
cancers

Article

Receptor Activator of NF-κB (RANK) Confers Resistance
to Chemotherapy in AML and Associates with Dismal
Disease Course

Kim L. Clar 1,2,† , Lisa M. Weber 1,2,† , Bastian J. Schmied 1,2, Jonas S. Heitmann 1,2, Maddalena Marconato 1,
Claudia Tandler 1,2, Pascal Schneider 3 and Helmut R. Salih 1,2,*

����������
�������

Citation: Clar, K.L.; Weber, L.M.;

Schmied, B.J.; Heitmann, J.S.;

Marconato, M.; Tandler, C.; Schneider,

P.; Salih, H.R. Receptor Activator of

NF-κB (RANK) Confers Resistance to

Chemotherapy in AML and

Associates with Dismal Disease

Course. Cancers 2021, 13, 6122.

https://doi.org/10.3390/

cancers13236122

Academic Editor: Francesco Bertolini

Received: 5 November 2021

Accepted: 1 December 2021

Published: 4 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Clinical Collaboration Unit Translational Immunology, German Cancer Consortium (DKTK) and German
Cancer Research Center (DKFZ), Department of Internal Medicine, University Hospital Tuebingen,
72076 Tuebingen, Germany; Kim-Larissa.Clar@med.uni-tuebingen.de (K.L.C.);
Lisa.Weber@med.uni-tuebingen.de (L.M.W.); Jonas.Heitmann@med.uni-tuebingen.de (J.S.H.);
Maddalena.Marconato@med.uni-tuebingen.de (M.M.); Claudia.Tandler@med.uni-tuebingen.de (C.T.)

2 DFG Cluster of Excellence 2180 “Image-Guided and Functional Instructed Tumor Therapy (iFIT)”, University
of Tuebingen, 72076 Tuebingen, Germany

3 Department of Biochemistry, University of Lausanne, 1066 Epalinges, Switzerland; Pascal.Schneider@unil.ch
* Correspondence: Helmut.Salih@med.uni-tuebingen.de; Tel.: +49-7071-29-83275
† These authors contributed equally to this work.

Simple Summary: Acute myeloid leukemia (AML) is the most common form of acute leukemia
in adults. Despite the emergence of new therapeutic agents in recent years, curation remains
challenging, and new and better treatment options are needed. In the present study, we investigated
the expression, prognostic significance, and functional role of the Receptor Activator of Nuclear
Factor-κB (RANK) in AML. We found that RANK is expressed on leukemic cells in a substantial
proportion of AML patients and is associated with a dismal disease course. We further demonstrated
that signaling via RANK induces release of factors that favor AML cell survival and confers resistance
to chemotherapeutics in AML treatment. Together, our findings identify RANK as novel prognostic
marker and putative candidate for therapeutic intervention in AML to enhance response to treatment.

Abstract: Although treatment options of acute myeloid leukemia (AML) have improved over the
recent years, prognosis remains poor. Better understanding of the molecular mechanisms influencing
and predicting treatment efficacy may improve disease control and outcome. Here we studied the
expression, prognostic relevance and functional role of the tumor necrosis factor receptor (TNFR)
family member Receptor Activator of Nuclear Factor (NF)-κB (RANK) in AML. We conducted an
experimental ex vivo study using leukemic cells of 54 AML patients. Substantial surface expression
of RANK was detected on primary AML cells in 35% of the analyzed patients. We further found
that RANK signaling induced the release of cytokines acting as growth and survival factors for the
leukemic cells and mediated resistance of AML cells to treatment with doxorubicin and cytarabine,
the most commonly used cytostatic compounds in AML treatment. In line, RANK expression
correlated with a dismal disease course as revealed by reduced overall survival. Together, our results
show that RANK plays a yet unrecognized role in AML pathophysiology and resistance to treatment,
and identify RANK as “functional” prognostic marker in AML. Therapeutic modulation of RANK
holds promise to improve treatment response in AML patients.

Keywords: RANK; AML; chemotherapy resistance; cytarabine; doxorubicin; prognosis

1. Introduction

Acute myeloid leukemia (AML) is the most common form of acute leukemia in
adults and characterized by a clonal expansion of myeloid precursor cells with a reduced
capacity to differentiate [1,2]. Untreated, AML leads to death within months after first
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symptoms [3]. Combinatorial chemotherapy, mostly using a pyrimidine analog together
with an anthracycline, made this previously incurable disease medicable [4], and response
to therapy strongly correlates with patient outcome [5]. Nevertheless, curation remains
challenging and complications, such as refractory disease and relapse caused by treatment-
resistant cells, lead to a poor prognosis with an average 5-year survival rate of 30% [6,7].
Despite the development and approval of several new therapeutic agents in recent years,
AML-related deaths are expected to almost double worldwide by 2040 [8]. This underlines
the high medical need of patients and the necessity to develop better treatment options
based on the discovery of novel druggable targets [9,10].

The members of the tumor necrosis factor (TNF)/tumor necrosis factor receptor
(TNFR) superfamily are involved in activation, proliferation, differentiation and cell death
of various cell types [11]. The TNFR family member Receptor Activator of Nuclear Factor
(NF)-κB (RANK) is best known for its crucial role in regulating bone remodeling [12,13].
In healthy as well as in malignant cells of the hematopoietic system, the RANK/RANKL
molecule system was further shown to affect cellular functions [14–16], and involvement in
metastasis of different cancer entities has been reported [17–22]. So far, nothing is known
regarding the expression and function of RANK in AML. We here studied the expression of
RANK in AML and its functional relevance for leukemia cell cytokine production, survival
and treatment resistance.

2. Materials and Methods
2.1. Patient Samples

Peripheral blood mononuclear cells (PBMC) collected from blood of AML patients
at diagnosis and from bone marrow (BM) of healthy volunteers were isolated by density
gradient centrifugation. Informed consent was obtained from all individuals in accordance
with the Declaration of Helsinki protocol. Viably frozen cells were freshly thawed prior
to each experiment. To avoid potential artifacts by further purification, only PBMCs of
patients with ≥85% blast count according to differential blood count in blood smears were
used in functional analyses. The study was performed according to the guidelines of the
local ethics committee (vote 13/2007V) and all relevant ethical regulations were considered.

2.2. Cell Lines

AML cell lines (HL-60, NB-4, THP-1) were obtained from German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany) and tested for mycoplasma
contamination by PCR. Authenticity was assessed by routine validation of the respective
immunophenotype described by the provider using flow cytometry.

2.3. Quantitative PCR

Amplification of RANK cDNA was performed post RNA isolation from AML cell
lines and patient samples with ≥85% blast count using the High Pure RNA Isolation
Kit (Roche, Mannheim, Germany) and transcription into cDNA using cDNA Synthe-
sis FastGene® Scriptase II 5x ReadyMix (NIPPON Genetics Europe, Dueren, Germany).
qPCRBIO SyGreen Mix (PCR Biosystems, London, UK) on a LightCycler® 480 instru-
ment was utilized. The following primers were employed for quantitative PCR of RANK
(accession number NM_001270949.2; http://www.ncbi.nlm.nih.gov/nuccore/ (accessed
on 27 July 2021)), 5′–CCCGTTGCAGCTCAA–3′ and 5′-GCATTTGTCCGTGGAGGAA–3′

(85 bp). 18S ribosomal RNA (RRN18S) was detected by Hs_RRN18S_1_SG QuantiTect
Primer Assay (Qiagen, Hilden, Germany). Abundance of RANK mRNA was calculated
using delta-Ct method relative to RRN18S expression.

