 8 AML patients and 3 non-leukemic donors (control). The clustering method was 

UPGMA (unweighted pair-group method with arithmetic averages), 1952 probesets were included 

(normalization method: mean signal of all samples with log10 transformation, color scale shows black 

as mean, brightest red as ≥ 2x of mean and brightest blue as ≤ 0.5x of mean); PC, principal 

component. 
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Ingenuity Canonical Pathways p-value Ingenuity Canonical Pathways p-value 

EIF2 Signaling 7.24E-09 
Glioblastoma Multiforme 
Signaling 

0.023442288 

Hepatic Fibrosis / Hepatic 
Stellate Cell Activation 

5.01E-05 Glioma Invasiveness Signaling 0.024547089 

Regulation of eIF4 and p70S6K 
Signaling 

0.000162181 
Superpathway of Melatonin 
Degradation 

0.025703958 

Nitric Oxide Signaling in the 
Cardiovascular System 

0.000501187 
Aldosterone Signaling in 
Epithelial Cells 

0.02630268 

Cellular Effects of Sildenafil 
(Viagra) 

0.000851138 
Communication between Innate 
and Adaptive Immune Cells 

0.027542287 

mTOR Signaling 0.002290868 Serotonin Degradation 0.028183829 

IGF-1 Signaling 0.003019952 
Superpathway of Serine and 
Glycine Biosynthesis I 

0.028183829 

Axonal Guidance Signaling 0.003311311 Serine Biosynthesis 0.028183829 

Docosahexaenoic Acid Signaling 0.003981072 IL-3 Signaling 0.028840315 

Leptin Signaling in Obesity 0.004570882 PPAR Signaling 0.029512092 

Role of Macrophages, 
Fibroblasts and Endothelial Cells 
in Rheumatoid Arthritis 

0.004570882 Renal Cell Carcinoma Signaling 0.030199517 

eNOS Signaling 0.004677351 Histamine Degradation 0.031622777 

Adrenomedullin signaling 
pathway 

0.005011872 TCA Cycle II (Eukaryotic) 0.031622777 

Melanocyte Development and 
Pigmentation Signaling 

0.00724436 
VEGF Family Ligand-Receptor 
Interactions 

0.036307805 

p70S6K Signaling 0.007585776 PTEN Signaling 0.038904514 

Role of JAK1 and JAK3 in γc 
Cytokine Signaling 

0.012302688 Insulin Receptor Signaling 0.039810717 

Role of Osteoblasts, Osteoclasts 
and Chondrocytes in 
Rheumatoid Arthritis 

0.013489629 Phagosome Formation 0.039810717 

PXR/RXR Activation 0.014454398 
Graft-versus-Host Disease 
Signaling 

0.042657952 

VEGF Signaling 0.015135612 
GDNF Family Ligand-Receptor 
Interactions 

0.043651583 

Ephrin Receptor Signaling 0.015135612 LXR/RXR Activation 0.043651583 

Glucocorticoid Receptor 
Signaling 

0.015488166 Nicotine Degradation III 0.045708819 

Growth Hormone Signaling 0.017378008 Neurotrophin/TRK Signaling 0.045708819 

Retinoate Biosynthesis I 0.019498446 IL-15 Signaling 0.046773514 

Melatonin Degradation I 0.020417379 IL-7 Signaling Pathway 0.047863009 

Table 9 Canonical pathway analysis generated by IPA® 51 significantly altered canonical pathways 

 in bone marrow MSPCs isolated from AML compared to non-leukemic donors (p < 0.05) 
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Continued from Table 9 

 

 

Figure 7 shows that the top ranked pathways share common genes, which is 

shown in the overlapping canonical pathway analysis. This analysis feature in IPA® 

could identify clusters of related pathways and further exclude pathways which show 

statistical significance without functional relevance within the network. Our analysis 

showed that most of the significantly altered pathways were related to each other and 

may indicate that these pathways affect each other. 

 

Ingenuity Canonical Pathways p-value Ingenuity Canonical Pathways p-value 

Neuropathic Pain Signaling In 
Dorsal Horn Neurons 

0.020892961 Xenobiotic Metabolism Signaling 0.047863009 

RAR Activation 0.021379621   

Figure 6. Top 20 altered canonical pathways in MSPCs isolated from AML bone marrow 

generated by IPA® Subcategorized into 4 functional groups. 
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To understand the gene expression profile and search for possible key 

regulating genes, we applied upstream regulator analysis of IPA® which allows the 

identification of upstream regulatory genes that can explain the observed gene 

expression changes. For generating hypotheses in the upstream regulator analysis, z-

score is as important as p-value. It is calculated based on the match genes expression 

behavior in the IKB. A positive z-score means the genes are upregulated in our data 

and the expression of their downstream genes matches the IKB prediction. A negative 

z-score means the genes are downregulated in our data and the expression of their 

downstream genes matches the IKB prediction. When the downstream genes’ 

behavior is different from the IKB, the z-score cannot be calculated (Kramer et al., 

2014). Despite the fact that a total of 51 genes were predicted to be candidates of 

upstream regulators in our data (Table 10), only lymphotoxin fulfilled both a significant 

p-value (p<0.05) and z-score (z-score=-2.236, p=0.0246). However, we were not able 

to generate the full report of its downstream genes from the IPA® which means that the 

Figure 7. Overlapping canonical pathway analysis generated by IPA® Black line indicates 4 

genes, red line indicates more than 4 genes shared between connected pathways. 



 

 36 

proof of lymphotoxin as an upstream regulator of our microarray data was not solid.   

   

To dissect the biological phenotype in MSPCs from AML bone marrow we next 

applied GSEA. GSEA comprises defined sets of genes that are over-represented and 

may be linked to aberrant phenotypes. We first applied an analysis with collections 

from the Molecular Signatures Database (MSigDB) which contains most of the 

published gene sets. We focused on collections related to cellular functions and 

pathways including C1: Hallmark; C2: Reactome, Biocarta and KEGG; C5: Gene 

Ontology (GO): biological process and molecular function. We summarized the most 

significantly enriched gene sets for each category with a normalized enrichment score 

Upstream 
Regulator 

Fold 
Change 

Activation 
z-score 

p-value of 
overlap 

Upstream 
Regulator 

Fold 
Change 

Activation 
z-score 

p-value of 
overlap 

VEGFA 1.153 -0.11 0.00114 DDR1 -1.15   0.0279 

IL18 1.478 -1.848 0.00333 ATF6 -1.269   0.0279 

EPO -1.305 0 0.00335 RAC2 1.015   0.0279 

THRA -1.255   0.00335 CTSB 1.425   0.0279 

FBN1 -1.289 0.896 0.00462 HTRA1 1.097   0.0279 

NDUFA13 1.077   0.00464 TNFAIP6 -1.181   0.0279 

mir-17     0.00464 LIF -1.151   0.0279 

TIMP3 1.933   0.00464 PRKD1 1.482   0.0279 

ETS1 1.245   0.00873 USF2 -1.167   0.0308 

CEACAM1 -1.056 0.277 0.00897 IL1B -1.089 -1.441 0.0333 

BSG -1.114   0.0163 TFAP2A -1.105   0.0356 

NKX2-3 -1.113   0.0163 SMAD1 1.432   0.0356 

BCL2 1.227   0.0163 F10 -1.269   0.0356 

CUL7 -1.388   0.0163 PDGFRA -1.759   0.0356 

BCL2L1 1.659 0.788 0.021 FHIT 1.006   0.0356 

NEUROG1 -1.016 -0.277 0.0239 OCLN -1.198   0.0356 

mir-33   0.447 0.0246 MYB 2.502 0.254 0.0365 

RUNX2 -1.024 -1.387 0.0246 ESRRA 1.088 -1.982 0.0365 

Lymphotoxin   -2.236 0.0246 CTNNB1 -1.022   0.046 

POU5F1 1.14 1.204 0.0251 MDM2 1.322 0 0.0482 

JAK     0.0279 LMNA -1.349   0.0482 

SOX4 -1.222   0.0279 HIF1A -1.572 -1.311 0.0486 

miR-181a-5p     0.0279 TCF     0.0486 

PLAUR -1.297   0.0279 EOMES -1.036 -2.333 0.172 

NRG1 1.233   0.0279 CDH1 1.3 1.987 0.232 

BANCR     0.0279         

Table 10. Upstream regulator analysis generated by IPA® 51 genes were predicted to be possible 

candidates of upstream regulators. 
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(NES) > 2 and p < 0.05. In total 80 gene sets showed significant differences between 

bone marrow MSPCs from AML patients and controls (Table 11). 

