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CHAPTER 1
Introduction
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1.1 Normal hematopoiesis

Hematopoiesis is organized as a hierarchy, with themost undi�erentiated hematopoi-

etic stem cell (HSC) at the basis of this process (Figure 1.1).�ese HSCs are able to

give rise to new HSCs via self-renewal and to more mature multipotent progenitors

via di�erentiation. In a multi-step process these progenitors further di�erentiate

into all the mature blood cell lineages. Self-renewal of HSCs is required to sustain

blood cell production during the lifespan of an organism [1, 2]. However, whether

the life-long blood production is solely due to stem cells is currently under debate.

�is classical model has been challenged by the �nding that hematopoietic pro-

genitors rather than stem cell drive steady-state hematopoiesis in adult mice [3].

Figure 1.1: Schematic representation of the hematopoietic system

Hematopoiesis is a highly organized process and self-renewal, di�erentiation

and proliferation are controlled in a spatial and temporal manner by cytokines and

growth factors [4, 5].�ese stimuli are generated by the blood cell themselves or by

the bone marrow microenvironment in a so called autocrine or paracrine depen-

dent manner.�e interplay between the hematopoietic (stem) cells and the bone

marrow microenvironment is essential for a proper maintenance of hematopoiesis

[6, 7]. In malignant hematopoietic malignancies the intrinsic factors as well as the

communication with the micro-environment are o�en deregulated.

1.2 Acute myeloid leukemia

Acute myeloid leukemia (AML) is a hematological malignancy characterized by

an increased number of immature myeloid cells in the bone marrow (> 20%)
that has limited capacity to di�erentiate [8]. A rapid accumulation of these blasts
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Table 1.1: French-American-British classi�cation of AML

M0 Myeloid leukemia with minimal di�erentiation

M1 Myeloid leukemia without maturation

M2 Myeloid leukemia with maturation

M3 Promyelocytic leukemia

M4 Myelomonocytic leukemia

M4eo Myelomonocytic leukemia with abnormal eosinophils

M5 Monocytic leukemia

M6 Erythroid leukemia

M7 Megakaryocytic leukemia

results in the suppression of normal hematopoiesis leading to thrombocytopenia,

granulocytopenia and/or anemia [9].�erefore, patients o�en present with various

symptoms including fatigue, increased bleeding, infections as well as fever and

AML is fatal within weeks when the patients are not treated.

AML patients are treated with intensive chemotherapy, which is composed

of an induction and consolidation therapy. In general a distinction in treatment

intensity is made for patients between 18 − 65 years versus > 65 years due to pre-
existing co-morbidities. For younger patients the treatment consists of 1− 2 courses
of cytarabine (Ara-C) combined with an anthracycline (e.g. daunorubicin). In

approximately 80% of patients complete remission is obtained. �e induction

chemotherapy is followed by consolidation chemotherapy but the type depends on

the risk classi�cation of the leukemia. Patients with a favorable risk score are treated

with autologous stem cell transplantation while patients with intermediate or poor

risk score with an allogeneic stem cell transplantation. Elderly AML patients are

treated with less intensive chemotherapy or with epigenetic drugs such as decitabine.

In view of the high relapse rate in this elderly patient population, allogeneic stem

cell transplantation should always be applied if feasible.

AML is a heterogeneous group of diseases and was for several decades classi�ed

according to the French-American-British (FAB) classi�cation which was based

on the di�erentiation stage of the leukemic blasts (Table 1.1) [10]. However, during

the last decade a more clinically useful classi�cation has been developed by the

World Health Organization (WHO) (Table 1.2) [11]. Cytogenetic abnormalities

are implemented in this classi�cation. Moreover, these cytogenetic abnormalities

are independent prognostic factors for treatment outcome (Table 1.3). However,

the karyotype analysis shows only abnormalities in 50% of the AML patients.�e

implementation of next-generation sequencing has provided much more insight

into the spectrumofmutations inAML.At themoment, mutations inmore than 200

genes are identi�ed, and a number of these mutations also have a strong prognostic

impact [12] (Table 1.3). Interestingly, some of these mutations have also been found

in peripheral blood mononuclear cells of normal individuals without hematological

malignancies [13–16]. �e frequency of these mutations increases upon ageing,

consistent with the fact that AML is especially a disease of the elderly. �ese
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Table 1.2:WHO classi�cation of AML

Acute myeloid leukemia with recurrent genetic abnormalities

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11

Acute promyelocytic leukemia with t(15;17)(q22;q12); PML-RARA

AML with t(9;11)(p22;q23); MLLT3-MLL

AML with t(6;9)(p23;q34); DEK-NUP214

AML with inv(3)(q21;q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1

AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1

AML with mutated NPM1 (provisional entity)

AML with mutated CEBPA (provisional entity)

Acute myeloid leukemia with myelodysplasia-related changes

data suggest that these ‘driver’ mutations are required but not su�cient for the

development of AML.

1.3 Leukemic stem cells

AML consists of a heterogeneous group of cells and it is proposed that these cells

are organized in a hierarchical manner similar to the normal hematopoietic system.

In the current model it is thought that outgrowth and maintenance of leukemia is

driven by leukemic stem cells (LSCs).�ese LSCs are the most primitive cells at

the top of the hierarchy and are capable of generating more di�erentiated leukemic

cells [17, 18].�ese LSCs likely survive the current treatments and are responsible

for the leukemic growth at relapse [19, 20].

Leukemic stem cells originate from normal hematopoietic stem or progenitor

cells in a process called leukemic transformation, which has been proposed to be a

multi-step process, characterized by a chromosomal translocation and/or mutations

resulting in increased proliferation and a block in di�erentiation [21]. Moreover,

during the leukemic transformation these cells have o�en acquired resistance to

apoptosis, a phenomenon which has been recognized to be one of the hallmarks

of cancer [22]. Understanding the di�erence in dependency on apoptotic or pro-

survival signaling of leukemic (stem) cells versus normal cells can be of importance

to �nd new targets for the treatment of AML patients.

1.4 Apoptosis

Apoptosis or programmed cell death is a highly regulated and tightly controlled

process during tissue development and homeostasis.�e number of cells is con-

trolled by the induction of apoptosis of cells that are no longer required or a danger

to the tissue. Apoptosis is, in contrast to necrosis, bene�cial to tissues. Whereas

necrosis is characterized by membrane disruption and the excretion of cellular
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Table 1.3: HOVON Risk classi�cation

Risk group Criteria at diagnosis and early/late CR

Good risk t(8;21) or RUNX1-ETO, WBC ≤ 20
Inv(16)/t(16;16) or CBFB-MYH11

MK−, CEBPA-biallelic mutant+

MK−, FLT3-ITD−/NPM1+

Intermediate risk Cytogenetically normal (CN) -X -Y, WBC ≤ 100, early CR
t(8;21) or RUNX1-ETO, WBC>20, or mutant KIT

NPM+/FLT3-ITD+

Poor risk CN -X -Y, WBC ≤ 100; not early CR
CN -X -Y, WBC>100

CA, but non-CBF, MK−, no 3q26, EVI1−

Very poor risk CN -X -Y, WBC>100

Biallelic FLT3-ITD with FLT3-ITD/FLT3wt ratio >0.6

MK+

3q26

Non-CBF, EVI1+

mutant p53, mutant RUNX1, mutant ASXL1

CR: complete remission

MK: monosomal karyotype (two or more autosomal monosomies or a single autosomal monosomy

combined with a structural cytogenetic abnormality)

CN: Cytogenetically normal, CA: Cytogenetically abnormal

WBC: White blood cell count (109/L)

CBF: core-binding factor leukemia including t(8;21)(q22;22), RUNX1-ETO, inv(16)(p13;q22),

t(16;16)(p13;q22) and CBFB-MYH11

components leading to an in�ammatory response and damage to other cells, apop-

tosis is characterized by membrane blebbing, fragmentation and degradation of

cellular components followed by apoptotic body formation which are then engulfed

by macrophages. Apoptosis can be activated by intrinsic and extrinsic pathways

(Figure 1.2).�e extrinsic pathway is activated by the association of TNF ligand to

their receptors, such as Tumour necrosis factor (TNF)-related apoptosis-inducing

ligand (TRAIL) to the death receptors 4 and 5 (DR4 and DR5) [23]. Binding of

TRAIL results in oligomerization of the death receptors and formation of the death-

inducing signaling complex (DISC), which is composed of the death domain (DD)

of the death receptor, Fas-associated protein with death domain (FADD) and the

initiator caspases caspase-8 or 10 [24, 25]. �e formation of this complex is re-

pressed by cellular FLICE-like inhibitory protein (cFLIP), which competes with the

caspases for the binding to the DISC. Upon activation of these caspases, the e�ector

caspases 3, 6 and 7 are cleaved and activation results in execution of apoptosis by

the degradation of cellular proteins and fragmentation of DNA. TRAIL-mediated

apoptosis is counteracted by the surface decoy receptors 1 and 2 (DcR1 and DcR2),

both lacking a functional death domain, and the soluble receptor osteoprotegerin
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Figure 1.2: Schematic representation of the apoptotic process

(OPG).�ese receptors have an antagonistic function and are unable to induce

apoptosis.

�e intrinsic pathway is triggered by cellular stress such as DNA damage that

activates the pro-apoptotic BCL-2 family members [26, 27]. �e proteins of the

BCL-2 family can be classi�ed into three distinct groups; the anti-apoptotic pro-

teins, the pro-apoptotic proteins and the pro-apoptotic BH3-only proteins.�ese

proteins can bind to each other and thereby activate or repress their function.�e

anti-apoptotic proteins such as BCL-2, BCL-XL, MCL-1, BCL-W, A1 and BCL-B,

prevent cell death by preserving the integrity of the mitochondrial outer membrane.

�e pro-apoptotic proteins BAK and BAX induce apoptosis by clustering into large

oligomers which permeabilize the mitochondrial outer membrane, likely by the

formation of pores.�e third group is the BH3-only proteins, like BIK, BID, BIM,

PUMA,NOXA and BAD, which can be activated by caspase 8 and 10.�ese proteins

trigger the pro-apoptotic proteins in a direct and/or in an indirect manner [28].

Following the direct model it is assumed that BH3-only proteins bind directly to

the inactive pro-apoptotic proteins and that association of both proteins is required

for the activation of the pro-apoptotic proteins. In the indirect model it is proposed

that BH3-only proteins will bind to the anti-apoptotic proteins, thereby releasing

the pro-apoptotic proteins from the anti-apoptotic proteins which results in the

destabilization of the mitochondrial outer membrane by the pro-apoptotic proteins.
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�ereupon, cytochrome c and SMAC/DIABLO will be released from the mitochon-

dria. Cytochrome c will bind to the APAF-1 complex leading to the formation of the

apoptosome resulting in the activation of the executor caspases [29, 30]. At the same

time, SMAC/DIABLO represses the inhibitor of apoptosis proteins (IAPs), which

inhibit the activation of the executor caspases 3, 7 and 9 [31, 32].�us, the induction

of cell death is controlled by the activity of apoptosis executors and inhibitors.

1.5 MCL-1 and BCL-2 in normal hematopoiesis

�emost intensively studied apoptosis-related genes in hematopoiesis and leukemia

are MCL-1 and BCL-2. �e anti-apoptotic protein MCL-1 is highly expressed in

normal HSCs and is crucial for the survival of normal hematopoietic stem cells

[33]. Conditional deletion of MCL-1 using the Mx-Cre system resulted in ablation

of bone marrow cells, including bone marrow progenitor cells and HSCs, whereas

other tissues, such as the liver, were largely una�ected [34]. Furthermore, upon

knockdown of MCL-1 in primitive HSCs, no engra�ment of hematopoietic cells

could be observed in a transplantation model, indicating the crucial role of MCL-1

in the survival of normal hematopoietic stem cells [35].

In the early nineties, studies have shown that knockout of BCL-2 resulted in a

decreased output of the lymphoid lineage which coincided with an increased level of

apoptosis, whereas themyeloid and erythroid compartments were largely una�ected

[36–38]. �e milder phenotype of BCL-2−/− mice compared to MCL-1−/− mice
might be related to the low expression of BCL-2 compared to MCL-1 in isolated

cord blood cells and reconstituted HSCs [35]. Upon overexpression of BCL-2 in

HSCs, cell death induced by a variety of chemotherapeutic agents was impaired

and the quality of HSCs was improved by means of long term reconstitution a�er

5-FU treatment [39]. Furthermore, HSCs overexpressing BCL-2 showed higher

engra�ment levels in primary and secondary recipients indicating that BCL-2

improved the survival of these HSCs under these stress conditions [40]. Increased

engra�ment levels in primary and secondary recipients of transplanted BCL-2HSCs

were also observed a�er irradiation of these HSCs, suggesting that BCL-2 directly

enhances the survival of HSCs [40]. Moreover, mice transplanted with BCL-2 bone

marrow progenitor cells were resistant to radiation-induced death [41].

1.6 MCL-1 and BCL-2 in leukemia

Both anti-apoptotic proteins are nowadays regarded as important factors for the

survival of leukemic stem cells. MCL-1 is consistently highly expressed in primary

AML patient cells [33]. It has been suggested that anti-apoptotic signaling viaMCL-1

can directly cooperate in malignant transformation which was illustrated by the

fact that overexpression of MCL-1 accelerated MYC-driven lymphomagenesis [42].

Over the past few years the requirement for MCL-1 in AML has been studied in

various AML mouse models. Leukemia formation and maintenance was signif-

icantly delayed upon heterozygous deletion of MCL-1 in a MYC-induced AML
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model, upon conditional knockout of MCL-1 in a MLL-ENL-induced AML model

and upon conditional deletion of MCL-1 in a BCR-ABL model [33, 43, 44]. In line

with these data, the anti-apoptotic protein BCL-2 is also essential for the survival of

leukemic stem cells. High BCL-2 expression levels have been observed in di�erent

patient AML samples which were correlated with a poor outcome and poor re-

sponse to chemotherapy [45–47]. Interestingly, it has been shown that BCL-2 could

interact withmutant NRAS andmore importantly that overexpression of BCL-2 can

directly act as a secondary hit in the progression to MDS/AML in a mutant NRAS

background [48]. Recently, it has been shown that leukemic stem cells, which were

de�ned by low levels of ROS, also express high levels of BCL-2. BCL-2 inhibition

resulted in decreased oxidative phosphorylation and speci�cally induced cell death

in these ROS-low LSCs [49]. Furthermore, it has been observed that the expression

of BCL-2-family members increased during ongoing malignant transformation of

CML cells. Combined inhibition of the BCL-2 family members and BCR-ABL by

tyrosine kinase inhibitors eliminated blast-crisis LSCs while sparing normal cells

[44, 50, 51].

Surprisingly, besides the increased expression and dependency of the anti-

apoptotic proteins MCL-1 and BCL-2 in AML, also high levels of the pro-apoptotic

BCL-2 family members in leukemic cells have been observed [52]. Moreover, high

expression of both anti-apoptotic as well as pro-apoptotic genes was related to over-

all survival of AML patients. It has been suggested that the increased expression of

pro-apoptotic BCL-2 family members is a response to the increased expression of

anti-apoptotic BCL-2 family members pushing these cells into a ‘primed to death’

status [53]. �ese cells might therefore be more dependent on the presence of

anti-apoptotic BCL-2 family members resulting in a so-called oncogenic addiction.

�is primed to death-model might explain why leukemic cells are selectively sensi-

tive to BCL-2 family inhibitors and targeting of these components might therefore

speci�cally induce cell death in leukemic cells compared to normal cells. Since 10

years, multiple BCL-2 family member inhibitors have been evaluated in various

preclinical studies. It has been shown that targeting of MCL-1 and BCL-2 by chem-

ical compounds such as ABT-737 [54–57], ABT-263 (navitoclax) [49], obatoclax

[58, 59], sabutoclax [50], PIK-75 [60] and ABT-199 [61–63] induced cell death in

primary AML samples or AML models in vitro and in vivo. ABT-737 and ABT-263

bind to BCL-2, BCL-XL and BCL-W and ABT-263 was the �rst agent to be tested

in clinical trials. Obatoclax and sabutoclax showed improved e�ectiveness as these

compounds also inhibited the anti-apopotic protein MCL-1. However, whereas

platelets are largely dependent on BCL-XL for their survival, these drugs induce a

thrombocytopenia due to their binding to BCL-XL. Recently, ABT-199 has been

developed, which does not bind to BCL-XL and the �rst results showed a reduction

in the frequency of thrombocytopenia, which is now further evaluated in clinical

studies.
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1.7 Scope of this thesis

�e NF-κB pathway is an important signaling module for the survival of leukemic
cells and consequently, the transcription factor NF-κB drives the expression of vari-
ety of genes involved in anti-apoptosis and proliferation, such as BCL-2, BCL-XL,

cFLIP, TNFα and IL-1 [64]. It has been observed that NF-κB is constitutively active
in many primary AML cells [65, 66]. Various studies showed that AML cells were

more dependent on NF-κB signaling compared to normal bone marrow cells as
AML cells were highly sensitive to NF-κB inhibition whereas normal bone mar-
row cells were largely insensitive [66, 67].�erefore, targeting of NF-κB has been
proposed to be a promising strategy for the treatment of AML. Recently, various

molecular mechanisms have been shown to contribute to the increased NF-κB
activity in AML. It has been observed that chromosomal translocations or muta-

tion resulting in myeloid transformation induced NF-κB activity. Moreover, also
autocrine/paracrine cytokine signaling and increased expression and activation of

NF-κB regulators could result in enhanced NF-κB activation. Besides these mecha-
nisms, increased activation of the proteasome could contribute to the constitutive

activation of NF-κB in AML as NF-κB activity is dependent on proteasome activity
via the proteasomal degradation of IκBα, a negative regulator of NF-κB activity.
�e various mechanisms of NF-κB activation are extensively reviewed in Chapter
2. Also the various treatment strategies that target NF-κB and thereby result in cell
death of AML cells are described in this chapter.

It has been shown that the proteasome inhibitor bortezomib induces apoptosis

in AML cells in vitro. Although clinical studies have been performed in AML

patients with bortezomib, it is not known whether AML stem cells are e�ciently

targeted in this context [68–70]. In addition, it has been suggested that NF-κB
inhibition by bortezomib or IKK inhibition sensitizes AML cells to TRAIL-induced

apoptosis [71–73]. In Chapter 3, we investigated the sensitivity of the primary stem
cell-enriched (CD34+) AML subpopulation to the proteasome inhibitor bortezomib
alone or in combination with TRAIL in short and long-term culture conditions. In

particular the roles of NF-κB and MCL-1 were studied.
TRAIL is a promiscuous ligand and can bind to �ve receptors of which OPG is

one of the decoy receptors. To improve the e�cacy of TRAIL, receptor-speci�c vari-

ants have been developedwhich have an increased a�nity to either theDR5 receptor

(rhTRAIL D269H/E195R) or DR4 receptor (rhTRAIL 4C7 (G131R/R149I/N199R/

K201H/S159R/S215D)) [73–75]. Interestingly, it has been shown that the DR4-

speci�c variant has an improved e�cacy compared to wild-type TRAIL to induce

apoptosis in AML cell lines [73]. However, so far it has not been addressed whether

these TRAIL-speci�c variants display a decreased a�nity to OPG. In Chapter 4,
we evaluated the change in a�nity of these variants compared to wild-type TRAIL

by using surface plasmon resonance (SPR)-techniques and (competitive) ELISA

experiments. Since OPG is expressed and secreted by osteoblasts residing in the

bone microenvironment, OPG could decrease the e�cacy of TRAIL.�erefore,

we studied in co-culture experiments with osteoblasts and multiple myeloma cells

whether the DR5-speci�c variant could overcome the resistance mediated by OPG
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and therefore could still result in the induction of apoptosis.

InChapter 5we examined the e�cacy of the recently developed second-generation
proteasome inhibitors car�lzomib and oprozomib in comparison to bortezomib

in inducing apoptosis in primary AML CD34+ cells. Di�erent assays were used to
study the e�cacy on the primitive and more mature AML subpopulations in vitro.

In addition, the e�cacy was correlated to the in vitro proteasome activity.

To obtain a full spectrum of the deregulated expression of apoptosis related

genes in AML, we investigated the expression pattern of 386 apoptosis associated

genes inAMLCD34+ cells compared to normal bonemarrowCD34+ cells (Chapter
6). Amongst these apoptosis related genes, TGF-β-activated kinase 1 (TAK1) is
frequently upregulated in AML cells.�erefore, we evaluated whether TAK1 could

be a potential target for the treatment of AML patients by performing genetic

downmodulation or pharmacologic inhibition of TAK1 in AML cells under in

vitro and in vivo conditions. Furthermore, we investigated the molecular signaling

pathways that resulted in the apoptotic phenotype upon TAK1 blockade.

A summary of the results and future perspectives are �nally described in Chap-
ter 7.
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Abstract – Resistance to apoptosis is regarded as one of the hallmarks in the
process of leukemogenesis. �e transcription factor NF-κB is activated by various
cytokines that stimulate cell survival and growth; consequently, NF-κB drives the
expression of multiple proliferative and anti-apoptotic genes. For more than a
decade, it has been known that NF-κB is constitutively activated in a majority of
acute myeloid leukemia (AML) patients. Inhibition of NF-κB has been shown to
induce apoptosis in AML cells, but the clinical e�ectiveness of NF-κB inhibitors has
been inadequate. In recent years, possible causes underlying this continuous NF-κB
activity have been elucidated. It has been shown that chromosomal translocations or
mutations leading to development of leukemia drive the increase in NF-κB activity.
Furthermore, autocrine/paracrine cytokine signaling and increased expression of
NF-κB signaling components play an important role in the continuous NF-κB
activation. Moreover, high proteasome activity is o�en observed in AML patients.
Whereas NF-κB activity is dependent on the proteasome, enhanced activation of
the proteasome also results in constitutive NF-κB activity. In the present study, we
described these underlying molecular mechanisms leading to constitutive NF-κB
activity and discussed the novel treatment strategies based on the inhibition of
NF-κB activation.

2.1 NF-κB signaling

2.1.1 activation of the nf-κb complex

�e transcription factor nuclear factor κB (NF-κB) is a protein complex which
controls the gene expression of genes involved in in�ammation and the immune

response. Whereas NF-κB induces the expression of various genes involved in
proliferation and anti-apoptosis, NF-κB activity has also been recognized as playing
a major role in leukemia [1]. NF-κB can be activated by diverse stimuli including
cytokines, such as TNFα, IL-1β and Toll-like receptor 4 (TLR-4) [2]. Consequently,
a variety of genes are regulated by NF-κB, such as the anti-apoptotic proteins
(cFLIP, BCL-2 and BCL-XL), growth factors, cytokines (IL-1 and IL-6), cell adhesion

molecules and chemokines [3]. Importantly, only a subset of genes are activated

by NF-κB in a stimulus and cell-speci�c manner. NF-κB complexes are homo- or
heterodimers formed by members of the Rel family, which consists of �ve proteins:

p65 (RelA), RelB, c-Rel, p50 and p52. Two major signaling pathways can activate

NF-κB, the canonical NF-κB pathway and the non-canonical pathway (Figure 2.1).
�e canonical pathway can be induced by a variety of cytokines including IL-1,

TNFα, and TLR-2/4. Upon binding of IL-1 to the IL-1 receptor (IL-1R), the IL-1R
accessory protein (IL-1RAP) and MYD88 form a complex with the IL-1 receptor.

�is results in the recruitment of the IL-1 receptor associated kinase (IRAK) and

TNF-receptor associated factor (TRAF) proteins to the complex. Similarly, binding

of TLR-2/4 to the Toll-like receptor (TLR) also induces the association with IRAK

and TRAF. Association of TNFα to the TNF receptor leads to the recruitment
of receptor-interacting serine/threonine protein kinase (RIPK) and TRAF to the

receptor.
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Figure 2.1: Canonical and non-canonical NF-κB signaling

Activation of these complexes induces a kinase cascade leading to the activation

of NF-κB [4, 5]. Firstly, TGF-β activated kinase 1 (TAK1) is phosphorylated at mul-
tiple sites including threonine 178, 184 and 187 and serine 192. Phosphorylation of

threonine 184 and 187 ismainly necessary for optimal NF-κB activation [6]. Binding
of TAK1 to the TAK1-binding protein 1 (TAB1) and TAK1-binding protein 2 or 3

(TAB2/TAB3) is also required for full activation of TAK1 which then activates the

IκB kinase (IKK) complex [7–9].�is complex consists of IKK1/IKKα, IKK2/IKKβ
and NEMO/IKKγ [10]. TAK1-mediated phosphorylation of IKK2 results in activa-
tion of the NF-κB complex by phosphorylation of the inhibitory NF-κB protein IκB.
IκB proteins, such as IκBα and IκBβ, bind to the nuclear localization domain of the
NF-κB complex and thereby prevent nuclear translocation and NF-κB mediated
gene expression [11]. Upon phosphorylation of speci�c serines of IκB (e.g. in the
case of IκBα serine 32 and 36), the IκB protein will be ubiquitinated and subse-
quently degraded by the proteasome [12, 13].�is directly results in the activation

of the canonical NF-κB complex p65/p50.
�e non-canonical pathway mainly plays a role in the development of B and T

lymphocytes and can be activated by a small number of stimuli, including B-cell

activating factor (BAFF), CD40L, receptor activator for NF-κB ligand (RANKL)
and lymphotoxinβ. Subsequent NIK activation results in the phosphorylation and
activation of the IKK1 dimer.�ereupon, p100 is phosphorylated on serines 886
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Figure 2.2:Model of NF-κB-mediated gene transcription

and 870 by IKK1, which leads to the ubiquitination and partial degradation by

the proteasome to p52 [14].�is results in the activation of non-canonical NF-κB
complex p52/RelB, ultimately leading to the expression of the target genes.

2.1.2 nf-κb-mediated gene transcription

Upon activation and translocation to the nucleus of the various NF-κB complexes,
these dimers undergo multiple modi�cations, which subsequently lead to gene

transcription (Figure 2.2). Phosphorylation on serine 276 and serine 536 of p65 is

mediated by protein kinase A (PKA) and IKK, and is required for the binding of

p65 to the CBP/p300 complex [15, 16].�e CBP/p300 complex consists of CBP and

p300, which associate with various transcription factors and connect them together

on sequence speci�c loci [17]. Furthermore, the CBP/p300 complex has intrinsic

histone acetyltransferase (HAT) activity, leading to acetylation of histones such as

H3K27, but it is also able to acetylate proteins like p65 [17, 18]. Upon phosphory-

lation of p65, CBP/p300 mediates acetylation of p65 on various lysines (e.g. K218,

K221 and K310), thereby increasing the DNA binding a�nity, decreasing the associ-

ation with the negative regulator IκBα and promoting the association of the NF-κB
complex with bromodomain 4 (BRD4).�is results in NF-κB transactivation and
gene transcription [15, 19]. BRD4 belongs to the bromodomain and extratermi-

nal domain (BET) family which are involved in transcriptional coactivation and

elongation [20]. Acetylated histones and proteins such as p65 are recognized by

the BET domain of BRD4 [21] leading to the recruitment of pTEFb [22, 23] and

chromatin remodeling complexes like the SWI/SNF complex [24], subsequently

leading to activation of gene transcription.�us, acetylation of p65 by CBP/p300,

acetylation of histones by acetyltransferases like CBP/p300 and the recognition of

the acetylation marks by BRD4 may be crucial steps in the transcription of genes
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regulated by NF-κB.
Selectivity of expression of NF-κB target genes is at least partially mediated by

the a�nity and speci�city of each dimer towards the so-called κB-DNA binding site
(GGGRnnYY, R=A/G, Y=T/C). Hereby, each stimulus can activate a group of genes

in a cell-speci�c manner. For example, it was recently shown that IL-1 induced

the recruitment of p65 to more than 400 enhancers in a TAK1-IKK2 dependent

manner, which resulted in the recruitment of PolII, Pol(S5)II, AP-1, CBP and p50

at those sites [25].

2.2 NF-κB activity in normal hematopoiesis

Basal NF-κB activity is required for HSCs self-renewal and di�erentiation into
myeloid and lymphoid lineages.�e quality of HSCs was decreased upon deletion

of the canonical and non-canonical NF-κB complexes, p65 and RelB/p52 [26, 27].
Knockout of p65 or double knockout of RelB/p52 resulted in impaired engra�ment

and self-renewal of HSPCs. In addition, di�erentiation e�ciency of HSCs was af-

fected in p65 knockout mice, whereas deletion of IκBα increased the di�erentiation
of hematopoietic cells, suggesting that NF-κB contributes to the di�erentiation
process. In particular, NF-κB plays a key role in the di�erentiation and activation
of monocytes and granulocytes [28, 29]. Deletion of NF-κB regulators upstream of
these NF-κB complexes appeared to be even more severe, as these components also
regulate other survival-related pathways. Besides the phosphorylation of IκBα and
subsequent NF-κB activation upon TNFα stimulation, IKK is also able to phospho-
rylate and inactivate the pro-apoptotic protein BAD on serine 32 [30]. In addition,

deletion of TAK1 resulted in a rapid induction of cell death of normal HSCs, likely

due to simultaneous inhibition of the NF-κB, JNK, p38 and ERK pathways [31].�is
e�ect is largely mediated by TNFα, as the phenotype of TAK1 knockout mice is par-
tially rescued by knockout of both TNF receptors [32, 33].�ese �ndings indicate

that a basal NF-κB activity is required for proper functioning of the hematopoietic
stem and progenitor cells.