2.4. Analysis of the RANK Expression on the Cell Surface

Fluorescent conjugates targeting human (h)RANK (clone 80704, R&D Systems, Min-
neapolis, MN, USA), CD33, CD117 (both Biolegend; San Diego, CA, USA), CD13 (DAKO,
Santa Clara, CA, USA), CD34, 7AAD (both BD Biosciences, Heidelberg, Germany) were

http://www.ncbi.nlm.nih.gov/nuccore/


Cancers 2021, 13, 6122 3 of 16

used. RANK expression was detected by flow cytometry using mIgG1-PE (BD Biosciences)
as isotype control. Analysis was performed on a FACSCantoTM II or a FACS LSRFortessaTM

instrument (both BD Biosciences). Specific fluorescence indices (SFI) were calculated as fol-
lows: “median fluorescence intensity obtained with specific monoclonal antibody (mAb)”
divided by “median fluorescence intensity obtained with isotype control”. Surface positiv-
ity was defined as SFI ≥ 1.5.

2.5. Cell Viability Assay

PBMC of AML patients were incubated as previously described [23] in the presence
or absence of recombinant Fc-hRANKL fusion protein (15 µg/mL, containing amino acids
152-317 of RANKL, produced as described in [24]) or rhIgG1-Fc (R&D) as isotype control
for 24 h. Absence of endotoxins in recombinant proteins was confirmed by ENDONEXTTM

EndoZyme® II assay (bioMérieux, Nuertingen, Germany) prior to functional analyses.
Where indicated, cells were additionally incubated with doxorubicin (1.25 µM) and cytara-
bine (10 µM; both Selleckchem, Houston, TX, USA) for 24 h and 72 h, respectively. Cell
viability was measured as Relative Light Units (RLU) using the CellTiterGlo® Luminescent
Cell Viability Assay (CTG) on a GloMax® microplate reader (both Promega, Madison, WI,
USA) according to manufacturer’s instructions.

2.6. Measurement of Transmembrane Potential and Activation of Caspase-3

AML patient-PBMC were cultured at 5× 105 cells per well in a 96-well plate (CELLSTAR®

U-Bottom, Greiner Bio-One; Frickenhausen, Germany) and left untreated or were treated
with Fc-hRANKL (15 µg/mL) or rhIgG1-Fc as isotype control. After 24 h, therapeutics
(doxorubicin, 5 µM; cytarabine, 10 µM) were added as described in the section Cell Viability
Assay. Mitochondrial membrane potential was determined in AML cells after incubation
with doxorubicin and cytarabine for 24 h and 72 h, respectively, by staining with TMRE
(tetramethylrodamine ethyl ester) according to manufacturer’s instructions. For determina-
tion of caspase-3 activity in AML cells, PBMC were stained with LIVE/DEADTM Fixable
Aqua (Thermo Fisher Scientific, Waltham, MA, USA). The subsequent intracellular staining
of active caspase-3 was performed as previously described [23]. Samples were analyzed
on a FACS LSRFortessaTM using a high throughput sampler (both BD Biosciences). Latex
beads (Sigma-Aldrich, Darmstadt, Germany) were used to obtain uniform measurement
numbers for all samples.

2.7. Measurement of Cytokine Induction

The experimental setup was chosen as described in the section Measurement of Trans-
membrane Potential and Activation of Caspase-3, except for treatment with chemothera-
peutic agents. To analyze cytokine induction, supernatants were collected and analyzed for
IL-6, IL-8, TNF and IL-10 using LEGENDplexTM assays (Biolegend, San Diego, CA, USA)
according to manufacturer’s instructions.

Intracellular levels of IL-6 and IL-8 were flow cytometrically determined in Fixable
Aqua− CD33+ cells using the BD Cytofix/CytopermTM Fixation/Permeabilization Kit with
an anti-IL-6-PE and anti-IL-8-PE antibody or mIgG1-PE as isotype control using a BD
FACSCantoTM II (all BD Biosciences).

2.8. Statistics

Unless otherwise specified, data are presented as mean with standard deviation,
median and box plots with min/max whiskers. For combined data, the number of patients
examined is noted accordingly. Statistical analyses were performed using GraphPad
Prism 9.1.2 (GraphPad Software, San Diego, CA, USA). To analyze normality distribution,
Shapiro–Wilk normality test was applied. Comparison of individual groups was done by
a 2-tailed paired Student’s t-test or a Wilcoxon matched-pairs signed rank test, unpaired
data were compared using a 2-tailed unpaired Mann–Whitney test or a Kruskal–Wallis test
followed by Dunn’s multiple comparisons test. Association of mRNA and SFI levels as
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well as proportion of RANK+ cells and WBC counts were analyzed using Spearman’s rank
correlation coefficient. Survival of AML patients was analyzed by Kaplan–Meier method
with log-rank test to estimate survival differences between the groups. Cut-off values for
separation of individuals into RANKhigh and RANKlow were determined using receiver
operating characteristic (ROC) analysis in JMP® Pro 14.2 (SAS, Heidelberg, Germany) and
were defined through value of highest Youden’s index. p-values of < 0.05 were considered
statistically significant.

3. Results
3.1. RANK Is Expressed by AML Cells

As a first step, we analyzed various AML cell lines to determine whether RANK
is expressed on these malignant hematopoietic cells. Flow cytometric analyses of the
AML cell lines HL-60, NB-4 and THP-1 revealed different levels of surface positivity
(Figure 1A). RANK expression was also confirmed by determination of mRNA levels using
quantitative PCR (Figure 1B). Next, we analyzed leukemic cells of AML patients and found
that also primary AML cells express substantial levels of RANK on the cell surface (top
row), whereas CD34+ hematopoietic progenitor cells contained in BM of healthy donors
(bottom row) did not display relevant expression (Figure 1C). A high interindividual
variation with regards to RANK expression was observed between the different patients;
individual SFI levels as well as the proportion of RANK+ among leukemic cells and
clinical characteristics of the patients are summarized in Table 1. Among the investigated
patients, 31/54 (57%) showed RANK expression on at least 10% of the blasts (Figure 1D),
and 19/54 (35%) expressed SFI levels of at least 1.5 as the defined threshold for surface
positivity (Figure 1E). Expression was again confirmed by analysis of RANK mRNA levels
using quantitative PCR (Figure 1F). No correlation between RANK mRNA and surface
levels was observed in the patients, which points to posttranscriptional/posttranslational
mechanisms that influence RANK surface expression (Figure 1G; Spearman correlation
coefficient, Rs = −0.39). Notably, this phenomenon has also been observed for several other
members of the TNF/TNFR superfamily including RANKL, GITR/L, OX40 and BAFF
by us and other investigators [14,25–27]. Altogether, our data demonstrate that RANK is
expressed in a substantial proportion of AML cases.

Table 1. Patient characteristics and RANK expression.

UPN
RANK

FAB
Age

Sex
PBB

Karyotype
WBC Hb Plt

[%] [SFI] [Years] [%] [G/L] [G/dL] [G/L]

1 1.7 1.0 M0 46 M 97 46,XY 60.6 7.0 39
2 11.9 1.5 M0 83 M 90 48,XY,+X,+13 191.6 8.9 59
3 3.1 1.8 M0 68 M 93 ND 52.8 10.5 114
4 4.9 1.6 M0 65 M 85 46,XY 186.3 9 11
5 20.2 1.3 M0 90 F 97 complex 14.5 8.1 586
6 11.0 1.2 M1 40 M 100 complex 81.3 10.8 51
7 13.5 1.7 M1 69 M 86 46,XY 84.1 6.7 322

8 4.8 1.0 M1 21 F 95 46,XX;
46,XX,del(9)(q13q22) 84.0 7.1 30

9 2.6 1.1 M1 56 F 56 46,XX 52.0 12.1 9
10 3.0 1.1 M1 77 M 87 46,XY 116.0 7.3 57
11 9.0 1.5 M1 50 F 93 46,XX 267.8 8.0 18
12 1.3 1.1 M1 64 F 98 ND 222.2 9.2 44
13 1.6 1.1 M2 88 M 29 ND 45.4 8.9 81
14 18.0 1.1 M2 68 M 96 46,XY 85.5 9.5 146
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Table 1. Cont.