 

Gene set name Size NES Gene set name Size NES 

HALLMARK   Gene Ontology (continued)   

EPITHELIAL_MESENCHYMAL_TRANSITION 191 2.97 PROTEIN_TARGETING_TO_MEMBRANE 128 2.8 

MYOGENESIS 192 2.26 RRNA_METABOLIC_PROCESS 209 2.7 

UV_RESPONSE_DN 136 2.11 RIBOSOME_BIOGENESIS 253 2.69 

E2F_TARGETS 185 -3.25 RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS 40 2.63 

MYC_TARGETS_V1 178 -3.04 RNA_CATABOLIC_PROCESS 177 2.63 

G2M_CHECKPOINT 188 -2.96 RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS 366 2.58 

HEME_METABOLISM 188 -2.85 RIBOSOME_ASSEMBLY 42 2.45 

OXIDATIVE_PHOSPHORYLATION 191 -2.5 CYTOPLASMIC_TRANSLATION 33 2.45 

MTORC1_SIGNALING 194 -2.46 NCRNA_PROCESSING 322 2.43 

MYC_TARGETS_V2 51 -2.15 HYDROGEN_ION_TRANSMEMBRANE_TRANSPORT 98 2.35 

REACTIVE_OXIGEN_SPECIES_PATHWAY 45 -2.05 VIRAL_LIFE_CYCLE 246 2.3 

DNA_REPAIR 135 -2.03 
ESTABLISHMENT_OF_PROTEIN_LOCALIZATIONTO
_MEMBRANE 

227 2.28 

KEGG   AMIDE_BIOSYNTHETIC_PROCESS 431 2.25 

RIBOSOME 62 3.28 PEPTIDE_METABOLIC_PROCESS 481 2.23 

OXIDATIVE_PHOSPHORYLATION 111 2.59 
MITOCHONDRIAL_ATP_SYNTHESIS_COUPLED_PR
OTON_TRANSPORT 

17 2.21 

PARKINSONS_DISEASE 107 2.4 
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_T
O_ORGANELLE 

300 2.2 

HUNTINGTONS_DISEASE 162 2.09 RIBOSOMAL_SMALL_SUBUNIT_BIOGENESIS 50 2.19 

REACTOME   ENERGY_COUPLED_PROTON_TRANSPORT_DOWN
_ELECTROCHEMICAL_GRADIENT 

22 2.19 

PEPTIDE_CHAIN_ELONGATION 59 3.29 NCRNA_METABOLIC_PROCESS 452 2.18 

3_UTR_MEDIATED_TRANSLATIONAL_REGULATION 75 3.22 OXIDATIVE_PHOSPHORYLATION 76 2.13 

NONSENSE_MEDIATED_DECAY_ENHANCED_BY_T
HE_EXON_JUNCTION_COMPLEX 

79 3.21 HYDROGEN_TRANSPORT 127 2.12 

SRP_DEPENDENT_COTRANSLATIONAL_PROTEIN_
TARGETING_TO_MEMBRANE 

82 3.09 
RIBONUCLEOPROTEIN_COMPLEX_SUBUNIT_ORG
ANIZATION 

168 2.11 

INFLUENZA_VIRAL_RNA_TRANSCRIPTION_AND_R
EPLICATION 

75 3.01 
MITOCHONDRIAL_ELECTRON_TRANSPORT_CYTO
CHROME_C_TO_OXYGEN 

15 2.1 

TRANSLATION 111 2.97 PROTEIN_TARGETING 347 2.09 

INFLUENZA_LIFE_CYCLE 105 2.92 RIBOSOMAL_LARGE_SUBUNIT_ASSEMBLY 17 2.06 

FORMATION_OF_THE_TERNARY_COMPLEX_AND_
SUBSEQUENTLY_THE_43S_COMPLEX 

38 2.76 
RIBONUCLEOSIDE_TRIPHOSPHATE_BIOSYNTHETI
C_PROCESS 

41 2.06 

METABOLISM_OF_RNA 211 2.75 PROTEIN_LOCALIZATION_TO_ORGANELLE 476 2.03 

ACTIVATION_OF_THE_MRNA_UPON_BINDING_OF_
THE_CAP_BINDING_COMPLEX_AND_EIFS_AND_SU
BSEQUENT_BINDING_TO_43S 

42 2.71 
REGULATION_OF_CARDIAC_MUSCLE_CONTRACTI
ON_BY_CALCIUM_ION_SIGNALING 

23 2.03 

METABOLISM_OF_MRNA 171 2.71 
REGULATION_OF_CARDIAC_MUSCLE_CONTRACTI
ON_BY_REGULATION_OF_THE_RELEASE_OF_SEQ
UESTERED_CALCIUM_ION 

19 2.02 

RESPIRATORY_ELECTRON_TRANSPORT_ATP_SY
NTHESIS_BY_CHEMIOSMOTIC_COUPLING_AND_H
EAT_PRODUCTION_BY_UNCOUPLING_PROTEINS 

76 2.55 ELECTRON_TRANSPORT_CHAIN 85 2.01 

RESPIRATORY_ELECTRON_TRANSPORT 60 2.44 AXIS_ELONGATION 27 -2.29 

TCA_CYCLE_AND_RESPIRATORY_ELECTRON_TRA
NSPORT 

110 2.27 ACUTE_PHASE_RESPONSE 37 -2.11 

METABOLISM_OF_NON_CODING_RNA 43 2.17 BROWN_FAT_CELL_DIFFERENTIATION 28 -2.11 

METABOLISM_OF_PROTEINS 374 2.13 BRANCH_ELONGATION_OF_AN_EPITHELIUM 17 -2.04 

SHC_MEDIATED_CASCADE 28 -2.16 
NEGATIVE_REGULATION_OF_VIRAL_ENTRY_INTO
_HOST_CELL 

17 -2.03 

FGFR_LIGAND_BINDING_AND_ACTIVATION 22 -2.07 STRUCTURAL_CONSTITUENT_OF_RIBOSOME 170 2.78 

Gene Ontology   RRNA_BINDING 40 2.14 

ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_T
O_ENDOPLASMIC_RETICULUM 

76 3.24 
OXIDOREDUCTASE_ACTIVITY_ACTING_ON_A_HEM
E_GROUP_OF_DONORS 

22 2.1 

NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PR
OCESS_NONSENSE_MEDIATED_DECAY 

89 3.13 TRANSLATION_REGULATOR_ACTIVITY 29 2.03 

PROTEIN_LOCALIZATION_TO_ENDOPLASMIC_RETI
CULUM 

95 3 
TRANSMEMBRANE_RECEPTOR_PROTEIN_TYROSI
NE_KINASE_ACTIVITY 

63 -2.06 

MULTI_ORGANISM_METABOLIC_PROCESS 105 2.97 
TRANSMEMBRANE_RECEPTOR_PROTEIN_KINASE
_ACTIVITY 

79 -2 

TRANSLATIONAL_INITIATION 107 2.94    

Table 11. GSEA with MSigDB collections Significantly enriched gene sets with NES > 2 and p < 0.05. 
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Strikingly, most of the gene sets were related to ribosome, translation and post-

processing of peptide which is highly correlated with protein synthesis. Besides, cell 

cycle, proliferation and DNA repair-related gene sets were also found to be significantly 

altered in MSPCs from AML bone marrow. These gene sets were in line with our 

findings from the IPA® canonical pathway analysis where pathways related to protein 

synthesis were found to be significantly altered within AML-derived MSPCs. Based on 

that, we created a collection of gene sets related to cell proliferation and differentiation 

of MSPCs from MSigDB by using the keywords described in Methods, section 2.2.2. 

Six out of 7 proliferation-associated gene sets were found to be significantly (NES > 

1.5 and p < 0.05) enriched in bone marrow MSPCs from AML patients, which is linked 

with proliferation and cell survival. One gene set (H. KRAS SIGNALING DN) enriched 

in control samples was functionally linked to decreased proliferation (Figure 8).  

 

As for the lineage differentiation, five osteogenesis-related gene sets were 

significantly less enriched in bone marrow MSPCs from AML patients than controls, 

implying inhibition of osteogenesis and bone formation in MSPCs in AML (Figure 9A). 

Neither adipogenesis- nor chondrogenesis-related gene sets showed clear enrichment 

in either group (Figure 9B, C). 

Figure 8. GSEA of proliferation-related gene sets Bar plot depicting the most significantly altered 
(NES > 1.5, p < 0.05) proliferation and cell survival related gene sets extracted from MSigDB within 
MSPCs isolated from AML patients compared to controls. 
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In summary, the GSEA and IPA® canonical pathway analysis consistently 

showed increased proliferation and aberrant differentiation of MSPCs while the GSEA 

analysis implied inhibition of osteolineage differentiation in MSPCs from AML bone 

marrow. 

