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ABSTRACT
Objectives: Multipotent mesenchymal stromal cells (MSC) play a pivotal role in the bone
marrow (BM) niche. Stanniocalcin 1 (STC1) secreted by MSC has been demonstrated to
promote the survival of neoplastic cells and was suggested a marker for minimal residual
disease of acute myeloid leukemia (AML). Therefore, we evaluated the expression of STC1 in
MSC from AML patients (MSCAML) compared to MSC from healthy donors (MSCHD).
Methods: Liquid culture assays of MSCAML and MSCHD were performed to compare expansion
capacity. Gene expression profiles of MSCAML vs. MSCHD were established. Secretion of STC1
was tested by ELISA in MSCAML vs. MSCHD and expression of STC1 in AML- vs. HD-BM by
immunohistochemistry. In addition, co-cultures of AML cells on MSC were initiated and
ultrastructural intercellular communication patterns were investigated. Finally, the effect of
blocking STC1 on AML cells was evaluated.
Results: MSCAML showed significant decreased expansion capacity compared to MSCHD. Gene
analysis revealed marked overexpression of STC1 in MSCAML. ELISA and immunohistochemical
findings confirmed this observation. Electron microscopy analysis showed reciprocal
stimulation between AML cells and MSC. Blockade of STC1 did not significantly affect AML
cell proliferation and apoptosis.
Discussion: Characteristics of MSC differ depending on whether they originate from AML
patients or from HD. STC1 was mostly overexpressed in MSCAML compared to MSCHD. In
vitro blockade of STC1, however, was not associated with AML cell proliferation and apoptosis.
Conclusion: Differences in expression levels of glycoproteins from MSCAML compared to
MSCHD not necessarily assume that these molecules are niche-relevant in leukemic disease.
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Introduction

Mesenchymal stromal cells (MSC) were recognized as
crucial regulatory constituents of hematopoietic stem
cells (HSC) inside the bone marrow (BM) microenviron-
ment as they are situated perivascular next to HSC and
express HSC maintenance genes at an elevated level
[1]. Analogical mechanisms were reported regarding
the interplay between MSC and AML cells, thus impair-
ing the cytotoxic actions of chemotherapy regimens
[2–6].

The tumor-stroma interaction is assumed to be
mainly regulated by molecules secreted either by
stromal cells or neoplastic cells. Stanniocalcin 1
(STC1) secreted by MSC has been demonstrated to
augment the Warburg effect and promote the survival
of lung cancer cells by making them resistant to reac-
tive oxygen species (ROS) through upregulation of
uncoupling protein 2 (UCP2) [7]. UCP2 expression was
also upregulated in a MSC-AML co-culture model,

with likewise increased Warburg effect and enhanced
proliferation of AML cells [8]. Moreover, STC1 was
suggested a marker for minimal residual disease
(MRD) of AML and for an early diagnosis of relapse
[9]. Therefore, blockade of STC1 could supposedly
diminish AML cell proliferation and enhance apoptosis.

In the present study we investigated the differences
between MSC from AML patients (MSCAML) and MSC
from healthy donors (MSCHD) by measuring expansion
capacity and performing gene expression profiles.
Secretion of STC1, the most overexpressed gene in
MSCAML vs. MSCHD, was further analyzed by ELISA
and expression of STC1 within the BM of AML patients
vs. healthy donors (HD) was confirmed by immunohis-
tochemistry. Moreover, we designed co-culture exper-
iments using human MSC as a feeder layer to evaluate
the effect of STC1 blockade on proliferation and apop-
tosis of AML cells. For this, a neutralizing mouse anti-
human STC1 antibody was used as inhibiting agent.
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Material and methods

Patient characteristics

BM aspirates were received from the iliac crest of 20
AML patients (age 59 ± 17) and 33 HD (age 56 ± 18)
after written informed consent. The biopsies in the
HD group were obtained from patients who presented
to the University Hospital of Regensburg with suspi-
cion of any kind of BM disorder but whose histopatho-
logical results did not reveal any pathologic findings.
The procedures are in consensus with the latest
version of the Helsinki Declaration and were author-
ized by the local Ethics Committee of Human Exper-
imentation, University Regensburg. AML patient and
disease characteristics are summarized in Table 1.

Mesenchymal stromal cells

Expansion of human MSC was performed as described
earlier [10]. In brief, human BM aspirate from HD and
AML patients (ethical approval 111010303 and
051097, Ethical Committee of the University Hospital
of Regensburg) was diluted with either DMEM sup-
plemented with FBS (PAA Laboratories GmbH, Pasch-
ing, Austria) and gentamycin (Life Technologies,
Darmstadt, Germany) or with ‘StemMACS MSC Expan-
sion Media, human’ supplemented with ‘CytoMix –
MSC, human’ (both: Miltenyi Biotec, Bergisch Glad-
bach, Germany) and plated in 100 mm cell culture
dishes (BD Falcon, Heidelberg, Germany) for primary
expansion. Medium was changed twice weekly.
When confluence was (almost) achieved, MSC were
trypsinized (Trypsin-EDTA from Sigma-Aldrich, Schnell-
dorf, Germany) and further expanded (secondary

expansion) in 75 cm2 cell culture flasks (Corning
Costar, Bodenheim, Germany). After two–four weeks
(80% confluence), MSC were harvested and phenotypi-
cally and functionally evaluated as described in [10].