2.3 NF-κB activity in AML

Resistance to cell death and sustained proliferative signaling are hallmarks of can-

cer development [34]. NF-κB signaling contributes to these biological process, so
constitutive NF-κB activity could result in increased proliferation and survival of
AML cells. For 15 years it has been known that NF-κB is constitutively activated
in the AML stem cell-enriched CD34+ population cells in a large percentage of
patients [35–37]. Constitutive activation of NF-κB has also been detected in various
murine AML models, including murine GMPs cells transformed by the retroviral

transduction of AML1-ETO, BCR-ABL, MLL-ENL and MOZ-TIF2 [38]. In particu-

lar, leukemia-initiating cells are marked by high NF-κB activity.�e highest IKK
activity and NF-κB activation is found in M4 and M5 AML subtypes compared to
M1 and M2 subtypes, suggesting that NF-κB is mainly increased at the monocyte
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di�erentiation stage [35].�is �nding is in line with the role of NF-κB in normal
hematopoiesis, in which monocyte di�erentiation and activation coincide with

high NF-κB activity.
Even though NF-κB activity is increased in many AML patients, increased

NF-κB signaling does not alter steady-state hematopoiesis. Overexpression of con-
stitutive active IKK or p65 in cord blood CD34+ cells did not a�ect the proliferation,
di�erentiation or self-renewal of these cells [39]. �ese �ndings suggest that in-

creased NF-κB activity is mainly required for the maintenance of AML cells, but
does not play a major role in myeloid transformation.

More importantly however, initial results with the proteasome inhibitor MG132

and IKK2 inhibitor AS602868 showed that targeting NF-κB provoked cell death
in AML cells in vitro and in vivo, whereas normal bone marrow CD34+CD38−

cells were less sensitive to NF-κB inhibition [37, 40, 41].�is indicates that AML
cells are likely more dependent on NF-κB signaling for their survival than normal
bone marrow cells.�erefore, NF-κB was proposed as an attractive candidate to be
targeted in AML. Since then, many studies have shown the important function of

NF-κB in AML cell survival and the potential role of NF-κB as a target in AML.
In the following subsections we discuss the various routes that have been pro-

posed as being involved in the constitutive activation of NF-κB. Furthermore, we
highlight how the interference in these pathways could potentially a�ect AML cell

survival.

2.3.1 nf-κb activation as direct consequence of the chromosomal

translocation/mutation

Ampli�cations or rearrangements of RelA, RelB, c-rel, NF-κB1 and NF-κB2 or mu-
tations in IκBα are o�en found in lymphomas, lymphoid leukemias and Hodgkin’s
disease [5, 42]. However, genetic alterations of these NF-κB genes have not fre-
quently been found in myeloid leukemias, suggesting that sustained activation of

NF-κB is caused di�erently in AML cells than in lymphoid malignancies [14, 43].
One of the causes of constitutive activation of NF-κB is directly related to the initial
chromosomal translocation or mutation in the myeloid leukemias (Table 2.1).

In normal hematopoietic cells it has been shown that the c-terminal region

with intact RUNT-domain of AML1 binds to IKK, thereby inhibiting the kinase

activity of IKK [44]. However, the AML1-ETO fusion product, which lacks the

c-terminal region of AML1, was no longer able to bind to IKK, which subsequently

resulted in NF-κB activation. Inhibition of NF-κB by the proteasome inhibitor
bortezomib induced cell death of transformed AML1-ETO cells, showing that

maintenance of these AML1-ETO cells is dependent on NF-κB signaling. Moreover,
the transcription factor AML-1 induced the expression of the microRNA mir-223

[45, 46], which repressed the expression of IKK1 [47]. In contrast, the fusion product

AML1-ETO also binds to the mir-223 promoter, upon which histone proteins are

aberrantly deacetylated and CpGs are methylated, resulting in altered chromatin

packaging [45]. In this context, AML1 is no longer able to bind to the mir-223

promotor, leading to decreased expression of mir-223 and likely to elevated levels
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Table 2.1: Genetic aberrations leading to increased NF-κB activation

Genetic abnormalities Proposed mechanisms resulting in

constitutive NF-κB activation
AML1-ETO translocation 1) Increased IKK activation by inhibition of

AML1 association to IKK

2) Increased IKK expression by repression of

microRNA-223

C/EBPα mutation 1) Binding to p50 promotor

2) Increased IKK expression by repression of

microRNA-223

5q deletion Increased TRAF6 and p62 expression by loss

of mir-146

BCR-ABL translocation Increased IKK2 activation by activation of

PRKD2

FLT3-ITD mutation 1) Increased TAK1 activation

2) Increased IKK2 activation

MOZ-TIF2 translocation Unknown

MLL translocations Unknown

of IKK1. �e transcription factor C/EBPα also induced the expression of mir-
223, whereas C/EBPα mutant proteins failed to express mir-223 [48], possibly
also resulting in increased expression of IKK1. Nevertheless, it remains unknown

whether loss of mir-223 in AMLs carrying the AML1-ETO fusion products or

C/EBPα mutants is directly related to decreased expression of IKK. On the other
hand, C/EBPα and C/EBPα mutants could further increase NF-κB activity by
binding to the p50 promotor, thereby elevating the expression of p50. Moreover,

p50 regulates the expression of C/EBPα, thus inducing a positive feedback loop
between C/EBPα and p50. It has also been shown that C/EBPα or C/EBPα mutants
physically interact with p50 at the promoter site of the anti-apoptotic genes BCL-

2 and C-FLIP [49–52]. Targeting this interaction might therefore abrogate the

expression of these genes and induce apoptosis in C/EBPα mutant AML cells.
Deletion of chromosome 5q also resulted in increased NF-κB activity. Mi-

croRNA mir-146, which resides on band q34, repressed the expression of TRAF6

and IRAK1 [53–55]. Recently, it was shown that loss of mir-146 in del(5q) high-risk

MDS/AML cells resulted in increased expression of TRAF6 in AML cells [56]. In-

creased NF-κB signaling led to overexpression of p62, a sca�old protein of TRAF6.
�e positive feedback loop then mediated the constitutive activation of NF-κB
in these del(5q) AML cells. However, whether loss of mir-146 also depresses the

expression of IRAK1 has not yet been investigated.

Constitutive activation of NF-κB also occurs in a BCR-ABL dependent manner.
High NF-κB activity has been observed in Ph+ CML blasts [57]. Moreover, trans-
duction of DA1 cells [58], Ba/F3 cells [57–59] or murine derived bone marrow cells

[38, 60] with BCR-ABL resulted in elevated NF-κB activity. It has been proposed
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that BCR-ABL interacts with protein kinase D2 (PRKD2) and activates PRKD2

by tyrosine phosphorylation [61]. PRKD2 is then able to activate NF-κB by phos-
phorylation of IKK2 [61], but not IKK1 [57, 61], resulting in the phosphorylation

and degradation of IκBα.�e role of NF-κB in this type of leukemia is also sup-
ported by the �nding that genetic targeting of NF-κB or pharmacologic inhibition
by anti-TNFα antibody both induced cell death in BCR-ABL transformed cells
[60, 62].

In addition, it has been observed that overexpression of FLT3 or activating mu-

tations of FLT3 (e.g. FLT3-ITD), which are both found in AML, trigger the NF-κB
pathway [36, 63]. FLT3-ITD enhanced the phosphorylation and activation of TAK1,

thereby activating the non-canonical NF-κB pathway [64]. Besides this mechanism,
direct interaction between FLT3 and IKK2 has also been observed. Binding of FLT3

to IKK2 resulted in phosphorylation and activation of IKK2, which induced the

canonical NF-κB pathway [65]. Contradictory results have been reported regarding
the suppression of constitutive NF-κB upon FLT3 inhibition. One study reported
that addition of a FLT3 inhibitor induced apoptosis in a subset of high-risk MDS

and AML cells, which coincided with a diminished NF-κB activity [65]. In contrast,
a di�erent study showed that constitutive activation of NF-κB was not changed
upon treatment with a FLT3 inhibitor [36]. However, in that study no information

was given regarding the cytotoxic e�ects in these AML cells.

As mentioned previously, MOZ-TIF2 and MLL-fusion products might also

regulate the activity of NF-κB [38]. However, the mechanism underlying the con-
stitutive activation of NF-κB by the fusion products is not known. Nonetheless,
NF-κB plays an important role in leukemic transformationmediated byMLL-fusion
proteins. It has been proposed that NF-κB activity is required for the recruitment
of MLL oncoproteins to the HOXA9/MEIS1 loci in murine transformed cells [66].

Knockdown of p65 induced cytotoxic e�ects in MLL-rearranged leukemias in vitro

and signi�cantly extended the survival of mice. However, whether the epigenetic

e�ect of MLL is also dependent on NF-κB in primary rearranged leukemias has
not yet been investigated.

2.3.2 autocrine/paracrine signaling induces constitutive nf-κb
activity

For several decades, it has been known that a proportional subset of AMLs express

high levels of various cytokines, including TNFα, IL-1 and IL-6 [67]. In line with
these �ndings, murine BM cells transduced with the MLL-AF10 oncogene also

expressed high levels of TNFα and IL-1 [68]. Secretion of TNFα also induces
AML growth in an autocrine-dependent manner [67]. Moreover, it synergizes with

IL-3 and GM-CSF to stimulate cell growth by upregulation of IL-3 and GM-CSF

receptors [69, 70]. Likewise, IL-1 secretion by AML cells has been observed, which

stimulated AML cell growth in an autocrine-feedback loop [67, 71–74]. IL-1 did

this not only by stimulating the expression of GM-CSF by AML cells, but also by

stimulating the production of GM-CSF and G-CSF by endothelial cells [73, 75].

Whereas these cytokines can stimulate their own expression via NF-κB activation,
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it is plausible that these cytokines contribute to the constitutive activation of NF-

κB observed in a subset of AML patients. Indeed, IL-1 and IL-6 secretion was
associated with NF-κB activity in primary AML cells [76]. Similarly, it has been
shown that constitutive NF-κB activation in the murine MLL-ENL, MOZ-TIF2
or BCR-ABL/NUP98-HOXA9 AML models and human CML cells is dependent

on autocrine TNFα signaling [38, 62]. Furthermore, it has been shown that TNFα
expression and secretion was mediated via activation of NF-κB, thus illustrating
the positive feedback loop between TNFα and NF-κB. Nevertheless, constitutive
NF-κB activation in primary AML cells is probably regulated at the same time by
various cytokines and chemokines, considering that the addition of neutralizing

antibodies of TNFα, IL-1 or IL-6 to AML cells did not in�uence the NF-κB activity
[36, 76].

�e crosstalk between AML and the bone microenvironment contributes to the

disease progression, and it is plausible that paracrine-related cytokines also enhance

theNF-κB activity inAML cells [77]. Recently, it has been shown that the interaction
between bone marrow stromal cells and leukemic cells via binding of vascular cell

adhesion molecule 1 (VCAM-1) to very late antigen 4 (VLA-4) induced NF-κB
activation in the leukemic cells [78]. Besides this interaction, increased SPARC

expression has also been observed in AML cells [79]. SPARC is a matricellular

protein involved in the communication with the microenvironment [80]. It was

shown that the expression is controlled by the SP1/NF-κB transactivation complex,
and that secreted SPARC activated the integrin-linked kinase/AKT (ILK/AKT)

pathway in an autocrine-dependent manner.�is resulted in increased β-catenin
activity, which regulated the self-renewal of AML cells. However, it has not been

investigatedwhether SPARCcontributes to the increasedNF-κB activity in a positive
feedback loop. Nevertheless, a combination of both autocrine and paracrine-related

cytokines could most likely be required to induce and maintain constitutive NF-κB
activation in AML cells.

2.3.3 increased expression of nf-κb signaling components induces

constitutive nf-κb signaling

Besides this increased autocrine and paracrine signaling, increased expression and

activation of multiple components of the NF-κB signaling pathway could potentially
result in constitutive activation of NF-κB (Figure 2.3). Indeed, high activity of key
components of the NF-κB pathway has been demonstrated in a wide variety of
malignancies, hematological and otherwise [5]. In recent years, increased expression

and activation of NF-κB signaling components has also been observed in AML
cells.

Firstly, overexpression of the IL-1RAP has been found in stem and progenitors

cells from AML and CML patients and has been correlated with the prognosis of

AML and MDS patients [81–84]. Furthermore, in cord blood CD34+ cells it has
been shown that IL-1RAP expression increased upon retroviral transduction of BCR-

ABL [84]. Targeting the IL-1RAP protein in AML and CML cells by anti-IL-1RAP
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Figure 2.3: Increased expression and activation of cytokines and components of
the NF-κB pathway drive constitutive NF-κB activation and inhibit apoptosis
of AML cells

antibodies induced antibody-dependent cell-mediated cytotoxicity, indicating that

IL-1RAP is a promising target for the treatment of AML [84, 85].

Secondly, increased expression and activation of IRAK1, which can be activated

by IL-1 and TLR-signaling, has been detected in high-risk MDS and AML cells

[86]. Inhibition of IRAK1 by an IRAK inhibitor repressed NF-κB activation and
suppressed MDS growth in vitro and in vivo. Moreover, simultaneous inhibition of

IRAK and BCL-2 induced a synergistic cytotoxic e�ect, showing that IRAK1 could

also be a potential target.

�irdly, it has been suggested that inhibition of TAK1 could be a therapeutic

option in the treatment of AML [87]. TAK1 is frequently overexpressed in primary

AML cells, and genetic or chemical suppression of TAK1 induced apoptosis of AML

cells in vitro and vivo. TAK1 inhibition suppressed multiple downstream pathways,

including NF-κB, ERK, JNK and p38. Cell deathmediated by TAK1 inhibition could
at least partially be rescued by NF-κB overexpression, suggesting an important role
of NF-κB downstream of TAK1 activity. However, upon TAK1-depletion multiple
signaling pathways, including JNK, are suppressed, which might contribute to the
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cytotoxic e�ect. In line with this hypothesis, it has been found that simultaneous

inhibition of NF-κB and JNK has a synergistic e�ect in TNFα-expressing AML
cells [88]. In addition, BTK which activates NF-κB downstream of TLR signaling is
highly expressed and constitutively phosphorylated in AML [89].

Together, these �ndings suggest that components within the NF-κB signaling
pathway contribute to the ongoing activation of NF-κB in AML cells. However,
the molecular mechanism underlying the increased expression of most of these

NF-κB signaling components in AML is still largely unknown. miRNAs might
play an important role in the decreased expression of many of the NF-κB signaling
components. Indeed, deletion or downregulation of NF-κB-related miRNAs has
been found in various hematological malignancies [5, 90]. As mentioned previously,

decreased expression of miRNAs could result in increased expression of TRAF6

and IKK. However, further studies are warranted to unravel the role of miRNAs on

the expression of the di�erent components within the NF-κB signaling pathway.
Regulators cooperating with the NF-κB complex in gene activation could po-

tentially also play a role in the constitutive activation of NF-κB. BRD4 has been
implicated as playing an important role in leukemia maintenance. Inhibition of

BRD4 by using short hairpins signi�cantly delayedMLL-AF9/NRASG12D leukemic

outgrowth in mice [91]. Secondly, targeting of BRD4 by the chemical compounds

JQ1 and IBET-151 induced apoptosis in primary leukemic cells and prolonged the

survival of mice in MLL-AF4 and MLL-AF9 leukemia models [91, 92].�e e�ect of

BRD4 inhibition on the survival of AML cells might be due partly to its association

with NF-κB. Recently, it has been shown that constitutive activation of NF-κB in
cancer cells is maintained by the binding of p65 to BRD4, thereby suppressing

the ubiquitination of p65 and its degradation by the proteasome [19]. In addition,

the e�ect of the BRD4 inhibitor IBET-151 is partially mediated via inhibition of

BCL-2, a key target gene of NF-κB [92]. Moreover, TNFα addition and subsequent
NF-κB activation resulted in the formation of new super enhancers.�ese super
enhancers are hyperacetylated and have high levels of BRD4 at the expense of the

basal super enhancers [93].�ese data could indicate that leukemic cells that have

gained constitutively activated NF-κB mediated by TNFα are more dependent on
speci�c super enhancers. However, future studies are required to further illuminate

the importance of NF-κB as an e�ector in BRD4-mediated gene transcription.

2.3.4 increased proteasomal activity is related to constitutive nf-κb
activity

Protein homeostasis is essential for eukaryotic cells and is mediated by a tightly regu-

lated synthesis and breakdown of proteins. It was recently reported that an increased

or decreased protein synthesis rate largely impaired the function of HSCs, indicating

that the synthesis rate of proteins is a highly controlled process in hematopoietic

stem cells [94]. �e degradation of proteins is on the other hand mediated via

lysosomes and the ubiquitin-proteasome system. Whereas the lysosomal pathway is

not selective, the ubiquitin-proteasomal pathway selectively degrades ubiquitinated

proteins.�e 26S proteasome complex has a barrel-like structure and is composed
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Table 2.2: Novel targets and agents that inhibit NF-κB activity

Targets Compounds

TAK1 5z-7-oxozeaenol, AZ-TAK1, NG25 [87, 100]

IRAK1 Pacritinib [101]

BRD4 JQ-1, IBET-151 [91, 92]

FLT3 Second-generation inhibitors quizartinib (AC-220),

crenolanib (CP-868596) and PLX3397 [102]

BTK Ibrutinib [89]

Proteasome Second generation inhibitors car�lzomib and oprozomib [103]

of two outer α-rings and two central β-rings (20S), each formed by seven subunits
and two regulatory caps (19S) that bind to ubiquitinated proteins. Proteolysis is

mediated via the β1/PSMB6, β2/PSMB7 and the β5/PSMB5 subunits, which have
respectively a caspase-like, trypsin-like and chymotrypsin-like activity. Due to its

important role in the degradation of proteins, the proteasome is critically involved

in many cellular processes, such as proliferation, apoptosis, DNA repair and possi-

bly carcinogenesis [95]. Proteasomal activity is directly related to NF-κB activity
via the degradation of ubiquitinated phosphorylated IκBα, as described above.
Besides this constitutive proteasome, hematopoietic cells also contain an immuno-

proteasome variant, which has three catalytic subunits, β5i/PSMB8, β1i/PSMB9
and β2i/PSMB10 [96, 97].�e immunoproteasome has been recognized as playing
an important role in antigen presentation. Increased expression and activity of the

proteasome has been observed in leukemic cells compared to normal hematopoietic

cells [98, 99]. In addition, we have observed increased expression of 9 out of the

17 proteasome subunits in AML cells by comparing 66 AML CD34+ patient cells
versus 22 NBM CD34+ cells by microarray [82, 83]. Furthermore, we also detected
increased proteasome activity in AML CD34+ cells compared to NBM CD34+ cells.
Increased proteasome activity has also been observed in leukemia-initiating cells

(LICs) from murine MLL-ENL, MOZ-TIF2 or BCR-ABL/NUP98-HOXA9 models

[38]. Importantly, it has been shown that these elevated levels of proteasome activity

are related to increased NF-κB activity in a TNFα-dependent manner.

2.4 Targeted therapy of NF-κB signaling pathways

Unraveling the molecular mechanism of constitutive NF-κB activation is required
to elucidate novel approaches to inhibit NF-κB activity in AML. As described above,
various regulators that induce NF-κB activity, such as IRAK1, TAK1 and IKK, have
been found to be potential targets for the treatment of AML (Table 2.2). However,

proper validation in in vivomodels using primary AML cells is needed to determine

the functionality of these inhibitors on AML stem cells. In addition, further insight

into the cooperation of NF-κB and BRD4 in gene transcription will be important
to determine the extent to which the cytotoxic e�ects of the BRD4 inhibitors JQ1

and IBET-151 in AML are mediated via repression of NF-κB.
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Besides these novel strategies, proteasomal inhibition has already been studied

in more detail. Interestingly, the �rst compound that has been shown to inhibit

NF-κB activity in AML cells is the proteasome inhibitor MG-132, which induced
apoptosis in AML CD34+ cells while sparing normal CD34+ cells [37].�e �rst pro-
teasome inhibitor that showed clinical e�ectiveness inAMLpatientswas bortezomib,

which primarily binds reversibly to the β5-subunit and blocks the chymotrypsin-
like activity of the proteasome [104–106]. However, AML stem cells are largely

insensitive to bortezomib, which might be due to improper reduction of NF-κB
activity and upregulation of the anti-apoptotic protein MCL-1 in AML CD34+ cells
[107]. Furthermore, neurotoxicity has been observed frequently, warranting the

need for other proteasome inhibitors [108]. Recently, the second-generation protea-

some inhibitors car�lzomib and its orally bio-available derivate oprozomib have

been developed.�ese epoxyketone derivates bind irreversibly to the β5-subunit of
the immuno(proteasome), which might increase the e�cacy of these compounds

by inhibiting the proteasome activity for a longer period [103]. Clinical activity of

car�lzomib has been observed in bortezomib-refractory and bortezomib-relapsed

multiplemyeloma patients, and less severe side e�ects compared to bortezomib have

been seen up to now [109–111]. In vitro experiments have shown that car�lzomib

also induces apoptosis in AML blasts [112, 113]. Sensitivity of AML blasts is related

to a high ratio of immunoproteasome levels compared to constitutive proteasome

levels, which is likely due to the increased a�nity of the second generation inhibitors

to the immunoproteasome [97, 114]. Furthermore, we have recently shown that

car�lzomib e�ectively induces apoptosis in primitive leukemic cells. In our study,

the in vitro stem cell frequency was decreased upon car�lzomib treatment.�is

coincided with a reduction in quiescent CD34+CD38− cells. However, the clinical
e�ectiveness of the second-generation proteasome inhibitors in AML patients, and

accordingly in AML stem cells, has yet to be determined. It will also be important

to evaluate the combination of proteasome inhibitors with MCL-1 inhibitors such

as obatoclax, since the degradation of the anti-apoptotic protein MCL-1 is also

dependent on the proteasome activity.

Inhibition of BTK could be another potential strategy for the treatment of AML.

�e irreversible BTK inhibitor ibrutinib has already been evaluated in phase 1 and

2 clinical studies, in which it showed cytotoxic e�ects in a variety of hematological

malignancies, including CLL [115, 116]. In accordance with these results, ibrutinib

induced cell death in primary AML cells, which coincided with decreased NF-κB,
AKT and ERK activity [89]. BTK is also an important regulatory component of B

cell receptor (BCR) signaling. However, it is currently unknown whether inhibition

of BCR signaling in AML cells by ibrutinib plays a role in its cytotoxic e�ects.

As described above, overexpression of FLT3 or activating mutations of FLT3

triggered theNF-κB pathway [36, 63]. To further elucidate themechanism-of-action
of FLT3-inhibitors such as AC-220 [117], it would be interesting to study whether

FLT3 inhibitors induce cytotoxicity in AML cells via repression of NF-κB.
Regarding the clinical application of these various inhibitors, it will be nec-

essary to investigate the relationship between the cause of NF-κB activation and
the clinical responsiveness of the inhibitors. For example, it has been observed
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that TNFα-dependent growth of AML cells is not repressed by BTK inhibition. A
possible explanation is that the repression of NF-κB signaling by BTK inhibition
is compensated by constitutive activation of NF-κB via TNFα.�is suggests that
ibrutinib most likely has higher e�cacy in AML cells expressing low levels of TNFα.
In contrast, GM-CSF-, G-CSF- or IL-3-dependent growth was inhibited upon ibru-

tinib addition, as these cytokines do not activate NF-κB, or activate it to a lesser
extent than TNFα [89, 118].
At present it is also unknown whether increased levels of BTK or IRAK1 directly

correlate with the sensitivity of AML cells to ibrutinib or to IRAK1 inhibitors.

Elucidating these correlations will be essential for the use of these inhibitors in the

clinic.

In conclusion, understanding the various molecular mechanisms resulting in

constitutive NF-κB activation has provided novel targets to inhibit NF-κB activity.
Future research will be necessary to validate the importance of these targets. In

addition, unraveling the exact role of the binding partners, such as BRD4 and

CBP/p300 in NF-κB mediated transcription, might lead to the identi�cation of
novel strategies to inhibit NF-κB.
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CHAPTER3
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the accumulation ofMCL-1
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Abstract – Sustained NF-κB activation is o�en observed in Acute Myeloid
Leukemia (AML) and proteasome inhibition has therefore been proposed to e�-
ciently target AML cells. In the present study, we questioned whether leukemic
stem cell enriched CD34+ cells are sensitive to the proteasome inhibitor bortezomib.
Surprisingly, we observed in short-term and long-term culture assays that CD34−

AML cells were more sensitive to bortezomib treatment compared to the CD34+

AML cells at a clinical relevant dosage. Co-treatment with the apoptosis inducing
cytokine TRAIL did not further enhance cell death in CD34+ AML cells in contrast
to the e�ects in AML cell lines. �e better survival of CD34+ AML cells upon borte-
zomib treatment was due to a persisting NF-κB activity which could be overcome
by the IKK inhibitor BMS-345541. �is di�erence in sensitivity might be related to
di�erences in NF-κB activation in AML CD34+ versus CD34− cells as suggested
by a gene expression pro�ling study. Besides NF-κB, MCL-1 strongly determines
the e�ectiveness of bortezomib. MCL-1 accumulated in CD34+ AML cells upon
bortezomib treatment and inhibition of MCL-1 by shRNA or obatoclax, signi�cantly
improved the sensitivity of CD34+ AML cells to bortezomib. �ese results demon-
strate that combining bortezomib with speci�c NF-κB or MCL-1 inhibitors might
potentially target the leukemic stem cells.

3.1 Introduction

Acute myeloid leukemia (AML) patients still have an unfavourable prognosis due to

high incidence of relapse following intensive chemotherapy. It has been suggested

that a small population of leukemic stem cells survives the treatment and that

these cells are responsible for the sustained leukemic outgrowth and relapse of

the disease [1, 2]. �erefore, new therapeutic options have to be examined in

order to target these leukemic stem cells, and investigating drugs that induce cell

death by di�erent cellular pathways might be worth pursuing. �e proteasome

pathway plays an important role in the process of apoptosis [3–6].�e proteasome

complex is involved in the degradation of ubiquitinated proteins such as Iκ-Bα,
leading to NF-κB activation. Because NF-κB is frequently constitutively activated
in AML (stem) cells [7, 8], proteasome inhibition has been proposed to e�ciently

target leukemic stem cells.�e proteasome inhibitor MG-132 induces cell death

in patient AML cells but this agent has a poor stability and bioavailability and is

less speci�c than the proteasome inhibitor bortezomib [6, 7, 9]. Bortezomib has

an inhibitory e�ect in AML cells and is able to e�ciently target chronic myeloid

leukemic stem cells in vitro as well as in vivo [10–14]. Whether AML stem cells can

also be targeted with bortezomib is currently unclear, although clinical studies in

patients have been initiated [15–17]. However, the presence of (activated) NF-κB is
not a guarantee for the e�ectiveness of bortezomib; in mantle cell lymphoma and

chronic lymphocytic leukemia limited cytotoxicity has been observed despite the

expression and activation of NF-κB in these cells [18–21].�is might be the result of
stabilization of the anti-apoptotic protein MCL-1, thereby limiting the e�ectiveness

of bortezomib [21, 22]. �erefore it is likely that the e�cacy of bortezomib can

be improved when it is combined with agents that trigger alternative cell death
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pathways. It has been demonstrated that TRAIL (Tumor necrosis factor-related

apoptosis inducing ligand) is able to induce apoptosis by interacting selectively with

death receptors 4 and 5 (DR4 and DR5) [23, 24]. Upon TRAIL binding, the death

inducing signaling complex (DISC) is assembled which leads to the activation of the

caspase cascade and eventually to cell death. Combining TRAIL with bortezomib

has been proposed to e�ciently target AML cells [12, 23, 25, 26]. In the present study

we investigated the cytotoxic e�ects of bortezomib and TRAIL on primary AML

cells by studying separately the stem cell enriched CD34+ cells versus the more
mature CD34− AML cells.�e results demonstrated that the cytokine TRAIL did
not induce cell death in primary AML cells. Furthermore, CD34− AML cells were
most sensitive to bortezomib compared to CD34+ AML cells due to inadequate
inhibition of NF-κB activity in CD34+ AML cells. E�ectiveness of bortezomib was
further limited in AML CD34+ cells by accumulation of the anti-apoptotic protein
MCL-1. Combining bortezomib with NF-κB or MCL-1 inhibitors strongly inhibited
the survival of the stem cell enriched CD34+ AML cell fraction, suggesting a new
opportunity for the treatment of AML patients.

3.2 Material and methods

3.2.1 cell culture

�e human promyelocytic leukemia cell lineHL-60, the humanmonocytic leukemia

cell line MOLM13 and the erythromyeloblastoid leukemia cell line K562 were cul-

tured in RPMI 1640 supplemented with 10% FBS.�e human monocytic leukemia

cell line Oci-AML3 was cultured in RPMI 1640 supplemented with 20% FBS. Cell

viability was assessed using WST-1 assay (Roche Applied Science). In short, cells

were seeded in 96 wells plates and incubated with rhTRAIL (produced and puri�ed

as described) [27], 20 nM bortezomib (Velcade, Jansen-Cilcag) or the combination

of both. A�er 24 hrs of incubation at 37○C and 5% CO2, 20 µL of WST-1 reagent
was added. Cell viability was determined a�er 2 hrs by measuring the absorption at

490 nm using a microplate reader (�ermo Labsystems).