UPN
RANK

FAB
Age

Sex
PBB

Karyotype
WBC Hb Plt

[%] [SFI] [Years] [%] [G/L] [G/dL] [G/L]

15 9.3 1.2 M2 64 M 82 complex 338.5 8.1 19
16 5.9 1.1 M2 60 M 95 46,XY,+14 42.0 10.1 57
17 41.3 1.1 M2 71 F 89 47,XX,+11 16.4 8.6 18
18 3.8 2.6 M2 79 F 69 46,XX 21.5 7.0 14
19 3.5 1.1 M2 67 F 94 complex 112.7 10.6 137
20 21.5 1.3 M3 46 M 87 46,XY,t(15;17)(q22;q11~21) 8.42 9.9 40
21 23.6 1.5 M3 65 M 70 46,XY,t(15;17)(q22;q12) 7.0 9.7 27
22 6.0 1.1 M3 29 M 93 46,XY,t(15;17)(q22;q12) 21.6 7.1 61
23 9.3 1.0 M3 58 F 96 46,XX,t(15;17)(q22;q12) 42.1 8.4 17
24 7.9 1.0 M3 46 F 42 46,XX,t(15;17)(q24.1;q21.2) 21.6 7.1 14
25 2.5 1.0 M4 30 F 90 complex 214.0 6.4 10
26 58.3 1.7 M4 64 F 91 46,XX 61.5 7.2 100
27 5.6 1.1 M4 71 M 97 47,XY,+11 87.1 7.5 23
28 9.4 1.0 M4 76 F 94 complex 140.9 12.0 70
29 9.3 1.2 M4 85 M 92 ND 183.2 8.9 64
30 11.2 1.1 M4 45 F 97 46,XX,t(1;3)(p36;q21)(22) 448.3 6.6 36
31 1.9 1.0 M4 62 M 91 complex 104.7 6.5 34

32 17.2 2.1 M4 83 F 95 46,XX,add(14)(p11);
46,XX 155.8 11.6 144

33 25.1 1.2 M4 36 M 95 46,XY 207.4 6.1 55
34 60.0 1.9 M4 67 F 86 ND 315.9 8.2 34
35 42.5 1.6 M4 57 M 87 ND 333.7 9.4 293
36 40.9 1.3 M4 54 F 91 46,XX 17.2 10.6 167
37 2.7 1.0 M4 57 M 14 45,XY,inv(3)(q21.3q26.2),−7 26.2 10.4 252
38 57.0 1.6 M5 69 F 95 ND 274.9 7.1 47
39 3.5 1.1 M5 72 M 97 47,XY,+8; 46,XY 90.3 8.9 79
40 22.3 1.5 M5 65 M 91 ND 151.0 7.9 151
41 70.2 1.3 M5 76 M 93 complex 169.3 9.9 26
42 35.7 1.2 M5 54 M 89 46,XY,del(9)(q13q22) 97.1 8.1 73
43 74.3 2.0 M5 37 F 85 ND 126.8 9.7 41
44 81.8 1.2 M5 81 M 93 46,XY 61.3 11.7 72
45 14.3 1.2 M5 23 M 92 48,XY,+8,+13; 46,XY 153.5 6.7 44
46 28.7 1.2 M5 35 F 83 46,XX 45.4 8.9 81
47 65.7 1.5 M5 53 M 85 46,XY 105.6 8.1 35
48 49.5 1.5 M5 48 M 95 46,XY 54.6 6.8 190
49 22.0 1.3 M5 70 M 90 46,XY 190.9 7.1 65
50 48.9 1.4 M5 32 M 98 complex 179.3 3.3 80
51 24.1 1.5 M5 71 M 94 complex 161.1 8.6 61
52 68.4 1.8 M5 68 M 95 46,XY 148.7 9.1 134
53 13.9 1.0 M5 41 F 92 46,XX 59.9 8.9 34
54 67.7 2.7 ND 49 M 96 ND 316.0 7.1 80

UPN, uniform patient number; SFI, specific fluorescence index; FAB; French-American-British classification; F, female; M, male; PBB,
peripheral blood blasts among nucleated cells; WBC, white blood count; Hb, hemoglobin; Plt, platelets; ND, not determined. Complex
karyotypes were defined as having 3 or more chromosome aberrations.
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Figure 1. RANK expression in AML. (A) RANK surface expression on AML cell lines HL-60, NB-4 and THP-1 was analyzed
by flow cytometry using the anti-RANK mAb FAB683P (shaded peaks) with mouse IgG1 serving as isotype control (open
peaks). (B) RANK expression was assessed by quantitative PCR and abundance of RANK mRNA was calculated using
delta-Ct method relative to RRN18S expression. (C) Exemplary results for RANK surface levels on PBMC of AML patients
with different FAB types (top row) and on CD34+ hematopoietic progenitor cells contained in BM of healthy donors are
shown (bottom row; shaded peaks, anti-RANK mAb FAB683P; open peaks, isotype control). Numbers in histograms
represent uniform patient number (UPN) as shown in Table 1. (D,E) Combined results of RANK surface expression on
primary AML cells showing (D) the proportion of RANK+ cells (solid line, median; dotted line, 10% RANK+ cells) and
(E) SFI levels obtained by analysis of 54 patients (solid line, median; dotted line, SFI = 1.5 as defined threshold for surface
positivity). Malignant cells in all patients with <85% blast count were defined based on blast selection markers of each
individual patient. (F) RANK expression was assessed by quantitative PCR and abundance of RANK mRNA was calculated
using delta-Ct method relative to RRN18S expression. Exemplary results for relative mRNA levels of PBMC from AML
patients with different FAB types (M0, UPN 2; M1, UPN 11; M2, UPN 17; M3, UPN 22; M4, UPN 28; M5, UPN 49) are shown.
(G) Relative RANK mRNA levels of different AML patients (n = 19) are plotted against RANK SFI values.

3.2. RANK Induces Cytokines Involved in Pathophysiology and Promotes Metabolic Activity of
AML Cells

To determine whether RANK transduces activating signals into AML cells, primary
leukemic cells of patients were incubated with the RANK agonist Fc-hRANKL or isotype
control for 24 h, followed by analysis of cytokine levels in the culture supernatants using
LEGENDplexTM assays. Stimulation of RANK was found to induce the release of IL-6, IL-8,
TNF and IL-10 by AML cells (Figure 2A,B). These cytokines were previously described to
contribute to the cytokine milieu associated with AML pathophysiology and thus create an
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environment conductive for AML cells. Substantial interindividual differences concerning
the release of cytokines by AML cells upon RANK signaling were observed: For none of the
7 investigated samples, release of all four cytokines was observed, whereas at least 1.5-fold
increased release of IL-6, IL-8, TNF and IL-10 compared to the control was observed in 3, 4,
5 and 2 patient samples, respectively (Figure 2C). RANK may thus (variably) contribute to
an AML-associated cytokine milieu. Analysis of intracellular IL-6 and IL-8 levels by flow
cytometry and gating for Fixable Aqua−/CD33+ cells ascertained that in fact the leukemic
cells among patient-PBMC produced the respective cytokines upon signals transduced by
RANK (Figure 2D).
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Figure 2. Induction of cytokines and metabolic activity upon RANK signaling in primary AML cells. PBMC of AML patients
were cultured with Fc-hRANKL or rhIgG1-Fc as isotype control. (A–C) The levels of IL-6, IL-8, TNF and IL-10 in culture
supernatants were determined by LEGENDplexTM assay after 24 h. (A) Exemplary data on the induction of IL-6, IL-8, TNF
and IL-10 in culture supernatants of 2 AML patients are depicted. (B) Combined data of the cytokine release in n = 7 patients
normalized to the isotype control are shown and individual patients are connected by dotted lines. (C) Patient-specific
cytokine induction pattern upon RANK signaling is shown as heatmap representation (grey, cytokine induction; white,
no cytokine induction). (D) Intracellular cytokine levels of IL-6 and IL-8 in 2 exemplary AML patients were analyzed by
flow cytometry (shaded peaks, intracellular IL-6/IL-8; open peaks, isotype control). (E) Metabolic activity of leukemic
cells was determined by CTG assay after 24 h. Results of representative experiments (left 2 panels) as well as combined
results (right panel) obtained in independent experiments with leukemic cells of n = 6 AML patients are depicted (solid
line, median; dotted line, 100% relative metabolic activity). Numbers in panels, heatmap and histograms represent uniform
patient number (UPN) as shown in Table 1.
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Next, we determined whether and how RANK signaling affected the viability of AML
cells. We found that stimulation of RANK significantly increased metabolic activity as indi-
cator of cell proliferation and viability in the primary AML cells (Figure 2E; p = 0.031). This
indicates that RANK signaling transduces activating signals into primary AML cells that
promote release of cytokines involved in pathophysiology as well as AML cell metabolic
activity/viability.