AML cells

Samples from patients were obtained from BM aspi-
rates at first admission to our department (ethical
approval 051097, ethical committee of the University
Hospital of Regensburg). Cells were then enriched for
mononuclear cells (MNC) by Ficoll Hypaque (GE
Healthcare Bio-Sciences, Pasching, Austria) density
centrifugation and cryopreserved in liquid nitrogen
until use.

Genechip microarray assay

Before employing MSC for gene array analysis, we
proved the absence of any contamination with hema-
topoietic cells by flow cytometry. Sample preparation
for microarray hybridization was carried out as
described in the NuGEN Ovation PicoSL WTA System
V2 and NUGEN Encore Biotin Module manuals
(NuGEN Technologies, Inc, San Carlos, CA, USA). In
brief, 40 ng of total RNA from 3 MSCAML, 3 MSCHD
and 3 AML blasts after completed expansion were
reverse transcribed into double-stranded cDNA in a
two-step process, introducing a SPIA tag sequence.
Bead purified cDNA was amplified by a SPIA amplifica-
tion reaction followed by an additional bead purifi-
cation. 4.5 µg of SPIA cDNA was fragmented,
terminally biotin-labeled and hybridized to Affymetrix
Human Gene 2.0 ST arrays for 16 h at 45°C in a

Table 1. Patients’ characteristics.
AML classification (WHO 2016) Cytogenetics Molecular Genetics

AML1 AML with biallelic mutations of CEBPA 46,XY biallelic mutations of CEBPA
AML2 AML, NOS – AML with maturation N/A N/A
AML3 AML, NOS – AML with maturation t(5;11)(q35;p15) NUP98-NSD1
AML4 AML, NOS – Acute myelomonocytic leukemia del(3)(q12;q25) FLT3 mutation, MLL-PTD
AML5 AML with biallelic mutations of CEBPA 46,XY biallelic mutations of CEBPA
AML6 AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 t(8;21)(q22;q22.1) RUNX1-RUNX1T1
AML7 AML, NOS – AML with maturation 46,XX MLL-PTD
AML8 AML with myelodysplasia-related changes i(17q) MLL-PTD
AML9 AML with myelodysplasia-related changes 46,XY ASXL1 mutation
AML10 AML with biallelic mutations of CEBPA 46,XY biallelic mutations of CEBPA
AML11 AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 t(8;21)(q22;q22.1) RUNX1-RUNX1T1
AML12 AML, NOS – AML with maturation 46,XX MLL-PTD
AML13 AML with mutated NPM1 46,XY NPM1 mutation
AML14 AML with mutated NPM1 46,XX NPM1 mutation
AML15 AML, NOS – AML without maturation 46,XY FLT3 mutation
AML16 AML with mutated NPM1 46,XY NPM1 mutation, FLT3 mutation
AML17 AML with inv(16)(p13.1q22);CBFB-MYH11 inv(16)(p13.1q22) CBFB-MYH11, FLT3 mutation
AML18 AML with myelodysplasia-related changes 46,XY -
AML19 AML with inv(16)(p13.1q22);CBFB-MYH11 inv(16)(p13.1q22) CBFB-MYH11
AML20 AML, NOS – AML with minimal differentiation jumping translocation 11q13 FLT3 mutation
AML21 AML with myelodysplasia-related changes 46,XY -
AML22 AML, NOS – AML with minimal differentiation 46,XY -
AML23 AML, NOS – AML with minimal differentiation 46,XY -
AML24 AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 t(8;21)(q22;q22.1) RUNX1-RUNX1T1
AML25 AML with myelodysplasia-related changes N/A N/A
AML26 AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 45X-, t(8;21)(q22;q22.1) RUNX1-RUNX1T1, FLT3 mutation
AML27 AML with myelodysplasia-related changes 46,XY -
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GeneChip hybridization oven 640. Hybridized arrays
were washed and stained in an Affymetrix Fluidics
Station FS450, and the fluorescent signals were
measured with an Affymetrix GeneChip Scanner 3000
7G. Fluidics and scan functions were controlled by
the Affymetrix GeneChip Command Console v4.1.3
software.