3.2.2 primary aml cells and long term cultures on stroma

AML blasts from peripheral blood cells were studied a�er informed consent in

accordance with the Declaration of Helsinki; the protocol was approved by the

Medical Ethics Committee. AML mononuclear cells were isolated by density gradi-

ent centrifugation, and CD34+ cells were selected by MiniMacs (Miltenyi Biotec,
Amsterdam, the Netherlands) or cell sorting. In general, the purity of the CD34+

and CD34− cell fractions was 90-95%. Cells were incubated for 24 hrs with 100
ng/mL rhTRAIL, 20 nM bortezomib, 5 µM BMS-345541 (Sigma-Aldrich) and/or 5
µM obatoclax mesylate (Selleckbio). Cell viability was assessed by microscopical
analysis using tryphan blue exclusion and/or by WST-1 assay. �erea�er 40.000

cells were expanded on MS5 stromal cells in long-term culture (LTC) medium

(αMEM supplemented with heat-inactivated 12.5% FCS, heat-inactivated 12.5%
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horse serum [Sigma, Zwijndrecht, the Netherlands], penicillin and streptomycin,

2 mM glutamine, 57.2 µM β-mercaptoethanol [Sigma] and 1 µM hydrocortisone
[Sigma]) with interleukin 3 (IL-3; Gist-Brocades, Del�, the Netherlands), granu-

locyte colony-stimulating factor (G-CSF; Rhone-Poulenc Rorer, Amstelveen, the

Netherlands), and thrombopoietin (TPO; Kirin, Tokyo, Japan) (20 ng/mL each) as

described previously [28, 29]. Cultures were kept at 37○C and 5% CO2. Cultures
were demipopulated weekly for analysis. �e leukemic origin of the expanding

cultures was established by performing polymerase chain reaction (PCR) analysis

for the presence of genetic marker FLT3-ITD and by morphological analysis of the

cells by May-Grünwald Giemsa staining of cytospins.

3.2.3 flow cytometry analysis

Antibodies were obtained from Beckton Dickinson (Alphen a/d Rijn,�e Nether-

lands). Cells were incubated with antibodies at 4○C for 30minutes. All �uorescence-
activated cell sorter (FACS) analyses were performed on a FACScalibur (Becton

Dickinson) and data was analyzed using FlowJo 7.6.1. Cells were sorted on aMoFLo-

XDP or Astrios (DakoCytomation, Carpinteria, CA, USA).

3.2.4 lentiviral transductions

Oligos containing theMCL-1 hairpin (5’-GCTAAACACTTGAAGACCATA-actcgaga-

TATGGTCTTCAAGTGTTTAGCTTTTT-3’, Invitrogen) were annealed and cloned

into the pTRIP vector, containing GFP, using the AscI and SbfI restriction sites [30].

�e 2.5× 106 293T Human Embryonic Kidney cells were transduced with 3 µg plas-
mid cytomegalovirus ∆8.91 (pCMV d8.91), 0.7 µg pVSV-G and 3 µg pTRIP MCL-1
shRNA. A�er 24 hrs medium was changed to hematopoietic progenitor growth

medium (HPGM) (Cambrex) and a�er 12 hrs supernatant containing lentiviral

particles was harvested and stored at −80○C. Oci-AML3 cell lines were transduced
in one round. AML blasts were transduced in three consecutive rounds of 8 to

12 hours with lentiviral supernatant supplemented with 10% fetal calf serum, 20

ng/ml IL-3, G-CSF and TPO, and Polybrene (4 µg/mL). Transduction e�ciency
was measured by FACS analysis. Knockdown was investigated by quantitative

reverse-transcription-polymerase chain reaction and western blot.

3.2.5 ltc-ic assays in limiting dilutions

Leukemic LTC-IC assays were performed as described previously [29]. Brie�y, LTC-

IC assays were done by plating rhTRAIL, bortezomib or combined treated AML

CD34+ cells in limiting dilutions in the range of 10 to 10000 cells per well on MS5
stromal cells in 96-well plates in LTC medium. Cultures were demi-depopulated

weekly, and a�er 5 weeks, the presence of cobblestone-area forming cells was ana-

lyzed in each well.�e frequency of leukemic stem cell was calculated based on

the total amount of cells plated in each well and the frequency of cobblestone area

forming cells per well.
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3.2.6 cfse viability assay

10× 106 HL60 cells were washed with PBS and labeled with 10 µMCFSE (Molecular
Probes Europe, Leiden, the Netherlands) for 10 minutes at 37○C.�e reaction was
stopped by the addition of 5 volumes of FBS, followed by a 2-minute incubation

at ice. A�er 3 consecutive washes the CFSE-labeled cells were resuspended in

RPMI supplemented with 10% FBS and incubated for 2 days at 37○C and 5% CO2.
CFSEhigh and CFSElow cells were sorted and resuspended in RPMI supplemented

with 10% FBS. A�er 2 hours, cell viability was assessed by performing aWST-1 assay

(Roche).

3.2.7 nf-κb assay

NF-κB activity was measured by ELISA using the TRANS-AM NF-κB p65 Tran-
scription Factor Assay Kit (Active Motif, North America, Carlsbad, CA) following

the manufacturer’s recommendations. In short, nuclear extracts were prepared

from AML CD34+ and AML CD34− cells before and a�er treatment with 20 nM
bortezomib. Protein concentration was measured by Bradford and equal amount of

extracts were incubated in a 96 wells plate coated with oligonucleotides containing

a p65 binding site. Binding was quanti�ed by addition of p65 antibody and visu-

alized by addition of anti-IgG HRP. Absorbance was measured at 450 nm using a

microplate reader (�ermo Labsystems).

3.2.8 real time polymerase chain reaction

For RT-PCR of MCL-1, total RNA was isolated from 1 × 106 cells using the RNeasy
kit from QIAGEN (Venlo,�e Netherlands) according to the manufacturer’s recom-

mendations. 250 ng of RNA was reverse transcribed with MMLV reverse transcrip-

tase (Biorad). Obtained cDNA was real-time ampli�ed using primer sequences

CCAAGAAAGCTGCATCGAAC (MCL-1 forward) and TATGCCAAACCAGCTC-

CTAC (MCL-1 reversed) in iQ SYBR Green supermix (Biorad) with the MYIQ

thermocycler (Biorad). RPL27 was used as a housekeeping gene with the primer

sequences TCCGGACGCAAAGCTGTCATCG (RPL27 forward) and TCTTGCC-

CATGGCAGCTGTCAC (RPL27 reversed).

3.2.9 western and antibodies

�e following antibodies were used for Western blotting: MCL-1 (Calbiochem,

AM50 (RC13)) and ACTIN (C4) (Santa Cruz Biotechnology).

3.2.10 micro-array analysis

Gene expression pro�ling of in total 112 samples was performed previously using

the Illumina HumanHT-12 Expression BeadChips [31]. �ese 112 samples were

divided as follows: 62 AML CD34+, and 50 AML CD34− samples. All samples were
corrected for background using Illumina GenomeStudio and then jointly forced to
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Figure 3.1: Bortezomib sensitized AML cell lines to TRAIL-induced cell death
A) HL60 cells, B) MOLM13 cells, C) K562 cells and D) OCI-AML3 cells were incubated

with TRAIL alone or combined with bortezomib (5 nM) and a�er 24 hrs cell survival was

measured. ⋆ p < 0.05
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positive values, normalized and transformed using the R packages Bioconductor

and Lumi [32, 33]. Probes with a detection p-value larger than 0.01 in all samples,

as provided by GenomeStudio, were deleted. Log2 transformation and quantile

normalization were applied. As a measure of quality control we performed a prin-

cipal component analysis (PCA) on the correlation matrix of all 112 samples [34].

�e �rst component was removed from the data [35]. To ensure reliability and

reproducibility of the results we used multivariate permutations (MP) to determine

the signi�cance of our results.

3.2.11 statistical analysis

All values are expressed as means ± SE.�e Student t test was used for all other
comparisons. Di�erences were considered statistically signi�cant at P ≤ 0.05.

3.3 Results

3.3.1 the cytotoxic effects of bortezomib in primary aml cells cannot

be promoted by trail and is predominantly observed in the cd34−

aml cell fraction

�e leukemic cell lines HL60, MOLM13, K562 and Oci-AML3 were incubated

with bortezomib, TRAIL or the combination to investigate whether the cytotoxic

e�ects of bortezomib can be improved by combining it with TRAIL which makes

use of alternative cell death pathways. �e HL60, MOLM13 and K562 cell lines

were susceptible for the cytotoxic e�ects of TRAIL in a concentration dependent

manner, which could further be promoted by combining it with a low concentration

of bortezomib (Figure 3.1A-3.1C).�e Oci-AML3 cells were insensitive to TRAIL

treatment alone but the AML cells could be sensitized by co-exposure to bortezomib

(Figure 3.1D). In view of the e�cacy of bortezomib and TRAIL in all the cell lines

tested, their e�ects were also studied on primaryAMLpatient cells in short-term and

long-term cultures (n = 19, Supplementary Table 3.2). Here, we used a concentration
of 20 nM of bortezomib, which is a more clinically relevant dosage; a concentration

5 fold lower than the maximum tolerated dose in humans [25, 36].�e short-term

cultures demonstrated that bortezomib (20 nM) induced a cytotoxic e�ect in 74%

of samples (> 25% cell death compared to untreated samples) while the addition of
TRAIL (100 ng/mL) did not further promote the bortezomib-mediated e�ects in

the majority of cases, in contrast to the observed e�ects in cell lines (Figure 3.2A).

However, it appeared that not all the primary AML cells had the same susceptibility

to bortezomib treatment. By using the mononuclear cell fraction (n = 5), we
observed that upon bortezomib addition the CD34+ percentage within the total
population of AML cells increased by 16% a�er 24 hrs. In addition, by sorting the

AML cell fraction (n = 6) in CD34+ versus CD34− AML cells, it was observed that
particularly the CD34+ AML cell fraction was less sensitive for the cytotoxic e�ects
of bortezomib (survival of CD34+ AML versus CD34− AML cells was 75% ± 18%
versus 45% ± 18%, p = 0.03, Figure 3.2B). We also determined leukemic stem cell
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Figure 3.2: Cytotoxic e�ects of bortezomib were observed in majority of pri-
mary AML samples but CD34+ AML cells were less sensitive for bortezomib
treatment
A) Primary AML samples (n = 19) were incubated with TRAIL (100 ng/mL), bortezomib (20
nM) or the combination and cell survival was determined B) Primary AML samples (n = 6)
were puri�ed by column for CD34 expression and incubated with bortezomib (20 nM) for

24 hrs and cell survival was quanti�ed
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Figure 3.3: Bortezomib resistance could not be assigned to bortezomib being
less e�ective in non-dividing cells
HL60 cells were incubated with CFSE and sorted in CFSE

bright
and CFSE

dim
cell populations.

Bortezomib was added for 24 hrs and cell survival was determined and demonstrated no

signi�cant di�erence between CFSE bright and dim cells

frequencies in AML LTC-IC assays in limiting dilution (n = 10). In line with the
limited sensitivity of AML CD34+ cells to bortezomib in short-term culture assays,
we observed also that the AML LTC-IC frequencies were not changed by the short

term bortezomib treatment. (relative frequencies: untreated = 1 ± 0.36, TRAIL =
0.99 ± 0.38, p = 0.95, bortezomib = 0.76 ± 0.27, p = 0.11). Similarly, no di�erence
was observed when bortezomib was combined with TRAIL. �e di�erence in

susceptibility of CD34+ versus CD34− AML cells for bortezomib might be related
to a di�erence in cell quiescence. To investigate this possibility, HL60 cells were

used as model system and stained with CFSE. CFSEhigh cells are the non-dividing

cell population, which did not divide within 6 days but were still able to form

colonies (data not shown). Interestingly, these cells were as e�ectively targeted as

the dividing CFSElow cells (Figure 3.3).

3.3.2 nf-κb activity is predominantly inhibited by bortezomib in

primary cd34− aml cells

Since the cytotoxicity of bortezomib was di�erent in CD34+ and CD34− AML cells,
we evaluated whether bortezomib a�ected NF-κB activity in AML cells in distinct
ways. Nuclear extracts were prepared from CD34+ and CD34− AML cells (n = 6)
before and a�er addition of bortezomib and active p65 was measured.�e NF-κB
activity was equally highly elevated in CD34+ and CD34− AML cells before addition
of bortezomib. Reduction in NF-κB activity upon bortezomib treatment was most
pronounced in CD34− AML cells (1.77-fold reduction versus 1.18-fold reduction in
the CD34− and CD34+ AML cells respectively, p = 0.05, Figure 3.4A). It appeared
that the remaining NF-κB activity in the CD34+ AML contributed to the higher
survival of the CD34+ AML population.�e IKK inhibitor BMS-345541 (5 µM)
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Figure 3.4: NF-κB activity is predominantly inhibited by bortezomib in primary
CD34− AML cells
A) Primary AML CD34

+
and CD34

−
cells were treated with bortezomib (20 nM) during

24 hrs. Nuclear extracts were prepared from both cell populations and NF-κB activity was
measured using p65 ELISA B) Primary AML cells were treated with bortezomib (20 nM),

the IKK-inhibitor BMS-345541 (5 µM) or the combination of both

in combination with bortezomib reduced the cell survival of CD34+ AML cells to
similar levels seen in CD34− AML cells while the survival of these cells was not
a�ected by co-addition of BMS-345541 to the bortezomib treatment (Figure 3.4B).

�e discrepancy in response of NF-κB activity upon bortezomib addition in
CD34+ and CD34− AML cells might be due to a di�erence in NF-κB activation in
these cells. To study this inmore detail we analyzed the results of a recent performed

micro-array study by comparing CD34+ and CD34− AML cells with normal bone
marrow CD34+ cells. �e results showed that a panel of cytokines, chemokines
or cytokine-receptors are strongly upregulated (1.4-8.4 fold) in CD34− AML cells
compared to CD34+ AML cells (Table 3.1). 13 out of 14 of these ligands/receptors
can induce NF-κB activation, suggesting alternative NF-κB activation pathways in
CD34+ and CD34− AML cells.
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Table 3.1: Gene array data comparing CD34+ and CD34− AML cells [31]
Represented cytokineswhich are signi�cantly upregulated inCD34

−
AMLcells versusCD34

+

AML cells

fold change

Gene name AML CD34−/ p-value De�nition

CD34+ cells
IL32 8.44 6.63×10−27 Interleukin 32

IL18RAP 5.41 2.60×10−22 Interleukin 18 receptor accessory protein

CCL5 5.34 7.61×10−15 Chemokine(C-C motif) ligand5

CCL5 5.56 7.69×10−15 Chemokine(C-C motif) ligand5

CX3CR1 6.65 1.25×10−13 CX3C chemokinereceptor 1

IL6 2.71 9.05×10−12 Interleukin 6

IL23A 1.73 7.86×10−10 Interleukin 23 subunit alpha

CX3CR1 2.28 2.86×10−9 CX3C chemokinereceptor 1

CXCL16 3.75 4.11×10−9 Chemokine(C-C motif) ligand16

IL18BP 1.77 2.08×10−7 Interleukin 18-binding protein

CXCR3 1.71 3.65×10−7 Chemokine(C-C motif) receptor 3

IL16 1.37 6.71×10−6 Interleukin 16

IL17RA 1.72 9.15×10−5 Interleukin 17 receptor A

IL15 1.70 2.14×10−4 Interleukin 15

TNF 2.44 3.29×10−4 Tumor necrosis factor

3.3.3 mcl-1 inhibition sensitizes primary aml cells to

bortezomib-induced cell death

�e moderate cytotoxic e�ects of bortezomib on the total AML cell population, and

in particular on AML CD34+ cells, may also be caused by alternative anti-apoptotic
programs initiated or stabilized following bortezomib treatment thereby limiting

the e�ectiveness of bortezomib. As depicted in Figure 3.5A MCL-1 protein accu-

mulated signi�cantly upon bortezomib treatment in primary CD34+ AML cells
(n = 2, Supplementary Table 3.2, patient 4 and 17). Interestingly, we also observed in-
creased accumulation of MCL-1 in the AML CD34− cells (n = 2, unpublished data),
suggesting that MCL-1 is a common target of the proteasome in both AML CD34+

as well as AML CD34− cells. To determine whether accumulation of MCL-1 has
an anti-apoptotic function, Oci-AML3 cells were transduced with MCL-1 shRNA

and exposed to bortezomib. In SCR transduced cells, again an accumulation of

MCL-1 protein was observed a�er bortezomib addition, whereas the MCL-1 hairpin

signi�cantly reduced MCL-1 RNA and protein expression (Figure 3.5B/3.5C). More-

over, MCL-1 downmodulation resulted in a more than 2-fold increased sensitivity

to bortezomib compared to control transduced cells (IC50 = 5.5 nM versus 12.2

nM) (Figure 3.5D).�ese e�ects were speci�c for bortezomib since Oci-AML3 cells

treated with TRAIL did not induce a change in cell survival when combined with

the MCL-1 shRNA. Similarly, primary CD34+ AML cells (n = 5) were transduced
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Figure 3.5:MCL-1 is stabilized upon bortezomib addition and targeting MCL-1
enhanced bortezomib induced cell death
A) Primary CD34

+
AML cells (n = 2) were incubated with bortezomib (20 nM) and a�er 24

hrs cells were harvested for western blot B) Quantitative PCR for MCL-1 of MCL-1 RNAi-

transduced Oci-AML3 cells C) MCL-1 RNAi transduced Oci-AML3 cells were incubated

with bortezomib (5 nM) and a�er 24 hrs cells were harvested for western blot D) MCL-1

RNAi transduced Oci-AML3 were incubated with bortezomib and cell survival was analyzed

a�er 24 hrs E) Primary CD34
+
AML cells (n = 5) were transduced with MCL-1 RNAi and

incubated with bortezomib (20 nM) and cell survival was detected a�er 24 hrs F) Primary

CD34
+
AML cells (n = 4) were treated with bortezomib, obatoclax and the combination of

both for 24 hrs and cell survival was measured
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with the MCL-1 hairpin and demonstrated a 2 fold decrease in cell survival fol-

lowing bortezomib treatment compared to SCR hairpin transduced cells (Figure

3.5E). Comparable results were also obtained with obatoclax which targets BCL-2

family members, including MCL-1. Primary CD34+ AML patient cells (n = 4)
exposed to bortezomib and obatoclax (5 µM) showed a signi�cantly enhanced cell
death compared to each agent separately (cell survival a�er bortezomib 71% ± 7%,
obatoclax 52% ± 13%, combination 33% ± 7%, p < 0.05) (Figure 3.5F).

3.4 Discussion

�e treatment of AMLpatients consists of di�erent courses of chemotherapy thereby

targeting distinct cell cycle and cell death pathways to optimize the cytotoxicity for

the leukemic compartment. In the present study we studied whether the cytotoxic

e�ects of bortezomib on the stem cell-enriched AML CD34+ cell fraction could be
enhanced by targeting the anti-apoptotic protein MCL-1 or by co-treatment with

TRAIL.

Bortezomib, used at a clinically relevant dosage, induced cell death in a large

panel of primary AML cells in accordance with recent data from Rushworth et al.

[14]. Residual resistance in some AML samples was proposed to be attributed to

high levels of NRF2, which prevented bortezomib induced accumulation of ROS

[14]. However, we observed that particularly the CD34− AML fraction was sensitive
to bortezomib treatment, while the e�ects on the leukemic-stem cell-enriched

CD34+ AML fraction were not signi�cant. It appeared that NF-κB activity and
MCL-1 accumulation but not the cell cycle status, are important determinants for

this resistance of CD34+ AML cells towards bortezomib. High NF-κB activity is a
distinct property of AML cells and can be induced by the autocrine or paracrine

production of cytokines or due to activating mutations such as FLT3-ITD [37, 38].

We also demonstrated that NF-κB was highly activated in AML cells, but the basal
NF-κB activity was not di�erent between the CD34+ versus CD34− AML cells.
Interestingly, the degree of downregulation upon bortezomib treatment was less

pronounced in CD34+ AML cells.�is suggests that separate regulatory NF-κB
pathways are involved in both cell types which are e�ciently blocked in CD34−

AML cells compared to CD34+ AML cells. It has indeed been suggested that
multiple NF-κB pathways exist in di�erent cell types and that the recently identi�ed
’proteasome inhibitor’-resistant (PIR) pathway might prevent degradation of NF-κB
upon bortezomib addition [20, 39, 40].

Here, gene array studies demonstrated that cytokines and chemokines that

trigger NF-κB activation are signi�cantly higher expressed in CD34− AML cells
versus CD34+ AML cells. �is cytokine/chemokine pro�le might represent and
activate the canonical NF-κB pathway in CD34− AML cells, while the PIR pathway
might be more present in CD34+ AML cells.
Since increasing the dosage of bortezomib is from a clinical perspective not

possible, we investigated alternative options to improve the e�ectiveness of borte-

zomib. A strong accumulation of the anti-apoptotic protein MCL-1 was noticed
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following treatment of bortezomib. MCL-1 belongs to the family of mitochondrial

BCL-2-family and is highly expressed in various subtypes of AML, which is in

accordance with the data in our gene array set comparing CD34+ AML and CD34+

normal bone marrow cells [31, 41]. In normal hematopoiesis MCL-1 is required

for the survival of hematopoietic stem cells and is involved in the self-renewal of

these cells [42, 43]. Several studies have also shown that MCL-1 is necessary for the

survival and outgrowth of mouse and human AML cells [41, 44–47]. It has recently

been suggested that upregulation of MCL-1 upon proteasome inhibition is due to

the activation of the unfolded protein response (UPR). Upon addition of borte-

zomib to multiple myeloma cells, expression of ATF4 was increased which directly

enhanced transcription of the MCL-1 gene and blockade of MCL-1 transcription

signi�cantly enhanced the cytotoxic e�ects of bortezomib in these cells [22]. In

accordance, we show that inhibition of bortezomib-induced MCL-1 accumulation

strongly enhanced the cytotoxic e�ects of bortezomib in primary CD34+ AML cells
providing evidence that MCL-1 protein plays a signi�cant role in resistance towards

bortezomib treatment. Di�erences in sensitivity to bortezomib of AML CD34+

and AML CD34− cells is most likely not due to variety in MCL-1 accumulation, as
MCL-1 accumulation was observed in both AML CD34− and CD34+ cells.
Although promising results have been described on the chemosensitivity of

AML cell lines upon TRAIL addition, no signi�cant cytotoxic e�ect was observed

as single agent or in combination with bortezomib in primary AML cells. A large

panel of primary AML cells was largely resistant to TRAIL treatment which could

not be ascribed to di�erences in the expression of cell death receptors.�e micro-

array study demonstrated that in particular the DR4 receptor is signi�cantly higher

expressed in AML CD34+ cells compared to normal bone marrow CD34+ cells
[31]. Despite these �ndings, neither of these AML cells did respond to DR4 speci�c

variants (unpublished observation) [48].

In summary the results demonstrate that CD34− AML cells are most sensitive to
bortezomib treatment at a clinically relevant dosage due to inadequate inhibition of

NF-κB activation in CD34+ AML cells and to the accumulation of the anti-apoptotic
protein MCL-1. Combining bortezomib with IKK- or MCL-1 inhibitors strongly

inhibited the survival of the stem cell-enriched AMLCD34+ cell fraction.�erefore,
it will be interesting to further investigate these combinations for the treatment of

AML patients in the future.
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Supplementary Table

Table 3.2: Clinical characteristics of studied patients
AML was classi�ed according to French American British (FAB) classi�cation. AML =

acute myeloid leukemia, n.a. = not available, int = intermediate, wt = wildtype, FLT3-ITD

= Fms-like tyrosine kinase 3-internal tandem duplication, NPM = nucleophosmin, NK =

normal karyotype

AML FAB Risk FLT3 NPM % CD34 Cytogenetics

1 M2 int wt n.a 60 trisomy 4

2 M1 int n.a. n.a. 40 NK

3 M2 int wt wt 30 NK

4 M5 int wt wt 85 NK

5 M5 good wt wt n.a. inv (16)

6 M5 int ITD wt 16 n.a.

7 M2 int ITD wt 29 NK

8 M1 n.a. ITD wt 57 NK

9 M1 good wt wt 30 t (8;21)

10 M1 poor wt wt 74 inv 3q, -7, -10

11 M0 poor wt wt 75 -5

12 M1 int ITD n.a. 24 n.a.

13 M5 n.a. n.a. n.a. 18 n.a.

14 M1 int wt wt 70 NK

15 n.a. n.a. n.a. n.a. n.a. n.a.

16 M1 int n.a. n.a. 81 NK

17 M1 int ITD wt 30 NK

18 M2 int ITD wt 26 NK

19 M5 int n.a. n.a. 60 inv (16)

20 M1 int ITD n.a. 35 NK

21 M5 int wt wt 1 NK
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Abstract – �e bone marrow microenvironment provides important signals
for the survival and proliferation of hematopoietic and malignant cells. In multiple
myeloma (MM), plasma cells are surrounded by stromal cells including osteoblasts.
�ese stromal cells protect MM cells from apoptosis induced by chemotherapeutic
agents. Osteoprotegerin (OPG), a soluble receptor of the cytokine TNF-related
apoptosis-inducing-ligand (TRAIL), is secreted by osteoblasts and has been impli-
cated in the prevention of cell death induced by TRAIL inmalignant cells. Previously,
we have designed death receptor-speci�c TRAIL variants, which induce apoptosis
exclusively via one of its death receptors. Here, we have studied in detail the inter-
action between rhTRAIL variants and OPG. We show that a DR5-speci�c variant
(rhTRAIL D269H/E195R) displays a signi�cantly decreased a�nity to OPG. Fur-
thermore, this rhTRAIL variant shows a much higher activity compared to rhTRAIL
WT, and retains its e�ectiveness in inducing cell death in multiple myeloma cell
lines, in the presence of OPG secreted by stromal cells. We also demonstrate that
stromal cells are largely insensitive to high concentrations of this rhTRAIL variant.
In conclusion, rhTRAIL D269H/E195R is a potential therapy for multiple myeloma
due to its high e�ectiveness and diminished binding to OPG.

4.1 Introduction

Multiple myeloma (MM) is a hematological malignancy characterized by clonal

expansion of B cells within the bone marrow, which can result in osteolytic le-

sions, anemia and immunosuppression. MM is in general an incurable disease

when treated with conventional chemotherapy consisting of melphalan, prednisone

and proteasome inhibitors [1, 2]. In many patients a relapse of the disease is ob-

served, which suggests that a subpopulation of multiple myeloma cancer stem

cells (MM-CSC) is chemoresistant [2–4].�ese MM-CSCs have the ability to self-

renew and expand [5, 6].�e bone marrow microenvironment is essential for the

survival and the proliferation of myeloma stem cells and it has been suggested

that the microenvironment provides important cues in mediating drug resistance

[4, 7, 8].�erefore, it is crucial to unravel the molecular mechanisms regulating

microenvironment-mediated drug resistance, in order to obtain novel therapeutic

solutions. Recently, it has been shown that Tumour necrosis factor (TNF)-related

apoptosis-inducing ligand (TRAIL), a cytokine that selectively kills a variety of

cancer cells while leaving normal cells unharmed [9, 10], is able to e�ciently in-

duce apoptosis in multiple myeloma cell lines both in vitro and in vivo [11–13].

Importantly, stem-cell enriched CD138 myeloma cells are sensitive to rhTRAIL

treatment in combination with doxorubicin [14]. TRAIL activates the extrinsic

pathway of apoptosis upon binding to its cognate surface death receptors 4 and 5

(DR4 and DR5). Ligand-induced receptor oligomerization of the receptors allows

the assembly of the death inducing signaling complex (DISC). DISC activation

can then lead to the induction of apoptosis via the activation of a caspase cascade.

However, the regulation of TRAIL-induced apoptosis is complex as TRAIL can also

bind to the surface decoy receptors 1 and 2 (DcR1 and DcR2), both lacking an intact

or functional death domain, therefore preventing TRAIL-induced apoptosis.�e
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soluble receptor osteoprotegerin (OPG) is also a binding partner of TRAIL. OPG

is a soluble receptor that is secreted by osteoblasts residing in the bone marrow

[15–17].�is receptor has been shown to be involved in bone remodeling by binding

to TNF-superfamily related protein receptor activator of NF-κB ligand (RANKL).
�is binding competes with RANKL binding to its surface receptor RANK, which

is required for the maturation and activity of bone-absorbing osteoclasts [17].�e

promiscuous behavior of TRAIL and the presence of OPG within the bone marrow

could therefore potentially compete with the association between TRAIL and its

death inducing receptors, and interfere in TRAIL-mediated cell death of myeloma

cells. Previously, we have developed death receptor-speci�c inducing rhTRAIL

variants [18, 19]. �ese variants trigger apoptosis speci�cally via either death re-

ceptor 4 (rhTRAIL 4C7 (G131R/R149I/N199R/K201H/S159R/S215D)) or the death

receptor 5 (rhTRAIL D269H/E195R). In this study, the impact of OPG in TRAIL-

mediated apoptosis using rhTRAIL WT and death-receptor speci�c variants was

further investigated in multiple myeloma cells, in the context of OPG released by

their tumor microenvironment. We demonstrate that the lowered binding of a

DR5-speci�c variant to OPG makes this variant insensitive to the interference in

apoptosis mediated by this decoy receptor.�is makes the rhTRAIL D269H/E195R

variant a promising agent for therapeutic intervention in multiple myeloma tumors.