3.3. RANK Mediates Chemotherapy Resistance of AML Cells

Based on our finding that RANK affects AML cell viability, we next analyzed whether
signaling via RANK also affects resistance of the leukemic cells to treatment with doxoru-
bicin and cytarabine, the most commonly used chemotherapeutics utilized for treatment
of AML. A schematic representation of the experimental approach is given in Figure 3A.
PBMC of AML patients were incubated with Fc-hRANKL or isotype control for 24 h. Then
cells were treated with either doxorubicin and cytarabine for additional 24 h and 72 h,
respectively. Thereafter, the consequences of RANK signaling for treatment resistance in
terms of ATP content, mitochondrial membrane potential and apoptosis of the leukemic
cells were analyzed by CTG assays, flow cytometry for TMRE staining and analysis of
intracellular caspase-3 activity, respectively. Analyses of ATP levels revealed that RANK
signaling significantly protected the AML cells from drug-induced cell death induced by
either chemotherapeutic agent (Figure 3B; doxorubicin, p = 0.007; cytarabine, p = 0.031).
In addition, signals transduced by RANK prevented the effects of treatment on AML cell
mitochondrial membrane potential: upon treatment with doxorubicin, RANK signaling
significantly increased the proportion of TMRE+ cells (p = 0.002). Similar effects were
observed upon exposure of the AML cells to cytarabine, which however closely failed to
reach statistical significance (Figure 3C; p = 0.112). Analyses of downstream apoptotic
events, i.e., treatment-induced activation of caspase-3, an effector caspase with a central role
in the process of cell apoptosis, revealed that RANK signaling also reduced the cleavage of
procaspase-3 into its active form upon chemotherapeutic treatment: a significant reduction
of active caspase-3 levels upon RANK stimulation was observed in the presence of both
doxorubicin and cytarabine (Figure 3D; p = 0.002 and 0.031, respectively). Similar but
less pronounced results were observed in all assay systems when non-clustered trimeric
soluble hRANKL (sRANKL) instead of multimeric Fc-hRANKL was used to induce signals
by RANK (Supplementary Figure S1), in line with data, that for TNF family members in
general and RANK in particular multimerization of ligands is required to obtain optimal
signaling efficacy [28,29]. Altogether, our findings demonstrate that in AML cells signaling
via RANK confers resistance to chemotherapy.

3.4. RANK Expression Is Associated with Dismal Survival of AML Patients

Based on our findings on the role of RANK in chemotherapy resistance, we next
analyzed whether RANK expression on AML cells correlates with clinical characteristics
and survival of patients. As a first step, we correlated RANK positivity with morphological
characteristics according to the French-American-British (FAB) classification. The fractions
of samples expressing at least 10% RANK on their surface among patients with different
FAB types were as follows: M0, 2 of 5 (40%); M1, 2 of 7 (29%); M2, 2 of 7 (29%); M3, 2 of
5 (40%); M4, 7 of 13 (54%); M5, 15 of 16 (94%). A significant association of RANK expression
with leukemia cell maturity, i.e., specimen from AML patients with differentiated FAB
types (M4-M5) compared to M0-M2 subclasses was observed (Figure 4A; p = 0.0002).
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Figure 3. Resistance of primary AML cells to chemotherapeutic agents upon RANK signaling. (A) Schematic workflow
for the analysis of resistance to doxorubicin and cytarabine of primary AML cells upon stimulation of RANK. (B) Cell
viability was determined by CTG assay. Results of one representative experiment (bars) and combined results obtained in
independent experiments with leukemic cells of n = 6 AML patients are shown (dot plots; solid lines, median; dotted lines,
100% relative cell viability; Ø, samples only treated with the respective chemotherapeutic agent). For combined results, data
were normalized to samples treated with the respective chemotherapeutic agent (Supplementary Figure S2) and relative cell
viability was calculated. (C) Mitochondrial membrane potential of AML cells was analyzed by staining with TMRE using
flow cytometry. Results of one representative experiment (bars) and combined results obtained in independent experiments
with leukemic cells of n = 6 AML patients are shown (dot plots; solid lines, median; dotted lines, 100% relative mitochondrial
membrane potential; Ø, samples only treated with the respective chemotherapeutic agent). For combined results, data were
normalized to samples treated with the respective chemotherapeutic agent (Supplementary Figure S2) and relative mitoc-



Cancers 2021, 13, 6122 10 of 16

hondrial membrane potential was calculated. (D) Active caspase-3 in viable AML cells was determined intracellularly by
flow cytometry. Results of one representative experiment (bars) and combined results obtained in independent experiments
with leukemic cells of n = 6 AML patients are shown (dot plots; solid lines, median; dotted lines, 100% relative active
caspase-3+ primary AML cells; Ø, samples only treated with the respective chemotherapeutic agent). For combined results,
data were normalized to samples treated with the respective chemotherapeutic agent (Supplementary Figure S2) and
relative percentage of active caspase-3+ primary AML cells was calculated. Numbers in panels represent uniform patient
number (UPN) as shown in Table 1.
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Figure 4. Association of RANK expression with clinical parameters and prognostic evaluation of RANK in AML. (A) Pro-
portion of RANK+ cells in primary AML samples are grouped according to the individual FAB type (left panel) and in
immature (M0-2, n = 19) versus mature (M4-5, n = 29) FAB types (right panel; solid lines, median; dotted line, 10% RANK+

cells). (B-D) Distribution of RANK expression (percentage of positive cells) in (B) AML patients below and above 60 years
(<60 years, n = 24; ≥60 years, n = 30), (C) primary (pAML, n = 43) and secondary (sAML, n = 11) cases and (D) NCCN
risk groups (favorable, n = 16; intermediate, n = 23; poor, n = 4) is shown. (E) Proportion of RANK+ cells in 54 primary
AML samples are plotted against WBC counts. (F) AML cases positive (n = 16) or negative (n = 23) for NPM1 mutations
are shown. (G,H) Overall survival of 54 AML patients grouped into quartiles according to (G) percent RANK+ cells and
(H) SFI levels are depicted (first to fourth quartile, low to high proportion of RANK+ cells and SFI levels, respectively).
(I,J) Separation into RANKlow and RANKhigh patient groups using the cut-off value of (I) 11% positive cells and (J) an SFI
of 1.2 is shown. (K,L) Overall survival of patients assigned to the RANKlow and RANKhigh groups based on the cut-off
value of (K) 11% positive cells and (L) an SFI of 1.2 (HR, hazard ratio; CI, confidence interval).

No clear correlation of RANK expression with age (Figure 4B; p = 0.598) and primary
versus secondary AML (Figure 4C; p = 0.582) was observed. Likewise, no correlation
of RANK expression with the categorization of patients based on their genetic profile
according to the National Comprehensive Cancer Network (NCCN) risk score into three
different risk-groups (Figure 4D; p > 0.999) [30], white blood count (Figure 4E; Rs = 0.17)
and recurrent genetic alterations such as nucleophosmin 1 (NPM1) mutations (Figure 4F;
p = 0.159) was observed. To study whether RANK expression correlates with survival of
AML patients, we grouped patients into quartiles according to the proportion of RANK+

cells (Figure 4G) or SFI levels (Figure 4H) and assessed overall survival (OS) in each group
using Kaplan-Meier analysis. A tendency towards longer OS was observed when patients
were grouped according to the percent RANK+ cells (Figure 4G; p = 0.164), while OS
was significantly longer when SFI levels were used for determination of RANK positivity
(Figure 4H; p = 0.044). Due to the substantial interindividual variation of RANK expression
among AML patients, for subsequent analysis, predicted cut-off values were estimated by
ROC analysis. A cut-off value of 11% (Figure 4I) and an SFI of 1.2 (Figure 4J) separated
all AML patients in low and high expressing cases. OS tended to be longer in RANKlow

patients than in high expressing cases when a cut-off value of 11% RANK expression was
used (Figure 4K; hazard ratio 0.605, p = 0.204). A clear and statistically significantly longer
OS was observed when comparing the groups below versus above an SFI of 1.2 (Figure 4L;
hazard ratio 0.433, p = 0.036). These results are in line with the functional role of RANK
observed in our antecedent experiments and identify a prognostic relevance of RANK
in AML.