Quantitative real-time RT–PCR

RNA was isolated with RNeasy Mini Kit (Qiagen, Hilden,
Germany). RT–PCR was conducted using iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Munich,
Germany) to receive complementary DNA. Primers
from TIB MOLBIOL Syntheselabor (Berlin, Germany)
and a MyCyclerTM (Bio-Rad Laboratories) were used
for real-time PCR using SSO Advanced Universal SYBR
Green Supermix (Bio-Rad Laboratories). Results are
presented relative to GAPDH expression.

List of primers used:

. GAPDH F: TCAACGGATTTGGTCGTATTGGG

. GAPDH R: TGATTTTGGAGGGATCTCGC

. STC1 F: CAGCTGCCCAATCACTTC

. STC1 R: TCTCCATCAGGCTGTCTCTGA

Immunohistochemistry

Immunohistochemistry (IHC) on BM sections was
performed with the Histofine Simple Stain MAX PO
(Nichirei Biosciences INC, Tokyo, Japan) according
to the manufacturer’s instructions. In short, 3 μm
sections from formalin-fixed paraffin-embedded BM
specimens were placed on slides (Superfrost,
Thermo Scientific, Walthamn, MA, USA). Sections
were dewaxed and antigen retrieval was done by
heating in 10 mM citrate puffer (pH 6.0). Endogen-
ous peroxidase was quenched by a 3% solution of
hydrogen peroxide. Sections were then stained
with anti-STC1 (rabbit IgG, clone 1A3, #sc-293435,
Santa Cruz Biotechnology, Heidelberg, Germany) as
well as an anti-rabbit isotype antibody (rabbit IgG,
Abcam, Cambridge, UK). Incubation was conducted
over night at 4°C, all antibodies were used at a con-
centration of 0.5 μg/ml. Visualization was performed
using the universal immuno-peroxidase polymer
MAX-PO and Bright-DAB (ImmunoLogic, Duiven,
The Netherlands). Sections were counterstained
with Mayer’s hemalum solution (Merck KGaA, Darm-
stadt, Germany). Images were obtained with a Zeiss
Axioskop 2 Plus microscope with an AxioCam HRc
camera and Axiovision 4.7.2 software (Carl Zeiss,
Oberkochen, Germany). No further image manipu-
lation was done except modulation of brightness
and contrast. Staining for STC1 was conducted
with BM samples of 2 AML patients and 2 HD.

The specificity of immunoreactive signals for STC1
was checked by negative controls using isotype
control antibodies.

ELISA for soluble STC1

Soluble (s)STC1 was analysed in the culture super-
natant of MSCAML compared to MSCHD. Frozen
samples of MSCAML (n = 8) as well as MSCHD (n = 7)
were thawed, resuspended in serum-free CytoMix –
MSC human medium and after 10 days (medium
change at day 2 and 5) analyzed using the commer-
cially available Human Stanniocalcin 1 DuoSet
enzyme-linked immunosorbent assay (ELISA; R&D
Systems, Minneapolis, MN, USA). Supernatants were
analyzed in duplicate in a 96-well plate according
to the manufacturer’s instruction. sSTC1 measure-
ment was conducted by reading the wavelength at
540 nm with a correction wavelength set to 570
nm using the Tecan Sunrise microplate absorbance
reader and the Magellan 5 data analysis software
(Tecan Group Ltd., Switzerland). The sensitivity of
that assay is 1.26 ng/ml as provided by the
manufacturer.

Analysis of blocking STC1 on AML cells

For investigating the impact of STC1 blockade on AML
blast survival, co-culture experiments using human
MSC as feeder layer were initiated. Experiments were
performed as described earlier [10]. In brief, MSC
from AML patients or HD were plated in 24-well
plates at a density of 3.8 × 104 cells one week before
the initiation of the co-culture. AML cells were resus-
pended in Iscove’s-modified Dulbecco’s Medium
(IMDM, Life Technologies) supplemented with FBS,
horse serum (PAA Laboratories), penicillin–streptomy-
cin (Sigma-Aldrich), L-glutamine (Sigma-Aldrich),
hydrocortisone (Rotexmedica, Trittau, Germany), 2-
mercaptoethanol (Life Technologies, Darmstadt,
Germany), IL3, TPO, FLT3L, SCF and G-CSF (all from
PeproTech, Rocky Hill, NY, USA) and 2 × 105 cells/well
were cultured on MSC for 1–2 weeks with weekly
half-medium changes. To evaluate the impact of
STC1 blockade on proliferation and apoptosis of AML
cells a neutralizing mouse anti-human STC1 (0.1 µg/
ml) [11] (IgG1, R&D Systems, Minneapolis, MN, USA)
was used, and added daily to MSC-AML co-culture.
The dose was chosen after performing a dose–
response experiment, which shows that, using
0.1 μg/ml of anti-STC1 antibody, the STC1 expression
is sufficiently inhibited and adding higher concen-
trations do not necessarily lead to better STC1 block-
ade (Figure 1). After 7 and 14 days, proliferation and
apoptosis of CD45+ AML cells was measured by flow
cytometry as reported below.
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Analysis of MSC surface markers
To verify the MSC phenotype [12] cells were harvested
and stained for 30 min at 4°C with anti-CD29-Alexa
Flour 488 (clone TS2/16), anti-CD44-PE (clone BJ18),
anti-CD73-APC (clone AD2), anti-CD90-PE (clone
5E10), anti-CD105-Alexa Flour 488 (clone 43A3) mAbs
and the appropriate isotype control antibodies. Hema-
topoietic cells were excluded by CD45 and CD34 stain-
ing (CD45-PerCP, clone HI30 and CD34-APC, clone 581;
all Abs were obtained from BioLegend, San Diego, CA,
USA). Analysis was conducted using a Becton Dickin-
son FACSCalibur flow cytometer (BD, East Rutherford,
NJ, USA).