4.2 Material and methods

4.2.1 determination of receptor binding by surface plasmon resonance

(spr)

SPR bu�ers, regeneration solutions, and sensor chips were purchased from GE

Healthcare. Protein A from Staphylococcus aureus was purchased from Sigma;

receptor-Fc fusion OPG was from R&D Systems. Protein A was directly immo-

bilized to all �ow cells using a C1 sensor chip in a Biacore 3000 (in 10 mM NaAc

pH 4.5) and the primary amine coupling was performed according to the man-

ufacturer’s instructions (GE Healthcare). Experiments were carried out at 37○C
and a �ow rate of 30 µL/min using HBS-P as running and dilution bu�er (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.005% (v/v) surfactant P20; GE Healthcare). A�er

capturing ∼ 80 RU of OPG-Fc receptor at a high �ow rate, a method comprising a
single cycle approach, where the analyte is injected with increasing concentrations

of rhTRAILWT and variants on a single cycle, was performed. A total volume of 50

µL of rhTRAIL was injected per concentration and correction of all binding curves
was performed by so-called double referencing, i.e. subtraction of the data "empty"

�ow cell 1, followed by subtraction of the data from a run bu�er injection cycle.

4.2.2 elisa and competitive elisa assays

Nunc maxisorb plates were coated for 1 h with OPG-Fc (100 ng per well) in 0.1 M

sodium carbonate/bicarbonate bu�er (pH 8.6), and the remaining binding places

were subsequently blocked with 2% BSA for 1 h. A�er washing for six times with
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Tris-bu�ered saline/0.5% Tween 20 (TBST) (pH 7.5), serial dilutions of rhTRAIL

WT and rhTRAIL D269H/E195R (0 − 2000 ng per well) were added and incubated
at 37○C for 1 h. A�er washing with TBST, a 1 ∶ 200 dilution of goat anti-TRAIL
antibody (R&D Systems) was added and incubated for 1 h at room temperature, and

a�er six times washing with TBST, subsequently incubated with a 1 ∶ 1000 dilution
of a horseradish peroxidase-conjugated swine anti-goat antibody. A�er washing

six times with TBST, 100 µL of TMB solution (Calbiochem) was added, and a�er 5
min, the reaction was quenched with 100 µL of 1 M sulfuric acid.�e absorbance
was measured at 450 nm on a microplate reader (�ermo Labsystems). For the

competitive ELISA assay, wells were coated with DR5-Fc as described above. Serial

dilutions of soluble OPG-Fc (0 − 1000 ng per well) and rhTRAIL WT or rhTRAIL
D269H/E195R (10 ng per well) in PBS (pH 7.4) were pre-incubated for 1 h at 37○C,
added to the wells and further incubated for 1 h at 37○C. Binding of rhTRAIL WT
or rhTRAIL D269H/E195R to immobilized DR5-Fc with 0 ng per well of OPG-Fc

was taken as 100%, and binding at other concentrations of OPG-Fc was calculated

relative to 0 ng per well of OPG-Fc.

4.2.3 cell lines and reagents

�e human multiple myeloma cell lines RPMI 8226 and U266 were cultured in

RPMI with 10% FCS and penicillin/streptomycin.�e osteosarcoma osteoblast-like

cell lineMG63was cultured in DMEM-F12 containing 10% FCS and penicillin/strep-

tomycin.�e osteosarcoma osteoblast-like cell line SaOS2 was cultured in DMEM

containing 10% FCS and penicillin/streptomycin. rhTRAIL WT, rhTRAIL 4C7

and rhTRAIL D269H/E195R variants were expressed and puri�ed as previously

described [18, 19]. Recombinant human OPG and monoclonal antihuman OPG

antibodies were purchased from R&D Systems (185-OS and MAB805).

4.2.4 cell line treatment

RPMI 8226 and U266 cells were seeded and a�er 24 hrs, cells were incubated with

various concentrations rhTRAIL WT or variants with or without rhOPG. rhTRAIL

WT, rhTRAIL 4C7 or rhTRAIL D269H/E195R were pre-incubated with rhOPG for

15 min at 37○C. TRAIL combined to OPG was then added to RPMI 8226 or U266
and cells and further incubated for 24 hrs. Cell deathwas assessed by theCellTiter 96

R©AQueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega), Annexin
V staining and by acridine orange staining.

4.2.5 mts assay

Brie�y, a�er incubating the cells for 24 hrs at 37○C using 96-well plates, 20 µL
of the MTS reagent was added to 100 µL of treated cells and cell viability was
determined by measuring the absorption at 490 nm using a microplate reader

(�ermo Labsystems), according to the manufacturer’s instructions. For the co-

culture assay, MG63 cells were seeded and a�er 48h U266 cells were resuspended

in conditioned medium and added to MG63 cells.�erea�er, cells were incubated
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with various concentrations of rhTRAIL WT or rhTRAIL D269H/E195R with or

without rhOPG.

4.2.6 annexin v staining

A�er 24 hrs of incubation at 37○C in a 24 well plate, U266 cells were washed in
calcium bu�er (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2)

and 3 µL (in a total volume of 60 µL PBS) Annexin-V-FITC antibody (IQproducts
IQ-120F) was added for 20 minutes at 4○C. Cells were washed with calcium bu�er
and analyzed by FACScalibur.

4.2.7 acridine orange

A�er 24 hrs of incubation, acridine orange was added to the cells for 15 minutes.

Cells with condensed DNA and modi�ed morphology were counted as apoptotic

cells.

4.2.8 receptor expression analysis

U266 and RPMI 8226 cells were grown and a�er 24h, cells were incubated either

with mouse IgG1 isotype control (Dako, X0931), α-TRAIL-R1 (Enzo Life Sciences,
ALX804-297A), α-TRAIL-R2 (Enzo Life Sciences, ALX804-298A), α-TRAIL-R3
(Enzo Life Sciences, ALX804-344A) or α-TRAIL-R4 (Enzo Life Sciences, ALX-804-
299A). A�er washing the cells, cells were incubated with donkey anti mouse FITC

(Jackson ImmunoResearch, 715-095-150) at 4○C for 1 h. Cells were washed and
Fluorescence-activated cell sorting (FACS) analysis was performed on a FACScalibur

(Becton Dickinson). Data was further analyzed using FlowJo 7.6.1.

4.2.9 determination of opg secretion by mg63 and saos2 cell lines

To determine the amount of OPG secreted by the osteosarcoma osteoblast-like

MG63 and SaOS2 cells, both cell lines were seeded at 80% con�uency and 48 hrs

later conditioned medium from these cells was harvested. Total OPG concentration

was measured using the human OPG ELISA Kit (R&D Systems, DY805) following

the manufacturer’s instructions. In short, a 96-well plate was coated overnight

at room temperature with mouse anti-human OPG capturing antibody. On the

next day, the 96-well plate containing OPG antibody was washed, blocked with

BSA and conditioned medium was added. A�er 2 hrs of incubation, wells were

washed and incubated with a biotinylated goat anti-human OPG detection antibody.

Subsequently, OPG concentration was measured by addition of streptavidin-HRP

conjugate and the HRP-substrate solution. As a standard, recombinant humanOPG

was added at various concentrations in order to quantify the OPG concentration

secreted by the cells.
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4.2.10 western blotting

For antigen detection, membranes were incubated with antibodies to actin (1 ∶ 1000;
Santa Cruz) and cleaved caspase 8 (1 ∶ 1000; Cell Signaling Technologies) overnight
at 4○C, followed by 2 h incubation at room temperature with appropriate secondary
antibodies (1 ∶ 10000; Invitrogen).

4.3 Results

4.3.1 rhtrail d269h/e195r shows a lowered binding to opg-fc compared

to rhtrail wt and 4c7

Analysis of the a�nity between rhTRAILWT or the death receptor-speci�c variants

andOPGwas performed using Surface Plasmon Resonance (SPR) and ELISA assays.

Recently, variations in receptor density and sensor chip type have allowed us to

manipulate the stoichiometry of the formed receptor/ligand complexes by using

SPR, and to determine the rate constants describing the binding of trimeric rhTRAIL

to one single receptor molecule [20]. We have performed kinetic characterization

of the interaction between rhTRAIL WT/death-receptor speci�c variants and OPG-

Fc using a single-cycle approach, to determine the rate constants describing the

binding of trimeric TRAIL to one OPG receptor molecule. Using this method,

the analyte was injected with increasing concentrations on a single cycle and the

surface was not regenerated between sequential injections. Single cycle kinetics

enabled us to reduce the time spent on each assay, while still allowing kinetic analysis

of the molecular interaction between TRAIL and OPG.�e capture method in

which the OPG-Fc molecules are bound by immobilized protein A allowed us to

calculate that at the low density of 80 RU solely a trimer-monomer complex was

formed (expected response was 80 × 58.5/71 = 65.9 RU; 58.5 kDa corresponds
to the molecular weight of TRAIL and 71 kDa is the predicted molecular mass

for one arm of the disul�de linked homodimeric OPG chimera).�e interaction

data obtained for rhTRAIL WT:OPG-Fc could be accurately �tted using a 1 ∶ 1
binding, resulting in a dissociation constant (KD) of 0.9 nM (Figure 4.1A), with

ka = 1.0× 106 M−1s−1 and kd = 1.02× 10−3 s−1. Interestingly, rhTRAIL 4C7 was able
to bind OPG-Fc with similar a�nity as observed for rhTRAIL WT, resulting in

a KD of 1.4 nM (Supplementary Figure 4.5). Analysis of rhTRAIL D269H/E195R

showed a considerable decline in binding to OPG-Fc when compared to rhTRAIL

WT (Figure 4.1A). Although no satisfactory �t could be obtained with the available

so�ware, clearly both the association and dissociation rate constants are a�ected.

In addition, pre-steady state analysis performed as described in [18, 21, 22] by

reading the response values a�er the end of the injection and plotting these as

a function of the rhTRAIL concentrations, indicate a nearly 70-fold decrease in

a�nity for rhTRAIL D269H/E195R:OPG-Fc when compared to rhTRAILWT:OPG

[18]. ELISA assays further con�rmed the decrease in a�nity between rhTRAIL

D269H/E195R and OPG-Fc with regard to the a�nity measured for rhTRAIL WT

and rhTRAIL 4C7 to OPG-Fc (Figure 4.1B, Supplementary Figure 4.5). Analysis of
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FIGURES and FIGURE LEGENDS 
 

 

Figure 1: Receptor binding of rhTRAIL WT and rhTRAIL D269H/E195R as determined by SPR and 

ELISA. (A) SPR sensorgrams for trimer-monomer complex formation of rhTRAIL WT or rhTRAIL 

D269H/E195R (6.25 to 100nM; left to right) and OPG-Fc. Using single site kinetics, binding of rhTRAIL WT (A, 

left and right) and rhTRAIL D269H/E195R (A, right) to ~70 RU of OPG-Fc captured by protein A was assessed 

using a C1 sensor chip, and a flow rate of 30 µL/min in HBS-P. A flow channel containing only immobilized 

protein A subtracted to a run buffer injection cycle was used as control (A; green). The data were fitted using a 

titration kinetics 1:1 binding with drift in BIAevaluation 4.1. (B) Receptor binding of rhTRAIL WT and rhTRAIL 

D269H/E195R to OPG-Fc as determined by ELISA. Receptor binding was calculated relative to the response of 

rhTRAIL WT at 110 nM. (C) Competitive ELISA by TRAIL receptors of rhTRAIL WT and rhTRAIL 

D269H/E195R binding to immobilized DR5-Ig receptor using soluble OPG-Fc as a competitor. Ten nanograms 

per well of rhTRAIL WT or rhTRAIL D269H/E195R was pre-incubated with 0-250 ng per well of OPG-Fc for 1 

Figure 4.1: Receptor binding of rhTRAIL WT and rhTRAIL D269H/E195R as
determined by SPR and ELISA
A) SPR sensorgrams for trimer-monomer complex formation of rhTRAIL WT or rhTRAIL

D269H/E195R (6.25 to 100 nM; le� to right) and OPG-Fc. Using single site kinetics, binding

of rhTRAIL WT (A, le� and right) and rhTRAIL D269H/E195R (A, right) to ∼ 70 RU of

OPG-Fc captured by protein A was assessed using a C1 sensor chip, and a �ow rate of 30

µL/min in HBS-P. A �ow channel containing only immobilized protein A subtracted to
a run bu�er injection cycle was used as control (A; green). �e data were �tted using a

titration kinetics 1 ∶ 1 binding with dri� in BIAevaluation 4.1 B) Receptor binding of rhTRAIL

WT and rhTRAIL D269H/E195R to OPG-Fc as determined by ELISA. Receptor binding

was calculated relative to the response of rhTRAIL WT at 110 nM C) Competitive ELISA

by TRAIL receptors of rhTRAIL WT and rhTRAIL D269H/E195R binding to immobilized

DR5-Ig receptor using soluble OPG-Fc as a competitor. Ten nanograms per well of rhTRAIL

WT or rhTRAIL D269H/E195R was pre-incubated with 0− 250 ng per well of OPG-Fc for 1h.

Pre-incubated solutions were added to microtiter plates coated with DR5-Ig. Binding of the

variants at various concentrations of soluble receptor toward the immobilized DR5-Fc was

calculated relative to the value measured on the presence of 0 ng per well of soluble receptor.

�e data are the mean ± SD of three independent experiments
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Table 4.1: Apparent OPG-Fc binding a�nities of rhTRAIL WT, rhTRAIL 4C7
and rhTRAIL D269H/E195R as determined by ELISA
Apparent KD values were calculated using a four-parameter �tting tool

Protein Apparent KD (nM), OPG-Fc (ELISA)

rhTRAIL WT 0.75 ± 0.09
rhTRAIL 4C7 0.67 ± 0.08

rhTRAIL D269H/E195R 66.8 ± 6.02

the interaction between rhTRAIL WT and OPG-Fc is consistent with the values

previously obtained by SPR for rhTRAIL WT binding to OPG-Fc (KD = 0.75 nM)
(Table 4.1). Furthermore, the variant D269H/E195R showed a ∼ 89-fold decrease
in apparent a�nity (KD = 66.8 nM) to OPG-Fc when compared to rhTRAIL WT
as assessed by ELISA. We further evaluated the binding preference of the mutant

rhTRAIL D269H/E195R by performing a competitive ELISA assay using coated

DR5-Fc and competitive soluble OPG-Fc (Figure 4.1C). Soluble OPG-Fc was very

e�cient in reducing the binding of rhTRAILWT to immobilizedDR5-Fc, in contrast

to the results obtained for rhTRAIL D269H/E195R, which was much less sensitive

to competition by OPG-Fc. Notably, the mutant still showed approximately 70%

binding e�ciency to DR5-Fc even when competing with 2500 ng/ml of OPG-Fc

(Figure 4.1C). Taken together, these results indicate a decreased a�nity of rhTRAIL

D269H/E195R toward OPG when compared to the a�nity constants determined

for rhTRAILWT, and a lowered capacity of OPG-Fc to compete for DR5-Fc binding

by this mutant, when compared to both rhTRAIL WT and rhTRAIL 4C7.

4.3.2 activity of the rhtrail d269h/e195r variant is unaffected in the

presence of opg and efficiently induces cell death in multiple

myeloma cell lines

�e biological activity of rhTRAIL WT and the two variants rhTRAIL 4C7 and

D269H/E195R was measured in the multiple myeloma cell lines RPMI 8226 and

U266.�e DR5-speci�c variant was the most potent inducer of apoptosis in these

cell lines, when compared to rhTRAIL 4C7 and rhTRAILWT, as measured by MTS

and Annexin V staining (Figure 4.2A-4.2C). To assess the biological consequences

of the altered binding kinetics of DR4- and DR5- speci�c variants towards OPG,

we analyzed the survival of the multiple myeloma cell lines RPMI 8226 and U266

upon addition of rhTRAIL WT, rhTRAIL 4C7 and rhTRAIL D269H/E195R in the

presence of 100 ng/mL of rhOPG. Consistent with the decreased binding a�nity

of the rhTRAIL D269H/E195R variant to OPG, the addition of rhOPG did not

shield these two cell lines from apoptosis induced by this variant, whereas the

same cells became less sensitive to apoptosis when treated with rhTRAIL WT

(Figure 4.2A-4.2C). Upon addition of rhOPG, RPMI 8226 cells treatedwith rhTRAIL

4C7 became less sensitive to apoptosis mediated by this variant, suggesting that

OPG can also interfere with rhTRAIL 4C7 apoptosis induction. Interestingly, also
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Figure 2: Sensitivity of multiple myeloma cells lines to rhTRAIL D269H/E195R variant is unchanged upon 

addition of OPG. A) U266 cells and B) RPMI 8226 cells were treated with rhTRAIL WT, rhTRAIL 4C7 or the 

rhTRAIL D269H/E195R for 24 h in the presence or absence of 100 ng/mL OPG. Next day, cell viability 

(mitochondrial activity) was evaluated using an MTS assay. C) Apoptosis induced by rhTRAIL WT, rhTRAIL 

4C7 and rhTRAIL D269H/E195R in U266 cells was quantified by Annexin V staining. The data are the mean +/- 

SD of three independent experiments.  

 

 

Figure 4.2: Sensitivity of multiple myeloma cells lines to rhTRAIL
D269H/E195R variant is unchanged upon addition of OPG
A) U266 cells and B) RPMI 8226 cells were treated with rhTRAIL WT, rhTRAIL 4C7 or the

rhTRAIL D269H/E195R for 24 h in the presence or absence of 100 ng/mLOPG. Next day, cell

viability (mitochondrial activity) was evaluated using an MTS assay C) Apoptosis induced

by rhTRAIL WT, rhTRAIL 4C7 and rhTRAIL D269H/E195R in U266 cells was quanti�ed by

Annexin V staining.�e data are the mean ± SD of three independent experiments

statistically signi�cant di�erences in apoptosis were observed in U266 cells upon

addition of low concentrations of rhTRAIL 4C7 in the presence of rhOPG.�e less

pronounced decrease in activity is most likely due to the very low activity of TRAIL

4C7 at these concentrations consistent wit the low DR4 expression of this cell line

(Supplementary Figure 4.6). Furthermore, we con�rmed that rhTRAIL WT and

the variants activate the initiator caspase-8 (Suppl. Figure 4.7). Addition of OPG

partially rescued U266 cells from apoptosis induced by rhTRAILWT and rhTRAIL

4C7, consistent with a reduced activation of caspase-8 in cells treated with these

proteins. In contrast, no di�erences in caspase-8 activation could be observed upon

addition of OPG to rhTRAIL D269H/E195R treated cells, con�rming that OPG

does not reduce rhTRAIL D269H/E195R induced caspase-8 activation.
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4.3.3 death receptor expression influences the sensitivity to

trail-mediated apoptosis

We questioned whether the di�erence in sensitivity of these multiple myeloma cell

lines could be related to the varied expression of the death receptors on the surface of

the cells.�e activities shown for the DR4 speci�c rhTRAIL 4C7 and DR5-speci�c

rhTRAIL D269H/E195R variants correlate with the surface expression of death

receptors DR4 and DR5 on the surface of these myeloma cell lines. RMPI 8226 cells

were sensitive to both DR4- and DR5-mediated apoptosis and expressed both DR4

as well as DR5, whereas U266 cells (sensitive to the rhTRAIL D269H/E195R variant

and only mildly sensitive to rhTRAIL 4C7) expressed signi�cantly higher levels of

DR5 when compared to DR4 (Suppl. Figure 4.6, Suppl. Table 4.3).

4.3.4 opg secreted by osteoblast-like cells protects u266 cells from

apoptosis mediated by rhtrail wt, but not by rhtrail d269h/e195r

OPG is secreted by osteoblasts and bymarrow stromal cells. Medium conditioned by

the human osteosarcoma osteoblast cell lines MG63 or SaOS2 for 2 days, contained

respectively 260 ng/mL and 7 ng/mL of OPG as measured by enzyme-linked im-

munosorbent assay (ELISA) (Table 4.2). In contrast to these osteosarcoma cell lines,

the multiple myeloma cells RPMI 8226 and U266 did not secrete OPG (below detec-

tion level of 0.2 ng/mL). To investigate whether rhTRAIL D269H/E195R retained

its e�cacy in the presence of OPG secreted by these osteoblast-like cells, we set up a

co-culture system of the myeloma U266 cells and the osteoblast-like MG63 cells. To

verify that TRAIL-induced apoptosis does not occur in MG63 cells and therefore

interferes with apoptosis measurement in the multiple myeloma cell lines tested,

we have performed acridine orange staining using di�erent concentrations of both

rhTRAIL WT and variant (Figure 4.3). Our results indicate that MG63 cells are not

sensitive to either rhTRAILWT or rhTRAILD269H/E195R, even upon addition of a

very high concentration of rhTRAIL WT or rhTRAIL D269H/E195R (1000 ng/mL).

Upon addition of conditioned medium fromMG63 cells to the U266 myeloma cells,

U266 cells showed a clear reduction in cell death induced by rhTRAIL WT (Figure

4.4A). However, conditioned medium did not a�ect apoptosis levels induced by

rhTRAIL D269H/E195R. To test whether the e�ect of the conditioned medium

was mediated by OPG, 2 µg/mL of a monoclonal anti-human OPG antibody was
added to this culture. Addition of anti-OPG reversed the e�ects of the conditioned

medium observed in the U266 cells upon treatment with rhTRAIL WT, demon-

strating that OPG was responsible for this reduction in apoptosis (Figure 4.4A).

Furthermore, a similar reduction in apoptosis was observed when U266 cells were

cocultured with osteosarcoma MG63 cells. Equal apoptosis induction activities

were observed for rhTRAIL D269H/E195R when U266 cells were cocultured with

MG63 cells in the presence or absence of anti-OPG, whereas U266 cells became

resistant to rhTRAIL WT-mediated apoptosis due to OPG secreted from the MG63

cells (Figure 4.4B).
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Table 4.2: Levels of OPG secretion into themedium ofMG63, SaOS2, U266 and
RPMI 8226 cells

Cell line OPG secretion

MG63 260 ng/mL

SaOS2 7 ng/mL

U266 < 0.2 ng/mL (detection limit)
RPMI 8226 < 0.2 ng/mL (detection limit) 

 17

 
 

 

Figure 3: MG63 cells are resistant to rhTRAIL WT and rhTRAIL D269H/E195R. A) Quantification of 

apoptotic MG63 cells counted by acridine orange staining, upon treatment with 50 µM of bortezomib and 10, 100 

and 1000 ng/mL rhTRAIL WT or rhTRAIL D269H/E195R. B) Illustration of acridine orange stained cells in 

control MG63 cells, MG63 cells treated with 50 µM of bortezomib (positive control) and in MG63 cells treated 

with 1µg/mL rhTRAIL WT or rhTRAIL D269H/E195R.  

Figure 4.3: MG63 cells are resistant to rhTRAIL WT and rhTRAIL
D269H/E195R
A) Quanti�cation of apoptotic MG63 cells counted by acridine orange staining, upon treat-

ment with 50 µM of bortezomib and 10, 100 and 1000 ng/mL rhTRAIL WT or rhTRAIL
D269H/E195R B) Illustration of acridine orange stained cells in control MG63 cells, MG63

cells treated with 50 µM of bortezomib (positive control) and in MG63 cells treated with 1
µg/mL rhTRAIL WT or rhTRAIL D269H/E195R
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Figure 4: Cell death induced by rhTRAIL D269H/E195R is not inhibited by OPG secreted by stromal 

MG63 cells in contrast to rhTRAIL WT. A) Conditioned medium (2 days) was added to U266 cells and cells 

were incubated with rhTRAIL WT or rhTRAIL D269H/E195R for 24 hours. OPG present in the medium was 

neutralized by the addition of an OPG neutralizing antibody prior to treatment. B) U266 cells in coculture with 

MG63 cells were incubated with rhTRAIL WT (0 to 300 ng/ml) or rhTRAIL D269H/E195R (0 to 100 ng/ml), and 

after 24 hours apoptosis of suspension cells was measured by Annexin V staining. The data are the mean +/- SD 

of two independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.4: Cell death induced by rhTRAIL D269H/E195R is not inhibited by
OPG secreted by stromal MG63 cells in contrast to rhTRAILWT
A) Conditioned medium (2 days) was added to U266 cells and cells were incubated with

rhTRAIL WT or rhTRAIL D269H/E195R for 24 hours. OPG present in the medium was

neutralized by the addition of an OPG neutralizing antibody prior to treatment B) U266

cells in coculture with MG63 cells were incubated with rhTRAIL WT (0 to 300 ng/ml) or

rhTRAIL D269H/E195R (0 to 100 ng/ml), and a�er 24 hours apoptosis of suspension cells

was measured by Annexin V staining. �e data are the mean ± SD of two independent

experiments

4.4 Discussion

Multiple myeloma is a plasma B-cell disorder that still has an unfavorable prognosis

using conventional chemotherapies. Successful treatment of multiple myeloma

and other hematological malignancies does not only depend on the e�cacy of

the therapeutic agents but is further dictated by the bone microenvironment sur-

rounding the multiple myeloma cells. �is bone microenvironment consists of

several cells supporting the proliferation and survival of normal and malignant

hematopoietic (stem) cells [3, 4]. Furthermore, the presence of these supporting

cells and their secreted cytokines might protect against various chemotherapies

and contribute to chemoresistance [5, 6]. OPG is secreted by bone marrow cells

and prevents excessive bone resorption by osteoclasts. Maturation of osteoclasts

is inhibited by OPG via binding to RANKL, the ligand that activates osteoclasts

via the RANK receptor. However, OPG might also function as a paracrine survival

factor of myeloma cells by binding to TRAIL and thereby it could prevent induction

of apoptosis in these malignant cells. TRAIL is a promising therapeutic agent that

selectively induces apoptosis in tumor cells compared to normal cells. It is of poten-
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tial clinical relevance in multiple myeloma due to its ability to speci�cally target

the MM-cancer stem cells that are required for the development and relapse of

the disease [14]. To further improve the e�cacy of rhTRAIL WT, we were recently

successful in developing rhTRAIL variants which speci�cally target cancer cells via

either the DR5 or DR4 receptor and induce apoptosis in various tumor cells, with

improved e�ectiveness compared to rhTRAIL WT [18, 19]. We have characterized

the a�nity of our most potent death-receptor speci�c inducing variants to OPG. Re-

ceptor binding experiments using SPR and ELISA assays demonstrate that rhTRAIL

D269H/E195R displays a signi�cantly lowered binding a�nity to OPG-Fc when

compared to rhTRAIL WT and 4C7 (Figures 4.1A, 4.1B, Supplementary Figure 4.5,

Table 4.1). In addition, competitive ELISA assays reveal that soluble OPG-Fc is

largely ine�ective in competing for rhTRAIL D269H/E195R binding to DR5-Fc

when compared to rhTRAIL WT (Figure 4.1C). As di�erent binding a�nities of

TRAIL to its receptors can in�uence TRAIL activity, the results presented here

indicate that OPG binds with high a�nity to TRAIL and competes in vitro for death

receptor binding. �is is in accordance to previous results obtained by Vitovski

et al. [23], and in contrast with the results obtained by Truneh et al. [24], where

OPG was able to compete with TRAIL binding to immobilized DR5 only at 4○C
but not at 37○C. Although the apparent a�nities obtained here are in agreement or
similar to the apparent dissociation constants reported for rhTRAIL WT binding

to OPG by Gasparian et al. [25] and Emery et al. [26], when using SPR, they di�er

somewhat from those obtained by others [24]. �ese di�erences in a�nity may

be related to the fact that apparent KD values can be substantially higher when

equilibrium at low concentrations is not reached [20]. Additionally, di�erences

in the methodology used, including immobilization versus capturing techniques,

or/and the preparation of the recombinant molecules used in these studies (e.g.

introduction of tags that that can in�uence the oligomerization of ligands such as

TRAIL) could in�uence the �nal a�nity constants obtained. Importantly, tumor

cells and osteoclasts producing OPG can prevent TRAIL-induced apoptosis of tu-

mor cells [16, 17], indicating that OPG plays a regulatory role in TRAIL-induced

apoptosis.

�e residue Asp-269 plays an important role in conferring DR5 selectivity [18],

however it is not in direct contact with the DR5 receptor. Strikingly, this is not the

case for themodels of TRAIL in complex withDR4, DcR1 andDcR2, where Asp-269

of TRAIL directly interacts with Lys-120 of these receptors. In DR5, this residue

is replaced by an aspartate. A sequence alignment performed on all the receptors

of TRAIL reveals that OPG also contains a Lys at this position, consequently, it is

plausible that the interference mediated by this mutation on OPG binding partially

results from breaking this Asp-Lys interaction, as previously described for the

receptors DR4, DcR1 and DcR2, and ultimately lead to a decreased a�nity to

the receptor OPG. To fully resolve the underlying mechanism of OPG binding to

rhTRAIL WT and rhTRAIL D269H/E195R, the elucidation of the crystal structure

of the complex between OPG and TRAIL, or a model of rhTRAIL in complex

with OPG, making use of the recently identi�ed structure of OPG in complex with

RANKL [27, 28], might give us further insight into the binding characteristics
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of this complex. �is could potentially function as a lead to further improve or

design rhTRAIL variants that do not bind to OPG.�e a�nity results obtained

and the likely role of OPG mediated inhibition on TRAIL-mediated apoptosis [23]

allowed us to propose that the variant rhTRAIL D269H/E195R could eventually

bypass OPG mediated TRAIL-resistance in the bone marrow environment. To

demonstrate that the di�erences in a�nity are re�ected in vitro, we demonstrate that

rhTRAIL D269H/E195R retains its e�ectiveness in the presence of OPG, whereas

OPG protects multiple myeloma cells from induced apoptosis by rhTRAILWT and

rhTRAIL 4C7 (Figure 4.2). Analysis of the surface expression of death receptors

on these cells correlates with the speci�c activities observed in this cell lines by

DR-speci�c variants (Supplementary Figure 4.6). Interestingly, despite the high

expression of the decoy receptor 2 (DcR2), rhTRAIL D269H/E195R still induced

high levels of apoptosis in the RPMI 8226 cells.