4. Discussion

The TNF superfamily member RANK and its cognate ligand are key players in bone
metabolism [12,13]. RANK is expressed on osteoclast precursors, while its ligand RANKL is
expressed in membrane-bound form on and cleaved from the surface of osteoblasts [31–33].
Receptor-ligand interaction causes the differentiation of progenitor cells into active os-
teoclasts, which then degrade bone. Beside its role in bone metabolism, available data
document a role of RANK also in various other cellular functions and the pathophys-
iology of diseases such as thermoregulation and metastatic spread of different cancer
entities mediation [14–22,34].
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Here we report that RANK is functionally expressed on leukemic cells in a high
number of AML cases, with expression being associated with a mature phenotype. Our
ex vivo study using leukemia cells of AML patients identified RANK as potent influencer
of cellular function and thus potential target for therapeutic approaches: upon RANK
stimulation we observed induction of the cytokines IL-6, IL-8, TNF and IL-10, which can
act as autocrine/paracrine growth and survival factors in AML and contribute to disease
pathophysiology [35–38]. Among others, Hou et al. [39] demonstrated that knockout of
IL-6 in bone marrow stromal cells increased chemosensibility of AML cells, and likewise
IL-8 was reported to promote proliferation and chemotherapy resistance [40]. IL-10 was
shown to positively affect cell survival via autocrine mechanisms and upregulation of
E-Cadherin acting as survival factor [41]. TNF was, among others, suggested to form
a positive feedback loop with NF-κB resulting in enhanced leukemia progression [42],
and high TNF serum levels correlate with poor event-free and overall survival of AML
patients [35]. In line, analyses of cell viability, mitochondrial membrane potential and acti-
vation of caspase-3 using primary leukemic cells revealed that RANK signaling increases
cell viability and protects primary cells from apoptosis. Notably, this also held true upon
exposure to doxorubicin or cytarabine, the most commonly used cytostatic compounds in
AML treatment.

Our ex vivo analyses, enabled by the use of AML patient material, are particularly
well suited when it comes to translation of results into clinical application in humans
when compared to studies in murine models, as TNFR family members reportedly can
mediate different effects in mice and men [43–45]. To ensure that our results were indeed
due to effects in leukemic cells, only patient samples with ≥85% blast count were used in
functional analyses. This served to avoid artifacts arising from purification procedures. In
addition, confirmation that effects occurred specifically in leukemia cells was provided by
intracellular flow cytometry analyses where leukemic cells were selected by staining with
appropriate surface markers.

The functional relevance of RANK in AML identified in our ex vivo analyses was
further corroborated by our finding that RANK surface expression correlated with dismal
disease outcome: a strong correlation of RANK positivity with shorter OS was detected,
which also identified RANK surface expression as potential novel prognostic marker in
AML. Notably, the association with disease course was clearly significant despite the
relatively small cohort of 54 patients included in our study. This is of particular interest
considering that no correlation of gene expression of RANK in AML cells with overall
survival of patients was observed upon analysis of the “Acute Myeloid Leukemia (OHSU,
Nature 2018) Whole-exome sequencing of acute myeloid leukemia samples from the Beat
AML program” dataset from cBioPortal for Cancer Genomics. However, it should be
considered that the public database only allows for correlative analyses of gene expression
levels, but not for protein levels as in our study. Taking into account our finding that RANK
mRNA and protein levels in AML cells do not correlate, not only the seeming discrepancy
is explained, but also the relevance of analysis of protein expression as conducted in our
study is underlined. Nevertheless, future analyses in larger cohorts are warranted to
confirm our findings and to validate the utility of RANK as predictor of prognosis in AML.

RANK is known to interact with various TNFR-associated factor (TRAF) molecules
(including TRAF 6) that are linked, among others, to activation of the transcription factor
NF-κB [46]. The latter is generally considered to exert pro-survival effects, for example by
inducing expression of caspase inhibitors (inhibitors of apoptosis, IAPs) and mitochondria-
mediated cell death inhibitors such as B-cell lymphoma-extra large (Bcl-xL) [47,48], and
reportedly can promote oncogenesis in mammalian systems [49]. Prevention of cell death
through induced inhibitors upon activation of NF-κB might also underlie the protective
effects of RANK signaling observed with the AML patient samples in our study. In line,
recent findings on resistance of AML cells e.g., upon exposure to a multikinase inhibitor
targeting fms such as tyrosine kinase 3 (FLT3) as well as IL-1 receptor-associated kinase
1 and 4 (IRAK1/4) point to a mechanism associated with NF-κB [50]. Together with our
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results, these findings further highlight the potential of therapeutic RANK modulation
to sensitize malignant cells to treatment. This could be achieved by inhibiting of RANK-
RANKL interaction and thus RANK signaling into AML cells, e.g., using denosumab, a
clinically approved neutralizing RANKL antibody that was found to improve disease-free
survival in breast cancer patients [51]. This is even more since AML arises in the BM
where (i) various cells abundantly express RANKL (e.g., [12,14,16]) and since (ii) the tightly
controlled microenvironment plays an important role in transformation and development
of malignant hematopoietic disease as well as chemotherapy resistance [52,53].

5. Conclusions

In conclusion, we provide the first evidence that RANK is expressed in AML and
mediates resistance to chemotherapy. Moreover, the association of RANK expression with
dismal disease course identifies RANK as potential “functional” prognostic marker and
putative target for therapeutic intervention to improve treatment response of patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13236122/s1, Figure S1: Effects of RANK signaling in primary AML cells treated with
chemotherapeutic agents using sRANKL, Figure S2: Extended data on resistance to doxorubicin and
cytarabine upon RANK signaling in primary AML cells.

Author Contributions: Conceptualization, H.R.S., K.L.C. and B.J.S.; methodology, K.L.C., B.J.S., C.T.
and P.S.; software, K.L.C., L.M.W. and J.S.H.; validation, K.L.C. and L.M.W.; formal analysis, K.L.C.,
L.M.W. and J.S.H.; investigation, K.L.C., L.M.W., B.J.S., J.S.H., M.M. and C.T.; resources, H.R.S., J.S.H.
and P.S.; data curation, K.L.C., L.M.W., J.S.H. and M.M.; writing—original draft preparation, K.L.C.
and L.M.W.; writing—review and editing, H.R.S., J.S.H. and P.S.; visualization, K.L.C. and L.M.W.;
supervision, H.R.S.; project administration, K.L.C.; funding acquisition, H.R.S. and P.S. All authors
have read and agreed to the published version of the manuscript. K.L.C. and L.M.W. contributed
equally to this work.

Funding: This research was funded by grants from Deutsche Forschungsgemeinschaft (SA1360/9-3),
Germany’s Excellence Strategy (EXC 2180/1, 390900677), Wilhelm Sander-Stiftung (2017.100.2) and
Deutsche Krebshilfe (70113496 and 70113999). P.S. was supported by the Swiss National Science
Foundation (grant 310030A_176256). We furthermore acknowledge support from the Deutsche
Forschungsgemeinschaft Open Access Publishing Fund of the University of Tuebingen.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of the University of Tuebingen
(protocol code: 13/2007V; date of approval: 16 February 2007).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the used patient material.