 

Next to niche-regulating functions, MSPCs strictly regulate maintenance and 

retention of HSCs in the bone marrow through the expression of certain mediators 

(Mendelson & Frenette, 2014). We therefore compared the expression of CXCL12, 

KITLG, ANGPT1, VCAM1 and SPP1. Strikingly, bone marrow MSPCs from AML 

patients showed significantly lower expression of CXCL12, ANGPT1 and VCAM1 in 

Figure 9. GSEA of lineage differentiation-related gene sets Bar plot depicting the most 

significantly altered (NES > 1.5, p < 0.05) (A) osteogenesis-related gene sets and (B) adipogenesis-

related gene sets extracted from MSigDB within MSPCs isolated from AML patients compared to 

controls. (C) Bar plot depicting the top 5 altered chondrogenesis-related gene sets extracted from 

MSigDB within MSPCs isolated from AML patients or controls which did not reach statistical 

significance (p > 0.05). 
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comparison to non-leukemic donors. Of note, the decreased expression of HSC-

regulating genes correlated with the degree of hematopoietic failure (Figure 10).  

 

 Previously published gene expression analyses of MSPCs from human AML 

bone marrow were performed in stromal cells expanded in vitro.  We aimed to assess 

the overlap of differently expressed genes between our gene expression array of 

freshly isolated MSPCs and the in vitro expanded MSPCs previously published by our 

group (Y. Li et al., 2015). Due to technical differences, a direct comparison with our 

array data was not possible. In the study by Li et al., only 29 genes were reported to 

be significantly altered in fibroblasts derived from AML bone marrow, 24 of which could 

be retrieved in our data. Only 9 genes were found to be significantly altered, and only 

5 of them showed a similar expression behavior (Table 12). This comparison 

substantiates the culture-induced effects on the gene expression profile of bone 

marrow MSPCs. 

Figure 10. HSC-regulating gene expression in MSPCs with corresponding peripheral blood 

counts Left, heatmap of HSC-regulating genes in MSPCs isolated from AML patients and non-

leukemic donors (control) (normalization method: central to mean, color scale shows black as mean, 

brightest red as ≥ 1.5x of mean and brightest blue as ≤ 0.5x of mean), *p < 0.05 determined by 

unpaired t-test. Right, peripheral blood count of corresponding patients at first diagnosis. 
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In summary, freshly isolated bone marrow MSPCs from AML patients have a 

distinct gene expression profile with a striking enrichment in proliferation-associated 

genes and reduced expression of osteogenesis- and HSC-regulating genes. 

 

 AML infiltration induces proliferation of bone marrow MSPCs  

To dissect the architecture of the AML bone marrow niche and to test if the 

enrichment of proliferation-related genes in MSPCs isolated from AML bone marrow is 

associated with an increased niche size, we next aimed at quantifying MSPCs in 

human bone marrow. We stained bone marrow sections from trephine biopsies for 

CD271, a specific marker for human MSPCs (Tormin et al., 2011), and scanned the 

whole tissue surface of each biopsy section reaching an average area of 25.4 mm2 per 

sample (range: 3.5-92.7 mm2).  

 

In line with the enrichment of proliferation-associated gene sets in sorted MSPCs, 

the area staining positive for CD271+ MSPCs in leukemic bone marrow was 

significantly increased by 1.5-fold with a median CD271+ area of 5.5% (interquartile 

range (IQR): 2.8-9.5%, n=36) compared to 3.7% (IQR: 2.1-5.7%, n=58) in the controls 

(Figure 11).  

Similar expression behavior Different expression behavior 

NRG1↑, ITGA3↑, LEPR↓, ISLR↓, SFRP1↓ SFRP4↑, HLA-DQA1↑, AGT↑, TNFRSF11B↓ 

Table 12. Comparison with published GEO-dataset (GSE26294) 9 out of 24 genes were also 

significantly altered in our microarray (p < 0.05). ↑ indicates increased, ↓ indicates decreased gene 

expression in MSPCs isolated from AML bone marrow.  
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MSPCs are known to produce reticular fibers in the bone marrow (Schneider et 

al., 2017). Increased abundance of fibers is frequently found in malignant states (Ng & 

Brugge, 2009; Tadeo et al., 2017; Tripodo et al., 2009). In AML, an increase in reticular 

fibers at first diagnosis was reported to be associated with a higher rate of induction 

therapy failure and inferior relapse-free and overall survival (Tang et al., 2012). 

Therefore, we performed silver-staining on human bone marrow sections to quantify 

reticular fibers. For quantification we applied trainable Weka segmentation, a plugin of 

ImageJ software, to produce pixel-based segmentations which allowed us to 

automatically calculate the total tissue surface and silver-stained area. Strikingly, while 

non-leukemic controls only showed scarce reticular fibers in the bone marrow, AML 

patients showed a significant two-fold increment with a median level of silver-stained 

area of 3.4% (IQR: 1.8-4.5%, n=37) compared to 1.6% (IQR: 1.1-3.3%, n=19) in the 

controls (Figure 12).  

Figure 11. CD271+ MSPCs are increased in AML bone marrow (A) Representative images of 

bone marrow biopsy samples of AML and control patients stained for CD271+ MSPCs (brown), 

counterstained with hematoxylin (blue). Scale bar represents 400µm. (B) Quantification of CD271+ 

bone marrow MSPC in control (n=58) and AML patients (n=36); CD271+ area is calculated by 

CD271+ stained area divided by total tissue surface and presented as percentage, data are shown 

as mean ± SEM. **p < 0.01 determined by Mann-Whitney test. 
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In some of our bone marrow samples we observed clusters of reticular fibers in 

both endosteal region and central bone marrow, while, in other instances, reticular 

fibers were found to be evenly distributed in the marrow. Of note, the increase in 

reticular fibers in AML bone marrow at first diagnosis showed a significant negative 

correlation with the hemoglobin level (Pearson’s r: R2=0.0914, p=0.0278) and the 

platelet count (Pearson’s r: R2=0.0933, p=0.0261), but, similar to CD271+ MSPCs, 

there was no significant correlation with clinical outcome (Figure 13).  

 

Figure 13. CD271+ and positive silver-stained area are irrelevant to clinical outcome in AML 

patients (A) Overall survival of AML patients separated by median of CD271+ area (5.5%); CD271+ 

≥ 5.5% (n=19), CD271+ < 5.5% (n=17), p=0.8522 determined by log-rank test. (B) Overall survival of 

AML patients separated by median of reticular fiber+ area (3.5%); reticular fiber ≥ 3.5% (n=15), 

reticular fiber < 3.5% (n=19), p=0.9355 determined by log-rank test. 

 

Figure 12. Reticular fibers are increased in AML bone marrow (A) Representative images of 

bone marrow biopsy samples of control and AML patients stained for reticular fibers with silver-

staining (black), counterstained with the fast-red nuclear solution. Scale bar represents 100µm. (B) 

Quantification of reticular fibers in control (n=19) and AML (n=37) bone marrow by calculating 

positive silver-stained area divided by total tissue surface and presented as percentage, data are 

shown as mean ± SEM. *p <  0.05 determined by Mann-Whitney test. 
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In summary, along with increased expression of proliferation-associated genes, 

bone marrow MSPC numbers and reticular fibers were found to be significantly 

increased in human AML bone marrow. 

 

 AML infiltration goes along with a decreased sympathetic tone in the bone 

marrow  

Murine models have demonstrated how adrenergic signals maintain quiescence 

of MSPCs and tightly regulate their niche activity (Hanoun et al., 2015; Katayama et 

al., 2006). Recently, we have demonstrated in a murine model how AML infiltration 

induces a sympathetic neuropathy in the bone marrow which goes along with loss of 

quiescence and niche expansion (Hanoun et al., 2014; Lucas et al., 2013). Based on 

that, we raised the question if the observed expansion of MSPCs in human AML bone 

marrow is due to dysregulation of adrenergic signaling. A previous study has shown 

decreased expression of tyrosine hydroxylase, a specific marker for catecholaminergic 

neurons in human AML bone marrow (C. Chen et al., 2016). In analogy to murine 

models we aimed at quantifying the number of tyrosine hydroxylase fibers in paraffin-

embedded human bone tissue. However, due to technical issues we failed to detect 

specific signals in deparaffinized bone. Instead, we assessed the sympathetic tone by 

measuring catecholamines and brain-derived neurotrophic factor in the bone marrow 

extracellular fluid freshly isolated from either AML patients at first diagnosis or matching 

non-leukemic donors. AML bone marrow showed a weak trend for decreased 

noradrenaline concentrations (mean ± SD, control, 1134 ± 2038pg/ml, n=18; AML, 545 

± 264pg/ml, n=16; p=0.6870 determined by Mann-Whitney test), while no differences 

were observed for adrenaline (control, 85.8 ± 64.3pg/ml, n=18; AML, 98.7 ± 58.9pg/ml, 

n=16; p=0.5564 determined by Mann-Whitney test) (Figure 14A, B). One of the most 

significant factors for the development and maintenance of the peripheral sympathetic 
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nervous system is brain-derived neurotrophic factor (BDNF) (Kasemeier-Kulesa et al., 

2015). In fact, BDNF expression showed a fourfold reduction in AML bone marrow 

(control 4576 ± 2704pg/ml, n=18; AML, 972 ± 1036pg/ml, n=16; p<0.0001 determined 

by Mann-Whitney test) (Figure 14C).  