Using a co-culture experiment of myelomaU266 cells and osteoblast-likeMG63

cells, we show that rhTRAIL D269H/E195R is insensitive to OPG secreted by MG63

cells, whereas the activity of rhTRAIL WT is impaired by the addition of OPG and

rescued by the subsequent addition of anti-OPG (Figure 4.4). Notably, the stromal

MG63 cells were insensitive to high concentrations of both rhTRAIL WT and

rhTRAIL D269H/E195R and therefore these cells did not a�ect the quanti�cation

of apoptosis in our assays (Figure 4.3).

To further evaluate the e�ect of rhTRAIL D269H/E195R decreased binding to

OPG and thereby increased e�cacy compared to rhTRAIL WT, in vivo validation

will be required. Recently, it has been suggested that OPG does not prevent rhTRAIL

WT induced cell death in a mouse model [29]. However, in that study, target cells

themselves do overexpress OPG and were injected intratibially, which di�ers from

the bone marrow microenvironment consisting of multiple myeloma cells and

stromal cells. Furthermore, for therapeutic applications, low levels of rhTRAIL

and the di�erential a�nities observed for all its receptors may allow locally high

concentrations of OPG [30] to take a more predominant role in preventing TRAIL-

induced apoptosis in the context of the bone marrow environment. As such, OPG

may play a more dominant role in protecting these cells from undergoing apoptosis

in vivo than previously anticipated.

In conclusion, we have shown that the rhTRAIL D269H/E195R variant has a

decreased binding a�nity to OPG and that this variant is superior to rhTRAIL WT

in targeting several multiple myeloma cells.�is superior e�ectiveness is mediated

by its primary e�ect on multiple myeloma cells, and remains highly e�ective due to

its decreased binding to bone marrow secreted OPG.�us, these results demon-

strate that rhTRAIL D269H/E195R can e�ectively target multiple myeloma cells

by bypassing a therapeutic interference mediated by their microenvironment, and

improve the available options for therapeutic intervention in multiple myeloma

tumors.
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SUPPLEMENTARY FIGURES & LEGENDS 

 

 
 

Supplementary Figure 1: SPR sensorgrams for trimer-monomer complex formation of rhTRAIL 4C7 (6.25 

to 100nM; left to right) and OPG-Fc. A) Binding of rhTRAIL 4C7 to ~70 RU of OPG-Fc captured by protein A 

was assessed using a CM1 sensor chip, and a flow rate of 30 µL/min in HBS-P. A flow channel containing only 

immobilized protein A subtracted to a run buffer injection cycle was used as control. The data were fitted using a 

titration kinetics 1:1 binding with drift in BIAevaluation 4.1. B) Receptor binding of rhTRAIL WT and rhTRAIL 

4C7 to OPG-Fc as determined by ELISA. Receptor binding was calculated relative to the response of rhTRAIL 

WT at 110 nM. 

 

 

 

 

 

 

Figure 4.5: SPR sensorgrams for trimer-monomer complex formation of
rhTRAIL 4C7 (6.25 to 100 nM; le� to right) and OPG-Fc
Top) Binding of rhTRAIL 4C7 to ∼ 70 RU of OPG-Fc captured by protein A was assessed

using a CM1 sensor chip, and a �ow rate of 30 µL/min in HBS-P. A �ow channel containing
only immobilized protein A subtracted to a run bu�er injection cycle was used as control.

�e data were �tted using a titration kinetics 1 ∶ 1 binding with dri� in BIAevaluation 4.1.

Bottom) Receptor binding of rhTRAIL WT and rhTRAIL 4C7 to OPG-Fc as determined by

ELISA. Receptor binding was calculated relative to the response of rhTRAIL WT at 110 nM
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Supplementary Figure 2: Cell surface expression of TRAIL receptors in U266 and RPMI 8226 cells. Cell 

surface expression of the two death receptors DR5 and DR4 and the two decoy receptors DcR1 and DcR2 was 

determined using flow cytometry, by making use of specific antibodies against all the surface bound receptors of 

TRAIL. Gray filled peaks: isotype control, black open peaks: TRAIL receptor stained sample.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Cell surface expression of TRAIL receptors in U266 and RPMI 8226
cells
Cell surface expression of the two death receptors DR5 and DR4 and the two decoy receptors

DcR1 and DcR2 was determined using �ow cytometry, by making use of speci�c antibodies

against all the surface bound receptors of TRAIL. Gray �lled peaks: isotype control, black

open peaks: TRAIL receptor stained sample

Table 4.3: Mean �uorescent intensities (MFI) of TRAIL receptor expression of
U266 and RPMI 8226 cells

U266 (MFI) RPMI 8226 (MFI)

IgG1 11.7 5.7

DR5 26.2 13.3

DR4 13.9 10.5

DcR1 14.6 6.3

DcR2 13.6 61.7
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Supplementary Figure 3: Cleaved caspases 8 western blot analysis of U266 cells treated with rhTRAIL WT 

or variants with or without OPG. Cleavage of caspases 8 was determined upon addition of 50 ng/mL rhTRAIL 

WT, rhTRAIL D269H/E195R and rhTRAIL 4C7 with or without 100 ng/mL OPG addition. 

 

 

Figure 4.7: Cleaved caspases 8 western blot analysis of U266 cells treated with
rhTRAILWT or variants with or without OPG
Cleavage of caspases 8 was determined upon addition of 50 ng/mL rhTRAIL WT, rhTRAIL

D269H/E195R and rhTRAIL 4C7 with or without 100 ng/mL OPG addition
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Abstract – In the present study the sensitivity of AML cells to the second-
generation proteasome inhibitors car�lzomib and oprozomib was investigated in
comparison with the �rst-generation proteasome inhibitor bortezomib. In patient-
derived AML CD34+ cells and AML cell lines, bortezomib and car�lzomib induced
a similar reduction in survival and proteasome activity in short-term cultures,
whereas the e�ect of oprozomib was less pronounced. Importantly, car�lzomib was
more e�ective than bortezomib in targeting the more primitive leukemic cells, as
re�ected by a signi�cant reduction in quiescent CD34+CD38− cells and stem cell
frequency by car�lzomib. In contrast, normal bone marrow (NBM) CD34+ cells
were only mildly a�ected. In parallel with the increased sensitivity, proteasome
activity tended to be higher in AML cells compared to NBM and transcriptome
analysis showed an increased expression of several proteasome subunits in AML
CD34+ cells. Anti-apoptotic MCL-1 was upregulated upon proteasome inhibition,
and the e�ect of the proteasome inhibitors on the survival of primary AML CD34+

cells could be further enhanced by inhibition of MCL-1. Our results indicate that
the proteasome inhibitor car�lzomib is more e�ective in reducing the long-term
survival of AML cells as compared to bortezomib and oprozomib, and might be a
promising agent for the treatment of AML.

5.1 Introduction

According to the cancer stem cell model, acute myeloid leukemia (AML) is main-

tained by rare populations of (preleukemic and) leukemic stem cells that are rela-

tively quiescent, resistant to therapy, and causing frequent relapses a�er intensive

chemotherapy [1, 2].�ese relapses contribute to 5-year survival rates of only 5−55%
in adults, dependent on the cytogenetic risk group [3]. Moreover, with a median

age of about 70 years, a large group of AML patients is not eligible for intensive

chemotherapy [4].�erefore, new treatment strategies with lower toxicities which

target leukemic stem cells are warranted.

�e ubiquitin-proteasome system plays an essential role in protein homeosta-

sis of eukaryotic cells through selective degradation of abnormal and regulatory

proteins.�e proteasome is a barrel-like complex composed of two outer α-rings
and two central β-rings, each containing seven subunits, and two regulatory caps
that recognize ubiquitinated proteins. Proteins are cleaved at the proteolytic sites

on the β5, β1, and β2 subunit, encoded by the PSMB5, PSMB6, and PSMB7 gene,
respectively.�e proteasome is involved in the regulation of various critical cellular

processes including cell proliferation, apoptosis, and DNA repair, and is important

for the activation of the pro-survival transcription factor NF-κB by degradation
of p-IκBα [5, 6]. In hematopoietic cells, a proteasome variant known as the im-
munoproteasome containing distinct catalytic subunits (β5i (PSMB8), β1i (PSMB9),
and β2i (PSMB10)) is present besides the constitutive proteasome [7, 8].�e im-
munoproteasome is associated with processes of antigen presentation on top of

constitutive proteasomal functions.

Several abnormalities of the ubiquitin-proteasome system have been described

in leukemic cells including a higher expression of the proteasome in leukemic cells
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compared to normal peripheral blood cells as determined by immunohistochem-

istry and elevated proteasome activity in the plasma of AML patients [9, 10]. In

addition, in the stem cell-enriched AML subpopulations, NF-κB activity is shown
to be higher as compared to normal bone marrow (NBM) CD34+ cells [11–13]. Inhi-
bition of NF-κB with the proteasome inhibitor MG-132 (which is only applicable in
vitro) induced apoptosis in AML CD34+ cells but not in normal CD34+ cells [14].
�erefore, proteasome inhibition may be a promising treatment strategy in AML.

�e �rst-in-class proteasome inhibitor bortezomib shows clinical e�ectiveness

in multiple myeloma and mantle cell lymphoma [15]. In AML, bortezomib re-

duces NF-κB activity in particular in the more mature CD34− AML cell fraction
in vitro whereas the AML CD34+ cells are less sensitive to bortezomib, which can
be ascribed to upregulation of the anti-apoptotic protein MCL-1 and improper

inhibition of NF-κB [16–18].�e second-generation proteasome inhibitor car�l-
zomib and its orally bio-available derivate oprozomib may be more e�ective since

these inhibitors bind irreversibly and more speci�cally to the proteasome and the

immunoproteasome [19–21]. In clinical trials, car�lzomib was active in bortezomib-

refractory and -relapsed multiple myeloma patients and induced fewer side e�ects

than bortezomib [22–24]. Although limited data is currently available on the e�ect

of second-generation proteasome inhibitors in AML, they suggest that AML cells

are sensitive to car�lzomib [25, 26]. However, the e�ect on primitive AML CD34+

cells is unclear. In the present study we demonstrate that car�lzomib was more

e�ective in reducing the long-term survival of AML CD34+ cells as compared to
bortezomib and oprozomib, whereas normal CD34+ cells were less a�ected by
car�lzomib. Moreover, addition of an MCL-1 inhibitor increased the cytotoxic

e�ects on AML CD34+ cells.

5.2 Material and methods

5.2.1 reagents

Car�lzomib (lot #6012 − 85) and oprozomib (lot #1262 − 071) were kindly provided
by Onyx pharmaceuticals. Bortezomib (lot #9EZT500) was obtained from Jansen-

Cilcag. Obatoclax mesylate (Cat. #S1057) was obtained from Selleckbio.

5.2.2 cell lines, patient material and healthy controls

�e human leukemia cell lines HL-60, OCI-AML3, MOLM13, and THP-1 were

cultured in RPMI 1640 supplemented with 10% FCS. Bone marrow and peripheral

blood samples from AML patients (See Supplementary Table 5.1 for patient charac-

teristics) and healthy controls were obtained a�er informed consent in accordance

with institutional guidelines and the Declaration of Helsinki. Normal bone marrow

(NBM) was obtained from potential donors for allogeneic bone marrow trans-

plantation and patients who underwent elective total hip replacement. Mobilized

peripheral blood cells were obtained from healthy donors who underwent apheresis

for allogeneic bone marrow transplantation. Neonatal cord blood was obtained
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from healthy full-term pregnancies from the obstetrics departments of the UMCG

and the Martini Hospital Groningen, the Netherlands. Mononuclear cells were

isolated by density gradient centrifugation (Lymphoprep, Stem Cell Technologies),

and CD34+ cells were selected by MicroBeads on the AutoMACS Pro Separator
(Miltenyi Biotec).

5.2.3 short-term culture of primary cells

AML, NBM, and normal peripheral blood CD34+ cells were expanded for 2-3
days prior to analysis on mouse stromal (MS5) cells in LTC medium (α-minimum
essential medium supplemented with heat-inactivated 12.5% fetal calf serum, heat-

inactivated 12.5% horse serum, penicillin and streptomycin, 2 mM glutamine, 57.2

µM β-mercaptoethanol and 1 µM hydrocortisone (all from Sigma, Zwijndrecht,
�e Netherlands) supplemented with interleukin 3 (IL-3; Gist-Brocades, Del�, the

Netherlands), granulocyte colony-stimulating factor (G-CSF; Rhone-Poulenc Rorer,

Amstelveen, the Netherlands), and thrombopoietin (TPO; Kirin, Tokyo, Japan)

(20 ng/mL each) [27–30]. Cord blood CD34+ cells were expanded for 2-3 days
in hematopoietic progenitor cell growth medium (HPGM; Lonza, Leusden,�e

Netherlands) supplemented with c-Kit ligand, Flt-3 ligand (both from Amgen,

�ousand Oaks, CA), and TPO (100 ng/mL each) prior to analysis. Cultures were

kept at 37○C and 5% CO2.

5.2.4 cell viability measurements

Cell viability was assessed using MTS assays (Promega, Madison, USA). Cells were

seeded in 96 wells plates and incubated with bortezomib, car�lzomib, or oprozomib

for 24 hrs at 37○C a�er whichMTS reagent was added. Cell viability was determined
a�er 2-4 hrs by measuring the absorption at 490 nm using an iMark microplate

reader (Bio-Rad Veenendaal, the Netherlands).

5.2.5 flow cytometry analysis and cell sorting

Fluorescence activated cell sorting (FACS) analyses were performed on an LSR II

�ow cytometer, FACScalibur (Becton Dickinson (BD), Alpen a/d Rijn,�e Nether-

lands), or MacsQuant (Miltenyi Biotec). Cell sorting was performed by MoFLo

(Dako Cytomation, Carpinteria, CA, USA) a�er staining with CD34-APC (Cat.

#555824, Lot #3191690, BD). For analysis of apoptotic cells, cells were stained with

AnnexinV-FITC (IQP-120F, Miltenyi Biotec) and PI (IQP-121, IQ Products, Gronin-

gen, the Netherlands). For analysis of quiescent cells, cells were resuspended in

hematopoietic progenitor cell growth medium (HPGM, Lonza) and stained with

5 µg/mL Hoechst 33342 (Lot #458868, Invitrogen, Bleiswijk, the Netherlands) at
37○C for 45 min, followed by addition of 1 µg/mL Pyronin Y (Sigma) for 30 min.
Cells were washed in the solution containing Hoechst and Pyronin Y, followed

by staining with CD34-APC and CD38-Alexa700 (Cat. #303524, Lot #B169984,

Biolegend, San Diego, CA) at 4○C for 20 min and FACS analysis. Samples with



thesis August 26, 2015 23:00 Page 85 �
�	

�
�	 �
�	

�
�	

85

a maximum of 50% cell death in untreated controls a�er 24 hrs incubation were

analyzed using FlowJo V10 so�ware.

5.2.6 chymotrypsin-like proteasome activity measurements

A�er 4 hrs incubation at 37○C with proteasome inhibitors, cells were lysed in lysis
bu�er (50 mMHEPES [pH 7.5], 5 mM EDTA, 150 mMNaCl, 1% Triton X-100, and

2 mM ATP) [31]. Lysis was performed on ice for 30 minutes with vortexing every

10 minutes. A�er 15 minutes centrifugation at maximum speed, the supernatant

was collected and transferred in 96 wells plates containing assay bu�er (115 mM

NaCl, 1 mM KH2PO4, 5 mM KCl, 2 mM CaCl2, 1.2 mMMgSO4, 25 mM sodium

HEPES bu�er [pH 7.4]) [32]. Suc-LLVY-aminomethylcoumarin (AMC; Enzo Life

Sciences) was added to each well in a �nal concentration of 50 mM at the start

of the assay.�is substrate is cleaved by chymotrypsin-like (proteasome) activity,

releasing �uorescent AMC.�e rate of �uorescence was measured for 60 minutes

at 5 minute-intervals by a Synergy 2 plate reader (Miltenyi Biotek) using 360 nm

excitation- and 460 nm emission �lters. Non-proteasome background activity was

measured by total inhibition of the proteasome using 1 µM bortezomib and was
distracted from all measurements.

5.2.7 long-term culture initiating cell (ltc-ic) assays

CD34+ cells from AML, NBM, or CB samples were sorted and plated in limit-
ing dilution in 96-well plates pre-coated with MS5 stromal cells and cultured for

�ve weeks in LTC medium. For AML samples, wells containing cobblestone-area

forming cells were scored as positive. For NBM and CB samples, wells containing

CFCs two weeks a�er addition of methylcellulose (MethoCult H4230; StemCell

Technologies) were scored as positive.�e stem cell frequency was calculated using

L-Calc Limiting Dilution So�ware (StemCell Technologies).

5.2.8 colony forming cell assays

NBMCD34+ cells were incubated in RPMI with the di�erent proteasome inhibitors.
A�er 24 hrs, methylcellulose supplemented with 20 ng/mL IL-3, 20 ng/mL IL-6, 20

ng/mL G-CSF, 20 ng/mL c-kit ligand, and 6 U/mL erythropoietin (Cilag Eprex)

was added. A�er two weeks, CFCs were counted.

5.2.9 lentiviral transduction

�e pRRL-CMVd2EGFP-SFFV-tdTomato vector was made by inserting the XhoI-

XbaI fragment (containing the CMV-d2EGFP cassette) from pCMV-d2EGFP [33]

(kindly provided by Hiroshi Harada, Radiation and Tumor Biology, Kyoto Univer-

sity, Kyoto, Japan), into the XhoI-NheI cut pRRL-SFFV-tdTomato vector. Lentiviral

particles were produced by transient transfection of 293T cells. HL-60 cells were

transduced in one round with lentiviral supernatant supplemented with polybrene
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(4 µg/mL; Sigma, Zwijndrecht,�e Netherlands). Tomato positive cells were sorted
and used for measurement of proteasome activity.

5.2.10 micro-array analysis

Gene expression pro�ling of 66 AMLCD34+ samples, 51 AMLCD34− samples, and
22 NBM CD34+ samples was performed previously using the Illumina HumanHT-
12 Expression BeadChips as published [34, 35]. We selected from this dataset the

seventeen proteasome subunit-coding genes and compared the expression rates by

the Mann-Whitney U test. To assess the degree of multiple testing, we performed

this analysis within a multivariate permutation test with 1000 permutations, a

false discovery rate of 5% and a con�dence level of 80%.�is resulted in a list of

signi�cantly upregulated genes, which, based on permutations, contains no more

than 5% false positive associations.

5.2.11 immunoblotting

Antibodies against MCL-1 (Calbiochem, Darmstadt, Germany, AM50 (RC13)) and

β-Actin (C4) (Santa Cruz Biotechnology, CA, USA) were used in dilutions of 1 ∶ 300
and 1 ∶ 1000, respectively. Secondary �uorescent antibodies were obtained from
Invitrogen (1 ∶ 10000). Binding of antibodies was detected by an Odyssey infrared
imager (Li-Cor Biosciences, Lincoln, NE).

5.2.12 statistical analysis

All values are expressed as means ± SE.�e Student t test and Wilcoxon signed-
rank test were used for comparisons. P-values below 0.05 were considered to be

signi�cant.

5.3 Results

5.3.1 after short-term incubation, carfilzomib and bortezomib induce

an equal reduction of survival in aml cell lines whereas

oprozomib induces less cell death

To investigate whether AML cells and normal CD34+ cells are sensitive to the
second-generation proteasome inhibitors, the AML cell lines MOLM13, THP1, OCI-

AML3, HL-60, and cord blood CD34+ cells were incubated with car�lzomib and
oprozomib and e�ects on apoptosis and survival were compared with e�ects of

the �rst-generation proteasome inhibitor bortezomib. A�er 24 hrs, we observed a

concentration-dependent reduction in viability and induction of apoptosis in all

four cell lines (Figure 5.1). �e most sensitive were the MLL-AF9 translocation-

bearing cell lines MOLM13 and THP-1, as was in accordance with previous reports

on MLL-fusion leukemia cells [36, 37].�e e�ects of car�lzomib were comparable

to bortezomib, e.g. the IC50 in MOLM13 cells was 7.1 nM for car�lzomib versus 6.2

nM for bortezomib, as measured by MTS viability assays (Figure 5.1C). Annexin
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Figure 1  

Figure 5.1: Survival of AML cells was equally reduced by bortezomib and car�l-
zomib and was less reduced by oprozomib a�er short-term incubation
A) Representative example of apoptosis measurements. MOLM13 cells were incubated with

8 nM bortezomib, car�lzomib, or oprozomib for 24 hrs B) Apoptosis in AML cell lines and

CB CD34
+
cells a�er 24 hrs of incubation (n = 3 each) C) Cell viability in AML cell lines

was measured a�er 24 hrs of incubation by MTS assays (n = 3 each)

V staining showed comparable results (Figure 5.1A-5.1B). Cord blood CD34+ cells
were also a�ected upon treatment with bortezomib and car�lzomib in this short-

term culture setting, but they were less sensitive than MOLM13 and THP1 cells

(e.g. 75%± 23% apoptotic cells in MOLM13 versus 19%± 14% in cord blood CD34+
cells upon 24 hrs incubation with 8 nM car�lzomib; p < 0.001; Figure 5.1B). At
equimolar concentrations, oprozomib induced less cytotoxicity than car�lzomib

and bortezomib in all four cell lines. Nevertheless, cord blood CD34+ cells were less
sensitive to oprozomib than MOLM13 and THP-1 cells (e.g. 94% ± 1.2% apoptotic
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cells in MOLM13 vs. 29% ± 10% in cord blood CD34+ cells upon incubation with
128 nM car�lzomib; p < 0.001).

5.3.2 proteasome activity is reduced in aml cell lines after incubation

with carfilzomib, oprozomib and bortezomib

To verify whether the reduction in cell survival a�er 24 hrs of exposure was preceded

by a reduction in proteasome activity, we used the �uorogenic substrate SLLVY-

AMC to measure the chymotrypsin-like activity as an indicator of the e�ect on the

proteasome enzymatic activities. Indeed, we observed a reduction of chymotrypsin-

like proteasome activity in all AML cell lines a�er 4 hrs of exposure to the three

proteasome inhibitors (Figure 5.2A). Again, car�lzomib and bortezomib showed

similar e�ects (e.g. 90% and 97% reduction, respectively, in HL60 a�er 4 hrs 20 nM;

p = 0.019 and p = 0.009), whereas the e�ect of oprozomib on chymotrypsin-like
proteasome activity was smaller (e.g. 68% reduction in HL60; p = 0.013). Basal
chymotrypsin-like proteasome activity was higher in the more sensitive MOLM13

and THP-1 cells compared to the less sensitive HL-60 and OCI-AML3 cells (Fig-

ure 5.2B). Because car�lzomib binds irreversibly to the proteasome in contrast to

bortezomib [19], we assessed whether car�lzomib was able to reduce the protea-

some activity for a longer period compared to bortezomib. For this purpose HL-60

cells were transduced with short-lived d2EGFP which is rapidly degraded by the

proteasome in time, but will accumulate upon proteasome inhibition. Cells were

incubated for 8 hrs with bortezomib or car�lzomib, a�er which the accumulation

of d2EGFP was measured at di�erent time points. Directly a�er incubation, car�l-

zomib and bortezomib induced similar accumulation of d2EGFP (MFI relative to

the untreated control was 1.85 vs. 1.86, respectively; p = 0.79), suggesting that both
compounds equally inhibited the proteasome activity. However, a�er 16 hrs, the

MFI declined in bortezomib-treated cells but not in car�lzomib-treated cells (rela-

tive MFI 1.27 vs. 1.78, respectively; p = 0.007), suggesting that car�lzomib indeed
had a longer-lasting inhibitory e�ect on proteasome activity (Figure 5.2C-5.2D), in

line with the described irreversible binding of car�lzomib to the proteasome.

5.3.3 survival and proteasome activity of primary aml cd34+ cells are

also equally affected by carfilzomib and bortezomib after

short-term incubation

Next, we investigated the sensitivity of the patient-derived AML CD34+ cell sub-
fraction to the proteasome inhibitors (n = 20, Table 5.1). A�er 24 hrs of incubation,
we observed a cytotoxic e�ect of bortezomib and car�lzomib in most of the sam-

ples (69% ± 19% survival, p < 0.0001; and 56% ± 20% survival, p < 0.0001, respec-
tively), whereas AML cells were relatively resistant to oprozomib (93%±9% survival,
p = 0.020) (Figure 5.3A). Although the variation between the AML samples was
distinct, we observed again a similar reduction of cell survival a�er short-term

incubation with car�lzomib and bortezomib. �e survival reduction was again
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Figure 2  

Figure 5.2: Proteasome activity was reduced a�er incubation with car�lzomib,
bortezomib, and oprozomib with prolonged e�ectivity of car�lzomib
A) Chymotrypsin-like proteasome activity was measured in cell lines a�er 4 hrs of incuba-

tion with 5 nM or 20 nM bortezomib, car�lzomib, or oprozomib, and was quanti�ed with

�uorescence produced upon cleavage of the proteasome substrate SLLVY-AMC (n = 4 each)
B) Basal chymotrypsin-like proteasome activity in untreated cell lines C) HL-60 cells were

transduced with d2EGFP, incubated for 8 hrs with 20 nM bortezomib or car�lzomib and

then washed thoroughly three times with PBS.�e mean �uorescence intensity (MFI) of

d2EGFP wasmeasured a�er incubation and 16, 20, and 24 hrs a�er washing. A representative

example is shown (n = 3) D) HL-60 cells were transduced with d2EGFP, incubated for 8 hrs
with 20 nM bortezomib or car�lzomib and then washed thoroughly three times with PBS.

�e mean �uorescence intensity (MFI) of d2EGFP was measured a�er incubation and 16, 20,

and 24 hrs a�er washing.�e MFI relative to the untreated control is shown (n = 3)
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Figure 3 

Figure 5.3: Survival and chymotrypsin-like proteasome activity were reduced in
primary AML CD34+ cells upon proteasome inhibition
A) Primary AML CD34

+
cells (n = 14) were incubated for 24 hrs with 50 nM bortezomib,

car�lzomib, or oprozomib, a�er which survival was measured by �ow cytometry.�e three

most sensitive samples towards car�lzomib are shown in grey and the three least sensitive

samples are shown in white B) Chymotrypsin-like proteasome activity was measured in

primary AML CD34
+
cells a�er 4 hrs of incubation with 5 or 20 nM bortezomib, car�lzomib,

or oprozomib (n = 12)

associated with a decrease in chymotrypsin-like proteasome activity in primary

AML CD34+ cells (Figure 5.3B).

5.3.4 carfilzomib slightly reduced the percentage of quiescent aml

cd34+cd38− cells and reduced the stem cell frequency of primary

aml cells

We have previously shown that bortezomib primarily a�ects the more mature AML

CD34− cell fraction and has limited impact on AML CD34+ cells [18].�erefore,
we assessed the e�ects of car�lzomib and oprozomib on the AML CD34− and
CD34+ cell fractions, and focused in particular on the quiescent cell population.
Following 24 hrs of incubation with car�lzomib and oprozomib, we noticed that

the CD34− and CD34+CD38+ cells were also in this case more a�ected than the
relatively immature CD34+CD38− cells in this short-term assay. For example, upon
car�lzomib treatment there was an 81% reduction in CD34− cells (p = 0.04), a 47%
reduction in CD34+CD38+ cells (p = 0.003), and a 10% reduction in CD34+CD38−
cells (p = 0.19; Figure 5.4A-5.4B). However, we observed with car�lzomib, but not
with bortezomib and oprozomib, a slight but signi�cant reduction of quiescent

AML CD34+CD38− cells (41% quiescent CD34+CD38− cells vs. 52% in untreated
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Figure 4 

Figure 5.4: Car�lzomib reduced the percentage of quiescent cells and the stem
cell frequency of primary AML cells
A) AMLCD34

+
cells were expanded onMS5 stromal cells for two days and were incubated in

liquid with proteasome inhibitors (50 nM) for 24 hrs. Survival of the di�erent cell populations

was determined by �ow cytometry. Representative example of CD34/CD38 stainings B)

Survival percentages of CD34
+
CD38

−
, CD34

+
CD38

−
, and CD34

−
cell populations (n = 9)

C) Representative example of the analysis of quiescent CD34
+
CD38

−
cells D) Percentage of

AML CD34
+
CD38

−
cells in the G0 phase of the cell cycle (n = 10).�e average quiescent cell

percentage of the untreated control cells was 52%± 17% E) AML CD34
+
cells were incubated

for 24 hrs onMS5 stromal cells with proteasome inhibitors (20 nM) and then demi-populated

weekly in LTC-IC assays (n = 10).�e average LTC-IC frequency of the untreated controls
was 1

43
± 1

29
.�e two most sensitive samples towards car�zomib are shown in grey and the

two least sensitive samples are shown in white
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24 
 

 
Figure 5 

Figure 5.5: Normal control cells were only mildly a�ected by proteasome inhibi-
tion
A) Normal bone marrow (n = 9) and normal peripheral blood (n = 2) CD34

+
cells were

treated with the proteasome inhibitors (20 nM) for 24 hrs and then put in methylcellulose.