Acknowledgments: The authors thank Melanie Maerklin for scientific advice and Michael Beller
for excellent technical assistance. Schematic representation of the experimental approach given
in Figure 3A and graphical abstract were created with BioRender.com. Flow cytometry sample
acquisition was done on shared instruments of the Flow Cytometry Core Facility Tuebingen.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Yamamoto, J.F.; Goodman, M.T. Patterns of leukemia incidence in the United States by subtype and demographic characteristics,

1997–2002. Cancer Causes Control 2008, 19, 379–390. [CrossRef]
2. De Kouchkovsky, I.; Abdul-Hay, M. Acute myeloid leukemia: A comprehensive review and 2016 update. Blood Cancer J. 2016,

6, e441. [CrossRef] [PubMed]
3. Southam, C.M.; Craver, L.F.; Dargeon, H.W.; Burchenal, J.H. A study of the natural history of acute leukemia with special

reference to the duration of the disease and the occurrence of remissions. Cancer 1951, 4, 39–59. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers13236122/s1
https://www.mdpi.com/article/10.3390/cancers13236122/s1
BioRender.com
http://doi.org/10.1007/s10552-007-9097-2
http://doi.org/10.1038/bcj.2016.50
http://www.ncbi.nlm.nih.gov/pubmed/27367478
http://doi.org/10.1002/1097-0142(195101)4:1&lt;39::AID-CNCR2820040105&gt;3.0.CO;2-G


Cancers 2021, 13, 6122 14 of 16

4. Crowther, D.; Bateman, C.J.T.; Vartan, C.P.; Whitehouse, J.M.; Malpas, J.S.; Fairley, G.H.; Scott, R.B. Combination Chemotherapy
using L-Asparaginase, Daunorubicin, and Cytosine Arabinoside in Adults with Acute Myelogenous Leukaemia. Br. Med. J. 1970,
4, 513–517. [CrossRef] [PubMed]

5. Wheatley, K.; Burnett, A.K.; Goldstone, A.H.; Gray, R.G.; Hann, I.M.; Harrison, C.J.; Rees, J.K.; Stevens, R.F.; Walker, H. A simple,
robust, validated and highly predictive index for the determination of risk-directed therapy in acute myeloid leukaemia derived
from the MRC AML 10 trial. United Kingdom Medical Research Council’s Adult and Childhood Leukaemia Working Parties. Br.
J. Haematol. 1999, 107, 69–79. [CrossRef]

6. Ganzel, C.; Sun, Z.; Cripe, L.D.; Fernandez, H.F.; Douer, D.; Rowe, J.M.; Paietta, E.M.; Ketterling, R.; O’Connell, M.J.; Wiernik, P.H.;
et al. Very poor long-term survival in past and more recent studies for relapsed AML patients: The ECOG-ACRIN experience.
Am. J. Hematol. 2018, 93, 1074–1081. [CrossRef]

7. SEER: Cancer Stat Facts: Acute Myeloid Leukemia. Available online: https://seer.cancer.gov/statfacts/html/amyl.html (accessed
on 18 October 2021).

8. Foreman, K.J.; Marquez, N.; Dolgert, A.; Fukutaki, K.; Fullman, N.; McGaughey, M.; Pletcher, M.A.; Smith, A.E.; Tang, K.; Yuan,
C.W.; et al. Forecasting life expectancy, years of life lost, and all-cause and cause-specific mortality for 250 causes of death:
Reference and alternative scenarios for 2016-40 for 195 countries and territories. Lancet 2018, 392, 2052–2090. [CrossRef]

9. Liu, H. Emerging agents and regimens for AML. J. Hematol. Oncol. 2021, 14, 49. [CrossRef]
10. Short, N.J.; Konopleva, M.; Kadia, T.M.; Borthakur, G.; Ravandi, F.; Dinardo, C.D.; Daver, N. Advances in the Treatment of Acute

Myeloid Leukemia: New Drugs and New Challenges. Cancer Discov. 2020, 10, 506–525. [CrossRef]
11. Aggarwal, B.B. Signalling pathways of the TNF superfamily: A double-edged sword. Nat. Rev. Immunol. 2003, 3, 745–756.

[CrossRef]
12. Hsu, H.; Lacey, D.L.; Dunstan, C.R.; Solovyev, I.; Colombero, A.; Timms, E.; Tan, H.-L.; Elliott, G.; Kelley, M.J.; Sarosi, I.;

et al. Tumor necrosis factor receptor family member RANK mediates osteoclast differentiation and activation induced by
osteoprotegerin ligand. Proc. Natl. Acad. Sci. USA 1999, 96, 3540–3545. [CrossRef]

13. Hofbauer, L.C.; Neubauer, A.; Heufelder, A.E. Receptor activator of nuclear factor-kappaB ligand and osteoprotegerin: Potential
implications for the pathogenesis and treatment of malignant bone diseases. Cancer 2001, 92, 460–470. [CrossRef]

14. Schmiedel, B.J.; Scheible, C.A.; Nuebling, T.; Kopp, H.-G.; Wirths, S.; Azuma, M.; Schneider, P.; Jung, G.; Grosse-Hovest, L.; Salih,
H.R. RANKL Expression, Function, and Therapeutic Targeting in Multiple Myeloma and Chronic Lymphocytic Leukemia. Cancer
Res. 2013, 73, 683–694. [CrossRef] [PubMed]

15. Rajakumar, S.A.; Papp, E.; Lee, K.K.; Grandal, I.; Merico, D.; Liu, C.C.; Allo, B.; Zhang, L.; Grynpas, M.D.; Minden, M.D.; et al. B
cell acute lymphoblastic leukemia cells mediate RANK-RANKL–dependent bone destruction. Sci. Transl. Med. 2020, 12, 1–13.
[CrossRef] [PubMed]

16. Schmiedel, B.J.; Nuebling, T.; Steinbacher, J.; Malinovska, A.; Wende, C.M.; Azuma, M.; Schneider, P.; Grosse-Hovest, L.;
Salih, H.R. Receptor activator for NF-κB ligand in acute myeloid leukemia: Expression, function, and modulation of NK cell
immunosurveillance. J. Immunol. 2013, 190, 821–831. [CrossRef] [PubMed]

17. Park, M.; Cho, Y.J.; Kim, B.; Ko, Y.J.; Jang, Y.; Moon, Y.H.; Hyun, H.; Lim, W. RANKL immunisation inhibits prostate cancer
metastasis by modulating EMT through a RANKL-dependent pathway. Sci. Rep. 2021, 11, 12186. [CrossRef] [PubMed]

18. Infante, M.; Fabi, A.; Cognetti, F.; Gorini, S.; Caprio, M.; Fabbri, A. RANKL/RANK/OPG system beyond bone remodeling:
Involvement in breast cancer and clinical perspectives. J. Exp. Clin. Cancer Res. 2019, 38, 12. [CrossRef]

19. Wu, X.; Li, F.; Dang, L.; Liang, C.; Lu, A.; Zhang, G. RANKL/RANK System-Based Mechanism for Breast Cancer Bone Metastasis
and Related Therapeutic Strategies. Front. Cell Dev. Biol. 2020, 8, 76. [CrossRef]

20. Santini, D.; Schiavon, G.; Vincenzi, B.; Gaeta, L.; Pantano, F.; Russo, A.; Ortega, C.; Porta, C.; Galluzzo, S.; Armento, G.; et al.
Receptor activator of NF-kB (RANK) expression in primary tumors associates with bone metastasis occurrence in breast cancer
patients. PLoS ONE 2011, 6, e19234. [CrossRef]

21. Clar, K.L.; Hinterleitner, C.; Schneider, P.; Salih, H.R.; Maurer, S. Inhibition of NK Reactivity Against Solid Tumors by Platelet-
Derived RANKL. Cancers 2019, 11, 277. [CrossRef]