 

To confirm the impact of BDNF on the sympathetic nervous system we added 

serial dilutions of BDNF to SH-SY5Y cells, a bone marrow-derived human 

neuroblastoma cell line, which serves as a model to analyze catecholaminergic 

neuronal function and differentiation (Agholme et al., 2010; Xicoy et al., 2017). 

Strikingly, SH-SY5Y cells treated with 50ng/ml BDNF in addition to ATRA showed a 

1.6-time increase in cell number with characteristic neurite outgrowth (Figure 15A) and 

strong expression for tyrosine hydroxylase (Figure 15B), which proved that 

proliferation and differentiation of catecholaminergic neurons depend on BDNF. These 

data suggest that AML infiltration induces a significant decrease in BDNF and - to a 

lower degree - noradrenaline concentrations in the bone marrow microenvironment, 

which may suggest an impaired support for sympathetic neurons related to increased 

proliferation of bone marrow MSPCs.  

Figure 14. Catecholamines and brain-derived neurotrophic factor in freshly isolated bone 

marrow extracellular fluid (A) Noradrenaline, (B) adrenaline and (C) BDNF levels in the bone 

marrow extracellular fluid of non-leukemic donors (control) (n=18) and AML patients (n=16) at first 

diagnosis assessed by HPLC or Human Magnetic Luminex Assay, data are shown as mean ± SEM, 

****p < 0.0001 determined by Mann-Whitney test.  
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 AML cells inhibit osteoblast mineralization  

Our microarray analysis revealed that the niche activity of MSPCs in AML bone 

marrow is impaired with significantly decreased expression of bone growth- and 

mineralization-related gene sets. We wondered if the inhibition of osteoblast 

mineralization is specifically due to AML infiltration. We therefore established an in vitro 

co-culture system where mineralization is induced in immortalized primary human 

bone marrow MSPCs (HuMSPC) and SaOS2 cells, a human bone marrow 

osteoblastoma cell line, in the presence of different human AML cell lines, primary 

human AML cells or healthy human PBMNCs as a control.  

 

We first characterized our immortalized HuMSPCs and confirmed absent 

expression of hematopoietic (CD45), erythroid (CD235a) and endothelial (CD31) 

markers while the cells uniformly expressed markers associated with MSPC such as 

CD105, CD271 and CD146 (Figure 16).  

Figure 15. BDNF affects proliferation and differentiation in SH-SY5Y cells (A) Cell counts of SH-

SY5Y cells, cultured with increasing concentrations of BDNF, n=18 from 6 independent experiments, 

data is shown as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 determined by unpaired t-test. (B) 

Representative immunofluorescence images of SH-SY5Y cells stained with tyroxine hydroxylase 

(red) after culturing with all-trans retinoic acid (ATRA) and various concentrations of BDNF. Scale 

bar represents 100µm. 
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These HuMSPCs showed high expression of HSC-regulating genes such as 

CXCL12, VCAM1, ANGPT1 and SCF compared to the human HS-5 stromal cell line 

(Figure 17A). Furthermore, HuMSPCs fulfilled all characteristics of bone marrow 

MSPCs including the ability to form CFU-F colonies at an efficiency of 12.3% and the 

capacity for trilineage differentiation (Figure 17B, C). Furthermore, induction of 

mineralization in 80% confluent HuMSPC cultures led to a significant increase of 

calcium deposition on day 11 and day 21 with upregulation of osteogenesis-related 

genes (Figure 17D, E). These results proved that these immortalized human bone 

marrow-derived stromal cells serve as a model for human bone marrow MSPCs. 

SaOS2 cells are used as an in vitro model for osteogenesis (Ahmad et al., 1999; 

Prideaux et al., 2014). The cells robustly deposited calcium and upregulated 

osteogenesis-related genes on day 4 and day 7 after induction of mineralization, 

indicating their osteolineage commitment (Figure 17D, F).  

Figure 16. Flow cytometric characterization of HuMSPCs for the expression of hematopoietic 

(CD45), erythroid (CD235a) and endothelial (CD31) markers as well as for the expression of CD271, 

CD146 and CD105 gated on single DAPI- cells.  
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Figure 17. Characterization of HuMSPCs and SaOS2 cells (A) Expression of key HSC-regulating 

genes CXCL12, VCAM1, ANGPT1, SPP1 and SCF in HuMSPCs compared to HS-5 cells by RT-

PCR, n=2 independent experiments. (B) Representative images of CFU-F colonies from HuMSPC 

(40x objective) which were formed at an efficiency of 12.3%. Scale bar represents 5µm. (C) Top, 

representative image of oil red O stain after adipogenic differentiation of HuMSPC for 21 days (40x 

objective). Scale bar represents 5µm. Bottom, representative image of alcian blue stain after 

chondrogenic differentiation of HuMSPCs for 14 days (20x objective). Scale bar represents 10µm. 

(D) Colorimetric detection of alizarin red staining using absorbance at 450nm to quantify calcium 

deposition at different time point after induction of mineralization in HuMSPCs and SaOS2 cells, n=2 

independent experiments. (E) Expression of osteolineage-related genes in HuMSPCs, n=3 

independent experiments, and (F) SaOS2 cells, n=2 independent experiments, by RT-PCR, 

expression levels are normalized to unmineralized HuMSPCs or SaOS2 cells, data is shown as 

mean ± SEM, *p < 0.05, ** p < 0.01 determined by unpaired t-test. 
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In our in vitro co-culture system, culturing different healthy PBMNC populations 

with HuMSPCs did not influence osteoblast differentiation and mineralization (Figure 

18A). However, culturing HuMSPCs or SaOS2 cells with certain AML cell lines led to 

a remarkable defect in osteoblast maturation and mineralization as shown by reduced 

alizarin red staining (Figure 18B). To quantify the decrease in mineralization we 

colorimetrically measured the alizarin red stain using absorbance at 450nm. HuMSPCs 

co-cultured with U937, K562, THP-1 and OCI-AML3 cell lines showed a 2-fold lower 

mineralization compared to controls (Figure 18C). In contrast, KG-1, Kasumi-1 and 

MOLM-13 cell lines did not affect mineralization (Figure 18B, C). Similarly, U937 and 

K562 also impaired mineralization in SaOS2 cultures by more than 2-fold (Figure 18D).  

 

Figure 18. AML cells inhibit mineralization in HuMSPCs and SaOS2 cells (A) Colorimetric 
detection of alizarin red stain using absorbance at 450nm to quantify calcium deposition in HuMSPC 
cultures after 14 days of induction of mineralization in the presence of different healthy PBMNCs, 
n=8 independent experiments. (B) Alizarin red staining to detect calcium deposition after 14 days 
of induction of mineralization in HuMSPC cultures in the presence of PBMNCs from healthy donors 
(control) or different AML cell lines. Left, low magnification image of a 48-well plate; right, 4x 
magnification showing calcium deposition. (C) Colorimetric detection of alizarin red stain using 
absorbance at 450nm to quantify calcium deposition in HuMSPC cultures after 14 days of induction 
of mineralization in the presence of healthy PBMNCs or different AML cell lines, n=9 independent 
experiments. (D) Colorimetric detection of alizarin red stain using absorbance at 450nm to quantify 
calcium deposition in SaOS2 cultures after 7 days of induction of mineralization in the presence of 
healthy PBMNCs or different AML cell lines, n=6 independent experiments. Data is shown as mean 
± SEM *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001 determined by unpaired t-test. 
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Given the differing proliferation rates of AML cell lines compared to healthy 

PBMNCs, we aimed to exclude any cell density-dependent influence on osteoblast 

differentiation. Therefore, we calculated the doubling time of each AML cell line in 

mineralization medium and correspondingly plated serial cell dilutions. We 

demonstrated that inhibition of osteoblast mineralization is not influenced by cell 

density or different proliferation kinetics of AML cell lines (Figure 19).  

 

 

 

 

 

To emphasize the clinical relevance, we co-cultured HuMSPCs with primary 

human AML cells or healthy PBMNCs as a control. In fact, co-culture with 7 out of 9 

primary AML samples led to a significant inhibition of mineralization compared to co-

culture with healthy PBMNCs. (Figure 20).  

 

 

 

 

 

Figure 19. Inhibition of mineralization by AML cell lines is independent of AML cell density 
Colorimetric detection of alizarin red stain using absorbance at 450nm to quantify calcium deposition 
after 14 days of induction of mineralization in the presence of healthy PBMNCs or AML cell lines 
seeded at different cell numbers, n=3 replicates per cell line and seeding number, data is shown as 
mean ± SEM. 