CFCs were scored a�er two weeks. �e average colony count of the untreated controls

was 225 ± 112 per 1000 cells B) NBM (n = 3) and cord blood (n = 4) CD34
+
cells were

incubated for 24 hrs on MS5 stromal cells with proteasome inhibitors (20 nM) and then

demi-populated weekly in LTC-IC assays.�e average LTC-IC frequency of the untreated

controls was 1

145
± 1

177
C) Percentage of NBM CD34

+
CD38

−
cells in the G0 phase of the cell

cycle a�er 24 hrs incubation with the proteasome inhibitors (50 nM; n = 10).�e average
quiescent cell percentage of the untreated control cells was 64%±25%D) Chymotrypsin-like

proteasome activity in primary AML CD34
+
cells (n = 6) and NBM or peripheral blood

CD34
+
cells (n = 8)

control; p = 0.03; Figure 5.4C-5.4D). To examine whether the AML stem cell-
enriched cell fractions are also functionally a�ected upon addition of car�lzomib,

AML CD34+ cells (n = 10) were cultured on an MS5 stromal layer in limiting
dilution for �ve weeks to determine the long-term-culture-initiating cell (LTC-IC)

frequency. Importantly, upon a single treatment for 24 hrs with car�lzomib, the

LTC-IC frequency was reduced to 47% of the untreated control (±24%; p = 0.003),
while bortezomib and oprozomib did not a�ect the LTC-IC frequency (97% ± 36%,
p = 0.44; and 89% ± 39%, p = 0.21, respectively) (Figure 5.4E). To address the
variable sensitivity of AML CD34+ cells to car�lzomib, we assessed the proteasome
activity in three sensitive and two less-sensitiveAMLs. We did not detect a di�erence

in basal proteasome activity between these di�erent AMLs. However, following 4

hrs of incubation with car�lzomib, we did not demonstrate any proteasome activity

in the sensitive AMLs, while in the insensitive AMLs remaining proteasome activity

could still be demonstrated, i.e. 37% and 60% of the starting value (data not shown).
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5.3.5 carfilzomib does not affect nbm cd34+ cells

To evaluate the e�ect of car�lzomib on NBM CD34+ cells, we assessed the colony
forming potential and LTC-IC frequency of NBM cells upon treatment with car�l-

zomib. Both the colony forming potential and the LTC-IC frequency were not sig-

ni�cantly a�ected by car�lzomib (i.e. CFC frequency: 68%± 51% in the car�lzomib
group compared to controls normalized to 100% (p = 0.053); LTC-IC frequency:
91% ± 19% in the car�lzomib group compared to the untreated control (p = 0.11);
Figure 5.5A-5.5B). Furthermore, the frequency of quiescent NBM CD34+CD38−

cells was not signi�cantly altered upon exposure to car�lzomib (55% ± 30% vs.
64%± 25% in controls; Figure 5.5C). Together, these data suggest that NBM CD34+
cells are less sensitive to car�lzomib than AML CD34+ cells. A di�erence in sensi-
tivity of AML CD34+ and normal CD34+ cells might be explained by a di�erence
in proteasome activity in AML cells compared to normal cells. By measuring the

chymotrypsin-like activity of AML CD34+ (n = 6) and NBM CD34+ cells (n = 8),
we observed indeed a trend towards increased proteasome activity in AML CD34+

cells (Figure 5.5D). Higher proteasome activity in AML cells might be the result of

higher levels of proteasome complexes due to increased expression of proteasomal

subunits. To study this, we compared the expression levels of proteasome subunit

coding genes in primary AML CD34+ cells of 66 patients and NBM CD34+ cells of
22 donors from a recently performed microarray [34, 35]. We observed signi�cantly

increased expression levels of 9 out of 17 genes and a trend towards increased ex-

pression of all subunits in AML CD34+ versus NBM CD34+ cells (Supplementary
Figure 5.7A). We also observed increased expression of seven proteasome subunit-

coding genes in AML CD34+ compared to AML CD34− cells, suggesting that the
more primitive AML cells might have increased proteasome activity compared to

the more mature cell population (Supplementary Figure 5.7B).

5.3.6 mcl-1 is upregulated in aml cd34+ cells after incubation with

bortezomib, carfilzomib, and oprozomib and mcl-1 inhibition

sensitizes aml cd34+ cells to proteasome inhibitor-induced cell

death

�e cytotoxic e�ects of proteasome inhibitors may be limited by the induction of

anti-apoptotic signaling. We and others previously observed that treatment of AML

CD34+ cells with bortezomib is hampered by upregulation of the anti-apoptotic
protein MCL-1 [18, 38, 39]. Here, we observed that MCL-1 is also upregulated in HL-

60 cells upon treatment with car�lzomib and oprozomib (Figure 5.6A). Whereas

MCL-1 is required for the survival andmaintenance of leukemic cells, and inhibition

of MCL-1 abrogates leukemic outgrowth, we wondered whether inhibition of MCL-

1 further sensitizes primary leukemic cells to car�lzomib and oprozomib. AML

CD34+ cells were treated for 24 hrs with car�lzomib or oprozomib in combination
with obatoclax, a pan-BCL-2 family member inhibitor which is currently under

clinical investigation. Co-treatment with obatoclax increased the sensitivity of

primary AML cells to the proteasome inhibitors. Survival of AML CD34+ cells a�er
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Figure 5.6: MCL-1 was upregulated in AML cells a�er incubation with borte-
zomib, car�lzomib, and oprozomib and MCL-1 inhibition sensitized AML
CD34+ cells to proteasome inhibitor-induced cell death
A) HL-60 cells were incubated with proteasome inhibitors for 24 hrs. �e anti-apoptotic

MCL-1 isoform 1 was detected by western blot B) Primary AML CD34
+
cells (n = 10) were

incubated with proteasome inhibitors (50 nM), the MCL-1 inhibitor obatoclax (5 µM), or
both for 24 hrs. Survival was measured by �ow cytometry

24 hrs of incubation with 50 nM bortezomib, car�lzomib, or oprozomib was 73%,

49%, and 96%, respectively, in the absence of obatoclax, versus 46% (p = 0.03),
27% (p = 0.03), and 65% (p = 0.04), respectively, when combined with obatoclax
(Figure 5.6B).

5.4 Discussion

�e results of the present study demonstrate that car�lzomib and bortezomib are

equally e�ective in targeting AML cells in short-term assays, but, more importantly,

that car�lzomib was more e�ective in targeting the stem cell-enriched CD34+ AML
cell fraction.�e higher sensitivity of primitive AML cells to car�lzomib could be

related to the irreversible binding of car�lzomib to the proteasome, which does not

result in an advantage in short-term readouts, but results in a decreased viability in

long-term assays due to prolonged proteasome inhibition.

NBM CD34+ cells were only mildly a�ected upon car�lzomib treatment.�e
variation in sensitivity between AML CD34+ cells and NBM CD34+ cells, and
also within di�erent AML cells, is likely related to di�erences in proteasome- and

NF-κB activity. We and others indeed observed an increased chymotrypsin-like
proteasome activity and increased proteasome subunit expression in AML CD34+

cells compared to NBM cells (Figure 5.5D, Supplementary Figure 5.7A, and [9, 10]).

Furthermore, previous studies have shown that AML CD34+ cells frequently gain
constitutive NF-κB activity, in contrast to NBMCD34+ cells [11, 12, 14], whichmight
be related to the increased activity of various components upstream of NF-κB, such
as IRAK1 and TAK1 [40, 41]. As a consequence of the increased proteasome- and
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NF-κB activity, the stem cell-enriched AML CD34+ cells might be more dependent
on these pathways for their survival, which provides a therapeutical window. In

addition, the higher sensitivity of cell lines bearing the MLL-AF9 fusion (MOLM13

and THP-1) might be due to an accumulation of the MLL fusion protein upon

proteasome inhibition, which is at higher levels detrimental to leukemia cell survival

and triggers latent tumor suppression programs [36].

In the present study, we measured the chymotrypsin-like proteasome activity

as an indicator of the e�ect on proteasome activity. Chymotrypsin-like activity is

shown to be a biomarker for clinical response on standard therapies in AML and

multiple myeloma patients in contrast to trypsin-like and caspase-like activities [10].

�e measurement of chymotrypsin-like proteasome activity covers both the consti-

tutive proteasome- and the immunoproteasome activity which are both inhibited

by bortezomib, car�lzomib and oprozomib [7, 21]. It has recently been suggested

that higher ratios of the immunoproteasome correlate with sensitivity of AML cells

to proteasome inhibition [8]. However, the e�ects were only determined in AML

blasts in short-term read-outs.

Our data suggest that AML cells were less sensitive to oprozomib compared to

car�lzomib and bortezomib in vitro at equimolar concentrations. Lower e�cacy of

oprozomib was previously also observed in head and neck cancer cells and various

cell lines. Nevertheless, oprozomib largely inhibited tumor growth in vivo [42]. In

addition, the limited toxicity to cord blood and normal bone marrow CD34+ cells
might provide the opportunity to apply higher doses of oprozomib.

To optimally eradicate AML cells, a combination of anti-cancer agents targeting

di�erent oncogenic pathways is presumably the most successful. An interesting

target in combination with proteasome inhibitors is the anti-apoptotic proteinMCL-

1. MCL-1 is required for the maintenance of early hematopoietic progenitors and is

highly expressed in AML CD34+CD38− cells as compared to AML progenitors and
normal CD34+ cells [43, 44]. In this study, we showed that MCL-1 is upregulated
upon incubation with car�lzomib and oprozomib and that simultaneous inhibition

of MCL-1 by obatoclax has an additive cytotoxic e�ect on AML CD34+ cells.
In summary, our data indicate that the second-generation proteasome inhibitor

car�lzomib might be more e�ective in reducing the long-term survival of AML

CD34+ cells as compared to bortezomib and oprozomib. Addition of an MCL-1
inhibitor increased the cytotoxic e�ects onAMLCD34+ cells.�erefore, car�lzomib
in combination with MCL-1 inhibition is a promising therapeutic option for the

treatment of AML patients.
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Figure S1 

 

 

Figure S1 

Proteasome subunit-coding genes were higher expressed in AML CD34+ cells (n=66) versus NBM 

CD34+ cells (n=22) or AML CD34- cells (n=51). Eleven subunit-coding genes from a micro-array were 

compared by the Mann–Whitney U test corrected by a multivariate permutations test. (A) 

Expression levels of proteasome subunit-coding genes in AML CD34+ cells versus NBM CD34+ cells. 

(B) Expression levels of proteasome subunit-coding genes in AML CD34+ cells versus AML CD34- cells. 

 

Figure 5.7: Proteasome subunit-coding genes were higher expressed in AML
CD34+ cells (n = 66) versus NBM CD34+ cells (n = 22) or AML CD34− cells
(n = 51). Seventeen subunit-coding genes from a micro-array were compared
by the Mann-Whitney U test corrected by a multivariate permutations test
A) Expression levels of proteasome subunit-coding genes in AML CD34

+
cells versus NBM

CD34
+
cells B) Expression levels of proteasome subunit-coding genes in AML CD34

+
cells

versus AML CD34
−
cells
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Table 5.1: Clinical characteristics of studied patients
AML was classi�ed according to WHO classi�cation. AML = acute myeloid leukemia, NPM

= nucleophosmin, n.a. = not available, wt = wildtype, mut = mutated, FLT3-ITD = Fms-like

tyrosine kinase 3-internal tandem duplication , NK = normal karyotype

AML Diagnosis (WHO) % CD34 NPM FLT3 Cytogenetics

1 AML with cytogenetic aberrations 29% n.a. wt -Y, t(8;21)

2 AML without maturation 30% wt ITD NK

3 Acute biphenotypic leukemia 57% wt ITD NK

4 Acute monocytic leukemia 10% mut ITD NK

5 Acute monocytic leukemia 85% n.a. wt n.a.

6 AML with dysplasia 31% wt wt NK

7 AML without maturation 86% n.a. n.a. n.a.

8 AML with minimal di�erentiation 90% n.a. n.a. del 5q

9 AML with maturation 57% n.a. n.a. n.a.

10 Acute myelomonocytic leukemia 16% wt ITD NK

11 Acute monocytic leukemia 67% wt ITD NK

12 AML with dysplasia 25% n.a. wt n.a.

13 AML without maturation 70% wt wt NK

14 AML with genetic aberrations 87% n.a. n.a. inv(3), -7, -10

15 Acute basophilic leukemia 34% wt wt t(9;22), inv(16)

16 AML with maturation 29% wt ITD NK

17 AML with dysplasia 58% wt ITD NK

18 AML with maturation 39% mut ITD t(3;5), +8

19 AML with genetic aberrations 76% wt wt inv(16)

20 AML with dysplasia 18% wt wt t(9;22), t(4;11)
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CHAPTER6
The TAK1-NF-κB axis as

therapeutic target for AML
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Abstract – Development and maintenance of leukemia can partially be at-
tributed to alterations in (anti) apoptotic gene expression. Genome-wide tran-
scriptome analyses revealed that 89 apoptosis-associated genes were di�erentially
expressed between patient acute myeloid leukemia (AML) CD34+ cells and normal
bonemarrow (NBM) CD34+ cells. Amongst these, TGF-β activated kinase 1 (TAK1)
was strongly upregulated in AML CD34+ cells. Genetic downmodulation or phar-
macologic inhibition of TAK1 activity strongly impaired primary AML cell survival
and cobblestone formation in stromal co-cultures. TAK1 inhibition was mainly due
to blockade of the NF-κB pathway, as TAK1 inhibition resulted in reduced levels of
p-IκBα and p65 activity. Overexpression of a constitutive active variant of NF-κB
partially rescued TAK1-depleted cells from apoptosis. Importantly, NBM CD34+

cells were less sensitive to TAK1 inhibition compared to AML CD34+ cells. Knock-
down of TAK1 also severely impaired leukemia development in vivo and prolonged
overall survival in a humanized xenogra� mouse model. In conclusion, our results
indicate that TAK1 is frequently overexpressed in AML CD34+ cells, and that TAK1
inhibition e�ciently target leukemic stem/progenitor cells in a NF-κB-dependent
manner.

6.1 Introduction

Due to a high incidence of relapse, the survival rate of AML patients is still below

30%, despite intensive treatment with chemotherapy. It is assumed that a small

population of quiescent leukemic stem cells (LSCs) with self-renewal properties

persists within the bone marrow microenvironment.�ese LSCs are responsible

for relapse of the disease post-treatment [1, 2], suggesting that current therapies par-

ticularly target the more rapidly dividing leukemic blasts, while the LSCs generally

survive.

Leukemogenesis of stem cells is a process in which various cellular programs

can be a�ected, including those that regulate apoptosis and di�erentiation [3].

Modi�cation of programmed cell death might be important not only for leukemic

transformation but could also contribute to tumor maintenance and chemoresis-

tance. Dysregulation of a number of cell survival pathways, such as BCL2, p53,

and NF-κB, have been associated with aberrations in apoptotic responses of AML
cells [4]. In contrast to normal bone marrow CD34+ cells, constitutive activation
of NF-κB has been observed in AML CD34+ cells [5–8]. In accordance with this
activation, NF-κB-associated pathways are related to tumor formation and mainte-
nance [9]. Pharmacological inhibition of NF-κB by proteasome inhibitors has been
reported to induce cell death in the AML CD34+CD38− subfraction both in vitro
and in vivo [7, 8].

TGF-β activated kinase 1 (TAK1/MAP3K7) is a kinase upstream of NF-κB
which can be activated by a variety of cytokines including TNFα, TGF-β and IL-1.
Subsequently, phosphorylation of TAK1 leads to downstream activation of several

pathways, including the NF-κB, JNK, ERK and p38-pathways.
�roughout embryonic development, TAK1 is required for angiogenesis and

regulates the survival of endothelial cells and normal hematopoietic stem cells
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(HSCs) [10, 11]. A strong reduction of HSCs in TAK−/− mice has been observed
that can partially be rescued by the knockout of tumor necrosis factor receptor

1 and 2 (TNFR1 and TNFR2), suggesting that apoptosis upon TAK1 inhibition is

largely mediated by TNFα signaling [12, 13]. In various cancer models, including
colorectal cancer, skin tumors and mantle cell lymphoma, TAK1 has been shown to

be essential for the survival of cancer cells, where it might a�ect tumor metastasis

in a WNT-dependent manner [14–18]. Furthermore, reduction of TAK1 activity

speci�cally induced cell death within all these di�erent tumors, both in vitro as

well and in vivo. Studies in patients with esophageal squamous cell carcinomas and

clear cell renal cell carcinoma have also demonstrated that high TAK1 expression is

associated with unfavorable prognosis [19, 20].

We performed a detailed analysis of the apoptotic programs within the leukemic

stem cell enrichedCD34+ fraction of AMLpatients in comparison to normal CD34+

stem/progenitor cells. We discovered that TAK1 expression is elevated in a large

subset of AML CD34+ cells. Pharmacologic or genetic inhibition of TAK1 induced
cell death in AML CD34+ cells in an NF-κB-dependent manner and signi�cantly
prolonged survival in vivo.�ese results indicate that targeting of TAK1 could be a

potential new strategy in the treatment of AML.

6.2 Material and methods

6.2.1 micro-array analysis

Gene expression pro�ling apoptosis related genes was based on previously studies

using Illumina HumanHT-12 Expression BeadChips [21, 22].�ese studies included

100 samples and were divided as follows: 62 AML CD34+ (4 in duplicate), and 38
normal bone marrow CD34+ samples. All samples were corrected for background
using Illumina GenomeStudio and then jointly forced to positive values, normalized

and transformed using the R packages Bioconductor and Lumi [23, 24]. Probes with

a detection p-value larger than 0.01 in all samples, as provided by GenomeStudio,

were deleted. Log2 transformation and quantile normalization were applied. As a

measure of quality control we performed a principal component analysis (PCA) on

the correlation matrix of all 100 samples [25].�e �rst component was removed

from the data [26]. To ensure reliability and reproducibility of the results we used

multivariate permutations (MP) to determine the signi�cance of our results.

A gene list composed of 386 apoptosis-related genes (in total 650 probes) was

constructed.�is list was largely based on Gene ontology terms 0097191 (extrinsic

apoptotic signaling pathway) and 0097193 (intrinsic apoptotic signaling pathway)

combined with human apoptotic proteins present in the uniprotKB database. Dif-

ferential expression was considered signi�cant at P < 0.0001. Average linkage
hierarchical clustering with the centered correlation distance metric was performed

using Cluster 3.0 and TreeView so�ware1. Micro-array data have been deposited in

GEO, accession number GSE30029.

1http://www.eisenlab.org/eisen/

http://www.eisenlab.org/eisen/
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6.2.2 cell culture

�e human promyelocytic leukemia cell line HL-60 and the human monocytic cell

lineMOLM13 were cultured in RPMI 1640 supplemented with 10% FBS.�e human

monocytic leukemia cell line Oci-AML3 was cultured in RPMI 1640 supplemented

with 20%FBS.�e human erythroleukemic cell line TF-1 was cultured in RPMI 1640

supplemented with 10% FCS and 10 ng/mLGM-CSF (Genetics Institute, Cambridge,

MA).

6.2.3 primary aml cells, nbm and long term cultures on stroma

Informed consent was obtained to use the AML blasts in accordance with the Dec-

laration of Helsinki; the protocol was approved by the Medical Ethics Committee of

the UMCG. AML mononuclear cells were isolated by density gradient centrifuga-

tion, and CD34+ cells were selected by MiniMacs (Miltenyi Biotec, Amsterdam, the
Netherlands).�erea�er cells were expanded on MS5 stromal cells in long-term

culture (LTC) medium (αMEM supplemented with heat-inactivated 12.5% FCS,
heat-inactivated 12.5% horse serum (Sigma, Zwijndrecht, the Netherlands), peni-

cillin and streptomycin, 2 mM glutamine, 57.2 µM β-mercaptoethanol (Sigma) and
1 µM hydrocortisone (Sigma)) with interleukin 3 (IL-3; Gist-Brocades, Del�, the
Netherlands), granulocyte colony-stimulating factor (G-CSF; Rhone-Poulenc Rorer,

Amstelveen, the Netherlands), and thrombopoietin (TPO; Kirin, Tokyo, Japan) (20

ng/mL each) as previously described [27, 28]. Cultures were kept at 37○C and 5%
CO2. Cultures were demipopulated weekly for analysis.

A�er achieving informed consent, bone marrow aspirates were obtained from

patients who underwent a total hip replacement.�e protocol for bone marrow

collection was approved by the institutional review board of the University Medical

Center Groningen (UMCG). All participants had normal general health, normal

peripheral blood counts and did not su�er from a haematological disorder.

6.2.4 flow cytometry analysis

Antibodies were obtained from Beckton Dickinson and Biolegend (Alphen a/d Rijn,

the Netherlands). Cells were incubated with antibodies at 4○C for 30 minutes. All
�uorescence-activated cell sorter (FACS) analyses were performed on a FACScalibur

(Becton Dickinson) and data was analyzed using FlowJo 7.6.1. Cells were sorted on

a MoFLo-XDP or Astrios (DakoCytomation, Carpinteria, CA, USA).

6.2.5 lentiviral and retroviral transductions

ExtGLuc was retrieved from the rPLSI1180-ExtGLuc-IRES-hrGFP vector (kindly

provided by the Brentjens lab [29]) by EcoRI/StuI (blunt) and ligated into EcoRI/SalI

(blunt) sites of the 3rd generation lentivector CD711B_1_pCDH_MSCV. Lentiviral

particles were produced by transient transfection in 293T cells using pVSV, pREV

and pMDL-PRRE helper plasmids.
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�e lentivirus short hairpin RNA vectors targeting human TAK1 were ob-

tained from Open Biosystems (�ermo Scienti�c, Clone ID: TRCN0000001554,

TRCN0000001555, TRCN0000001556 and TRCN0000001558) targeting the follow-

ing sequences: AAACAATCCAAGAATCACTGC, TATTAGGATGGTTCACACGGG,

ATTCCATCACAAGACACACTG and ATAGTATCATTTGTGGCAGGA.�ese hairpins

were cloned into the pLKO.1 lentiviral vector containing GFP (kindly provided

by Dr. J. Larsson) or mCherry. �e pLKO.1 GFP vector containing a scrambled

(SCR) short hairpin was used as control vector. Lentiviral particles were produced

by transient transfection of 293T cells with the lentiviral expression vectors, and

stable transduction of AML cell lines or CD34+ AML cells was performed, which
have both been extensively described [28].�e retroviral construct pCMV IKKβ
S177E S181E has been described previously [30]. Retroviral particles were made

by transient transfection of PG13, and OCI-M3 cells were transduced with these

particles. Transduction e�ciency was measured by FACS analysis. Knockdown was

investigated by quantitative reverse-transcription-polymerase chain reaction and

Western blot.

6.2.6 nf-κb assay

NF-κB activity was measured by ELISA. ELISA was performed using the TRANS-
AM NF-κB p65 Transcription Factor Assay Kit (Active Motif, North America,
Carlsbad, CA) following the manufacturer’s recommendations and as described

previously [31].

6.2.7 nf-κb luciferase reporter assay

293T cells were co-transfected with a luciferase vector containing three NF-κB
responsive elements (NRE) [32] together with the MIGR1 or IKK SSEE vectors.

Luciferase assays were performed as described previously [30].

6.2.8 migration assay

Migration assay of MOLM13 cells was performed in a transwell system (Corning

Costar, Cambridge, UK) with 8 µm pore size. Two days a�er transduction, cells
were resuspended in 100 µL medium and added to the upper chamber; 600 µL
of medium with and without 100 ng/mL SDF-1 was added to the lower chamber.

Cells were incubated for 4 hours at 37○C and migrated and non-migrated cells were
counted.

6.2.9 animal experiments

Eight to ten week old female NSG (NOD.Cg-Prkdcscid ll2rgtm1Wjl/SzJ) were

purchased from the CDP breeding facility within the UMCG. Mouse experiments

were performed in accordance with national and institutional guidelines, and all

experiments were approved by the Institutional Animal Care and Use Committee

of the University of Groningen (IACUC-RuG). Prior to transplantations, mice were
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sub-lethally irradiated with a dose of 1.0 Gy. Following irradiation mice received

Neomycin (3.5 g/l in drinking water) and so� food daily for 2 weeks. Mice were

lateral tail vein injected with 200.000 MOLM13 luciferase GFP+ transduced with
SCR or shTAK1 mCherry lentivirus. Bioluminescence imaging was performed

17 days a�er injection of the cells using the IVIS Spectrum, whereby 100 µg of
coelenterazine was intravenously injected into the retro-orbital plexus and the mice

were imaged for 30 seconds. Bioluminescence was quanti�ed using Living Image

2.50. Mice were sacri�ced upon detection of clinical signs of disease.

Supplemental Methods are available online2.

6.3 Results

6.3.1 transcriptome profiling identified differences in apoptotic

signaling in aml cd34+ cells compared to normal bone marrow

cd34+ cells

To evaluate the apoptotic programming in LSC-enriched AML CD34+ cells, tran-
scriptome analyses was performed on a previously established gene expression

data set of a large cohort of patient AML CD34+ cells (n = 62) and compared to
NBM CD34+ cells (n = 38) [21, 22]. Gene set enrichment analysis (GSEA) was
performed, which revealed multiple apoptosis-associated sets to be highly enriched

in AML CD34+ cells. In the top 30 signi�cantly enriched gene sets, six sets were
related to apoptosis, suggesting a major change in apoptotic programming in AML

CD34+ cells compared to normal CD34+ cells (Figure 6.1A). Next, we determined
the apoptosis-associated genes that were di�erentially expressed between AML

and normal CD34+ cells by performing transcriptome analysis on 386 apoptosis-
associated genes (Supplementary Table 22). In total, 89 genes were di�erentially

expressed between AML and normal CD34+ cells (p < 1× 10−6). Supervised cluster
analysis using these 89 genes, revealed that AML CD34+ cells and NBM CD34+

cells indeed clustered into two groups (Supplementary Figure 6.7). Interestingly, the

expression of various anti-apoptotic as well as pro-apoptotic genes was increased in

AML CD34+ cells compared to NBMCD34+ (Supplementary Table 32). A heatmap
of the 25 most signi�cantly upregulated genes is shown in Figure 6.1B, where the

survival-related gene TAK1 was signi�cantly higher expressed in AML CD34+ cells
compared toNBMCD34+ cells. TAK1was previously identi�ed as one of the compo-
nents of the leukemic stem cell-related gene pro�le which were signi�cantly higher

expressed in the AML LSC compared to the non-LSC fraction [33]. Gene array data

for TAK1 expression in all individual samples is shown in Figure 6.1C, showing

an increased expression of TAK1 in a large subset of AML CD34+ cells. Elevated
expression of TAK1 was independently con�rmed by Q-PCR (Figure 6.1D) and

Western blotting (Figure 6.1E).�ese �ndings indicate that TAK1 is overexpressed

in AML CD34+ cells.

2http://www.blood.org/

http://www.blood.org/
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Figure 6.1: TAK1 expression is increased inAMLCD34+ cell versus normal bone
marrow CD34+ cells
A) Gene set enrichment analysis (GSEA) pro�les generated from the AML CD34

+
versus

NBM CD34
+
gene list [21, 22] B) 25 most signi�cantly upregulated apoptosis-associated

genes in AML CD34
+
cells versus NBM CD34

+
cells C) Relative expression of TAK1 in all

individual AML CD34
+
and NBM CD34

+
samples analyzed by gene pro�ling D) Relative

expression of TAK1 in AMLCD34
+
andNBMCD34

+
cells by using qPCR E) Relative protein

levels of TAK1 in 2 AMLCD34
+
cells expressing high RNA levels of TAK1 and 2 AMLCD34

+

cells expressing low RNA levels of TAK1
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6.3.2 inhibition of tak1 impaired expansion of aml cell lines by

increased apoptosis

To study the functional consequences of TAK1 expression in AML cells, AML

cell lines were exposed to the TAK1 inhibitors 5z-7-oxozeaenol and AZ-TAK1,

which block the phosphorylation and thereby activity of TAK1 [34]. Whereas 5z-

7-oxozeaenol is a resocyclic acid lactone of fungal origin, AZ-TAK1 has recently

been discovered in a small molecule-based lead identi�cation to �nd compounds

that speci�cally inhibit TAK1 phosphorylation. Both compounds inhibit the kinase

activity at a nanomolar range (8 nM) by binding into the ATP binding pocket

[14, 34, 35]. In the present study we tested the functionality of these inhibitors

on the AML cell lines HL60, OCI-M3 and MOLM13. Low concentrations of 5z-

7-oxozeaenol and AZ-TAK1 resulted in increased apoptosis in most of the cell

lines (Figure 6.2A) and could be promoted further when 5z-7-oxozeaenol was

combined with TNFα, as previously indicated [36]. With the AZ-TAK1 inhibitor,
comparable e�ects were observed with or without TNF addition; therefore the

additional experiments with AZ-TAK1 were performed without TNF. To con�rm

the speci�city of the e�ects, we constructed two independent pLKO.1 GFP short

hairpins targeting TAK1. E�cient downmodulation of TAK1 in HL60 cells was

con�rmed at the RNA and protein level (Figure 6.2B and 6.2C). TAK1 depletion

resulted in a growth disadvantage of AML cell lines (Figure 6.2D).�is growth

disadvantage was due to enhanced apoptosis as indicated by an increase of Annexin

V positive cells over time and the presence of cleaved caspase 8 (Figure 6.2E-6.2F).

Taken together, these results indicate that TAK1 is critical for the cell survival of

AML cell lines.