22. Tan, W.; Zhang, W.; Strasner, A.; Grivennikov, S.; Cheng, J.Q.; Hoffman, R.M.; Karin, M. Tumour-infiltrating regulatory T cells
stimulate mammary cancer metastasis through RANKL–RANK signalling. Nature 2011, 470, 548–553. [CrossRef] [PubMed]

23. Tandler, C.; Schmidt, M.; Heitmann, J.S.; Hierold, J.; Schmidt, J.; Schneider, P.; Dörfel, D.; Walz, J.; Salih, H.R. Neutralization of
B-Cell Activating Factor (BAFF) by Belimumab Reinforces Small Molecule Inhibitor Treatment in Chronic Lymphocytic Leukemia.
Cancers 2020, 12, 2725. [CrossRef] [PubMed]

24. Schneider, P.; Willen, L.; Smulski, C.R. Tools and Techniques to Study Ligand–Receptor Interactions and Receptor Activation by
TNF Superfamily Members. Methods Enzymol. 2014, 545, 103–125. [CrossRef]

25. Buechele, C.; Baessler, T.; Wirths, S.; Schmohl, J.U.; Schmiedel, B.J.; Salih, H.R. Glucocorticoid-induced TNFR-related protein
(GITR) ligand modulates cytokine release and NK cell reactivity in chronic lymphocytic leukemia (CLL). Leukemia 2011, 26,
991–1000. [CrossRef]

26. Nuebling, T.; Schumacher, C.E.; Hofmann, M.; Hagelstein, I.; Schmiedel, B.J.; Maurer, S.; Federmann, B.; Rothfelder, K.; Roerden,
M.; Dörfel, D.; et al. The Immune Checkpoint Modulator OX40 and Its Ligand OX40L in NK-Cell Immunosurveillance and Acute
Myeloid Leukemia. Cancer Immunol. Res. 2018, 6, 209–221. [CrossRef] [PubMed]

http://doi.org/10.1136/bmj.4.5734.513
http://www.ncbi.nlm.nih.gov/pubmed/4921703
http://doi.org/10.1046/j.1365-2141.1999.01684.x
http://doi.org/10.1002/ajh.25162
https://seer.cancer.gov/statfacts/html/amyl.html
http://doi.org/10.1016/S0140-6736(18)31694-5
http://doi.org/10.1186/s13045-021-01062-w
http://doi.org/10.1158/2159-8290.CD-19-1011
http://doi.org/10.1038/nri1184
http://doi.org/10.1073/pnas.96.7.3540
http://doi.org/10.1002/1097-0142(20010801)92:3&lt;460::AID-CNCR1344&gt;3.0.CO;2-D
http://doi.org/10.1158/0008-5472.CAN-12-2280
http://www.ncbi.nlm.nih.gov/pubmed/23139212
http://doi.org/10.1126/scitranslmed.aba5942
http://www.ncbi.nlm.nih.gov/pubmed/32938796
http://doi.org/10.4049/jimmunol.1201792
http://www.ncbi.nlm.nih.gov/pubmed/23241893
http://doi.org/10.1038/s41598-021-91721-2
http://www.ncbi.nlm.nih.gov/pubmed/34108600
http://doi.org/10.1186/s13046-018-1001-2
http://doi.org/10.3389/fcell.2020.00076
http://doi.org/10.1371/journal.pone.0019234
http://doi.org/10.3390/cancers11030277
http://doi.org/10.1038/nature09707
http://www.ncbi.nlm.nih.gov/pubmed/21326202
http://doi.org/10.3390/cancers12102725
http://www.ncbi.nlm.nih.gov/pubmed/32977449
http://doi.org/10.1016/b978-0-12-801430-1.00005-6
http://doi.org/10.1038/leu.2011.313
http://doi.org/10.1158/2326-6066.CIR-17-0212
http://www.ncbi.nlm.nih.gov/pubmed/29321210


Cancers 2021, 13, 6122 15 of 16

27. Mihalcik, S.A.; Tschumper, R.C.; Jelinek, D.F. Transcriptional and post-transcriptional mechanisms of BAFF-receptor dysregulation
in human B lineage malignancies. Cell Cycle 2010, 9, 4884–4892. [CrossRef]

28. Schneider, P.; Holler, N.; Bodmer, J.-L.; Hahne, M.; Frei, K.; Fontana, A.; Tschopp, J. Conversion of Membrane-bound Fas(CD95)
Ligand to Its Soluble Form Is Associated with Downregulation of Its Proapoptotic Activity and Loss of Liver Toxicity. J. Exp. Med.
1998, 187, 1205–1213. [CrossRef]

29. Kucka, K.; Wajant, H. Receptor Oligomerization and Its Relevance for Signaling by Receptors of the Tumor Necrosis Factor
Receptor Superfamily. Front. Cell Dev. Biol. 2021, 8, 1890. [CrossRef] [PubMed]

30. O’Donnell, M.R.; Tallman, M.S.; Abboud, C.N.; Altman, J.K.; Appelbaum, F.R.; Arber, D.A.; Bhatt, V.; Bixby, D.; Blum, W.; Coutre,
S.E.; et al. Acute Myeloid Leukemia, Version 3.2017, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw.
2017, 15, 926–957. [CrossRef]

31. Nakashima, T.; Kobayashi, Y.; Yamasaki, S.; Kawakami, A.; Eguchi, K.; Sasaki, H.; Sakai, H. Protein expression and functional
difference of membrane-bound and soluble receptor activator of NF-kappaB ligand: Modulation of the expression by osteotropic
factors and cytokines. Biochem. Biophys. Res. Commun. 2000, 275, 768–775. [CrossRef]

32. Lum, L.; Wong, B.R.; Josien, R.; Becherer, J.D.; Erdjument-Bromage, H.; Schlondorff, J.; Tempst, P.; Choi, Y.; Blobel, C.P. Evidence
for a role of a tumor necrosis factor-alpha (TNF-alpha)-converting enzyme-like protease in shedding of TRANCE, a TNF family
member involved in osteoclastogenesis and dendritic cell survival. J. Biol. Chem. 1999, 274, 13613–13618. [CrossRef] [PubMed]

33. Hikita, A.; Yana, I.; Wakeyama, H.; Nakamura, M.; Kadono, Y.; Oshima, Y.; Nakamura, K.; Seiki, M.; Tanaka, S. Negative
regulation of osteoclastogenesis by ectodomain shedding of receptor activator of NF-kappaB ligand. J. Biol. Chem. 2006, 281,
36846–36855. [CrossRef]

34. Hanada, R.; Leibbrandt, A.; Hanada, T.; Kitaoka, S.; Furuyashiki, T.; Fujihara, H.; Trichereau, J.; Paolino, M.; Qadri, F.; Plehm, R.;
et al. Central control of fever and female body temperature by RANKL/RANK. Nature 2009, 462, 505–509. [CrossRef] [PubMed]

35. Tsimberidou, A.M.; Estey, E.; Wen, S.; Pierce, S.; Kantarjian, H.; Albitar, M.; Kurzrock, R. The prognostic significance of cytokine
levels in newly diagnosed acute myeloid leukemia and high-risk myelodysplastic syndromes. Cancer 2008, 113, 1605–1613.
[CrossRef] [PubMed]

36. Kornblau, S.M.; McCue, D.; Singh, N.; Chen, W.; Estrov, Z.; Coombes, K.R. Recurrent expression signatures of cytokines and
chemokines are present and are independently prognostic in acute myelogenous leukemia and myelodysplasia. Blood 2010, 116,
4251–4261. [CrossRef]

37. Binder, S.; Luciano, M.; Horejs-Hoeck, J. The cytokine network in acute myeloid leukemia (AML): A focus on pro- and anti-
inflammatory mediators. Cytokine Growth Factor Rev. 2018, 43, 8–15. [CrossRef]

38. Sanchez-Correa, B.; Bergua, J.M.; Campos, C.; Gayoso, I.; Arcos, M.J.; Bañas, H.; Morgado, S.; Casado, J.G.; Solana, R.; Tarazona,
R. Cytokine profiles in acute myeloid leukemia patients at diagnosis: Survival is inversely correlated with IL-6 and directly
correlated with IL-10 levels. Cytokine 2013, 61, 885–891. [CrossRef]