Figure 20. Primary AML cells co-cultured with HuMSPCs show significant inhibition of 
mineralization Colorimetric detection of alizarin red stain using absorbance at 450nm to quantify 
calcium deposition after 14 days of induction of mineralization in the presence of healthy PBMNCs 
or primary AML cells, n=3 replicates per sample, data is shown as mean ± SEM. **p < 0.01, ****p < 
0.0001 determined by unpaired t-test. 
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To further confirm that AML-induced inhibition of mineralization is not only 

specific to immortalized HuMSPCs or SaOS2 cells, we co-cultured human bone 

marrow-derived MSPCs from non-leukemic donors with primary AML cells and healthy 

PBMNCs as a control. In fact, 4 out of 6 primary AML samples induced a significant 

inhibition of osteogenesis and mineralization in primary human MSPC cultures. Of note, 

inhibition of mineralization was not correlated with the number of AML cells plated 

(Figure 21). 

 

To interrogate the specificity of myeloid malignant cells to inhibit calcium 

deposition in the in vitro co-culture model and the possibility of any dependency on the 

proliferation rate of hematopoietic cells, we co-cultured HuMSPCs and SaOS2 cells 

with lymphoid cell lines with differing proliferation kinetics. Co-culture of these lymphoid 

cell lines with SaOS2 stromal cells did not lead to significant inhibition of osteoblast 

mineralization (Figure 22A), while co-culturing HuMSPCs with Jurkat and MEC-1 cells 

led to a significant inhibition and KM-H2 to a trend towards inhibition of mineralization 

Figure 21. Primary AML cells co-cultured with human bone marrow-derived MSPCs show 

significant inhibition of mineralization Colorimetric detection of alizarin red stain using 

absorbance at 450nm to quantify calcium deposition after 21 days of induction of mineralization in 

human bone marrow-derived MSPC cultures in the presence of primary AML cells or healthy 

PBMNCs (control) seeded at different cell densities, n=3 replicates per sample, data is shown as 

mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 determined by unpaired t-test. 
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which was not dependent on the doubling time of the cell lines (Figure 22B). Co-

culturing HuMSPCs with primary T-cell acute lymphoblastic leukemia or chronic B-cell 

leukemia cells did not affect mineralization (Figure 22C). This indicates that inhibition 

of osteoblast maturation does not depend on the proliferation rate.  It is not specific to 

AML, but may also be seen with some lymphoid cell lines.  

 

Figure 22. Malignant lymphoid cells co-cultured with stromal cell lines  (A) Colorimetric 

detection of alizarin red stain using absorbance at 450nm to quantify calcium deposition after 7 days 

of induction of mineralization in SaOS2 cultures in the presence of different lymphoid cell lines, n=6 

independent experiments. (B) Colorimetric detection of alizarin red stain using absorbance at 450nm 

to quantify calcium deposition after 14 days of induction of mineralization in HuMSPC cultures in the 

presence of different lymphoid cell lines, n=5 independent experiments. (C) Colorimetric detection of 

alizarin red stain using absorbance at 450nm to quantify calcium deposition after 14 days of induction 

of mineralization in HuMSPC cultures in the presence of primary lymphocytic leukemia cells or 

healthy PBMNCs (control), n=3 replicates per sample, data is shown as mean ± SEM. *p < 0.05 

determined by unpaired t-test. 
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To identify the stage at which AML cells affect osteolineage differentiation and 

maturation, we added AML cell lines at different time points of osteolineage 

development. Strikingly, co-culture before or during mineralization showed comparably 

strong inhibition of mineralization, while adding AML cells after completed 

mineralization did not affect calcium deposition, indicating that AML cells affect 

maturation at an early stage of osteogenesis (Figure 23). 

 

 We next aimed at investigating the mechanisms how AML cells affect osteoblast 

differentiation and maturation. To differentiate between mechanisms depending on 

secreted soluble factors or direct cell contact, we cultured HuMSPCs or SaOS2 cells 

with different AML cell lines or the corresponding conditioned medium. In fact, only 

Figure 23. AML cells affect osteogenesis and mineralization at an early stage (A) Schematic 

overview of different co-culture models for HuMSPCs where AML cell lines or healthy PBMNCs were 

added at various time points of mineralization. (B) Top, representative images of alizarin red staining 

in HuMSPCs co-cultured with healthy PBMNCs (control) or AML cell lines under the conditions 

outlined in (A). Bottom, colorimetric detection of alizarin red stain using absorbance at 450nm to 

quantify calcium deposition, n=3 independent experiments, data is shown as mean ± SEM. (C) 

Schematic overview of different co-culture models for SaOS2 cells where AML cell lines or healthy 

PBMNCs were added at various time points of mineralization. (D) Top, representative images of 

alizarin red staining in SaOS2 cells co-cultured with healthy PBMNCs (control) or AML cell lines 

under the conditions outlined in (C). Bottom, colorimetric detection of alizarin red stain using 

absorbance at 450nm to quantify calcium deposition, n=2 independent experiments, data is shown 

as mean ± SEM. 



 

 54 

direct cell contact, but not AML-conditioned medium affected osteoblast mineralization 

(Figure 24).  

 

Given the fact that AML cells interfere at early stages of osteolineage 

differentiation through direct cell contact we next aimed to identify the underlying 

molecular mechanisms. To this end we took advantage of our microarray analysis. 

Based on the upstream regulator analysis generated by IPA®, 51 genes were reported 

as possible candidates of upstream regulators as listed in Table 10. We confined our 

analysis to genes which are associated with cell adhesion molecules, transmembrane 

proteins or proteins located on the cell membrane which resulted in the following ten 

genes: PDGFRA, PLAUR, FBN1, OCLN, BSG, NRG1, DDR1, RAC2, CEACAM1 and 

CDH. We measured the expression of these genes in HuMSPCs by RT-PCR after 4 

days of co-culture with AML cell lines inhibiting (U937, THP-1 and OCI-AML3) or not 

inhibiting mineralization (KG-1, MOLM-13).  In none of the tested genes did we detect 

Figure 24. AML inhibits mineralization through a cell contact-dependent manner (A) 

Representative low and high magnification images of alizarin red staining in SaOS2 cells after 7 days 

of induction of mineralization in the presence of different AML cell lines or corresponding conditioned 

medium. (B) Colorimetric detection of alizarin red stain using absorbance at 450nm to quantify 

calcium deposition in HuMSPC cultures after 21 days of induction of mineralization in the presence 

of different AML cell lines or corresponding conditioned medium, n=3 independent experiments, data 

are shown as mean ± SEM. ***p < 0.001 determined by unpaired t-test. 
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significant differences, making a major role of these genes for AML-induced inhibition 

of osteoblast differentiation and maturation unlikely (Figure 25). 

 

We next focused on signal pathways related to osteogenesis. Osteoblast 

maturation depends on the integrity of different pathways including the insulin-like 

growth factor (IGF), bone morphogenetic protein (BMP), Wnt/ß-catenin, fibroblast 

growth factor (FGF), hedgehog, parathyroid hormone (PTH) and transforming growth 

factor beta (TGF-ß) pathways (Wu et al., 2016). Applying the GSEA analysis tools to 

our microarray of primary bone marrow MSPCs from AML patients and controls 

revealed the Wnt/ß-catenin canonical pathway to be significantly altered (Figure 26). 

Figure 25. Gene expression analysis of cell contact-related genes selected from upstream 

regulator analysis generated by IPA® Gene expression analysis in HuMSPCs after 4 days’ 

induction of mineralization in monoculture or in the presence of PBMNCs from healthy donors or 

different AML cell lines. HuMSPCs were sorted by flow cytometry and analyzed by RT-PCR for 

expression of PDGFRA, PLAUR, FBN1, OCLN, DDR1, RAC2, NRG1, CEACAM1, CDH1 and BSG. 

Results were normalized to mineralized monocultured HuMSPCs, n=6 independent experiments, 

data are shown as mean ± SEM.  
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In fact, it has been shown that the level of cytoplasmic ß-catenin in MSPCs is 

crucial for osteogenesis (Clevers, 2006; J. H. Kim et al., 2013). We therefore assessed 

the activity of the Wnt/ß-catenin pathway by measuring cytoplasmic ß-catenin levels. 

In fact, quantification of cytoplasmic ß-catenin levels by flow cytometry showed 

significantly decreased levels in HuMSPCs after 4 days of co-culture with certain AML 

cell lines while PBMNCs from healthy donors did not affect Wnt/ß-catenin signaling in 

HuMSPCs (Figure 27A, B). Similar results were also found in SaOS2 cells after 4 days 

of co-culture with AML cell lines (Figure 27C).   