Analysis of AML cell proliferation
The effect of anti-STC1 on AML cell proliferation was
determined with the fluorescent dye carboxyfluores-
cein diacetate succinimydil ester (CFSE, Molecular
Probes, Eugene OR, US). CFSE binds covalently to intra-
cellular molecules and fluorescence dilution after each

cell division can be explored. For this, 5 × 106 AML cells
were stained with CFSE (0.5 µM in PBS) for 10 min at
37°C in the dark. Afterwards, ice-cold PBS/20% FBS
was added and after washing, cells (2 × 105) were co-
cultured with MSC in a 24-well plate. After one week,
cells were harvested and stained with anti-CD45-APC
(BioLegend). CFSE fluorescence of CD45+ AML cells
was then assessed by flow cytometry (BD FACSCalibur)
and the division history was calculated.

Flow cytometry

Analysis of cell cycle
Cell cycle of AML cells was determined by PI staining of
DNA. After one week of co-culture with MSC ± anti-STC1,
cells were harvested, washed and resuspended in PBS
(1 × 106 in 200 μl). Then, ice-cold ethanol (70% in
dH2O) was slowly added and cell suspension was incu-
bated for 4 h on ice. After centrifugation, cells were incu-
bated with PBS containing 25 μg/ml PI and 100 μg/ml
RNAse (Applichem, Darmstadt, Germany) at 37°C.
Measurement of DNA content was then performed on
a FACSCalibur (BD). The percentages of cells within the
S and G2 phase were added up for the AML cells.

Analysis of apoptosis
Apoptosis of AML cells was evaluated after two weeks
of MSC co-culture with or without anti-STC1. Cells were
harvested and stained with mouse anti-human CD45-
APC (BioLegend) for 30 min at 4°C. After washing
twice with cold PBS, cells were further stained using
the FITC Annexin V Apoptosis Detection Kit (BD,
Frankin Lakes, NJ, USA) according to manufacturer’s
instruction. Annexin V+PI- apoptotic cell populations
were analyzed using a BD FACSCalibur flow cytometer.

Transmission electron microscopy

Ultrastructural analysis was performed to compare cell
interactions of MSC-AML under co-culture conditions
with MSC cells in mono-culture. The cells were grown
on autoclaved Thermanox (2 mm2) cover slips (EMS,
Science Services, Germany) which were initially placed
in the wells of a 24-well plate. Cells and the culture
mediumwere added as described above (section ‘Analy-
sis of blocking STC1 on AML cells’). The plates were incu-
bated for 1, respectively 2 weeks and cell confluency was
verified by light microscopy. Subsequently, the cover
slips are moved from the well plate and fixed in
buffered Karnovsky solution (2% paraformaldehyde
and 2.5% glutaraldehyde). Afterwards, the samples
were enclosed with 4% low-melting agarose, post-
fixed in 1% cacodylate-buffered osmium tetroxide for
2 h, dehydrated in graded ethanol, embedded in
EMbed812 epoxy resin (=EPON, EMS, Science Services,
Germany) and polymerized for 2 days at 60°C. The
formed Resin blocks were cut in semithin sections

Figure 1. Anti-STC1 dose–response experiment. (A) Immuno-
blot showing STC1 in MSC/AML co-culture after adding PBS
and 0.1, 0.2, 0.5, 2 μg/ml of anti-STC1 antibody. β-Actin
served as control. (B) Quantification of the same Immunoblot
as in (A) by showing the percentage of STC1 expression related
to β-Actin.
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(0.8 µm thickness) with an ultramicrotome (Ultracut S,
Reichert-Jung, Leica Microsystems, Germany) and
stained with toluidine blue and basic fuchsine. Areas of
interest were identified by light microscopy. After the
selection, the EPON block was trimmed, cut in ultrathin
sections (80 nm thickness) with a diamond knife
(DIATOME, Switzerland) and mounted on grids (100
and 200mesh) which were double contrasted with
aqueous uranyl acetate (2%) and lead citrate (Ultrostain
II / LEICA). The generated sections were examined in an
LEO912AB electron microscopy operating at 100 kV and
images were taken with a side-mounted 2k x 2k CCD
camera (Tröndle TRS, Moorenweis, Germany) with the
iTEM software (Olympus Soft Imaging Solutions,
Münster, Germany).