39. Hou, D.; Wang, B.; You, R.; Wang, X.; Liu, J.; Zhan, W.; Chen, P.; Qin, T.; Zhang, X.; Huang, H. Stromal cells promote
chemoresistance of acute myeloid leukemia cells via activation of the IL-6/STAT3/OXPHOS axis. Ann. Transl. Med. 2020, 8, 1346.
[CrossRef]

40. Vijay, V.; Miller, R.; Vue, G.S.; Pezeshkian, M.B.; Maywood, M.; Ast, A.M.; Drusbosky, L.M.; Pompeu, Y.; Salgado, A.D.; Lipten,
S.D.; et al. Interleukin-8 blockade prevents activated endothelial cell mediated proliferation and chemoresistance of acute myeloid
leukemia. Leuk. Res. 2019, 84, 106180. [CrossRef]

41. Nishioka, C.; Ikezoe, T.; Pan, B.; Xu, K.; Yokoyama, A. MicroRNA-9 plays a role in interleukin-10-mediated expression of
E-cadherin in acute myelogenous leukemia cells. Cancer Sci. 2017, 108, 685–695. [CrossRef]

42. Kagoya, Y.; Yoshimi, A.; Kataoka, K.; Nakagawa, M.; Kumano, K.; Arai, S.; Kobayashi, H.; Saito, T.; Iwakura, Y.; Kurokawa, M.
Positive feedback between NF-κB and TNF-α promotes leukemia-initiating cell capacity. J. Clin. Investig. 2014, 124, 528–542.
[CrossRef] [PubMed]

43. Baessler, T.; Charton, J.E.; Schmiedel, B.J.; Grünebach, F.; Krusch, M.; Wacker, A.; Rammensee, H.-G.; Salih, H.R. CD137 ligand
mediates opposite effects in human and mouse NK cells and impairs NK-cell reactivity against human acute myeloid leukemia
cells. Blood 2010, 115, 3058–3069. [CrossRef] [PubMed]

44. Levings, M.K.; Sangregorio, R.; Sartirana, C.; Moschin, A.L.; Battaglia, M.; Orban, P.C.; Roncarolo, M.G. Human CD25+CD4+ T
suppressor cell clones produce transforming growth factor beta, but not interleukin 10, and are distinct from type 1 T regulatory
cells. J. Exp. Med. 2002, 196, 1335–1346. [CrossRef] [PubMed]

45. Tuyaerts, S.; Van Meirvenne, S.; Bonehill, A.; Heirman, C.; Corthals, J.; Waldmann, H.; Breckpot, K.; Thielemans, K.; Aerts, J.L.
Expression of human GITRL on myeloid dendritic cells enhances their immunostimulatory function but does not abrogate the
suppressive effect of CD4+CD25+ regulatory T cells. J. Leukoc. Biol. 2007, 82, 93–105. [CrossRef]

46. Walsh, M.C.; Choi, Y. Biology of the RANKL-RANK-OPG System in Immunity, Bone, and Beyond. Front Immunol. 2014, 5, 511.
[CrossRef] [PubMed]

47. Gyrd-Hansen, M.; Meier, P. IAPs: From caspase inhibitors to modulators of NF-kappaB, inflammation and cancer. Nat. Rev.
Cancer 2010, 10, 561–574. [CrossRef]

48. Chen, C.; Edelstein, L.C.; Gelinas, C. The Rel/NF-κB Family Directly Activates Expression of the Apoptosis Inhibitor Bcl-xL. Mol.
Cell. Biol. 2000, 20, 2687–2695. [CrossRef]

49. Rayet, B.; Gélinas, C. Aberrant rel/nfkb genes and activity in human cancer. Oncogene 1999, 18, 6938–6947. [CrossRef]

http://doi.org/10.4161/cc.9.24.14156
http://doi.org/10.1084/jem.187.8.1205
http://doi.org/10.3389/fcell.2020.615141
http://www.ncbi.nlm.nih.gov/pubmed/33644033
http://doi.org/10.6004/jnccn.2017.0116
http://doi.org/10.1006/bbrc.2000.3379
http://doi.org/10.1074/jbc.274.19.13613
http://www.ncbi.nlm.nih.gov/pubmed/10224132
http://doi.org/10.1074/jbc.M606656200
http://doi.org/10.1038/nature08596
http://www.ncbi.nlm.nih.gov/pubmed/19940926
http://doi.org/10.1002/cncr.23785
http://www.ncbi.nlm.nih.gov/pubmed/18683214
http://doi.org/10.1182/blood-2010-01-262071
http://doi.org/10.1016/j.cytogfr.2018.08.004
http://doi.org/10.1016/j.cyto.2012.12.023
http://doi.org/10.21037/atm-20-3191
http://doi.org/10.1016/j.leukres.2019.106180
http://doi.org/10.1111/cas.13170
http://doi.org/10.1172/JCI68101
http://www.ncbi.nlm.nih.gov/pubmed/24382349
http://doi.org/10.1182/blood-2009-06-227934
http://www.ncbi.nlm.nih.gov/pubmed/20008791
http://doi.org/10.1084/jem.20021139
http://www.ncbi.nlm.nih.gov/pubmed/12438424
http://doi.org/10.1189/jlb.0906568
http://doi.org/10.3389/fimmu.2014.00511
http://www.ncbi.nlm.nih.gov/pubmed/25368616
http://doi.org/10.1038/nrc2889
http://doi.org/10.1128/MCB.20.8.2687-2695.2000
http://doi.org/10.1038/sj.onc.1203221


Cancers 2021, 13, 6122 16 of 16

50. Melgar, K.; Walker, M.M.; Jones, L.M.; Bolanos, L.C.; Hueneman, K.; Wunderlich, M.; Jiang, J.K.; Wilson, K.M.; Zhang, X.; Sutter,
P.; et al. Overcoming adaptive therapy resistance in AML by targeting immune response pathways. Sci. Transl. Med. 2019, 11,
1–16. [CrossRef]

51. Gnant, M.; Pfeiler, G.; Steger, G.G.; Egle, D.; Greil, R.; Fitzal, F.; Wette, V.; Balic, M.; Haslbauer, F.; Melbinger-Zeinitzer, E.;
et al. Adjuvant denosumab in postmenopausal patients with hormone receptor-positive breast cancer (ABCSG-18): Disease-free
survival results from a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2019, 20, 339–351. [CrossRef]

52. Behrmann, L.; Wellbrock, J.; Fiedler, W. Acute Myeloid Leukemia and the Bone Marrow Niche—Take a Closer Look. Front. Oncol.
2018, 8, 444. [CrossRef] [PubMed]

53. Meads, M.B.; Gatenby, R.A.; Dalton, W.S. Environment-mediated drug resistance: A major contributor to minimal residual
disease. Nat. Rev. Cancer 2009, 9, 665–674. [CrossRef] [PubMed]

http://doi.org/10.1126/scitranslmed.aaw8828
http://doi.org/10.1016/S1470-2045(18)30862-3
http://doi.org/10.3389/fonc.2018.00444
http://www.ncbi.nlm.nih.gov/pubmed/30370251
http://doi.org/10.1038/nrc2714
http://www.ncbi.nlm.nih.gov/pubmed/19693095

	Introduction 
	Materials and Methods 
	Patient Samples 
	Cell Lines 
	Quantitative PCR 
	Analysis of the RANK Expression on the Cell Surface 
	Cell Viability Assay 
	Measurement of Transmembrane Potential and Activation of Caspase-3 
	Measurement of Cytokine Induction 
	Statistics 

	Results 
	RANK Is Expressed by AML Cells 
	RANK Induces Cytokines Involved in Pathophysiology and Promotes Metabolic Activity of AML Cells 
	RANK Mediates Chemotherapy Resistance of AML Cells 
	RANK Expression Is Associated with Dismal Survival of AML Patients 

	Discussion 
	Conclusions 
	References