 

Figure 26. Wnt pathway-related gene set enriched 

in MSPCs isolated from AML 

GO_WNT_ACTIVATED_RECEPTOR_ACTIVITY 

enriched in MSPC from AML (NES: -1.55, p=0.021, 

FDR q-value=0.114).  

Figure 27. AML cells decrease cytoplasmic ß-catenin levels in stromal cell lines (A) 
Representative flow cytometry overlapping histogram showing fluorescence intensity of cytoplasmic 
β-catenin in HuMSPCs after mono- or co-culture with healthy PBMNCs (control) or indicated AML 
cell lines. (B) Median fluorescence intensity (MFI) of cytoplasmic β-catenin levels in HuMSPCs after 
mono- or co-culture with the indicated cells. Results were normalized to mineralized mono-cultured 
HuMSPCs. n=5 independent experiments. (C) MFI of cytoplasmic β-catenin levels in SaOS2 cells 
after mono- or co-culture with the indicated cells, n=2 independent experiments, data are shown as 
mean ± SEM.data, *p < 0.05, **p < 0.01, ***p < 0.001 determined by unpaired t-test. 
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 To prove the association between decreased Wnt/ß-catenin signaling and 

deficient osteolineage differentiation after AML infiltration, we increased cytoplasmic 

ß-catenin levels by applying SKL2001, an AXIN inhibitor, which efficiently raised 

cytoplasmic ß-catenin levels (Gwak et al., 2012). We added SKL2001 during induction 

of mineralization of HuMSPCs in the presence of different AML cell lines or healthy 

PBMNCs. Treatment with SKL2001 increased cytoplasmic ß-catenin levels at the end 

of mineralization (Figure 28A). Strikingly, adding SKL2001 also successfully increased 

mineralization in HuMSPCs co-cultured with THP-1 and OCI-AML3 compared to 

vehicle (DMSO) by more than 1.5-fold (Figure 28B). SKL2001 did not increase 

cytoplasmic ß-catenin levels nor mineralization in HuMSPCs co-cultured with U937 

(Figure 28).  

 

Figure 28. AML cells inhibit osteogenesis partially through the Wnt/β-catenin pathway (A) 

Median fluorescence intensity (MFI) of cytoplasmic β-catenin levels in HuMSPCs after mono- or co-

culture in the presence of healthy PBMNCs (control) or different AML cell lines with either 10µM 

SKL2001 or DMSO, n=5 independent experiments, result is normalized to HuMSPCs with DMSO. 

(B) Colorimetric detection of alizarin red stain using absorbance at 450nm to quantify calcium 

deposition in HuMSPC after 14 days of induction of mineralization with either 10µM SKL2001 or 

DMSO in the presence of healthy PBMNCs (control) or different AML cell lines, n=8 independent 

experiments, result is normalized to HuMSPCs with DMSO, data is shown as mean ± SEM, *p < 

0.05, **p < 0.01, ***p < 0.001 determined by unpaired t-test.  
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To exclude any cytotoxic effects of SKL2001 on AML cells, we cultured AML cell 

lines with either 10µM SKL2001 or vehicle (DMSO). In fact, SKL2001 decreased the 

growth of AML cell lines by 17-47% (Figure 29A). To test if SKL2001 restores 

mineralization in HuMSPCs due to a direct cytotoxic effect on AML cells we co-cultured 

HuMSPCs with AML cell lines at different cell densities in the presence of SKL2001 or 

DMSO (Figure 29B).  

 

Figure 29. SKL2001 restores mineralization in HuMSPCs independent of AML cell density (A) 

Cell number of different AML cell lines after being treated with either 10µM SKL2001 or vehicle 

(DMSO) for 4 days, data is normalized to corresponding cell line treated with DMSO, n=3 

independent experiments. (B) Colorimetric detection of alizarin red stain using absorbance at 450nm 

to quantify calcium deposition after 14 days of induction of mineralization in HuMSPC alone or in co-

culture with healthy PBMNCs (control) or different AML cell lines at the indicated cell densities with 

10µM SKL2001 or vehicle (DMSO), n=3 replicates per cell line and seeding number, data is shown 

as mean ± SEM. 
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To further substantiate the role of ß-catenin in bone mineralization, ß-catenin was 

genetically downregulated in both HuMSPCs and SaOS2 cells by transduction of 

different shRNAs. This led to a significant reduction of ß-catenin mRNA and protein 

levels (Figure 30A-D) and a significant inhibition of mineralization in SaOS2 cells 

(Figure 31). However, HuMSPCs cells could no longer be cultured in vitro after 

downregulation of ß-catenin.  

 

 

 

 

 

 

 

 

 

Figure 30. CTNNB1 mRNA expression and cytoplasmic ß-catenin levels of shRNA-transduced 

stromal cell lines (A) CTNNB1 gene expression in SaOS2 cells transduced with empty vector or 

different shRNAs analyzed by real-time PCR, n=2 independent experiments. (B) MFI of cytoplasmic 

β-catenin levels in SaOS2 cells transduced with empty vector or different shRNAs, n=3 independent 

experiments. (C) CTNNB1 gene expression in HuMSPCs transduced with empty vector or different 

shRNAs analyzed by real-time PCR, n=2 independent experiments. (D) MFI of cytoplasmic β-catenin 

levels in HuMSPCs transduced with empty vector or different shRNAs, n=3 independent 

experiments, data is shown as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 determined by 

unpaired t-test. 

Figure 31. Decreased mineralization in 

SaOS2 cells transduced with shRNAs 

downregulating CTNNB1 expression 

Colorimetric detection of alizarin red stain 

using absorbance at 450nm to quantify 

calcium deposition in SaOS2 cells 

transduced with either empty vector or 

different shRNAs downregulating CTNNB1 

expression after 7 days of induction of 

mineralization, n=4 independent 

experiments, data is shown as mean ± SEM. 

*p < 0.05 determined by unpaired t-test. 
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Furthermore, genetic overexpression of ß-catenin in SaOS2 cells led to a 

significant increase in mRNA levels and moderately increased protein levels of ß-

catenin (Figure 32A-D). Overexpression of ß-catenin was followed by increased 

mineralization in the presence of certain AML cell lines which almost reached the levels 

of mono-cultured SaOS2 cells (Figure 33). However, after ß-catenin overexpression, 

HuMSPCs cells could no longer be cultured in vitro.  

 

 

 

 

 

 

 

 

Figure 32. CTNNB1 mRNA expression and cytoplasmic ß-catenin levels of stromal cell lines 

transduced with a plasmid overexpressing CTNNB1 (A) CTNNB1 gene expression in HuMSPCs 

transduced with empty vector or a CTNNB1-containing plasmid, analyzed by real-time PCR, n=2 

independent experiments. (B) MFI of cytoplasmic β-catenin levels in HuMSPCs transduced with 

empty vector or a CTNNB1-containg plasmid, n=2 independent experiments. (C) CTNNB1 gene 

expression in SaOS2 cells transduced with empty vector or a CTNNB1-containg plasmid, analyzed 

by real-time PCR, n=4 independent experiments. (D) MFI of cytoplasmic β-catenin levels in HuMSPC 

cells transduced with empty vector or a CTNNB1-containing plasmid, n=2 independent experiments, 

data is shown as mean ± SEM.**p < 0.01 determined by unpaired t-test 

Figure 33. Overexpression of 

CTNNB1 in SaOS2 cells overcomes 

the inhibition of mineralization by 

certain AML cell lines Colorimetric 

detection of alizarin red stain using 

absorbance at 450nm to quantify 

calcium deposition in SaOS2 cells 

transduced with either empty vector or  

a plasmid overexpressing CTNNB1 

after 7 days of induction of 

mineralization in the presence of 

different AML cell lines, n=3 

independent experiments, data is 

shown as mean ± SEM. *p < 0.05 

determined by unpaired t-test. 
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In summary, AML cells affect osteolineage differentiation at an early stage via 

direct cell contact. This is associated with reduced levels of cytoplasmic ß-catenin. 

 

 Deficient bone metabolism predicts clinical outcome 

Because AML cells specifically inhibited osteolineage maturation, we next aimed 

at quantifying mineralized bone mass in human bone marrow specimens. Osteocalcin 

is a protein secreted by mature osteoblasts (Rutkovskiy et al., 2016). Quantification of 

osteocalcin-expressing mature cuboidal osteoblasts in paraffin-embedded bone 

marrow biopsies was not successful, as the bone-lining area was damaged by the 

decalcification process. Osteocalcin levels in the peripheral blood have been shown to 

correlate with the number of osteoblasts. They can therefore be used to measure bone 

turnover (Krevvata et al., 2014). Based on that, we prospectively measured peripheral 

blood osteocalcin levels in treatment-naïve AML or non-Hodgkin lymphoma patients 

without bone marrow involvement who served as a control.  