Western blot analysis

Proteins were separated by 4–12% SDS-PAGE, followed
by standard western blot analysis with anti-STC1
(R&DSystems #MAB2958), anti-UCP2 (Cell Signaling
#89326), anti-ßActin (GeneScript #A00730) and horse-
radish peroxidase-conjugated goat anti-mouse IgG
(R&DSystems #HAF007) and mouse anti-rabbit IgG
(Santa Cruz #2357).

DCFDA assay to evaluate ROS levels

To evaluate the functional implication of STC1 in AML
cell survival cellular ROS was detected in MSC-AML cell
co-culture after addition of 0.1 µg/ml anti-STC1 com-
pared to control (PBS) using a special assay kit
(Abcam, Cambridge, MA, USA). In short, 2′,7′-dichlor-
ofluorescein diacetate (DCFDA), a fluorogenic dye
which detects intracellular hydroxyl, peroxyl and
other ROS activity, was supplemented to the flow cyto-
metry tubes containing co-culture medium without
plastic-adherent MSC. After intracellular diffusion,
DCFDA was deacetylated by cellular esterases to a
non-fluorescent molecule, that was afterwards oxi-
dized by ROS into 2′,7′-dichlorofluorescin (DCF), an
extremely fluorescent compound. Fluorescence from
the DCF was measured using a Becton Dickinson FACS-
Calibur flow cytometer (BD, East Rutherford, NJ, USA).
ROS formation was further induced by tert-butyl
hydrogen peroxide (TBHP). Detection was performed
1 and 4 h after incubaton with DCFDA ± TBHP.

Statistical analysis

Data are presented as average +/− standard error of
the mean (SEM). Student’s t-test or one-way analysis
of variance (ANOVA) was used for assessing statistical
significance, a p-value < 0.05 was regarded statistically
significant. Analyses were conducted using PRISM 7
(Graphpad, San Diego, CA, US) statistical software.
FlowJo (Ashland, OR, US) was used to analyze flow
cytometric data.

Results

MSCAML showed decreased expansion capacity
compared to MSCHD

In a first step, expansion ability of MSC from patients
with MSCHD (n = 31) and MSCAML (n = 21; AML
samples 1-21) was investigated in DMEM MSC culture
medium. As shown in Figure 2, no differences could
be detected between MSCHD and MSCAML concerning
the initial expansion in 100 mm cell culture dishes
(primary expansion; 21.9 ± 6.0 days vs. 21.0 ± 6.5
days, t-Test: p = 0.6, EB = SEM). In cell culture flasks
(secondary expansion), however, human MSCAML

showed significantly slower expansion capacity than
MSCHD (18.2 ± 7.7 days vs. 25.0 ± 4.1 days, t-Test: p =
0.03, EB = SEM).

MSCAML displayed a different gene expression
profile compared to MSCHD, with distinctly
higher expression of STC1

To further investigate the differences between MSCAML

(n = 3) and MSCHD (n = 3), we assessed 48 144 genes,
whereof 141 showed significant over- or under-
expression in MSCAML. However, in the literature only
10 of these genes were associated with MSC or AML
cells within the BM niche (Figure 3(A, B)): STC1,
TNFRSF10D, COL4A1, IER3, TRPV2 were overexpressed
while EFNA5, CD9, ITGA10, BRD2, PDGFRA were under-
expressed [7–9,13–26]. The most relevant gene was
STC1, which was 3.3-fold overexpressed in MSCAML

compared to MSCHD and 11.6-fold compared to AML
blasts. Accordingly, as shown in Figure 3(C), the
direct comparison of STC1 log2 signal revealed signifi-
cantly higher expression in MSCAML compared to
MSCHD and the lowest signal in AML blasts (n = 3;

Figure 2. MSCAML need more time to expand in culture flasks
than MSCHD. Absolute number of days BM-MSCAML (n = 21;
AML samples 1–21) or -MSCHD (n = 31) needed to expand in
100 mm cell culture dishes (primary expansion) till 100%
confluence was achieved and afterwards in 75 cm2 cell
culture flasks (secondary expansion) till 80% confluence was
achieved. Error bar = SEM; p (primary) = 0.6; p (secondary) =
0.03.
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AML samples 3–5) from the same patients (6.4 ± 0.4 vs.
4.7 ± 0.3 vs. 2.9 ± 0.1, t-Test: p (MSCAML vs. MSCHD) =
0.03; p (MSCAML vs. AML blasts) = 0.001; p (MSCHD vs.