6.3.3 cell death induced by tak1 inhibition was clearly associated with

inhibition of the nf-κb pathway

To unravel the downstream signaling pathways responsible for the TAK1 mediated

cell death, various known pathways downstream of TAK1 were studied. Upon

inhibition of TAK1 by 5z-7-oxozeaenol, phosphorylation of JNK, p38, ERK and

IκBα was inhibited (Figure 6.3A). Downstream activation of NF-κB was completely
abolished, as demonstrated by a p65 activity assay (Figure 6.3B). Furthermore,

a decrease in IL8 mRNA levels, which transcription is NF-κB dependent, was
observed upon addition of 5z-7-oxozeaenol or transduction with TAK1 hairpins

(Supplementary Figure 6.8A/6.8B). To determine which downstream pathways were

mainly responsible for TAK1 mediated cell death, AML cell lines were treated with

either the JNK inhibitor SP600125, MEK/ERK inhibitor U0126, the NF-κB inhibitor
BMS-345541 and p38 inhibitor SB203580, alone or in combination with TNFα.
Addition of the NF-κB inhibitor BMS-345541 induced apoptosis in MOLM13, OCI-
M3 and HL60 cells, which increased signi�cantly in combination with TNFα (2.4
fold, p = 0.02) (Figure 6.3C). Interestingly, the sensitivity of the three AML cell lines
to the NF-κB inhibitor was comparable to the sensitivity to both TAK1 inhibitors.
In contrast, inhibition of the p38, MEK/ERK and JNK signaling pathways, either
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Figure 6.2: TAK1 inhibition induces apoptosis in AML cells
A) HL60, OCI-M3 and MOLM13 cells were incubated with various concentrations of TAK1

inhibitors 5z-7-oxozeaenol and AZ-TAK1, alone or in combination with TNFα, and apoptosis
was quanti�ed by using Annexin V staining B) Relative expression of TAK1 in HL60 cells

using two independent hairpins targeting TAK1 C) Relative TAK1 protein expression of

shTAK1 or scrambled transduced HL60 cells D) Cell growth of MOLM13 cells transduced

with TAK1 hairpins or scrambled hairpin E) Annexin V staining of the shTAK1 or scrambled

transducedMOLM13 cells F) Cleaved caspase-8 protein expression of shTAK1 and scrambled

transduced HL60 cells at day 1 a�er transduction
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Figure 6.3: Apoptosis induced by TAK1 inhibition is mainly dependent on NF-
κB pathway
A) OCI-M3 cells were treated with various concentrations of 5z-7-oxozeaenol, and west-

ern blot analysis was performed on phospho-IκBα, total IκBα, phospho-ERK, total ERK,
phospho-C-JUN, total C-JUN, phospo-p38 and total p38 B) NF-κB activity of OCI-M3 cells
treated with 100 nM 5z-7-oxozeaenol. NF-κB activity was measured by p65 DNA binding
ELISA.�e negative control is the background (no nuclear extract) C) MOLM13, OCI-M3

and HL60 cells were treated with 10 µM JNK inhibitor SP600125, 5 µMMEK/ERK inhibitor
U0126, 5 µM NF-κB inhibitor BMS-345541 or 1 µM p38 inhibitor SB203580, alone or in
combination with TNFα. A�er 24 hrs of incubation, apoptosis was quanti�ed by Annexin
V staining D) OCI-M3 cells were transduced with control MIGR1 or IKK SSEE vector and

incubated with 80 nM AZ-TAK1. A�er 24 hrs, Annexin V
+
cells were measured E) Relative

cFLIPL levels of SCR HL60 and shTAK1 cells quanti�ed by QPCR
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alone or in combination with TNFα, caused limited cell death (< 14%) (Figure
6.3C) although the p38 inhibitor, MEK/ERK inhibitor and the JNK inhibitor were

e�ectively inhibiting their target (Supplementary Figure 6.8C). To show that TAK1-

mediated survival was mainly due to decreased NF-κB activation, we transduced
the OCI-M3 cells with IKKβ S177E, S181E (IKK SSEE) mutant which mimics the
active state of p65 [37]. Constitutive activation of NF-κB by these construct was
detected by a performing a NF-κB luciferase reporter assay.�is assay con�rmed
that expression of IKK SSEE constitutively triggered NF-κB activation in these cells
(Supplementary Figure 6.9).�e cell death induced by the TAK1 inhibitor AZ-TAK1

was signi�cantly reduced (p = 0.03) upon overexpression of IKK SSEE OCI-AML3
cells, indicating that NF-κB is an important mediator of the pro-survival pathway
downstream of TAK1 (Figure 6.3D).

c-FLIPL is one of the anti-apoptotic gene targets of NF-κB and has also been
shown to overcome the cell death-inducing e�ect of TAK1 in MEFs [38].�erefore

to determine whether a correlation exists between TAK1 and cFLIPL, RNA levels

of c-FLIPL were measured in shTAK1 transduced HL60 cells. Downmodulation

of TAK1 resulted in reduced gene expression levels of cFLIPL (relative expression

level is 40% ± 14%, p < 0.05) (Figure 6.3E), indicating that c-FLIPL is one of the
pro-survival signals provided by the TAK1-NF-κB axis. Whereas NF-κB is com-
monly constitutively activated in AML [5, 7], we veri�ed whether AML CD34+ cells
expressing high levels of TAK1 also have increased NF-κB activity by determining
IL8 levels. We observed that AML CD34+ cells indeed express increased levels
of IL8 (Supplementary Figure 6.8D). Nevertheless, TAK1 levels were not linearly

correlated with IL8 levels (Supplementary Figure 6.8E and 6.8F) and a number of

AMLs that expressed low levels of TAK1 also expressed high levels of IL8.�is is

possibly due to enhanced NF-κB activity that is observed in a wide spectrum of
leukemia subtypes which might re�ect abnormalities or mutations of activators of

NF-κB which activate NF-κB independent of TAK1, such as RAS [5].

6.3.4 impaired long-term growth of aml cd34+ cells on bone marrow

stroma after inhibition of tak1

To assess whether TAK1 inhibition also a�ects the survival of primary AML CD34+

cells, we investigated the e�ectiveness of the TAK1 inhibitor AZ-TAK1 on primary

AML CD34+ cells. A�er 24 hrs of incubation with AZ-TAK1 of AML CD34+

cells, we observed a concentration-dependent e�ect on cell death (Figure 6.4A)

which equally a�ected the AML CD34+CD38− and CD34+CD38− cell fraction
(data not shown). In line with the reduction of NF-κB activity in AML cell lines
upon TAK1 inhibition, a decrease in NF-κB activity was also seen in AML CD34+
patient cells a�er addition of 100 nM and 500 nM AZ-TAK1 (n = 3) (Figure 6.4B).
More importantly, long-term growth of primary AML CD34+ cells (n = 5) on
MS5 stromal layer was reduced upon addition of 100 nM AZ-TAK1 (Figure 6.4C).

Moreover, addition of 500 nM AZ-TAK1 completely abrogated the out-growth of

AML CD34+ cells and no cobblestone formation could be observed under the MS5
stromal layer (Supplementary Figure 6.10).
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Figure 6.4: Targeting of TAK1 impairs expansion of primary AML CD34+ cells
A) Primary AML CD34

+
cells were incubated with various concentrations of AZ-TAK1 for

24 hrs and cell death was quanti�ed by Annexin V staining B) NF-κB activity of primary
AML CD34

+
cells treated with 100 nM AZ-TAK1. NF-κB activity was measured by p65 DNA

binding ELISA C) Growth of primary AML CD34
+
cells treated with 100 nM AZ-TAK1.

AZ-TAK1 was added a�er initial growth was observed and added at the indicated time points

(↓) D) Growth of primary AML CD34
+
cells transduced with hairpins targeting TAK1 or

control hairpins
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To verify the speci�city of the e�ects, AMLCD34+ cells (n = 3) were transduced
with both TAK1 hairpins, and a�er 2 days GFP+ cells were cultured onMS5 stromal
layer. A signi�cant reduction in growth of TAK1-hairpin transduced AML cells

was observed in time, whereas scrambled transduced cell were able to expand on

the stromal cells (Figure 6.4D). Also, a reduction of cobblestone frequency was

observed in the shTAK1 AML cell cultures. Loss of suspension and adhesion cells in

these long-term assays indicated that the primitive leukemic progenitor and stem

cells were targeted in vitro.

6.3.5 normal bone marrow cells were less affected upon tak1 inhibition

To evaluate the e�ect of TAK1 inhibition on the survival of normal hematopoietic

cells, NBM CD34+ cells (n = 5) were incubated with 100 nM AZ-TAK1 for 24
hrs and therea�er plated in methylcellulose. TAK1 inhibition resulted in a 2 fold

decrease in CFC numbers (Figure 6.5A). In line with this data, shTAK1 transduced

cord blood CD34+ cells also resulted in a 2 fold reduction in CFC numbers when
plated in methylcellulose (Figure 6.5B).

Interestingly, upon treatment with 100 nMAZ-TAK1 for 24 hrs, a small increase

in AnnexinV+ cells was observed inNBMCD34+ cells (relative survival is 77%±9%,
n = 6) upon TAK1 inhibition. However, the suppressive e�ect was signi�cantly
less pronounced (p < 0.01) compared to AML CD34+ cells (n = 8) treated for 24
hrs with 100 nM AZ-TAK1 (Figure 6.5C).�e observed variability in sensitivity

between the various AML CD34+ cells was not related to expression levels of TAK1.

6.3.6 tak1 inhibition resulted in impaired leukemia development and

prolonged survival in a molm13 xenograft model

Since the bone marrow microenvironment might provide important signals that

attenuate the e�ects seen upon TAK1 inhibition, we veri�ed the e�ect of TAK1

inhibition on AML cells in vivo. MOLM13 Gaussia luciferase GFP positive cells

were transducedwith lentiviral TAK1mCherry hairpin or control constructs (Figure

6.6A). Two days a�er transduction, cells were sorted and intravenously injected into

NSGmice (Figure 6.6B).�e e�ectiveness of knockdown of TAK1mCherry hairpins

was veri�ed by Q-PCR (Supplementary Figure 6.11A). Two weeks a�er injection,

chimerism levels in peripheral blood were signi�cantly lower in shTAK1 mice

compared to SCR mice (Figure 6.6C). Moreover, luciferase activity was detectable

in all SCRmice within the bone marrow, liver and lungs, whereas shTAK1 mice only

hadminimal bioluminescence activity (Figure 6.6D and 6.6E). KaplanMeier curves

indicated that SCR mice survived only for 3 weeks (Figure 6.6F), with leukemia

penetrance in bone marrow, blood, spleen and liver (Supplementary Figure 6.11B

and 6.11C). In contrast, TAK1 knockdown resulted in a signi�cantly improved

survival (p < 0.01) (Figure 6.6F). E�ciency of TAK1 knockdown at day of sacri�ce
of some of the shTAK1 mice was lower than at the day of injection, suggesting that

leukemia developed due to improper knockdown in these cells (Supplementary

Figure 6.11D). In the 40% of the shTAK1 mice that did survive throughout the
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Figure 6.5: Di�erence in sensitivity to TAK1 inhibition between normal bone
marrow CD34+ cells versus AML CD34+ cells
A) NBM CD34

+
cells (n = 5) were incubated with 100 nM AZ-TAK1 for 24 hrs and a�er 2

weeks CFCs were determined B) Cord blood CD34
+
cells were transduced with hairpins

targeting TAK1; a�er two weeks CFCs were determined C) AML CD34
+
cells (n = 8) and

NBM CD34
+
cells (n = 6) were incubated with 100 nM AZ-TAK1; a�er 24 hrs cell death was

quanti�ed by Annexin V staining

experiment, no leukemic cells could be detected in blood, bone marrow, liver

and spleen at the time these mice were sacri�ced. An impaired homing of the

transduced cells is unlikely responsible for the observed �ndings since MOLM13

cells transduced with shTAK1 had a comparable CXCR4 expression level as the

control cells (Supplementary Figure 6.12A). In addition no di�erence in migration

to SDF1 was observed between both cell populations. (Supplementary Figure 6.12B).

�ese data indicate that targeting TAK1 strongly impairs leukemia development in

vivo and results in a signi�cantly improved survival.

6.4 Discussion

Evasion of apoptosis is one of the hallmarks during the development of cancer [39].

Overexpression of multiple anti-apoptotic genes of themitochondrial related BCL-2
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Figure 6.6: TAK1 inhibition results in impaired leukemia development and in-
creased survival in a MOLM13 xenogra� model
A) Schematic representation of mouse experiment B) Sorting strategy of MOLM13 luciferase

GFP positive cells transduced with either control mCherry vector or shTAK1 mCherry

hairpin C) Chimerism levels in peripheral blood a�er two weeks of injection of MOLM13

luciferase GFP/SCR mCherry cells or MOLM13 luciferase GFP/shTAK1 mCherry cells D)

Bioluminescence pictures of SCR mice and shTAK1 mice E) Quanti�cation of biolumines-

cence assay of SCR mice (n = 6) and shTAK1 mice (n = 10) F) Survival curve of SCR mice
and shTAK1 mice
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family has been related to the development and or maintenance of AML and is of

prognostic signi�cance for the treatment outcome of this patients group [40–47].

By comparing the apoptotic gene pro�le of AML CD34+ cells versus normal CD34+

cells, we observed a high expression of several anti-apoptotic genes and, surprisingly,

also some pro-apoptotic genes (Supplementary Table 2).�is has previously been

observed in an independent cohort of AML and chronic myeloid leukemia patients

[42, 48]. It is assumed that the increased expression of anti-apoptotic genes, leading

to oncogene addiction, is counterbalanced by elevated expression of pro-apoptotic

genes, thus creating a "primed to cell death" status [49]. In our present study, we

observed increased expression of TAK1 in a large panel of AML CD34+ cells at
RNA and protein level. Notably, TAK1 expression was recently shown to be part of

a gene expression signature that de�nes AML stem cells [33].�ese �ndings led us

hypothesize that TAK1 might play an important role in AML stem cell maintenance.

�e results of the present study indicate that TAK1 is highly relevant for the in vitro

and in vivo survival of AML cells. TAK1 inhibition by genetic or pharmacologic

inhibition strongly triggered cell death in AML CD34+ cells.
We observed that the pro-survival function of TAK1 was largely dependent

on NF-κB activity, and less dependent on MEK, p38 and JNK activity, although
all these pathways are triggered by TAK1 activation. NF-κB inhibition not only
phenocopied the e�ects observed with the TAK1 inhibitors, but cell death upon

TAK1 inhibition could also be partially rescued by overexpression of NF-κB. It has
been demonstrated that NF-κB activity is elevated in patient AML blasts and AML
CD34+ cells compared to normal CD34+ cells, in part due to the autocrine and
paracrine production of growth factors [5, 7, 50]. So far it appears that the enhanced

NF-κB expression in AML is a more general result of the malignant transformation
and is not related to speci�c AML subtypes or genetic abnormalities. It was recently

demonstrated that NF-κB is activated in several leukemia mouse model systems
includingMLL-ENL andMOZ-TIF2, and in the double hit model of BCR-ABL with

NUP98-HOXA9. Moreover, in these studies the constitutive activation of NF-κB
a�ected the primitive leukemic stem cell fraction by expanding the numbers of

leukemic initiating cells [51–53].

An important mediator for the constitutive activation of NF-κB is the autocrine
production of TNFα by leukemic cells [53]. Apparently, the transforming events
triggered by various mutated genes favor pathways with a pro-survival signature,

which are subsequently highly relevant for tumor maintenance. An alternative path-

way for NF-κB activation might be the TRAF6 and Interleukin Receptor Associated
Kinase-1 (IRAK1), which are interacting proteins and mediators of Toll-like (TLR)

and Interleukin-1 (IL-1) receptors. Activation of TLR or IL-1R results in phospho-

rylation of IRAK1, leading to binding and activation of TRAF6.�erea�er, TAK1

will be phosphorylated, resulting in the subsequent activation of NF-κB. Recently,
it was shown that IRAK1 is overexpressed and highly activated in high-risk MDS

and AML [54]. Inhibition of IRAK1 exhibited an impaired expansion and apoptosis

and the co-treatment with BCL2 inhibitors eliminated the MDS clones.

Multiple transcriptome data sets of AML and normal CD34+ cells, including
ours, indicate that besides TAK1, TRAF6 and IL1RAP are also signi�cantly over-
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expressed in AML CD34+ cells [21, 22, 55–57], suggesting an ongoing activation of
these pathways, subsequently leading to pro-survival signals.�e higher expres-

sion of TAK1 in AML CD34+ cells compared to normal CD34+ cells suggests that
leukemic cells are more dependent on this pathway than normal CD34+ cells for
their survival, indicating a potential therapeutic window for drug targeting.�e in

vitro results of the TAK1 inhibitor are in line with these data, showing a di�erence

in susceptibility for leukemic versus normal cells. Apparently, this type of NF-κB
inhibition is more e�ective than NF-κB inhibition by proteasome inhibition [31, 58].
However, it cannot be excluded that other pathways besides NF-κB are a�ected,

since NF-κB overexpression could only partially rescue the phenotype. In addition,
knockout of the components of the NF-κB complex, p65/RelA and p52/RelB, results
in a signi�cant decline in HSCs frequency [59, 60], but the phenotypes appear

to be less severe in comparison to the TAK1 knockout mice [11]. �ese results

are in line with the �ndings that di�erent pathways converge at TAK1 and that

various pathways, includingNF-κB, are activated downstreamof TAK1. In summary,
our data demonstrate that TAK1 is a critical component in leukemic stem cell

maintenance and might be an innovative target for patient treatment.
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Supplementary Figures

Figure 6.7: Cluster analysis of signi�cantly changed apoptosis-associated genes
in AML CD34+ cells compared to NBM CD34+ cells
Supervised clustering of 89 apoptotic related genes from AML CD34

+
cells and NBMCD34

+

cells.�e heatmap represents log2 transformed expression data
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Supplementary Figure 2
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Figure 6.8: Inhibition of NF-κB activity upon TAK1 repression
A) MOLM13 cells were treated with various concentrations of 5z-7-oxozeaenol and 6 hours

later, RNA was isolated and IL8 levels were determined by QPCR B) MOLM13 cells were

transduced with shTAK1 or SCR vector and two days later, RNA was isolated and IL8 lev-

els were determined by QPCR C) OCI-M3 cells were treated with the NF-κB inhibitor
BMS-345541, ERK inhibitor U0126, C-JUN inhibitor SP600126 and p38 inhibitor SB203580.

Arrows indicate the concentrations used to evaluate the e�ect on cell death of various AML

cell lines (See Figure 6.3C) D) Relative expression of IL8 in NBM CD34
+
and AML CD34

+

cells analyzed by microarray as performed in Figure 6.1 E) Correlation between TAK1 and

IL8 expression in AML CD34
+
cells analyzed by microarray as performed in Figure 6.1 F)

Relative expression of TAK1 and IL8 in NBMCD34
+
cells and AMLCD34

+
cells as measured

by QPCR
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Figure 6.9: Validation of NF-κB activation of IKK SSEE construct
NK-κB activity measured by a NF-κB luciferase reporter assay of TF1 cells transduced with
MIGR1 control and IKK SSEE vectors

Figure 6.10: Growth of AML CD34+ cells upon TAK1 inhibition
Growth of primary AML CD34

+
cells treated with 500 nM AZ-TAK1. AZ-TAK1 was added

at the indicated time points (↓)
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Figure 6.11: TAK1 inhibition in AML xenogra� model
A) Relative expression of TAK1 in MOLM13 Luc GFP cells transduced with SCR

vector or shTAK1 vector before injection B) Example of chimerism level detection

(GFP
+
mCherry

+
CD45

+
CD33

+
cells) in SCR mice C) Chimerism levels of SCR mice af-

ter sacri�ce D) Expression of TAK1 in SCR and shTAK1 mice determined by QPCR
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Figure 6.12:Migration of shTAK1 MOLM13 cells
A) MOLM13 cells were transduced with shTAK1 or SCR vector and two days later, CXCR4

expression levels of MOLM13 SCR and shTAK1 cells were determined by FACS B) A�er two

days of transduction, migration potential of these cells was evaluated by a migration assay to

100 ng/mL SDF-1
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CHAPTER7
Summary and discussion
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7.1 Summary

Leukemia development is a multi-step process in which genetic aberrations have

an e�ect on several biological processes such as self-renewal, di�erentiation and

apoptosis, which results in the preservation and expansion of the (pre)-malignant

cells. Understanding the di�erences in biological mechanisms of AML stem cells

compared to normal hematopoietic stem cells might result in the identi�cation of

novel targets for the treatment of AML.�e NF-κB pathway has emerged as an
important signaling pathway in AML which regulates the survival of AML (stem)

cells and mediates chemoresistance. Constitutive activation of NF-κB is frequently
observed in AML and it has been proposed that targeting of NF-κB is a potential
treatment strategy in these patients.

In Chapter 2 we described the various molecular mechanism that result in
the constitutive activation of NF-κB. In the last decade a number of studies have
shown that an initial chromosomal translocation or mutation can directly lead to

enhanced activation of NF-κB. Moreover, the expression of cytokines regulating
NF-κB activity, such as TNFα and IL-1, is o�en increased. Recent data also indicate
that the expression of multiple positive regulators of NF-κB activity is frequently
increased. Lastly, enhanced proteasome expression and activity has been detected in

AML cells. As NF-κB activity is controlled by the proteasome via degradation of the
negative regulator IκBα, increased proteasome activity could result in constitutive
NF-κB activation. All these factors might cooperate resulting in sustained NF-
κB activation. Based on these di�erent mechanisms, various treatment strategies
have been proposed that result in the inhibition of NF-κB activity and thereby
induce cell death. We have studied two of these strategies in detail: proteasome

inhibition (Chapter 3 and 5) and targeting of TAK1 (Chapter 6).�e proteasome
inhibitor bortezomib has emerged as successful strategy for the treatment ofmultiple

myeloma patients. In Chapter 3 we have veri�ed the sensitivity of primary stem
cell-enriched (CD34+) AML cells to bortezomib alone or in combination with
TRAIL. We observed that AML CD34+ cells were less sensitive to bortezomib
than AML CD34− cells. Co-inhibition of AML cells with TRAIL did not enhance
the cytotoxic e�ect of bortezomib in contrast to the cell death inducing e�ects

that we and others observed in AML cell lines. Resistance to bortezomib of AML

CD34+ was mediated by the persistent activity of NF-κB and upregulation of the
anti-apoptotic protein MCL-1 in these cells. Co-treatment of bortezomib with

the IKK inhibitor BMS-345541 resulted in additive cytotoxic e�ects. Furthermore,

genetic or chemical targeting of MCL-1 signi�cantly enhanced the sensitivity of

AML cells to bortezomib, indicating that the co-treatment with MCL-1 inhibitors

could potentially result in the eradication of AML cells.

�e bone microenvironment interacts with (malignant) hematopoietic cells via

direct and indirect contact. Various cytokines, secreted by the bone microenviron-

ment, could not only induce the proliferation and survival of malignant cells but

also mediate chemoresistance. OPG is secreted by osteoblasts and could possibly

prevent TRAIL-induced cell death by acting as a decoy receptor. �erefore, we

investigated whether previously designed death receptor-speci�c variants could
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overcome TRAIL resistance in multiple myeloma cells mediated by OPG (Chapter
4). We showed by surface plasmon resonance and ELISAs that a DR5-speci�c
variant (D269H/E195R) has a signi�cantly lower a�nity for OPG than wild-type

TRAIL. Moreover, the cytotoxic activity of this variant was increased compared to

wild-type TRAIL and the activity was retained in the presence of OPG secreted by

stromal cells.�ese data indicate that this variant could be used as a novel strategy

for the treatment of multiple myeloma and other malignancies.

In Chapter 5 we have studied whether the second-generation proteasome in-
hibitors car�lzomib and oprozomib had an improved e�ectiveness to induce cell

death in primary AML cells compared to bortezomib. Treatment of AML CD34+

cells with the proteasome inhibitors in long-term culture conditions showed that

car�lzomib had an improved e�cacy compared to bortezomib or oprozomib treat-

ment.�is coincided with a reduction in quiescent AML CD34+CD38− cells.�e
higher e�cacy of car�lzomib compared to bortezomib could be due to di�erences in

the mode of action of both inhibitors. Whereas bortezomib binds reversibly to the

proteasome, car�lzomib binds irreversibly to the proteasome and could potentially

inactive the proteasome for a longer period. We showed that car�lzomib indeed

reduced the proteasome activity for a longer period suggesting that increased e�-

cacy of car�lzomib is due to a di�erence in binding to the proteasome. Importantly,

normal bone marrow cells were less a�ected upon car�lzomib treatment. We ob-

served that expression of proteasome subunits as well as the proteasome activity was

increased in AML CD34+ cells, which could possibly explain the di�erence in sen-
sitivity. MCL-1 upregulation could mediate resistance to proteasome inhibitors, as

has been observed in Chapter 2. Addition of car�lzomib to AML cells also resulted
in an upregulation of MCL-1 expression. Co-inhibition with the MCL-1 inhibitor

obatoclax signi�cantly improved the e�cacy of car�lzomib, suggesting that the

combination of car�lzomib with MCL-1 might be more e�ective to eradicate AML

LSCs.

In Chapter 6 we showed that the expression of apoptosis-associated genes is
di�erent in AML CD34+ cells compared to normal bone marrow CD34+ cells
suggesting that AML cells di�erently depend on apoptotic signaling. TAK1 overex-

pression was veri�ed by QPCR and western blot and demonstrated that TAK1 is

frequently upregulated in AML CD34+ cells. Targeting of TAK1 by genetic down-
modulation or chemical inhibition with the TAK1 inhibitors 5z-7-oxozeaenol and

AZ-TAK1 induced cell death in AML cell lines and primary AML CD34+ cells in
vitro. Moreover, downmodulation of TAK1 resulted in impaired development of

leukemia in vivo and improved survival of mice in a humanized xenogra� model.

We further showed that repression of NF-κB is an important mechanism for the
cytotoxic e�ects observed upon inhibition of TAK1.�ese data indicate that TAK1

activity is required for the maintenance of AML. In contrast, TAK1 is most likely

not involved in the initiation process of leukemia as overexpression of TAK1 did

not result in myeloid transformation. Nevertheless, these experiments suggest that

targeting of TAK1 could be a potential strategy for the treatment of AML patients.
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7.2 Discussion

Leukemic stem cells play a central role in the development and maintenance of

acute myeloid leukemia. At present, many studies focus on the identi�cation of

the various (pre-) leukemic stem cell populations in AML patients by e.g. next-

generation sequencing, and the di�erences in responses of these subpopulations

to chemotherapy.�ese studies are necessary to elucidate which subpopulations

are resistant to the current therapy and eventually evoke relapse in patients. At

the same time, research intends to characterize these speci�c subpopulations of

leukemic stem cells. Studying the regulation of cellular programs such as apoptosis,

autophagy, metabolism and membrane receptor expression in AML, and to what

extent leukemic cells di�erently depend on these biological programs compared to

normal hematopoietic stem cells, is necessary to discover potential new targets for

the treatment of AML patients. As resistance to apoptosis is a common hallmark

during the development and maintenance of cancer, our research described in this

thesis has focused on the di�erence in regulation of the apoptotic machinery in

normal and leukemic cells.�e NF-κB pathway is one of the pro-survival mecha-
nisms that is constitutively activated in a large subset of AML patients. Furthermore,

repression of NF-κB speci�cally induced cell death in AML cells, whereas normal
hematopoietic cells were relatively insensitive. In this thesis we investigated various

approaches to eradicate AML cells by the inhibition of NF-κB. Inhibitors of NF-
κB could have a broad application as a large frequency of patients has increased
NF-κB activity. We have shown that the second generation proteasome inhibitor
car�lzomib triggers apoptosis in primitive AML CD34+ cells, in contrast to the �rst
generation inhibitor bortezomib. It is however unclear whether this cytotoxic e�ect

is partially mediated via the blockade of the NF-κB pathway. Future experiments
will therefore be required to evaluate whether car�lzomib reduces NF-κB activity
in AML cells.

To predict clinical outcome, it is necessary to �nd relationships between re-

sponse to chemotherapy and biological or clinical characteristics. At the moment,

our data indicate that the sensitivity to car�lzomib is not related to the chymotrypsin-

like activity of AML cells or patient characteristics. Further studies are necessary

to determine whether there are any relationships between the sensitivity to car�l-

zomib of AML cells to any other biological characteristics, such as the level of

NF-κB activity.
�e e�ectiveness of car�lzomib has been investigated in short- and long-term

experiments in vitro. To further evaluate whether car�lzomib induces apoptosis in

AML cells, it will be necessary to investigate the e�ect of car�lzomib on primary

AML cells in vivo. Furthermore, the combination of car�lzomib with MCL-1 in-

hibitors should be investigated to overcome the resistance to car�lzomib mediated

by the proteasomal-dependent upregulation of MCL-1.