 

In total, we analyzed osteocalcin levels in 58 AML patients and 31 controls. 

According to the literature, osteocalcin levels are mostly affected by age and gender 

(Gundberg et al., 2002). In our cohort, the median age was 62 years among AML 

patients and 61 years in controls, the distribution of gender was slightly shifted towards 

males in the control cohort (Table 13). However, there were no significant differences 

in osteocalcin levels with regard to gender or age (men vs. women, median 13.3ng/ml 

[IQR, 11.5-21.9ng/ml, n=45] vs. 12.7ng/ml [7.3-17.3ng/ml, n=44]; ≤ vs. > 60 years, 

13.9ng/ml [10.3-20.7ng/ml, n=42] vs. 12.3ng/ml [7.1-16.9ng/ml, n=47]).   
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  Control AML 

Patient, N 31 58 

Age in years, median (range) 61 (20-76) 62 (25-88) 

Age > 60 years, N (%) 15 (48.4%) 31 (53.4%) 

Male, N (%) 20 (64.5%) 25 (43.1%) 

Blood counts, median (IQR)     

  WBC (/nl) 7.58 (6.25-8.79) 7.05 (2.18-54.32) 

  ANC (/nl) 4.8 (3.63-6.23) 0.05 (0-0.43) 

  PB blast (%) 0 (0-0) 25.5 (3.75-82) 

  Hb (g/dl) 13.8 (11.9-14.5) 9.2 (8.23-10.70) 

  Plt (/nl) 247 (221.5-317.5) 67 (28.75-116.25) 

  

Strikingly, AML patients at first diagnosis showed significantly lower osteocalcin 

levels with a median of 12.15ng/ml (IQR: 7.53-16.28ng/ml, n=58) compared to 

17.2ng/ml (IQR: 12.5-23.45ng/ml, n=31) in non-leukemic donors (Figure 34A). Among 

AML patients, osteocalcin levels ≤ 11ng/ml defining the median in the AML cohort 

correlated with an 8-fold higher peripheral and 1.5-fold higher bone marrow blast count 

compared to patients with osteocalcin levels > 11ng/ml (Table 14) (Figure 34B, C). 41 

of the 58 AML patients received intensive chemotherapy while the remainder was 

treated with palliative regimens. Focusing on the outcome of patients who received 

curative-intent chemotherapy, the baseline osteocalcin levels did not predict response 

to induction therapy (CR/CRi vs. no CR/CRi after first induction therapy, median 

12.1ng/ml [IQR, 9.4-13.9, n=21] vs. 12.7ng/ml [8-16.8, n=20]; p=0.5725).  

 

 

 

 

Table 13. Demographic and clinical characteristics of the study cohort IQR: interquartile range, 

WBC: white blood cell; ANC: absolute neutrophil count; PB: peripheral blood; Hb: hemoglobin; Plt: 

platelet. 
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 Osteocalcin < 11ng/ml Osteocalcin ≥ 11ng/ml 

Patient, N 24 34 

Age in years, median (range) 63 (25-79) 61.5 (35-88) 

Age > 60 years, N (%) 13 (54.2%) 18 (52.9%) 

Male, N (%) 7 (29.2%) 18 (52.9%) 

ELN *1 pt missing *2 pt missing 

  Favorable 3 3 

  Intermediate I 12 17 

  Intermediate II 2 4 

  Unfavorable 6 8 

Blood counts, median (IQR)   

  WBC (/nl) 46.49 (6.53-122.79) 2.75 (1.53-12.51) 

  ANC (/nl) 0 (0-0.08) 0.255 (0-0.525) 

  PB blast (%) 82.5 (29-88) 10.5 (2.75-27) 

  Hb (g/dl) 9.1 (8.1-10.1) 9.2 (8.25-10.93) 

  Plt (/nl) 55 (24.75-89) 78 (40-130.75) 

Bone marrow, median (IQR)   

  Blast count by cytology (%) 85 (62.5-90), *8 pt missing 55 (31.25-85), *8 pt missing 

Treatment modality   

  Curative 17 (70.8%) 24 (70.6%) 

  Palliative 7 (29.2%) 10 (29.4%) 

Follow up in days, median (range) 247 (10-982) 355 (175-601) 

 

Table 14. Demographic and clinical characteristics of the AML cohort ELN: European leukemia 

net; IQR: interquartile range; WBC: white blood cell; ANC: absolute neutrophil count; PB: peripheral 

blood; Hb: hemoglobin; Plt: platelet. 

Figure 34. Deficient bone metabolism in AML is correlated with clinical characteristics (A) 

Osteocalcin levels measured in the peripheral blood of control (n=31) and AML (n=58) patients. (B) 

Bone marrow blast infiltration in patients with osteocalcin level ≤ 11ng/ml (OCN-Low, n=16) and 

osteocalcin levels > 11ng/ml (OCN-High, n=26). (C) Peripheral blood blast percentage in patients 

with OCN-Low (n=24) and OCN-High (n=32), data are shown as mean ± SEM, *p < 0.05, **p < 0.01, 

****p < 0.0001 determined by Mann-Whitney test. 
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Patients with osteocalcin levels ≤ 11ng/ml at first diagnosis had an inferior 1-

year overall survival rate of 38.7%, with a median survival of 280 days compared to 

66.8% 1-year overall survival in patients with higher osteocalcin levels, with the median 

overall survival not being reached (log-rank test, p=0.0339) (Figure 35A). Furthermore, 

low osteocalcin levels showed a trend for inferior relapse-free survival which did not 

reach statistical significance (log-rank test, p=0.1105) (Figure 35B). In univariate 

analysis, only osteocalcin levels below 11ng/ml and age above 60 years significantly 

correlated with poor overall survival (Table 15).   

 

Univariate analyses p-value 

Age > 60 years, N=58 0.0270 

Gender, N=58 0.6359 

ELN risk group, N=55 0.4432 

NPM1, N=53 0.9963 

FLT3, N=53 0.4315 

CBFB, N=53 0.9630 

Osteocalcin > 11ng/ml, N=58 0.0393 

Peripheral blood blast (%), N=56 0.0654 

Bone marrow blast (%), cytology, N=42 0.6242 

Hemoglobin, N=58 0.8471 

Platelets, N=58 0.0765 

Absolute neutrophil count, N=58 0.9769 

Figure 35. Deficient bone metabolism predicts clinical outcome in AML (A) Overall survival of 

OCN-Low (n=24) and OCN-High patients (n=34), *p=0.0339 determined by log-rank test. (B) 

Relapse-free survival of AML patients receiving curative-intent treatment depending on OCN-Low 

(n=14) or OCN-High status (n=20), p=0.1105 determined by log-rank test  

 

Table 15. Univariate analysis for overall survival ELN: European leukemic net 
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In summary, AML patients showed lower osteocalcin levels than controls, 

indicating perturbed osteogenesis at first diagnosis. Osteocalcin levels were correlated 

with clinical outcome.  
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4 DISCUSSION 

Despite all novel therapies aiming at inhibiting mitochondrial, epigenetic or protein 

kinase targets in AML, the prognosis remains dismal. Murine models have elegantly 

uncovered the bidirectional influence of AML cells with the bone marrow 

microenvironment. These insights led to assume that therapy resistance and relapse 

are due to aberrant regulation of leukemia-initiating cells through the niche. Therefore, 

it appears appealing to combine drugs aiming at cell-autonomous mechanisms with 

niche-targeted therapies. For that, a comprehensive understanding of the structural 

and functional characteristics of the bone marrow niche in human AML is required. 

Here we have revealed that freshly isolated MSPCs from AML bone marrow show 

significant alterations, in particular with respect to their proliferation state and HSC- 

and niche-regulating capacities.  

 

Previously, ex vivo expanded MSPCs from AML bone marrow also revealed 

aberrant gene expression and DNA methylation profiles compared to non-leukemic 

controls, with little overlap among the different studies (Boyd et al., 2017; Geyh et al., 

2016; H. Li et al., 2014; von der Heide et al., 2017). The feasibility of molecular 

characterization of freshly isolated MSPCs has been shown in human myelodysplastic 

syndrome where limited molecular overlap was found between in vitro cultured cells 

and their in situ mesenchymal counterparts (S. Chen et al., 2016). In line with that, we 

did not observe significant concordance of differently expressed genes between our 

data set and ex vivo expanded MSPCs, supporting substantial impact of culture-

induced artefacts on the gene expression profile (Y. Li et al., 2015).  
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 Our gene expression analyses revealed enrichment for proliferation-associated 

genes which went along with a significantly increased number of bone marrow MSPCs 

in situ. This is in line with previous findings in the murine AML bone marrow (Hanoun 

et al., 2014). On the other hand, several human studies described a lower fibroblast 

colony-forming capacity in unfractionated AML bone marrow cells (Geyh et al., 2016; 

J. A. Kim et al., 2015), while, more recently, another study analyzing a large set of 

patient samples detected higher colony formation (Diaz de la Guardia et al., 2017). 