AML blasts) = 0.004, EB = SEM). To further confirm the
STC1 expression differences, we quantified the tran-
scripts of this gene in MSCHD vs. MSCAML. Although

Figure 3. MSCAML present a different gene expression profile compared to MSCHD with STC1 being mostly overexpressed in
MSCAML. (A) Heat map of differentially expressed genes (p < 0.05) among MSC and AML blasts. Red and blue colors designate
increased and decreased expression, respectively. (B) Fold change gene expression signal of genes which were known to be impli-
cated in the BM niche and which were significantly over- or underexpressed in MSCAML compared to MSCHD. (C) STC1 log2 signal in
MSCAML (n = 3; AML samples 3–5) compared to MSCHD (n = 3) and AML blasts (n = 3; AML samples 3–5). Error bar = SEM, p
(MSCAML vs. MSCHD) = 0.03; p (MSCAML vs. AML blasts) = 0.001; p (MSCHD vs. AML blasts) = 0.004. (D, E) Quantitative RT-PCR of
STC1 mRNA in 3 MSCHD and 5 MSCAML. Results are relative to GAPDH. PDGF = Platelet Derived Growth Factor, EFNA5 = Ephrin
A5, ITGA10 = Integrin Alpha 10, CD9 = Cluster of Differentiation 9, COL4A1 = Collagen Alpha 1 (IV) chain, STC1 = Stanniocalcin
1, TNFRSF10D = Tumor Necrosis Factor Receptor Superfamily Member 10D, IER3 = Immediate Early Response 3, TRPV2 = Transient
Receptor Potential Cation Channel Subfamily V member 2, BRD2 = Bromodomain-containing protein 2.
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these qPCR results failed to reach significance (Figure 3
(D)), they show clear STC1 overexpression in more than
half of the AML patients investigated (Figure 3(E)).

MSCAML secreted higher amounts of STC1 than
MSCHD

One previous study demonstrated that MSC are able to
promote survival of lung cancer cells by secretion of
STC1 [7]. Since our group highlighted in a recent
study the importance of cytokines in MSC-AML cell
interaction [10], we now investigated the STC1
secretion capability of MSCAML compared to MSCHD
by ELISA, to dissect if the differences seen at mRNA
level could be also detected at the protein level. As
demonstrated in Figure 4, our results showed signifi-
cantly higher concentration of soluble STC1 (sSTC1)
in the mono-culture supernatant of MSCAML (n = 8;
AML samples 8–14 and 27) compared to MSCHD (n =
7) (2147.6 ± 441.6 pg/ml vs. 1016.9 ± 166.1 pg/ml, p =
0.0412, EB = SEM).

The expression of STC1 was increased in the BM
from AML patients compared to HD

To further confirm that MSCAML secrete more STC1 pro-
teins than MSCHD, we investigated the expression of
STC1 within the BM of AML patients compared to HD
by immunohistochemical analyses. As shown exemp-
lary in Figure 5, expression of STC1 (brown color) was
obviously increased in AML-BM (Figure 5(A); Isotype
5C; AML sample 22) compared to HD (Figure 5(B);
Isotype 5D).

In co-culture, MSC and AML cell reciprocal
stimulation became apparent

In a recent work, we demonstrated that leukemic cells are
difficult to maintain in the absence of a non-

hematopoietic feeder layer and that human primary
MSC are superior in maintaining AML cells compared
to murine MS-5 stromal cells [10]. We now investigated
by transmission electron microscopy if this interaction
can be called symbiotical, i.e. if not only AML cells but
also MSC are able to benefit from the co-culture con-
dition (AML sample 23). The ultrastructure of this in
vitro cell interaction revealed a tight cell-to-cell colloca-
tion (Figure 6(A–C)) with emergence of multiple MSC
secretory vesicles and cytodendrites. However, tight junc-
tions could not be observed, fitting to the presumed
paracrine mode of communication between MSC and
AML cells. When cultured alone, MSC exhibit lipid
inclusions, myelin-like inclusions and phagocytes after
one week, indicating senescence (Figure 6(D)). After
two weeks, cell disintegration with cytoplasmic dissol-
ution could be observed (Figure 6(E)).

Blockade of STC1 did not influence proliferation
and apoptosis of AML cells

Since STC1 signaling pathway was proposed to play a
role in aberrant hematopoiesis [8], we investigated the
effect of blocking STC1 on primary AML cell prolifer-
ation by flow cytometry using a CFSE based prolifer-
ation assay and cell cycle analysis. In the AML
populations from three AML cases (AML samples 24–
26), blocking of STC1 was not associated with signifi-
cantly increased cell proliferation compared to
control without anti-STC1 (Figure 7(A, C, G, I)). Concor-
dant with the proliferation analysis, there was no sig-
nificant difference in induction of apoptosis by
inhibiting STC1 (Figure 7(E, F)). In addition, no differ-
ences could be seen with regard to the proliferation
and apoptosis of AML cells co-cultured with MSCAML

vs. MSCHD (Figure 7(B, D, H)).