Similarly, the e�ectiveness of TAK1 inhibition on primaryAML stem cells should

be studied in in vivo experiments. We have already evaluated the e�ect of TAK1

knockdown on primary AML CD34+ cells in vivo. We transplanted patient-derived
AML CD34+ cells with shSCR or shTAK1 mCherry+ cells into our humanized



thesis August 26, 2015 23:00 Page 135 �
�	

�
�	 �
�	

�
�	

135

Figure 7.1: TAK1 downmodulation in AML cells results in delayed leukemia
development and increased survival in a humanized sca�old niche xenogra�
model
A) Experimental set-up: AML CD34

+
cells were transduced with pLKO.1 shSCRmCherry or

shTAK1 mCherry and 2 days later, mCherry positive cells were sorted and injected intrascaf-

fold. Leukemia progression was determined by measuring the tumor volume and chimerism

level in peripheral blood B) Sorting strategy of AML pLKO.1 shSCR mCherry and shTAK1

mCherry positive cells C) Tumor growth of shSCR and shTAK1 mice D) Chimerism level

in peripheral blood of shSCR and shTAK1 mice E) Example of CD45/CD34/CD14/CD15

levels in sca�old and bone marrow F) Kaplan-Meier curve of shSCR and shTAK1 mice G)

Expression levels of TAK1 in shSCR and shTAK1 mice determined by Q-RT-PCRs
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sca�old niche xenogra� model (Figure 7.1A/B). In this model a human niche is

created by the transplantation of ceramic sca�olds coated with humanmesenchymal

stromal cells on the back of the mice. Time of onset of leukemia development and

tumor growth was signi�cantly delayed upon TAK1 knockdown as measured by

tumor volume (Figure 7.1C) and peripheral blood chimerism level (Figure 7.1D).

Upon sacri�ce, myeloid leukemia cells (mCherry+/CD45+/CD33+) were not only
observed within the sca�olds but in�ltrations were also observed in the murine

bone marrow (chimerism level = 3.4% ± 1.3%), spleen (26.2% ± 18.3%), and liver
(8.3% ± 5.9%), in both the shSCR mice as well as the shTAK1 transplanted mice.
However, the human leukemic cells within the murine bone marrow seemed to be

more di�erentiated with a signi�cantly lower frequency of CD34+ cells (20.7% ±
11.5% versus 28% ± 6%, p < 0.01) and a signi�cantly higher frequency of CD14+
(24.4%±13.0% versus 6.6%±4.7%, p < 0.01) and CD15+ cells (20.2%±10.1% versus
3.8% ± 4.5%, p < 0.01) (Figure 7.1E), as has been observed previously (unpublished
data, P. Sontakke et al). Kaplan Meier curves showed that survival of shTAK1

transplanted mice was signi�cantly improved compared to shSCR transplanted

mice (Figure 7.1F). E�ciency of TAK1 knockdown at sacri�ce of some of the shTAK1

mice was lower than 50% suggesting that leukemic cell growth was caused by a

selection of clones with an ine�cient knockdown of TAK1 (Figure 7.1G). However,

it cannot be excluded that other survival pathways were activated and compensated

the loss of TAK1 in these cells.

Nevertheless, these data indicate that targeting of TAK1 abrogates the growth of

primary myeloid leukemic cells in vivo. Based on these results, it will be important

to evaluate the e�ect of TAK1 inhibitors on the growth of primary AML cells in vivo.

Whereas the e�ects of the TAK1 inhibitors 5z-7-oxozeaenol and AZ-TAK1 could

not be studied in vivo due to their low solubility or pharmacokinetic properties,

a novel TAK1 inhibitor has recently been described which can be used in in vivo

experiments [1]. It will be interesting to evaluate the e�ect of this inhibitor on the

growth and maintenance of primary AML stem cells in vivo.

In our studies we have observed heterogeneity in response of patient AML

cells to the TAK1 inhibitors. It should be noted that the di�erence in sensitivity

between these cells is not related to the expression level of TAK1. Nevertheless,

protein expression levels and protein activity are two di�erent entities and it might

be possible that the response to TAK1 inhibiting agents is correlated with the activity

of TAK1. Until now, we have not been able to determine TAK1 activity in AML cells,

but it is still worth pursuing these experiments by e.g. phosphoproteomics, as TAK1

activity levels might predict the clinical response to TAK1 inhibitors.

Another important remaining issue is understanding the exact downstream

signaling pathways that are involved upon inhibition of TAK1. We have observed

that the cytotoxic e�ects upon TAK1 inhibition are partially mediated by repres-

sion of NF-κB. However, we could not exclude the possibility that other pathways
downstream of TAK1 are also a�ected. Recently, it has been suggested that simulta-

neous inhibition of both NF-κB and JNK induces a synergistic cytotoxic e�ect in
AML cells and in particular in AML LSCs [2]. As both pathways are activated by

TAK1, we also questioned whether repression of the TAK1-JNK axis contributes to
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Figure 7.2: Cell death induced upon TAK1 inhibition is mainly mediated by re-
pression of NF-κB and JNK activity
A) CB MLL-AF9 cells were cultured in liquid in the presence of IL-3, FLT3L as well as CSF

and treated for 24 hrs with various concentrations of AZ-TAK1, 2 µM of IKK-VII , 10 µM of
SP600125 or the combination of 2 µM of IKK-VII and 10 µM of SP600125 and apoptosis was
determined by Annexin V staining B) CB MLL-AF9 cells were grown on MS5 bone marrow

stromal cells in the presence of IL-3, FLT3L as well as CSF and at the indicated time points

(↓), cells were treated with various concentrations of AZ-TAK1, 2 µM of IKK-VII, 10 µM of
SP600125 or the combination of 2 µM of IKK-VII and 10 µM of SP600125 and cumulative
cell growth was determined

the cytotoxic e�ects observed upon TAK1 inhibition. To answer this question we

used the MLL-AF leukemia model in which we treated MLL-AF9 transduced cord

blood cells for 24 hrs in liquid culture with the TAK1 inhibitor 5z-7-oxozeaenol.

Inhibition of TAK1 resulted in apoptosis (Figure 7.2A).�e NF-κB inhibitor also
induced cell death in MLL-AF9 cord blood cells, but only mild cytotoxic e�ects

were observed upon JNK repression by SP600125.�ese �ndings are in line with

the results obtained when AML cell lines were treated with NF-κB or JNK inhibitors
(Chapter 6). Co-addition of IKK-VII and SP600125 had a small, but signi�cant
additive e�ect in CB MLL-AF9 cells, consistent with the data observed by Volk et

al. [2]. In contrast, when cells were treated on a MS5 stromal layer by IKK-VII

or SP600125 no cytotoxic e�ect was observed (Figure 7.2B).�ese data suggested

that the micro-environment has a protective role on the survival of AML cells as

has also been observed with other agents, such as FLT3-ITD inhibitors. However,

a synergistic cytotoxic e�ect was observed when CB MLL-AF9 cells were treated

with the combination of NF-κB and JNK inhibitors for a long period on the MS5
stromal layer (Figure 7.2B).�is suggests that themicroenvironment induces NF-κB
and/or JNK activity thereby mediating resistance to IKK-VII or SP600125. However,
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Figure 7.3: TAK1 inhibition results via inhibition of NF-κB and JNK in repres-
sionofBCL2 expression, whereasHOXA9andMEIS1 expression are una�ected
A) THP1 cells were treated for 6 hours with 100 nM of 5z-7-oxozeaenol and HOXA9 levels

were determined B) CBMLL-AF9 cells were cultured in liquid in the presence of IL-3, FLT3L

as well as CSF and treated for 6 hours with 2 µM of IKK-VII, 10 µM of SP600125 or the
combination of 2 µMof IKK-VII and 10 µMof SP600125 andHOXA9 levels were determined
C) THP1 cells were treated for 6 hours with 100 nM of 5z-7-oxozeaenol and MEIS1 levels

were determined D) CBMLL-AF9 cells were cultured in liquid in the presence of IL-3, FLT3L

as well as CSF and treated with 2 µM of IKK-VII, 10 µM of SP600125 or the combination of 2
µM of IKK-VII and 10 µM of SP600125 and MEIS1 levels were determined E) CB MLL-AF9
cells were cultured in liquid in the presence of IL-3, FLT3L as well as CSF and treated with 2

µM of IKK-VII, 10 µM of SP600125 or the combination of 2 µM of IKK-VII and 10 µM of
SP600125 and BCL2 levels were determined

this protective role is lost upon simultaneous repression of NF-κB and JNK which
might result in a synergistic cytotoxic e�ect. Furthermore, co-inhibition of both

pathways largely mimicked the e�ects seen when the MLL-AF9 cells were treated

with AZ-TAK1, suggesting that cell death mediated by TAK1 inhibition is mainly

mediated by repression of both NF-κB and JNK.
Recently, it was proposed that NF-κB can also directly be involved in the process

of leukemic transformation by recruiting MLL oncoproteins to the HOXA9 and

MEIS1 promotors thereby regulating the expression of MLL target genes [3].�ese

data suggest that cell death mediated via NF-κB repression would occur, at least
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in part, via inhibition of MLL target genes rather than via loss of induction of

NF-κB target genes. Since these published experiments were performed using
MLL-transformed murine cells, we wondered whether NF-κB would also directly
be involved in the regulation of transcription of MLL-target genes in a human

background. In contrast to the results by Kuo et al., we did not observe a repression

of HOXA9 and MEIS1 expression upon inhibition of TAK1 or NF-κB, whereas the
expression of BCL-2 was largely inhibited (Figure 7.3). �ese data indicate that

apoptosis induced by TAK1 orNF-κB inhibition is notmediated via repression of the
MLL target genes but by direct inhibition of the survival machinery. To verify these

results ChIP experiments with p65 antibodies have to be performed to show the

direct binding of p65 on the HOXA9 and MEIS1 promotor sites. It has further been

suggested that BRD4, a member of the bromodomain and extraterminal domain

(BET) family, binds to acetylated p65 and enhances the transcriptional activation

of p65 [4]. BRD4 has emerged as important target in AML as inhibition of BRD4

by short hairpins or inhibitors, such as JQ1 and IBET-151, resulted in cell death of

primary AML cells and prolonged the survival of mice in various MLL-oncoprotein

models [5, 6].�e cytotoxic e�ect of BRD4 repression might be regulated in a NF-

κB dependent manner as BRD4 associates with NF-κB.�is hypothesis is further
supported by the �ndings that the expression of the NF-κB target gene BCL-2 is
repressed upon BRD4 inhibition. It will therefore be interesting to verify whether

the repression of BRD4 target genes such as BCL-2 and C-MYC is mediated via

inhibition of the transcription factor NF-κB.
In conclusion, we have shown that the NF-κB pathway is essential for the

survival of AML cells and that NF-κB activity can be targeted in various ways.
Future research will be necessary to validate the e�cacy of candidate drugs that

inhibit NF-κB activity. Furthermore, more research will be required to dissect
the exact role of the binding partners and coactivators of NF-κB in transcription.
Understanding the exact mechanism of these inhibitors could contribute to a better

clinical application.
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Nederlandse samenvatting

Dagelijks vindt er een constante vorming plaats in het menselijk lichaam van een bil-

joen bloedcellen via het proces dat hematopoëse wordt genoemd. Deze bloedcellen

kunnen grofweg in drie types worden verdeeld: rode bloedcellen, witte bloedcellen

en bloedplaatjes. De rode bloedcellen zorgen voor de aanvoer van zuurstof naar de

weefsels en afvoer van koolstofdioxide. De bloedplaatjes zijn betrokken bij stolling

van bloed en de witte bloedcellen hebben een belangrijke rol in de afweer. Deze

cellen ontstaan in het beenmerg enworden in een stapsgewijs proces gevormd uit he-

matopoëtische stamcellen. Deze stamcellen hebben twee belangrijke eigenschappen:

de mogelijkheid tot zelfvernieuwing en uitrijping (di�erentiatie). Zelfvernieuwing

houdt in dat wanneer stamcellen delen er (een) stamcel(len) gevormd worden.

Op deze manier wordt gewaarborgd dat er gedurende het leven een stamcelpool

aanwezig is waardoor er altijd volwassen bloedcellen gevormd kunnen worden.

Di�erentiatie is het proces waarbij een stamcel stapsgewijs uitrijpt tot een volledig

functionerende volwassen bloedcel. Gedurende het leven kunnen verandering in

het DNA optreden waardoor stukjes DNA niet normaal functioneren en foute in-

formatie gaan afgeven. Indien dit op meerdere plekken in het genoom optreedt dan

kan dit het normale proces van zelfvernieuwing en uitrijping verstoren waardoor

een stamcel transformeert in een leukemische stamcel. Dit proces wordt ook wel

leukemogenese genoemd. Deze leukemie cellen gaan het beenmerg overwoekeren

en de normale bloedcel vorming onderdrukken. Patiënten presenteren zich dan

met klachten van moeheid (gebrek aan rode bloedcellen), bloedingen (gebrek aan

bloedplaatjes) en infecties (geen volledig functionerende witte bloedcellen). Er

zijn meerdere (sub)types van leukemie en in dit proefschri� hebben we vooral

acute myeloïde leukemie (AML) bestudeerd. In dit type leukemie kunnen bepaalde

witte bloedcellen (myeloïde cellen) niet meer volledig uitrijpen. Als gevolg van

de opgetreden mutaties worden meerdere cellulaire processen ontregeld, zoals cel-

deling maar ook apoptose. Apoptose, o�ewel geprogrammeerde celdood, is een

gereguleerd en gecontroleerd proces gedurende weefselvorming en homeostase.

Het celaantal kan zo bijvoorbeeld worden gereguleerd door het aanzetten tot apop-

tose in situaties waarbij cellen niet langer meer nodig zijn of gevaarlijk zijn voor

het weefsel. In dit proefschri� hebben we in detail enkele signaleringsroutes die

overleving en apoptose aansturen bestudeerd. NF-κB is een transcriptiefactor (een
eiwit die de genexpressie reguleert), die betrokken is bij de overleving van AML

(stam)cellen. Sinds 15 jaar is het bekend dat NF-κB een verhoogde activiteit hee�
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in cellen van een groot percentage van AML patiënten. In Hoofdstuk 2 hebben

we beschreven welke moleculaire mechanismen kunnen leiden tot constitutieve

activatie van de transcriptiefactor NF-κB in AML stamcellen. Constitutieve acti-
vatie is een voortdurende, basale activatie die onafhankelijk kan zijn van receptor

stimulatie. In de laatste tien jaar, hebben meerdere studies aangetoond dat een

chromosomale translocatie of mutatie direct kan leiden tot verhoogde NF-κB ac-
tiviteit. Daarnaast kunnen cytokines (extracellulaire moleculen die verscheidene

cellulaire processen aansturen) die NF-κB positief reguleren verhoogd tot expressie
komen. Ook kunnen intracellulaire eiwitten, die actief zijn binnen de signaalroute,

verhoogd tot expressie komen. Dit kan leiden tot verhoging van de activiteit van

NF-κB. Tevens is verhoogde proteasoom expressie en activiteit gezien in AML
cellen. Het proteasoom is een complex dat zorgt voor de afbraak van eiwitten in een

cel waaronder Iκ-Bα, een negatieve regulator van NF-κB . Verhoogde activiteit van
het proteasoom kan op die manier zorgen voor de blijvende activatie van NF-κB.
De afgelopen jaren zijn meerdere behandelstrategieën voorgesteld die speci�ek

gericht zijn op de onderdrukking van NF-κB via deze verschillende moleculaire
mechanismen (Hoofdstuk 2). Twee van deze strategieën hebben wij verder in detail

bestudeerd: proteasoom inhibitie (Hoofdstuk 3 en 5) en de inhibitie van TAK1, een

signaleringsmolecuul (Hoofdstuk 6). De proteasoomremmer bortezomib wordt op

dit moment al succesvol gebruikt in de kliniek voor de behandeling van multiple

myeloom patiënten. Wij hebben onderzocht of de AML stamcellen gevoelig zijn

voor de celdodende werking van bortezomib of de combinatie van bortezomib

met TRAIL. TRAIL is een natuurlijk eiwit dat speci�ek kankercellen kan aanzetten

tot apoptose terwijl gezonde cellen daar minder gevoelig voor zijn. TRAIL kan

celdood induceren door binding aan de ‘dood’-receptoren 4 en 5. We hebben laten

zien dat de AML stamcellen minder gevoelig zijn voor bortezomib dan de meer

gedi�erentieerde AML cellen. In deze studies hebben we gebruikt gemaakt van

de marker CD34, een marker die aanwezig is op AML stamcellen en afwezig is

op meer gedi�erentieerde AML cellen. Toevoeging van TRAIL resulteerde niet

in hogere cytotoxiciteit bij AML CD34+ cellen afkomstig van patiënten. Dit in
tegenstelling tot gegevens met AML cellijnen die wij en anderen eerder hebben

bestudeerd. Ongevoeligheid voor bortezomib kan veroorzaakt worden door een

voortdurende activiteit van NF-κB en een verhoogde aanwezigheid van het anti-
apoptotisch eiwit MCL-1. Daarop toonden we aan dat de gevoeligheid vergroot

kan worden door de combinatie te gebruiken van bortezomib en een remmer van

MCL-1. Meer onderzoek is echter nodig om te beoordelen of een combinatie van

bortezomib met NF-κB of MCL-1 remmers ook verbeterde cytotoxiciteit hee� in
AML stamcellen en uiteindelijk AML cellen kan doden.

Het beenmergmicromilieu bestaat uit allerlei niet-hematopoëtische cellen aan-

wezig in het beenmerg, en hee� interacties met hematopoëtische cellen via direct

en indirect contact. Indirect contact kan plaatsvinden door de uitscheiding van

cytokines. De verscheidene cytokines zijn niet alleen van belang voor de celdeling

en overleving van maligne cellen, maar spelen ook een rol bij de resistentie tegen

chemotherapeutica. OPG is een cytokine dat wordt uitgescheiden door beenmerg

osteoblasten (cellen die betrokken zijn bij de bot opbouw) en kan binden aan TRAIL.
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De binding van OPG aan TRAIL voorkomt dat TRAIL aan de ‘dood’-receptoren

bindt en voorkomt daarmee het proces van apoptose activatie. Hierom wordt OPG

ook wel een ‘decoy’-receptor genoemd en kan er op deze manier TRAIL-resistentie

ontstaan. Om resistentie te voorkomen zijn in het verleden TRAIL-varianten ont-

wikkeld die een hogere a�niteit hebben voor de ‘dood’-receptoren. Er is echter

nog niet in detail uitgezocht of deze varianten ook een lagere a�niteit hebben

voor OPG. In hoofdstuk 4 hebben we onderzocht of de eerder ontworpen ‘dood’-

receptor-varianten een lagere a�niteit hebben voor OPG waardoor een mogelijke

OPG-gemedieerde TRAIL resistentie voorkomen kan worden. We hebben aange-

toond dat een DR5-speci�eke variant (D269H/E195R) een signi�cant verminderde

a�niteit hee� voor OPG dan het natuurlijke TRAIL. Naast het feit dat deze variant

een verhoogde activiteit had in de afwezigheid vanOPG, behield het zijn activiteit in

de aanwezigheid van stromale cellen die OPG secreteren. Deze gegevens suggereren

dat deze variant een nieuwe mogelijkheid aanbied om de e�ectiviteit van TRAIL te

verhogen in het lichaam.

In hoofdstuk 5 hebben we onderzocht of de tweede generatie proteasoom rem-

mers car�lzomib en oprozomib een verhoogde cytotoxiciteit hebben in AML cellen

afkomstig van patiënten ten opzichte van de eerste generatie proteasoomremmer

bortezomib. Behandeling van AML CD34+ cellen met deze proteasoom inhibitor
in lange-termijn kweken toonde aan dat car�lzomib een verhoogde e�ectiviteit

hee� vergeleken met bortezomib of oprozomib. Tegelijkertijd konden we ook een

vermindering in het aantal quiescent (niet delend) AML CD34+CD38− cellen waar-
nemen. De verbeterde e�ectiviteit is waarschijnlijk te danken aan een verschil in

mechanisme van deze proteasoom inhibitors. Car�lzomib bindt namelijk blijvend

aan het proteasoom in tegenstelling tot bortezomib. Dit leidt waarschijnlijk tot de

verhoogde cytotoxiciteit in de stamcelverrijkte fractie vanAML cellen afkomstig van

patiënten. Normale beenmergcellen waren minder gevoelig dan AML cellen voor

behandeling met car�lzomib, wat suggereert dat er een therapeutisch window is

waarbij AML cellen gevoelig zijn terwijl normale beenmergcellen relatief ongevoelig

zijn. Met genexpressie studies hebben we verder aangetoond dat zowel verschil-

lende proteasoom subunits als de activiteit van het proteasoom verhoogd is in AML

CD34+ cellen. Dit zou verantwoordelijk kunnen zijn voor de versterkte werking in
AML cellen ten opzichte van normale beenmergcellen. Echter, ook na behandeling

met car�lzomib zagen we verhoogde expressie van MCL-1, vergelijkbaar met het

e�ect na toevoeging van bortezomib (Hoofdstuk 3). Gemeenschappelijke remming

van car�lzomib met de MCL-1 inhibitor obatoclax verhoogde de e�ectiviteit van

car�lzomib signi�cant. Deze data suggereren dat de combinatie van car�lzomib

met MCL-1 inhibitors mogelijk e�ectief is voor het bestrijden van leukemische

stamcellen.

Enkele jaren geleden hebben we een studie uitgevoerd waarbij we op genoom

breed niveau verschillen in genexpressie hebben bekeken tussen AMLCD34+ cellen
en normale beenmergcellen. Met behulp van deze data hebben we nu speci�ek

gekeken naar verschillen in expressie van apoptosis geassocieerde genen. In Hoofd-

stuk 6 hebben we bestudeerd of er inderdaad een verandering is in expressie van

apoptosis geassocieerde genen en welke genen frequent hoger tot expressie kwa-
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men. We hebben aangetoond dat meerdere apoptosis geassocieerde genen (n = 89)
verschillend tot expressie komen in de stamcel verrijkte fractie van AML cellen ten

opzichte van de van normale beenmergcellen. Dit suggereert dat er een verschil

is in de afhankelijkheid ten aanzien van apoptose van AML cellen t.o.v. normale

beenmergcellen. Een van de genen die signi�cant hoger tot expressie komt in AML

cellen is TAK1. TAK1 komt zowel hoger tot expressie op RNA als eiwit niveau.

Vanwege het feit dat TAK1 betrokken is bij de activatie van NF-κB, onderzochten
we of het speci�ek remmen van TAK1 van invloed is op de overleving van AML

cellen en dus mogelijk een nieuwe therapeutische optie is. Remming van TAK1

met behulp van chemische sto�en of met behulp van genetische onderdrukking

van de gentranslatie veroorzaakte in AML cellijnen als AML CD34+ cellen een
grote mate van celdood. Genetische remming van gentranslatie resulteerde ook

in verminderde ontwikkeling van AML in vivo en verbeterde de overleving van

muizen in twee verschillende humane muismodellen. Normale beenmergcellen

zijn echter minder gevoelig voor de remming van TAK1 in vitro, wat mogelijk een

therapeutisch window suggereert. Verder toonden we aan dat remming van NF-κB
een belangrijk onderdeel is van dit proces. Ten eerste toonden we aan dat remming

van TAK1 de activatie van NF-κB blokkeert. Bovendien zagen we dat overexpressie
van actief NF-κB (NF-κB dat niet geremd wordt door TAK1) gedeeltelijk voorkomt
dat AML cellen in apoptose gaan na blokkade van TAK1. Daarom concludeerden

we dat TAK1, via zijn connectie met NF-κB, een mogelijk nieuw target is voor de
behandeling van AML patiënten.

In dit proefschri� hebben we laten zien dat de NF-κB signaalroute essentieel
is voor de overleving van AML cellen en dat deze route op meerdere manieren

onderdrukt kanworden. Het is echter nodig omnogmeer in detail deze signaalroute

te bestuderen in AML cellen. Dit zal leiden tot een beter begrip van het mechanisme

van verschillendemedicijnen die aangrijpen opdeze routewat uiteindelijk zal zorgen

voor verbetering in de klinische toepassing van deze medicijnen.
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Dankwoord

Dit proefschri� had natuurlijk nooit tot stand kunnen komen zonder de geweldige

input van velen. Ten eerste wil ik alle patiënten bedanken, die ondanks hun zware

ziekte toch materiaal hebben afgestaan waarmee wij onderzoek kunnen doen.

Patiëntenmateriaal blij� voor fundamenteel onderzoek cruciaal en is van onschat-

bare waarde om meer te weten te komen over leukemie.

Mijn promotors Edo Vellenga, Jan Jacob Schuringa en Wim Quax wil ik van

harte bedanken voor de fantastische begeleiding in de afgelopen jaren.

Edo, uw deur stond altijd open en we konden makkelijk over allerlei zaken van

gedachten wisselen. Uw management in de projecten is een voorbeeld voor mij.

Van de ene kant had ik de vrijheid om experimentele keuzes te maken, en van de

andere kant zorgde het handhaven van structuur en focus ervoor dat we enkele

mooie artikelen hebben kunnen schrijven. Verder is uw kennis over de literatuur

erg uitgebreid en hebben we zo mooi onze data kunnen linken aan allerlei recente

maar ook oudere studies.

JJ, jouw wetenschappelijke kennis en de interpretatie van eigen of gepubliceerde

data zorgde altijd voor nieuwe inzichten waardoor ik met veel enthousiasme weer

naar de labtafel ging. De gezamenlijke meetings met jou en Edo zijn eigenlijk een

must voor elke PhD student. Vanuit twee verschillende kanten werd er naar mijn

data gekeken wat er voor zorgt dat ik met een kritische, maar ook ruimere blik naar

mijn data ging kijken. Bedankt hiervoor!

Wim, ik denk dat u mijn vraag over welk onderzoek er in Groningen gedaan

werd (die ik elf jaar geleden tijdens de open dag stelde) volledig hee� beantwoord.

U bent de eerste die mij enthousiast hee� gemaakt voor onderzoek en ik wil u

bedanken voor de steun in de afgelopen jaren.

De leden van de leescommissie wil ik bedanken voor het beoordelen van mijn

proefschri�.

Zonder geld waren al deze onderzoeken niet mogelijk geweest en daarom wil ik

graag het Ubbo Emmius Fonds bedanken voor de �nanciële steun. Dit project was

onderdeel van een ‘twin project’ en ik wil graag Ingrid van Roosmalen en Frank

Kruyt bedanken voor de samenwerking. Verder wil ik het Tekke Huizinga Fonds

en de Jan Kornelis de Cock Stichting bedanken voor hun �nanciële steun.

De drie ervaren mannen van het lab, Bart-Jan, Hein en Vincent, hebben een

grote bijdrage geleverd aan dit proefschri�. Voor alle grote en kleine praktische

vragen hadden jullie altijd tijd en het antwoord leidde vaak tot nieuwe proeven en



thesis August 26, 2015 23:00 Page 146 �
�	

�
�	 �
�	

�
�	

146

inzichten. Vincent, het was niet alleen handig maar ook hartstikke �jn om jou als

buurman te hebben en ik waardeer jouw hulp enorm. Bedankt!

Mijn co-auteurs wil ik allemaal bedanken voor hun input in de verschillende

studies. Zonder jullie zouden deze artikelen nooit zo goed tot stand gekomen zijn.

Lieke, mooi dat we samen een experimenteel hoofdstuk hebben kunnen schrijven.

Rita en Carlos, bedankt voor alle hulp. Jenny, jij was een goede steun bij alle

dierexperimenten. Annet, je hebt top werk geleverd bij de genexpressie-studies.

Hein, op deze manier konden jouw oude experimenten toch mooi gepubliceerd

worden. Marco, bedankt voor de samenwerking tijdens het laatste project (in de

discussie beschreven). Ik hoop dat we hier nog een artikel uit kunnen krijgen!

Henny, �jn dat we dierexperimenten konden samenvoegen zodat we een optimaal

rendement uit een experiment konden halen (in de discussie beschreven). Hopelijk

kunnen we die data ook nog publiceren.

Alle collega’s bij de maandagochtendbespreking wil ik bedanken voor hun

mening over mijn data waardoor ik vanuit andere velden inzicht kon krijgen in

mijn onderzoek.

Sylvia en Else wil ik bedanken voor alle secretariële ondersteuning.

Roelof-Jan, Henk en Geert, bedankt voor de hulp en de gezelligheid tijdens het

sorteren.

Iedereen in het lab van de Experimentele Hematologie, en natuurlijk ook de

collega’s van de Farmaceutische Biologie enKinderoncologie, wil ik verder bedanken

voor alle input, maar ook vooral voor de leuke tijd en plezier op het lab! Goede

wetenschappelijke resultaten kunnen nooit gehaaldworden zonder deze fantastische

werksfeer, bedankt! Harm-Jan, in één jaar PSV kampioen en FCGroningen de beker,

wie had dat durven dromen. Marco, ‘een gitaar in de nacht’ blij� een vrijdagmiddag-

klassieker. Antonella, lasagne uit een pakje is ook lasagne. Pallavi, het blij� leuk

om ‘nait soezen moar deurbroezen’ met een Indisch accent te horen. Marta, het

bijwonen van een NBAwedstrijd was een coole ervaring. Carolien, de orka-show bij

Sea World blij� fenomenaal. Jeanet, de enige waarmee ik tenminste nog in normaal

Brabants dialect kon communiceren, bedankt voor het opwerken van al het primair

materiaal. Je hebt mij veel werk uit handen genomen hetgeen ik erg waardeer.

Naast het onderzoek, was er natuurlijk ook tijd voor ontspanning. Alle cirkeltij-

gers wil ik bedanken voor de geweldige tijd in Groningen! Niet voor de poez!

Lieve ouders, bedankt voor alle steun en vertrouwen in de keuzes die ik gemaakt

heb. Beste broeders, ook al ben ik groter dan jullie, ik zal altijd als jonger broertje

met trots naar jullie opkijken. En deze tijd was natuurlijk nooit zo goed geweest

zonder jou, Marijke. Je bent geweldig en ik kijk uit naar ons volgend avontuur.

Matthieu
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