These experiments did not account for the different cellularity and composition in AML 

bone marrow compared to non-leukemic controls which might underestimate the 

colony-forming capacity of AML bone marrow-derived MSPCs. So far, we have not 

tested if the expansion of phenotypic MSPCs also correlates with an increased number 

of fibroblast colonies.  

 

Next to their niche-regulating capacities, bone marrow MSPCs steer maintenance 

and retention of HSCs in the bone marrow. Murine models of AML revealed a 

dramatically impaired HSC-regulating capacity of bone marrow MSPCs (Hanoun et al., 

2014; Kumar et al., 2018; Xiao et al., 2018). In fact, we also observed significantly 

lower expression of HSC-regulating genes in MSPCs from AML patients that correlates 

with an impaired capacity to maintain hematopoietic stem and progenitor cells in vitro 

as shown before (Y. Li et al., 2015). The decreased expression of HSC-regulating 

factors was related to a more differentiated state of MSPCs in murine AML (Hanoun et 

al., 2014; Xiao et al., 2018).  

 

Our microarray data revealed decreased expression of osteogenesis-related gene 

sets in MSPCs isolated from AML patients correlating with AML specific inhibition of 

osteoblast maturation in a cell contact-dependent manner in our co-culture model. 
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Loss of mature osteoblasts has been observed in murine AML models (Duarte et al., 

2018; Hanoun et al., 2014; Kumar et al., 2018). Recently, Baryawno et al. observed by 

elegant single-cell RNA sequencing studies of the mouse bone marrow stroma that 

AML infiltration impaired stromal differentiation, especially osteogenesis, with 

decreased expression of hematopoietic regulator genes (Baryawno et al., 2019). Also 

for AML patients, decreased osteogenic differentiation potential has been observed 

(Geyh et al., 2016), in particular in adverse risk AML (Diaz de la Guardia et al., 2017). 

In contrast, Battula et al. observed an increased osteoblast maturation of human AML-

derived MSPCs in the presence of certain AML cell lines (Battula et al., 2017). We 

have learned from murine models that myeloid neoplasms depend on distinct subsets 

of osteolineage cells. Deletion of Dicer-1 in osterix-expressing osteoprogenitor cells, 

but not osteocalcin-expressing mature osteoblasts, resulted in disruption of 

hematopoiesis with characteristics of myelodysplasia and AML (Raaijmakers et al., 

2010). More recently, specific deletion of col1(2.3)-expressing mature osteoblasts has 

been shown to accelerate MLL-AF9 AML development (Krevvata et al., 2014). 

Therefore, it is important to distinguish between the different stages of osteolineage 

maturation in context of myeloid neoplasms. Our data indicate a defect in early stage 

osteogenesis which is at least partially mediated through inhibition of cytoplasmic β-

catenin, the key mediator of the Wnt canonical signaling pathway which plays a central 

role in osteogenesis (Yavropoulou & Yovos, 2007). In AML, Wnt/β-catenin signaling 

turned out to be essential for self-renewal of leukemia-initiating cells (Wang et al., 

2010), with overexpression in many AML samples (Gandillet et al., 2011). Therefore, 

targeting Wnt/β-catenin signaling has frequently been approached in preclinical 

models and early phase clinical trials. However, the effect on the microenvironment 

has not been evaluated. Our results suggest that inhibition may favor rather than 

suppress leukemogenesis. That altered niche features have prognostic value has been 
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reported by Kim et al. In their study, AML patients with early relapse had more CD146+ 

MSPCs at first diagnosis than patients who attained a remission (J. A. Kim et al., 2015). 

 

Another important bone marrow niche component, the sympathetic nervous 

system, also showed alterations in our study, with a trend towards decreased bone 

marrow noradrenaline levels and significantly reduced levels of BDNF, an important 

neurotrophic factor for neuronal development and plasticity. The adrenergic signaling 

pathway has been known to be highly correlated with migration and invasion of certain 

malignancies (Arranz et al., 2014; Ha et al., 2019; Rivero et al., 2017). It was found to 

be associated with niche quiescence and the development of leukemia (Arranz et al., 

2014; Hanoun et al., 2014). In murine models, treatment with adrenergic agonists 

decreased the number of leukemic stem cells, restored normal hematopoiesis and 

prolonged survival (Arranz et al., 2014; Munir et al., 2015). Decreased BDNF levels 

have been reported to be correlated with prognosis in both adult and pediatric acute 

leukemia (Z. Li et al., 2009; Portich et al., 2016). There is growing evidence that the 

BDNF/TrkB pathway is of importance in some malignancies (Vaishnavi et al., 2015), 

with a role in patient survival in B-cell malignancies (Hillis et al., 2016; Z. Li et al., 2009). 

Taken together, these observations highlight the importance of the sympathetic 

nervous system in the development of leukemia, making it a potential candidate for 

targeted treatment approaches. 
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5 SUMMARY (ENGLISH) 

Blood cell production in the bone marrow is coordinated by specialized niches 

which are formed by mesenchymal stem and progenitor cells (MSPC) and their 

progeny. Using in vitro models, trephine biopsies and clinical data, I studied alterations 

of the bone marrow niche in human acute myeloid leukemia (AML). 

 

 MSPCs were found to be expanded in human AML, due to a loss of replicative 

quiescence. Their hematopoietic stem cell (HSC)-supporting capacity was decreased, 

as evidenced by abnormal expression of HSC-regulating genes and reduced 

peripheral blood cell counts. The differentiation capacity of MSPCs was also disturbed. 

Osteogenesis was inhibited when MSPCs and leukemic cells were cultured in direct 

cell contact. Inhibition was associated with abnormal gene expression, with particularly 

profound perturbation of the Wnt/ß-catenin pathway. Peripheral blood osteocalcin 

levels were abnormally low in AML patients, and the degree of osteocalcin reduction 

was correlated with long-term outcome. Leukemic bone marrow infiltration was 

associated with a sympathetic neuropathy, with very low levels of brain-derived 

neurotrophic factor and a trend towards decreased noradrenaline levels.   

 

These insights into the bone marrow microenvironment in human AML translate 

findings from preclinical models into the clinic. Whether progression of leukemia can 

be delayed by restoring the niche is unknown. We identified several candidates for 

treatment approaches targeting the bone marrow niche, such as the Wnt/ß-catenin 

pathway or the sympathetic nervous system. The ultimate goal of such therapies is 

eradication of leukemia-initiating cells leading cure of the affected patients. 



 

 71 

6 ZUSAMMENFASSUNG (DEUTSCH) 

Die Blutbildung hängt von einer intakten Funktion von hämatopoetischen 

Stammzellen ab, welche wiederum durch mesenchymale Stamm- und Vorläuferzellen 

(MSPC) als maßgeblicher Bestandteil der hämatopoetischen Stammzellnische 

reguliert werden. Die akute myeloische Leukämie (AML) ist gekennzeichnet durch ein 

frühes Versagen der gesunden Hämatopoese sowie eine hohe Rezidivrate, was in 

murinen Modellen auf eine Dysregulation der gesunden hämatopoetischen 

Stammzellnische zurückzuführen ist. Um die klinische Relevanz herauszuarbeiten, 

wurden anhand von immunhistochemischen Färbungen des Knochenmarks, 

Genexpressionsanalysen von MSPCs, Bestimmung des Knochenstoffwechsels und in 

vitro-Modellen Veränderungen der hämatopoetischen Stammzellnische bei Patienten 

zum Zeitpunkt der Erstdiagnose einer AML untersucht und mit klinischen Daten 

korreliert. MSPCs zeigten aufgrund eines Verlustes des Ruhezustands eine 

signifikante Expansion im Knochenmark von AML-Patienten. Zugleich zeigte sich eine 

verminderte Expression von Faktoren, die für die Regulation hämatopoetischer 

Stammzellen relevant sind, sowie eine gestörte Differenzierungskapazität. Durch 

direkten Zellkontakt mit AML-Zellen zeigte sich eine Hemmung der Differenzierung von 

MSPCs in mineralisierende Osteoblasten, was zumindest teilweise auf eine Inhibition 

des Wnt/ß-Catenin-Signalweges zurückzuführen war. Diese Störung der 

Osteoblastenreifung spiegelte sich in einem signifikant erniedrigten 

Osteocalcinspiegel im peripheren Blut von AML-Patienten wider, wobei das Ausmaß 

der Osteocalcin-Reduktion von hoher prognostischer Relevanz war. Durch 

zielgerichtete Therapieansätze soll letztlich die Kommunikation von AML-Zellen mit 

ihrem Mikroenvironment unterbunden werden, um residuelle Leukämiezellen im 

Knochenmark zu zerstören. 
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