Blockade of STC1 did not affect UCP2 protein
expression and ROS levels

Ohkouchi et al. demonstrated the ability of MSC to
augment the Warburg effect and promote the survival
of lung cancer cells by making them resistant to ROS
through secretion of STC1 and subsequent upregula-
tion of UCP2 [7]. Therefore, to further evaluate the
functional implication of STC1 in AML cell survival,
we preformed western blot analysis of UCP2
expression and detected ROS levels (using a DCFDA
assay) after blocking STC1 in MSC-AML cell co-
culture. STC1 inhibition was not accompanied by
increased UCP2 protein expression (Figure 8(A, B)). In
line with this, we could not measure any differences
in ROS levels 1 and 4 h after the addition of anti-
STC1 compared to control. This was also the case
after inducing ROS with tert-butyl hydrogen peroxide
(TBHP) (Figure 8(C, D)).

Figure 4. MSCAML secrete higher amounts of STC1 than
MSCHD. Soluble STC1 (sSTC1) concentration (pg/ml) was deter-
mined by ELISA in mono-culture supernatant of MSCAML (n = 8;
AML samples 8–14 and 27) compared to MSCHD (n = 7) with
duplicate measurements, data are presented as mean +/−
SEM; p = 0.0412.
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Discussion

Human BMMSC promote hematopoietic progenitor cells
by conserving function and thus granting proliferation,
differentiation and mobilization. In our last study [10],
we approached the question if BM stromal cells are
also supportive to AML cells. Our results demonstrated
that human MSC are very efficient feeder cells, able to
maintain AML cells in long-term culture. This advan-
tageous co-existence seems to be due partially to mol-
ecules pivotal for intercellular communication within
the niche. We showed that transforming growth factor
beta 1 (TGFβ1) and C-X-C motif chemokine 12 (CXCL12)
are two of these major regulators.

In order to identify other proteins involved in MSC-
guided promotion of leukemic cells we now investi-
gated the differences in gene expression profile
between MSCAML and MSCHD. Using MSC mono-
culture models, we first demonstrated that MSCAML

had a significant slower expansion ability (time till
80% of the culture flasks appear confluent) compared
to MSCHD. This is in line with recently published data
by Desbourdes et al., showing longer population dou-
bling time (PDT) and, corresponding to this, lower

proliferation capacity measured by CFSE assay in
MSCAML compared to MSCHD [27]. The same authors
stated multiple significant differences in gene
expression profile of MSCAML compared to MSCHD,
however concluding that niche factors are downregu-
lated in MSCAML. By contrast, we identified five genes
(STC1, TNFRSF10D, COL4A1, IER3, TRPV2) with known
implication within the BM niche which were signifi-
cantly overexpressed in MSCAML compared to MSCHD,
while another five genes (EFNA5, CD9, ITGA10, BRD2,
PDGFRA) showed significantly lower gene expression
[7–9,13–26].

We then concentrated on STC1 which was the most
overexpressed gene in MSCAML compared to MSCHD
(3.3-fold). At the same time, STC1 was even more over-
expressed in MSCAML compared to AML blasts (11.6
fold). This could be associated with the evidence in
lung cancer cell models that STC-1 was initially pro-
duced and secreted by MSC and not by the neoplastic
cell [7]. However, as demonstrated in lung cancer but
also in AML models, the STC1/UCP2 axis is upregulated
in MSC within the neoplastic milieu [7,8]. This is in line
with our observations. Using ELISA, we demonstrated
significantly increased STC1 secretion by MSCAML

Figure 5. STC1 expression is increased in the BM from AML patients compared to HD. Representative immunohistology staining of
STC1 (brown) on AML patient (A; AML sample 22) and HD (B) derived BM sections as compared to isotype control (C, D). 100×
magnification.
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compared to MSCHD. Concordant to this, immunohis-
tochemical analysis of BM sections revealed markedly
higher STC1 expression in BM from AML patients com-
pared to HD. Tohmiya et al. already concluded that
STC1 could be a novel marker for minimal residual
disease of acute leukemia, and for an early diagnosis
of relapse [9].

To get further insights, we used MSC and AML co-
culture models to mimic the in vivo leukemic niche.
Firstly, we asked if the paracrine signaling path
could be confirmed for stroma-AML cell intercommu-
nication morphologically. We therefore investigated
for the first time the ultrastructural characteristics
of MSC-AML cell interaction by transmission electron
microscopy. In our last report, we demonstrated that
leukemic cells are difficult to maintain in the absence
of a non-hematopoietic feeder layer [10]. We now
identified that MSC can also profit from AML cell
intercommunication, beginning a process of degra-
dation when cultured only alone longer than 1
week. Attributable to AML cell presence, MSC got

overstimulated, generating many secretory vesicles,
which, in the absence of tight junctions, were
needed for paracrine communication. This concept
of bidirectional interaction between stroma and
pathogenic hematopoietic cells is in line with the
current understanding of leukemic niche develop-
ment, like it was evidenced by Medyouf et al. [28].
In this xenograft transplant model, HSC from
human low-risk MDS only engrafted when co-trans-
planted with autologous MSC. This demonstrated
their dependency on signals from MSC. At the
same time, healthy MSC adopted a phenotype
similar to that of MSC from MDS patients when
exposed to hematopoietic MDS cells.

In order to elaborate if STC1 is an important factor in
MSC-AML cell interaction, we generated for the first
time an in vitro co-culture model and tested if blockade
of STC1 can disrupt the leukemia-stroma cell inter-
action. So far, Samudio et al. was the only group to
highlight UCP2, a constituent of the STC1/UCP2 axis,
as promoter of the Warburg effect in leukemic cells

Figure 6. Reciprocal stimulation of human BMMSC in co-culture with AML cells. Representative electron microscopy images of co-
cultured MSC and AML cells. (A) Tight cell to cell collocation of MSC (white asterisk) and AML blast (red arrow; AML sample 23)
recognized in co-culture conditions after two weeks. A remarkable amount of secretory vesicles can be identified within the MSC
cytoplasm. In higher resolutions (B, C) multiple protrusions (x) were obvious, but no evidence of tight junctions. (D) MSC in mono-
culture after one week with obvious appearance of lipid inclusions (brown Y), myelin like inclusions (command sign) and phago-
cytes (green arrow), indicating senescence. (E) MSC in mono-culture after two weeks with cytoplasmic dissolution, indicating cell
disintegration (minus symbol inside a circle).
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Figure 7. Blockade of STC1 had no effect on proliferation and apoptosis of AML cells. (A, B) Absolute number of successive gen-
erations (G1–G6) of AML cells (3 patients: AML samples 24–26), co-cultured with MSCAML (n = 3) ± anti-STC1 vs. MSCHD (n = 3) ±
anti-STC1. Two-way ANOVA interaction between the row and the column factor: p = 0.28. (C) Representative zebra plot of CFSE
stained AML cells from one patient. (D, E) Absolute count of apoptotic AML cells (3 patients: AML samples 24–26), co-cultured with
MSCAML (n = 3) + anti-STC1 vs. MSCHD (n = 3) + anti-STC1, relative to the results of the control dishes. (F) Representative contour
plot of Annexin V-FITC/PI stained AML cells from one patient. (G, H) Percentage of S/G2-phase AML cells (3 patients: AML samples
24–26), co-cultured with MSCAML (n = 3) ± anti-STC-1 vs. MSCHD (n = 3) ± anti-STC-1. (I) Representative histogram of PI stained
AML cells from one patient. Percentage of cells in S-, G1- and G2-phase are displayed.
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and thereby as an important factor facilitating leuke-
mic survival [8]. Nonetheless, they did not refer to
the role of STC1, which was shown to upregulate
UCP2 in the already mentioned MSC-lung cancer cell
model [7]. Surprisingly, measuring primary AML cell
proliferation by CFSE assay, we could not detect a sig-
nificant decrease of AML cells in successive gener-
ations when STC1 is blocked. Accordingly, cell cycle
analysis showed no differences in the percentage of
S/G2-phase AML cells after addition of anti-STC1 to
the co-culture medium. Likewise, blockade of STC1
by anti-STC1 did not influence AML cell apoptosis in
our setting. Addressing the above-mentioned publi-
cations, further evaluation of the functional role of
STC1 in AML cell survival revealed no differences in
UCP2 protein expression and ROS levels after STC1
inhibition. Therefore, we could not confirm the ben-
eficial implication of STC1 in MSC-AML cell interaction
as we initially presumed after considering the above-
mentioned publications.

It should be also mentioned, that an extrapolation
from in vitro experiments to the in vivo condition
must be interpreted cautiously. Moreover, as reported
by other authors, not all AML samples grow similarly
well under feeder cell conditions. For example, AML
with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 barely
proliferate in vitro [29].

Information about the structure and function of the
hematopoietic BM niche has considerably increased in
the last years but still few is known about the mechan-
isms within the leukemic niche. Our data demonstrate
that MSCAML have different features compared to

MSCHD. One of the molecules which was most overex-
pressed in MSCAML is STC1. Though we could prove this
by different methods, blockade of this pathway in
MSC-AML cell co-culture was not associated with
effects on AML cell proliferation or apoptosis. None-
theless, it should be mentioned that due to the small
sample size and variable expansion of individual AML
patient cells further investigations are needed to
draw in depth conclusions.
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